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FDA: POLICEMAN OR TEACHER? 

A few years ago, the big thing for the college age crowd was to dwell on 
the question, “who am I ? ”  

Not only do persons undergo such identity crises but a t  times organi- 
zations and agencies also experience this type of traumatic soul- 
searching. 

In a number of respects, the behavior of the Food and Drug Adminis- 
tration has appeared to this writer as suggesting that it is similarly un- 
certain as to its proper role or function. In particular, the Agency has often 
acted ambivalent and wavering as it has moved back and forth between 
a t  least two distinctly different roles: namely, that of a police officer and 
that of a teacher. 

By law, the FDA has responsibility to oversee the purity, quality, 
identity, safety, usefulness, and related characteristics of the nation’s food, 
drug, and cosmetic supply. With this legal mandate, the Agency is clearly 
a regulatory body and must operate in a manner to assure compliance. 

But compliance itself can be achieved by a t  least two different routes. 
There is, of course, that of close supervision and monitoring combined with 
various enforcement measures. However, to rely solely on this approach 
would virtually necessitate one FDA agent for each person being moni- 
tored-clearly an unrealistic system. 

This same problem is encountered in other aspects of day-to-day living; 
for example, adherence to traffic regulations and payment of income taxes. 
Both of these systems basically rely on voluntary compliance by the general 
public, coupled with spot checks of driving speed and sampling of tax re- 
turns for auditing. Similarly, the FDA must primarily rely on the voluntary 
compliance of those who operate within the professions and industries that 
are responsible for the products over which the FDA has jurisdiction. This 
voluntary compliance is encouraged by a parallel program of regulatory 
enforcement uia product sampling, batch testing, marketplace surveys, 
plant inspections, and so on. 

The relative emphasis which the Agency places on the voluntary route 
versus the enforcement route varies greatly from time-to-time depending 
upon a number of factors. 

Among these is the “philosophic bent” of those persons who happen to 
be in the upper echelons of FDA at any given time. In particular, if the 
persons at  the top are enforcement oriented, it can be expected that the 
general tenor of the Agency will reflect that leaning. Conversely, if they 
are education oriented, it  is more likely that they will generally opt for 
policies that are persuasive toward voluntary compliance. 

In Dr. Jere E. Goyan, the new Commissioner, we have someone with a 
long and distinguished background in health education. This is not to 
suggest that Dr. Goyan will be reluctant to use the regulatory enforcement 
approach if he feels it necessary; his past record shows that he can be 
forceful, decisive, and “hard-nosed” when he feels that such a manner is 
needed. However, we suspect that he will initially approach each problem 
with the perspective that education will frequently resolve such difficulties 
and make regulatory action unnecessary. Moreover, we are hopeful that 
this philosophy will permeate the entire Agency. 

Again, there is an interesting corollary to be drawn from daily life. So- 
ciety has learned that people’s attitude regarding their police force is 
largely shaped when they are small children. I t  is far better if children can 
be taught that the policeman is there to help them and protect them than 
it is to make them fearful by scaring them with warnings that “the po- 
liceman is going to catch you!” By the same token, we expect that the police 
force will behave in a manner that warrants the trust and respect of both 
children and adults. 

Similarly, if the FDA is to have both the trust and respect of those with 
whom it interfaces, then it too will need to conduct itself in a manner that 
encourages such an attitude. 
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Abstract The role of commonly used binders in the moisture-induced 
hardness increase in compressed tablets containing lactose as a major 
excipient was studied. Tablets compressed from granulations containing 
different binders at different moisture levels increased in hardness after 
overnight exposure to ambient room conditions. The results suggest that 
this hardness increase is related linearly to the amount of moisture loss 
from the tablets after compression. The magnitude of the hardness in- 
crease is related to the type and concentration of the binder used in wet 
granulation. The moisture-induced hardness increase in tablets prepared 
from granulations containing different binders had no effect on the tablet 
disintegration time and in uitro drug dissolution. 

Keyphrases 0 Binders-role in moisture-induced hardness increase 
in compressed tablets, disintegration, dissolution, in uitro 0 Disinte- 
gration-of compressed tablets following moisture-induced hardness 
increase, role of binders, in uitro Dissolution-of compressed tablets 
following moisture-induced hardness increase, role of binders, in uitro 

Recent studies (1, 2) discussed the hardness increase 
induced by partial moisture loss in compressed tablets 
prepared by wet granulation. Tablets compressed from 
granulations containing moisture levels above 2% increased 
in hardness during storage at  ambient room conditions. 
When the granulation moisture levels during compression 
were below 296, tablet hardness did not increase during 
storage at  ambient room conditions. However, when these 
tablets were equilibrated under accelerated humidity and 
then exposed to ambient room conditions, tablet hardness 
increased due to partial moisture loss. 'Moisture-related 
hardness increases did not decrease in uitro drug disso- 
lution. 

The exact mechanism by which moisture affects tablet 
hardness is not understood fully. Previous results (1) 
suggested that a possible mechanism was the recrystalli- 
zation of the soluble drug andlor soluble excipient in the 
void spaces caused by the moisture loss. Obviously, the 
physical properties of the drug-excipient combinations 
play a major role. 

Since binders impart cohesiveness to the tablet and 
ensure tablet strength after compression, investigation of 
their role in the moisture-induced hardness increase is 
important. In this study, the tablets compressed from 
granulations containing the most commonly used binders 
a t  different moisture levels increased in hardness due to 
partial moisture loss during overnight exposure to ambient 
room conditions. The data suggest that the hardness in- 
crease is related linearly to the amount of moisture loss 
after compression. The magnitude of the hardness increase 
is related to the type and concentration of binder used in 
wet granulation. The moisture-related hardness increase 
in tablets prepared from granulations containing different 
binders did not affect the tablet disintegration time and 
in uitro drug dissolution. 

EXPERIMENTAL 
Materials-Acacia', povidone*, starch", lactose4, gelatin5, and mag- 

nesium stearate6 were USP grade, and salicylic acid6 was analytical re- 
agent grade. Methylcell~lose~, hydroxypropyl methylcellulose8, hy- 
droxypropylcellulose9, and ethylcellulose'o were used as received. 

Granulation-The material was prepared by wet granulation. Lactose 
and salicylic acid were mixed in geometric proportions on a piece of 
glassine paper and then in a small planetary mixer" for 3 min. The 
granulating solution was added with mixing and was mixed for -5 min. 
The wet granulation was passed through a No. 12 mesh screen and dried 
in trays in a forced-air drying oven a t  50". One-half of the granulation 
was dried to -3% moisture, and the other half was dried until the mois- 
ture reached below 1%. 

1 J. T. Baker Chemical Co., Phillipsburg, NJ 08865. 
2G.A.F.Corp.. NewYork,N.Y. 
3 Staley Manufacturing Co., Decatur, Ill. 

5 Sigma Chemical Co., St. Louis, MO 63178. 
6 Mallinckrodt Chemical Works, St. Louis. MO 63160. 

8 Type 60 HG premium, Dow Chemical Co., Midland, Mich. 
9 Type HF, Hercules, Wilmington, Del. 

10 Ethocel, premium, Dow Chemical Co., Midland, Mich. 
11 Kitchen Aid model KS-A, Hobart Manufacturing Co., Troy, Ohio. 

Lactose regular, Foremost Food Co., San Francisco, CA 94104. 

Methocel, A-15 premium, Dow Chemical Co., Midland, Mich. 

0022-3549/80/0100-0001$01.00/0 
@ 1980. American Pharmaceutical Association 
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Table I-Tablet Formulations (Milligrams of Ingredient pe r  Tablet)  
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Salicylic acid 19 19 19 19 19 19 19 19 19 19 19 19 19 19 
1,actosr 311 1 311.1 311.1 311.1 311.1 311.1 311.1 316.1 301.1 291.1 311.1 316.1 301.1 291.1 
Starch 38 38 38 38 38 38 38 38 38 38 38 38 38 38 
Magnesium stearate 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 

- - Acacia 10 - 
Et hylwllulose - - - 
( klat  in - __ 

10 - Hydroxypropylcellulose - - - 
10 H ydroxypropyl - - - - 

Met hylcellulosc - - - - - 
T'ovidone - - - - 

Starch 

10 - 
- 10 - 

met hylcellulose 

- 

- - - - - 

These granulations then were screened separately through a No. 16 
mesh screen, and appropriate proportions were mixed to obtain the de- 
sired moisture levels. Starch and magnesium stearate then were blended 
with the granulation. The granulation was stored in tightly closed jars; 
the moisture content was determined prior to compression. 

The granulating solutions were prepared in the usual fashion. The 
solvent was water except for the ethylcellulose solution, in which 95% 
ethanol was used. Starch paste was prepared by boiling the water and 
mixing with starch. 

Compression-Tablets were compressed with a single-punch ma- 
chine" to a targeted hardness of 6 Strong-Cobb units. The punches and 
die were 0.95 cm in diameter and flat faced. The tablet weight was 380 
mg. 

Moisture Determination-The granulation moisture was determined 
with a moisture balanceI3 by exposure to a 125-w IR lamp for 1 hr at the 
70-v setting. The percent weight loss on drying was read directly from 
this instrument. The tablets were ground with a mortar and pestle, and 
the same procedure for moisture determination was followed. 

Hardness Determination--Initial hardness was determined imme- 
diately after compression. The tablets were placed on open trays, exposed 
to ambient room conditions ( 2 3 O ,  2550% relative humidity), and allowed 
to equilibrate and reach maximum hardness. For each hardness deter- 
mina t i~n '~ ,  10 tablets were tested and the mean was calculated. 

Disintegration Time-The disintegration apparatus consisted of a 
basket-rack assembly and a 1-liter beaker as described in the USP. The 

9 210 2% 214 216 218 3f0 3f2 
INITIAL MOISTURE, % 

Figure l-Effect of hinders hardness increase induced by partial 
moistuw / O S S  in  compressed tablets prepared hy wet granulation. Kc):  
0, h\'drox?propy/ rncthylce//ulnse; A, ethylcellulose; V, hydroxypro- 
p y l c e h l o s e ;  0, pouidortr; 0. rnethykelluhse; 0, gelatin; 6, acacia; 
arid A, starch. 

Stokes model F4. 
Cenco, Central Scientific Co., Chicago, IL 60623. 

l 4  Helierlein hardness tester, Heherlein and Co., AG, Switzerland. 

- - - - __ - - - 
- - - 10 6 20 90 - 

- - - - - 10 - 

beaker containing 900 ml of distilled water was maintained a t  37" in a 
constant-temperature water bath. The disintegration times of the indi- 
vidual tablets were noted, and the mean of six tablets was calculated. 

In Vitro Dissolution-The dissolution apparatus was the same as 
described previously (1). It consisted of a 1-liter beaker and a stirrer 
driven by a synchronous motor a t  120 rpm. The beaker containing 600 
ml of distilled water was maintained at  37" in a constant-temperature 
water bath. A stainless steel paddle, 2.5 X 7.6 cm, was centered at  the end 
of a stainless steel shaft and was used as a stirrer. The distance between 
the bottom of the beaker and the bottom of the stirrer was maintained 
at 1.8 cm. 

A t  zero time, a tablet was dropped into the stirred dissolution medium. 
Then, 5-ml samples were withdrawn a t  appropriate time intervals and 
filtered through a 0.80-Mm pore size filter paper. The absorbanceI5 of the 
salicylic acid in the solution was measured at  303 nm. Three tablets were 
run for each determination. 

RESULTS AND DISCUSSION 

To study the role of binders in the moisture-induced hardness increase 

2.01 

I 
P 

04/ 210 2:2 2f4 2f6 2l8 310 312 
INITIAL MOISTURE. ?6 

'5 Unicam recording spectrophotometer, SP 1800, Pye Llnitam I,td., Cambridge. 
England. 
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Figure 3-Relationship between hardness increase and percent 
moisture loss in compressed tablets prepared by wet granulation using 
different binders. Eyuations of the regression lines and correlation 
coefficients (r) are: 0,  hydroxypropyl methylcellulose, y = -2.348 + 
5.932x, r = 0.968; A, ethylcellulose, y = -0.486 + 4.95x, r = 0.96Z; V, 
hydroxypropylcellulose, y = -1.49 + 4.74x, r = 0.819; 0, pouidone, y 
= -3.266 t 7.72x, r = 0.930; 0, methylcellulose, y = -4.386 + 6.54x, r 
= 0.982; b, acacia, y = -6.4.5 + 7.236x, r = 0.970; A, starch, y = 0.32 + 
0.90t55x, r = 0.886; and 0,  gelatin, y = -0.45 + 3.29x, r = 0.855. 

in compressed tablets, lactose was chosen as a major excipient since it 
is commonly used in tablets. The salicylic acid, starch, and magnesium 
stearate percentages were kept constant in the formulations studied 
(Table I). 

The granulations containing 2-3.2% moisture and different binders 
at  the 10-mg tablet level were compressed into tablets a t  a targeted initial 
hardness of 6 Strong-Cobb units. Above a 3.1% initial moisture level, it 
was not possible to compress the povidone, methylcellulose, hydroxy- 
propyl methylcellulose, zcacia, hydroxypropylcellulose, and starch 
granulations into tablets because of picking and sticking to the punches. 

4 

? 

I 

INITIAL MOISTURE, % 

Figure I-Effpct of the pouidone concentration on the hardness in- 
crease induced by partial moisture loss i n  cornpressed tablets prepared 
by wet granulation. Key: 0 ,  .5 mgltablet; A ,  10 mgltablet; V, 20 mg/ 
tablet; and 0.30 mgltablet. 

p 

-l04/ 210 214 218 3:2 316 4.10 
IN iT lAL MOISTURE, % 

Figure 5-Effect of the acacia concentration on the hardness increase 
induced by partial moisture loss i n  compressed tablets prepared by wet 
granulation. Key: 0 , 5  mgltablet; A, I0 mgltablet; V, 20 mgltablet; and 
0 .30  mgltablet. 

Tablet hardness was determined again after overnight exposure to am- 
bient room conditions. 

The results of the hardness increase uersus the percent initial moisture 
are given in Fig. 1. The tablets prepared with different binders that  
contained a higher moisture content showed large hardness increases, 
with the exception of starch, which showed a small hardness increase. 
The magnitude of the hardness increase a t  a given moisture content de- 
pended on the binder. 

Plots of the percent moisture loss uersus the initial moisture are shown 
in Fig. 2. The tablets prepared with different binders showed an increased 
moisture loss after overnight exposure to ambient room conditions as the 
moisture content during compression was increased. The differences in 
the moisture loss with the binders used in this study were due to the 
modification of the equilibrium moisture level in the tablets by the 
binder. 

'"1 
8 

0 

8 I I 1 I I I 

0 1 2 3 4 5 6 7 8  
HARDNESS INCREASE, Strong-Cobb units 

Figure 6-Role of binders in  tablet disintegration time as n function 
of hardness increase induced by partial moisture loss  i n  compressed 
tablets prepared by wet granulation. Upen symbols giue the disinte- 
gration time bpfore the  hardness increase, and closed symbolsgiue the 
disintegration t ime after the hardness increase. Key: 0,  0,  hydroxy- 
propyl methylcellulose; A,  A, ethylcellulose; V, V, hydrowypropylcel- 
lulose; 0. m. pouidone; 0, +, methylcellulose; Q, Q, acacia; 0, e, 
gelatin; and a, 4, starch. 
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Figure 7-Percant dissolution versus time plots on log probability 
paper shou;ing the linear relationship. Open symbols giue dissolution 
results before the hardness increase, and closed symbols giue dissolution 
results after hardness increase. Key: A, ethylcellulose, initial moisture 
= 3.2";.  and V, hydroxypropylcellulose, initial moisture = 3.1 %. 

Figure 3 gives the relationship between the hardness increase and the 
percent moisture loss that occurred after the tablets were exposed to 
ambient room conditions. The tablets containing different binders had 
a reasonably linear relationship between the hardness increase and the 
percent moisture loss. These kesults indicate that the hardness increase 
in tablets mainly occurred due to the partial moisture loss after com- 
p rehon .  Some of the solution of the soluble excipients and/or drug is 
forced into the void spaces between the compressed granules when the 
moisture in the granulation exceeds a certain level. Recrystallization of 
the excipients and/or drug from the saturated solution results in the 
formation of bridges at  the point of contact, leading to a hardness in- 
crease. 

The strength ofthe crystalline bridges depends not only on the amount 
of water-soluble excipient and/or drug deposited in the void spaces but 
also on the crystallization rate. Any change in the formulation such as 
the replacement of one binder with another would change the crystalli- 
zation rate of the drug-cipient solution. This crystallization rate change 
would modify the size and number of crystalline bridges formed in the 
void spaces, resulting in different hardness increases. 

Any change in the formulation would change the moisture sorption 
properties of the tablets and the magnitude of the hardness increase. For 
example, a formulation containing 66% water-insoluble drug, 18% lactose, 
1070 starch, 5% povidone, and 0.2% magnesium stearate (1) caused greater 
hardness increases compared to) Formula G in this study, which contained 
about 82% lactose. 

Changes in the binder concentrations in the tablet formulations also 
would change the moisture sorption properties. Two binders, povidone 
and acacia, were selected to investigate the influence of the binder con- 
centration on the moisture-induced hardness increase. The amount of 
binder per tablet varied from 5 to 30 mg. The lactose amount was adjusted 
to keep the total weight per tablet constant. Figure 4 gives the effect of 
povidone concentration on the hardness increase induced by partial 
moisture loss. The maximum moisture-induced hardness increase was 
seen with 10 mg of povidone/tablet. With 20 and 30 mg of povidone/ 
tablet, the hardness increase occurred a t  higher moisture levels and was 
less pronounced. With 5 mg of povidonehablet, the hardness increase 
was slightly less pronounced compared to the 10-mg of povidone/tablet 
level at  the same initial moisture content. 

The effects of the acacia concentration on the hardness increase are 
shown in Fig. 5. As the amount of acacia in the formulation was increased, 
a higher initial moisture in the granulation was needed to increase 
hardness. In agreement with the povidone data (Fig. 4), the effect was 
less pronounced at  higher acacia concentrations. 

Physical properties of the drug-excipient combination were changed 

A 
0 -o,2t 
5 -0.3 0 

0 

* 00 

0 

0 0  

0 

0 1 2 3 4 5 6 7 6  
HARDNESS INCREASE, Strong-Cobb units 

Figure 8-Role of binders on in vitro dissolution as a function of the 
hardness increase induced by partial moisture loss in compressed tablets 
prepared by wet granulation. Key: 0, hydroxypropyl methylcellulose; 
A, ethylcellulose; V, hydroxypropylcellulose; 0, pouidone; 0, rneth- 
ylcellulose; 0, gelatin; *, acacia; and 4, starch. 

by changing the binder concentration. The granulations containing 10 
mg of povidonehablet could not be compressed a t  3.5% moisture, while 
the formulation containing 30 mg of povidonehablet were compressed 
easily a t  3.7% moisture without picking or sticking. However, on equili- 
bration at ambient room conditions, the moisture content of all povidone 
tablets essentially was the same. Similarly, the granulations containing 
lower acacia concentrations could not be compressed above 3.2% mois- 
ture; at  30 mg of acaciahablet, the granulation containing 3.9% moisture 
easily was compressible. 

The small hardness increases a t  higher binder concentrations due to 
the moisture-related effect could be explained by the crystallization rate 
decrease of the excipient-drug solution in the voids, which, in turn, results 
in the formation of fewer crystalline bonds, imparting lower additional 
strength to the tablet. 

The role of binders in tablet disintegration time as a function of 
hardness increase induced by partial moisture loss is illustrated in Fig. 
6. Tablets prepared from most binders did not show an increase in the 
disintegration time resulting from a moisture-induced hardness increase. 
However, tablets prepared by wet granulation with gelatin solution had 
an increased disintegration time in one case, when hardness increased 
only slightly, but the disintegration time decreased when the hardness 
increased by about 8 Strong-Cobb units. These results indicate that the 
hardness increase resulting from partial moisture loss in lactose-based 
tablets does not affect the tablet disintegration time. 

Percent dissolved uersus time profiles were generated for tablets 
prepared with'different binders a t  10 mg of binderhblet  and containing 
initial moisture levels of 2-3.2% before and after the hardness increase. 
The data from these tests were plotted on logarithmic probability graph 
paper (3), and the median (T50./.) was obtained from the line. Figure 7 
shows linear percent dissolved uersus time plots. The dissolution median 
change was obtained by subtracting the dissolution median after the 
hardness increase from the dissolution median before the hardness in- 
crease (Fig. 8). The percent dissolved uersus time profiles for tablets 
containing gelatin as a binder a t  10 mg of gelatin/tablet and containing 
different initial moisture levels were not generated. It is obvious from the 
data given in Fig. 8 that the hardness increase induced by partial moisture 
loss from lactose-based tablets containing different binders had no effect 
on drug dissolution. 
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Photodecomposition of Sulfonamides and 
Tetracyclines at Oil-Water Interfaces 

W. H. K. SANNIEZ and N. PILPELX 
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England. Accepted for publication July 13,1979. 

Abstract Changes that occur in the interfacial tension of hydrocarbon 
oils floated on dilute aqueous solutions of some sulfonamides and tet- 
racyclines and irradiated with UV light were measured. Photodecom- 
position products in the oil and aqueous lyers were identified, and reac- 
tion mechanisms are proposed. 

Keyphrases 0 Sulfonamides-photodecomposition a t  oil-water in- 
terface Tetracyclines-photodecomposition a t  oil-water interface 
Photodecomposition-of sulfonamides and tetracyclines at oil-water 
interface 

Many patients undergoing treatment with sulfonamides 
(1-3) or tetracyclines (4-6) become photosensitive; when 
subsequently exposed to strong sunlight, they develop skin 
rashes, fluid in the tissues (edema), and other symp- 
toms. 

Storck (7) suggested that  sulfonamides in the body are 
converted into activated species, which combine with 
protein to form allergens. Alternative mechanisms were 
proposed to  explain the photosensitizing action of the 
tetracyclines (5,s). Because of the difficulty in identifying 
and measuring the reaction products in uiuo, the processes 
involved in photosensitization are not well understood. 

In uitro techniques recently were developed for studying 
the reactions of these drugs a t  air-water and oil-water 
interfaces under UV light (9-1 1). One convenient method 
involves floating a layer of a suitable oil on an aqueous drug 
solution, irradiating the system with UV light for various 
times, and analyzing the changes in the interfacial tension 
of the oil and in the chemical composition of the oil and 
aqueous layers. 

This method was used to  study the photochemical de- 
composition of three sulfonamides and four tetracy- 
clines. 

EXPERIMENTAL 

Materials-Isopropylbenzene' (Puriss) and commercial dodecyl- 
benzene2 were purified further by passing them three times under slight 
pressure through a tightly packed bed of fuller's earth (2.5 cm thick), 
which was renewed after each passage. Sulfanilamide3 (mp 165"), sul- 
fathiazole3 (mp 201" ), and s~lfapyridine~ (mp 191O) were recrystallized 
three times from boiling water. 

The best available grades of tetracycline5, chl~rtetracycline~, deme- 
clocycline5, oxytetracycline6, and deo~ytetracycline~ were used without 
further purification. Reference standards of epitetracycline (quatrimy- 
cin), epichlortetracycline, epidemeclocycline, anhydrotetracycline, 

Aldrich Chemicals (surface tension 30.1 mN/m and interfacial tension 37.8 
mN/m at 20"; n$ +1.4917; d:' +0.864; and UV transmission cutoff Amax 287 
nm). 

Dobane JN, Shell Chemicals (surface tension 32.2 mN/m and interfacial tension 
45.9 mN/m at 20'; ni0 +1.4865; di0  +0.878; and UV transmission cutoff A,,, 398 
nm). 

British Drug Houses. 
May and Baker. 
Lederle Laboratories. 
Imperial Chemical Industries. 
Pfizer. 

anhydrochlortetracycline, and anhydrodemeclocycline were ob- 
tainede. 

Triple-distilled water (surface tension 72.1 mN/m a t  2 1 O ;  specific 
conductivity 1.2 X 

Apparatus and Technique-The irradiation chamber is shown in 
Fig. 1. The UV-light source was a 125-w MB/U medium-pressure arcg 
equipped with a silica filter transmitting from 290 to 325 nm (9-11). 

Twelve milliliters of isopropylbenzene or dodecylbenzene was floated 
on 20 ml of a dilute aqueous drug solution in a 6-cm diameter glass pot 
forming a 0.6-cm deep layer. Each system was placed in turn in the 
chamber and was irradiated for a predetermined time with its ternpera- 
ture maintained a t  25 f 2". 

After irradiation, the interfacial tension, y, of the sample was measured 
in situ with a tensiometer'O using a platinum ring. This technique re- 
quired the floating hydrocarbon layer to be at  least 0.5 cm deep. Wetting 
of the ring was achieved either by pulling it upward or pushing it down- 
ward through the interface, whichever gave the higher reading. The ring 
had a circumference of 3.86 cm and was made from 0.015-cm radius wire. 
The tensiometer readings, P, were converted to interfacial tension values, 
y, by (12): 

Q-lcm-1 a t  21'; pH 5.7) was used. 

(Eq. 1) 

where D and d are the densities of water and the hydrocarbon oil at 20°, 
respectively. This equation incorporates correction terms for buoyancy 
and the weight of the liquid raised by the ring (13). The accuracy of the 

I 

A 1'8 : E L  
1-6  

111 

D E4t '- -* 1 

Figure 1-UVirradiation chamber. Key: A,  mercury lamp; B, cool air 
blower; C, silica filter; D. exhaust fan; E ,  thermometer; F ,  d u N o u y p o t :  
C, glass thermostat (25 f 2"); and H ,  support. 

8 World Health Organization. 
9 Phillips. 

l o  DuNouy, Cambridge Instrument Co 
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Table  I-Photosensitive Indexes 

Additive Isopropyl benzene Dodecyl benzene 

Sulfanilamide 
Sulfathiazole 
Sulfapyridine 
Demeclocycline 
Tetracycline 
C hlortetracycline 
Oxvtetracvcline 

0.36 
0.50 
0.58 
1.4 
1.4 
2.0 
2.4 

0.37 
0.53 
0.62 
1.1 
1.4 
2.0 
2.4 

measurements was estimated a t  f 1%. Although higher accuracies can 
be achieved by drop weight or drop volume methods, these methods are 
unsuited to continuous in situ monitoring of samples. Since comparative 
rather than absolute values were required for this study, the accuracy 
was considered sufficient. It was confirmed by calibrating the instrument 
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a 

35 

E 
2 
E 
.s 

. 
30 

1 

100 200 
MINUTES 
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100 200 
2!iL 

MINUTES 
c 

Figure  2-P/ot.s of interfacial tension versus irradiation time for i s o -  
propylbenzene systems uith sulfapyridine (a), sulfathiazole (b), and 
sulfanilamide (c). K e y  (rnolesldm" of additiue): 0 ,  zero; A, 1.5 X 
., 2.8 X and O ,  1.0 X 

partial tetracycline s t ruc ture  partial ep imer  s t ruc ture  

against pure benzene and isopropylbenzene' samples. If necessary, results 
were corrected to 20" by the factor of -0.04 mN/m/deg. 

The reaction products that formed in the oil and aqueous layers after 
irradiation for 4 hr were analyzed by GLC and TLC combined with UV 
spectroscopy. Peroxides were determined in the oil phase by iodometric 
titration (14); the quantum efficiency of each additive was calculated from 
the amount of product and the light intensity, which was determined by 
an actinometric method using potassium ferrioxolate reagent (15). 

RESULTS 

The sulfonamides and tetracyclines were more soluble in water than 
in hydrocarbon oils and thus partitioned mainly in the aqueous phase. 
They also were adsorbed at  the oil-water interface, causing the interfacial 
tension decreases with concentration that can be observed from the po- 
sitions a t  which the various curves intersect the ordinates in Figs. 2 and 
3 before irradiation was started. 

Irradiation effects on the interfacial tensions of representative samples 
are shown in Figs. 2 and 3; all samples exhibited interfacial tension de- 
creases with increasing irradiation time. The decrease, expressed as 
-by/& after 120 min of irradiation, depended on the nature and con- 
centration of the additive but was nearly independent of the oil phase. 
For example, for a 1.6 X mole/dm? aqueous solution of sulfapyridine 
in contact with isopropylbenzene, &y/8t was -0.022; for the same solution 
in contact with dodecylbenzene, 6y/6t was -0.023. 

When the values of the moduli I dy ld t  I were plotted against the square 
root of the additive concentration, fi in ( m ~ l e s / d r n ~ ) ' / ~ ,  straight lines 
were obtained (Figs. 4 and 5) (16). The slopes of these lines are given in 
Table I and are designated as the photosensitive indexes, X (cf.,  Ref. 
17). 

Chemical analysis of the oil layers from systems containing tetracycline, 
chlortetracycline, and demeclocycline showed that irradiation caused 
peroxides-hydroperoxides to form fairly rapidly after induction for -60 
min. The peroxide buildup is shown in Figs. 6a and 66, and it coincided 
with a gradual migration of the yellow color from the aqueous phase into 
the oil phase. Less peroxide was produced by oxytetracycline and by the 
sulfonamide additives (the latter produced a blue color), and the graphs 
for these systems approximately coincided with those for the isopro- 
pylbenzene and the dodecylbenzene alone, i.e., with the bottom curves 
in Figs. 6a and 66, respectively. 

The other reaction products detected in the oil phases of the three 
tetracyclines (Fig. 6) were anhydrotetracycline, anhydrochlortetracycline, 
and anhydrodemeclocycline. They were identified by TLC combined with 
UV spectroscopy. Their Rf values were 0.88,0.82, and 0.87, respectively. 
No other reaction products in the oil phases of the systems containing 
oxytetracycline or the three sulfonamides could be identified, except for 
the small peroxide amounts already mentioned. 

Examination of the aqueous phases from all samples after irradiation 
for 240 min showed that the pH decreased from 5.4, 5.8, and 5.8 to 3.8, 
4.1, and 4.4 in the systems containing sulfanilamide, sulfathiazole, and 
sulfapyridine, respectively. In the same period, between -40 and 20% 
of each additive was converted into the corresponding 2,4-hydroxyla- 
ininehenzenesulfonamido derivative. These products were identified by 
comparing their UV spectra with those of authentic standards (7). Fur- 
thermore, the systems containing oxytetracycline produced 0-deoxyte- 
t racycline, R f  0.13, and the systems containing tetracycline, chlortetra- 
cycline. and demeclocycline produced the corresponding epimers (18) 
with Rf 0.21,0.22, and 0.19, respectively. 

The quantum efficiencies (moles of product per Einstein) of the ad- 
ditives were: sulfanilamide, 3.70; sulfathiazole, 2.90; sulfapyridine, 1.20; 
demeclocycline, 2.80; tetracycline, 2.00; and chlortetracycline, 1.60. The 
fact that the values were greater than unity indicates that the photo- 
chemical reactions proceeded by chain mechanisms (19). 

DISCUSSION 

The main decomposition products from the sulfonamides, i .e . ,  the 
2,4-hydroxylaminobenzenesulfonamido derivatives, were soluble in water 
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Figure 3-Plots of interfacial tension versus irradiation time for dodecylbenzene systems with demeclocycline (I$, chlortetracycline (b), tetracycline 
(c), and oxytetracycline (d). Key (molesldm3 of additive): 0, zero; A, 1.5 X 0,5.2 X and 0 ,  1.0 X 

- x 

0*041 

and probably were formed as shown in Scheme I in which the asterisk 
indicates an excited state (20). 

RNHS02C6HrNH2 

RNHS02C6H4NH2' -% RNHSOZC~H~NH- + H30+ 
02 1 hu 

RNHS02C6H4NHOH + H202 
Scheme I 

0.11 

Figure 5-Plots of I byldtl versus &. Key: 0 ,  oxytetracycline-dode- 
cylbenzene; A, chlortetracycline-dodecylbenzene; 0 ,  tetracycline- 
dodecylbenzene; ., demeclocycline-dodecylbenzene; 0, oxytetracy- 
cline-isopropylbenzene; A, chlortetracycline-isopropylbenzene; 0 ,  
tetracycline-isopropylbenzene; and 0, demeclocycline-isopropyl- 
benzene. 
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Figure 6-Peroxide concentration versus UV irradiation time for iso- 
propylbenzene systems (5 X moleldm3) (a) with isopropylbenzene 
alone (O),  chlortetracycline (A), tetracycline fO), and demeclocycline 
(8) ,  and for dodecylbenzene systems (5 X moleldm3) (b) with 
dodecylbenzene alone (O) ,  chlortetracyche (A), tetracycline (a), and 
derneclocycline (m). 

This reaction scheme would account satisfactorily for the observed pH 
decreases in these systems. 

The sulfonamides did not produce appreciable amounts of oil-soluble 
products. If they had, these products might have been expected to cata- 
lyze or sensitize the photodecomposition of the supernatant isopropyl- 
benzene or dodecylbenzene (9,lO). In fact, the two oils yielded about the 
same amount of peroxide whether irradiated on their own or in the 
presence of the sulfonamides. 

In contrast, when the same oils were irradiated in the presence of a t  
least three of the tetracyclines, much larger amounts of peroxide were 
formed (Fig. 6) .  This increase presumably was due to the formation of 
the oil-soluble anhydrotetracycline (AT) derivatives (detected by anal- 
ysis) as shown in Schemes I1 and 111 (8 ,21):  

hu 
AT -+ AT* 

Scheme I1 

A1’* + ‘ 0 2  AT + ‘ 0 2 *  

Scheme I l l  

The excited singlet molecular oxygen then could react with the hydro- 
carbon oil, e .g . ,  isopropylbenzene (Scheme IV): 

hv 
C&,CH(CH3)2 f --t C&C(CH3)200. 

peroxide 
Scheme IV 

thus producing the hydroperoxides. (A similar reaction would be expected 
to occur with dodecylbenzene, and this hypothesis is confirmed by the 
similarly shaped curves in Figs. 6a and 6b. )  

The present work shows that the breakdown products from both drug 
classes considerably reduce the tension at an oil-water interface, and a 
measure of the effect is provided by the drug’s photosensitive index, X 
(Table I) (cf., Ref. 17). As defined, a small X implies a large reduction 
in interfacial tension during irradiation; on this basis, the sulfonamides 
(and sulfanilamide in particular) produce substantially larger effects than 
the tetracyclines. 

Some connection eventually may be found between the photochemical 
decomposition of sulfonamides and tetracyclines a t  the oil-water inter- 
face in uitro and a t  the lipid-water interface of the cell wall (22). Such 
a connection might assist in elucidating the photosensitization mecha- 
nisms that occur in uiuo and explain, for example, the observation that 
the ranking order of photosensitivity in Table I for the sulfonamides and 
oxytetracycline is the same as was obtained from in uiuo experiments on 
patients (1, 3). 
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Abstract The purpose of this investigation was to determine the effect 
of  dose on warfarin pharmacokinetics in rats. First, in a crossover ex- 
periment, rats received I4C-warfarin, 0.2 mghg iv, 12 hr after an injection 
of either nonradioactive warfarin (0.5 mg/kg) or saline solution. Warfarin 
concentrations in plasma declined triexponentially as a function of time. 
Pharmacokinetic analysis revealed that pretreatment with warfarin 
significantly decreased the apparent volume of distribution, total plasma 
clearance, and intrinsic plasma clearance of the drug. In the second part 
of the investigation, rats received single intravenous warfarin injections 
in the order of 0.1-1.0-0.1 or 1.0-0.1-1.0 mg/kg a t  2-week intervals. The 
apparent volume of distribution, total plasma clearance, and intrinsic 
plasma clearance of the 1.0-mg/kg warfarin dose were appreciably lower 
than those of the 0.1-mg/kg dose. The decrease in the apparent volume 
0 1  distribution of warfarin with increasing dose is consistent with the 
previously observed concentration dependence in hepatic uptake of the 
drug. 

Keyphrases Coumarin anticoagulants-warfarin, dose-dependent 
pharmacokinetics, rats 0 Warfarin-dose-dependent pharmacokinetics, 
rats Pharmacokinetics-warfarin, dose dependence, rats 

Hepatic uptake of warfarin in rats, as reflected by the 
ratio of total warfarin concentration in the liver to the free 
warfarin concentration in serum during the postdistribu- 
tive (p)  phase, is highly dose or concentration dependent. 
A determination of warfarin concentrations in serum and 
liver of rats 6 hr after injection of either 0.1 or 1.0 mg/kg 
showed that concentrations in serum increased much more 
than proportionally and that concentrations in the liver 
increased much less than proportionally with dose (1). 
Therefore, the liver-serum concentration ratio decreased 
as the dose was increased from 0.1 to 1.0 mg/kg. 

Since warfarin in the liver can account for a large frac- 
tion of the total drug in the body of rats (2), dose-depen- 
dent hepatic uptake may result in a dose-dependent 
change in the apparent volume of distribution of the drug. 
This possibility, as well as the possibility of other dose- 
dependent changes in warfarin pharmacokinetics in rats, 
was explored in this investigation. The nonlinear uptake 
or binding of warfarin by the liver in a concentration range 
in which serum protein binding of the drug is almost in- 
dependent of concentration provides an opportunity to 
study a system that has been the subject of considerable 
theoretical interest and exploration (3,4). 

EXPERIMENTAL 

The investigation was carried out in two parts. First, the pharmaco- 
kinetics of a small I4C-warfarin dose were determined in a crossover study 
on rats that had been given either saline solution or a larger dose of 
nonradioactive warfarin 12 hr earlier. Second, in a triple crossover study, 
rats received either a high, then a low, and then again a high dose of 
warfarin or a low, then a high, and then again a low dose of the drug. 

In the first part of the study, 10 male Sprague-Dawley rats, 360-505 
g, were used. Rats l a 4 a  were obtained from a supplier' who was unable 
to provide additional animals a t  that  time; therefore, Rats 6a-l0a were 

Blue Spruce Farms, Altamont, N.Y. 

obtained from a different source2. A two-piece cannula of silicone rub- 
ber-polyethylene was implanted in the right jugular vein, under light 
ether anesthesia (5,6), 2 days before the start of the experiment. The rats 
were placed in individual plastic metabolism cages with food3 and water 
freely available. 

Five rats received an intravenous injection of 0.9% sodium chloride 
solution while the other five animals received an intravenous injection 
of nonradioactive racemic warfarin, 0.5 mg/kg, through the cannula a t  
8 pm. The injection volume was -2 murat. Twelve hours later, all animals 
received an intravenous injection of racemic 14C-warfarin4 (158 pCi/mg), 
-3.5 pCi/rat, together with enough nonradioactive racemic warfarin to 
constitute a total dose of 0.2 mg/kg. Mainstream blood samples (0.15-0.20 
ml) were obtained at 5,15,30,45,60,80,100,120,150, and 200 min and 
then a t  less frequent intervals for -50 hr by a technique described pre- 
viously (6), except that  saline solution rather than heparinized saline 
solution was used to displace blood from the external portion of the 
cannula. 

The blood was transferred to heparinized capillary tubes5, which were 
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Figure 1-Effect of drug concentration on the pharmacokinetics of 
warfarin in Rat 10a. This animal receioed an  intravenous injection of 
I4C-warfarin 12 hr after injection of saline solution (control experiment, 
open circles) and, 1 week later, the same dose of 14C-warfarin 12 hr after 
intravenous injection of nonradioactioe warfarin, 0.5 mglkg (solid cir- 
cles). The data points show the time course of 14C-warfarin concen- 
trations in serum. The lines were fitted to  the data by computer. 

~ ~~~~~~~ 

2 Holtzman Co., Madison, Wis 
Charles River RMH 1O00, Agway Inc., Syracuse, N Y. 
Amersham Corp., Arlington Heights, Ill. 

5 Caraway, Sherwood Medical Industries, St. Louis, Mo. 
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Table I-Effect of Drug Concentration on  the Pharmacokinetics of Warfar in  in Rats: Directly Determined Pharmacokinetic 
Constants and Se rum Protein Bindinga  

Bodv 
Serum 

Serum Free Protein 
Pre- Weight, Constants of the Triexponential EquationC Fraction X 100d Concentration, 

Rat treatmenth g P A B iT  a /3 x 100 0.5 pg/ml 5 pg/ml gl100 ml 

l a  

2a 

:la 

4a 

5a 

f a  

7a 

8a 

9a 

1 Oa 

Mean 
SI) 
Mean 
SD 
Difference 

hetween + and - 
Without Rat 5a 

Mean 
SD 
Mean 
SD 
Difference 

503 
505 
487 
480 
490 
482 
486 
456 
388 
373 
360 
36 1 
418 
409 
434 
431 
462 
44 1 
458 
485 
449 
46 

442 
50 

NS 

455 
45 

450 
45 

NS 

1.23 
2.36 
0.956 
1.24 
1.22 
1.38 
1.74 
1.61 
1.96 
2.03 
1.42 
0.460 
1.19 
1.06 
1.06 
1.03 
1.08 
0.766 
0.963 
0.760 
1.28 
0.33 
1.27 
0.59 
NS 

1.21 
0.25 
1.19 
0.56 
NS 

0.384 
0.127 
0.150 
0.558 
0.369 
0.512 
0.771 
0.608 
0.187 
0.316 
0.402 
0.483 
0.337 
0.331 
0.540 
0.270 
0.300 
0.602 
0.485 
0.599 
0.393 
0.178 
0.44 1 
0.168 
NS 

0.415 
0.173 
0.454 
0.172 
NS 

1.03 
1.39 
1.02 
1.22 
1.20 
0.995 
0.896 
1.32 
1.43 
1.29 
0.805 
0.876 
0.900 
0.957 
0.602 
1.07 
0.902 
0.971 
0.679 
0.919 
0.946 
0.242 
1.10 
0.19 
NS 

0.893 
0.183 
1.08 
0.185 . 
p < 0.05 

4.47 
9.75 
3.10 
5.59 
4.40 
5.61 
5.11 
4.02 
5.83 
3.63 
6.71 
5.46 
5.01 
8.36 
4.06 
3.52 
3.54 
3.74 
4.53 
3.23 
4.68 
1.06 
4.79 
1.99 
NS 

4.55 
1.04 
4.92 
2.06 
NS 

0.400 
0.867 
0.519 
0.260 
0.563 
0.572 
0.400 
0.145 
0.505 
0.441 
0.622 
0.786 
0.216 
0.284 
0.238 
0.372 
0.247 
0.355 
0.398 
0.276 
0.4 11 
0.142 
0.436 
0.236 
NS 

0.400 
0.147 
0.435 
0.250 
NS 

4.28 
4.72 
3.47 
3.89 
4.67 
3.77 
2.00 
2.44 
1.11 
1.19 
4.08 
2.54 
4.86 
5.09 
5.25 
6.87 
5.38 
5.26 
4.88 
4.83 
4.00 
1.42 
4.06 
1.66 
NS 

4.32 
1.06 
4.38 
1.40 
NS 

2.39 

1.20 

1.13 

1.02 

1.51 

- 

2.81 

3.32 

2.50 

2.66 

2.06 f 0.80 

2.13 f 0.88 

2.96 

1.42 

1.35 

1.22 

1.71 

- 

3.18 

3.66 

2.98 

2.80 

2.36 f 0.88f 

2.45 f 0.96f 

6.2 

7.1 

6.8 

6.2 

5.8 

-P 

7.1 

6.5 

7.6 

6.0 

6.6 f 0.6 

6.7 f 0.6 

between + 
and - 

The rats received an intravenous injection of 14C-warfarin, 0.2 mg/kg 12 hr after an intravenous injection of either saline solution or nonradioactive warfarin, 0.5 mgkg,  
in crossover fashion 1 week apart. The - equals saline injection, and the + equals nonradioactive warfarin. Even-numbered rats received saline injection in the first 
experiment. The P, A, and B values are in micrograms er milliliter based on a 0.2-mg/kg dose; r, a, and values are in hours-'. These constants describe the time course 
of warfarin concentrations: C, = Pe-" + Ae-ut + B e d ,  where Ct  is the total drug concentration at time t .  Serum was collected 5 davs after the end of the second ex- 
periment, and portions were spiked with I4C-wsrfarin to yield total concentrations of about 0.5 and 5 ,ug/ml. e Rat 6 died 2 days after thesecond experiment, before serum 
for protein binding studies could he collected. f Significantly different from free fraction value at a total concentration of 0.5 pg/ml ( p  < 0.001 by paired t test). 

centrifuged and cut a t  the erythrocyte-plasma interface after determi- 
nation of the hematocrit. The  plasma was removed, and warfarin was 
extracted, separated from its metabolites by TLC, and assayed by scin- 
tillation spectrometry as described previously (7). An aliquot of the in- 
jection solution was assayed in the same manner, and the plasma warfarin 
concentrations were normalized for small (9.5 f 5.9%) interindividual 
variations from the designated dose. Crossover experiments were carried 
out 7 days later; animals tha t  previously received saline pretreatment 
were pretreated with nonradioactive warfarin and vice uersa. Cannula 
patency was maintained by replacing the saline solution in the cannula 
every day. 

Five days after the end of the second experiment, blood was removed 
from the aorta of all animals under light ether anesthesia, and serum was 
wparated. Portions of the serum were used to determine the free fraction 
o1 warfarin by equilibrium dialysis (2,8) after addition of racemic I4C- 
warfarin, -0.5 and 5 pg/ml, respectively. The  dialyses were done in du- 
plicate. Total protein concentrations in serum were determined by the 
method of Gornall et al. (9) with rat albumin as the standard. 

The  second part of the study was carried out on adult male Sprague- 
Dawley rats1 weighing 350-485 g a t  the beginning of the first experiment. 
They were cannulated and placed in metabolism cages as described in 
an earlier paragraph. The  animals received intravenous injections of 
I4C-warfarin, -3.5 pCi, together with sufficient nonradioactive racemic 
warfarin to constitute a total dose of either 0.1 or 1.0 mg/kg. Two rats 
received the low, high, and low doses in that order, with a 14-day interval 
between each dose. Two other animals received the doses in the order 
high, low, and high dose. 

Two additional rats received the high dose and then the low dose hut 
expired due to apparent infection before the third (high) dose could be 
administered. These were the first two animals studied, and the infection 
problem was not encountered in the subsequently studied animals, ap- 
parently because the nonsterile saline solution previously used to fill the 

cannulas was replaced by sterile saline solution. 
Blood sampling and analyses were carried out as in the first part of the 

investigation. Serum for protein binding determinations was obtained 
14 days after the end of the third experiment. 

The plasma warfarin concentration data obtained in the first and 
second parts of the investigation were fitted to a triexponential equation 
(C, = Pe-., + Ae-"' + Be-"', where Ct is the drug concentration at  time 
t ) by a nonlinear least-squares regression procedure (10). Convergence 
was defined as a relative change in the residual sum of squares less than .  
loF4. Data in all functions were weighted numerically equal. The ap- 
parent volume of the hypothetical central compartment was determined 
by dividing the injected dose by P + A + B .  The area under the concen- 
tration-time curve (A UC) was calculated by the trapezoidal method to 
the last experimentally determined concentration, to which the area Ci/p 
was added, where Ci is the computer-estimated value of the last experi- 
mentally determined Concentration. This AUC value was used to cal- 
culate total clearance (doselAUC) and V,,,, (doselAUC$). The AUC 
also was determined from the constants of the triexponential equation 
as the sum of P/a, Alcu, and B / P .  Intrinsic clearance was calculated by 
dividing the total clearance by the serum free fraction (f), using the av- 
erage of the  f values obtained at  the 0.5- and 5-pg of warfarin/ml con- 
centrations. 

Statistical analyses were done hy Student's t test (paired, two 
1 :i iled ). 

RESULTS 

Results of the first part of the investigation, in which 10 rats received 
an intravenous injection of I4C-warfarin 12 hr after an injection of saline 
solution or of nonradioactive warfarin in a crossover experiment, are 
summarized in Tables I and 11. Figure 1 shows the time course of 14C- 
warfarin plasma concentrations in a typical animal; Fig. 2 shows the re- 
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Table 11-Effect of Drug Concentration on the Pharmacokinetics of Warfarin in Rats: Derived Pharmacokinetic Constants 

1- 

- 
0. 

E 
cn 0.5- a. 
i 
0 
a 

- - . 
l- 

IT 
I- 
2 
w 
0 z 
8 

0.1- 

~~~~~~~~~ ~ 

AUC by A UC 
Total Intrinsic Trapezoidal from 

Pre- V c  , V,,, Clearancec, Clearanced, Method, PIT, A l a ,  BIP, Constantse, 
Rat treatment* ml/kg ml/kg mlhr  mlhr pg hrlml pg hrlml gg hrlml f ig hrlml gg hrlml 

la  

2a 

3a 

4a 

5a 

6a 

7a 

8a 

9a 

10a 

Mean 
SD 
Mean 
SD 
Difference 

between + and - 
Without Rat No. 5 

Mean 
SD 
Mean 
SD 
Difference 

75.8 
51.5 
93.9 
66.2 
71.7 
69.2 
58.7 
56.5 
55.9 
54.9 
76.0 
11.0 
82.3 
85.1 
90.9 
84.4 
87.7 
85.5 
94.0 
87.7 
78.7 
13.7 
75.1 
18.5 
NS 

81.2 
11.8 
77.3 
18.2 
NS 

177 
138 
190 
150 
157 
188 
214 
139 
140 
153 
236 
220 
205 
189 
270 
171 
200 
168 
262 
189 
205 
42 

171 
26 

p < 0.05 

212 
38 

172 
27 

D < 0.02 

3.81 
3.28 
3.21 
2.80 
3.60 
3.42 
2.07 
1.55 
0.602 
0.678 
3.46 
2.02 
4.16 
3.93 
6.16 
5.07 
4.97 
3.89 
5.87 
4.43 
3.79 
1.67 
3.11 
1.36 
p < 0.01 

4.15 
1.31 
3.37 
1.12 
p < 0.01 

142 
122 
245 
214 
290 
276 
185 
138 
37.4 
42.1 

-1 
-1 
139 
131 
177 
145 
181 
142 
215 
162 
179 
72 

152 
64 

p < 0.01 

197 
51 

166 
53 

p < 0.01 

26.4 
30.8 
30.3 
34.3 
27.2 
28.2 
46.9 
58.9 

129 
110 
20.8 
35.7 
20.1 
20.8 
14.1 
17.0 
18.6 
22.7 
15.6 
21.9 
34.9 
34.4 
38.0 
27.9 

NSg 

24.4 
10.0 
30.0 
12.6 
p < 0.01 

0.275 
0.242 
0.308 
0.222 
0.277 
0.246 
0.341 
0.400 
0.336 
0.559 
0.212 
0.0842 
0.238 
0.315 
0.261 
0.293 
0.305 
0.205 
0.213 
0.235 
0.277 
0.046 
0.280 
0.127 
NS 

0.270 
0.042 
0.249 
0.085 
NS 

0.960 
0.146 
0.289 
2.15 
0.655 
0.895 
1.93 
4.19 
0.370 
0.717 
0.646 
0.615 
1.56 
1.17 
2.27 
0.726 
1.21 
1.70 
1.22 
2.17 
1.11 
0.66 
1.45 
1.17 
NS 

1.19 
0.64 
1.53 
1.22 
NS 

24.1 25.3 
29.4 29.8 
29.4 30.0 
31.4 33.7 
25.7 26.6 
26.4 27.5 
44.8 47.1 
54.i 58.7 

129 130 
108 109 

19.7 20.6 
34.5 35.2 
18.5 20.3 

18.5 20.4 
13.9 15.3 
19.0 21.4 
33.3 34.8 
34.9 34.8 
35.6 37.3 
27.8 27.9 
NS NS 

22.7 24.2 
10.1 10.1 
27.5 29.3 
12.0 12.8 
NS p < 0.02 

between + and - 
a Based on P, A, B, r, a, and j3 values in Table I. * See footnote 6 in Table I. C Dose divided by AUC determined by the trapezoidal method. Total clearance divided 

by the serum free fraction value obtained by averaging the two free fraction values for each animal listed in Table 1. Sum of PIT,  AIa,  and RIP. f Cannot be calculated 
due to lack of free fraction values. # p < 0.01 upon statistical analysis of 1IAUC values. 

sults obtained in Rat 5a, which exhibited very much lower total and in- 
trinsic clearances of warfarin than the rest of the group. The unusual 
animal is also noteworthy for its very long ( N 60 hr) warfarin half-life 
(which showed excellent reproducibility in the crossover study) and its 
low serum protein concentration, suggestive of impaired liver function. 

41 

9 1 
0 10 20 30 40 50 

HOURS 

0.5 

Figure 2-The same experiment as described in Fig. I except that this 
rot ( 5 a )  uias pretreated with nonradioactiue warfarin in the first ex- 
porimrnt and with saline solution in the second experiment. This rat 
htrd a much lower total clearance of warfarin and a lower serum protein 
concentration than the other nine animals, suggesting impaired liver 
function. The very long and reproducible half-life (60 hr compared to  
( I n  aocrage of 16 hr in the other rats) should he noted. 
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Figure 3-Effect of dose on the pharrnacokinetics of warfarin in Rat 
I .  This animal received intrauenous injections of 0.1, 1.0, and 0.1 mg 
of 14C-warfarinlkg at 2-week intervals. Key: 0, first dose (0 1 mglkg); 
U, second dose (1.0 mglkg); and 0 ,  third dose (0.1 mglkg). The data 
points show the time course of drug concentrations in plasma. The lines 
were fitted to the data by computer. 
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T a b l e  Ill-Effect of Dose o n  t h e  Pharmacokine t ics  of W a r f a r i n  in  Rats: Di rec t ly  Determined  Pharmacokine t ic  Cons tan ts  a n d  S e r u m  
Prote in  Binding - 

Serum Free 
Fraction X 100b Constants of Triexponential Equation" Dose, Body 

Rat  Week mglkg Weight,g P A R 7r (Y /3 x 100 0.5 pg/ml 5 gglml 

1 1 0.1 353 1.22 0.323 0.237 6.60 0.371 1.76 1.51 1.54 
3 1 .0 374 10.8 2.19 6.48 6.66 1.18 2.68 
5 0.1 393 1.11 0.341 0.446 5.41 0.409 2.18 

3 1 .o 452 4.27 1.10 5.99 4.71 0.471 5.87 
5 0.1 509 0.634 0.154 0.356 4.26 0.556 4.76 

2 1 0.1 485 0.644 0.185 0.239 5.34 0.740 4.88 2.23 2.38 

3 1 1 0  406 9.96 2.09 6.18 5.12 0.798 1.72 1.10 1.25 .. .. 

3 0.1 421 i s 2  0.221 0.453 4.05 0.422 2.41 
5 1.0 442 8.99 3.85 6.97 10.3 1.51 1.57 

4 1 1 .0 :152 8.20 1.26 7.17 3.44 1.34 1.79 0.513 0.589 
3 0.1 380 1.01 0.316 0.525 3.94 0.567 2.22 
5 1 .o 40 I 9.15 1.64 7.45 5.90 0.791 1.69 

5 c  1 1 .o 457 7.60 3.21 5.36 6.84 0.685 2.51 - 
3 0.1 449 1.12 0.355 0.367 5.80 0.732 2.35 
5 1 .o 

6' 1 1 .0 360 7.76 2.89 6.13 5.86 0.802 3.05 
3 0.1 39 1 1.01 0.407 0.425 5.87 0.495 2.81 
5 1.0 

- 

- - - - - - - 
- - 

- - - - - - - 

" 'The P,  A. and H values are in micrograms per milliliter; the P, a ,  and 13 values are in hours-'. These constants describe the time course of warfarin concentrations 
in serum; C, = PP-" t Ac-"l + Ro-d', where C ,  is the total drug concentration at time t .  * Serum was collected 2 weeks after the end ofthe third experiment, and portions 
were spiked with "Gwarfarin to yield total concentrations of about 0.5 and 5 pg/ml. These animals died before the third experiment and before serum for free fraction 
determination could he obtained. 

Therefore, the  average results for the  group and the  stat.istical analyses 
in Tables I and I1 are presented not only for all 1U rats bu t  also for the 
group without Rat  5a. 

The  time course of warfarin concentrat ions in plasma of'all animals 
was best described by a triexponential equation, consistent with previous 
observations (1 1 ) .  T h e  constants of  that  equation for each animal a re  
listed in Table 1. Pretreat.ment with 0.5 mg of warfarinlkg 12 hr  earlier 
(a period somewhat shorter than the  average biological half-life of the  
drug in this group of rats) had no apparent effect on the  constants that  
characterize the  so-called distribution phase of drug concentrations in 
plasma, i.e., P. A,  r, and (Y. There was also no apparent  effect on @ o r ,  
therefore, on the biological half-life of the drug. On the other hand, R was 
significantly increased by pretreatment with warfarin. T h e  free fraction 
of warfarin in serum was almost constant over a 10-fold concentration 
range encompassing the maximum concentration of radioactive and 
nonradioactive drug in warfarin-pret.reated animals and concentrations 
representing 520% of the initial warfarin concentration in these animals 
when they were pretreated with saline solution (Table  I). 

The  apparent volume of the hypothetical central compartment (V,.) 
and the partial areas of the distribution phase, t'lr and Aln,  were not 
affected hy warfarin pretreatment. However, V,,,, and total clearance 
were decreased significantly by that  pretreat.ment (Table 11). T h e  in- 
trinsic clearance of  the drug decreased also. T h e  excellent agreement o f  
the A1 /(' values determined by the trapezoidal method with those de-  
termined by summing the PIT,  Alcu, and H I @  values reflects the good fit 
o f  the experimental data  to the  triexponential equation. 

Consistent with theoretical considerations and previous observations 
( 1  2), there was an essentially linear relationship between total clearance 
and serum free fraction o f  warfarin for the nine rats (i.c., excluding Rat  
5a), with a correlation coefficient of0.87 ( p  < 0.01) for clearance values 
obtained in the control (saline pretreatment) experiments. 

The  second par t  of the  st.udy was a difficult three-way crossover ex- 
periment designed to  confirm the effect of dose on  V,,,, and total clear- 
ance and to examine the possible effect of dose on the  distribution phase 
over a wider ( 10-fold) dose range. This  experiment required measure- 
ments on each animal over 6 weeks and could he completed in only four 
rats during the time availalile. Figure 3 shows results ohtained in one of' 
two rats that received a 0.1-mglkg dose first, a 1-mg/kg dose 2 weeks later, 
and another 0.1-mg/kg dose after 2 more weeks and that  were sarril'ic,ed 
2 weeks after the third dose to obtain serum for protein binding deter-  
minations. Figure 4 shows results obtained in one of  t,wo animals that  
received first the high dose, then the low dose, and then again the high 
dose of warfarin. 

'The result> o f  the  I d a n c e d  three-way crossover experiment on four 
rats as well as resrilts ohtained from two rats that  expired hefore the third 
dose are summarized in 'Fables 111 and IV. No averaging or  statistical 
analyses were done hecause only two rats completed any one dosing se- 
quence. I t  should he noted that. t', A. and H will increase proportionally 
with dose if the pharmacokinetics are linear. In fact, P and A increased 

less than proportionally with only one exception (Rat 3 ,  5th week). On 
the other hand, R increased more than proportionally in all experiments 
(Table 111). There were no apparently dose-dependent trends in T ,  n, and 
13. Serum free fraction values a t  warfarin concentrations of 0.5 and 5 pglrnl 
did not differ appreciably in any one animal (Table 111). 

T h e  partial areas P l r  and Alcu did not increase proportionally with 
dose while B//3 increased more than proportionally with dose (Table IV). 
There was no remarkable effect of dose on Vc, there occurred a consistent 
decrease of V,,,, a t  the higher dose, and there were consistent decreases 
of the total and intrinsic clearances a t  the higher dose. In all four rats 
receiving the three-dose sequence, V,. and V,,,, of the t.hird dose were 
lower than those o f t h e  first (and equal) dose (Table IV).  

DISCUSSION 

The  results of this  investigation demonstrate a dose dependence in the 
pharmacokinetics of warfarin: V.,,,, intrinsic clearance, and, therefore, 
total clearance decreased with increasing dose in the dose range studied. 
T h e  decrease in V,,,, is probably due, at least in part, t o  the  previously 
demonstrated decreased uptake of  warfarin by the liver with increasing 
dose (1)  since the  liver accounts for a major fraction of the  total warfarin 
i n  the  hody following administration o f  a relatively small dose (2). Such 
a decrease in V,,,, is quite unusual; much more common is an increase 
in V,,,, with increasing dose due to  decreased plasma protein binding 
o f a  drug a t  higher concentrations. However, O'Reilly ~t nl. ( 1 3 )  reported 
a decrease in the apparent  volume of' distrihution of  dicumarol with in- 
creasing dose over the 150-600-mg dose range in adult humans. On the 
other hand, they did not observe such dose dependence wi th  warfarin over 
the 50-200-mg dose range in the two humans studied (13). A limited study 
in this laboratory, carried out  more than 10 years earlier when 14C- 
warfarin was not available, revealed no apparent difference in the volume 
of distribution of warfarin in rats given injections of 4 and 12.5 mg/kg (14). 
Interestingly, the apparent volume of distrihution of these very large 
doses (110-130 ml/kg) was slightly less than t h a t  of the  1-mglkg dose in 
the present study. 

Theoretical considerations suggest that, all else heing equal, a reduction 
i n  liver uptake should cause an increase in /j and,  therefore, a decrease 
in the 1)iological half-life 0 1  warfarin ( 15). Ht)wever, the same consider- 
ations indicate that  /j will decrease if the  intrinsic clearance is decreased. 
Thus,  the lack of appreciable dose dependence of0 in the present study 
niay he rationalized by the opposing effects of decreased warfarin hinding 
(11' iiptake hy the liver and decreased intrinsic clearance at  the higher do.se. 
I t  ih 1)ossiI)le that hepatic warfarin uptake niay he drie largely t o  specific 
1)tiding ol the  drug to warl'ariii-met;ih~iIizing enzymes and thal the de-  
cr(used hepatic uptake and intrinsic clearance ol'wartarin a t  higher doses 
iniiy be reflections of the  same dose-tlepentlent phenomenon. 

Adequate blocid volumes for serum protein Iiinding st d i e s  were 01)- 
i i n c d  only at  the end of  the crossover rxperinients to prevent premiiture 
c,u.;;itigriiiiation of the  animals. It has heen demonsf rated previouhly in 
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Table IV-Effect of Dose on the  Pharmacokinetics of Warfarin in Rats: Derived Pharmacokinetic Constants a,* 

AlIC  by A UC‘ 
Total Intrinsic Trapezoidal from 

Dose, V,, V,,,., Clearance, Clearance, Method, P/*, AlCY, BIB, Constants, 
Rat Week mg/kg ml/kg ml/kg ml/hr ml/hr pg hr/ml f ig  hr/ml pg hr/ml p g  hr/ml pg hr/ml 

1 1 
:3 
5 

2 1 
3 
5 

3 3 1 

5 
4 1 

3 
5 

5 1 
:3 
5 

6 1 
3 
5 

0.1 56.1 
1.0 51.3 
0.1 52.7 
0.1 93.4 
1 .o 87.6 ~. 

0.1 87.6 
1 .o 54.9 
0.1 55.8 
1.0 50.5 
1 .o 60.2 
0.1 53.9 
1 .0 54.9 
1 .o 61.7 
0.1 54.3 
1 .o 
1 .0 59.4 
0.1 54.5 
1 .o 

- 

- 

390 
150 
21 1 
365 
159 
263 
159 
21 1 
144 
139 

134 
181 
261 

157 
219 

184 

- 

- 

2.43 
1.50 
1.81 

4.22 
6.37 
1.11 
2.14 
1 .oo 
1.55 
0.905 
2.07 
2.74 

1.72 
2.41 

8.64 

0.873 

- 

- 

159 

118 
374 
183 
276 

119 

98.0 

61.7 

55.6 
158 
281 
164 

e - 

c - 

14.5 

21.7 
250 

5.61 

7.99 
107 

365 

442 
403 

443 
221 

19.7 

24.5 

16.4 
- 
209 

16.2 
- 

0.185 
1.62 
0.205 
0.121 
0.907 
0.149 
1.94 
0.277 

2.38 
0.256 
1.55 
1.11 
0.193 

1.32 
0.172 

0.873 

- 

- 

0.871 
1.86 
0.834 
0.250 
2.34 
0.277 
2.62 
0.524 
2.55 
0.940 
0.557 
2.07 
4.69 
0.485 

0.822 

- 
3.60 

- 

13.5 

20.5 
242 

4.90 
102 

359 

444 
401 

441 
214 

7.48 

18.8 

23.6 

15.6 
- 
20 1 

15.1 
- 

14.6 

21.5 
245 

5.27 

7.91 
105 

364 

447 
404 

445 
220 

19.6 

24.4 

16.3 
- 
206 

16.1 
- 

Based on P .  A.  B. A.  C Y .  and 13 values in Table 111. * See footnotes c .  d. and e in Table I 1  for additional information. Cannot be calculated due to lack of free fraction 
values 

this laboratory that serum free fraction values of warfarin in rats remain 
c.onst.ant for a t  least 9 days (16). In another study, in which rats received 
ii large single dose of warfarin, then daily smaller doses for 13 days, and 
then again a large dose, serum free fraction values were determined helore 
and after this sequence (the time interval being -35 days) and decreased 
by 1870 on the average (17). We have no direct evidence that the free 
fraction values remained constant over 6 weeks of the present study. 
‘I’hrrel‘ore, there is some uncertainty concerning t.he a b d u t e  intrinsic 
(,learanee values in this study but not concerning the fact that intrinsic 
clearance did decrease with increasing dose (since the experiments were 
(wried out in crossover fashion). 

‘I’he three-way crossover experiments confirmed the results of the first 
1);wt ofthe investigation in t.hat they also demonstrated a decrease of V.,,, 
;)]id intrinsic clearance with increasing dose. In addition, the three-way 
(‘rossover experiments revealed a rr/a!ioc decrease in P and A and, 
~hcarel’ore, in P / n  and Alcu with increasing dose. This result is probably 
clue to  an increased serum free fraction at the initial concentrations 
prc)duced by the 1-mg/kg dose. It has been calculated that the free frac- 
tion of warfarin remains essentially constant a t  plasma warfarin con- 
centrations up to 6 pg/ml and that it increases by 25 and >200% a t  con- 
centrations of 96 and 282 pg/ml, respectively (18). Initial plasma warfarin 
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Figure 4-7’hr same experiment as in Fig. 3 using Rat 4 ,  except that 
doses were gioen in the order 1.0,0.1, and 1.0 mglkg. Key:  O, first dose 
(1.0 mglkg);  0, second dose (0.1 mglkg); and a, third dose (1.0 mg/ 
k g ) .  

concentrations following the 0.1- and 1-mg/kg doses in the present study 
were -2 and 17 pg/ml, a difference large enough to expect some change 
in the free fraction. On the other hand, the first part of this study, in which 
I’ itrid A were not. affected by pretreatment with warfarin, involved less 
than a twofold difference in initial concentration (considering the sum 
ol’ t he concentrations of I4C-warfarin and nonradioactive drug) and these 
initial concentrations were well below 6 pcglml. 

The suggestion that the decrease in the P and A values after the 1- 
mg/kg dose (as compared to the corresponding values after the 0.1-mg/kg 
dose) is due to decreased plasma protein binding of warfarin finds support 
from results of a previous investigation (11). Studies of warfarin phar- 
macokinetics were carried out on 14 rats with widely different serum free 
fraction values (from 0.3 X lov2 to 2.9 X all animals received a 
single 0.51-mglkg injection. There was a statistically significant negative 
correlation between serum free fraction and P ( r  = -0.873, p < 0.001; 
the negative sign of the correlation coefficient was inadvertently omitted 
in the cited report). 

In summary, warfarin pharmacokinetics in rats are dose dependent; 
I lie apparent volume of distribution of the drug, the intrinsic clearance, 
iind the total clearance decrease with increasing dose in the O.l-l-mg/kg 
tlose range. A t  least one of these phenomena, ix., the decrease in the 
;ipparent volume o f  distribution, is probably due largely to decreased 
hepatic uptake of the drug. In addition, the apparent distribution phase 
of warfarin concentrations in plasma following intravenous injection of 
1 rng/kg is less pronounced than that following a 0.1-mghg dose, probably 
due to decreased protein binding of the drug a t  the high initial plasma 
concentrations produced by the larger dose. 
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Abstract 0 A comprehensive investigation of the effect of phenylbu- 
tazone on warfarin pharmacokinetics and anticoagulant activity was 
carried out in rats to identify and quantify various aspects of the inter- 
action between these drugs. Adult male rats received intravenous racemic 
warfarin alone and together with phenylbutazone in a crossover experi- 
ment. Prothrombin complex activity and the plasma concentrations of 
phenylbutazone and of free and total (free plus protein-bound) warfarin 
were determined repeatedly for up to 60 hr. The total plasma clearance, 
the apparent volume of distribution, and the disposition rate constant 
(8) of warfarin were significantly increased and the intrinsic plasma 
warfarin clearance was significantly decreased during phenylbutazone 
administration. Phenylbutazone decreased the serum protein binding 
of warfarin both in uitro and in uiuo, but the i n  uiuo effect was much more 
pronounced, apparently due to the displacing effect of phenylbutazone 
metaholite(s). Phenylbutazone alone had no apparent effect on pro- 
thrombin complex activity i n  vitro but caused a modest, yet statistically 
significant, anticoagulant effect in uiuo. The anticoagulant effect-plasma 
warfarin cmcentration curves for total and free warfarin were shifted 
to a considerably lower concentration range during phenylbutazone 
treatment. Thus, the interaction between phenylbutazone and warfarin 
involves a t  least three processes: an inhibition of warfarin biotransfor- 
mation (decreased intrinsic clearance); displacement of warfarin from 
plasma protein binding sites (increased free fraction); and apparent 
potentiation of the anticoagulant action produced by a given plasma 
warfarin concentration. The latter may have been caused, at least in part, 
by a direct anticoagulant effect of phenylbutazone and/or its metabo- 
lite(s). The net effect of decreased protein binding and decreased intrinsic 
clearance was an increase in the total plasma warfarin clearance. The 
results of this investigation demonstrate that drug interactions can be 
complex and multifactorial. 

Keyphrases 0 Warfarin-interaction with phenylbutazone, pharma- 
cokinetics, in uitro and i n  uiuo, rats, prothrombin complex activity 0 
Phenylbutazone-interaction with warfarin, pharmacokinetics, in uitro 
and in uiuo, rats, prothrombin complex activity 0 Anticoagulants- 
warfarin, interaction with phenylbutazone, pharmacokinetics, in uitro 
and in uiuo. rats, prothrombin complex activity 

There is a tendency to attribute most drug interactions 
to only one of several theoretically possible mechanisms. 
This approach is probably unrealistic and reflects the 
limited scope and the relative lack of pharmacokinetic 
quantitation characteristic of most drug interaction 
studies. For example, one drug may displace another from 
plasma protein binding sites and cause the displaced drug 
to be eliminated more rapidly. Unless the increased 
clearance of the displaced drug is quantitatively consistent 

with the increase of its free fraction in plasma, additional 
interaction mechanisms must be sought. These additional 
mechanisms may operate in the same direction (i.e., in- 
creased clearance) or in the opposite direction from that 
attributable to reduced plasma protein binding. Moreover, 
pharmacokinetic as well as pharmacodynamic interactions 
may occur so that an assessment of the therapeutic im- 
plications of the interacting system requires consideration 
of the net effect resulting from both types of interactions. 
These potential complexities suggest that comprehensive 
model drug interaction studies are needed for the devel- 
opment of more effective strategies for exploring potential 
or suspected interactions involving new drugs. 

The interaction between the anticoagulant warfarin and 
the anti-inflammatory agent phenylbutazone is phe- 
nomenologically well established, and i t s  potentially di- 
sastrous clinical consequences are generally appreciated 
(1-3). The interaction between these two drugs has been 
studied in humans (4-8) and in dogs (9). However, the 
recent development of clearance concepts (10,l l)  and the 
availability of an animal model exhibiting wide interin- 
dividual differences in the plasma protein binding of 
warfarin under normal physiological conditions (12) have 
provided a more rational basis and a promising means for 
better exploration of the interaction. 

The investigation described here consisted of a rigorous 
quantitative determination of the phenylbutazone effect 
on the elimination kinetics and anticoagulant action of 
warfarin in a crossover study on rats specially selected for 
wide interindividual differences in serum protein binding 
of warfarin and, therefore, in warfarin clearance. The 
phenylbutazone effect on serum protein binding of war- 
farin was determined in uitro and in uiuo. The relationship 
between anticoagulant effect and warfarin concentration 
in plasma was determined for free and total (free plus 
bound) drug. The phenylbutazone effect per se on the 
coagulation process was examined in vitro and i n  uiuo. 

It is believed that the results of these studies will dem- 
onstrate the potential complexity and multifaceted char- 
acteristics of drug interactions, will illustrate the practical 
limitations of many drug interaction studies in humans, 
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Abstract 0 A comprehensive investigation of the effect of phenylbu- 
tazone on warfarin pharmacokinetics and anticoagulant activity was 
carried out in rats to identify and quantify various aspects of the inter- 
action between these drugs. Adult male rats received intravenous racemic 
warfarin alone and together with phenylbutazone in a crossover experi- 
ment. Prothrombin complex activity and the plasma concentrations of 
phenylbutazone and of free and total (free plus protein-bound) warfarin 
were determined repeatedly for up to 60 hr. The total plasma clearance, 
the apparent volume of distribution, and the disposition rate constant 
(8) of warfarin were significantly increased and the intrinsic plasma 
warfarin clearance was significantly decreased during phenylbutazone 
administration. Phenylbutazone decreased the serum protein binding 
of warfarin both in uitro and in uiuo, but the i n  uiuo effect was much more 
pronounced, apparently due to the displacing effect of phenylbutazone 
metaholite(s). Phenylbutazone alone had no apparent effect on pro- 
thrombin complex activity i n  vitro but caused a modest, yet statistically 
significant, anticoagulant effect in uiuo. The anticoagulant effect-plasma 
warfarin cmcentration curves for total and free warfarin were shifted 
to a considerably lower concentration range during phenylbutazone 
treatment. Thus, the interaction between phenylbutazone and warfarin 
involves a t  least three processes: an inhibition of warfarin biotransfor- 
mation (decreased intrinsic clearance); displacement of warfarin from 
plasma protein binding sites (increased free fraction); and apparent 
potentiation of the anticoagulant action produced by a given plasma 
warfarin concentration. The latter may have been caused, at least in part, 
by a direct anticoagulant effect of phenylbutazone and/or its metabo- 
lite(s). The net effect of decreased protein binding and decreased intrinsic 
clearance was an increase in the total plasma warfarin clearance. The 
results of this investigation demonstrate that drug interactions can be 
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There is a tendency to attribute most drug interactions 
to only one of several theoretically possible mechanisms. 
This approach is probably unrealistic and reflects the 
limited scope and the relative lack of pharmacokinetic 
quantitation characteristic of most drug interaction 
studies. For example, one drug may displace another from 
plasma protein binding sites and cause the displaced drug 
to be eliminated more rapidly. Unless the increased 
clearance of the displaced drug is quantitatively consistent 

with the increase of its free fraction in plasma, additional 
interaction mechanisms must be sought. These additional 
mechanisms may operate in the same direction (i.e., in- 
creased clearance) or in the opposite direction from that 
attributable to reduced plasma protein binding. Moreover, 
pharmacokinetic as well as pharmacodynamic interactions 
may occur so that an assessment of the therapeutic im- 
plications of the interacting system requires consideration 
of the net effect resulting from both types of interactions. 
These potential complexities suggest that comprehensive 
model drug interaction studies are needed for the devel- 
opment of more effective strategies for exploring potential 
or suspected interactions involving new drugs. 

The interaction between the anticoagulant warfarin and 
the anti-inflammatory agent phenylbutazone is phe- 
nomenologically well established, and i t s  potentially di- 
sastrous clinical consequences are generally appreciated 
(1-3). The interaction between these two drugs has been 
studied in humans (4-8) and in dogs (9). However, the 
recent development of clearance concepts (10,l l)  and the 
availability of an animal model exhibiting wide interin- 
dividual differences in the plasma protein binding of 
warfarin under normal physiological conditions (12) have 
provided a more rational basis and a promising means for 
better exploration of the interaction. 

The investigation described here consisted of a rigorous 
quantitative determination of the phenylbutazone effect 
on the elimination kinetics and anticoagulant action of 
warfarin in a crossover study on rats specially selected for 
wide interindividual differences in serum protein binding 
of warfarin and, therefore, in warfarin clearance. The 
phenylbutazone effect on serum protein binding of war- 
farin was determined in uitro and in uiuo. The relationship 
between anticoagulant effect and warfarin concentration 
in plasma was determined for free and total (free plus 
bound) drug. The phenylbutazone effect per se on the 
coagulation process was examined in vitro and i n  uiuo. 

It is believed that the results of these studies will dem- 
onstrate the potential complexity and multifaceted char- 
acteristics of drug interactions, will illustrate the practical 
limitations of many drug interaction studies in humans, 
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Table I-Zn Vitro Phenylbutazone Effect on Protein Binding of 
Warfarin in R a t  Serum a 

Table 11-Phenylbutazone Effect on Warfar in  
Pharmacokinetics in Rats a 

Warfarin Concentration 
Phenvlbutazone. 0.43 0.70 1.43 2.90 

;g/ml pg/ml pg/ml pglml fig/ml M e a n f S D  

0 0.586 0.569 0.553 0.645 0.588 f 0.040 
25 0.830 0.846 0.752 0.821 0.812 f 0.041 
50 1.02 0.914 0.893 0.893 0.930 f 0.061 

100 1.01 1.03 1.08 1.16 1.07 f0.067 
200 2.27 2.21 2.29 2.45 2.30 f 0.103 

Pooled serum from eight rats. Reported are values of free fraction X 100. 

and will suggest the effort required for a comprehensive 
and quantitative exploration of drug interactions in gen- 
eral. 

EXPERIMENTAL 

In Vitro Phenylbutazone Effect on Serum Protein Binding of 
Warfarin-Eight randomly selected adult male Sprague-Dawley rats' 
were sacrificed under ether anesthesia by withdrawal of all blood from 
the abdominal aorta. The blood was converted into serum, and the latter 
was pooled. Two-milliliter portions of serum were spiked with racemic 
14C-warfarin2 and with phenylb~tazone~ to produce concentrations of 
0.4-3 pg of warfarin/ml and 0-200 pg of phenylbutazone/ml. I4C-War- 
farin was dissolved in ethylene dichloride. A portion of this solution was 
transferred to a glass vial and evaporated under nitrogen flow. Ten mi- 
croliters of phenylbutazone in 0.1 N NaOH was added to the warfarin, 
and the mixture was shaken thoroughly and mixed with the serum. The 
serum binding was determined by equilibrium dialysis at 37O (12). 
Zn Vivo Phenylbutazone Effect on Serum Protein Binding of 

Warfarin--Ten randomly selected rats, 340-415 g, received phenylbu- 
tazone, 40 mg/kg ip, initially followed by 20 mg/kg ip every 4 hr for 10 
doses. Immediately before the first injection and 2 hr after the last one, 
2.5-3.0 ml of blood was withdrawn from the tail artery. Serum was sep- 
arated and spiked with 14C-warfarin for protein binding determina- 
tions. 

Assay of Warfarin and Phenylbutazone-The concentrations of 
warfarin in serum, plasma, and buffer solution were determined by ex- 
traction, TLC, and scintillation counting (13). Phenylbutazone in plasma 
and serum was assayed by the method of Jahnchen and Levy (14). That 
assay was modified slightly to increase the sensitivity. To 0.1 ml of plasma, 
0.1 ml of 3 N HCl and 2 ml of n-heptane were added. After shaking for 
30 min, the phases were separated by centrifugation a t  lOOOXg for 3 min. 
To 1.8 ml of the n-heptane phase, 2 ml of 1 N NaOH was added. After 
shaking for 5 min and centrifuging for the same time, the heptane phase 
was discarded. To 1.8 ml of the sodium hydroxide phase, 3 ml of buffered 

2.51  
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/ 
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Figure 1-Relationship between mean free fraction of warfarin in 
.serum and phenylbutazone concentration. Both drugs were added to 
pooled rat serum in vitro. 

Blue Spruce Farms, Altamont, N.Y. * 3-[a-Acetonyl(benzyl-n-"C)]-4-hydroxycoumarin, specific activity 71 pCi/mg, 

3 Geigy Pharmaceuticals, Ardsley, N.&. 
Amersham-Searle Corp., Arlington Hei hts, Ill. 

~ ~~ ~ 

With 
Pharmacokinetic Constant Control Phenylbutazone 

Total plasma clearance, ml/hr/kg 8.88 17.8' 

Half-life, hr 16.3 8.66b 

Volume of distribution, ml/kg 152 175* 

Serum free fraction X 100 0.908 2.92'3' 

(2.92-24.0) (6.74-41.2) 

(6.31-31.6) (4.55-14.6) 

(117-219) (128-271) 

(0.296-1.90) (0.957-7.03) 
Intrinsic plasma clearance, ml/hr/kg ' 985 f 163' '651 f 83b' 

(764-1304) (497-796) 

a Results are re orted as mean values for 11 animals, with the range in paren- 
theses. Standard gviations are omitted, with one exception, for reasons discussed 
in the text. * Statistically significantly different from the control value ( p  < 0.01) 
by paired t test. C The concentration of phenylbutazone in these serum samples 
was 67.1 f 24.6 pg/ml. 

permanganate solution (14) was added, and the mixture was incubated 
a t  65O for 5 min. After cooling, 1 ml of n-heptane was added, and the 
procedure was continued as described previously (14). The assay was not 
affected by warfarin nor was the warfarin assay or recovery affected by 
phenylbutazone. 

Warfarin-Phenylbutazone Interaction-Twelve dicumarol- 
screened (15,16) male adult Sprague-Dawley rats, weighing 350450 g 
and differing widely in dicumarol half-life, were selected from a group 
of 30 animals. They had unrestricted access to food4 and water before and 
during the experiment. The rats were given intraperitoneal injections 
of phenylbutazone, 40 mg/kg, or saline solution a t  -2 hr and then 20 mg 
of phenylbutazone/kg or saline solution every 4 hr for 50-60 hr. The an- 
imals received warfarin, 0.6 mg/kg iv consisting of about 22 pCi of I4C- 
warfarin5/kg and nonradioactive warfarid, except for three rats that  
received only 0.3 mg/kg in the experiment with phenylbutazone. Three 
weeks later, the rats that  had received phenylbutazone received saline 
solution and vice oersa. Blood samples were collected repeatedly from 
the tail artery for 40-60 hr after warfarin injection. 

The warfarin injection solutions were prepared by separately dissolving 
the labeled and unlabeled drug in small volumes of 0.1 N NaOH. The 

".O3I 
0.01' I 

10 20 30 40 50 
HO-URS 

Figure 2-Phenylbutazone and warfarin concentrations in the plasma 
of a representatiue rat after intravenous injection of warfarin alone (0) 
and with repeated intraperitoneal injections ofphenylbutazone (0).  
The squares represent the phenylbutazone concentration in plasma, 
and the arrows indicate when phenylbutazone was injected. 

Charles River Formula 4RF. 
About 8 pCi/rat, specific activity 71 pCi/mg. 
Endo Laboratories, Garden City, N.Y. 
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Table 111-Phenylbutazone Effect on Serum Protein Binding of Warfar in  in Rats  Treated with Phenylbutazone Only a 

Free Fraction of 
Warfarin h ,  pgImI Phenylbutazoneb, Warfarin in Serum X 100 

Control With Phenylbutazone Ratioc Control With Phenylbutazone pglml 

Meand 
SD 
Range 

0.730 
0.071 

0.630-0.861 

0.758 
0.051 

0.665-0.846 

62 
14 

37-78 

0.588 
0.156 

0.260-0.767 

2.33' 4.0 
0.60 0.6 

1.32-3.26 3.3-5.1 

a 1%-Warfarin was added to the serum in oitro. * Measured after equilibrium dialysis. Ratio of free frartion values, with phenylbutazone:control. n = 10. P.Statistically 
significantly different from the control value (paired t test, p < 0.001). 

unlabeled drug solution was added to the labeled drug solution, and this 
mixture was diluted immediately with pH 7.4,0.15M phosphate buffer 
such that 1 ml of the final solution contained 0.29-0.34 mg of warfarin. 
Phenylbutazone was dissolved in 0.1 N NaOH, and the solution was di- 
luted with saline; the pH was adjusted to -8 with pH 7.4,0.15 M phos- 
phat,e buffer. The solutions were prepared just before injection. 

Collection of multiple blood samples (0.45 ml) from rats, measurement 
of prothrombin time in 10-fold diluted plasma, conversion of prothrombin 
time to prothrombin complex activity (PCA), and calculation of pro- 
thrombin complex activity synthesis rates (Ray,)  were carried out as 
described previously (16). Two 0.1-ml plasma samples were used for 
warfarin and phenylbutazone determinations, respectively. Two hours 
after the last phenylbutazone or saline injection, -1.2 ml of blood was 
withdrawn, and the serum was separated. The latter was spiked with 4 . 3  
pg ~f, '~C-warfarin,  and -0.5 ml was used for serum protein binding de- 
terminations. 

The apparent first-order elimination rate constant @) and the warfarin 
biological half-life were determined from the least-squares slope of a plot 
of log plasma warfarin concentrations uersus time. The apparent volume 
of distribution ( v d )  was calculated by dividing the injected dose by the 
extrapolated zero-time plasma warfarin concentration. Total plasma 
clearance was calculated as the product of fi  and vd, and intrinsic plasma 
clearance was calculated by dividing the total clearance by the serum free 
fraction of warfarin. The plasma warfarin concentrations a t  which the 
prothrombin complex activity Rsyn was 0 and 50% of normal/day were 
determined from the linear portion of a plot of R,,, uersus log plasma 
warfarin concentration. 

RESULTS 

Table I shows the in uitro effect of phenylbutazone (0-200 pg/ml) on 
the protein binding of warfarin (0.43-2.90 pg/ml) in rat serum. The 
warfarin concentrations were in the range of experimental interest. The 
free fraction of warfarin increased with increasing phenylbutazone con- 
centration but was practically independent of warfarin concentration. 
A plot of mean free fraction value uersus phenylbutazone concentration 
shows a shoulder in the 25-100-pg/ml range (Fig. 1). Therefore, the 
phenylbutazone dosage regimen was designed to maintain concentrations 
in this range to minimize fluctuations in the free fraction of warfarin in 
plasma during the in uiuo experiments. 

Figure 2 shows the effect of phenylbutazone administration on the 
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Figure 3-Relationship between the warfarin biological half-life i n  
control experiments and in the same rats during concomitant phenyl- 
butazone administration. In this figure, as well as in Figs. 5 and 6, the 
continuous line was obtained by double-regression analysis and the 
stippled line was obtained by forcing the regression line through the 
origin. The correlation coefficient is 0.974, p < 0.001. 

warfarin concentrations in the plasma ot'a representative rat (Rat 3) .  Also 
shown are t,he plasma phenylbutazone concentrations. Blood samples 
were obtained a t  different. times relative to the time of phenylbutazone 
injections (because blood sampling times were dictated primarily by the 
rate ofthe prothrombin complex activity change); this accounts for much 
of the fluctuation 0 1  the reported phenylhutazone concentrations in any 
one animal. The mean plasma phenylhutazone concentration of the 11 
rats used in this study ranged from 45 to 90 pglml, with an average 
coefficient of variation of 29% in individual animals. 

The phenylbutazone effects on warfarin pharmacokinetics in 11 rats 
are summarized in Table 11. Phenylbutazone administration caused a 
significant increase in the total plasma clearance, apparent volume of 
distribution, and serum free fraction of warfarin and a significant decrease 
in the biological half-life and intrinsic plasma clearance of the drug. The 
animals used were selected by a screening test from a larger group of rats 
to obtain animals with widely different and relatively evenly distributed 
total clearance values. Consequently, all pharmacokinetic data in Table 
11, except those representing intrinsic clearance (which shows relatively 
small interindividual variation), are reported in terms of the mean and 
range of individual values rather than as the mean f SD. 

I t  is more informative to consider the ratio, phenylbutazone:control, 
than the absolute values of the pharmacokinetic constants. These ratios 
were determined individually for each animal and are reported as the 
mean f SD, n = 11: total plasma clearance, 2.10 f 0.40; intrinsic plasma 
clearance, 0.674 f 0.120; and free fract.ion in serum, 3.16 f 0.59. The 
relatively small coefficient of variation of these constants reflects a strong 
correlation between values obtained from individual rats in control ex- 
periments and during phenylbutazone administration. This correlation 
is shown in Fig. 3 for the biological half-life, in Fig. 4 for the apparent 
volume'of distribution, and in Fig. 5 for the serum free fraction of war- 
farin. 

There is no apparent relationship between the average plasma phe- 
nylbutazone concentration (indicative of the total clearance of that. drug) 
in individual rats and the total or intrinsic warfarin clearance (alone or 
during phenylbutazone administration). On the other hand, there is some 
indication of a concentration-response relationship with respect to 
phenylbutazone inhibition of warfarin biotransformation. Specifically, 
there appears to be a negative correlation between average phenylbuta- 
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Figure &-Relationship between apparent uolume of distribution of 
warfarin in control experiments and in the same rats during concomi- 
tant phenylbutazone administration. The correlation coefficient is 
0.896, p < 0.001. 
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Table IV-Effect of Phenylbutazone on Prothrombin Complex 
Activity (PCA) before Warfar in  Administration and  on the 
Maximum Anticoagulant Action of a Single Warfarin Dose in 
Individual Rats  

PCA before Warfarin 

% of normal 
Administration, Maximum Effect", 

With With 
PCA,i,, % of normal 

Rat Control Phenylbutazone Control Phenylbutazone 
~~ 

1 98.4 94.9 10.0 3.5 

6 94.9 98.4 11.0 4.4 
1 6  102.1 96.6 13.8 12.2 
8 102.1 
9b 102.1 

.~ ~ 

100.2 
98.4 

12.8 2.3 
22.9 11.3 

e 10 98.4 91.7 19.3 - 
l l b  106.1 98.4 28.9 11.2 
Mean 102.0 97.1d 11 .8e 5.1Oe.f 
S D  5.0 2.9 1.7 2.46 

a Expressed as the lowest observed prothrombin complex activity value (PCA,i.). 
b These rats received 0.3 mg of warfaridkg with henylbutazone (see text for ex- 
planation); the others received 0.6 mg of warfarinPkg with phenylbutazone. All rats 
received 0.6 mg of warfarinkg in the control experiments. Even-numbered animals 
received phenylbutazone and warfarin in the first experiment; odd-numbered an- 
imals received only warfarin in the first experiment. c The experiment with this 
rat was discontinued because of severe bleeding. d Statistically significantly dif- 
ferent from the control value (paired t test, p < 0.05). Mean of the data for Rats 
1-6 and 8 only. Statistically significantly different from the control value (paired 
t test, p < 0.001). 

zone concentration in plasma and the pheny1butazone:control ratio of 
the intrinsic warfarin clearances in individual animals (Fig. 6). 

In view of the pronounced difference between the in uitro and in uiuo 
effects of comparable phenylbutazone concentrations on serum protein 
binding of warfarin (free fraction values in Tables I and II), a group of 
rats was given a series of phenylbutazone injections (i.e.,  no warfarin), 
and serum free fraction values were determined before and during phe- 
nylbutazone treatment. The results (Table 111) show a magnitude of 
displacing effect similar to that observed in the in uiuo warfarin-phe- 
nylbutazone interaction study and much greater than that observed in 
the in uitro experiments. 

Theoretical considerations and previous experimental evidence (10) 
indicate that an essentially linear relationship between the total plasma 
clearance and the serum or plasma free fraction of warfarin should exist. 
Such correlations were obtained in the present study for warfarin in 
control experiments and during phenylbutazone administration (Fig. 
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Figure 5-Relationship between free fraction of warfarin in serum in 
control experiments and in the same rats during concomitant phenyl- 
butazone administration. The correlation coefficient is 0.927, p < 
0.001. 

Table V-Effect of Phenylbutazone on Relationship between 
Relative Prothrombin Complex Activity Synthesis Ra te  and 
Warfarin Concentration in Rat Plasma 

-ma, % of 

Con- Phenyl- Con- Phenyl- Contro1:With 
Rat trol butazone trol butazone Phenylbutazone 

1 1.16 1.32 0.298 0.0836 3.6 
2 1.14 1.22 0.420 o.im 3.2 
3 1.11 0.851 0.693 0.120 5.8 
4 0.985 0.950 0.942 0.156 6.0 
5 1.22 0.977 0.720 0.126 5.7 
6 1.13 1.28 1.65 0.330 5 0  
7 1.02 2.1 1 2.00 0.454 4.4 
8 1.65 2.94 2.20 0.236 9.3 

2.63 2.03 0.336 6.0 9 1.78 
C 2-72 1.4R - c c - - 10 _. _ _  _. . - 

11 2.72 1.58 3.14 0.754 4.2 
Meand 1.39 1.58e 1.41 0.272f 5.3 
SD 0.535 0.731 1.7 

~~ ~ 

0 Slope of a plot of R.JRt Versus log plasma warfarin concentration. * Intercept 
of the plot described in foogote a upon extrapolation to the concentration axis 
where R.,./R& = 0. The experiment with this rat was discontinued because of 
severe bleeding. Without Rat 10. No statistically significant difference between 
the two treatments. I Statistically significantly different from the control value 
(paired t test, p < 0.001). 

7). The differences in the regression line slopes reflect the phenylbutazone 
effect on the intrinsic warfarin clearance. The shift of the free fraction 
values during phenylbutazone administration to a higher range than that 
observed without phenylbutazone is indicative of the displacing ef- 
fect. 

Phenylbutazone, 100 gglml added in uitro to individual serum samples 
from 12 rats, had no effect on prothrombin complex activity. The pro- 
thrombin complex activity in serum (mean f SD) was 98.2 f 8.690 of 
normal without phenylbutazone and 98.4 f 7.3% with added phenylbu- 
tazone. The ratio of prothrombin complex activity values, phenylbuta- 
zone:control, was 1.00 f 0.03 (mean f SD). On the other hand, phenyl- 
butazone administered to rats caused a small but statistically significant 
prothrombin complex activity decrease (Table IV). This apparent anti- 
coagulant effect was evident 2 hr after the first phenylbutazone dose, i.e., 
a t  zero time relative to the time of warfarin injection when the first (before 
warfarin) blood sample was obtained (Fig. 2). 

The maximum warfarin anticoagulant effect was significantly more 
pronounced during phenylbutazone administration than in the control 
experiments (Table IV). One animal (Rat 121, a slow eliminator given 
warfarin with phenylbutazone, was lost in the first part of the study due 
to hemorrhage. Therefore, the warfarin dosage in the second (crossover) 
part of the study was reduced to one-half in the three rats with the lowest 
total warfarin clearance. Even these three rats exhibited a more pro- 
nounced maximum anticoagulant effect during phenylbutazone ad- 
ministration, despite the reduced warfarin dose. 

Repeated measurements of warfarin concentrations and prothrombin 
complex activity in the rats after warfarin administration permitted 

0 

0 

0 

40 60 100 
AVERAGE PHENYLBUTAZONE 

CONCENTRATION, pg1ml 

Figure 6-Relationship between intrinsic warfarin clearance ratio, 
phenylbutuzone:control, and average plasma phenylbutazone con- 
centration. The correlation coefficient is -0.55 (p < 0.1) for all 11 ruts 
and -0.73 (p < 0.02) for 10 ruts (with 0 excluded). 
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Table VI-Effect of Phenylbutazone on Total and Free Warfar in  Concentrations in Plasma o r  Serum when the Anticoagulant Effect 
Is 50% of Maximum (Rlyn = 0.5 R:,J 

Total Concentration Free Warfarin in Serum. 
in Plasma, jtg/ml ControkWith jtg/ml x 100 Contro1:With 

Rat Control With Phenylbutazone Phenylbutazone Control With Phenylbutazone Phenylbutazone 

1 0.110 
2 0.153 
3 0.246 
4 0.292 

0.0338 
0.0507 
0.0310 
0.0463 

3.2 
3.0 
7.9 
6.3 

0.202 
0.291 
0.334 
0.330 

0.236 
0.222 
0.165 
0.154 

0.86 
1.3 
2.0 
2.1 

5 0.280 0.0388 7.2 0.322 0.172 1.9 
6 0.600 0.123 4.9 0.355 0.176 2.0 
7 0.648 0.263 2.5 0.330 0.447 0.74 
8 1.09 0.160 6.8 0.445 0.186 2.4 
9 1.06 0.217 4.9 0.466 0.304 1.5 

10 1.25 0.370 
11 2.06 0.364 5.7 0.612 0.348 1.8 
Meann 0.654 0.133b 5.2 0.369 0.241 1.7‘ 
SD 2.0 0.6 

4 Without Rat 10. b Statistically significantly different from the control value (paired t test, p < 0.01). Statistically significantly different from the total concentration 
ratio (paired t test, p < 0.001). 

determinations of the relationship between anticoagulant effect and drug 
concentration. Results obtained from a representative animal are shown 
in Fig. 8. The regression line of a plot of the relative prothrombin complex 
activity synthesis rate uersus log plasma warfarin concentration can be 
characterized by its slope ( m )  and by the extrapolated intercept on the 
concentration axis at a synthesis rate of zero (C,,,=). The results obtained 
from all animals are summarized in Table V. The phenylbutazone effect 
is more readily apparent in Fig. 9, which is a schematic representation 
of the average results from all animals. There was a pronounced shift of 
the effect-log concentration regression line to a lower concentration range 
during phenylbutazone treatment, with no significant change in the 
slope. 

A convenient index of anticoagulant effect is the warfarin concentration 
required to produce 50% inhibition of the prothrombin complex activity 
synthesis rate (referred to as the effective concentration). The effective 
concentrations of total as well as free warfarin were markedly reduced 
during phenylbutazone administration (Table VI). The average ratio of 
effective concentrations, control:phenylbutazone, was 5.2 for total drug 
and 1.8 for free drug. The difference in these ratios reflects the increased 
serum free fraction values of warfarin during phenylbutazone adminis- 
tration. There is no apparent correlation between the effective concen- 
tration ratios and the average phenylbutazone concentration in individual 
animals. 

DISCUSSION 

The results of this investigation demonstrate that the acute interaction 
between phenylbutazone and racemic warfarin in rats involves a t  least 

2 4 6 
FREE FRACTION X 100 

Figure 7-Relationship between total warfarin clearance and free 
fraction in serum of rats during concomitant phenylbutazone admin- 
istration ( 0 )  and in the same animals in control experiments (0). The 
correlation coefficient for the data with phenylbutazone is 0.997, p < 
0.001, and that for the control data is 0.940, p < 0.001. There is a sta- 
tistically significant difference (p < 0.001) in the slopes of the two re- 
gression lines. 

three mechanisms: displacement of warfarin from serum protein binding 
sites by phenylbutazone and its metabolites, inhibition of intrinsic 
warfarin clearance, and apparent potentiation of the anticoagulant action 
produced by a given plasma warfarin concentration. These effects were 
produced a t  average phenylbutazone concentrations in plasma (45-90 
pg/rnl) similar to those observed clinically. For example, 100 mg of the 
drug given three times a day to normal adult subjects resulted in plasma 
concentrations (mean f SD) of 76 f 7 Fg/ml(7). 

The phenylbutazone displacing effect on warfarin in serum was of 
similar magnitude in animals who received both drugs and in those who 
received only phenylbutazone (with warfarin added in uitro). On the 
other hand, in uitro phenylbutazone addition to serum from nonmedi- 
cated animals had a much less pronounced displacing effect at concen- 
trations comparable to those obtained in uiuo. These results indicate that 
the displacing effect is due not only to phenylbutazone but also to one 
or more of its metabolites. In fact, oxyphenbutazone, a major phenyl- 
butazone metabolite, is strongly bound to albumin (17) and, therefore, 
may be a very effective displacer of warfarin from binding sites on the 
albumin molecule. 

In theory, the more pronounced phenylbutazone displacing effect in 
oiuo can be due also to accumulation of warfarin metabolites capable of 
competing with warfarin for albumin binding sites. There is indirect 
evidence that phenylbutazone inhibits the elimination of at least one 
warfarin metabolite in humans (7). However, the reduction of warfarin 
b i n d i q  in serum from phenylbutazone-treated rats and from phenyl- 
butazone- and warfarin-treated rats was comparable, indicating that 
warfarin metabolites contributed negligibly to the decreased protein 
binding of warfarin. 

A recent report of a long-term multiple-dose study of the warfarin- 
phenylbutazone interaction in a single normal human subject stated that 
“changes in the degree of plasma binding of warfarin were the same as 
those found from in uitro experiments in which warfarin and phenyl- 
butazone were added to control plasma samples” (8). Yet, the warfarin 
free fraction in that subject remained elevated after phenylbutazone 
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“‘1 
Figure &Relationship between relatiue synthesis rate of prothrombin 
complex activity (Rsy,/R~y,) and the total (free plus bound) concen- 
tration (circles) or the free concentration (squares) of warfarin in 
plasma of a representatiue rat. The closed symbols represent the re- 
lationship during phenylbutazone treatment, and the open symbols 
represent the relationship in the control experiment. 
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Figure 9-Relationship between relatiue synthesis rate of prothrombin 
complex actiuity (R5y,JR2yn) and the total warfarin concentration in 
plasma of rats during treatment with phenylbutazone (left) and in 
control experiments (right) (based on the auerage data in Tables Vand 
VI) .  
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administration was discontinued and plasma concentrations of this drug 
had decreased substantially, suggesting (as the authors acknowledged) 
that one or more phenylbutazone metabolites contributed to the dis- 
placing effect. 

Phenylbutazone administration decreased the intrinsic warfarin 
clearance. This effect was less pronounced than the displacing effect, 
causing the total warfarin clearance to increase during phenylbutazone 
administration. Similar effects were observed in a chronic interaction 
study on one human subject (8). Whether chronic phenylbutazone ad- 
ministration would induce warfarin-metabolizing enzyme systems in rats 
remains to be determined. Since the total warfarin clearance is propor- 
tional to the drug’s free fraction in plasma or serum, and since intrinsic 
drug clearance (i.e., the proportionality constant in the relationship be- 
tween total clearance and free fraction) differs relatively little between 
animals, a plot of total clearance uersus free fraction in serum is essen- 
tially linear (10). If phenylbutazone treatment has a quantitatively similar 
effect on the intrinsic warfarin clearance in all animals, then the linear 
relationship between total clearance and the serum free fraction should 
remain. A decrease in intrinsic clearance and an increase in the serum 
free fraction should then cause the slope of the plot to decrease and the 
free fraction values to shift to a higher range. This is demonstrated 
strikingly by the present study (Fig. 7). The free fraction values were 
determined in serum rather than in plasma because we have found that 
addition of anticoagulants to blood affects the protein binding of war- 
farin. 

The warfarin anticoagulant effect is a function of its free rather than 
of its total concentration in plasma (18). Consequently, decreased protein 
binding of warfarin due to phenylbutazone administration should shift 
the anticoagulant effect-plasma total warfarin concentration curve to 
the left, i.e., to a lower concentration range. Such a shift is well demon- 
strated in this investigation (Fig. 9). However, a similar shift occurred 
in the anticoagulant effect-free warfarin concentration curve, albeit of 
considerably smaller magnitude. Such a shift may occur for a t  least two 
reasons. One is related to the fact that the phenylbutazone effect on 
warfarin pharmacokinetics is stereoselective. In humans, phenylbutazone 
decreases the total clearance of the more potent (S)-enantiomer and 
increases the total clearance of the (Rbenantiomer (7). The metabolic 
fate of the warfarin enantiomers in rats differs appreciably from that in 
humans (19), and there is no information about the possible stereose- 
lectivity of the phenylbutazone interaction with warfarin in rats. A se- 
lective inhibition of the intrinsic clearance of (S)-warfarin would cause 
an increase in the (5’)- to (R)-enantiomer concentration ratio in rat 
plasma after administration of racemic warfarin and a shift of the anti- 
coagulant effect-free warfarin concentration curve to the left due to the 
higher potency of the (S)-enantiomer. 

Another possible reason for such a shift is a direct effect of phenylbu- 
tazone (or its metabolites) on the blood-clotting process. Our studies have 
shown that phenylbutazone has no such effect when added in uitro to 
plasma but that even a single 40-mg/kg dose caused a small but statisti- 
cally significant decrease of prothrombin complex activity 2 hr later 
(Table IV). I t  is possible that the effect was more pronounced during the 
interaction study, i.e., following administration of several phenylbutazone 
doses. 

The literature concerning the phenylbutazone effect on the blood- 
clotting process is conflicting. Some investigations in humans (6,20) and 

a previous but very limited study on rats in our own laboratory (21) re- 
vealed no apparent effect. One investigator (22), however, reported ob- 
Servations concerning 44 patients on phenylbutazone of whom about 
one-third showed prolongation of the one-stage prothrombin time that 
was sometimes alarming. As explained by Koch-Weser and Sellers (2), 
a slight hypoprothrombinemic effect of a drug may escape detection in 
nonanticoagulated subjects but will be obvious in subjects whose pro- 
thrombin complex activity has already been depressed by coumarin 
anticoagulant therapy. Thus, technical difficulties of detection may ac- 
count for the conflicting data concerning the effect of phenylbutazone 
administration on blood clotting. 

This investigation, despite its relative comprehensiveness and the 
consequent technical difficulties and cost in time and effort, still falls far 
short of providing a complete picture of the phenylbutazone-warfarin 
interaction. The effect of warfarin on the disposition of phenylbutazone 
and its pharmacologically and physicochemically (with respect to dis- 
placing effect on warfarin) active metabolites has not been established; 
the dose or concentration dependence of the interaction is unknown 
(warfarin displacement from protein binding sites and warfarin metab- 
olism inhibition may exhibit different effect-phenylbutazone concen- 
tration relationships, causing the net effect to be potentiation or reduction 
of anticoagulant response, depending on the doses used); time-dependent 
phenomena have not been explored; the mechanism of the increased 
anticoagulant effect of a given free warfarin concentration in plasma 
during phenylbutazone treatment has not been established. The latter 
effect could have been explored better if one warfarin enantiomer labeled 
with carbon 14 and the other labeled with tritium had been available. The 
alternative, separate interaction studies of phenylbutazone with (R)- and 
(S)-warfarin, could be helpful, but this would not reveal a possibly 
multifaceted interaction with results different from the sum of the in- 
teractions between phenylbutazone and each warfarin enantiomer sep- 
arately. 

The effort required to elucidate fully the mechanisms of a drug inter- 
action can be enormous. If the drugs involved can produce potentially 
hazardous pharmacological effects (as is the case with phenylbutazone 
and warfarin), comprehensive studies in humans may be difficult or 
impossible. Cost-benefit and risk-benefit considerations rather than 
scientific curiosity will ultimately dictate how much we learn about many 
important drug interactions. 
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Abstract The t.emperaturr et'fect on the solubilization of some an- 
drogens, estrogens, and Czl-steroids in aqueous polysorbate 40 and in 
tetradecg'ltrimethylammonium bromide was studied. Dialysis studies 
showed a linear relationship between micellar and nonmicellar steroids, 
which indicates that solubilization is governed by a distribution coeffi- 
cient. With known water solubilities and soluhilization capacities for the 
steroids a t  different temperatures, the changes of free energy (AG;) ,  
enthalpy ( A H : ) ,  and entropy (AS:) f o r  solubilization were calculated. 
All st,eroids studied had negative AH: values in polysorbate 40, except 
progest.erone and ethist.erone. The AS, values were positive for all of the 
actual steroids except for estradiol in both association colloids and for 
17tu-hydroxyprogesterone in polysorhate 40. The highest values were 
ohtained for progesterone and testosterone. The steroids showed lower 
AS: values when they were solubilized simultaneously than when they 
were solubilized separately. No clearcut correlation between the entropy 
change of soluhilization and the simultaneous solubilization behavior 
could be derived. Obviously, the solubilization mechanism also must be 
considered. The thermodynamic solubilization parameters are discussed, 
and the need for temperature-solubilization studies is stressed. 

Keyphrases 0 Steroid hormones-solubilization, thermodynamics, 
temperature effect. micellar structure. androgens, estrogens, (221-steroids, 
i n  polysorbate 40 and in tetradecyltrimethylammonium bromide So- 
lubilization-steroid hormones in polysorbate 40 and in tetradecyltri- 
methylammonium hromide, thermodynamics 0 Thermodynamics- 
steroid hormone solubilizat ion in polysorhate 40 and in tetradecyltri- 
methylatnmonium bromide 

Two previous reports from this laboratory dealt with the 
simultaneous solubilizat ion of estrogens, (221-steroids, and 
androgens in aqueous solutions of association colloids (1, 
2). Estradiol is solubilized independently of the Cnl-ste- 
roids and testosterone, while the solubilization of ethinyl 
estradiol with progesterone and with testosterone is de- 
pendent. A plausible mechanism for simultaneous solu- 
bilization was discussed (2). However, mere solubilization 
capacities a t  one temperature are not a good basis for 
thermodynamic discussion of the solubilization mecha- 
nism. In this study, the temperature effect on solubiliza- 
tion was investigated to elucidate the contributions of 
enthalpy and entropy to the free energy of solubiliza- 
tion. 

The thermodynamic parameters controlling micelliza- 
tion have been studied and discussed (3-5),  but the cor- 
responding parameters for solubilization have been com- 
paratively neglected. One difficult question is the choice 
of a model for thermodynamic parameter calculations. 
Humphreys and Rhodes (6) found that  the micellar 
pseudophase model seemed applicable because solubili- 

zation was governed by a form of the distribution law. Plots 
for the determination of enthalpic and entropic values were 
complex. 

More straightforward results were obtained by Simons 
and Rhodes (7) with a linear relationship between the free 
energy of solubilization and temperature, despite much 
scatter due to experimental difficulties. Their results favor 
the pseudophase model. 

EXPERIMENTAL 

Materials-The purification methods and purity tests for the asso- 
ciation colloids and steroid hormones' were described previously (l), 
except that the steroid purity was checked by silica gel TLC. The labeled 
steroids2, 3H-estradiol, 3H-progesterone, and 3H-testosterone, had a 
radiochemical purity of 98% by TIX,  and they were used without further 
purification. The association colloids were tetradecyltrimethylammonium 
bromide3 and polysorbate 404. 

Solubilization-Solubility studies were carried out as described 
previously ( l ) ,  but samples were filtered through a 0.45-pm filter mem- 
brane5 before steroid quantitation. The UV absorbance was used to 
calculate the amount of unlabeled steroid solubilized; liquid scintillation 
counting, with a toluene-based scintillation cocktail, was used for the 
labeled steroids. 

The equilibration temperatures were controlled to ~ k 0 . 2 ~ .  The equi- 
librium dialysis was performed using dialysis tubing6. Complete equili- 
bration of the solutions was ensured. All of the experiments were done 
a t  least twice. 

RESULTS AND DISCUSSION 

Dialysis studies were done with the three "-labeled steroids: estradiol, 
progesterone, and testosterone. Figure 1 shows typical results. The lin- 
earity of such plots confirms that the relationship between the micellar 
and nonmicellar steroid concentrations is linear in both saturated and 
nonsaturated systems. This linearity indicates that solubilization in these 
systems is governed by a distribution coefficient. 

The solubilization capacities at  different temperatures between 293 
and 323 O K  of the two surfactants (tetradecyltrimethylammonium bro- 
mide and polysorbate 40) for the sex steroids (estradiol, ethinyl estradiol, 
progestone, 17a-hydroxyprogesterone, testosterone, and ethisterone) 
were calculated from saturation solubilization experiments (Table I). 

The temperature effect on simultaneous solubilization was studied with 
the following combinations: ethinyl estradiol-progesterone, ethinyl es- 
tradiol-170i-hydroxyprogesterone, and estradiol-testosterone, all in 
tetradecyltrimethylammonium bromide: and ethinyl estradiol-proges- 

Fluka AG. Schweiz. 

K & K Laboratories. 
Atlas Chemical Industries. 

* The Radiochemical Centre, England. 

5 Millipore Corp. 
6 Med Cell International Ltd., England. 
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drogens, estrogens, and Czl-steroids in aqueous polysorbate 40 and in 
tetradecg'ltrimethylammonium bromide was studied. Dialysis studies 
showed a linear relationship between micellar and nonmicellar steroids, 
which indicates that solubilization is governed by a distribution coeffi- 
cient. With known water solubilities and soluhilization capacities for the 
steroids a t  different temperatures, the changes of free energy (AG;) ,  
enthalpy ( A H : ) ,  and entropy (AS:) f o r  solubilization were calculated. 
All st,eroids studied had negative AH: values in polysorbate 40, except 
progest.erone and ethist.erone. The AS, values were positive for all of the 
actual steroids except for estradiol in both association colloids and for 
17tu-hydroxyprogesterone in polysorhate 40. The highest values were 
ohtained for progesterone and testosterone. The steroids showed lower 
AS: values when they were solubilized simultaneously than when they 
were solubilized separately. No clearcut correlation between the entropy 
change of soluhilization and the simultaneous solubilization behavior 
could be derived. Obviously, the solubilization mechanism also must be 
considered. The thermodynamic solubilization parameters are discussed, 
and the need for temperature-solubilization studies is stressed. 

Keyphrases 0 Steroid hormones-solubilization, thermodynamics, 
temperature effect. micellar structure. androgens, estrogens, (221-steroids, 
i n  polysorbate 40 and in tetradecyltrimethylammonium bromide So- 
lubilization-steroid hormones in polysorbate 40 and in tetradecyltri- 
methylammonium hromide, thermodynamics 0 Thermodynamics- 
steroid hormone solubilizat ion in polysorhate 40 and in tetradecyltri- 
methylatnmonium bromide 

Two previous reports from this laboratory dealt with the 
simultaneous solubilizat ion of estrogens, (221-steroids, and 
androgens in aqueous solutions of association colloids (1, 
2). Estradiol is solubilized independently of the Cnl-ste- 
roids and testosterone, while the solubilization of ethinyl 
estradiol with progesterone and with testosterone is de- 
pendent. A plausible mechanism for simultaneous solu- 
bilization was discussed (2). However, mere solubilization 
capacities a t  one temperature are not a good basis for 
thermodynamic discussion of the solubilization mecha- 
nism. In this study, the temperature effect on solubiliza- 
tion was investigated to elucidate the contributions of 
enthalpy and entropy to the free energy of solubiliza- 
tion. 

The thermodynamic parameters controlling micelliza- 
tion have been studied and discussed (3-5),  but the cor- 
responding parameters for solubilization have been com- 
paratively neglected. One difficult question is the choice 
of a model for thermodynamic parameter calculations. 
Humphreys and Rhodes (6) found that  the micellar 
pseudophase model seemed applicable because solubili- 

zation was governed by a form of the distribution law. Plots 
for the determination of enthalpic and entropic values were 
complex. 

More straightforward results were obtained by Simons 
and Rhodes (7) with a linear relationship between the free 
energy of solubilization and temperature, despite much 
scatter due to experimental difficulties. Their results favor 
the pseudophase model. 

EXPERIMENTAL 

Materials-The purification methods and purity tests for the asso- 
ciation colloids and steroid hormones' were described previously (l), 
except that the steroid purity was checked by silica gel TLC. The labeled 
steroids2, 3H-estradiol, 3H-progesterone, and 3H-testosterone, had a 
radiochemical purity of 98% by TIX,  and they were used without further 
purification. The association colloids were tetradecyltrimethylammonium 
bromide3 and polysorbate 404. 

Solubilization-Solubility studies were carried out as described 
previously ( l ) ,  but samples were filtered through a 0.45-pm filter mem- 
brane5 before steroid quantitation. The UV absorbance was used to 
calculate the amount of unlabeled steroid solubilized; liquid scintillation 
counting, with a toluene-based scintillation cocktail, was used for the 
labeled steroids. 

The equilibration temperatures were controlled to ~ k 0 . 2 ~ .  The equi- 
librium dialysis was performed using dialysis tubing6. Complete equili- 
bration of the solutions was ensured. All of the experiments were done 
a t  least twice. 

RESULTS AND DISCUSSION 

Dialysis studies were done with the three "-labeled steroids: estradiol, 
progesterone, and testosterone. Figure 1 shows typical results. The lin- 
earity of such plots confirms that the relationship between the micellar 
and nonmicellar steroid concentrations is linear in both saturated and 
nonsaturated systems. This linearity indicates that solubilization in these 
systems is governed by a distribution coefficient. 

The solubilization capacities at  different temperatures between 293 
and 323 O K  of the two surfactants (tetradecyltrimethylammonium bro- 
mide and polysorbate 40) for the sex steroids (estradiol, ethinyl estradiol, 
progestone, 17a-hydroxyprogesterone, testosterone, and ethisterone) 
were calculated from saturation solubilization experiments (Table I). 

The temperature effect on simultaneous solubilization was studied with 
the following combinations: ethinyl estradiol-progesterone, ethinyl es- 
tradiol-170i-hydroxyprogesterone, and estradiol-testosterone, all in 
tetradecyltrimethylammonium bromide: and ethinyl estradiol-proges- 
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K & K Laboratories. 
Atlas Chemical Industries. 

* The Radiochemical Centre, England. 

5 Millipore Corp. 
6 Med Cell International Ltd., England. 
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Table I-Solubilization Capacities of Surfactants for Hormonal Steroids as a Function of Temperature 

Surfactant Steroid 

Ethinyl estradiol 
Testosterone 
Ethisterone 
Progesterone 
17a-Hydroxyprogesterone 

Testosterone 
Ethisterone 
Progesterone 
17a-Hvdroxv~roeesterone 

Polysorbate 40 Estradiol 

Tetradecyltrimethylammo- Estradiol 
nium bromide Ethinyl estradiol 

293 OK 

0.013 
0.18 
0.027 
0.0007 
0.037 
0.0072 
0.068 
0.27 
0.13 
0.0046 
0.16 
0.043 

Moles of Steroid per Mole of Surfactant 
300.5 O K  308 O K  315.5 OK 323 O K  

0.016 0.019 0.022 
0.23 0.27 0.32 
0.039 0.052 0.065 
0.0009 0.0012 0.0016 
0.049 0.063 0.073 
0.0079 0.0085 0.0091 
0.080 0.092 0.105 
0.34 0.43 0.51 
0.19 0.25 0.29 . ~~ 

0.0055 0.6066 0.0074 
0.15 0.16 0.16 
0.060 0.082 0.098 

0.026 
0.37 
0.076 
0.0018 
0.084 
0.0091 
0.118 
0.57 
0.35 
0.0083 
0.16 
0.114 

Table 11-Solubilization Capacities of Surfactants for Simultaneous Solubilization of Hormonal Steroids as a Function of 
Temperature 

Surfactant 
Moles of Steroid per Mole of Surfactant 

Steroid Pair 293 O K  300.5 O K  308 "K 315.5 OK 323 O K  

Polysorbate 40 Ethinyl estradiol + 0.034 0.038 0.042 0.047 0.053 
progesterone 0.037 0.038 0.037 0.036 0.036 

Ethinyl estradiol + 0.063 0.070 0.075 0.082 0.087 
testosterone 0.027 0.031 0.036 0.041 0.045 

Estradiol + 0.013 0.014 0.016 0.018 0.020 
progesterone 0.037 0.041 0.046 0.051 0.056 

Tetradecyltrimethylammo- Ethinyl estradiol + 0.037 0.043 0.049 0.055 0.060 
nium bromide progesterone 0.16 0.20 0.23 0.27 0.30 

Ethinyl estradiol + 0.19 0.23 0.27 0.31 0.36 

Estradiol + 0.013 0.016 0.018 0.021 0.023 
testosterone 0.027 0.036 0.047 0.058 0.068 

17a- hydroxyprogesterone 0.0054 0.0072 0.0090 0.104 0.0120 

terone, ethinyl estradiol-testosterone, and estradiol-progesterone, all 
in polysorbate 40 (Table 11). 

The linear relationship between the surfactant concentration and the 
amount of solubilized steroid (1,2) as well as the linearity of the dialysis 
plots (Fig. 1) indicates that the solubilization is governed by a form of 
the distribution law. The equilibrium constant, K,, between the micellar 
(mole fraction of the solute in the micelle, C r )  and the nonmicellar 
(aqueous solubility of the steroid in moles per liter, Ctq) steroid can be 
defined by (2,6): 

K,  = Cr/C:q (Eq. 1) 

Starting with the thermodynamic equilibrium constant for the solubili- 
zation, one can calculate the free energy change of solubilization, AG;: 

AG; = -RT In K ,  (Eq. 2) 

Figures 2a and 2b show the variation of the free energy change of solu- 

X 
/ 

/ 

NONBOUND STEROID, M x 1 0 6  

Figure I-Dialysis results for the interaction a t  Z O O  between testos- 
terone and the surfactants polysorbate 40 (A) and tetradecyltrimeth- 
ylammonium bromide (0) (X  = solubility points). 

bilization with temperature for steroid hormones in the two association 
colloids. The AG; values are calculated starting with the water solubility 
of the steroids at different temperatures (8) and the solubilization ca- 
pacities a t  the corresponding temperatures. Most curves show a fairly 
linear relationship between AG: and temperature, which also was found 
for testosterone solubilization by n-alkyl polyoxyethylenes (7).  The curves 
for estradiol and ethinyl estradiol in both surfactants show the greatest 
deviations from linearity. The most likely explanation for such curvature 
would be the variation of micellar structure with temperature (6). Es- 
tradiol and ethinyl estradiol also had the most negative AG; values, 
especially a t  lower temperatures. These facts may indicate a different 
solubilization mechanism for these steroids compared to the others. 

The AG; values of testosterone and ethisterone differed only slightly. 
This finding is remarkable if one considers the much higher solubilization 
capacity for testosterone compared to ethisterone (2). Progesterone had 
more negative AG ; values than 17cr-hydroxyprogesterone, especially in 
polysorbate 40. 

Estradiol and ethinyl estradiol also gave deviations from linearity in 
AG; versus T plots (Figs. 3a and 36) when solubilized simultaneously 
with other steroids. Ethinyl estradiol gave more positive AG: values in 
combinations with progesterone, testosterone, and l7a-hydroxypro- 
gesterone than when solubilized alone. 17a-Hydroxyprogesterone gave 
more positive values when solubilized with ethinyl estradiol. There was, 
however, no clearcut correlation between the AG; values qf the steroids 
and their behaviors at simultaneous solubilization. 

With the assumption that the standard molar enthalpy change is not 
temperature dependent in the range studied, Eq. 3 can be used: 

d In K ,  - AH; 
d T  RT2 (Es. 3) 

The standard solubilization enthalpy change, AH:, may be obtained 
from the plot of In K ,  uersus 1/T. Such plots are found in Figs. 4 and 5 
for steroids solubilized separately and simultaneously. The AH: values 
are summarized in Tables 111 and IV. 

Testosterone had low negative AH: values when solubilized separately 
in both polysorbate 40 and tetradecyltrimethylammonium bromide. 
Testosterone had somewhat higher negative values when solubilized si- 
multaneously with ethinyl estradiol in polysorbate 40 and with estradiol 
in tetradecyltrimethylammonium bromide. Ethinyl estradiol had mod- 
erately negative values when solubilized either separately or simulta- 
neously and in both association colloids. Estradiol showed the largest 
negative values. 
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Table 111-Thermodynamic Changes a i n  Solubilization of Hormonal Steroids in Surfactants  at 293°K 

22 

20- 

X 

al 
I - 
E . m 
2 18- 
3 
0 

o &  
0 

.- 1 

16- 
7 

14- 

Surfartant Steroid -AG;, joules/mole -AH:, joules/mole AS:, joules/deg/mole 

- 

T'olysorhate 40 Estradiol 
Ethinyl estradiol 
Testosterone 
Ethisterone 
Progesterone 
17wHydroxyprogesterone 

Testosterone 
Ethisterone 
Progesterone 
17n-Hvdroxv~roeesterone 

l'etradecyltrimethylammo- Estradiol 
nium hromide Ethinyl estradiol 

18,631 
21,578 
14,552 
14,816 
17,174 
14,993 
22,661 
22,566 
20,740 
19,344 
18,381 
19.400 

28,018 
8,314 
1,081 

27,686 
32,674 
8,563 
2,744 
5,570 

11,640 
9,727 

-699 
-11,889 

-32 
45 
46 
53 
99 

-43 
-34 

48 
61 
47 
23 
33 

AG:. AH;.  and AS: refer to the unitary free energy, enthalpy. and entropy of solubilization, respectively 

lieu-Hydroxyprogesterone had a large negative value in polysorbate 
30 but had considerably lower values when alone and when together with 
ethinyl estradiol in tetradecyltrimethylammonium bromide. Proges- 
terone showed the most ambivalent behavior. Solubilized separately and 
together with ethinyl estradiol in polysorbate 40, it gave positive AH: 
values. Alone in tetradecyltrimethylammonium bromide and together 
with estradiol and ethinyl estradiol in polysorbate 40, progesterone gave 
negative values. 

I I I I 
293 303 313 323 

TEMPERATURE, "K 

I b  

293 303 313 323 
TEMPERATURE, O K  

Figure 2-Plofs of AG," versus temperature for the solubilization of 
estradio/ (O), ethinyl estradiol ( A ) ,  testosterone (O), ethisterone (0 ) .  
prograterone (A), and I7tu-hydrowyprogesterone (m) in polysorbate 40 
( a )  and in t~trcidrc?;/trimcth.~lammo~ium bromide (b). 

Starting with the AG: and AH; values, one can calculate the standard 
entropy change of solubilization, AS:: 

AG; = AH: - TAS', (Eq. 4) 
The AS: values for separate and simultaneous solubilization appear 

in Tables I11 and IV. The steroids showed large differences in entropy 
values. All of the steroids except estradiol and 17n-hydroxyprogesterone 
in polysorbate 40 had positive values. Progesterone in polysorbate 40 and 
testosterone in tetradecyltrimethylammonium bromide showed the 
highest values. At simultaneous solubilization, all steroids had lower 
entropy values than when solubilized individually, except progesterone 
in tetradecyltrimethylammonium bromide. 

0 

' ,+ 7 , 
- 

293 303 -23 313 
TEMPERATURE, "K 

241- b 

I 1 1 I 1 
293 303 313 323 

TEMPERATURE, OK 

Figure 3-Plots of AG; versus temperature for the simultaneous so- 
lubilization of (a) ethinyl e s t r a d i o l ( 0 )  plus progesterone (A), ethin.vl 
estradiol (0 )  plus testosterone (O), and estradiol (m) plus progesterone 
(A) in polysorbate 40 and of (b) ethinyl es t radio l (0)  plus progesterone 
( A ) ,  ethinyl estradiol ( 0 )  plus Z7a-hydroxyprogesterone (a), and es- 
tradiol (m) plus testosterone (A) in tetradecyltrimethylammonium 
bromide. 
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Table IV-Thermodynamic Changes a in  Simultaneous Solubilization of Hormonal Steroids in Surfactante at 293°K 

Surfactant Steroid Pair - AG ;, joules/mole -AH:, joules/mole AS;, joules/deg/mole 
Polysorbate 40 Ethinyl estradiol + 17,518 18,041 -2 

progesterone 17,174 11,058 21 
Ethinyl estradiol + 19,021 19,954 -3 

testosterone 14,552 15,797 -4 

nium bromide rogesterone 20,740 -5,570 90 

Estradiol + 18,631 36,582 -61 
progesterone 17,174 -690 61 

Tetradecyltrimethylammo- Ethinyl estradiol + 17,724 15,963 6 

17a-hydroxyprogesterone 14,291 6,901 25 
Estradiol + 18,631 32,591 -48 

Etknyl estradiol + 21,710 11,640 34 

testosterone 14,552 4,988 33 
a AC:, AH:, and AS: refer to the unitary free energy, enthalpy, and entropy of solubilization, respectively. 

A comparison of the contribution of the enthalpy and entropy changes 
to the free energy change of solubilization displayed large differences 
among the steroids. For estradiol in both surfactants, l'la-hydroxypro- 
gesterone in polysorbate 40, and progesterone in tetradecyltrimeth- 
ylammonium bromide, the snthalpy factor made the largest contribution 
to the negative free energy change. For the other steroids, the entropy 
was larger, and solubilization was thus essentially an entropy-driven 
process. The same situation generally applies to micelle formation from 
detergent molecules, which is accompanied by very small heat changes 
and is assumed to be controlled by a large AS. 

The most popular explanation of the large unitary entropy change 
involved in the partitioning of hydrophobic molecules between aqueous 

1 1 1 I I 
3.1 3.2 3.3 3.4 

1ITX lo3  

7t 
I I I I I 

3.1 3.2 3.3 3.4 
IITX lo3  

Figure 4-Plots of In K, versus 1 /T for the solubilization of estradiol 
(01, ethinyl estradiol (A), testosterone ( O ) ,  ethisterone (a), proges- 
terone (A), and 17a-hydroxyprogesterone (D) in polysorbate 40 (a) and 
tetradecyltrimethylammonium bromide (b). 

and nonaqueous phases is the flickering cluster hypothesis (9). When 
organic compounds are placed in water, the water molecules arrange 
themselves around the apolar parts in flickering clusters. Stripping the 
water molecules from the apolar part of the solute results in large entropy 
and in the randomization of the water molecules. This treatment assumes 
that solubilization can be described as the transfer of a molecule from 
an aqueous to a nonaqueous phase. Application of this assumption to 

a 

I I I 1 I 
3.1 3.2 3.3 3.4 

11TX l o 3  

6 

I 
a 

I 1 
3.1 3.2 3.3 3.4 

1ITX lo3  
Figure 5-Plots of In K. versus 1IT for the simultaneous solubilization 
of (a) ethinyl estradiol (0 )  plus progesterone (A), ethinyl estradiol (0 )  
plus testosterone (o) ,  and estradiol (D) plus progesterone (A) in pol- 
ysorbate 40 and of (b) ethinyl estradiol (0) plus 17a-hydroxyproges- 
terone (A) and estradiol (D) plus testosterone (A) in tetradecyltri- 
methylammonium bromide. 
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steroid hormone solubilization is  supported by the similarity between 
the thermodynamic parameters found in this study and those from oc- 
tanol-wat.er partit.ioning (8). 

Although the flickering cluster hypothesis seems plausible, and the 
water ordering-disordering is important for the entropy change of solu- 
hilization. other factors may be significant. I t  was proposed (10) that the 
apolar solute molecule is held rigidly in a favored rotational configuration 
in  the aqueous phase by the layer of water molecules surrounding it. In 
the micelle hydrocarbon core, its rotational oscillations are relatively 
unrestricted. This proposal is supported hy the fact that  there is no 
clearcut. correlation between water solubility and AS;. Ethisterone has 
a much lower water solubility than testosterone 11.6 against 68.7 
pmoles/lit.er at  20” ( 8 ) ]  and can be regarded as more hydrophobic. Ac- 
cording to the flickering cluster hypothesis, ethisterone should have more 
struct.ured water around it and should give a more positive AS; a t  the 
randomization of the water molecules. Thus, both the water and solute 
effects probably cont.ribute to the effective AS:, but which is quantita- 
tively the most important cannot be determined. 

The contribution of the enthalpy change to the free energy change of 
solubilization is quantitatively minor for most steroids. Hence, there are 
interesting differences in their AH: values (Table 111). The most notable 
difference is the rather large positive value of progesterone in polysorbate 
40. Because similar AH: values can be expected for steroids solubilized 
by the same mechanism, the differences obtained indicate variations in 
that respect. 

The simultaneous soluhilization of steroids cannot be predicted by 
their free energies of solubilization (2). Test.osterone and progesterone 
have less negative AH: values than ethinyl estradiol but are solubilized 
maximally in polysorbate 40, while the latter steroid has a lower solubility 
at simultaneous solubilization. These discrepancies may be explained 
by differences in the solubilization mechanism. If the solubilization loci 
of the st.eroids partly overlap, a steric hindrance to simultaneous solu- 
hilization will exist. When solubilized on its own in tetradecyltrimeth- 
ylammonium hromide, ethinyl estradiol has a considerably larger AS: 
than progesterone, but the opposite is true a t  simultaneous solubilization 
(Tables I11 and IV). 

On the contrary, progesterone and estradiol are solubilized indepen- 
dently of each other in polysorhate 40, and the AS: values of both de- 
crease to about the same extent when the steroids are solubilized together. 
Also. {he solubilizations of bo1.h testosterone and estradiol are changed 
at simultaneous solubilization in tetradecyltrimethylammonium bromide, 

and their AS; values are both lowered when the steroids are solubilized 
together. However, a t  this stage it is hard to rationalize these results in 
terms of the precise structure and ordering of the micelle and the solute 
in it. 

Of course, the thermodynamic treatment in this study has limitations. 
Although the amount of solubilizate bound in a micellar system can be 
measured with accuracy, the calculation of C: presents problems because 
it is a concentration term, and precise delineation of the micellar pseu- 
dophase boundary is difficult. Two other difficult aspects of the ther- 
modynamic calculations regarding micellar binding are the selection of 
the standard state for the micellar cosolute and the incorporation of the 
appropriate activity corrections (11). For cosolutes with low water solu- 
bility such as steroid hormones, the C!q term probably will approximate 
the activity value. However, the micellar solubilizate activity coefficients 
may differ significantly from unity. This deviation will introduce errors 
into the calculations of thermodynamic parameters derived from micellar 
binding equilibrium constants. 

Although these limitations exist, data from studies of the temperature 
effect on solubilization processes can prove useful in expanding knowl- 
edge of this important branch of surface chemistry. Clearly, further 
studies of the effect of solutes on micelle structure are required before 
a theory rationalizing micellar solubilization can be formulated. 
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Abstract  A convenient spectrophotomitric determination of di- 
ethylstilbestrol and diethylstilbestrol dipropionate was developed in- 
volving [.heir interaction with triphenyltetrazolium chloride a t  50’ for 
45 min and subsequent measurement of the formazan formed. The sig- 
nificance of extended conjugation within the 4,4’-stilbenediol molecule 
to induce the color reaction is documented. Ideal adherence of color ab- 
sorption to Beer’s law permitted accurate and precise determination of 
diethylstilhestrol and diethylstilbestrol dipropionate pure forms over 
thr range of 2-22 p g  of diethylstilhestrol/ml. Applicatiorl nf the tetm- 

zolium color reaction to the analysis of diethylstilbestrol dipropionate 
dosage forms was achieved without prior hydrolysis or extraction. 

Keyphrases Diethylstilbestrol and diethylstilbestrol dipropio- 
nate-analysis, triphenyltetrazolium chloride colorimetry Colorime- 
try-analysis of diethylstilbestrol and diethylstilbestrol dipropionate 
with triphenyltetrazolium chloride 0 Tetrazolium salts-colorimetric 
analysis of diethylstilbestrol and diethylstilbestrol dipropionate 

The usual relatively small doses of diethylstilbestrol 
[ ( E )  -n,cu’-diethyl-4,4’-stilbenediol] require especially irradiation (6). 
sensitive and precise pharmaceutical analysis. The  phe- 
nolic hydroxyl group reactivity of this stilbene derivative 
has been used to develop diverse estimation procedures 
based on acetylation (1, 2),  nitrosation (3), polarography 

of the nitrosation product (4), bromination (5), and UV 

Of the chromogenic reagents reported for interaction 
with phenols, interest has focused on the utility of phos- 
phomolybdotungstate (7), iron (8) ,  antimony (9), and va- 
nadium (10) salts for diethylstilbestrol colorimetry. Some 
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steroid hormone solubilization is  supported by the similarity between 
the thermodynamic parameters found in this study and those from oc- 
tanol-wat.er partit.ioning (8). 

Although the flickering cluster hypothesis seems plausible, and the 
water ordering-disordering is important for the entropy change of solu- 
hilization. other factors may be significant. I t  was proposed (10) that the 
apolar solute molecule is held rigidly in a favored rotational configuration 
in  the aqueous phase by the layer of water molecules surrounding it. In 
the micelle hydrocarbon core, its rotational oscillations are relatively 
unrestricted. This proposal is supported hy the fact that  there is no 
clearcut. correlation between water solubility and AS;. Ethisterone has 
a much lower water solubility than testosterone 11.6 against 68.7 
pmoles/lit.er at  20” ( 8 ) ]  and can be regarded as more hydrophobic. Ac- 
cording to the flickering cluster hypothesis, ethisterone should have more 
struct.ured water around it and should give a more positive AS; a t  the 
randomization of the water molecules. Thus, both the water and solute 
effects probably cont.ribute to the effective AS:, but which is quantita- 
tively the most important cannot be determined. 

The contribution of the enthalpy change to the free energy change of 
solubilization is quantitatively minor for most steroids. Hence, there are 
interesting differences in their AH: values (Table 111). The most notable 
difference is the rather large positive value of progesterone in polysorbate 
40. Because similar AH: values can be expected for steroids solubilized 
by the same mechanism, the differences obtained indicate variations in 
that respect. 

The simultaneous soluhilization of steroids cannot be predicted by 
their free energies of solubilization (2). Test.osterone and progesterone 
have less negative AH: values than ethinyl estradiol but are solubilized 
maximally in polysorbate 40, while the latter steroid has a lower solubility 
at simultaneous solubilization. These discrepancies may be explained 
by differences in the solubilization mechanism. If the solubilization loci 
of the st.eroids partly overlap, a steric hindrance to simultaneous solu- 
hilization will exist. When solubilized on its own in tetradecyltrimeth- 
ylammonium hromide, ethinyl estradiol has a considerably larger AS: 
than progesterone, but the opposite is true a t  simultaneous solubilization 
(Tables I11 and IV). 

On the contrary, progesterone and estradiol are solubilized indepen- 
dently of each other in polysorhate 40, and the AS: values of both de- 
crease to about the same extent when the steroids are solubilized together. 
Also. {he solubilizations of bo1.h testosterone and estradiol are changed 
at simultaneous solubilization in tetradecyltrimethylammonium bromide, 

and their AS; values are both lowered when the steroids are solubilized 
together. However, a t  this stage it is hard to rationalize these results in 
terms of the precise structure and ordering of the micelle and the solute 
in it. 

Of course, the thermodynamic treatment in this study has limitations. 
Although the amount of solubilizate bound in a micellar system can be 
measured with accuracy, the calculation of C: presents problems because 
it is a concentration term, and precise delineation of the micellar pseu- 
dophase boundary is difficult. Two other difficult aspects of the ther- 
modynamic calculations regarding micellar binding are the selection of 
the standard state for the micellar cosolute and the incorporation of the 
appropriate activity corrections (11). For cosolutes with low water solu- 
bility such as steroid hormones, the C!q term probably will approximate 
the activity value. However, the micellar solubilizate activity coefficients 
may differ significantly from unity. This deviation will introduce errors 
into the calculations of thermodynamic parameters derived from micellar 
binding equilibrium constants. 

Although these limitations exist, data from studies of the temperature 
effect on solubilization processes can prove useful in expanding knowl- 
edge of this important branch of surface chemistry. Clearly, further 
studies of the effect of solutes on micelle structure are required before 
a theory rationalizing micellar solubilization can be formulated. 
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Abstract  A convenient spectrophotomitric determination of di- 
ethylstilbestrol and diethylstilbestrol dipropionate was developed in- 
volving [.heir interaction with triphenyltetrazolium chloride a t  50’ for 
45 min and subsequent measurement of the formazan formed. The sig- 
nificance of extended conjugation within the 4,4’-stilbenediol molecule 
to induce the color reaction is documented. Ideal adherence of color ab- 
sorption to Beer’s law permitted accurate and precise determination of 
diethylstilhestrol and diethylstilbestrol dipropionate pure forms over 
thr range of 2-22 p g  of diethylstilhestrol/ml. Applicatiorl nf the tetm- 

zolium color reaction to the analysis of diethylstilbestrol dipropionate 
dosage forms was achieved without prior hydrolysis or extraction. 

Keyphrases Diethylstilbestrol and diethylstilbestrol dipropio- 
nate-analysis, triphenyltetrazolium chloride colorimetry Colorime- 
try-analysis of diethylstilbestrol and diethylstilbestrol dipropionate 
with triphenyltetrazolium chloride 0 Tetrazolium salts-colorimetric 
analysis of diethylstilbestrol and diethylstilbestrol dipropionate 

The usual relatively small doses of diethylstilbestrol 
[ ( E )  -n,cu’-diethyl-4,4’-stilbenediol] require especially irradiation (6). 
sensitive and precise pharmaceutical analysis. The  phe- 
nolic hydroxyl group reactivity of this stilbene derivative 
has been used to develop diverse estimation procedures 
based on acetylation (1, 2),  nitrosation (3), polarography 

of the nitrosation product (4), bromination (5), and UV 

Of the chromogenic reagents reported for interaction 
with phenols, interest has focused on the utility of phos- 
phomolybdotungstate (7), iron (8) ,  antimony (9), and va- 
nadium (10) salts for diethylstilbestrol colorimetry. Some 
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Figure 1-Temperature effect on color development using 20 pg of 
diethylstilbestrol/m1,45 min. 

of these methods lack specificity or sensitivity, and they 
often are subject to limitations. The compendia1 UV-ir- 
radiation procedures (11, la), although apparently specific 
for diethylstilbestrol, may be tedious and time consuming, 
especially when oily formulations of diethylstilbestrol 
dipropionate are analyzed. Essential preliminary hydrol- 
ysis to diethylstilbestrol and its subsequent extraction 
might interfere with the accurate estimation of this 
ester. 

Triphenyltetrazolium chloride (I) can be reduced to the 
corresponding highly colored formazan derivative by 
various dihydroxybenzene derivatives (13-15). This re- 
duction offered a basis for investigating possible interac- 
tions of I with a different aromatic diol system such as 
4,4'-stilbenediol, with the hope of introducing a new for- 
mazan-based colorimetric analysis of diethylstilbestrol and 
its dipropionate ester. 

EXPERIMENTAL 

Instrumentation-A double-beam spectrophotometer', a pH meter2 
fitted with calomel and glass electrodes, and a suitable thermostated3 
water bath were used. 

Materials-Pharmaceutical grade diethylstilbestrol and diethyl- 
stilbestrol dipropionate were the working standards. Ethyl oleate, peanut 
oil, and sesame oil were chemically pure; other chemicals were analytically 
pure. As dosage forms, commercially marketed  tablet^^.^ and parenteral 
solutions6g of diethylstilbestrol and diethylstilbestrol dipropionate were 
analyzed. 

Spektromon-203, MOM, Budapest, Hungary. 
Radelkis OP-401/2, Budapest, Hungary. 
T-606.MTA, Budapest, Hungary. 
Stilbestrol (Misr Co. for Pharmaceuticals, Cairo, Egypt) contains 5.0 mg of 

Stilbestrol Dipropionate (G. Richter, Budapest, Hungary) contains 1.0 mg of 

6 Stilbestrol (Misr Co. for Pharmaceuticals, Cairo, Egypt) contains 1.0 mg of 

Stilbestrol Dipropionate (G. Richter, Budapest, Hungary) contains 5.0 mg of 

8 Stilbestrol Dipropionate (Evans, Bristol, England) contains 10.0 mg of di- 

JStilbestrol Dipropionate (Bayer, Liverkuhsen, Germany) contains 5.0 mg of 

diethylstilhestrol/tahlet. 

diethylstilbestrol dipropionate/tablet. 

diethylstilbestrol/l-ml ampul. 

diethylstilbestrol dipropionate/l-ml ampul. 

eth lstilbestrol dipropionate/l-ml solution in ethyl oleate. 

diethylstilbestrol dipropionate/l-ml solution in sesame oil. 
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Figure t--Diethylstilbe.~trol-tetraro/ium color-time curue using 50 
pg of diethylstilbestrollml at 50° ( 0 )  and after cooling t o  room tem- 
perature (0).  

Reagents-Tetrazolium Solution-Compound I was diluted to 0.5% 
(w/v) in aldehyde-free ethanollO. This solution was kept in the dark. 

Potassium Hydroxide Solution-Carbonate-free potassium hydroxide, 
0.1 g, was dissolved in -2 ml of distilled water and diluted to 100 ml with 
anhydrous ethanol. A fresh solution was prepared every 48 hr. 

Standards-An accurately weighed amount of diethylstilbestrol or 
diethylstilbestrol dipropionate, previously dried at 80' in U ~ C U O  for 2 hr, 
was dissolved in anhydrous ethanol to a final concentration of 200 p g  of 
diethylstilbestrol/ml. 

Assay Samples-Tablets-Not less than 20 tablets were ground to 
a fine powder. An accurately weighed powder sample, equivalent to -5 
mg of diethylstilbestrol, was transferred to a 50-ml volumetric flask. Then 
25 ml of anhydrous ethanol was added, and the solution was allowed to 
stand for 30 min with frequent shaking. The solution was diluted to 
volume with anhydrous ethanol, mixed well, and filtered through a dry 
filter into a dry flask. The first portions of the filtrate were discarded. 

Injections and Solutions-A I-ml precision syringe was used to 
transfer 1.0 ml of the injection solution into a suitable volumetric flask. 
The syringe was rinsed with 20% (v/v) n-heptane in ethanol; the rinses 
were collected in the flask and diluted quantitatively and stepwise with 
heptane-alcohol to obtain -100-140 gg of the claimed diethylstilbes- 
trol/ml. 

Procedure-A 1.0-ml sample of the standard or of the sample was 
pipetted into a 10-ml volumetric flask containing 3.0 ml of the tetrazolium 
solution and 1.0 ml of the potassium hydroxide assay solution. The sample 
was mixed well, stoppered, and allowed to stand in the dark in a ther- 
mostated water bath a t  50 f O.Io for 45 min. The red-orange reaction 
mixture was cooled and brought to volume with ethanol. The absorbance 
of this solution was measured in a I-cm glass cell a t  485 nm uersus a blank 
prepared from 1.0 ml of ethanol (for tablets) or from n-heptane-ethanol 
(for injections) and treated as for the assay solution (heated a t  50' for 
45 min). 

RESULTS AND DISCUSSION 

Tetrazolium-Stilbenediol Interaction-Tetrazolium salts were 
considered for use in pharmaceutical colorimetric analysis because they 
yield highly colored formazans upon reduction (14-21). The tetrazolium 
cation may oxidize the enediol function with appreciable selectivity since 
only the 1,2- and 1,4-dihydroxybenzene derivatives induce blue tetra- 
zoliurn reduction (13). 

Reaction of the following phenols with I in 0.1% KOH at 20° for 30 min 
also gave no color with resorcinol and phloroglucinol, while a moderate 
to intense color was observed with pyrocatechol, pyrogallol, and hydro- 
quinone. The 4,4'-stilbenediol reaction mixture became faint orange-red, 
but the color was augmented by the application of heat. Neither dihy- 

lo Aldehyde-free spectrograde (Prolaho, France). 
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Table I-Effect of Relative Reagent Concentrations on the 
Diethylstilbestrol-Tetrazolium Reaction Rate  

Table 111-Recovery of Standard Diethylstilbestrol Solutions 

Milliliters Added per 10 ml of Assay Solution” 
0.5% Tet razol iu m Absorbance, 

Chloride 0.1% KOH 485 nm 

1 .@ 
2.0 
3.0 
1.0 
2.0 
3.0 
4.0 
2.0 

0.50 
0.50 
0.50 
1 .00 
1.00 
1 .oo 
1.00 
1.50 

0.210 
0.315 
0.385 
0.125 
0.375 
0.475 
0.470‘ 
0.280 

3.0 1.50 0.330 
4.0 1.50 0.425 

* Containing 10 pg of diethylstilbestroI/ml. pH 10.50. pH 9.35. 

Table 11-Replicate Analyses of Diethylstilbestrol Standard 
Solutions 

Replicationn Absorbance, 485 nm 

4 
5 

Average 

0.471 
0.473 
0.474 
0.474 
0.472 
0.474 
0.475 
0.472 
0.473 

S n f1.3562 X 
RSD 2.867 x 

Containing 10.0 pg of diethylstilbestrol/ml. 

drostilbestrol” nor trans-stilbene induced formazan development under 
these conditions. These findings, although mostly qualitative, underline 
the possible reduction of tetrazolium salts by aromatic diols with widely 
separated enediol functions when the latter are conjugated properly with 
the carrier aromatic nuclei. This possibility encouraged further investi- 
gation of I for use in the photometric analysis of pharmaceutical 4,4’- 
stilbenediol derivatives. 

Assay-lnteraction of diethylstilbestrol with I proceeded analogously 
to 4,4’-stilbenediol; heating of the reaction mixture gradually intensified 
the color. The formazan absorbed with minimum and maximum ex- 
tinctions at  408 and 485 nm, respectively, consistent with the absorption 
of triphenylformazan (17, 19, 22). 

For the diethylstilbestrol concentration range studied, appropriate 
absorptivity readings were attained at 5 M 0 °  (Fig. 1). However, at >50°, 
blank solutions acquired a red tinge that could lower the sensitivity of 
the diethylstilbestrol-tetrazolium interaction. Accordingly, 50” was a 
convenient temperature because it combined a reasonable heating time 
with the production of only a faintly colored blank. 

The color-time curve (Fig. 2) revealed maximum formazan formation 
when the reaction mixture was a t  50’ for 45-50 min; heating for longer 
periods seriously lowered color absorptivity. Interruption of the reaction 
after 45 min by efficient cooling to ambient temperature was sufficient 
to achieve good sensitivity. The formazan remained stable for >2 hr when 
kept in the dark. Under these conditions, maximum formazan develop- 
ment was effected by the addition of 1.0 ml of t,he working diethylstil- 
bestrol solution to :3-4 ml of I in the presence of 1.0 ml of 0.1% KOH 
(Table I ) .  

Quantitative Analysis-At fixed experimental conditions, the for- 
mazan absorption intensity was a function of the diethylstilbestrol con- 
centration. Linear regression analysis of a Beer’s plot at 485 nm revealed 
excellent adherence (r = 0.9994), with a slope (a) of 0.0465 (f1.08 X 
and an upper sensitivity limit of -22 fig ( A  = 1.02) of diethylstilbes- 
trol/ml. Replicate analyses of diethylstilbestrol working solutions (Table 
11) were fairly precise (RSD = 2.811 X Recovery studies at  different 
diethylstilbestrol concentrations (Table 111) afforded a mean recovery 
of 99.45 f 0.93%. 

Since I could be used successfully for the photometric estimation of 
beclomethasone dipropionate12 without prior hydrolysis (12, p. 44), a 
similar interaction for diethylstilbestrol dipropionate was considered. 

’ 1  Hexestrol. 
12 Propaderm. 

Diethylstilbestrol, pg/ml 
Sample Calculated” Found Recovery, % 

1 10.0 
2 25.0 
3 50.0 
4 100.0 
5 200.0 

Mean 
SD 
RSD 

9.78 97.80 
24.96 99.84 
50.01 100.02 
99.84 99.84 

199.55 99.78 
99.45 
f0.93 

9.35 x 10-3 
a Initial concentration. * Average of five assays. 

Table IV-Analysis of Diethylstilbestrol and Diethylstilbestrol 
Dipropionate Dosage Forms 

Content, mghnit  
Preparation“ Label Claim Foundb Added Recovered 

Diethylstilbestrol 
Tablets 5.0 4.96 10.0 14.94 
Iniection 1.0 0.98 25.0 26.00 

Diethylstilbestrol 
dipropionate 

Tablets 1 .0 1.10 5.0 6.11 

10.0 10.05 10.0 20.00 
10.0 9.75 10.0 19.80 

Injectionc 5.0 4.98 5.0 9.95 

See Experimental for composition. Average of three determinations. Found 
4.75.9.89, and 9.64, respectively, as analyzed by the NF XIV procedure. 

A direct estimation of this ester has not been reported. When reacted 
under the standard diethylstilbestrol assay, diethylstilbestrol dipro- 
pionate produced formazan with Beer’s plot r and (Y values of 0.9992 and 
0.0328 (f1.05 X respectively. Comparison of the diethylstilbes- 
trol-diethylstilbestrol dipropionate molecular weight ratio to the re- 
spective Beer’s plot slopes a t  485 nm confirmed quantitative in situ di- 
ethylstilbestrol generation during the base-catalyzed interaction of I with 
diethylstilbestrol dipropionate. 

The color reaction was applied successfully to the analysis of diethyl- 
stilbestrol and diethylstilbestrol dipropionate tablets (Table IV). Po- 
tential interference by reducing sugars in the tablets was eliminated by 
alcohol extraction prior to analysis. Interference studies of some common 
ingredients in diethylstilbestrol dipropionate formulations revealed no 
reduction of I. The compounds studied included phenobarbital, tetra- 
caine, benzocaine, sulfathiazole, sulfathiourea, and nitroglycerin. 
Pharmaceutical catecholamines oxidized by I are not likely to be in di- 
ethylstilbestrol dosage forms. 

Direct spectrophotometric determination of oily diethylstilbestrol 
dipropionate dosage forms is unreliable because of the high absorptivity 
of the oily vehicles (1, p. 475). However, neither sesame and olive oils nor 
ethyl oleate showed measurable absorptivity a t  485 nm when tested as 
0.8% (w/v) in heptane-alcohol. In addition, no formazan was observed 
when such solutions were reacted with I under the standard assay con- 
ditions. These results encouraged direct estimation of diethylstilbestrol 
dipropionate dosage forms by the proposed tetrazolium reaction (Table 
IV). Concordant results were obtained when the oily dipropionate for- 
mulations were analyzed directly by I or were preliminarily freed from 
their vehicles by the NF XIV procedure (10). However, relatively higher 
values than the claimed diethylstilbestrol dipropionate contents were 
shown by some intense yellow batches. Correction for intrinsic absorption 
of such samples was made by determining their initial absorptivity at  485 
nm. 
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Abstract 0 The effect of secretin and pancreozymin on the tissue dis- 
tribution and penetration of drugs in the rabbit pancreas was studied to 
clarify hormonally regulated drug distribution. Drugs with high liquid 
solubility were distributed easily within the pancreas even during secretin 
or pancreozymin treatment, and these hormones had little effect on drug 
distribution from the blood to the pancreas. However, secretin increased 
the concentration ratio of dimethadione in the pancreatic juice (J) to 
plasma unbound dimethadione (Po, probably because the pancreatic 
juice during secretin infusion is alkaline relative to the control. Secretin 
had no effect on the J/Pf of isonicotinamide and sulfanilamide. Secretin 
decreased the J/Pf of drugs with low lipophilicity or large molecular 
weight because the penetration rates of these drugs from cell water to 
pancreatic juice were not rapid enough to reach equilibrium. Pancreo- 
zymin was unable to change the JPf of any drug tested. These results 
suggest that the barrier between the blood and the pancreas or the barrier 
between the pancreas and the pancreatic juice is unchanged by secretin 
or pancreozymin. 

Keyphrases Pancreas-drug transport, various drugs, effect of se- 
cretin, pancreozymin, pancreatic juice flow 0 Pancreatic juice-effect 
of flow rate on pancreatic drug transport, various drugs Drug trans- 
port-pancreas, effect of secretin, pancreozymin, pancreatic juice flow, 
various drugs 

Drug distribution has received increasing attention 
during recent years because such knowledge concerning 
the blood, organs, and tissues is needed to provide optimal 
treatment or protection from adverse reactions. Previous 
papers reported tissue distribution and penetration of 
drugs in the pancreas (l), lungs, (2,3), and testes (4). 

It was suggested that the lipid barrier in the pancreas 
plays a dominant role in drug distribution from the blood 
to the pancreas and that the lipid barrier and the molecular 
sieve barrier have independent roles in transport from the 
pancreas to the pancreatic juice. In these experiments, 
pancreatic juice secretion was stimulated by secretin 
infusion to maintain a constant juice flow. However, the 
pancreatic barriers could be changed by endogenous hor- 
mones that regulate pancreatic secretion during food di- 
gestion. 

The purpose of this study was to determine experi- 
mentally whether secretin and pancreozymin, typical 
peptide hormones that stimulate pancreatic juice flow and 
bicarbonate or enzyme secretion, affect drug distribution 
and penetration in the pancreas. Some model drugs that 
exhibit remarkable lipophilicity, molecular size, and pKa 
were selected as discussed previously (1). 

EXPERIMENTAL 

Materials-Secretin’, 3110 CHR W m g ,  was used. Pancre~zymin~, 
dimethadione, isonicotinamide, isonicotinic acid, sulfanilamide, sulfanilic 
acid, sulfisoxazole, and procainamide hydrochloride were obtained 
commercially. All other chemicals were analytical grade. 

Animals-Male white rabbits, 2.0-3.0 kg, were housed in constant 
environment rooms and allowed free access to water and food. 

Drug Permeation from Blood to  Pancreatic Juice-The experi- 
mental procedures were almost identical to those described previously 
(1). Rabbits were anesthetized with pentobarbital sodium (27 mg/kg iv). 
Pancreatic juice was collected by cannulation into the pancreatic duct 
as described in the literature (5). Plasma drug concentrations were es- 
tablished and maintained by a suitable combination of priming injections 
and continuous intravenous infusion. 

As the control, pancreatic juice was collected over 75 min prior to the 
administration of secretin or pancreozymin. The secretin effect was 
studied by a priming injection (1 CHR U/kg) and continuous intravenous 
infusion (2 CHR U/kg/hr), after which the pancreatic juice flow was 
stimulated from 14 (7-24 pl/min) to 39 (15-66 pl/min) pl/min. Pan- 
creozymin also was studied using a priming injection (1 CHR U/kg) and 
continuous infusion (4 CHR LJ/kgh~r)~. In this experiment, secretin also 
was infused simultaneously to  minimize the effect of secretin contami- 
nation in the pancreozymin preparation. 

Drug Distribution-The pancreas was removed and homogenized 
a t  the end of each permeation experiment, and drug concentrations in 
the pancreas and blood were measured to determine the distribution 
ratio. 

Analytical Methods-Drug concentrations in the plasma, plasma 
ultrafiltrate, pancreatic juice, and pancreas homogenate were determined 

1 Sup lied b;y Eisai Co. Ltd., Tokyo, Japan. 
2 Cric!, Harper and Raper Unit. 
3 Boots Pure Drug Co. Ltd., Nottingham, England. 
4 Since pancreozymin is less stable than secretin, a higher dose was used. 
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Abstract 0 The effect of secretin and pancreozymin on the tissue dis- 
tribution and penetration of drugs in the rabbit pancreas was studied to 
clarify hormonally regulated drug distribution. Drugs with high liquid 
solubility were distributed easily within the pancreas even during secretin 
or pancreozymin treatment, and these hormones had little effect on drug 
distribution from the blood to the pancreas. However, secretin increased 
the concentration ratio of dimethadione in the pancreatic juice (J) to 
plasma unbound dimethadione (Po, probably because the pancreatic 
juice during secretin infusion is alkaline relative to the control. Secretin 
had no effect on the J/Pf of isonicotinamide and sulfanilamide. Secretin 
decreased the J/Pf of drugs with low lipophilicity or large molecular 
weight because the penetration rates of these drugs from cell water to 
pancreatic juice were not rapid enough to reach equilibrium. Pancreo- 
zymin was unable to change the JPf of any drug tested. These results 
suggest that the barrier between the blood and the pancreas or the barrier 
between the pancreas and the pancreatic juice is unchanged by secretin 
or pancreozymin. 

Keyphrases Pancreas-drug transport, various drugs, effect of se- 
cretin, pancreozymin, pancreatic juice flow 0 Pancreatic juice-effect 
of flow rate on pancreatic drug transport, various drugs Drug trans- 
port-pancreas, effect of secretin, pancreozymin, pancreatic juice flow, 
various drugs 

Drug distribution has received increasing attention 
during recent years because such knowledge concerning 
the blood, organs, and tissues is needed to provide optimal 
treatment or protection from adverse reactions. Previous 
papers reported tissue distribution and penetration of 
drugs in the pancreas (l), lungs, (2,3), and testes (4). 

It was suggested that the lipid barrier in the pancreas 
plays a dominant role in drug distribution from the blood 
to the pancreas and that the lipid barrier and the molecular 
sieve barrier have independent roles in transport from the 
pancreas to the pancreatic juice. In these experiments, 
pancreatic juice secretion was stimulated by secretin 
infusion to maintain a constant juice flow. However, the 
pancreatic barriers could be changed by endogenous hor- 
mones that regulate pancreatic secretion during food di- 
gestion. 

The purpose of this study was to determine experi- 
mentally whether secretin and pancreozymin, typical 
peptide hormones that stimulate pancreatic juice flow and 
bicarbonate or enzyme secretion, affect drug distribution 
and penetration in the pancreas. Some model drugs that 
exhibit remarkable lipophilicity, molecular size, and pKa 
were selected as discussed previously (1). 

EXPERIMENTAL 

Materials-Secretin’, 3110 CHR W m g ,  was used. Pancre~zymin~, 
dimethadione, isonicotinamide, isonicotinic acid, sulfanilamide, sulfanilic 
acid, sulfisoxazole, and procainamide hydrochloride were obtained 
commercially. All other chemicals were analytical grade. 

Animals-Male white rabbits, 2.0-3.0 kg, were housed in constant 
environment rooms and allowed free access to water and food. 

Drug Permeation from Blood to  Pancreatic Juice-The experi- 
mental procedures were almost identical to those described previously 
(1). Rabbits were anesthetized with pentobarbital sodium (27 mg/kg iv). 
Pancreatic juice was collected by cannulation into the pancreatic duct 
as described in the literature (5). Plasma drug concentrations were es- 
tablished and maintained by a suitable combination of priming injections 
and continuous intravenous infusion. 

As the control, pancreatic juice was collected over 75 min prior to the 
administration of secretin or pancreozymin. The secretin effect was 
studied by a priming injection (1 CHR U/kg) and continuous intravenous 
infusion (2 CHR U/kg/hr), after which the pancreatic juice flow was 
stimulated from 14 (7-24 pl/min) to 39 (15-66 pl/min) pl/min. Pan- 
creozymin also was studied using a priming injection (1 CHR U/kg) and 
continuous infusion (4 CHR LJ/kgh~r)~. In this experiment, secretin also 
was infused simultaneously to  minimize the effect of secretin contami- 
nation in the pancreozymin preparation. 

Drug Distribution-The pancreas was removed and homogenized 
a t  the end of each permeation experiment, and drug concentrations in 
the pancreas and blood were measured to determine the distribution 
ratio. 

Analytical Methods-Drug concentrations in the plasma, plasma 
ultrafiltrate, pancreatic juice, and pancreas homogenate were determined 

1 Sup lied b;y Eisai Co. Ltd., Tokyo, Japan. 
2 Cric!, Harper and Raper Unit. 
3 Boots Pure Drug Co. Ltd., Nottingham, England. 
4 Since pancreozymin is less stable than secretin, a higher dose was used. 
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Tablc  ]--Effect of Secretin and Pancreozymin on Pancrea t ic  
Drug  Distribution 

(Pam/  
1)rug (Panr/f’f) C,,ntro10 (Panc/Pf),,,,,t,, Pf);;::;zyn,,m 

mide 

mid? 

dione 

az0le 

acid 

I’rocaina- 1.20 f i).:<2 (4) 1.18 f 0.32 (4) - 

Sullanila- 0.99 f 0.16 (:O 0.95 f 0.12 (5) 0.89 f 0.08 (3)  

Dimelha- 0.50 f 0.01 ( 3 )  0.55 f 0.05 (5) 0.53 f 0.02 (5) 

Sult’isox- 0.50 f 0.03 (4) 0.58 f 0.04 (7)  0.51 f 0.02 (4) 

Sull‘anilic 0.21 f 0.01 ( 3 )  0.25 f 0.0‘2 (4) - 

f’ancil’f indicates the roncentration ratio of drug in  the pancreas to unbound 
drug in the plasma. These data were ohtained 2 hr after the constant drug infusion 
and represent the mean f S E M ,  with the number of animals in parentheses. 

according to t,he procedure described previously ( I  ). The protein content 
of the pancreatic juice was measured by the Lowry method (6), and the 
calcium level i l l  t,he biological fluids was analyzed by the o-cresol- 
phthalein-edetate sodium method with a minor modification (7). 

RESULTS AND DISCUSSION 

Effect of Seeretin and  Pancreozymin on Drug  Distribution in 
Pancreas-To ascertain the effect of secretin or pancreozymin on drug 
distrihution in the pancreas, drug uptake was studied after constant 
infusion for 2 hr. Table 1 illustrates the concentration ratios of drugs in 
the pancreas to the plasma of unbound drugs, expressed as the distri- 
hution ratio (Panc/Pf) under various conditions. Acidic drugs did not 
distribute into the pancreas as easily as did the cationic or neutral drugs 
studied previously (1). However, there was no significant difference in 
distribution ratio between controls and secretin-infused animals or be- 
tween secretin-infused animals and secretin-pancreozymin-coinfused 
animals. 

lntracellular pH decreases following secretin infusion and I4C-di- 
methadione (an acidic compound) in male rats and the decrease in the 
dimethadione distribution have been explained by the pH-partition 
theorv (8). In the present study, no significant difference was detected 
i n  dimethadione distribution when the pancreas was stimulated by se- 
cretin. The pH change of the pancreatic juice during secretin infusion 
has been reported as 0.09, from pH 6.86 to 6.77 (8). When the values of 
0.53 ml/g for the intracellular water space and 0.22 ml/g for the extra- 
cellular water space were adopted5, the ratio of the secretin-stimulated 
pancreatic drug level to the control drug level was 10.93. This value is 
so low that it was difficult to detect by the methods used. 

Secretin increased the pancreatic juice flow by 2.8 times, and pan- 
creozymin increased the protein and calcium secretion by 6 times. Fur- 
thermore, significant decreases were detected in the physiological calcium 
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8 
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MINUTES 

Figure 1- Isoiircotinnmidt., (.oncentration profile. Key:  0,  total plasma 
drug concc,ntration; 0 ,  plasma free drug concentration; and 0, secretin 
infusion pczriod. Oprn and hcrtched columns denote drug concentration 
i n  / h ( ,  pancrratic juice and in the pancreas, respectively. 
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Figure  2-Dimethadione concentration profile. Key: 0. total plasma 
drug concentration; 0.  plasma free drug conccntration; and 68, secretin 
infusion period. Opcn and hatched columns denote drug concentration 
in the pancreatic juice and  in the pancreas. respectively. 

content of the rat pancreas during pancreozymin infusion (Panc/Pf of 
calcium cont,ent decreased from 1.41 * 0.05 to 1.14 f 0.08). This result 
probably was due to accelerated calcium secretion into the pancreatic 
juice during pancreozymin administration; the decreased pancreatic 
calcium could not be compensated fully by calcium from the blood. Thus, 
calcium apparently does not play a role in the distribution of these drugs 
in the pancreas. These results suggest that there is no correlation between 
drug distribution in the pancreas and pancreatic juice secretion or  be- 
tween the enzyme and calcium secretion. 

Effect of Secretin and  Pancreozymin on  Drug  Permeation from 
Blood to Pancrea t ic  Juice--The effect of secretin on drug transport 
from the blood to the pancreatic juice was examined to clarify the 
transport barrier located in the luminal side of the pancreas. Drug levels 
in plasma and in the pancreatic juice following constant intravenous 
infusion of isonicotinamide, dimethadione, and isonicotinic acid with or  
without secretin are presented in Figs. 1-3 as a function of time. The  
ratios of pancreatic juice drug concentration to unbound plasma drug 
concentration (J/Pf) during the control period and during secretin 
infusion are listed in Table 11, in which the percent change of .J/Pf fol- 
lowing secretin infusion also is indicated. 

The values were calculated from the data obtained during the control 
period (45-75 min) and during secretin infusion (90-120 min). With 
isonicotinamide and sulfanilamide, whose molecular sizes are compara- 
tively small, the J/Pf concentration ratios were almost unity and hardly 
were affected by secretin infusion (Fig. 1 and Table 11). Dimethadione, 
whose molecular size and lipophilicity resemble those of isonicotinamide, 
exhibited significant Concentration ratio increases (J/Pf) with secretin 
treatment (Fig. 2 and Table 11). 

Isonicotinic acid, which possesses structural units similar to isonico- 
tinamide and has lower lipophilicity, showed smaller .J/Pt’ ratios during 
secretin infusion than those of the controls (Fig. 3 and Table 11). Almost 
the same results were obtained with sulfanilic acid, which has lower li- 
pophilicity than sulfanilamide. Sulfisoxazole and procainamide, com- 
pounds with large molecular size compared with sulfanilamide and di- 
methadione, showed smaller J/Pf ratios during secretin infusion. 
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Figure J--lso~&otinic acid concentration profile. Key;  0. to ta l  plasma 
drug concentration; 0,  plasma free drug concentration; and IS. sccrctin 
infusion period. Open and hatched columns denote drug conccntrciti~in 
in the pancreatic juice and in thc pancrem. respectiucly. 
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Table 11-Effect of Secretin on Drug  Permeation into 
Pancreatic Ju i ce  

Table  111-Effect a of Pancreozymin on Drug  Permeation into 
Pancreat ic  Ju i ce  

Percent 
Drug (J/Pf)secretinn (J/Pf)control Changeb Statisticsc 

Dimethadione 1.83 1.41 +31 f 6 (3) p < 0.05 
Isonicotinamide 0.91 0.92 - 2 f 2 ( 3 )  NS 
Sulfanilamide 1.08 1.23 -12f  2(4) p <0.05 
Isonicotinic acid 0.17 0.29 -40 f 8 (3) p < 0.05 
Sulfanilic acid 0.03 0.08 -58 f 6 (3) p < 0.01 
Sulfisoxazole 0.14 0.35 -57 f 7 (3) p < 0.01 
Procainamide 0.09 0.19 -51 f 6 (3) p < 0.01 

0 .I/Pf indicates the concentration ratio of drug in the pancreatic juice to unbound 
drug in the plasma. * Percent change was calculated from the individual data ob- 
tained during the control period and during the secretin infusion period. Data are 
presented with the standard error of the mean ( S E M ) ,  and with the number of 
animals in parentheses. The statistical test was the t-test of percent change. 

These results suggest that drugs whose J/Pf ratios are almost unity 
easily penetrate the blood-pancreas barrier even during secretin treat- 
ment, unless there is a change in charge. Eventually, the pancreatic 
transport of drugs with high permeability would be independent of se- 
cretin treatment and of the pancreatic juice flow rate. However, with 
dimethadione, a weak acid with pKa 6.1, the high J/Pf ratios during se- 
cretin infusion could not be explained by its high permeability alone. One 
possible reason for this finding was the difference between the pancreatic 
juice pH during secretin treatment and that in the controls. According 
to the generally accepted view, increased pancreatic juice flow induced 
by secretin is linked with bicarbonate concentration increments (9). 

If complete equilibrium were attained in the concentration ratio be- 
tween the blood and the pancreatic juice, the transport ratio of acidic 
drugs would increase with the increase in juice alkalization by secretin 
infusion. Therefore, the increased transport ratio (J/Pf) of dimethadione 
caused by secretin infusion could be due to pancreatic juice alkalization 
and to the rapid partition. With acidic drugs such as isonicotinic acid, 
sulfanilic acid, .and sulfisoxazole, the transport ratios decreased following 
secretin infusion. Since the transport ratio of acidic drugs theoretically 
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FLOW RATE, rnl/rnin 
Figure 4-Relationship between pancreatic juice flow rate and drug 
permpability. Each point denotes a J/Pf ratio obtained with (open 
symbol) or without (closed symbol) secretin. Key:  0-0, isonicotin- 
amide: A-A, sulfisoxazole; and +- 0 ,  procainamide. 

Percent 
Drug (J/Pf) s:kym,nb (J/Pf)secretin Change' 

Dimethadione 1.72 1.49 15 f 4 (3) 
Sulfanilamide 1.04 1.04 0 f 4 (3) 
Sulfisoxazole 0.09 0.10 -10 f 9 (3) 

Data were not significant. The statistical test on the t-test of percent change. * See footnote i2 of Table 11. Percent change was calculated from the individual 
data obtained during secretin infusion period and during the secretin-pancreozymin 
coinfusion period. Data are presented with the standard error of the mean ( S E M )  
and with the number of animals in parentheses. 

would be greater than unity, as mentioned previously, the difference 
between the transport ratios of dimethadione and other acidic drugs 
might arise from differences in lipophilicity and molecular size. Pro- 
cainamide was the model for basic drugs; the small d/Pf ratio and its 
decrease by secretin may be due to the alkaline state of pancreatic juice 
or to the bulky nature of the molecule. 

To demonstrate the role of juice flow on drug movement from the blood 
to the pancreatic juice, the relationship between the transport ratio (JPD 
and the pancreatic juice flow rate was examined (Fig. 4). The transport 
ratios (JPO of procainamide and sulfisoxazole decreased as the juice flow 
increased, while the isonicotinamide J/Pf was unchanged. It was inferred 
that the transport ratios of drugs that cannot penetrate easily from the 
blood to the pancreatic juice due to their low lipophilicity and bulky 
molecular size decrease as pancreatic juice flow increases, probably be- 
cause the penetration rates of these drugs are too slow to reach equilib- 
rium before secretion. 

A model of salicylic acid transfer from salivary gland cells into saliva 
by slower diffusion uia lipid solvation was proposed (10,ll). Salicylic acid 
diffusion from cell water to saliva was not rapid enough to reach equi- 
librium, thus decreasing the salivary flow rate, which increased the sa- 
liva-to-plasma unbound salicylic acid concentration ratio by about 
one-third; dimethadione movement was rapid enough to reach equilib- 
rium prior to excretion. In a study of the penetration of six water-soluble 
chemicals in bile, the permeation rate of small molecules was unchanged 
during bile flow stimulation while the penetration rate of large molecules 
decreased as bile flow increased (12). Based on these findings, it is spec- 
ulated that the molecular sieve barrier and the lipid barrier exist inde- 
pendently even in secretin treatment. The effects of pancreozymin 
infusion on the permeation of dimethadione, sulfanilamide, and sulfi- 
soxazole from the blood to the pancreatic juice are shown in Table 111 by 
the transport ratio (J/Pf) during pancreozymin treatment and during 
the control experiment. 

The percent change of these transport ratios also is presented in Table 
111. During pancreozymin infusion, the protein and calcium contents of 
pancreatic juice increased 3.1- and 1.3-fold, respectively, while juice flow 
increased slightly. No significant difference was observed in the transport 
rate of these three drugs by pancreozymin infusion. Since no drug binding 
to enzyme protein in the pancreatic juice was detected by ultracentri- 
tugation, these drugs must exist in the pancreatic juice as unbound mol- 
ecules. Thus, the data given in Table 111 indicate that drug transport from 
the blood to the pancreatic juice is not changed by pancreozymin infusion. 
The data obtained using a limited number of model drugs support the 
suggested transport model of drug transfer from the blood to the pan- 
creatic juice through a two-step barrier system: ( a )  a lipoidal barrier from 
the blood to the pancreas, and ( b )  a molecular sieve barrier and a lipoidal 
barrier from the cell to the pancreatic juice that coexist independently 
near the pancreatic duct surface. These barriers probably are rigid even 
during secretin or pancreozymin treatment. 
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Abstract 0 The distribution coefficients of spironolactone (I) and its 
7a-carboxymethyl analog (11) were determined a t  22-25' in systems of 
n-octanol or chloroform and 0.1 M phosphate buffer a t  pH 7.4. The re- 
spective values for I in the two systems were 153.9 and 15.1, and those 
for I1 were 15.9 and 3.1. Protein binding studies of I and I1 were conducted 
with human serum albumin and human y-globulin oia equilibrium di- 
alysis at  37'. The I fractions hound to 4% (w/v) albumin and to 1.16% 
(w/v) y-globulin were 66 and 18%, respectively. The corresponding I1 
fractions bound to the two proteins were 46 and 12%. The greater protein 
binding of I agrees with its superior lipophilicity to that of 11. The binding 
of both I and I1 to albumin increased with increasing albumin concen- 
tration, whereas the binding of I and I1 to albumin did not change sig- 
nificantly as the concentrations of I or I1 were varied from 50 to 1300 
ng/ml. Cooperativity and/or multiple classes of binding sites appear to 
be associated with the binding of I and I1 to albumin. 

Keyphrases 0 Spironolactone-distribution coefficients, in oitro human 
serum protein binding, 7a-carboxymethyl analog Protein binding- 
spironolactone, 7cu-carboxymethyl analog, in uitro human serum 0 
Distribution coefficients-spironolactone, 7a-carboxymethyl analog, 
phosphate buffer with n-octanol or chloroform 

The spirolactones are steroidal aldosterone antagonists 
clinically used to produce potassium-sparing diuresis. The 
spirolactones have been studied extensively because of 
their considerable biotransformation (l), potential carci- 
nogenicity (2), and ability to induce hepatic detoxification 
of chemicals (3-5). The pharmacodynamic properties of 
spirolactones vary because of their differing structure- 
activity relationships and physicochemical properties (6). 
At  least 19 spirolactones have been investigated (6 ,7) .  

The purpose of this study was to determine the lipid- 
aqueous distribution coefficients and the extent of plasma 
protein binding of spironolactone and its 7a-carboxy- 
methyl derivative. 

EXPERIMENTAL 

Materials-Spironolactone' (I) was tritiated2 randomly and used 
without further purification. Tritiated 7a-carboxymethyl spirolactone? 
(II) ,  human serum albumin4, and human y-globulin5 were used as re- 
ceived. Other solvents and reagents were of analytical grade of purity. 

' SC-9420. lot 308, mol. wt. 416.57, assay 100.44%. G. D. Searle & Co., Chicago, 
Ill. 

Catalytic exchange method, 95.5% &.say by radiochromatogram, specific activity 
4.27 mCi/mg, New England Nuclear, Boston, Mass. :' SC-2515'2, mol. wt. 400.53, tritiated in the I -  and 2-positions, 95.76% assay by 
radii)chromatogram, specific activity 83.20 mCi/mg, G. D. Searle & Co., Chicago, 
111. 

Lot :34G-8120. niol. wt. 69.000, Sigma Chemical Co.. St. Louis, Mo. 
5 Lot 113C-1010, Sigma Chemical Co., St. Louis, Mo. 

Procedures-Ten solutions of I and I1 in the 50-500-ng/ml range were 
prepared in 0.1 M phosphate buffer at pH 7.4 and saturated previously 
with n-octanol or chloroform. 

Three milliliters each of the sample solution and of the n-octanol or 
chloroform saturated previously with the phosphate buffer were placed 
in a glass tube with a polytef-lined screw cap, and the mixture was agi- 
tated on a horizontal shaker6 for 30 min at room temperature (22-25'). 
The mixtures were allowed to stand for 2 hr, during which time the phases 
separated. An accurate volume from each phase then was mixed with 10 
ml of Bray's solution (8), and the samples were analyzed for I or I1 by 
counting on a liquid scintillation spectrometer7 for 5 min. Each experi- 
ment was conducted in triplicate. Distribution coefficient ( P )  values were 
calculated from (9): 

(Eq. 1) 

log Pchloroform = 1.12 1% Pn-oetanol - 1.343 (Eq. 2) 

Eight solutions of I and I1 in the 50-1300-ng/ml range were prepared 
in 0.1 M phosphate buffer a t  pH 7.4. Human serum albumin solutions 
(1,2,3,4, and 5% w/v) and a human y-globulin solution (1.16% w/v) also 
were prepared in the phosphate buffer. Exactly 1.0 ml of the sample so- 
lution was introduced into one side of a dialysis cell8 separated by a cel- 
lulose membranes, and 1.0 ml of protein solution was placed into the 
opposite half. After the cells were incubated for 24 hr at  37O, measured 
volumes of the sample and protein solutions were mixed with 10 ml of 
Bray's solution, and the mixtures were counted on a liquid scintillation 
spectrometer for 5 min. The percent of I or I1 bound to albumin or 
y-globulin was determined from: 

percent bound = 

P = (counts in n-octanol phase/counts in aqueous phase) 

I (counts in protein) - (counts in sample solution) 
counts in protein 

X 100 (Eq.3) 
I 

DISCUSSION 

The distribution coefficients of I and I1 are reported in Table I. There 
is a considerable discrepancy between the values for I and I1 in this study 
and those determined previously (7). The I value determined in chloro- 
form was 17% greater than the theoretical I value in chloroform calculated 
from Eq. 2 using the experimental value for the distribution coefficient 
of I in n-octanol. However, the reported value (7) for the distribution 
coefficient of I in n-octanol is 289% larger than the corresponding present 
study value. Similarly, the experimental value for the distribution coef- 
ficient of I1 in chloroform was 210% greater than the corresponding 
theoretical value, whereas the reported value (7) for the distribution 
coefficient of I1 in n-octanol is 449% greater than the value determined 
from this study. 

The disagreement between the reported (7) and present study distri- 
bution coefficients of I and I1 in n-octanol is not readily discernible. The 

b Precision Scientific Co., Ann Arbor, Mich. 
7 Model 3320, Packard Instrument Co., Downers Grove, Ill. 
8 Constructed of Plexiglas, Technilab Instrument Inc., Pequannock, N.J. 
9 Nominal pore size of 4.8 nm, impermeable to molecules with mol. wt. > 6000. 

Technilab Instrument Inc.. Pequannock, N.d. 
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alysis at  37'. The I fractions hound to 4% (w/v) albumin and to 1.16% 
(w/v) y-globulin were 66 and 18%, respectively. The corresponding I1 
fractions bound to the two proteins were 46 and 12%. The greater protein 
binding of I agrees with its superior lipophilicity to that of 11. The binding 
of both I and I1 to albumin increased with increasing albumin concen- 
tration, whereas the binding of I and I1 to albumin did not change sig- 
nificantly as the concentrations of I or I1 were varied from 50 to 1300 
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The spirolactones are steroidal aldosterone antagonists 
clinically used to produce potassium-sparing diuresis. The 
spirolactones have been studied extensively because of 
their considerable biotransformation (l), potential carci- 
nogenicity (2), and ability to induce hepatic detoxification 
of chemicals (3-5). The pharmacodynamic properties of 
spirolactones vary because of their differing structure- 
activity relationships and physicochemical properties (6). 
At  least 19 spirolactones have been investigated (6 ,7) .  

The purpose of this study was to determine the lipid- 
aqueous distribution coefficients and the extent of plasma 
protein binding of spironolactone and its 7a-carboxy- 
methyl derivative. 

EXPERIMENTAL 

Materials-Spironolactone' (I) was tritiated2 randomly and used 
without further purification. Tritiated 7a-carboxymethyl spirolactone? 
(II) ,  human serum albumin4, and human y-globulin5 were used as re- 
ceived. Other solvents and reagents were of analytical grade of purity. 

' SC-9420. lot 308, mol. wt. 416.57, assay 100.44%. G. D. Searle & Co., Chicago, 
Ill. 

Catalytic exchange method, 95.5% &.say by radiochromatogram, specific activity 
4.27 mCi/mg, New England Nuclear, Boston, Mass. :' SC-2515'2, mol. wt. 400.53, tritiated in the I -  and 2-positions, 95.76% assay by 
radii)chromatogram, specific activity 83.20 mCi/mg, G. D. Searle & Co., Chicago, 
111. 

Lot :34G-8120. niol. wt. 69.000, Sigma Chemical Co.. St. Louis, Mo. 
5 Lot 113C-1010, Sigma Chemical Co., St. Louis, Mo. 

Procedures-Ten solutions of I and I1 in the 50-500-ng/ml range were 
prepared in 0.1 M phosphate buffer at pH 7.4 and saturated previously 
with n-octanol or chloroform. 

Three milliliters each of the sample solution and of the n-octanol or 
chloroform saturated previously with the phosphate buffer were placed 
in a glass tube with a polytef-lined screw cap, and the mixture was agi- 
tated on a horizontal shaker6 for 30 min at room temperature (22-25'). 
The mixtures were allowed to stand for 2 hr, during which time the phases 
separated. An accurate volume from each phase then was mixed with 10 
ml of Bray's solution (8), and the samples were analyzed for I or I1 by 
counting on a liquid scintillation spectrometer7 for 5 min. Each experi- 
ment was conducted in triplicate. Distribution coefficient ( P )  values were 
calculated from (9): 

(Eq. 1) 

log Pchloroform = 1.12 1% Pn-oetanol - 1.343 (Eq. 2) 

Eight solutions of I and I1 in the 50-1300-ng/ml range were prepared 
in 0.1 M phosphate buffer a t  pH 7.4. Human serum albumin solutions 
(1,2,3,4, and 5% w/v) and a human y-globulin solution (1.16% w/v) also 
were prepared in the phosphate buffer. Exactly 1.0 ml of the sample so- 
lution was introduced into one side of a dialysis cell8 separated by a cel- 
lulose membranes, and 1.0 ml of protein solution was placed into the 
opposite half. After the cells were incubated for 24 hr at  37O, measured 
volumes of the sample and protein solutions were mixed with 10 ml of 
Bray's solution, and the mixtures were counted on a liquid scintillation 
spectrometer for 5 min. The percent of I or I1 bound to albumin or 
y-globulin was determined from: 

percent bound = 

P = (counts in n-octanol phase/counts in aqueous phase) 

I (counts in protein) - (counts in sample solution) 
counts in protein 

X 100 (Eq.3) 
I 

DISCUSSION 

The distribution coefficients of I and I1 are reported in Table I. There 
is a considerable discrepancy between the values for I and I1 in this study 
and those determined previously (7). The I value determined in chloro- 
form was 17% greater than the theoretical I value in chloroform calculated 
from Eq. 2 using the experimental value for the distribution coefficient 
of I in n-octanol. However, the reported value (7) for the distribution 
coefficient of I in n-octanol is 289% larger than the corresponding present 
study value. Similarly, the experimental value for the distribution coef- 
ficient of I1 in chloroform was 210% greater than the corresponding 
theoretical value, whereas the reported value (7) for the distribution 
coefficient of I1 in n-octanol is 449% greater than the value determined 
from this study. 

The disagreement between the reported (7) and present study distri- 
bution coefficients of I and I1 in n-octanol is not readily discernible. The 

b Precision Scientific Co., Ann Arbor, Mich. 
7 Model 3320, Packard Instrument Co., Downers Grove, Ill. 
8 Constructed of Plexiglas, Technilab Instrument Inc., Pequannock, N.J. 
9 Nominal pore size of 4.8 nm, impermeable to molecules with mol. wt. > 6000. 

Technilab Instrument Inc.. Pequannock, N.d. 
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Table I-Distribution Coefficients of I and  I1 Determined in 0.1 
M Aqueous Phosphate Buffer at pH 7.4 versus n-Octanol and  
Chloroform 

* 

Experimental Values, Reported Calculated 
mean f SEM, % Values for Values" for 

ComDound n-Octanol Chloroform n-Octanol Chloroform 

I 153.9 f 15.3 15.1 f 1.7 598.4b 12.9' 
I1 15.9 f 0.7 3.1 f 0.3 87.3d 1.0e 

From Eq. 2. * Antilog of log P = 2.777; Ref. 7. Antilog of log P = 1.11, calcu- 
Antilog of log P = 0.001, cal- lated from Eq. 2. 

culated from Eq. 2. 
Antilog of log P = 1.941; Ref. 7. 

Table 11-Binding of I and  I1 t o  Human Serum Albumin and 
Human y-Globulin. 

Protein Binding, 
mean f S E M ,  % Binding Difference, %a 

Com- Albumin, Globulin, Albumin, Globulin, 
pound 4% 1.16% Total 4% 1.16% Total 

I 66.5 f 0.4 18.3 f 0.5 84.7 f 0.4 - - - 

I1 45.7 f 0 . 5  11.8 f0.5 57.5f 0.5 -31.2 -35.4 -32.1 

a ((percent I1 - percent I)/percent I] X 100. 

Table 111-Comparison of Protein Binding Values fo r  I and I1 

Protein Binding, % 
ComDound Present Studv" Reference 7 b  Reference 10' 

I 
I1 

84.7 94.2 91.1,98.2 
57.5 73.5 - 

a Based on the sum of binding by 4% human serum albumin and 1.16% human 
y-globulin. Ultrafiltration method. c Lower value was obtained uia equilibrium 
dialysis, and higher value was obtained uia ultrafiltration; both were determined 
in human plasma at 550 ng of I/mL 

experimental distribution coefficients for I and I1 reported here are in 
closer agreement with the values predicted by Eq. 2. All distribution 
coefficient data determined in n-octanol indicate I to be 7-10 times more 
lipophilic than 11. This difference may be attributed to the presence of 
a sulfur atom in the acetylthio substituent at the 7-position on I. The 
dominating contribution of the sulfur atom to lipophilicity is emphasized 
often uia reference to the exemplary ninefold greater distribution coef- 
ficient of thiopental uersus that of pentobarbital (9). 

The values for percent protein binding determined in this study and 
those reported earlier (7,10) are listed in Tables I1 and 111. No binding 
of I or I1 to the dialysis membrane was demonstrated. The significant 
disagreement of the present results with those reported earlier may be 
attributed to a t  least the following factors: 

1. The experimental conditions of Ref. 7 included using 20% (v/v) 

'Or 

9 50 

v) g 45- 

3 
40- 

Lp z 
z 35- 
3 
m '  
1 a 30- 

25*-- 2 3 4 ' 5 
'HI WAN SERUM ALRUMIN, % (W/>#\ 

Figure 1-Percent increase o f 1  (0) and II (A) bound to human serum 
albumin with increasing albumin concentration. 

3.6 t /\ 

3.0b 4 * 8 12 16 20 24 28 32 36 
y x  lo4 

Figure 2-Scatchard plot of y/Dr versus y for I ouer the 53.3-2278.0- 
ng/ml range (2.3-30.2 X ZO-7 M) in 4.0% ( w I u )  (5.8 X ZO-4 M) human 
serum albumin a t  pH 7.4 and 37'. 

1,3-butylene glycol and 4% (v/v) methanol to maintain drug solubility 
in the phosphate buffer as well as sample ultrafiltration uia centrifugation 
a t  4'. This low temperature could have influenced binding, resulting in 
values different from those found a t  37". The concentrations of human 
serum albumin utilized (7) are typical of clinical hypoalbuminemia (11). 
The previous investigators (7) did not study the binding of I or I1 to 
human y-globulin. 

2. The authors of Ref. 10 used fresh human plasma for I binding 
studies; however, serum protein concentrations and temperature con- 
ditions were not reported. 

Although several steroidal compounds, e.g., corticosteroids, are bound 
extensively to human y-globulins, albumin accounts for the greatest 
proportion of binding of these drugs to serum or plasma proteins (11-13). 
Furthermore, some steroids also are highly bound to serum lipoproteins 
(14). The present study results indicate 18% binding of I to human 
y -globulin. Therefore, the comparative data in Table I11 suggest that the 
percent protein binding of I reported in Ref. 7 may be an overestimate 
resulting from the use of a mixed aqueous solvent system and albumin- 
only protein solutions. The low temperature centrifugation conditions 
used (7) also would increase the fraction of drug bound to albumin 
(11). 

The present 85% value for the total binding of I in 4% (w/v) human 
serum albumin and 1.16% human y-globulin (Table 11) agrees with the 
91% value determined in human plasma reported elsewhere (10). There 
was no significant variation in the percent binding of I or I1 to the serum 
proteins over the drug concentration range investigated. However, Fig. 
1 shows that the binding of I and I1 increased proportionally with in- 
creasing albumin concentration. 

A causal relationship between hydrophobicity (lipophilicity) and 
drug-protein binding was demonstrated for steroids (15) and other drugs 
(16,17). The fact that the distribution coefficient of I is 7-10 times greater 
than that of I1 (Table I) correlates with the 32% superiority in protein 
binding of I over I1 (Table 11). Scatchard plots (7,18-20) of I and I1 in 4% 
(w/v) human serum albumin (Figs. 2 and 3) were prepared from: 

ylDf = K(n  - 7) (Eq. 4) 

1.35L ' 
0 2 4 6 8 10 12 14 16 18 

y x  lo4 
Figure %-Scatchard plot of y/Dr versus y for I 1  ouer the 50.4- 
2006.0-ng/ml range (2.3-25.2 X ZO-7 M )  in 4 %  ( w / u )  (5.8 X ZO-4 M )  
human serum albumin a t  pH 7.4 and 37". 
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where y is the ratio of the concentration of albumin-bound spirolactone 
to that of albumin, D f  is the concentration of unbound spirolactone at 
dialysis equilibrium, K is the binding constant a t  equilibrium, and n is 
the numher of a single type of binding sites. The previous investigators 
( 7 )  apparently obtained linear plots of y /D ,  uersus y for several spiro- 
lactones. The concentrations of spirolactone used (7) appear to have been 
-:W800 times higher than the peak serum concentrations of I and its 
metabolites detected in human males given a 200-mg oral dose (10). 

The ohserved absence of linearity, together with the complexity of the 
Scatchard plots for I and 11. strongly suggests diverse protein-ligand 
tiinding characteristics. Such deviations were reported to be due to co- 
operative ligand interaction, multiple-contact binding sites, or non- 
equivalent binding sites (20). Inspection of the Scatchard plots reveals 
several points of inflection, as well as both concave and convex curvatures 
at  varying concentrations of bound I and 11. Such patterns generally are 
the results of different types of binding sites, each exhibiting cooperative 
character. Furthermore, iridividual binding sites for I and I1 may overlap 
and also may contribute to the diverse binding pattern observed. Al- 
though no absolute conclusion can be drawn regarding which phenome- 
non dominates the binding pattern of I and I 1  for human serum albumin, 
a single model of independent, equivalent binding is not applicable for 
the spirolactones studied. 
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Abstract Lidocaine disposition kinetics were studied in the pregnant 
ewe following 0 .5 ,  1.0-, and ?.O-rng/kg iv bolus doses and in the non- 
pregnant ewe following a 1.0-mg/kg iv bolus dose. Arterial blood was 
assayed for lidocaine by G I X .  The blood lidocaine concentration-time 
curves were computer fitted to a two-compartment open model. In the 
!)regnant ewe, the total hody clearance of lidocaine (38,ml/min/kg) re- 
rnained constant with increasing dose and was correlated linearly with 
preinjection cardiac output. The apparent volume of distribution of the 
central compartment apparently increased with increasing dose. The 
half-life of the postdistributive phase and the volumes of distribution 
at steady state and during the postdistributive phase increased as the 
dose was increased t’rom 0.5 to 1.0 mg/kg. These observations suggest 
dl)se-rrlated distribution of‘ lidocaine in the pregnant ewe. The total body 
(,learatice of lidocaine i n  the pregnant ewe was not different from that 
in the notipregnant ewe after 1 .O-mg/kg doses; however, the volumes of 
distribution of the central compartment a t  steady state and during the 
post distributive phase and the half-life of the postdistributive phase were 
greater in the pregnant ewe. The greater total body clearance for lidocaine 
i n  sheep as compared to humans is consistent with the greater hepatic 
I)lood flow i n  sheep; calculated hepatic extraction ratios for sheep are 
similar to hepatic extraction ratios for humans. 

Keyphrascs 0 1,idocaine-pharniacokinetics, pregnant and nonpreg- 
nant sheep 0 Pharmacokinei ics--lidocaine, pregnant and nonpregnant 
sheep 0 Anesthetics--lidocaine, pharmacokinetics, pregnant and non- 
pregnant sheep 

Few literature reports describe drug disposition kinetics 
in the pregnant individual, but drug pharmacokinetics 
during pregnant and nonpregnant states may differ 

markedly. Alterations in drug disposition kinetics could 
be related to  maternal changes, including blood andlor 
tissue binding of the drug, changes in the rates or distri- 
bution of blood flow, and drug metabolism changes. More 
importantly, drug kinetics during pregnancy may be al- 
tered by the addition of the fetal-placental unit with its 
inherent abilities to distribute, bind, metabolize, and clear 
drugs. 

Lidocaine disposition kinetics a t  three doses in the 
pregnant ewe are presented in this report, and a compar- 
ison is made with lidocaine disposition kinetics in the 
nonpregnant ewe. 

EXPERIMENTAL 

Pregnant and nonpregnant pure or crossbred Suffolk ewes, 64.6 f 11.3 
(mean f S D  on the day of surgery) and 66.7 f 11.9 kg, respectively, were 
obtained locally. Pregnant ewes were studied from Day 137 to Day 143 
of gestation (full term 147-150 days). The ewes were catheterized during 
sterile surgery under general endotracheal anesthesia, using halothane 
and oxygen with controlled mechanical ventilation. 

Polyethylene catheters were placed into the femoral artery and femoral 
vein and advanced to the abdominal aorta and inferior vena cava, re- 
spectively. The femoral artery catheter was used for continuous blood 
pressure and heart rate monitoring. and the femoral vein catheter was 
used for lidocaine administration. A central venous catheter was inserted 
uia percutaneous puncture into the external jugular vein and positioned 
in the right atrium. This catheter was used for the injection of indocya- 
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where y is the ratio of the concentration of albumin-bound spirolactone 
to that of albumin, D f  is the concentration of unbound spirolactone at 
dialysis equilibrium, K is the binding constant a t  equilibrium, and n is 
the numher of a single type of binding sites. The previous investigators 
( 7 )  apparently obtained linear plots of y /D ,  uersus y for several spiro- 
lactones. The concentrations of spirolactone used (7) appear to have been 
-:W800 times higher than the peak serum concentrations of I and its 
metabolites detected in human males given a 200-mg oral dose (10). 

The ohserved absence of linearity, together with the complexity of the 
Scatchard plots for I and 11. strongly suggests diverse protein-ligand 
tiinding characteristics. Such deviations were reported to be due to co- 
operative ligand interaction, multiple-contact binding sites, or non- 
equivalent binding sites (20). Inspection of the Scatchard plots reveals 
several points of inflection, as well as both concave and convex curvatures 
at  varying concentrations of bound I and 11. Such patterns generally are 
the results of different types of binding sites, each exhibiting cooperative 
character. Furthermore, iridividual binding sites for I and I1 may overlap 
and also may contribute to the diverse binding pattern observed. Al- 
though no absolute conclusion can be drawn regarding which phenome- 
non dominates the binding pattern of I and I 1  for human serum albumin, 
a single model of independent, equivalent binding is not applicable for 
the spirolactones studied. 
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Abstract Lidocaine disposition kinetics were studied in the pregnant 
ewe following 0 .5 ,  1.0-, and ?.O-rng/kg iv bolus doses and in the non- 
pregnant ewe following a 1.0-mg/kg iv bolus dose. Arterial blood was 
assayed for lidocaine by G I X .  The blood lidocaine concentration-time 
curves were computer fitted to a two-compartment open model. In the 
!)regnant ewe, the total hody clearance of lidocaine (38,ml/min/kg) re- 
rnained constant with increasing dose and was correlated linearly with 
preinjection cardiac output. The apparent volume of distribution of the 
central compartment apparently increased with increasing dose. The 
half-life of the postdistributive phase and the volumes of distribution 
at steady state and during the postdistributive phase increased as the 
dose was increased t’rom 0.5 to 1.0 mg/kg. These observations suggest 
dl)se-rrlated distribution of‘ lidocaine in the pregnant ewe. The total body 
(,learatice of lidocaine i n  the pregnant ewe was not different from that 
in the notipregnant ewe after 1 .O-mg/kg doses; however, the volumes of 
distribution of the central compartment a t  steady state and during the 
post distributive phase and the half-life of the postdistributive phase were 
greater in the pregnant ewe. The greater total body clearance for lidocaine 
i n  sheep as compared to humans is consistent with the greater hepatic 
I)lood flow i n  sheep; calculated hepatic extraction ratios for sheep are 
similar to hepatic extraction ratios for humans. 

Keyphrascs 0 1,idocaine-pharniacokinetics, pregnant and nonpreg- 
nant sheep 0 Pharmacokinei ics--lidocaine, pregnant and nonpregnant 
sheep 0 Anesthetics--lidocaine, pharmacokinetics, pregnant and non- 
pregnant sheep 

Few literature reports describe drug disposition kinetics 
in the pregnant individual, but drug pharmacokinetics 
during pregnant and nonpregnant states may differ 

markedly. Alterations in drug disposition kinetics could 
be related to  maternal changes, including blood andlor 
tissue binding of the drug, changes in the rates or distri- 
bution of blood flow, and drug metabolism changes. More 
importantly, drug kinetics during pregnancy may be al- 
tered by the addition of the fetal-placental unit with its 
inherent abilities to distribute, bind, metabolize, and clear 
drugs. 

Lidocaine disposition kinetics a t  three doses in the 
pregnant ewe are presented in this report, and a compar- 
ison is made with lidocaine disposition kinetics in the 
nonpregnant ewe. 

EXPERIMENTAL 

Pregnant and nonpregnant pure or crossbred Suffolk ewes, 64.6 f 11.3 
(mean f S D  on the day of surgery) and 66.7 f 11.9 kg, respectively, were 
obtained locally. Pregnant ewes were studied from Day 137 to Day 143 
of gestation (full term 147-150 days). The ewes were catheterized during 
sterile surgery under general endotracheal anesthesia, using halothane 
and oxygen with controlled mechanical ventilation. 

Polyethylene catheters were placed into the femoral artery and femoral 
vein and advanced to the abdominal aorta and inferior vena cava, re- 
spectively. The femoral artery catheter was used for continuous blood 
pressure and heart rate monitoring. and the femoral vein catheter was 
used for lidocaine administration. A central venous catheter was inserted 
uia percutaneous puncture into the external jugular vein and positioned 
in the right atrium. This catheter was used for the injection of indocya- 
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Table I-Estimates of Pharmacokinetic Constants for Individual P regnan t  Ewes 

Estimated Constants and Coefficients of Variation" 
Dose, A, a, B, 0, 
m d k e  Subiect ue/ml min-' u d m l  min-' 

0.5 1 
2 
3 
4 
5 

Average 
1.0 1 

2 
3 
4 

Average 
2.0 1 

2 
3 
4 
5 

Average 

1.21 (0.286) 
1.71 (0.195) 
0.993 (0.165) 
1.42 (0.114)' 
1.24 (0.162) 
1.31 (0.183) 
3.02 (0.225) 
1.07 (0.197) 
1.69 (0.113) 
1.73 (0.294) 
1.88 (0.212) 
4.31 (0.150) 
1.80 (0.171) 
2.44 (0.121) 
4.49 (0.157) 
2.45 (0.089) 
3.10 (0.140) 

0.553 (0.174) 
0.549 (0.125) 
0.445 (0.112) 
0.331 (0.0781 
0.385 io.io2j 
0.453 (0.124) 
0.415 (0.174) 
0.282 (0.140) 
0.531 (0.072) 
0.282 (0.221) 
0.378 (0.141) 
0.368 (0.097) 
0.131 (0.121) 
0.199 (0.078) 
0.337 (0.097) 
0.205 (0.058) 
0.248 (0.090) 

0.190 (0.192) 
0.130 (0.150) 
0.161 (0.111) 
0.166 (0.081) 
0.111 (0.123j 
0.152 (0.133) 
0.181 (0.166) 
0.159 (0.127) 
0.317 (0.061) 
0.144 (0.208) 
0.201 (0.124) 
0.616 (0.114) 
0.329 (0.111) 
0.566 (0.081) 
0.435 (0.124) 
0.443 (0.063) 
0.478 (0.098) 

0.0169 (0.154) 
0.0174 (0.109) 
0.0187 (0.118) 
0.0130 (0.092) 
0.0176 (0.108) 
0.0167 (0.120) 
0.0128 (0.203) 
0.0125 (0.168) 
0.00954 (0.084) 
0.0107 (0.411) 
0.0114 (0.217) 
0.0161 (0.093) 
0.00797 (0.163) 
0.0100 (0.095) 
0.0170 (0.106) 
0.0160 (0.049) 
0.0134 (0.094) 

Measures of Fit 
Correlation 

r2 Coefficient 

0.997 0.989 
0.999 0.997 
0.999 0.971 
1.000 0.993 
1.000 0.985 

0.999 0.994 
0.999 0.987 
0.998 0.993 
0.998 0.993 

1 .ooo 0.965 
0.998 0.936 
0.999 0.967 
1.000 0.957 
1.000 0.990 

Numbers in parentheses are coefficients of variation. 

Table 11-Estimates of Pharmacokinetic Constants for Individual Nonpregnant Ewes 

Estimated Constants and Coefficients of Variation" Measures of Fit 
A, a,  B, 0, Correlation 

Subiect ualml min-1 u d m l  min-' r 2  Coefficient 

1 3.34 (0.208) 0.473 (0.146) 0.136 (0.174) 0.0200 (0.110) 1.000 0.907 
2 7.20 (0.187) 0.625 (0.099) 0.330 (0.123) 0.0126 (0.143) 1.000 0.985 
3 2.16 (0.100) 0.216 (0.058) 0.395 (0.076) 0.0199 (0.050) 1.OOO 0.994 

Average 4.23 (0.177) 0.438 (0.109) 0.287 (0.109) 0.0175* (0.095) 

a Numbers in parentheses are coefficients of variation. * Statistically significant ( p  < 0.05) difference between nonpregnant and pregnant ewes (Table I )  using the 
Student t test. 

nine green' in the cardiac output determination by a dye dilution tech- 
nique. 

An arterial catheter was placed through a branch of the carotid artery 
and advanced centrally to obtain arterial blood for blood gas, cardiac 
output, and lidocaine determinations. Arterial rather than venous blood 
was chosen for lidocaine determination because of expected arterial- 
venous lidocaine concentration differences resulting from tissue drug 
uptake (1, 2). The arterial lidocaine concentration better reflects pre- 
sentation of the drug to well-perfused vital organs, especially during drug 
distribution. A laparotomy was performed on the pregnant ewe for 
placement of a fetal arterial catheter for obtaining fetal blood samples 
for blood gas and lidocaine determinations and for monitoring fetal heart 
rate and blood pressure. 

All catheterizers were filled with heparinized saline and either tunneled 
subcutaneously to the flank or wrapped securely around the neck or 
hindlimb. The animal was allowed a minimum of 24 hr to recover from 
anesthesia and surgery before studies were initiated. For all animals, the 
heart rate, blood pressure, and blood gases were used as measures of 
well-being during surgery and subsequent studies. The results of these 
physiological determinations and the fetal blood lidocaine levels will not 
be presented. in this report. 

On experimental days, the animal was placed in a sheep-restraining 
cage and measurements were taken during a 30-min control period to 
produce baseline blood gas2, blood pressure, and heart rate3 data. Cardiac 
output was measured three times during the control period. Following 
the control period, lidocaine hydrochloride4 was injected intravenously 
over 10 sec a t  one of three doses (0.5,1.0, or 2.0 mg/kg) to the pregnant 
ewe or a t  one dose (1.0 mgkg) to the nonpregnant ewe. All lidocaine doses 
are expressed as amounts of lidocaine hydrochloride administered. In 
the pregnant animal, the lidocaine doses were administered randomly 
on consecutive days following surgery to quantitate possible lidocaine 
pharmacokinetic variations as a function of postsurgical time. 

No systematic variations were apparent in lidocaine pharmacokinetics 
or in the heart rate, blood pressure, or blood gases measured on consec- 
utive days following surgery. Arterial blood samples were collected a t  1, 

Cardio-Green, Hynson, Wescott and Dunning, Baltimore, Md. 
Radiometer BMS3 MK2 blood micro system with PHM7l MK2 acid-base 

&ass model 7 polygraph with Statham pressure transducers, Quincy, Mass. 
Xylocaine, Astra Pharmaceutical Products, Inc., Worcester, Mass. 

anal zer, London Co., Cleveland, Ohio. 

2,5,10,15,20,30,45,60,90,120, and 150 min following lidocaine injection 
and were stored frozen in heparinized tubes until subsequent determi- 
nation of whole blood lidocaine by a GLC method having a coefficient 
of variation of <5% over the concentration range studied (3). All lidocaine 
concentrations and pharmacokinetic data were expressed in terms of 
lidocaine base. Four of the 14 pregnant ewe studies were performed on 
ewes with twin fetuses. No significant pharmacokinetic differences were 
found between the pregnant ewes carrying one fetus and those carrying 
two fetuses. 

Blood lidocaine concentration-time curves for each ewe were described 
adequately by the biexponential equation: 

C = Ae-11' t &-at  (Eq. 1) 

where C is the blood lidocaine base concentration a t  time t and A, a,  R, 
and /3 are constants. The blood concentration-time data were fitted5 to 
Eq. 1 using the NONLIN nonlinear least-squares program (4). Each blood 
concentration data point was weighted with its squared reciprocal. This 
weighting factor was selected based on (5): 

In u2 = In (I t n In C (Eq. 2) 

Khere u2 is the variance corresponding to the mean drug concentration, 
C ,  for a group of subjects a t  a given time following injection and a and 
n are constants. If n = 1, an appropriate weighting factor is the reciprocal 
of the plasma drug concentration; if n = 2, the squared reciprocal of the 
plasma drug co_ncentration may be used. Linear regression of In u2 as a 
function of In C for the data in this study resulted in n values of 1.39 ( r  
= 0.970), 1.59 ( r  = 0.923). and 1.76 ( r  = 0.890) for the 0.5, 1.0-, and 
2.0-mg/kg doses in the pregnant ewes, respectively, and of 1.68 ( r  = 0.986) 
for the 1.0-mg/kg dose in the nonpregnant ewes. Because the n values 
approach two, each plasma concentration data point was weighted with 
its squared reciprocal. 

Tables I and I1 contain estimates of the pharmacokinetic constants 
( A ,  (r, R,  and p ) for each subject and values for the criteria used to assess 
the data fit from each subject to Eq. 1. The criteria were: the coefficient 
of variation of the estimated pharmacokinetic constants (standard de- 
viation of the estimate/estimated constant), the coefficient of determi- 
nation [ r 2  = Z(obs2 - Zdev2)/Zobs2], and the correlation coefficient 
relating the equation-predicted and observed lidocaine concentrations. 
The coefficients of determination and correlation coefficients approached 

Using a CDC 6400 computer 
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Table 111-Pharmacokinetic Parameters in Pregnant Ewes following Intravenous Bolus Lidocaine Hydrochloride Administration 
(Means f SD) 

Cardiac t / 2  tl2 TotalBody 
Dose, Weight, Output, (a), (P ) ,  Clearance, V,, V*S VB, k 10, k 12, kzi,  
mg/kg n kg litedmin min min ml/min/kg liter/kg literdkg l i tedkg min-l min-' min-l 

0.5 5 61.1 7.0 1.6" 42.2b 38 0.31° 1.69* 2.24* 0.124 0.282a 0.063 
f7.3 f1.5 f0.3 f6.5 f 8  f0.06 f0.14 f0.24 f0.033 f0.075 f0.020 

7.9, 2.0 61.8 42 0.48 2.73 3.63 0.094 0.244 0.052 1.0 4 70.4 

3.2 59.2 34 0.54 2.16 2.83 0.074 0.142 0.044 2.0 5 65.9 6.1 
f14.3 f1.7 41.4 f19.4 f 7  f0.20 f0.55 f0.69 f0.039 f0.059 f0.012 

Statistically significant difference (p < 0.05) between the 0.5- and l.O-mg/kg doses using the Student t test. * Statistically significant difference ( p  < 0.01) between 

f13.4 f 2 . 1  f0.6 f8.6 f 1 3  f0.16 fo.45 fo.80 f0.041 60.106 f0.028 

the 0.5- and l.O-mg/kg doses using the Student t test. Three studies. 

1.0, indicating that Eq. 1 adequately described the time course of the 
lidocaine concentration following bolus intravenous administration to 
pregnant and nonpregnant ewes. 

The values for A, a, B, and /3 were used to calculate (6) pharmacoki- 
netic parameters for the two-compartment open model (Scheme I): 

D 

central 
compartment peripheral 

compartment 

Scheme I 
where D represents the intravenous bolus lidocaine hydrochloride dose, 
V ,  is the apparent volume of distribution of the central compartment, 
k12 and kz l  are the apparent first-order intercompartmental lidocaine 
distribution rate constants, and klo is the apparent first-order lidocaine 
elimination rate constant. 

RESULTS 

The computer-determined estimates of A, a, B, and 0 for all pregnant 
animals within each dosage group were averaged and used to generate 
curves indicating the blood lidocaine concentration change with time 

55.00\ 0 =' 2.00 

0.01 ' I 
30 60 90 120 150 

MINUTES 

Figure 1-Arterial blood lidocaine concentration-time curues following 
intravenous bolus lidocaine hydrochloride administration at three doses 
to  pregnant ewes. The equations indicate the averaged computer esti- 
mates for A, a, B, and /3 used t o  generate each curue. 

following intravenous bolus dosing to pregnant ewes (Fig. 1). The equa- 
tions in Fig. l indicate the average values of A, a, B, and 8 for each dosage 
group. Table 111 shows the means and standard deviations for physio- 
logical data and the pharmacokinetic parameters calculated from A, a, 
B, and 8 for the three doses in the pregnant ewes. 

As the lidocaine dose increased, the slope of the a-phase (distributive 
phase) of the blood concentration-time curve increased (Fig. l) ,  as in- 
dicated by the increase in the a-phase half-life (t/P (a), Table 1111. Al- 
though the mean a-phase half-lives for the three doses did not all differ 
significantly from each other, the a-phase half-life following the 0.5- 
mghg dose differed significantly ( p  < 0.05) from that following the 
2.0-mghg dose. The curves in Fig. 1 also indicate different slopes for the 
j3-phases (postdistributive phase) of the blood concentration-time curves. 
These differences are reflected in the 8-phase half-lives ( t / 2  (p)] in Table 
111. The P-phase half-life following the 0.5-mghg lidocaine dose differed 
significantly (p < 0.01) from that following the 1.0-mglkg dose. 

The correlation between the total body clearance (calculated by di- 
viding the intravenous bolus dose by the area under the curve for each 
animal) and the body weight was positive ( r  = 0.576, p < 0.05). Therefore, 
the total body clearance values were normalized for weight prior to av- 
eraging within each group (Table 111). Cardiac output (mean of the three 
control period determinations for each study) showed no significant 
statistical correlation with body weights. However, the correlation be- 
tween total body clearance and cardiac output was positive ( r  = 0.673, 
p < 0.02, Fig. 2) for all studies performed with the pregnant ewes. 

Each of the three volumes of distribution for lidocaine showed statis- 
tically significant (p < 0.05) positive correlations with body weight and, 
therefore, were weight normalized for inclusion in Table 111. The mean 
apparent volume of distribution for the central compartment, V,, fol- 
lowing the 0.5-mghcg dose differed significantly (p < 0.05) from that 
following the 2.0-mg/kg dose. The apparent volume of distribution of 
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Figure 2-Correlation between cardiac output and total body clearance 
of lidocaine following administration of 0.5, 2.0, and 2.0 mg of lidocaine 
hydrochloridelkg to pregnant sheep. 
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Table IV-Individual Pharmacokinetic Parameters  i n  Nonpregnant and  Pregnant  Ewes following a 1.0-mg/kg Intravenous Bolus 
Dose of Lidocaine Hydrochloride 

Cardiac t l / z  t 1/2 Total Body 
Weight, Output, (a), (p), Clearance, V c  I V S S ,  VB I k 10. k 12. k21. 

min ml/min/kg liter/kg liters/kg liters/kg min-' min-1 min-1 

- a 1.5 34.7 63 0.25 1.60 3.12 0.251 0.204 0.038 

Subject kg liters/min min 

Nonpregnant 
1 51.0 

0.12 1.28 1.83 0.200 0.398 0.039 
0.100 0.050 

2 
3 80.2 10.2 3.2 34.8 29 0.34 1.01 1.45 0.085 

0.234 0.042 Mean 68.9 8.4 1.9 41.5* 38 0.24c 1.30d 2.13c 0.179 
SD f15.7 f2.6 fl.1 f11.7 f 2 2  f O . l l  f0.30 f0.88 f0.085 f0.151 f0.007 

Pregnant 
1 60.2 5.8 1.7 54.2 47 0.32 2.47 3.68 0.149 0.243 0.036 

8.0 2.5 55.5 52 0.71 3.28 4.19 0.074 0.173 0.048 2 60.9 

0.165 0.032 
3 
4 89.0 9.9 2.0 64.8 45 0.47 2.91 4.17 0.096 

Mean 70.4 7.9 2.0 61.8 42 0.48 2.74 3.63 0.094 0.244 0.052 
SD 613.4 f2.1 f0.6 f8.7 f 1 2  f0.16 f0.45 f0.80 f0.041 f0.106 40.028 

0 Not determined. b Statistically significant (p < 0.05) difference between nonpregnant and pregnant ewes using the Student t test. 

75.6 6.5 1.1 55.0 23 

a 1.3 12.7 24 0.43 2.28 2.49 0.055 0.394 0.092 71.6 - 

Statistically significant ( p  < 
0.10) difference between nonpregnant and pregnant ewes using the Student t test. d Statistically significant ( p  < 0.01) difference between nonpregnant and pregnant 
ewes using the Student t test. 

lidocaine a t  steady state, Vs8, relates the amount of lidocaine in the body 
to the blood lidocaine concentration at steady state; the apparent volume 
of distribution of lidocaine during the postdistributive phase, VB, relates 
the amount of lidocaine in the body to the blood lidocaine concentration 
a t  any time during the postdistributive, 6, phase (6). Mean values for 
these apparent volumes of distribution also are found in Table 111. Both 
the apparent volume of distribution a t  steady state and the apparent 
volume of distribution during the postdistributive phase following the 
0.5-mg/kg dose differed significantly ( p  < 0.05) from the corresponding 
volumes following the 1.0-mg/kg dose. 

Table I11 shows that the lidocaine elimination rate constant, klo, de- 
creased as the dose increased; however, the mean elimination rate con- 
stants for each dose did not differ significantly from one another. The 
rate constants for lidocaine transfer between the central and peripheral 
compartments also are found in Table 111. As the lidocaine dose was in- 
creased, both intercompartmental rate constants, k12 and k21, de- 
creased. 

Figure 3 shows curves generated from averaged computer-determined 
estimates of A, a, B, and fi  from pregnant and nonpregnant ewes fol- 
lowing 1.0 mg of lidocaine/kg. The Fig. 3 equations indicate the average 
values of A, o, B, and @. Table IV shows the means and standard devia- 
tions of physiological data and pharmacokinetic parameters for 1.0-mg 
of lidocaine/kg doses in nonpregnant ewes. Comparison of parameters 

c.ool 0 2 2.00 

0.01 ! > 
0 30 60 90 120 150 

MINUTES 

Figure 3-Arterial blood lidocaine concentration-time curves following 
intravenous bolus administration of 1.0 mg of lidocaine hydrochloridelkg 
to pregnant and nonpregnant ewes. The equations indicate the averaged 
computer estimates for A, a, B, and /3 used to generate each curue. 

in the nonpregnant ewe with those in the pregnant ewe (Table IV) shows 
that the &phase half-lives differed significantly ( p  < 0.05) between the 
two groups. Although the volumes of distribution and clearances in this 
limited sample of nonpregnant ewes did not correlate with weight, the 
values for these parameters were weight normalized for comparison with 
the pregnant animal group. The volume of distribution a t  steady state 
in the nonpregnant animal differed significantly (p  < 0.01) from that in 
the pregnant animal. In addition, the apparent volume of distribution 
of the central compartment and during the postdistributive phase dif- 
fered significantly between the two groups but at a lower level of signif- 
icance ( p  < 0.10). 

DISCUSSION 

The use of the two-compartment open model (Scheme I) to describe 
lidocaine disposition in the pregnant ewe implies linearity of lidocaine 
disposition kinetics as a function of dose. The total body clearance for 
lidocaine (Table 111) remained relatively constant as the intravenous 
bolus dose was increased from 0.5 to 2.0 mg/kg. Also, the area under the 
blood lidocaine concentration-time curve, AUC, showed a statistically 
significant ( r  = 0.921, p < 0.001, Fig. 4) linear correlation with the 
weight-normalized dose, D, according to: 

(Eq. 3) 

where c1T represents total body clearance. The regression line passed 
through the vertical axis near zero (-2.0 min X mg/liter), and the recip- 
rocal of the slope (total body clearance) was 38 ml/min/kg. 

Another linearity test in pharmacokinetics involves computer fitting 
of the blood drug concentration-time data for each animal to an appro- 
priate linear pharmacokinetic model, computing and averaging the 
pharmacokinetic parameters for each dose, and comparing these averaged 
parameters among doses. The dose-related trends in the magnitudes of 
the pharmacokinetic parameters provide strong evidence of nonlinear 
kinetics (7). Comparisons of averaged pharmacokinetic parameters 
among different doses in pregnant ewes in this study can be made from 
the data in Table 111. These data showed dose-related increases in the 
apparent volume of distribution of the central compartment and in the 
half-life of the a-phase and dose-related decreases in k10, k12, and k21 
as the dose was increased from 0.5 to 2.0 mg/kg. 

The dose-related increase in the apparent volume of distribution of 
the central compartment could be a result of the hemodynamic effects 
of lidocaine. Lidocaine is known to increase cardiac output in humans 
(at  arterial lidocaine concentrations of 4-7 pg/ml) and in dogs (8-10). 
presumably by a central nervous system (CNS) effect evoked through 
the sympathetic nervous system. Following a bolus lidocaine injection, 
transient high lidocaine levels in the CNS could produce a brief, dose- 
related increase in cardiac output. Resulting tissue perfusion increases 
would promote more rapid tissue uptake of lidocaine and, therefore, an 
apparent dose-related increase in the volume of distribution of the central 
compartment. The effect of lidocaine on cardiac output and, hence, on 
tissue uptake would be brief and would not significantly alter lidocaine 
elimination; therefore, total body clearance of lidocaine remained un- 

Journal of Pharmaceutical Sciences f 35 
Vol. 69, No. 1, January 1980 



60 

50 

& 
2 40 
E 
x 
C 

4- .- 

.- 
E 
Q* 30 
3 
q 

20 

i a  

C 
0 1 2 

DOSE, mg/kg 

Figure 4-Correlation between dose and area under the blood lidocaine 
concpntration-linie cur~le  following administration of 0.5, 1.0, and  2.0 
mg of lidornine hvdrochloridelhg to pregnant sheep. 

changed with dose (Tahle 111). The brevity of the effect of lidocaine on 
cardiac output is supported by cardiac output measurements a t  5 min 
following bolus lidocaine6 injection; these cardiac output measurements 
were not different from the control values shown in Table 111. 

The dose-related increase in the apparent volume of distribution of 
the central compartment also is consistent wit.h a probable decrease in 
the lidocaine fraction btrund in plasma as blood lidocaine levels increase. 
A transient decrease in the lidocaine fraction bound a t  high blood lido- 
caine levels following a bolus dose may allow lidocaine to distribute more 
widely in the body, thus increasing the distribution volume. 

The observation of a dose-related increase in the apparent volume of 
distribution of the central compartment (and a concomitant decrease 
in hlo and h 1 2 ~  in pregnant sheep is consistent with trends reported de- 
scribing lidocaine disposition kinetics in normal human volunteers (10). 
In that study, the apparent volume of distribution of the central com- 
partment increased (0.44-0.48 liter/kg), the elimination rate constant 
k 10 decreased (0.24-0.22 min-I), and the intercompartmental rate con- 
stant h 12 decreased (0.066--0.041 min-') as the intravenous bolus dose 
was increased (50-100 mg). An increase in the apparent volume of dis- 
trihrit,ion of the central compartment in normal humans is consistent with 
a probable transient increase in cardiac output following a bolus lidocaine 
dose. I n  addit.ion, this volume increase is consistent with a decrease in 
the percent of lidocaine bound in plasma as blood lidocaine levels in- 
crease. In humans, plasma lidocaine binding decreases from 75% a t  0.4 
pg/ml to 58% at 5 pg/ml(11). The mean extrapolated zero-time lidocaine 
concentrations in normal humans, 1.80 and 2.79 pg/ml following bolus 
doses of50 and 100 mg, respectively (101, are in the concentration range 
where significant. plasma binding changes occur. Thus, although phar- 
macokinetic parameters may not show statistically significant differences 
as the dose is increased, dose-related trends in pharmacokinetic pa- 
rameters may offer increased insight into the drug disposition ki- 
net ics . 

I n  addition to possible dose-related nonlinearities in the tu-phase of 
lidocaine disposition, Table 111 shows evidence for dose-related kinetics 
during the $- or postdistribut.ive phase in pregnant ewes. Following the 

ti I). C. liloedow, L). H. Ralston. and J .  C. Hargrove, unpublished results. 

0.5-mg/kg dose, the p-phase half-life (42.2 min) differed significantly from 
that (61.8 min) following the l.O-mg/kg dose. The P-phase half-life [ t /  
2(13)] is related to the total body clearance, CIT, and to the apparent 
volume of distribution during the postdistributive phase, VB, according 
to: 

0 .693V~ 
t/2(P) = - - -  

IT 
(Eq. 4) 

Since the total body clearance of lidocaine in the pregnant ewe does not 
appear to change with dose, Eq. 4 indicates that an increase in the P-phase 
half-life of lidocaine may be a function of an increase in the apparent 
volume of distribution. This concept is consistent with the significant 
change in the volume of distribution during the postdistributive phase 
(2.24-3.63 literdkg, Table 111) as the lidocaine dose was increased from 
0.5 to 1.0 mg/kg. A better indication of dose-related distribution changes 
is a comparison of the apparent volumes of distribution a t  steady state 
following different doses. This parameter is not dependent on elimination 
processes as is the apparent volume of distribution during the postdis- 
tributive phase. The change in the volume of distribution of lidocaine 
at  steady state from 1.69 t.o 2.73 literdkg as the dose was increased from 
0.5 to 1.0 mg/kg was significant. Thus, the data indicate that dose-related 
changes in the apparent volume of distribution of lidocaine in the preg- 
nant ewe may influence the biological half-life. 

Lidocaine disposition kinetics in the nonpregnant ewe differed from 
the lidocaine disposition kinetics in the pregnant ewe (Table IV) at  a 
1 .O-mg/kg dose. Figure 3 indicates that the initial lidocaine levels fol- 
lowing a l.O-rng/kg bolus dose were higher in the nonpregnant ewe, but 
that during the P-phase the blood levels in the nonpregnant ewe de- 
creased more rapidly than in the pregnant ewe. These blood level changes 
are reflected in the pharmacokinetic parameters in Table IV. The lower 
apparent volume of distribution of the central compartment in the 
nonpregnant ewe resulted in higher initial blood lidocaine levels in the 
nonpregnant animal following a bolus dose based on body weight. In 
addition, the lower @-phase half-life in the nonpregnant ewe, 41.4 uersus 
61.8 min in the pregnant ewe, reflected t,he more rapid decline in blood 
lidocaine levels during the /%phase in the nonpregnant animal following 
a bolus dose. 

Because total body clearances of lidocaine in the nonpregnant and 
pregnant animals were similar, the great.er apparent volumes of distri- 
bution ( Vc,  V5,, and V B )  in the pregnant animals indicated that differ- 
ences between disposition kinetics in the nonpregnant and pregnant ewes 
probably were due to drug distribution changes. These changes may he 
due to differences between lidocaine binding in the plasma, blood, and/or 
peripheral tissues of the nonpregnant ewe as compared to binding in the 
corresponding maternal tissues of the pregnant ewe. In addition, fetal 
lidocaine uptake in the pregnant ewe undoubtedly influences distribution 
parameters as determined from maternal blood lidocaine levels. 

The values for total body clearance of lidocaine in the pregnant sheep 
(38 ml/min/kg as determined by the method illustrated in Fig. 4) and in 
the nonpregnant sheep (38 ml/min/kg, Tahle IV) were considerably 
greater than the total body clearance reported for lidocaine in humans 
(9-14 ml/min/kg) (2,lO). In humans, the total body clearance of lidocaine 
increases as the cardiac output and. therefore, the hepatic blood flow 
increase (12, 13). In the pregnant sheep, the total body clearance also 
increased as the cardiac output (Fig. 8) and, presumably, the hepatic 
blood flow increased. Hepatic blood flow in normal humans is about 21 
ml/min/kg (1.5 litersimin in a 70-kg human), and hepatic blood flow in 
pregnant and nonpregnant ewes is about 65 and 55 ml/min/kg, respec- 
tively (14). Thus, the hepatic blood flow in the ewe is sufficient. to account 
for the comparatively higher total body clearance of lidocaine in 
sheep. 

The proportion of the total drug entering the liver to that metabolized 
by the liver is the extraction ratio. The extraction ratio, E,  may be cal- 
culated by (15): 

Clr t  1 - f )  
4 

E =  (Eq. 5) 

where Clr  is the totai body clearance of drug, f is the drug fraction ex- 
creted unchanged from the body, and Q is the hepatic blood flow. Use 
0 1  Eq. 5 for hepatic lidocaine extraction in the pregnant ewe is based on 
the assumptions that: ( a )  renal excretion is the only nonmetabolic ex- 
cretory pathway for lidocaine, (6) the dose fraction excreted unchanged 
in the urine [0.014 (lS)] in normal adult sheep is the same as that for 
pregnant ewes, ( c )  lidocaine metabolism occurs only in the liver, and ( d )  
hepatic blood flow 165 ml/min/kg (l-t)] does not change significantly 
following the lidocaine injection. Cardiac output in the pregnant sheep 
measured 5 min following inject,ion of0.5,1.0, or 2.0 mg of lidocaine/kg6 
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did not change significantly from control values; presumably, hepatic 
blood flow behaves similarly. The extraction ratio for lidocaine in the 
pregnant sheep was 0.57 using Eq. 5. Similar assumptions and calcula- 
tions for the nonpregnant sheep [Q = 55 ml/min/kg (14)] yielded an ex- 
traction ratio of 0.69. These values are similar to the extraction ratio 
( 4 . 6 8 )  reported for lidocaine in humans (17). 

The results of these studies provide evidence for subtle dose-related 
lidocaine kinetica in pregnant sheep. Further studies on lidocaine binding 
in ovine plasma and on cardiac output and blood flow distribution during 
the initial lidocaine distributive phase in sheep are necessary to sub- 
stantiate the reasons for the apparent nonlinearity of lidocaine disposi- 
tion. 
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Abstract  A variety of nonnitrogenous oxygenated compounds gave 
false-positive alkaloid reactions with Dragendorff‘s spray reagent. These 
compounds reacted positively if the oxygen function and the @-carbon 
bonded to the oxygen had high electron density. Thus, aldehydes, ke- 
tones, lactones, ethers, esters, epoxides, and peroxides with an ethylene 
bond or free alkyl groups a t  the @-carbon gave a positive reaction, pro- 
vided that the availability of electrons at the oxygen and the @-carbon 
was not altered by electron withdrawal or hydrogen bonding. Carbonyl, 
ether, and ethylene functions were shown by IR evidence to be involved 
in coupling. Nitrogen-free, alkaloid-like acetone artifacts were obtained 
by interaction with fixed alkali and with acids. These compounds were 
postulated to be a,@-unsaturated aldol condensation products of acetone. 
Interaction with ammonia in addition yielded nitrogenous alkaloid-like 
artifacts. 

Keyphrases 0 Alkaloids-interference by nonnitrogenous alkaloid-like 
compounds, structural requirements for false-positive reaction 0 Acetone 
artifacts-nonnitrogenous, alkaloid-like compounds, interference with 
alkaloid detection, structural requirements for false-positive reaction 
0 Dragendorffs reagent-false-positive alkaloid reaction with non- 
nitrogenous oxygenated compounds 

Of the numerous reagents described for the detection 
of alkaloids (l), only a few have reliable sensitivity (2). All 
of these reagents suffer from nonspecificity. Many ni- 
trogenous and nonnitrogenous plant constituents react 

with several of these reagents similarly to alkaloids (3-8). 
Some nonnitrogenous compounds react similarly to alka- 
loids in giving crystalline salts with acids (8). 

BACKGROUND 

TLC is the most versatile technique for alkaloid detection, separation, 
monitoring, identification, and quantitation. Dragendorff‘s spray, in its 
different modifications, is usually used for visualization of alkaloidal spots 
on paper and thin-layer chromatograms and in field tests with alkaloid 
test paper (9-11). Many reports have discussed its sensitivity and spec- 
ificity (2), false reactions (3, 12), and modifications (13-20). However, 
many nonnitrogenous plant constituents react with this reagent in a 
manner typical of alkaloids (3,12,21). Such compounds may create dif- 
ficulty, especially during alkaloid screening without sufficient partition 
purification steps (4). Complete elimination of these constituents cannot 
be accomplished through the one partition purification step required in 
many reported screening procedures (22-26). Moreover, significant 
amounts of such nonalkaloidal constituents may be detected even after 
further partition purification (12). 

Farnsworth et  al. (3) determined that any nonnitrogenous compound 
having conjugated carbonyl or lactone functions would react in a manner 
typical of alkaloids. The range of compounds that produce a false-positive 
reaction is greater than is generally realized (271, and compounds such 
as the common plant sterols and triterpenes are readily detected by 
Dragendorff‘ s spray. 
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Table  I-Compounds Tested in the Present  S tudy  t h a t  Reacted Positively with Dragendorff's Sp ray  Reagent 

Column A: Compounds with Conjugated 
Carbonyl or Lactone Functions 

Compound Reaction Compound Reactiona 

Column B: Compounds Lacking any Conjugated 
Carbonyl or Lactone Function 

With carbonyl or lactone as only reactive function 
Conjugated aldehydes and ketones 

Acrolein 
Crotonaldehyde 
Furfural 
Cinnamic aldehyde 
Citral 
Carvone 
3-Hydroxybenzaldehyde 
Acetophenone 
Benzophenone 
Chalcone 
Benzil 
Progesterone 
Testosterone 
Cortisone 

Conjugated lactones 
Coumarin 
Ilm belliferone 
Digitoxin 
Digoxin 
Strophanthin 
0uaf)ain 
Acovenosides 
Lactone S.a.' 

With additional reactive ether or ester functions 
Piperonal 
Veratraldehyde 
Anisalde hyde 
Vanillin 
Acetylated vanillin 
3-Butoxybenzaldehyde 
K hell in 
Visnagin 
Methoxsalen (xanthotoxin) 
Hergapten 
Imperatorin 
Santonin 
Xanthumin 
Rotenone 
Total withanolides' 
Withaferin A 
A (228 steroid lactone from Withanin  soninifera/ 
Acetylated rutin 
Acetylated quercitin 
Acetylated kaempferol glucoside 
Acetylated hyperoside 
Acetylated quercitin glucuronide 
Acetylated quercitin pentoside 
Acetylated chrysophanic acid 
Acet.ylated sennidiiis A + B 
d-Glvcvrrhetinic acid 

+++ +++ +++ +++ ++ +++ 
+++ ++ +++ 
++ + + ++ 
+++ + +++ +++ ++ + +++ + 
+++ +++ ++ 
++ ++ 
+++ +++ +++ +++ +++ +++ ++ 
+++ +++ 
+++ ++ 
++ 

+(+) 

+(At) 

( + + + ) d  

(+)' 

Nonconjugated aldehydes and ketones 
Isobutyraldehyde 
Menthone 
Camphor 
Acetonylacetone 

Picrotoxin (picrotoxinin) 
Arctiin 
Isolipidiol 
Judeicin 

Geraniol 
Geranyl acetate 
Linalyl acetate 

Eugenol 
Acetyleugenol 
Anethole 
Guaiacol 
Thymol 
Acetylated thymol 

Cinnamic acid 
Ethyl cinnamate 
Phenyl salicylate 
Methyl salicylate 
Veratric acid 

Nonconjugated lactones 

cr-P-Unsqturated alcohols (their ethers and esters) 

Phenols, phenolic ethers, and esters 

cu,fl-Unsaturated (or aromatic) acids and their esters 

Alcohols (their ethers and esters) with branching a t  
8-carbon 

Primary isobutanol 
Primary isobutyl acetate 
Isobutyl epoxide 
Isoaniyl alcohol 
Isoamyl acetate 
Isoamyl ether 
Menthyl acetate 
Bornyl acetate 
Isobornyl acetate 
Acetylated P-amyrin 

Miscellaneous compounds 
Cineole 
Ascaridole 
Digitonin 
Diosgenin 
2,3-Dihydro-4-pyrone 
Ethyl-2-cyclohexanone carboxylate 
Cannabinoidsx + 

+(f) + + + 
+(*) 

+++ ++ ++ + 
++ +++ + + 
+(h) + + 
+++ +++ + 
+(k) 
+(*) 

+i*) 

+ 

+ + + +++ 

+ +++ +++ + +++ ++ ++ + + ++ 
++ +++ ++ +++ + 
+++ + 

~~ 

0 Key: +, faint reaction; ++, typical react,inn; and +++. immediate typical reaction. The total -olide fraction of Acohanthera spectabilis, isolated by a reported method 
(291, showed at least four DrageiidI,rff-positive components on 'm. Some compounds that gave 
a typical orange-red color with the fresh reagent gave a typical bluish color with old reagent (e.g., cnrtisone and rotenone). The lactonic fraction of Withania ,sornni/cra, 
lreed from any contaminating alkaloids, shc~wed at least six Dragendorff-positive spits. 1 Isolated from the roots and reported to give a positive reaction with Dragendorffs 
reagent. 8 Extracted from ('onnabis and chr(nnatoyrapI1erl hv reported methiid. 13 '3 .  :34). 

A ronjugated ketolactone isolated from Senecio aegypl ius  (38). 

b'arnsworth ~t a!. ( 3 )  gave convincing explanations for certain confusing 
cases (7 ,8 )  as well as certain claims about the detection and isolation of 
alkaloids (28) that were denied in a subsequent report (29). Nevertheless, 
the conclusion of these investigators did not apply to 19 of the 29 com- 
pounds listed as positively reacting miscellaneous compounds (Ref. 3, 
Table 11, column B). Moreover, it gave no persuasive answer to  obser- 
vations by the present author; phyt.ochemical screening of  Mentha mi- 
crciphylln and Lauandula dentata of Saudi Arabia revealed two con- 
stituents in the former and one in the latter species that gave a positive 
reaction with Dragendorffs spray, and these compounds were identified 
as menthone, carvone. and camphor (:30,31). Arctiin, a nonconjugated 
lactonic lignan glycoside, also gave' a positive reaction with Dragendorff's 
reagent as well as with other alkaloid precipitants. The spray reagent was 
used for visualization of cineole and ascaridole on TLC. Menthone, 

I I)r. A. A. Omar. Department of Pharmacognony, Faculty ( i f  Pharmacy, Alex- 
andria l'niversity, Alexandria, Egypt. personal c~immunicaticin. 

camphor, cineole, ascaridole, and arctiin lack the minimal structural 
features determined by Farnsworth a t  al.  (3) .  

This ambiguity prompted the present study to determine the minima1 
structural features for a false-positive alkaloid reaction with emphasis 
on the reaction with Dragendorff's spray. 

EXPERIMENTAL 

Test Compounds-The compounds were obtained from commercial 
sources. Some natural products were provided by investigators or sepa- 
rated by TLC from plant materials, crude drugs, or preparations. Lo- 
calization of these compounds was achieved through reliance on reported 
Rf  values in specified TLC systems and the use of specific chromogenic 
reagents (82-55). and no quantitation was attempted. 

Acetylated Compounds-Acetylation of the test compounds was 
effected by pyridine-acetyl chloride or acetic anhydride-sulfujic acid. 
Chloroform extracts of' the acetylated compounds were washed thor- 
oughly with 2% HCI and water or with 2% NaHCOJ and water, respec- 
t ively. 
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Table 11-Compounds Reported by Farnsworth et al. (3) to React Positively with Dragendorffs  Spray Reagent 

Column A: Compounds with Conjugated 
Carbonyl or Lactone Structure 

Comuound Reactiona Compound ReactionD 

Column B: Compounds Lacking any Conjugated 
Carbonyl or Lactone Function 

Ten 4-methoxy-a-pyrones 
Four coumarins 
Four furanocoumarins 
Three y-pyrohes 
Khellin 
Chalcone 
P-Methoxychalcone 
cis - 1.4-Diphenyl-2-butene- 1,4-dione 
trans -1,4-Diphenyl-2-butene-l,4-dione 
A c r o 1 e i n 
Amy1 cinnamate 
Cinnamaldehyde 
Digitoxin 
Menadione 
Ouabain 
Triketohydrindene hydrate 
Piperonal 
Quinone 
Vanillin 

++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++ + + 

Eugenol 
Hydroxycitronellol 
Menthyl salicylate 
Phenyl salicylate 
Salicylic acid 
Benzyl acetate 
Camphor 
Cineole (eucalyptol) 
Methyl salicylate 
Aspirin 
Anethole 
Cinnamic acid 
Geraniol 
Guaiacol 
H ydroquinone 
Phloroglucinol 
Resorcinol 
Terpineol 
Thvmol 

++++ ++++ ++++ +++ ++ ++ ++ ++ ++ + + + + + + + + + + 
Key: ++++, immediate persistent reaction with Dragendorffs reagent; +++, immediate, slight, persistent reaction; ++, immediate reaction, fading within 24 hr; 

and +, positive reaction only after 24 hr. 

Table 111-Reactions of Compounds with Alkaloidal Reagents 

Test Compounds* 
NACP HACP FACP RuAc uAc KmAc C hAc RhAc Meth I m p &  

Reagenta F1 F2 F l F 2  F1F2 & F1F2 F1F2 F1F2 F1F2 F1F2 

Drag. sp. + + + -  + -  + -  + -  + -  + -  - -  + -  + -  + -  
Drag.pt. + + + -  + -  
Mayer’s + + + -  + -  + -  + -  + -  
Wagner’s + + + -  + -  .+ - + -  t -  - -  + -  + -  + -  
Kraut’s + +  + -  + -  + -  + -  STA 

R. salt + +  + -  + -  - -  f -  + -  + -  + -  + -  + -  - -  

- -  + -  + -  - -  - -  - -  - -  + -  - -  - -  + -  + -  - -  
- -  

- -  + +  + -  + -  + -  + -  + -  - -  + -  + -  + -  + -  
- -  

- -  - -  - -  - -  

Key: Drag. sp., Dragendorffs spray reagent (Munier-Macheboeuf modification) (13); Drag. pt.. Dragendorffs precipitation reagent (16); STA, silicotungstic acid; 
and R. salt, Reinecke salt. Key: NACP, ammonia-catalyzed acetone condensation products; HACP, acid-catal zed acetone condensation products; FACP, fixed alkali- 
catalyzed acetone condensation products; RuAc, acetylated rutin; QuAc, acetylated quercitin; KmAc, acetylatedrkaempferol; ChAc, acetylated chrysophanic acid; RhAc, 
acetylated rhein; Meth, methoxsalen; Imp, imperatorin; Sant, santonin; F1. fraction 1 (initial chloroform extract from acid medium); and F2, fraction 2 (purified chloroform 
extract from alkaline medium), as described under Experimental. 

Acetone Condensation Products-The products (if any) from the 
interaction of acetone with concentrated hydrochloric acid, acetone with 
sodium hydroxide pellets, or acetone with concentrated ammonium hy- 
droxide solution were prepared by keeping each pair in a closed flask for 
3 days with frequent agitation. The dark-brown residue obtained with 
acetone and concentrated hydrochloric acid contained acid-catalyzed 
acetone condensation products, the viscid brown residue obtained with 
acetone and sodium hydroxide pellets contained fixed alkali-catalyzed 
acetone condensation products, and the dark, brittle, glassy solid residue 
obtained with acetone and concentrated ammonium hydroxide solution 
contained ammonia-catalyzed acetone condensation products. 

Preparation of Nonalkaloidal Coupled Compounds with Dra- 
gendorff s Reagent-For IR analysis, complexes of khellin, imperatorin 
(ammidin), veratric acid, and cineole were prepared by dissolving the test 
compounds in aqueous acetic acid (20-50%, according to solubility) and 
adding dropwise Dragendorffs precipitation reagent. Khellin gave a 
heavy reddish-brown precipitate instantaneously, imperatorin gave a 
dark-brown crystalline compound after several hours, veratric acid gave 
an amorphous dark-brown deposit after sitting overnight, and cineole 
yielded a deep blood-red oil. 

Reagents-Munier-Machehoeuf Dragendorff s spray reagent (13), 
Dragendorffs precipitation reagent (36), Mayer’s reagent (36), Wagner’s 
reagent (23), Kraut’s reagent (37), 12% aqueous silicotungstic acid solu- 
tion, and saturated Reinecke salt solution were used. 

Test Procedure-The test compounds were dissolved in chloroform, 
alcohol, acetone, or chlorofrom-alcohol to make 0.2% solutions when 
solubility permitted or lower concentrations otherwise. Dissolution of 
very volatile liquids was not attempted to guard against loss of the test 
compound during solvent evaporation. 

Aliquots, 10 pl, of individual test compounds were applied to micro- 
chromatoplates prepared by the slurry technique (32). Without at- 
tempting development, the spotted areas were sprayed with Dragen- 
dorffs reagent. The reaction results were recorded immediately (11). 

Spots of some very volatile liquids were examined by viewing the chro- 
matoplates from the back (e.g., isobutyraldehyde and isobutyl ep- 
oxide). 

When certain constituents were extracted from preparations, two 
initial spots of the crude extract were cochromatographed using specified 
TLC systems (32-35). In one chromatogram, the constituents were lo- 
cated using specific chromogenic reagents (32-35) and then were used 
to monitor the second chromatogram that was sprayed with Dragendorffs 
reagent. 

Partition of Test Compounds and Preparations-The purified total 
cardenolide fraction of Acokanthera spectabilis (B), the alcoholic extract 
of L. dentata, certain acetylated flavonoids [rutin, quercitin, kaempferol, 
hyperoside (3-D-galactoside hemipentahydrate), and quercitin glucu- 
ronide], the fixed alkali-catalyzed acetone condensation products, the 
acid-catalyzed acetone condensation products, the ammonia-catalyzed 
acetone condensation products, santonin, methoxsalen (xanthotoxin), 
and imperatorin were subjected to partition between acid-base and or- 
ganic solvents. A concentrated alcoholic solution of the material was taken 
in dilute hydrochloric acid, the acidic solution was extracted with two 
portions of chloroform (fraction l) ,  and the aqueous phase was alkalinized 
with ammonia solution and reextracted with two portions of chloroform 
(fraction 2). Both fractions were tested with Dragendorffs spray and 
precipitation reagents, Mayer’s reagent, Wagner’s reagent, silicotungstic 
acid solution, Reinecke salt solution, and Kraut’s reagent. 

Recording Results-If a very slight or no color was observed with the 
spray reagent, larger quantities of the test solution (20-50 pl) were re- 
tested. Test compounds and results are given in Tables I and 11; Table 
111 gives the results of the partition experiments. 

RESULTS AND DISCUSSION 

Of the many organic compounds tested, only positively reacting 
compounds are given in Table I. Compounds reported by Farnsworth et 
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n c  C=C-C-0-R f i r  C=C-c=o 
I I1 

al. (3) to give a positive reaction are given in Table I1 after being cate- 
gorized according to whether they conform to the structural requirementa 
determined by these investigators. 

The structures of 86 positively reacting compounds (Table I) and some 
of the 55 compounds reported by Farnsworth et al. (3) (Table 11) were 

n * L \ *  c=c-c-0 c-c-0 
111 IV 

C' 

studied. Many of the compounds were conjugated aldehydes, ketones, 
and lactones, thus fulfilling the minimal structural requirement indicated 
by Farnsworth et al. (3). These compounds are listed in column A of 
Tables I and 11. Many other compounds lack these structural features 
(column B of Tables I and 11). 

Compounds of column B (Table I) have no common structural feature 
that correlate them to compounds of column A. While some have carbonyl 
or lactone functions (the first eight compounds), they lack conjugation 
to these functions. All other compounds of column B lack carbonyl or 
lactone functions. Thus, neither these features nor the conjugation is 
necessary for the reaction. 

All of the positively reacting compounds are oxygenated, and the 
oxygen represents a site of high electron density-uiz., carbonyl, lactone, 

CH,+ CH, I* CHI\* \ *  CH,-C-CH,OR 

CHI CHI CH, 
t 'GH-CHO ,C-CH, ,CH - CH,OR , CH -CHIOR 

+ ( 'H 

CH /T CHI j0/ 

v VI VII VIII IX 

X XI x I1 XI11 x IV 

CH , CHI 
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OCOCH, OCH 
HIC CHI H F  CHI OCOCH OCOCH, < 
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XXXIX XL XLI XLII 

LXIII XLIV XLV XLVI 

0 

CH, OH 
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ether, ester, epoxide, and peroxide. This observation suggested that: (a) 
it may not be the carbonyl function per se but instead the high availability 
of its electrons that accounts for the reaction, and ( b )  other oxygen 
functions of comparably high electron density may react similarly. This 
suggestion has been realized by the strong positive reactions of some 
conjugated ethers and esters (Table I) and the positive reaction of some 
a,P-unsaturated alcohols and acids. The existence of the a,p-unsatura- 
tion in these compounds would increase substantially the electron density 
a t  the oxygen function (I and II), rendering it sufficiently basic to form 
coordinate complexes with Lewis acids (alkaloidal reagents). 

The compounds studied lacking any conjugated carbonyl or lactone 
function were V, isobutyraldehyde; VI, isobutyl epoxide; VII. isobutyl 
ether (R = alkyl) or ester (R = acyl); VIII-X esters (R = acyl) or ethers 
(R = alkyl): VIII, active isopentyl ethers or esters; IX, neopentyl ethers 
or esters; and X, isopropylmethyl ethers or esters; XI, ascaridole; XII, 
camphor; XIII, bornyl acetate; XIV, menthone; XV, 1,4- and 1,8-cineoles; 
XVI, 2,3-dihydro-4-pyran; XVII, 5,6-dihydro-2-pyran; XVIII, ethyl- 
2-cyclohexanone carboxylate; XIX, geranyl acetate; XX, linalyl acetate; 
XXI, citronellal; XXII, thymol acetate; XXIII, acetyleugenol; XXIV, 
acetyl anethole; XXV, guaiacol; XXVI, veratric acid; XXVII, ethyl 
cinnamate; XXVIII, picrotoxinin; XXIX, arctiin; XXX, acetyl-a-amyrin; 
XXXI, lipidiol; and XXXII, digitonin (R = sugar moiety). 

Many compounds that lack a,p-unsaturation (to the oxygen) react 
positively (Tables I and 11). Nonetheless, in almost all of these com- 
pounds, the P-carbon (denoted by an asterisk) bears one or more free alkyl 
groups. The electron-repelling methyl groups increase the electron 
density a t  the P-carbon, resulting in the same effect as does a,p-unsat- 
uration. In V-XV, the effect of the free alkyl groups is demonstrated; the 
arrowheads in the structural formulas of these compounds qualitatively 
represent the electron-repelling effect of these groups. 

These observations were significant in establishing I11 or IV as the 

structural feature necessary for the false alkaloid reaction, provided that 
the high availability of electrons at the oxygen was not altered by other 
functions. 

The 8-carbon (denoted by an asterisk) of 111 may constitute a part of 
an aromatic structure. The oxygen function in 111 and IV may be an al- 
dehyde, a ketone, a lactone, an alcoholic or phenolic ether, an ester, an 
oxide, or a peroxide. 

Structures I11 and IV were demonstrated to fulfill the requirements 
of the test by the typical alkaloid-like reactions given by acrolein, cro- 
tonaldehyde, citral, carvone, XI, XIX, piperonal (XXXV), and ver- 
atraldehyde (XXXVI) (General Structure 111) and by V-XV (General 
Structure 1V). 

If the oxygen of the essential structure is an alcohol, a phenol, or a 
hemiacetal, a negative or slight reaction is given, eg., geraniol, terpineol, 
linalool, borneol, isoborneol, primary isobutanol, pyrocatechol, resorcinol, 
pyrogallol, orcinol, hydroquinone, guaiacol, benzhydrol, thymol, 
a-amyrin, lanosterol, salicyl alcohol, isopentanol, and cinnamyl alcohol. 
Esterification of these alcohols and phenols in many instances gave 
positively reacting esters (Table I). 

Carboxylic acids also were expected to react negatively due to their low 
availability of electrons at the carboxylic group or because acids tend to 
associate as cyclic dimers (39). Thus, crotonic, anisic, maleic, acrylic, 
benzoic, cinnamic, p-hydroxybenzoic, glycyrrhizic, glycyrrhetini:, and 
quillaic acids gave negative tests, despite the fulfillment of the structural 
requriement. Maleic anhydride, phthalic anhydride, and cantharidin also 
gave a negative reaction. 

The reaction of compounds that fulfilled the essential requirement was 
affected hy other functions that altered the electron density a t  the oxygen 
or the P-carbon. Thus, when the P-carbon was involved in an aromatic 
structure or a conjugated double bond system, electron-repelling sub- 
stituents enhanced the reaction, e.g., pyrocatechol (-) [cf., guaiacol(*) 
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Scheme I-Possible acid-catalyzed, fined alkali-catalyzed, and ammonia-catalyzed acetone condensatton products with alkaloid-like behavior 

and eugenol ( + + + ) I ,  m-cresol(-) [cf., thymol ( + ) I ,  anisole (-) [cf.. an- 
ethole (+)], and benzaldehyde (-) and 3-hydroxybenzaldehyde (-) [cf., 
anisaldehyde (++), veratraldehyde (+++), piperonal (+++), and 3- 
butoxybenzaldehyde ( + + ) I .  On the other hand, an electron-attracting 
substituent decreased or even eliminated the reaction, eg., acetophenone 
(+++) and p-aminoacetophenone (+++) [cf., p-nitroacetophenone (-) 
and p -hydroxyacetophenone (-)I. 

The strong reactions given by 3-butoxybenzaldehyde, piperonal, ver- 
atraldehyde, eugenol, and acetyleugenol in contrast to the negative re- 
actions given by benzaldehyde, 3-hydroxybenzaldehyde, and vanillin 
mean that the reaction of the former five compounds should not be at-  
tributed wholly to the conjugated carbonyl structure but should partially 
be attributed to their conjugated ether and/or ester functions. The same 
also applies to conjugated carbonyl compounds and lactones with addi- 
tional reactive ether, ester, or carbonyl functions: XXXIII, vanillin; 
XXXIV, 3-butoxybenzaldehyde; XXXV, piperonal; XXXVI, veratral- 
dehyde; XXXVII, anisaldehyde; XXXVIII, yangonin; XXXIX, 
methysticin; XL, dihydromethysticin; XLI, psoralen (furocoumarin) (R1 
= R:! = H), bergapten (R1 = OCH.,), methoxsalen (RP = OCH3), imper- 
atorin (Rz = isoamyleneoxy), and isopimpinellin (R1 = RP = OCH.1); 
XLII, furochromones khellin (R = OCHs) and visnagin (R = H); XLIII, 
santonin; XLIV, xanthumin; XLV, meliternatin; XLVI, meliternin; 
XLVII, ternatin; XLVIII, rotenone; XLIX, withaferin A; and L, glycyr- 
rhetinic acid. 

The IR spectra of khellin, imperatorin, and veratric acid provided 
evidence that both the carbonyl and ether functions in these compounds 
are involved in the reaction. The strong band assigned to the carbonyl 
function (1655-1620 cm-' in khellin, 1710-1650 cm-' in imperatorin, 
and 1685-1655 cm-' in veratric acid) were distorted and split in the 
spectra of the corresponding coupled compounds. More pronounced 

changes were observed in the region of the ether and aralkyl ether 
stretching vibration; thus, the strong bands at  1085 cm-' in khellin and 
1090 cm-I in imperatorin were split into doublets of medium intensity 
in the spectra of the coupled compounds. The band at 1095 cm-' with 
veratric acid appeared only as a shoulder in the spectrum of the coupled 
compound. The bands between 1000 and 979 cm-I (-C=CH deforma- 
tion) also were affected, i.e., weakened and shifted toward a higher fre- 
quency in the spectra of the coupled compounds. 

The 'reactivity of compounds with the essential structure was elimi- 
nated almost completely by hydroxyl groups in their structures. The 
hydroxyl groups competed for the oxygen function of the essential 
structure, through inter- and/or intramolecular hydrogen bonding. This 
competition may explain the contrast in the reaction of acetophenone 
(+++) versus p-hydroxyacetophenone (-)% coumarin (+++) versus 
umbelliferone (*), anisaldehyde (+++) uersus vanillin (k), digitoxin 
(+++) and strophanthin (++) uersus ouabain (G-strophanthin) (+), 
menadione (++++) versus 3-hydroxymenadione (-), and santonin 
XLIlI (+++) and xanthumin XLIV (+++) versus lipidiol XXXI (-) 
and isolipidiol (*). 

Therefore, naturally occurring hydroxylated flavonoids and hydrox- 
yanthracene derivatives were expected to react negatively. Acetylated 
derivatives of these compounds gave positive tests with Dragendorff's 
spray reagent (Table I) as well as with some other alkaloidal precipitants 
(Table 111). Acetylation and alkylation not only eliminated the interfering 
action of the hydroxyls but also introduced additional conjugated ester 
or ether functions; thus, the alkaloid-like reaction was intensified. 

Briggs and Locker (8) reported that XLV-XLVII, three alkylated 
hydroxyflavones, gave precipitates with the usual alkaloid reagents and 
gave crystalline salts with acids. This alkaloid-like behavior was attrih- 
uted to the fact that each molecule was completely alkylated. However, 
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Farnsworth (4) stated that the reaction was due to the conjugated car- 
bony1 function and that other flavonoids would react similarly. The 
present work shows both of these reports to be partially correct; despite 
the conjugated carbonyl nature, flavonoids do not show alkaloid-like 
behavior unless they are almost completely alkylated. 

Being alkylated isoflavonoids, all rotenoids presumably give positive 
alkaloid reactions; e.g., rotenone (+++). 

Housholder and Camp (40) stated that treatment of plant material with 
acetone and ammonia solution can give rise to alkaloid-like artifacts. 
These investigators were unable to identify the condensation products 
of the reaction, but they reported that the reaction rate was enhanced 
by light and the atmosphere. 

Upon wet packing a column of silica gel with benzene-acetone-am- 
monia and keeping it overnight prior to the application of any material, 
discoloration of the column was observed2. Draining and evaporating the 
brown solvent mixture yielded a brown residue, which gave typical al- 
kaloid reactions with Dragendorffs spray reagent as well as with other 
alkaloid precipitants. Neither benzene nor the plant material but instead 
acetone and/or ammonia apparently were responsible for the production 
of the alkaloid-like artifacts because both were common factors. 

These artifacts may be either nitrogenous condensation products of 
acetone and ammonia or nonnitrogenous, alkali-catalyzed aldol con- 
densation products of acetone that fulfill the requirements of the false 
reaction. 

Acid-catalyzed, fixed alkali-catalyzed, and ammonia-catalyzed acetone 
condensation products gave a strong positive reaction with Dragendorffs 
spray reagent. TLC revealed three main, qualitatively identical Dra- 
gendorff-positive spots in acid-catalyzed and fixed-alkali-catalyzed ac- 
etone condensation products a t  R/ 0.78, 0.67, and 0.55 on silica gel in 
chloroform-methanol (93:7) and a t  R, 0.65,0.53, and 0.42 on silica gel 
in chloroform-methanol-acetic acid (89101), respectively. The am- 
monia-catalyzed acetone condensation products revealed at least seven 
spots, including three identical to those of the acid-catalyzed and fixed 
alkali-catalyzed condensation products. The additional four spots were 
at low R/ values: 0.32,0.21,0.11, and 0.00 in chloroform-methanol and 
0.26,0.45,0.05, and 0.00 in chloroform-methanol-acetic acid. An eighth 
spot, Rf 0.50 in chloroform-methanol and 0.46 in chloroform-metha- 
nol-acetic acid, gave a typical pink color. 

Obviously, the spots common in the acid-catalyzed, fixed alkali-cata- 
lyzed, and ammonia-catalyzed acetone condensation products were of 
nonnitrogenous compounds. This conclusion indicates the compounds 
to be aldol condensation products of acetone. Scheme I shows the possible 
reaction products of acetone with acids, fixed alkalis, and ammonia. 
Compounds LIII-LVI are a&unsaturated ketones that fulfill the 
structural requirement of the false reaction. The additional low R, spots 
in the ammonia-catalyzed acetone condensation products were assumed 
to be amino compounds (LVII-LXI) that arise from the condensation 
of ammonia with the reactive a,B-unsaturated ketones LIII-LV. This 
assumption was favored by the positive nitrogen test given by the am- 
monia-catalyzed acetone condensation products. Further evidence for 
the postulated reaction sequence was the development of the additional 
low Rf spots, absent from the acid-catalyzed and fixed alkali-catalyzed 
condensation products, when the latter two were kept with concentrated 
ammonia solution overnight. 

From the results of the partition experiments (Table III), nonnitro- 
genous Dragendorff-positive plant constituents apparently do not in- 
terfere with alkaloid detection and isolation if necessary partition puri- 
fication steps are performed. The nitrogenous acetone-ammonia reaction 
products react typically as alkaloids and interfere seriously with alkaloid 
detection and/or isolation. 
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Abstract 0 T h e  hydrolysis kinetics of a series of N-Mannich bases of 
carhoxamides, thioamides, and other NH-acidic compounds were studied 
to assess their suitability as prodrugs for various drugs. T h e  pH-rate 
profiles for the compounds were determined a t  37' and were accounted 
f'or by assuming the spontaneous decomposition of both free and pro- 
tonated Mannich bases. T h e  reaction rate for the free base increased 
sharply with increasing steric effects of the amine component of the 
N-Mannich bases and also with increasing acidity o f t h e  amide compo- 
nent. N-Mannich bases may be potentially useful prodrugs for NH-acidic 
compounds such as  various amides, imides, and ureides and for 
i i  in i nes. 

Keyphrases 0 Prodrugs-N-Mannich bases of amides, ureides, amines, 
and iniides. hydrolysis kinetics Hydrolysis kinetics-N-Mannich base 
prodrugs of amides, ureides, amines, and imides Amides-N-Mannich 
base derivatives as prodrugs, hydrolysis kinet.ics Amines-N-Mannich 
base derivatives as prodrugs, hydrolysis kinetics hides-N-Mannich 
base derivatives as prodrugs, hydrolysis kinetics 0 Ureides-N-Mannich 
base derivatives as  prodrugs, hydrolysis kinetics 0 N-Mannich bases- 
derivatives of amides, amines, imides, and ureides, potential as  prodrugs, 
hydrolysis kinetics 

Bioreversible derivatization of drug substances to pro- 
duce prodrugs with altered physiochemical properties can 
improve substantially both drug efficacy and safety (1-3). 
Chemical transformation of active drug substances into 
inactive derivatives per se,  which convert to  the parent 
compounds within the body, may be relatively simple for 
drug substances possessing groups (e.g., hydroxyl or car- 
boxyl) that are bioreversibly esterifiable. However, for 
many drug molecules, no apparently readily derivatizable 
functional groups or entities are present. 

BACKGROUND 

As a par t  111 studies (4-6) to  identify potentially useful hioreversible 
derivatives of  dil't'icult-to-derive chemical entities and drug molecules, 
it was found tha t  N-Mannich bases may be potentially useful prudrugs 
for NH-acidic compounds such as  various amides, imides, and ureides 
and for amines. 

N-Mannich hases o f  amides, imides, and various other NH-acidic 
compounds are known (7-10), and several drug substances bearing a n  
NH-acidic group have h e n  mtdit'ied by N-aminomethylation and tested 
a s  potential medicinal agents, t ' . ~ . ,  hydantoins (1  1.12). barbituric acids 
(I:{), sulfonsmides (14). and succinimides (IS, 16). However, almost no 
information on the stahility and reactivity of such derivatives in aqueous 
solution is available. A recent study (17) of the  degradation kinetics of 
rolitetracycline, a highly water-soluble N-Mannich base formed by 
condensation ol'the carboxamide group in tetracycline with formaldehyde 
and pyrrolidine (18), showed tha t  the  compound readily decumposed in 
aqueous solution to  yield tetracycline, formaldehyde, and pyrrolidine 
quantitatively. T h e  degradation half-life a t  p H  7.4 and 3.5O was 43 min, 
indicating the potential of' N-Mannich bases as  prodrugs, a t  least for 
car hoxamides. 

Based on this observation, numerous N-Mannich bases of various 
amides and other NH-acidic compounds were prepared. T h e  decompo- 
sit ion kinetics of the compounds were studied in aqueous solution over 
a Iiroad pH range to elucidate their stability and to assess their suitahility 
as prodrugs lor various drugs. 

EXPERIMENTAL 

The compounds (Table I )  were prepared by heating formaldehyde, the 
amine (or the  amine hydrochloride), and the amide in water-ethanol 
solutions according to standard literature procedures (7,9,10, 19). Several 
compounds were obtained as  the hydrochloride (19). 

All kinetic experiments were carried out in aqueous buffer solutions 
at  37.0 f 0.1'. Hydrochloric acid, acetate, phosphate, borate, and car- 
h n a t e  buffers were used; the total buffer concentration was 0.1 M except 
in experiments where buffer effects were studied specifically. A constant 
ionic strength ( p  = 0.5) was maintained fur each buffer by adding a cal- 
culated amount of potassium chloride. The initial concentration of the 
N-Mannich bases in the  buffers was in the 10-4-5 X 

In rapid reactions, decomposition was followed spectrophotometricaIlyL 
by recording absorbance changes at a wavelength where the absorptions 
of substrate and products differed maximally. Slower reactions were 
followed by measuring the  amount of formaldehyde released using a 
colorimetric procedure described previously (20). The  rate constants were 
determined from plots of log (A, - A, )  or log ( A ,  -. A t )  uersus time, 
where At and A ,  are  the  absorbance readings a t  time t and infinity, re- 
spectively. 

M range. 

RESULTS AND DISCUSSION 

Decomposition Kinetics-At constant p H  and temperature, the 
decomposition rates of the compounds studied followed strict first-order 
kinetics; the reactions went to completion in all kinetic runs, as revealed 
ty the formation of formaldehyde and parent amide in stoichiometric 
amounts. Since the  degradation rates were unaffected by variations 
(0.02-0.5 M )  in t h e  buffer concentrations used to maintain a constant 
pH,  no general acid-hase catalysis was apparent. 

T h e  influence of  pH on the degradation rate for some compounds is 
shown in Fig. I,  where the logarithm of the  observed apparent first-order 
rate constants, k,,i,,, was plotted against pH. The  pH-rate profiles for the 
other compounds listed in Table 1 have a similar shape as  those shown 
in Fig. 1. These pH dependences of k,,~, can be accounted for by assuming 
spontaneous decomposition of the Mannich bases, B, and their conjugate 
acids, BH+,  as shown in Schemes I and 11: 

k l  
B products 

Schrmr  I 

RH+ products 
Schunie II 

With [ B ] 7  as  the total concentration of N-Mannich base (i.e., [BIT = [B] 
+ IHH+]), the  overall rate equation is: 

ki 

where k l  and k z  are  the  apparent  first-order rate constants for the 
qxintaneous degradation of  €3 and BH+,  respectively. 

By introducing into Eq. 1 the  identities: 

(Eq. 2) 

and: 

I Zeiss PMQ I1 equipped with a thermiihtnted cell compartment 
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Table I-Rate Data for Decomposition of Various N-Mannich Bases in Aqueous Solution (p = 0.5; 37") a 

Compound k l ,  min-' k 2  x lo4, min-I pKa t ~ p . ~ ,  min 

N-(Diet hylaminomethyl) henzamide 0.52 1.1 7.1 4.0 
N-(Ethylaminomethyl)henzamide 0.0084 0.9 7.5 190 
N-(Methylaminomethyl) benzamide 0,0026 0.4 7.5 600 
N-(Benzylaminoniethyl) hcnzamide 0.0020 3.0 6.4 380 

N-(Morpholinomethy1)benzamide 0.0005 6 5.6 1400 

N-(Cyclohexylaminomethy1)benzamide 0.026 1.1 7.6 I0 
N-(Piperidinomethy1)benzamide 0.051 0.4 7.8 47 

N-(Isobutylaminomethyl)~)enzamide 0.019 1.0 7.5 82 
N-(Piperidinomethy1)niacinamide 0.17 1 .o 7.5 8 
N-(Morpholinomethyl)trichloroacetamide 0.72 ND 4.1 1 .o 
N-(Piperidinomethyl) trichloroacetamide 35 ND 6.5 0.02 
N-(Piperidinomethy1)thiobenzamide 13 ND 6.6, 0.06 

ND <0.02 N-(Morpholinomethy1)-p-toluenesulfonamide NDd 1.5 x 104 
N-(Morpholinomethy1)-N'-acetylthiourea 0.9 I ND 4.7 0.8 
N-(PiDeridinomethv1)methvlurea ND ND ND 5 

" ND = not determined. Kinetically determined values; f o r  some compmnds, pKa values also were determined titrimetrically and agreed with the kinetically obtained 
values. I' Hydrolysis half-lives at pH 7.4 and :V. klK, = 1.9 X Mlniin. 

where K O  is the apparent ionization constant of the protonated N -  
Mannich bases and a H  is the hydrogen-ion activity, the expression for 
k , , ~ , ,  is: 

The lines in Fig. 1 were constructed from Eq. 4 and the rate constants 
and pKa values given in Table I. Although Eq. 4 and, consequently, 
Schemes I and I1 adequately describe the observed degradation kinetics, 
other kinetically equivalent reactions can account for the observed 
h,,i,,-pH relationship. 

Structural  Effects on Reaction Rate-The rate data in Table I show 
that the structure of the amine component in the N-Mannich bases 
dramatically affected the rate constant, k 1 and, accordingly, the de- 
composition rate of the compounds in weakly acidic to basic aqueous 
solutions (cf., the half-lives a t  pH 7.4). This result was predominantly 
n steric effect of the alkyl groups on the amine nitrogen. For some N -  

J 

I I I L . d  
2 4 6 8 10 12 

PH 
Figure l-The pH-rate profiles for the decomposition of uarious N- 
Mannich bases in ayueous solutcon a t  37". Key: A, N-(benzylami- 
nometh.vl)b~,nzamide; 0, N-(isobut.ylamirtomc~thyl)bcrizamide; 0, 
N-(dirthy/aminomt.thyl)henzamidc; A, N-(morpholinomc,thyl)tri- 
chloroacrfamidr; 0 ,  N-(piper id inomethyl) t r ich/~Jr~~acetamide; and ., 
N - (morpholinomet hy l )  - p-t oluenesu lfonamide. 

Mannich bases of benzamide, an excellent linear correlation existed be- 
tween log k l  and Charton's steric parameter, u (21), for alkylamino groups 
(Fig. 2). The only deviation observed was for the benzylamine derivative 
and may have been due to the lower pKa value for the corresponding 
Mannich hase as compared with the other compounds (Table I). 

The data also show that for the same amine component, the N-Man- 
nich base decomposition rate increased sharply with increasing acidity 
of the parent amide. Thek 1 values of the piperidine derivatives increased 
in the order benzamide < niacinamide < thiobenzamide < trichloro- 
acetamide, which is also the order of amide acidity. The difference in 
acidity among these amides was reflected in the pKa values for the 
Mannich bases with piperidine (Table I ) ,  and a linear correlation can be 
shown to exist between log k l  and the pKa values for these N-Mannich 
base derivatives. For the most acidic amide of the compounds studied, 
p-toluenesulfonamide (pKa 10.3), k l  was too high to be determined. A 
high k l  value also was observed for morpholine derivatives of other acidic 
compounds such as succinimide, phenytoin, and harbital. 

Structural factors other than steric effects and stability of leaving 
groups also may influence the reactivity of N-Mannich bases. Urea and 
thiourea Mannich bases were more reactive than expected on the basis 
of their acidity. Salicylamide derivatives degraded markedly faster in 
neutral solution than did the corresponding henzamide derivatives. The 
degradation half-lives of salicylamide N-Mannich bases with morpholine 
and a-alanine a t  pH 7.4 and 37" were 38 and 17 min, respectively [cf., 
1400 min for N-(morpholinomethyl)benzamide]. 

Reaction Mechanism-Although insufficient experimental evidence 

I I I 
0.5 1 .o 1.5 

v 

Figure 2-Plot of LO.# k l  against Charton's steric substituent parameter 
for alkylamino groups for  N-Mannich bases of benzamide 
( C G H ~ C O N H C H ~ R ) .  Key: I ,  R = methylamino; 2, R = benzylamino; 3, 
K = ethylamino; 4, R = isobutyhmino; 5, R = cyclohexylamino; and 6 ,  
K = diethylamino. Compound 2 was excluded from the correlation 
plot. 
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K R ,  

i’ 0 

R,(’NH HOCH,N R 
It 

1 
HCttO + RIR,NH 

Schc~mc 111 

exists for a firm mechanistic scheme for the degradation, a plausible 
inechanistn that agrees with the observed data is given in Scheme 111. The 
rate-determining s tep involves unimolecular N-C bond cleavage with 
lorination o f  an amide anion and an immonium cation. In subsequent 
fast steps, a solvent molecule transfers a proton to  the  amide anion and 
a hydroxide ion to the immonium ion, giving carbinolamine, which rapidly 
 dissociate^ ( 2 2 ,  2:j) to formaldehyde and amine. In accord with th’is 
mechanism, the large steric effects exhibited by the amine alkyl groups 
may he explained as  hindrance of amine solvation (cf.. 24), resulting in 
increasing nucleophilicity with increasing steric hindrance and ,  hence, 
increasing the lahility of‘the N-C bond. T h e  possible formation of  N -  
(hydroxyniet hyl)amides in a rate-determining step does not seem likely 
since these compounds degraded much slower than t h e  corresponding 
N-Mannich hases in separate experiments. 

CONCLUSION 

The present study shows that  N-Mannich hases can be considered a s  
potentially useful prodrugs of amides and various other compounds con- 
taining acidic NH-groups. By appropriate selection of the amine com- 
ponent, it should be feasible to obtain prodrugs with varying physico- 
chemical properties such as  the cleavage rate, aqueous solubility, and  
lipciphilicity. Transformation of an amide into an N-Mannich base in- 
troduces a readily ionizahle moiety, which may allow the  preparation of 
derivatives with greatly increased aqueous solubilities a t  slightly acidic 
pH values where the stahility is  sufficiently high. For example, mor- 
pholinr derival ives possess good aqueous soluhility2. 

Finally, N-Mannich hases also can be considered as  prtxlrug candidates 
tor primary and secondary amines. T h e  pKa of amines decreases con- 

siderably by N-amidomethylation. [Wit.h benzamide, the  decrease is -3 
pKa unit.s (cf., Table I)]. Therefore, a potentially useful purpose for 
transforming amino compounds into N-Mannich base transport forms 
would be to  increase the  lipophilicity of the  masked amines at physio- 
logical pH by depressing the ionization of the conjugate acid forms. 
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Abstract 0 The metabolism of tocainide, an experimental antiar- 
rhythmic drug, was studied in humans. Urinary excretion of' unchanged 
drug was 28-55% in 24 hr after oral dosing. Urine hydrolysis with hy- 
drochloric acid or P-glucuronidase increased tocainide recovery to 55- 
79%. Saccharo-1 ,.l-lactone inhibited the P-glucuronidase-mediated to- 
cainide recovery increase. Adjustment of urine to pH 13 produced a 
compound identified as .?-(2,fi-xylyl)-5-methylhydantoin. Evidence 
suggests that it was derived from the same metabolite that. formed the 
additional tocainide alter acid or P-glucuronidase. treatment. Tocainide 
carhamoyl O-P-~-glucuronide is the structure proposed for the metab- 
olite. The suggested pathway for its formation involves the addition of 
carbon dioxide to the amino nitrogen of' tocainide followed by uridine 
diphosphate glucuronic acid conjugation. 

Keyphrases 0 Tocainide---human metabolism, conjugation 0 Antiar- 
rhythmic agents-tocainide, human metabolism, conjugation 0 Me- 
tabolism-tocainide in humans, conjugation 

Tocainide, 2-amino-2',6'-propionoxylidide (I), an analog 
of liaocaine (IT), is an experimental antiarrhythmic drug 
undergoing clinical evaluation (1-6). Several studies of 
tocainide pharmacokinetics have been reported (2, 7,8) .  
In a human pharmacokinetic study, 90-100% bioavail- 
ability and 40% excretion of unchanged drug in the urine 
were reported (7). A novel metabolic pathway for the 
conjugation of this primary amine is described in this re- 
port. 

EXPERIMENTAL 

Chemicals-Tocainide ( I ) ,  3',4',5'-trideuterotocainide, and 2-ami- 
nobutyr0-'2',6'-xylidide (111) were prepared as the hydrochloride salts 
by standard methods' (9). 

Synthesis of 3-(2,6-xylyl)-5-methylhydantoin (IV) was carried out 
using a modification of a literature method (10). ~ ~ - A l a n i n e  ethyl ester 
hydrochloride was treated with phosgene in toluene to produce ethyl 
tu-isocyanatopropionate, which then was treated with 2,fi-xylidine. Cy- 
clization was accomplished by treating the intermediate with 5 N NaOH. 
The crude product was purified hy high-pressure liquid chromatography 
(HPLC). Compound IV was obtained as colorless crystals, mp 138.5- 

1.16 (9, J = 6.5 Hz, CH), and 7.16 (broad s, 3 aromatic, NH); electron- 
impact mass spectrometry? 218 (M+), 203 (M - CHa), 157,148,147 (base 
peak), 13'2, 119, 113 (hydantoin ring), I05 (2,6-dimethylphenyl), 91,77, 
70, and 44; IR4 (KBr): A,,, 3235 (NH), 1775 (C=O), 1703 (C=O), 1407, 
1324, 1178, and 771 (3 adjacent H's) cm-I. 

Heptafluorohutyrylimidazole", mollusk P-glucuronidase (lyophilized; 
<0.7%, arylsulfatase), and saccharo-1,4-lactone6 were obtained from 
commercial sources. All other reagents were spectral or  HPLC grade. 

140.5'; NMR' (CDCI:{): 6 1.47 (d, J = 6.5 Hz, CH:r), 2.19.2.17 ( 2 ~ ,  2 CH:r), 

I E. W. Hyrnes. P. L). McMaster, H. S. Feldman, G. H. Kronherg. H. H. Takman. 

NMK spectra were recorded 011 a Perkin-Elmer model R-'10 with tetrameth- 

,' Electrtin~impact mass spectra were obtained on a quadrupole Finnegan 

and 1'. A. Tenthorey. to he puhlished. 

ylsilane as  the internal standard. 

I ( 1  1 r, - D. 
IR spectra were obtained MI a Perkin-Elmer 25 grating IR  spectrometer. 
Pierce Chemical Co., Hocklord, 111. 

fi Call)iochem, La Jolla, Calil'. 

I: R ,  = CH,, R, = H 
II: R, = H, R, = C,H, I \R2 111: R,  = C,H,, R, = H 

/R' 

\ " 'CH, 
CH,  0 

IV 
Mass Spectrum3-GLC-mass spectrometry conditions were: glass 

column, 1.8 m X 2 mm i.d., 3% JXR tin 100-120-mesh Gas Chrom Q7; 
carrier gas, helium a t  30 m l h i n ;  injector temperature, 250'; column 
temperature, programmed from 150 to 250' a t  8'/min; separator tem- 
perature, 250', transfer line temperature, 225'; ion source temperature 
1 2 5 O ;  vacuum, 5 X torr; ionization energy, 70 ev; emission current, 
0.3 mamp; and electron multiplier, 2.5 kv. 

Determination of Tocainide in Biological Fluids-Samples were 
extracted using an aliquot of urine or  plasma, 1 ml of the internal stan- 
dard (111,s pg/ml), 1 ml of 1 N NaOH, distilled water to bring the solution 
to  a total volume of 5 ml, and 5 ml of methylene chloride. The solution 
was mixed for 10 min and centrifuged at  2ooO rpm, and the aqueous layer 
was discarded. The organic layer was transferred to a clean tube. Hep- 
tatluorobutyrylimidazole, 20 pl, was added for derivatization, and the 
sample was evaporated to  dryness in a 45' water bath. The dry residue 
was washed with 2 ml of methylene chloride and 1 ml of 0.1 N NaOH. The 
aqueous layer was discarded, and the methylene chloride was evaporated. 
Ethyl acetate, 20 pl, was added, and 1 pl was injected into a gas-liquid 
chromatograph equipped with a flame-ionization detector8. 

An electron-capture detectorg also was used, in which case ethyl acetate 
was substituted for the methylene chloride in the final wash without 
evaporation. Concentration was determined by measuring the peak height 
ratio of drug to  internal standard and relating this ratio to a calibration 
curve (0.5-20 pg). 

The monoheutafluorobutvrvl derivative was stable for 24 hr. The GLC - _  
conditions were: glass column, 1.8 m X 2 mm i.d., 3% OV-17 on 80-100- 
mesh Gas Chrom Q7 or 3% PC-3210 Ultraphase on 80-100-mesh Chro- 
mosorb WHPs; and carrier gas, helium at 30 ml/min. The  injector, col- 
umn, and detector temperatures were 250,205, and 275'. respectively, 
lor the OV-17 column and 220,165, and 210" for the PC-3210 column. 

In addition, tocainide and IV were assayed by HPLC. The liquid 
chromatograph consisted of a high-pressure pump'O, a valve and a 25-pl 
loop injector", a 30 X 0.39-cm octadecylsilane reversed-phase column12, 
and a variable-wavelength detector'" set a t  205 nm. The mobile phase 
consisted of 25% acetonitrile in 0.05 M NaC104 a t  pH 4.0 with a 2-mlhin  
flow rate. 

A single extraction was used as described except for the heptafluo- 
robutyryl derivatization prior to evaporation. The dry sample was dis- 

Applied Science Laboratories, State College, Pa. " Varian 2700, Palo Alto, Calil'. 
9 Varian 3700 with a 'W-detector.  Palo Alto. Calif. 

Model M6000A, Waters Associates, Milford, Mass. 
11 Model CV-6-bHPa-NG0, Valco Valve, Houston, Tex. 
12 pBondapak CIS. Waters Associates, Milford, Mass. 

Model SF 770, SchoeIlel, Westwood, N.J. 
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T a b l e  I-Tocainide Recovery before  and a f t e r  Hydrolysis  
- 

Daily Percent Tocainide Dose 
Tocainide Released Released ~ ~ .. 

Hydrochloride Excreted by Acid by 

1's" 3200 55 19 15 
SKI' 2400 48 3 1 30 

I)], 300 :3 7 23 - 
NL" 1800 28 30 27 
WC" 2400 42 16 28 

Suhject Dose. mg Unchanged Hydrolysis fLGlucuronidase 

M R," 2400 47 21 15 

('hronic administratiiin. W h r  urine c~i l lec t i~~n.  Single dose, 2 4 h r  urine col- 
l(.i.l1l111. 

solved in 200 pl of the mobile phase, and 25 pl was injected. Urine also 
was diluted 10-fold with distilled water and injected directly. Tocainide, 
111. and synthetic I V  eluted a t  4.3, 5.3, and 7.4 min, respectively. 

Isolation of IV f r o m  Urine-A urine aliquot was adjusted to p H  9 
with sodium hydroxide and extracted five times with equal volumes of 
methylene chloride to remove the  tocainide. T h e  pH was adjusted to  13 
by the addition of sodium hydroxide, leading to the formation of IV. 
Hydrochloric acid was used to return the p H  to 9, and the  sample was 
extracted with methylene chloride. Preparative HPLCI4 was used to  
purify the  crude IV. T h e  other chromatographic conditions included a 
1.0-mI injection loop", a 1.2-m X 0.95-cm porous silica column15 (37- 
7 5 - p n  particles), and a 1% ethanol in chloroform mobile phase. The  
column was purged thoroughly with methanol each morning before 
use. 

D r u g  Administration-Twenty-four-hour urine collections were 
obtained from five patients (two females and three males, ages 40-60) 
undergoing long-term treatment with tocainide hydrochloride. Individual 
oral doses ranged from 1.8 to 3.2 g/day in divided doses. A male volunteer 
received a single 300-mg oral dose of tocainide hydrochloride following 
an overnight fast. A second volunteer received a 300-mg dose as  a 5 0 5 0  
(wiw) mixture of tocainide and 3',4',5'-trideuterotocainide. Twenty- 
four-hour urine samples were collected from both volunteers. 

U r i n e  Hydrolysis-The acid hydrolysis involved mixing of 5.0 ml of 
urine with 5.0 ml of 4 N HCI, followed by incubation for 1 hr a t  100O. An 
aliquot was taken for tocainide analysis by GLC and HPLC after 
cooling. 

For the enzyme hydrolysis, a 1.0-ml urine aliquot adjusted to p H  4.0 
with 0.5 N acetic acid was incuhated with 8-glucuronidase (pH 4,25,000 
Fishman units) in a water bath a t  37". After 12 hr, an additional 25,000 
units of 0-glucuronidase was added, and the incubation was continued 
lor another 12 hr. Aliquots were assayed for tocainide a s  described. An 
identical set  of samples was subjected to enzyme hydrolysis with 2 mg 
of saccharo-l,4-lactone, a specific inhibitor of P-glucuronidase, added 
with each addition of enzyme. 

RESULTS A N D  DISCUSSION 

Either acid hydrolysis or treatment with P-glucuronidase increased 
the tocainide amount recovered from the urine (Table I).  Based on the  
five patients who received multiple tocainide doses, 44% of the oral dose 
was excreted a s  free tocainide. An acid or P-glucuronidase hydrolyzable 
metaholite accounted for a n  additional 2370 of the  dose. T h e  excretion 

acid or 
0-glucuronidase 

c \ 
toca in ide  
m e t a b o l i t e  or heat 

~ Iv 

@-glucuronidase 
+ saccharo-1.4-lactone 

Scheme I 
~ ~ 

Model A l K  202/40l, Waters Asswiates, Milford, Mass 
lS kirasil R,  Waters Ass~iriates. Milford, Mass. 

i 'H, 
CHI 

v 

uridine diphosphate-glucuronic acid / 
H ,C 

bH 
VI 

Scheme 11-Metabolic pathway for tocainide uridine diphosphate- 
glururonic acid conjugation. 

pattern for the volunteer (Subject DL) who received a single dose was 
similar. 

T h e  basis for elucidating the metaholite structure is described in 
Scheme I. There was essentially complete recovery of the free tocainide 
with the  five methylene chloride extractions a t  p H  9.0. These methylene 
chloride extracts did not  contain IV. The  remaining aqueous phase was 
adjusted to pH 13 and then readjusted to p H  9 prior to a methylene 
chloride extraction. This  methylene chloride extract contained a signif- 
icant amount  of IV hut  not tocainide. Typically, the urine tocainide 
roncentrations ranged from 200 to  600 gg/ml, and the IV concentrations 
were approximately half of that. These concentrations indicated that  IV 
was formed a t  pH 13, tha t  it could be extracted a t  p H  9, and that  it was 
not derived directly from tocainide. 

Direct injection of urine onto the HPLC column confirmed the absence 
of' IV in the untreated urine. However, direct injection of urine, from 
which free tocainide had been removed, onto the G I L  column resulted 
in a peak for IV, demonstrating its thermal formation. After acid hy- 
drolysis or P-glucuronidase treatment of the  urine, it was not possihle 
to  generate IV a t  p H  13. Furthermore, after extraction of IV from the  
alkaline urine, acid hydrolysis of the remaining urine did not yield ad-  
ditional tocainide. 

The  synthetic IV and the IV isolated from urine had identical retention 
times upon GLC analysis. Further confirmation of ident ity was obtained 
by IR, NMR, mass spectral, mixed melting-point, and elemental analyses. 
The  mass spectrum of IV for the subject who had ingested tocainide with 
3',4',5'-trideuterotocainide exhibited doublets with each ring fragment, 
confirming tha t  IV arose from ingested tocainide. 

T h e  formation of tocainide upon acid- or 8-glucuroriidase-catalyzed 
hydrolysis suggested tha t  the  metabolite was a glucuronide conjugate 
of tocainide or of a labile compound t h a t  easily formed tocainide. T h e  
presence of a glucuronide conjugate was confirmed when simultaneous 
treatment with saccharo-l,4-lactone prevented enzyme-catalyzed to- 
cainide release. For example, the  tocainide concentrations in untreated 
urine, P-glucuronidase-treated urine, and urine treated with P-glucuro- 
nidase and saccharo-1,4-lactone were 199,395, and 209 gg/ml, respec- 
tively. This  specific inhibitor of /!-glucuronidase was used since com- 
mercial b-glucuronidase preparations often contain other hydrolytic 
enzymes. Also, preliminary electrophoretic studiesI6 indicated tha t  the  
metabolite was negatively charged a t  pH 4.6 and neutral a t  pH 2.2. T h e  
metaholite on the electrophoretogram was ident.ified by treatment with 
alkali, resulting in IV, and by acid hydrolysis, resulting in tocainide. 

T h e  simplest interpretation of these da ta  was to hypothesize an N -  
glucuronide of tocainide for the  metabolite structure. However, the  for- 
mation of IV from the metabolite under strongly basic conditions or upon 
thermal decomposition could not  be reconciled with the  N-glucuronide 
structure. 

An extra carhonyl group clearly was present in IV tha t  was not present 
in tocainide. Compound 1V definitely was a product of the  metaholite 

Ifi Electrophoretic studies were ciinducted as descrihed previously (1 1)  using D 
HV-5000A power supply and F1'-:1OS flat plate (Savant Instruments, Hicksville, 
N.Y.). 
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since tocainide did not produce IV when treated with alkali or  heat. The 
explanation is that a carbonyl group is present in the metaholite between 
the amino nitrogen and the glucuronide moiety. 

A proposed reaction for metaholite formation in i ~ iuo  is presented in 
Scheme 11. Hased on the proposed metabolite structure, the data can be 
explained easily. Acid or enzyme hydrolysis initially would yield the 
carhamic acid (V), which would then easily generate tocainide. A car- 
hamic acid is in a constant and rapid equilibrium with an amine. A change 
in the pH or the carbon dioxide-bicarhonate concentration can easily 
shift the equilibrium. Conjugation of  V with glucuronic acid produces 
the proposed metabolite (VI) ,  tocainide carbamoyl O-~-l ,-~lucuronide.  
This structure also provides a reasonable explanation for the facile con- 
version to IV by attack of  the amide nitrogen on the carl)onyl carhon with 
displacement of the glucuronide moiety as a leaving group. The un- 
charged species at  pH 2.2 found in the electrophoretic studies also can 
he explained since the inclusion of the carbonyl group would result in a 
loss of basicity of the nitrogen atom. 

The reaction of tocainide with carbon dioxide has ample precedent in 
the transport mechanism for carbon dioxide by hemoglobin; hemoglobin 
carbamic acid accounts for -12% of the carbon dioxide transported by 
the blood of resting humans (12). Glycine and glycylglycine with pKa 
values of -8.0 often have been used as models for the reaction of hemo- 
globin with carbon dioxide (12); tocainide has a pKa of 7.8. Among other 
factors, the degree to which any amine combines with carbon dioxide will 
depend on its pKa, the pH, and the carbon dioxide concentration (12). 

In summary, a pathway for the conjugation of an amine has been 
proposed. It was fortunate that tocainide carbamoyl O-&I)-glucuronide 
yielded a characteristic degradation product (IV). Whether this pathway 
applies to amines other than tocainide can be resolved only by further 
research. 
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The Friedel-Crafts reaction between itaconic anhydride 
and an aromatic derivative was reported (1-3). This re- 
action was adapted to many aromatic substrates and led 
to the synthesis of a chemical series with interesting 
pharmacological properties (4, 5 ) .  Pharmacological and 
toxicological studies yielded a new compound, 4-[4’-(2- 
chlorophenyl)phenyl]-4-oxo-2-methylenebutanoic acid 
( F  1379) (I), whose International General Designation is 
itanoxone. Compound I is a powerful hypolipidemic and 
hypouricemic agent (6-8). 

The impurities that might be found in I were defined, 
isolated, or synthesized. With both chemical and physi- 

cochemical data of secondary products and samples, a 
detection method for these impurities in the end-product 
was investigated. 

BACKGROUND 

The Friedel-Crafts reaction between itaconic anhydride and 2-chlo- 
robiphenyl gave I as the main product as reported previously (4, 5) 
(Scheme I). 
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since tocainide did not produce IV when treated with alkali or  heat. The 
explanation is that a carbonyl group is present in the metaholite between 
the amino nitrogen and the glucuronide moiety. 

A proposed reaction for metaholite formation in i ~ iuo  is presented in 
Scheme 11. Hased on the proposed metabolite structure, the data can be 
explained easily. Acid or enzyme hydrolysis initially would yield the 
carhamic acid (V), which would then easily generate tocainide. A car- 
hamic acid is in a constant and rapid equilibrium with an amine. A change 
in the pH or the carbon dioxide-bicarhonate concentration can easily 
shift the equilibrium. Conjugation of  V with glucuronic acid produces 
the proposed metabolite (VI) ,  tocainide carbamoyl O-~-l ,-~lucuronide.  
This structure also provides a reasonable explanation for the facile con- 
version to IV by attack of  the amide nitrogen on the carl)onyl carhon with 
displacement of the glucuronide moiety as a leaving group. The un- 
charged species at  pH 2.2 found in the electrophoretic studies also can 
he explained since the inclusion of the carbonyl group would result in a 
loss of basicity of the nitrogen atom. 

The reaction of tocainide with carbon dioxide has ample precedent in 
the transport mechanism for carbon dioxide by hemoglobin; hemoglobin 
carbamic acid accounts for -12% of the carbon dioxide transported by 
the blood of resting humans (12). Glycine and glycylglycine with pKa 
values of -8.0 often have been used as models for the reaction of hemo- 
globin with carbon dioxide (12); tocainide has a pKa of 7.8. Among other 
factors, the degree to which any amine combines with carbon dioxide will 
depend on its pKa, the pH, and the carbon dioxide concentration (12). 

In summary, a pathway for the conjugation of an amine has been 
proposed. It was fortunate that tocainide carbamoyl O-&I)-glucuronide 
yielded a characteristic degradation product (IV). Whether this pathway 
applies to amines other than tocainide can be resolved only by further 
research. 
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The Friedel-Crafts reaction between itaconic anhydride 
and an aromatic derivative was reported (1-3). This re- 
action was adapted to many aromatic substrates and led 
to the synthesis of a chemical series with interesting 
pharmacological properties (4, 5 ) .  Pharmacological and 
toxicological studies yielded a new compound, 4-[4’-(2- 
chlorophenyl)phenyl]-4-oxo-2-methylenebutanoic acid 
( F  1379) (I), whose International General Designation is 
itanoxone. Compound I is a powerful hypolipidemic and 
hypouricemic agent (6-8). 

The impurities that might be found in I were defined, 
isolated, or synthesized. With both chemical and physi- 

cochemical data of secondary products and samples, a 
detection method for these impurities in the end-product 
was investigated. 

BACKGROUND 

The Friedel-Crafts reaction between itaconic anhydride and 2-chlo- 
robiphenyl gave I as the main product as reported previously (4, 5) 
(Scheme I). 
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Cl’ 
IV 

‘C1 U 

V 

Figure 1-Comparative thin-layer chromatograms of I, its isomers ( I l l ,  
V, Vl .  and VII ) ,  and M I  (a mixture of1 and its isomers) (a), and VIIl  
and I X  (hydrogenation products from 111 and I ,  respectively), and M2 
(a mixture of VIII and I X )  (b). 

I1 

Impurities may he due to the raw material, unspecific reaction, or I 
degradation. Thevaw material, 2-chlorobiphenyl, may contain 4-chlo- 
rohiphenyl as an impurity. 2-Chlorobipheny1, synthesized from 2- 
chloroaniline by a Gomherg-Bachmann-Hey reaction, must be analyzed 
lor the 4-chlorohiphenyl impurity before itanoxone synthesis. After the 
FriedelLCrafts reaction with itaconic anhydride, 4-chlorobiphenyl gave 
another itanoxonr isomcr [4-[4’-(4-chlorophenyl)phenyl]-4-0~0-2- 
methylenehutanoic acid, 111. 

Secondary products are formed in the reaction since itaconic anhydride 
is asymmetric. Although the acylation is selective (1-3), it could give 
equally another derivative [4-[4’-(2-chlorophenyl)phenyl]-4-oxo-3- 
methylenebutanoic acid, 1111. 

Furthermore, chlorobiphenyl acylation takes place preferentially In 
the para-position 0 1  the nonchlorinated ring, but the formation of IV is 
conceivable. This derivative has not been observed and was not prepared 
as a reference sample. 

Degradation products also may he present as impurities. In I and 111, 
the double bond can shift, as was found (1-3) with similar compounds. 
Shifting the double bond of 1 to an adjacent carbon gave a more highly 
conjugated isomer [4-[4’-(2-chlorophenyl)phenyl]-4-0~0-2-methyl-2- 
hutenoic acid, V]. 

Compound V exists as two geometrical isomers, 2 and A’. Theoretically, 
the 2 f o r m  is more stable in the cyclized form [5-[4’-(2-chlorophenyl)- 
phenyl]-.5-hydroxy-3-methy1-2,5-dihydrofuran-2-one, VI] (1-3, 9, 10). 
Since V1 is a lactone, V can be regarded as the E-isomer. Compound VI 

111 

was prepared by sunlight isomerization of V (1-3, 10). Analogous rea- 
soning applied to 111 led to the postulation of a derivative 6-[4’-(2-chlo- 
r~~phenyl)phenyl]-fj-hydroxy-4-methyl-2,5-dihydrofuran-2-one (VII). 

Compounds V and VII also may he obtained by Friedel-Crafts reaction 
of 2-chlorobiphenyl with citraconic anhydride, as reported for similar 
products (1-3, 10-12). This anhydride may be an impurity of itaconic 
anhydride, but not when the latter compound is crystallized. The isom- 
erization of 111 or VII to the open E form is more difficult, as was shown 
(1,11,13) with similar compounds, and was not investigated. These de- 
rivatives are isomers with the formula C17H13C103; their presence in I 
was not revealed by elemental analysis. These compounds, except IV, 
were synthesized. 

EXPERIMENTAL 

General Methods-NMR spectra were recorded on a 60-MHz ap- 
paratus’ with tetramethylsilane as an internal reference; the chemical 
shifts were expressed in 6 relative to tetramethylsilane. IR2 and U V  
spectra were obtained in a double-beam spectrometer. Melting points 
were taken on a hot stage4 and were not corrected. TLC utilized precoated 
silica gel plates5 with chloroform-methanol (8515); after development 
to 12-15 cm, the plate was exposed to 254-nm UV radiation or iodine 
vapor for visualization (Figs. l a  and 16). 

Synthesis of I-A solution of 47.3 g (0.25 mole) of 2-chlorobiphenyl 
and 28 g (0.25 mole) of itaconic anhydride (rhombic bipyramidal prisms, 
mp 68-69’) in 120 ml of methylene chloride was preheated to 30’ and 
placed in a 500-ml round-bottom flask. The flask was fitted with a me- 
chanical stirrer, a thermometer, a dropping funnel, and a reflux condenser 
connected to a hydrochloric acid absorber. Freshly ground anhydrous 
aluminum chloride (74 g, 0.55 mole) was added in portions. After boiling 

CH, 
/ 

CH-C 

VI  

C-CH 

VII 

Model R-24B, Hitachi Perkin-Elmer, Hitachi Ltd., Tokyo, Japan. 

Model 177, Perkin-Elmer Ltd., Beaconsfield, Buckinghamshire, England. 
Kofler stage, C. Reichert AG. Wein XVII, Austria. 
Silica gel 60 F 254 precoated plates, E. Merck, Darmstadt, West Germany. 

* Model DK-2A, Beckman Instruments, GMBH, Munchon 45, West Ger- 
many. 

50 I Journal of Pharmaceutical Sciences 
Vol. 69, No. 7, January 7980 



under reflux for 3 hr, 350 ml of concentrated hydrochloric acid mixed with 
"00 g of crushed ice was added to the mixture. 

The organic phase was separated and washed with water until the wash 
water was neutral. It then was poured into a mixture of200 ml of acetone 
and 100 ml of 95% ethanol, which gave a first crop of crystals. These 
crystals were filtered off and rinsed with acetone (yield of 43.7 g). The 
mother liquor was evaporated to dryness, giving an oil (27 g) containing 
some crystals. This oil was taken up in 100 ml of 95% ethanol, and a sec- 
ond crop of crystals precipitated. These crystals were filtered oft' and 
washed with acetone (yield of 4.7 g). The solution (A) was retained. 

The crystals were combined and purified by recrystallization from 
dioxane to give 46.5 g (62% yield) of I as small colorless needles, mp 
212-214'; IR (potassium bromide): 1690 (COOH), 1676 (C=O), and 1610 
(C=C aromatic) cm-I; UV (95% ethanol): A,,, 267 (log t 4.24) nm; NMR 
(dimethyl sulfoxide-ds): 6 4.1 (s, 2H, COCHz), 5.85 (d, l H ,  J = 1.2 Hz, 
lrans-HC=CCOOH),6.B(d,lH,J = 1.2 Hz,cis-HC=CCOOH),7.:1-7.9 
(m, 7H, COOH and aromatic prtrtons), and 8.1 (d, 2 H , J  = 8 Hz, aromatic 
protons ortho to c=o) ppm; TLC: R f  0.41. 

Anal.-Calc. for C17Hl:iC10:,: C, 67.89; H, 4.35; CI, 11.78. Found: C, 
67.52; H,  4.30; CI, 11.76. 

Isolation of 111-Solution A was evaporated to dryness under reduced 
pressure, and the residue was taken up in 250 ml of ether. The ethereal 
solution was washed with water and then dried over anhydrous sodium , 

sulfate. On evaporation, it gave a yellow-orange oil (22 g) containing some 
crystals. This oil was extracted continuously for 8 hr with petroleum ether 
in a soxhlet apparatus. The resulting solution contained only unreacted 
2-chlorohiphenyl and a small quant.ity of I. 

The insoluble matter was purified by recrystallization from boiling 
isopropyl ether and gave 1.58 g (2.1% yield) of 111 as colorless crystals, mp 
120O; IR (potassium bromide): 1705 (COOH), 1650 (C=O), and 1630 and 
1605 (C=C) cm-I; UV (95% ethanol): A,,, 269 (log 6 4.15) nm; NMR 
(chloroform-d and dimethyl sulfoxide-ds): 6 3.5 (s, 2H, CH2COOH), 5.75 
(d, l H ,  J = 0.6 Hz, trans-HC=CC=O), 6 (d, l H ,  J = 0.6 Hz, cis- 
HC=CC=O), 7.2-7.7 (m, 6H, aromatic protons), 7.9 (d, 2H, J = 10 Hz, 
aromatic protons ortho to carhonyl), and 9.6 (s, l H ,  COOH) ppm; TLC: 
R{ 0.32. 

Anal.-Calc. for C1jH1:jCIO:i: C, 67.89; H,  4.35; CI, 11.78. Found: C, 
68.02; H, 4.18; CI, 11.74. 

Determination of St ruc tu re  of 111-Compound I11 was hydroge- 
nated to give a derivative [4-[4'-(2-chlorophenyl)phenyl]-4-oxo-3- 
methylbutanoic acid, VIII], which also could be obtained unequivocally 
by the action of citraconic anhydride on 2-chlorobiphenyl followed by 
reduction by a literature method (12). 

Hydrogenation of 111-A solution of 300.7 mg (10 mmolesj of I11 in 
5 ml of ethanol was hydrogenated under normal pressure in the presence 
ol30 mg of 10% palladium-on-charcoal. After the catalyst was removed, 
the solvent was evaporated under reduced pressure, and the residue was 
recrystallized from boiling benzene-cyclohexane (21) to give 172 mg (58% 
yield) of colorless crystals, mp 139"; IR (potassium bromide): 1705 
(COOH), 1680 (C=O), and 1605 (C=C aromatic) cm-I; UV (95% etha- 
nol): A,,, 266 (log t 4.23) nm; NMR (dimethyl sulfoxide-ds): 6 1.25 (d, 

. 

3H, Jad = 7 Hz, CHCH,a), 2.4 (q, 1H, J b d  = 6 Hz, J b c  = 16.5 Hz, 
CHbCOOH), 2.9 (q, lH ,  J,d = 8 Hz, J, .b  = 16.5 Hz, CH,.COOHJ, 3.95 (m, 
lH ,  CHdCH:,), 7.2-7.7 (m, 6H, aromatic), 8 (d, 2H, J = 10 Hz, aromatic 
protons ortho to C=O), and 8.6 (s, l H ,  COOH) ppm; TLC: R/ 0.46. 

Anal.-Calc. for C17H&lOa: C, 67.44; H, 4.99; CI, 11.71. Found: C, 
67.64; H,  5.27; CI, 11.61. 

Preparation of VII-A suspension of 30 g (0.23 mole) of freshly 
ground anhydrous aluminum chloride in 80 ml of anhydrous rarhon di- 
sulfide was treated dropwise with 11.2 g (0.1 mole) of citraconic anhy- 
dride. The solution was stirred for 30 min, and a solution of 18.8 g (0.1 
mole) of 2-chlorobiphenyl in 30 ml of anhydrous carbon disulf'ide was 
added over 40 min. When the addition was complete, the mixture was 
refluxed for 2 hr. 

The usual workup with hydrochloric acid and crushed ice gave 28 g of 
yellow-green crystals. When these crystals were recrystallized in boiling 
isopropyl ether, 15.5 g (520/0yield) of VII was obtained as colorless crystals, 
mp 146'; IR (potassium bromide): 3280 (OH), 1740 (C-0 lactone), and 
1640 (C=C) cm-I; UV (95% ethanol): A,,, 248 (log 6 4.16) nm: NMR 
(chloroform-d, dimethyl sulfoxide-d6): 6 1.9 (s, 3H, CH:i), 5.7 (s, IH ,  

q + i - y o H  
0 CH, c1 

VIII 

CH=CCH:%), and 7.8 (m, 9H, aromatic protons and OH) ppm; TLC: R/ 
0.55. 

Ann/.-Calc. for CI;HI:iC1O:,: C, 67.89; H, 4.35; CI, 11.78. Found: C, 
67.41; H, 4.17; CI, 11.81. 

Hydrogenation of VII to VIII-An intimate mixture of 4.5 g (0.015 
mole) of VII in 10 ml of acetic acid and 25 ml of water was refluxed in the 
presence of 3 g of zinc powder in a 100-ml round-bottom flask. After 1 
hr, the mixture was filtered while still boiling. The insoluble matter was 
extracted several times with ethyl acetate, which also was used to extract 
the filtrate. 

The combined organic extracts were washed with,50 ml of 5 N HCI and 
with water and then were dried over anhydrous sodium sulfate and 
evaporated. The residue was purified with boiling benzene-cyclohexane 
( 2 1 )  and gave 2 g (45% yield) of VIIl as colorless flakes, mp 139O (not 
depressed by mixing with the sample prepared by hydrogenation of 111); 
IR (potassium bromide): 1705,1680, and 1605 cm-I; UV (95% ethanol): 
A,,, 266 (log t 4.24) nm; NMR (dimethyl sulfoxide-ds): 6 1.25,2.4, 2.9, 
3.95,7.2-7.7, and 8 ppm; TLC: Rf 0.46. 

Anal.-Calc. for C17H15C103: C, 67.44; H, 4.99; CI, 11.71. Found: C, 
67.69; H, 5.09; C1,11.69. 

Isomerization of I to V-Compound I was isomerized to V by the 
procedure of Lutz et al. (1) as adapted by Bailey and Dien (13) and Fateen 
et al. ( 3 ) .  Pure triethylamine (12.5 ml) was added to 5 g (16.6 mrnoles) 
of I,  suspended in 25 ml of water. The yellow solution that formed was 
stirred for 12 hr at  room temperature. After a small quantity of insoluble 
matter was removed, the filtrate was diluted with 50 g ol'crushed ice and 
was acidified with 6 N HCI to pH 2-3. The yellow crystals were collected 
on a fritted filter, dried, and rinsed with distilled water until the wash 
water was neutral. 

After drying, the crystals were recrystallized from 15 volumes of boiling 
isopropyl alcohol to give 3.5 g (70% yield) of V as yellow needles, mp 196'; 
IR (potassium bromide): 1690 (COOH), 1665 (C=O), 1630 and 1610 
(C=C), and 975 (trans-CH&=C-H) cm-I; UV (95% ethanol): A,,, 287 
(log t 4.25) nm; NMR (dimethyl sulfoxide-ds): 6 2.15 (d, 3H, J = 1.4 Hz, 
CH:!) and 7.2-8.2 (m, 10H, other protons) ppm; TLC: Hi 0.28. 

Anal.-Calc. for C17H1:&IO:,: C, 67.89; H, 4.35; CI, 11.78. Found: C, 
68.06; H, 4.52; CI, 11.59. 

Isomerization of V to VI-Compound VI was obtained by sunlight 
isomerization of V according to the procedure of Lutz et al. (1) as adapted 
hy Bowden and Henry (10). Compound V (15 g, 50 mmoles) was dissolved 
in methanol-dioxane, and the solution was exposed to sunlight for 12 hr. 
After the solvents were evaporated, the residue was purified by extraction 
with anhydrous ether. Petroleum ether was added, and 12 g (805  yield) 
of VI as colorless crystals precipitated, mp 130'; IR (potassium bromide): 
3400 (OH), 1730 (C=O lactone), and 1610 (C=C) cm-I; UV (95% etha- 
nol): A,,, 249 (log t 4.12) nm; NMR (dimethyl sulfoxide-ds): 6 2.0 (d, 3H, 
J = 1 Hz, CH3). 7 (d, lH ,  J = 1 Hz, =C-H), and 7.15-7.8 (m, 9H, aromatic 
protons and COOH) ppm; TLC: R f  0.26. 

Anal.-Calc. for C I ~ H ~ ~ C I O : ~ :  C, 67.89; H, 4.35; CI, 11.78. Found: C, 
67.64; H, 4.92; CI, 11.62. 

Synthesis of 11-A solution of 20.6 g (0.1093 mole) of 4-chlorobiphenyl 
and 12.26 g (0.1093 mole) of itaconic anhydride in 70 ml of anhydrous 
methylene chloride was added with vigorous stirring to a suspension of 
32.4 g (0.24 mole) of ground anhydrous aluminum chloride in 70 ml of  
anhydrous methylene chloride. After 2 hr a t  room temperature, the re- 
action mixture was refluxed for 3 hr and then left overnight a t  room 
temperature. The mixture was hydrolyzed in the usual manner. The o r -  
ganic phase was separated and rinsed several times by shaking with water. 
The solvent was removed under vacuum without heating. 

The crystals obtained were rinsed with water until the wash water was 
neut.ral and were allowed to dry in the air. They finally were recrystallized 
from 11 volumes of boiling ethyl acetate to give 17 g (52% yield) of I1 as 
pale-beige powdery crystals, mp 192'; IR (potassium hromide): 1700 
(COOH), 1675 (C=O). and 1630 and 1610 (C=C) cm-I; UV (9583 etha- 
nol): A,,,, 285 (log c 4.47) nm; NMR (dimethyl sulfoxide-d6): 6 4.05 (s, 
2H, COCH?), 5.75 (s, l H ,  trans-HC=CCOOH), 6.3 (s, l H ,  cis-HC= 
CCOOH), and 7.3-8.3 (m, 9H, other protons) ppm; TLC: R, 0.38. 

Anal.-Calc. for CI7Hl:jCIO:i: C, 67.89; H, 4.35; C1, 11.78. Found: C, 
67.12; H, 4.55; CI, 11.49. 

Hydrogenation of I t o  4-[4'-(2-ChlorophenyI)phenyl]-4-oxo-2- 
methylbutanoic Acid (1X)-A semisolution of 54 g (0.179 mole) of I in 
1080 ml of dioxane containing 36 ml of acetic acid was treated with 2.7 
y 01' 10% palladium-on-charcoal in a 3-liter erlenmeyer flask connected 
to a hydrogen gas holder. After the apparatus was purged with nitrogen 
and hydrogen, the stirrer was started and hydrogenation began after 
induction for 40 min. The theoretical quantity of hydrogen was absorbed 
i n  6 hr. The gas holder was disconnected, the catalyst was removed by 
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1ilt.ration through kieselguhr, and the filtrate was evaporated to dryness 
and gave beige crystals. 

The solid was recrystallized from hoiling alcohol, and 34.2 g (63% yield) 
of I X  was produced a5 brilliant-beige needles on cooling, mp 172’. When 
I>( was mixed with VIII, the melting point was depressed to 128-131”, 
and TLC gave a spot with two parts (Fig. l b ) ;  IR (potassium bromide): 
1700 (COOH), 1680 (C=O), and 1610 (aromatic C=C) cm-I; UV (95% 
ethanol): A,,, 262.5 (log 6 4.21) nm; NMK (dimethyl sulfoxide-d6): d 1.25 
(d, 9 H , J  = 7 Hz,-CH:<), 2.7-3.8 (m, 3H,-COCH?CHCOOH),7.2-7.8 (m, 
7H, aromatic protons and COOH), and 8 (d, 2H, J = 8 Hz, aromatic 
protons ortho to the carbonyl) ppm; TLC: Rf 0.50. 

Anal.-Calc. lor C17Hl,&IO:(: C, 67.44; H, 4.99; CI, 11.71. Found: C, 
67.41; H, 5.10 CI, 11.49. 

DISCUSSION 

Structure  of 111-The results of the experimental analysis confirmed 
the structure of 111. The IR spectrum of Ill compared to that of I showed 
a shift of the acidic carboxyl hand toward the shortwave region, which 
indicates that the carboxyl group was attached to an sp3 carbon. More- 
over, t.he shift of the ketonic carhonyl hand toward the longwave region 
suggest.ed that this function was adjacent to a douhle bond. Furthermore, 
the UV spectrum showed the presence of an ahsorption maximum a t  269 
nni (which excluded the existence of conjugation between the carbonyl 
and the carboxyl groups’as in V). 

In comparison with I, there also was a slight bathochromic effect (A,,, 
269 uersus 267 nm), which indicated that IV was not present since in that 
case there would have been a conjugation breakdown leading to a hyp- 
sochromic effect. This observation was in agreement with the slight 
hathochromic effect observed previously (14) in passing from u-meth- 
ylpropiophenone or a-methglhutyrophenone to u-methylenepropio- 
phenone. Finally, the NMR spectrum gave an identical picture for the 
block representing the aromatic protons of I and of 111, which proved that 
the two isomers had the para structure. Shielding was also noticeable for 
the two signals of the ethylenic protons, but this shielding was especially 
remarkable for the methylenic protons since the chemical shift passed 
from 6 4.1 for I to 6 3.5 for 111. Such a shift could he explained only by 
chain isomerism. Its intensity made it possible to note the presence of 
I in 111 and to calculate the percentage of it by integration ( ~ 4 %  in the 
sample obtained). 

These results were confirmed hy the conversion into the saturated 
derivative. The saturated derivative was identical to an authentic sample 
prepared unequivocally by chemical reduction of the hydroxylactone 
(VI I )  formed by the reaction between citraconic anhydride and 2-chlo- 
rohiphenyl. The hydrogenated derivative (VIII) differs from its isomer 
( I X )  obtained by hydrogenating 1 (different IR and NMR spectra). The 
melting point of a mixture nf VII l  and IX showed a distinct depression. 
Upon TLC, the mixture of VIII and I>( gave a stain consisting of two parts 
(Fig. I b) .  Therefore, the formation of this isomer showed that, contrary 
t o  the opinion of several investigators (1-3, 13), opening of the itaconic 
anhydride ring hy an aryl group does not give a single product but instead 
leads to the formation of the two isomers in unequal proportions. NMR 
carried out on a crude reaction mixture after hydrolysis, washing with 
water, and solvent evaporation showed that the ratio by weight of I to 111 
was -8O:‘LO. 

St ruc tu re  of V--The method of formation of V showed that it is not 
easy to purify I by converting it into the water-soluble alkali metal salt 
followed by acidif‘icatinn after separating insoluble matter, unless the 
conditions are chosen carefully. The isomer structure was deduced from 
spectral analysis. The NMR spectrum agreed with a 4-aryl-4-oxo-2- 
methyl-2-butenoic acid. The presence of the doublet with d 2.15,J = 1.4 
Hz, was concordant with the values (6 2.2, 2.14, and 2.18 (average)] re- 
ported (11, 12, 15) for similar aryl-substituted acids. With IR spectros- 
copy. two ahsorptinn hands were found at  1690 (COOH) and 1665 (C=O) 
cm-’, which showed that the compound had an open structure. The 
stretching frequency observed at 975 cm-’ is characteristic of =C-CHa 
in the trans-CH:<-C=C-H group (15.16). As reported by various inves- 
tigators (1, 3, 9-11), the trans-geometrical isomers of these acids are 

\ 0 
CI 

IX 

linked to the open form, the cis-isomer being stable only as the cyclized 
hydroxylactone. 

S t ruc tu re  of VII-The 1R spectrum of VII showed the absence of a 
ketonic rarbonyl group and the very strong absorption of the lactone 
group a t  1740 cm-I. In addition, the presence of a hydroxyl group was 
indicated by an absorption band a t  3280 cm-I. The UV spectrum con- 
firmed this result hy the absence of conjugation between the aromatic 
ring and the carhoxyl group through the intermediary of the carbonyl 
group excited by the douhle bond (A,,, 248 nm). Finally, the NMR 
spectrum agreed with the values of the signals given (10,12) by analogous 
compounds. 

The NMR spectrum was close to that of the isomeric hydroxylactone, 
VI. However, the signal relating to the ethylenic proton was more de- 
pressed with VJ (7.0 uersus 5.8), which confirmed the position assigned 
to the methyl group in these two compounds. The values of the chemical 
shifts observed for the ethylenic protons in VI and VII were in gnod 
agreement with those given by Bowden and Henry (10) in a review of 
ring-chain tautomerism for the derivatives: 

(7.23) (6.04) 

CH, H 
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CONCLUSIONS 

With the samples prepared as described and after comparative studies 
of Rf values, specific absorptions in the UV range, and specific NMR 
signals, a method was developed for detecting these impurities. The most 
suitable method for routine analysis is TLC on silica gel using metha- 
nol-chloroform (15235) and developing to 15 cm. With these conditions, 
four isomers exhibited sufficient R/ differences to permit their detection 
in I (Fig. la).  The respective R/ values for I ,  II, 111, V, VI, and VII were 
0.41,0.38,0.32,0.28,0.26, and 0.55. Nevertheless, considering the close 
Rf values for I and 11, this method is not sufficiently accurate for the 
determination of 11; in this case, GLC of 2-chlorobiphenyl provides a 
better control for the absence of I1 in I. 

The most frequent impurity is V, which can be formed even when 
starting with pure I. Compound VI, formed with greater difficulty in the 
solid state, is present to a lesser extent in industrial samples. Compounds 
V and VI correspond to the evolution products of the I molecule, and their 
absence in the starting material does not exclude their detection in the 
finished pharmaceutical form. The other secondary products are man. 
ufacturing impurities, which must be tested for in the starting material. 
Their absence in the starting material is adequate to guarantee the quality 
of the pharmaceutical form since they cannot be formed spontaneously 
from I. 

Systematic tests have shown that this method makes possible the de- 
tection of these main impurities in I concentrations as low as 0.2%. Levels 
as low as 1% of V can be detected in I by NMR using a routine 60-MHz 
apparatus. A standard range has been carried out in dimethyl sulfoxide-d6 
with I containing increasing quantities of V (0.5,1,2,3,5, and 7.5%); at  
1%, the signal at  d 2.1 ppm clearly was distinct from the background noise. 
These UV or NMR physicochemical methods do not provide any ad- 
vantage for detecting the impurities studied in comparison with TLC. 
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Abstract The whole plant of Enicostemma hyssopifolium (Willd.) 
Verd. (Gentianaceae) was collected a t  different growth stages and was 
shown to contain seven flavonoids: apigenin (I), genkwanin (II), isovitexin 
( I I I ) ,  swertisin (IV), saponarin (V), 5-0-glucosylswertisin (VI), and 5- 
O-glucosylisoswertisin (VII). Compounds VI and VII previously were 
unreported in nature. The yields of the flavonoids varied with the growth 
stage. The biochemical and chemotaxonomic significance of these results 
is appraised. 

Keyphrases 0 Flavonoids-isolation from Enicostemma hyssopifolium, 
identification 0 Medicinal plants-isolation of flavonoids from Eni- 
costemma hyssopifolium, identification 0 Gentianaceae-isolation of 
flavonoids from Enicostemma hyssopifolium, identification 0 Enico- 
stemma hyssopifolium-isolation and identification of flavonoids 

The genus Enicostemma (Gentianaceae) is monotypic; 
the only recorded species is E. hyssopifolium (Willd.) 
Verd. (synonymous with E. littorale Blume) (1). The plant 
is found throughout India up to 450 m (1500 ft). Extracts 
of the plant are used in Indian medicine to treat cardiac 
dropsy, rheumatism, and certain mental disorders. Sig- 
nificant antipsychotic (3), anti-inflammatory (4), and 
anthelmintic (5) activities were reported for its major al- 
kaloid, gentianine; the corresponding heteroside, swerti- 
amarin, was reported to produce central nervous system 
depressant (6) and cardiostimulant (7) activity. 

The chemicals previously reported in this species were 
monoterpene alkaloids (8-12), heterosides (6,7,10,13,14), 
and a triterpene (14). This paper describes the isolation 
and characterization of the flavonoids of this species. The 
biochemical significance of the chemical constituent 
changes during vegetation is appraised in light of its sep- 
aration as a monotypic genus. 

EXPERIMENTAL’ 

All solutions were dried with anhydrous sodium sulfate. Silica gel2 
(60-120 mesh) was used for column chromatography. TLC was performed 
on silica gel3 with chloroform-acetic acid (98:2, Solvent 1) and n-buta- 
nol-acetic acid-water (4:1:2, Solvent 2). Iodine vapor and ferric chloride 
solution were used for staining. Glucose was detected by partition paper 

1 MeltinE points were taken on a Kofler block in open capillaries and are uncor- 
rected. UV spertra were determined 011 a Cary model 14 recording spectropho- 
tometer. IR spectra were taken in Nujol using a Perkin-Elmer model 337 spectro- 
photometer, and only the major hands are quoted. ‘H-NMR spectra were recorded 
on an XL 100 instrument with Letramethylsilane as the internal standard. Mass 
spectra were determined with an MS-9 or MS-50 spectrometer at 70 ev. * British Drug Houses, Poole, England. 

3 Silica gel G, E. Merck, Darmstadt. West Germany. 

chromatography4 using sodium metaperiodate--bemidine reagent for 
staining (15). 

Dried and milled whole plants of E. hyssopifolium5 at. the flowering 
stage (5.2 kg) were extracted continuously with light petroleum ether (bp 
60-80”) in a soxhlet apparatus for 30 hr. The defatted plant material was 
extracted with ethanol for 30 hr. The petroleum ether extract contained 
alkanes and alkanols and was not processed further. The alcoholic extract 
was concentrated under reduced pressure and processed as shown in 
Scheme I. 

The relative percent yields of the individual compounds a t  various 
stages of plant development are given in Table I. Determination of the 
mixed minor entities was accomplished hy preparative layer chroma- 
ttigraphy of mixture extracts and absorptiometry of the layers after the 
components in these layers were identified by the usual methods. 

Treatment  of Fraction A-Fraction A was dissolved in 250 ml of hot 
ethyl acetate, the solution was concent.rat.ed, and a yellow solid (14.2 g) 
was separated. The solid showed two major spots on TLC a t  Rf 0.68 and 
0.74 (Solvent 2). The two components were separated by fractional 
crystallization from methanol. 

Swertisin (IV)-The sparingly methanol-soluble solid crystallized 
from methanol-dioxane as cream-colored crystals (7.65 g), mp 240-242O; 
[n]$ - 9 O  (c 0.33, pyridine); UV: Amax (ethanol) 272 (log f 4.28) and 334 
(4.38) nm; IR: urnax 3360,1668, and 1610 cm-’; NMR (deuterodimethyl 
sulfoxide): 6 7.88 (2H, d , J  = 9 Hz, H-2’,6’), 6.80 (2H, d , J  = 9 Hz, H-3’,5’), 
6.54 (1H, s, H-8), 6.50 OH, s, H-3), 4.78 ( lH ,  broad, glucosyl H-l) ,  and 
3.98 (3H, methoxyl). The hexaacetate, formed with acetic anhydride and 
pyridiiie under reflux, crystallized from alcohol as colorless needles, mp 
150-151O; mass spectrum: m/e 698 (M+, relative intensity 8%), 656 (22), 
639 (12), 597 (20), 537 (12), 463 (80), 421 (98), 313 (loo), 297 (60) wd 239 
(20). 

Methylat,ion with ethereal diazomethane gave swertisin-4’,5-di-O- 
methyl ether, mp 298-300O. Acetylation of the di-0-methyl ether with 
acetic anhydride and pyridine under reflux afforded swertisin-di-0- 
methyl ether tetraacetate, mp 128-129O; mass spectrum: mle 642 (M+, 
5%), 583 (loo), 582 (22), 523 (8), 341 (55), 325 (62), 294 (5), and 139 (5). 
The physical and spectral properties of the parent compound and its 
derivatives were indistinguishable from those of swertisin (16, 17). 

Isouitexin (III)-After separation of swertisin, the methanol mother 
liquor was concentrated and diluted with acetone. It was kept at  ordinary 
temperature overnight, and a yellow solid precipitated. Repeated crys- 
tallization of the solid from acetone-methanol gave isovitexin (18, 19) 
as yellow needles (6.4 g), mp 229-230’; [a13 +15.4O (c 0.37, ethanol); U V  
A,,, (ethanol) 272 (log c 4.45) and 338 (4.42) nm; I R  urnax 3300 (broad), 
1662, 1628, 1600, and 1588 cm-I; NMR (deuterodimethyl sulfoxide): 6 
7.95 (2H, d,  J = 9 Hz, H-2’,6’), 6.95 (ZH, d,  J = 9 Hz, H-3’,5’),6.72 ( lH,  
s, H-3), 6.54 ( lH ,  s, H-8), and 4.70 ( l H ,  broad, glucosyl H-1); mass spec- 
trum: m/e 414 (M - 18,20%), 396 (8.5), 378 (14), 295 (18), 283 (loo), and 
165 (20). The 4’,5,7-tri-O-methyl ether tetraacetate, prepared as de- 

U’hatman No. 50. 
5 The  plants were collected from the Ranaras Hindu University Campus area 

I2 times during June and August of 1973-1976. Voucher specimens have been 
preserved at the Pharmaceutical Chemistry Research Laboratory. Department of 
Pharmaceutics, Banaras Hindu University. 
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Abstract The whole plant of Enicostemma hyssopifolium (Willd.) 
Verd. (Gentianaceae) was collected a t  different growth stages and was 
shown to contain seven flavonoids: apigenin (I), genkwanin (II), isovitexin 
( I I I ) ,  swertisin (IV), saponarin (V), 5-0-glucosylswertisin (VI), and 5- 
O-glucosylisoswertisin (VII). Compounds VI and VII previously were 
unreported in nature. The yields of the flavonoids varied with the growth 
stage. The biochemical and chemotaxonomic significance of these results 
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The genus Enicostemma (Gentianaceae) is monotypic; 
the only recorded species is E. hyssopifolium (Willd.) 
Verd. (synonymous with E. littorale Blume) (1). The plant 
is found throughout India up to 450 m (1500 ft). Extracts 
of the plant are used in Indian medicine to treat cardiac 
dropsy, rheumatism, and certain mental disorders. Sig- 
nificant antipsychotic (3), anti-inflammatory (4), and 
anthelmintic (5) activities were reported for its major al- 
kaloid, gentianine; the corresponding heteroside, swerti- 
amarin, was reported to produce central nervous system 
depressant (6) and cardiostimulant (7) activity. 

The chemicals previously reported in this species were 
monoterpene alkaloids (8-12), heterosides (6,7,10,13,14), 
and a triterpene (14). This paper describes the isolation 
and characterization of the flavonoids of this species. The 
biochemical significance of the chemical constituent 
changes during vegetation is appraised in light of its sep- 
aration as a monotypic genus. 

EXPERIMENTAL’ 

All solutions were dried with anhydrous sodium sulfate. Silica gel2 
(60-120 mesh) was used for column chromatography. TLC was performed 
on silica gel3 with chloroform-acetic acid (98:2, Solvent 1) and n-buta- 
nol-acetic acid-water (4:1:2, Solvent 2). Iodine vapor and ferric chloride 
solution were used for staining. Glucose was detected by partition paper 

1 MeltinE points were taken on a Kofler block in open capillaries and are uncor- 
rected. UV spertra were determined 011 a Cary model 14 recording spectropho- 
tometer. IR spectra were taken in Nujol using a Perkin-Elmer model 337 spectro- 
photometer, and only the major hands are quoted. ‘H-NMR spectra were recorded 
on an XL 100 instrument with Letramethylsilane as the internal standard. Mass 
spectra were determined with an MS-9 or MS-50 spectrometer at 70 ev. * British Drug Houses, Poole, England. 

3 Silica gel G, E. Merck, Darmstadt. West Germany. 

chromatography4 using sodium metaperiodate--bemidine reagent for 
staining (15). 

Dried and milled whole plants of E. hyssopifolium5 at. the flowering 
stage (5.2 kg) were extracted continuously with light petroleum ether (bp 
60-80”) in a soxhlet apparatus for 30 hr. The defatted plant material was 
extracted with ethanol for 30 hr. The petroleum ether extract contained 
alkanes and alkanols and was not processed further. The alcoholic extract 
was concentrated under reduced pressure and processed as shown in 
Scheme I. 

The relative percent yields of the individual compounds a t  various 
stages of plant development are given in Table I. Determination of the 
mixed minor entities was accomplished hy preparative layer chroma- 
ttigraphy of mixture extracts and absorptiometry of the layers after the 
components in these layers were identified by the usual methods. 

Treatment  of Fraction A-Fraction A was dissolved in 250 ml of hot 
ethyl acetate, the solution was concent.rat.ed, and a yellow solid (14.2 g) 
was separated. The solid showed two major spots on TLC a t  Rf 0.68 and 
0.74 (Solvent 2). The two components were separated by fractional 
crystallization from methanol. 

Swertisin (IV)-The sparingly methanol-soluble solid crystallized 
from methanol-dioxane as cream-colored crystals (7.65 g), mp 240-242O; 
[n]$ - 9 O  (c 0.33, pyridine); UV: Amax (ethanol) 272 (log f 4.28) and 334 
(4.38) nm; IR: urnax 3360,1668, and 1610 cm-’; NMR (deuterodimethyl 
sulfoxide): 6 7.88 (2H, d , J  = 9 Hz, H-2’,6’), 6.80 (2H, d , J  = 9 Hz, H-3’,5’), 
6.54 (1H, s, H-8), 6.50 OH, s, H-3), 4.78 ( lH ,  broad, glucosyl H-l) ,  and 
3.98 (3H, methoxyl). The hexaacetate, formed with acetic anhydride and 
pyridiiie under reflux, crystallized from alcohol as colorless needles, mp 
150-151O; mass spectrum: m/e 698 (M+, relative intensity 8%), 656 (22), 
639 (12), 597 (20), 537 (12), 463 (80), 421 (98), 313 (loo), 297 (60) wd 239 
(20). 

Methylat,ion with ethereal diazomethane gave swertisin-4’,5-di-O- 
methyl ether, mp 298-300O. Acetylation of the di-0-methyl ether with 
acetic anhydride and pyridine under reflux afforded swertisin-di-0- 
methyl ether tetraacetate, mp 128-129O; mass spectrum: mle 642 (M+, 
5%), 583 (loo), 582 (22), 523 (8), 341 (55), 325 (62), 294 (5), and 139 (5). 
The physical and spectral properties of the parent compound and its 
derivatives were indistinguishable from those of swertisin (16, 17). 

Isouitexin (III)-After separation of swertisin, the methanol mother 
liquor was concentrated and diluted with acetone. It was kept at  ordinary 
temperature overnight, and a yellow solid precipitated. Repeated crys- 
tallization of the solid from acetone-methanol gave isovitexin (18, 19) 
as yellow needles (6.4 g), mp 229-230’; [a13 +15.4O (c 0.37, ethanol); U V  
A,,, (ethanol) 272 (log c 4.45) and 338 (4.42) nm; I R  urnax 3300 (broad), 
1662, 1628, 1600, and 1588 cm-I; NMR (deuterodimethyl sulfoxide): 6 
7.95 (2H, d,  J = 9 Hz, H-2’,6’), 6.95 (ZH, d,  J = 9 Hz, H-3’,5’),6.72 ( lH,  
s, H-3), 6.54 ( lH ,  s, H-8), and 4.70 ( l H ,  broad, glucosyl H-1); mass spec- 
trum: m/e 414 (M - 18,20%), 396 (8.5), 378 (14), 295 (18), 283 (loo), and 
165 (20). The 4’,5,7-tri-O-methyl ether tetraacetate, prepared as de- 
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I2 times during June and August of 1973-1976. Voucher specimens have been 
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Scheme I-Isolation of flaoonoids of E. hyssopifolium 

scribed, was identified hy melting-point, mixed melting-point, and co- 
'I'IX analyses as the di-C)-inethyltetraacetate derivative of IV. 

Treatment  of Fraction R-The ethyl acetate mother liquor was 
evaporated. The residue was dissolved in chloroform and chromato- 
graphed over silica gel (30 X 3 cm). Elution was carried out with benzene, 
I)enzene-chloroform ( l : l ) ,  and chloroform (1 liter each), and 100-ml 
fractions were collected. 

C;rnkicanin  (fl)-On evaporation, the middle benzene-chloroform 
eluates (fractions 14-17) afforded genkwanin (20) as yellow needles (0.37 
g),  m p  285-286'; H I  0.48 (Solvent 1); UV: Amax (ethanol) 268 (log z 4.40) 
and 3.37 (4.47) nm; IR: Y,,, 3250,1660,1600,1592, and 1498cm-I; mass 
spectrum: m/e  284 (M+, 100%). 256 (5), 255 (22), 254 (5), 167 (18), 166 
(19), 138 (lo), 128 (20). 118 (12), and 95 (11). Thediacetate, prepared with 
acetic anhydride and pyridine under reflux, crystallized from ethanol 
as colorless needles, mp 195-198". Correspondence of these properties 
with those reported previously (20-22) established the identity as 11. 

Apigertin (I)-The chloroform eluates were combined and evaporated. 
The residue crystallized from aqueous pyridine to give apigenin as yellow 
needles (0.46 g). mp 340-343' dec.; R/ 0.3 (Solvent 1); IIV: A,,, (ethanol) 
26.5 (log c 4.44) and 336 (4.48) nm. 4',5,7-Tri-O-methyl ether, prepared 
with dimethyl sulfate and potassium carbonate in anhydrous acetone 
under reflux for 40 hr, crystallized from ethanol as light-yellow needles, 
nip 153"; NMR (deuterochloroform): 15 7.91 (2H, d ,  J = 9 Hz, H-2',6'), 
6.94 (2H, d, J = 9 Hz, H-3',5'), 6.70 ( l H ,  s, H-:3), 6.48 ( lH ,  d, J = 3 Hz, 
H-8). 6.22 (1H. d, J = 3 Hz, H-6), and 4.0-3.98 (9H, methoxyl protons); 
mass spectrum: m/c, 312 (M+, loo%), 297 (22), 295 (lo), 269 (22). and 254 
( 1  1). The melting point and spectral properties of the flavone and its 
permethyl ether were indistinguishable from those reported for apigenin 
(20, 21). 

Treatment  of Fraction C and Isolation of Saponarin (V)-The 
aqueous I'iltrate was extracted with ethyl acetate (5 X 1 liter), and the 

Table  I-Flavonoids of E. hyssopifolium during Growth a 
(Relative Percent  Yield) 

~ 

2-3 6-8 Flowering Fruiting 
Flavone Weeks Old Weeks Old Stage Stage 

I 44 
32 - I1  

111 
IV 
V 

VI 
VI1 
[inidentified 24 

- 
- 
- 
- 

phenolic 
constituents 

Yield, 96 0.08 

20 
28 
12  
I 

14 + 
17 
- 

0.22 

3 5 
2 4 - 

- 35 
42 + 8 

5 40 + 24 
12 19 

0.37 0.30 

(I n = 3; + denotes 1-28; - denotes ahsence. 

ethyl acetate extract was worked up in the usual fashion togive a brown 
concentrate (200 ml). It was diluted with 200 ml of ether, and swerti- 
amarin (6) was precipitated as a brown gum. The ethyl acetate-ether 
mother liquor was evaporated to give a dull-yellow solid (0.28 g), which 
showed two major spots on TLC a t  Rf 0.42 and 0.7 (Solvent 2). Trituration 
of the residue with hot methanol gave 0.1 g of swertisin as the sparingly 
methanol-soluble solid. 

After separation of swertisin, the methanol mother liquor was evapo- 
rated to give a hygroscopic solid (0.11 g), mp 228-231'; R/ 0.4 (Solvent 
2); [(Y]: -8.5" (c 0.45, water) and -73.4" (c 0.55, pyridine); U V  A,,, 
(ethanol) 270 and 335 rim; NMR (deuterodimethyl sulfoxide): 6 7.95 (2H, 

(1 H, s, H-3), 4.95 ( lH,  broad, 0-glucosyl H-11, and 4.8 ( lH,  d, J = 10 Hz, 
C-glucosyl H-1). Treatment with acetic anhydride and pyridine afforded 
a decaacetate, which crystallized from hexane-methylene chloride as a 
glassy solid, mp 142-144'. The physical and spectral properties of the 
compound and its acetate derivative were identical to those reported for 
saponarin (20,23). 

Treatment  of Fraction D-The aqueous mother liquor was con- 
centrated a t  30" under reduced pressure to about 25 ml and kept a t  0" 
!or -2 weeks, during which time a light-yellow solid precipitated. The 
solid was collected by filtration and dissolved in ethyl acetate-di- 
oxane. 

S~(~pr~ i~ in -5 -0 -p -1 , -~ lucos ide  ,( VI)-On concentration and cooling, 
the ethyl acetate-dioxane solution gave an amorphous solid, which 
crystallized from methanol-dioxane as ivory-colored needles (0.93 g), 
mp 200-202°; RI 0.32 (Solvent 2); (a]E -77" (c 0.73, pyridine); U V  A,,, 
(ethanol) 271 (log 6 4.26) and 335 (4.30) nm; UV: A,,, (ethanol-0.2% so- 
dium acetate) 262 sh, 268, and 388 nm; I R  vmnx 3300 (broad), 1668,1662, 
1630, 1612, 1295, 1255, 1020, and 838 cm-I; NMR (deuterodimethyl 
sulfoxide): 6 7.98 (2H, d, J = 8.5 Hz, H-2',6'), 6.95 (2H, d, J = 8.5 Hz, 
H-3',5'), 6.82 ( lH,  s, H-8), 6.38 ( lH,  s, H-31, 5.0 ( lH,  broad, 0-glucosyl 
H-l) ,  4.80 ( lH ,  d ,  J = 10 Hz, C-glucosyl H-l) ,  3.94 (3H, methoxyl), and 
3.35 (complex multiplet. 12 glucosyl protons plus water); I3C-NMR 
(deuterodimethyl sulfoxide): 6 161.40 (C-P), 103.07 (C-31, 182.30 (C-4), 
156.90 (C-5),90.88 (C-6). 161.42 (C-7), 104.8 (C-8),159.86 (C-9), 109.57 
(C-lo), 121.08 (C-l'), 128.46 (C-27, 116.08 (C-39, 164.05 (C-47, 116.02 
(C-59,128.46 (C-6'),56.28 (methoxyl-C), and 56.0-100.5 (12 lines, C.0- 
glucosyl-C) (24). 

Anal.-Calc. for C ~ S H ~ ~ O , ~ . H ~ O :  C, 53.67; H, 5.43. Found: C, 52.99; 
H, 5.86. 

Hydrolysis of VI with Emulsin-Compound VI, 52 nig, was dissolved 
in 20 ml of pH 5 aqueous buffer (0.5 M sodium acetate adjusted to pH 
5 with acetic acid) to which 20 mg of powdered emulsin6 was added. The 
mixture was kept a t  ambient temperature overnight. The reaction 
product was concentrated and subjected to paper chromatography7 along 
with glucose, rhamnose, and glucuronic acid. Only glucose was detected 
as the sugar component in the hydrolyzed product. The aglucone was 
extracted with ethyl acetate, the solvent was removed, and the residue 
was crystallized from methanol-dioxane. Direct comparison of the 
aglucone by melting-point, mixed melting-point, and co-TLC analyses 
with swertisin established that they were identical. 

Methylation of VI-Compound VI, 48 mg, was methylated by repeated 
addition of ethereal diazomethane daily for 7 days. After the usual 
workup, the methyl ether was obtained as a light-yellow solid. 

d, J = 8 Hz, H-2',6'), 6.98 (2H, d , J  = 8 Hz, H-3',5'),6.92 (lH, S, H-8),6.68 

Sigma Corp. 
Whalman No. 1 
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Isouitexin-4’,7-di-O-methyl Ether-The methyl ether of VI wasdis- 
solved in 20 ml of 10% aqueous acetic acid and kept a t  ambient temper- 
ature overnight. The solvent was removed under high vacuum, and a 
straw-colored residue was ohtained. I t  was triturated with hot methanol. 
The methanol solution was concentrated and afforded 38 mg of a mi- 
crocrystalline solid, mp 268-270”; Rf 0.42 (Solvent 2); U V  A,,, (ethanol) 
268 (log c 4.28) and 324 (4.36) nm; UV: Amax (ethanol-aluminum chloride) 
278,300, and 345 nm (indicating the presence of a C5-OH group); mass 
spectrum: m/e 460 (M+, 3%), 445 (7), 442 (loo), 431 (71,430 (8), 422 (3), 
417 (5), 311 (34), 296 (17), 281 (24), and 179 (7). The physical and spectral 
properties of the compound suggested its identity as isovitexin-4’,7- 
di-0-methyl ether. 
Isouitexin-4’,5,7-tri-O-methyl Ether Tetraacetate-Further meth- 

ylation of isovitexin-4’,7-di-O-methyl ether with excess ethereal diazo- 
methane followed by acetylation with acetic anhydride and pyridine on 
a steam bath for 4 hr afforded isovitexin-tri-0-methyl ether tetraacetate, 
mp 127-129” (25); mass spectrum: m/ f  642 (M+, 3%), 583 (loo), 541 (2), 
523 (lo), 481 (S),  463 (18), 421 (12), 408 (2), 341 (68), 339 (44), 31 (22), 294 
(2), 179 (2), and 139 (25). 

Permethylation of VI-The diglucoside, 24 mg, in 5 ml of N,N-di- 
methylformamide was treated with 1 ml of methyl iodide and 60 mg of 
sodium hydride under nitrogen. After 1 hr a t  ambient temperature, the 
reaction mixture was diluted with 50 ml of water and extracted with 
chloroform. The chloroform layer was worked up in the usual fashion, 
and the chloroform concentrate was subjected to preparative layer 
chromatography with Solvent 1 as the developer. The blue fluorescent 
zone at  R, 0.5 under a shortwave UV lamp was cut out and eluted with 
chloroform. Evaporation of the solvent from the chloroform solution gave 
a pale-yellow gum, which crystallized from henzene as yellow needles, 
mp 168-171’; mass spectrum (no M+ was observed, only fragment ions 
were recorded): m/e 516 (relative intensity 12%), 501 (22), 485 (20), 469 
(8),  341 (loo), 311 (5), 101 (55), and 88 (47). 

Treatment of Fraction E-Fraction E was extracted with n-butanol 
(4 x 250 ml). The residue from the butanol extract was dissolved in ethyl 
acetate and subjected to preparative layer chromatography on polyamides 
plates (20 x 20 cm) with methanol-acetic acid-water (90:55) as the de- 
veloper. 

Isoswertisin-5-O-P-~-glucoside (HI)-The zone a t  Rr 0.4 was eluted 
with methanol, and the solvent was evaporated. The residue crystallized 
from methanol-dioxane as light-yellow microcrystals (0.1 g), mp 212- 
215’; Rf 0.37 (Solvent 2); [a]g -91O (c 0.51, pyridine); U V  Amax (ethanol) 
270 (log c 4.23) and 336 (4.26) nm; UV: Amax (ethanol-0.2% sodium ace- 
tate) 262 sh, 268, and 390-395 nm; I R  vmaX 3300 (broad), 1665,1610,1502, 
1362,1295,1258,1212,1196,1035, and 842 cm-’; NMR (deuterodimethyl 
sulfoxide): 6 7.92 (2H, d,  J = 8.5 Hz, H-2’,6‘), 6.95 (2H, d, J = 8.5 Hz, 
H-3’,5’), 6.34 ( lH ,  s, H-6/H-3), 6.32 (IH,  s, H-3/H-6), 5.0 ( lH ,  broad, 

methoxyl), and 3.50 (complex multiplet, 12 glucosyl protons plus 
water). 

Anal.-Calc. for C28H32015eH20: C, 53.67; H, 5.43. Found: C, 53.18; 
H, 5.82. 

Hydrolysis of VII-Compound VII, 23 mg, was hydrolyzed with 10 mg 
of emulsin as described when glucose was detected as the only glucone 
moiety present. The aglucone, mp 295-298”, showed UV: Amax (ethanol) 
272 (log c 4.17) and 335 (4.30) nm, identical to that reported for iso- 
swertisin (17). I t  afforded a hexaacetate, mp 128-131’. 

Methylation of VII-Compound VII, 22 mg, was methylated with 
excess ethe--al diazomethane. After the usual workup, the methyl ether 
was obtained as an amorphous solid (21 mg). 

Vitexin-4’,7-di-O-methyl Ether-The methyl ether of VII was hy- 
drolyzed with acetic acid as described, and vitexin-4‘,7-di-O-methyl ether 
was obtained as yellow microcrystals (9 mg), mp 260-262’; UV: Amax 
(ethanol) 270 (log c 4.27) and 324 (4.22) nm; U V  Amax (ethanol-aluminum 
chloride) 277,300,345, and 383 nm. 

Vitexin-4’,5,7-tri-O-methyl Ether Tetraacetate-Further methyl- 
ation of vitexin-4’,7-di-O-methyl ether with ethereal diazomethane and 
subsequent acetylation afforded vitexin-4‘,5,7-tri-O-methyl ether tet- 
raacetate (26), mp 220-221’; mass spectrum: m/e 642 (M+, 100%), 583 
(S),  541 (12), 523 (18), 481 (5), 463 (4), 341 (35), 339 ( l l ) ,  311 (28), 294 (61, 
179 (5), and 139 (10). The mass fragmentation data of this compound are 
consistent with those reported for vitexin-4’,5,7-tri-O-methyl ether tet- 
raacetate (16). 

Permethylation of VII-Compound VII was permethylated as de- 
scribed for VI. The derivative crystallized from acetone-benzene as a 

O - g l ~ c o ~ ~ l  H-l) ,  4.78 ( lH ,  d, J = 10 Hz, C-glucosyl H-l) ,  3.92 (3H, 

Powder D, Riedel, Haen AG. 

R , 6  
I : R  = R  = R  = R  = H  

1 1 3 4  

11: R,  = R, = R, = H, R, = CH, 
111: R ,  = R, = R, = H, R,  = glucosyl 
IV: R ,  = R, = H, R, = glucosyl, R, = CH, 
V:  R ,  = R, = H, R, = R, = glucosyl 

VI: R ,  = R ,  = glucosyl, R, = CH,, R, = H 
VII:  R, = R4 = glucosyl, R ,  = CH,, R, = H 

light-brown solid, mp 122-125’; mass spectrum (no M+ was observed, 
only fragment ions were recorded): m/e 516 (relative intensity SO%), 486 
(5), 341 (loo), 327 (22), 311 (S),  101 (70), and 88 (68). The mass spectral 
data were consistent with those reported (27) for the permethyl ether of 
vitexin-5-0-glucoside. 

RESULTS AND DISCUSSION 

Seven flavonoids (22) were isolated from the whole plants of E. hys- 
sopifolium a t  different vegetation periods by solvent extraction and 
column and preparative layer chromatography. These compounds, api- 
genin (I), gerkwanin (II), isovitexin (III), swertisin (IV), saponarin (V), 
swertisin-5-0-@-D-glucoside (VI), and isoswertisin-5-O-~-D-glucoside 
(VII), were characterized by chemical transformation and the UV, IR, 
NMR, and mass spectra of the compounds and their methyl ether and 
acetate derivatives. The structural elucidation of the two new compounds 
(VI and VII) that  were not encountered before in nature or prepared 
synthetically is described. 

Flavonoid VI-Compound VI (C28H32O15+H20), mp 200-202”, 
showed UV absorption maxima in neutral ethanol and in the presence 
of the usual shift reagents (21), characteristic of 4’,5,7-trioxygenated 
flavones with a free 4’-hydroxyl group (21). The 100-MHz PMR spectrum 
of the compound in deuterodimethyl sulfoxide exhibited signals due to 
12 glucosyl protons, one aromatic methoxyl proton, two glucose anomeric. 
protons, and six aromatic protons ascribable to C-3, C-8, and C-2‘,3’,- 
5’,6’-H (21). Its ‘F-NMR spectrum, interpreted on the basis of two recent 
reports of the 13C-spectra of hydroxy-methoxy flavones (27,281, also was 
consistent with this assignment. 

On hydrolysis with emulsin, the compound gave IV and glucose. 
Methylation with ethereal diazomethane and subsequent acid hydrolysis 
afforded isovitexin-4’,7-di-O-methyl ether, which showed a mass spec- 
trum consistent with this structure (16,18). Likewise, the mass spectrum 
of the permethyl ether of the parent compound produced fragment ion 
peaks characteristic of 6-C,O-diglucosyl flavones (29). Based on these 
observations, the flavonoid was identified as 5-0-P-D-glucopyrano- 
syl-6-C-B-D-glucopyranosyl genkwanin (VI). 

Flavonoid VII-Compound VII (C28H3201rH20), mp 212-215”, 
showed a close similarity in its UV absorption spectra in neutral ethanol 
and in the presence of the usual shift reagents (21) with those of VI. In 
the 100-MHz PMR spectrum, a significant difference from that of V1 was 
discernible in the A-ring proton singlet, which appeared near the signal 
due to C3-H. Therefore, the A-ring proton was assigned to Cs-H. The 
downfield shift was due to the glucosyloxy function a t  C-5. On hydrolysis 
with emulsin, it afforded isoswertisin and glucose. Methylation with 
ethereal diazomethane followed by acid hydrolysis under mild conditions 
yielded vitexin-4’,7-di-O-methyl ether. The permethyl ether of the parent 
compound produced fragment ion peaks in its mass spectrum that are 
characteristic of 8-C,O-diglucoside flavones (29). Based on these obser- 
vations, the compound was identified as 5-O-~-D-glucopyrano- 
syl-8-C-~-D-ghcopyranosyl genkwanin (VII). 

The glycoflavones (111-VII) were absent in the seedling stage (2-3 
weeks) of the plant. At this stage, only the free flavones (I and 11) were 
detected in the roots, stalks, and leaves of E. hyssopifolium. From the 
onset of maturity (6-8 weeks), biosynthesis of the C-glycoflavones (111 
and IV) started. A t  the flowering stage, the free flavones were largely 
replaced by these entities. At the fruiting stage, 111 and IV were repre- 
sented by the C,O-diglycoflavones (V-VII). However, a t  this stage, I and 
I1 reappeared as minor entities. 

Since previous results of biosynthetic experiments suggested that 
C-glycosylation of flavones takes place a t  the chalcone stage (301, it 
seemed plausible that elaboration of the free flavones (I and 11) in E. 
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h \ ’ . s . V f J / i f l d i U m  was int,errupted during the early growth of its stalk and 
leaves and substituted by the synthesis of the  C-glycoflavones (111 and 
IV).  Toward the end of vegetation, synthesis of the  free flavones revived, 
while the (’-glycol’lavones were further 0-glycosylated to afl’ord V-VII. 
This time lag in the  0-glycosylation is surprising because 0-glycosides 
are less toxic t o  plants than the free phenols (31 ); the  reaction, therefore, 
was expected at  an early stage 0 1  plant growth but  was not observed in 
b;. h\hsopi/o/iuni. However, a similar ontogenic variation in the content 
01’ tree santhones and of xant.hone-O-glycosides was reported recently 
in S w r t i o  n n ~ ~ u s t i / o / i a  ( :W) .  

Another noteworthy feature of E. hysscrpifolium. whose certain 
chemical characters, c.g., monoterpene alkaloids, heterosides, and fla- 
vonoids, are similar to those of  Genliana species (12), is the  apparent  
comp1et.e absence of‘ xanthones. Xanthones occur almost ubiquitously 
i n  Cenliana species ( 3 3 ,  34). From the  chemotaxonomic point of view, 
this observation is significant since E. hyssopifolium was known previ- 
ously as  Gc~ntiana ocrfic.i/lata Linn. hut  later was separated from the  
L‘cv~tiaria genus on other taxonomic grounds (1  ). T h e  chemical results 
reported in this paper support this separation of E. hyssopifolium a s  a 
monotypic species. 
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Abstract  A simple and rapid method for the absorption rate calcu- 
lation for drugs exhibiting linear pharmacokinetics is proposed. The 
method employs the novel instantaneous midpoint-input principle, 
which assumes that all drug absorbed during a given interval, regardless 
of the complexity of the absorption kinetics, is absorbed instantaneously 
a t  the midpoint of the interval. The drug amount absorbed is calculated 
by comparing the net plasma level resulting from the absorption during 
that interval with the plasma drug level obtained after intravenous dosing 
a t  the midpoint of the absorption interval. The method does not assume 
any compartments or models commonly used in pharmacokinetic studies. 
In examples with markedly different pharmacokinetic properties, the 
new method yielded accurate results almost identical to those obtained 
with the standard Wagner-Nelson and Loo-Riegelman methods. The 
method often is accurate to two to four significant figures in absorption 
rate calculations. For first-order absorption, the new method appears 
to be less subject to the influence of timing of the first blood sample. 
Theoretically, information on only a small portion of the intravenous 
plasma level-time profile is sufficient for the analysis. Data on plasma 
levels shortly after intravenous dosing and the terminal biological half-life 
are not always needed. Thus, the method might be particularly useful 
for drugs with long or uncertain biological half-lives. Theoretically, the 
method also can be applied to urine or saliva data. The method assumes 
the same drug disposition kinetics between the intravenous and ab- 
sorption studies. 

Keyphrases 0 Drug absorption-compartment- and model-indepen- 
dent calculation for drugs with linear pharmacokinetics 0 Pharmaco- 
kinetics, linear-compartment- and model-independent drug absorption 
calculation CI Absorption-compartment- and model-independent cal- 
culation for drugs with linear pharmacokinetics Instantaneous mid- 
point-input principle-drug absorption, linear pharmacokinetics 

Calculation of the drug absorption rate from various 
dosage forms or administration routes is important in 
biopharmaceutical and pharmacokinetic studies. Many 
methods for calculating the absorption rate have been 
reported or reviewed (1-17). The original Wagner-Nelson 
(1) and Loo-Riegelman (2) methods have been the most 
widely and successfully used numerical methods in the 
past decade. 

BACKGROUND 

The original Wagner-Nelson method (1) is based on the linear one- 
compartment open model for drug disposition. Since the disposition ki- 
netics of almost all drugs can be described more accurately by multi- 
compartment models (2,18), i ts  use in many cases can be viewed only as 
an approximation. Precautions for using this method were discussed 
previously (2-4). 

The LmRiegelman method (2) can be used for drugs exhibiting linear 
multicompartment properties. The method was derived based on mul- 
ticompartment models in which drug elimination was assumed to take 
place exclusively from the central compartment (2). Although such an 
assumption probably is correct for most drugs, fnr some drugs various 
degrees of elimination probably also can take place in the tissue or pe- 
ripheral compartments. However, it was shown subsequently that such 
an assumption is not necessary for the correct calculation of absorption 
rates (10,151. In addition, the pharmacokinetic parameters of the drug 
in the body are assumed to remain the same during intravenous and ab- 
sorption studies (2). For intrasubject variation in the terminal biological 
half-life during intravenous and oral studies, a new elimination rate 

constant from the central compartment must be used. This new rate 
constant is calculated based on the assumption that the central com- 
partment volume and the intercompartmental first-order transfer rate 
constants remain the same (19). 

Three approximations are made in the derivation of the final equations 
used in the original Loo-Riegelman method: 

1. The linear trapezoidal rule method is used to estimate the area 
under the plasma level-time curve for the calculation of the drug amount 
eliminated from the body during a time interval. Such an approximation 
method also is employed in the Wagner-Nelson method. The accuracy 
of the linear trapezoidal rule method for calculating the area under the 
curve was discussed (15,20,21). Ad improper blood sampling schedule 
during absorption might result in significant errors in the estimate of the 
plasma area and, hence, the absorption rate calculation. 

2. The plasma level is assumed to change linearly with time in the 
calculation of the drug distribution rate from the central compartment 
to the tissue or peripheral compartment. Again, various degrees of under- 
or overestimation probably occur if an improper blood sampling schedule 
is employed. 

3. The two-term Taylor expansion series is used as a substitution for 
the exponential term in the equation. Such an approximation occasionally 
may result in serious errors. As a result, a three-term Taylor expansion 
series (4) or one without the Taylor series (16) was recommended. 

Despite the assumptions and approximations for solving the absorption 
differential equation, the method has yielded excellent results (16). 

This article reports a new, simple, compartment- and model-inde- 
pendent method for the rapid calculation of the absorption rate of drugs 
exhibiting linear pharmacokinetics. No assumptions regarding specific 
pharmacokinetic models or the drug elimination site from the body are 
necessary. Although the development of this method is empirical, it 
generally is highly accurate when properly used and might be satisfactory 
for many pharmacokinetic studies. Such use is analogous to the empirical 
use of the linear trapezoidal rule method for estimation of the area under 
the curve (20,21). 

THEORETICAL 

I t  was shown (22, 23) that the plasma drug concentration after the 
constant intravenous infusion period for the one-compartment open 
model system can be approximated by assuming that the entire infused 
dose is injected instantaneously into the body as a bolus dose a t  the 
midpoint of the infusion period. Errors in such an approximation are 
negligible or insignificant when the infusion period to biological half-life 
ratios are low (22). For example, the error is -0.1% when the ratio is 
0.25. 

In absorption studies, the plasma drug concentration of the first blood 
sample shortly after dosing, C:,,, also might be approximated satisfac- 
torily by assuming that all drug absorbed up to the first sampling time, 
11, is absorbed instantaneously a t  the midpoint of the absorption period 
(i.e., 0.5tl). The drug amount absorbed into the general circulation up 
to  t l  then can be calculated by comparing the C:tl value with the theo- 
retical plasma drug concentration, C;r0Stl, a t  the midpoint of the ab- 
sorption period (i.e., 0.5tl)  after an intravenous bolus dose. The drug 
amount absorbed between the first ( t l )  and second ( t z )  blood sampling 
periods can be estimated by the same principle after correction for the 
plasma level contribution, C&,,, a t  t 2 from the drug absorbed prior to t 1. 
Again, to calculate C:pl, all drug absorbed prior to t l  is assumed to be 
absorbed instantaneously a t  0.5tl. This can be done as follows: C:p,  = 
fraction of dose absorbed during the first absorption period X Cr(Lz-o 5fl), 

where C ~ ~ 1 2 - ~ 5 1 1 )  isthe theoretical plasma concentration at ( t 2  - 0.5tl) 
when the same extravascular dose is given intravenously as a bolus. The 
same principle then can be used to calculate the drug amounts absorbed 
during other sampling intervals. The known or estimated absorption lag 
time should be corrected for the calculation of absorption periods. 
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Table I-Comparisons of the Absorption Rates Calculated by the Loo-Riegelman Method and  the New Method for Example 1 
~ ~ ~~ ~ ~~~ 

Cumulative Fraction Absorbed 
Hours CP " C p h  Reported' Calculatedd Theoretical? Calculated' 

0.5 3.0 
1 .0 5.2 
1.5 6.5 
3.0 7.30 
2.5 7.60 
3.0 7.75 
3.5 7.70 
4.0 7.60 
5.0 7.10 
6.0 6.60 
7.0 6.00 
9.0 5.10 

3.36 
5.48 
6.77 
7.48 
7.83 
7.92 
7.85 
7.68 
7.19 
6.64 
6.10 
5.16 

0.165 
0.316 
0.437 
0.540 
0.618 
0.687 
0.742 
0.790 
0.854 
0.901 
0.926 
0.958 

0.1654 
0.3167 
0.4378 
0.5401 
0.6184 
0.6865 
0.7410 
0.7882 
0.8529 
0.8990 
0.9245 
0.9575 

0.1853 
0.3364 
0.4594 
0.5596 
0.6412 
0.7077 
0.7619 
0.8060 
0.8713 
0.9146 
0.9433 
0.9750 

0.1852 
0.3357 
0.4587 
0.5584 
0.6404 
0.7077 
0.7619 
0.8060 
0.8711 
0.9143 
0.9430 
0.9747 

Based on data reported in Ref. 2. Based on data generated by the first-order input equation usin Eq A8 in the Appendix where K = 0.41 h r l .  Based on data 
reported in Rels. 2 and 4 .  Rased on the new method. Based on (1 - e - K a f ) ,  where K. = 0.41 hr-*. f Based on the newly generated C, data shown in Column 3 of this 
tahle and the new method for ahsorption rate calculations. 

The proposed method also can be described mathematically: 

(Eq. 1) 

where f l  is the dose fraction absorbed up to t l ,  expressed in terms of the 
frartion of the intravenous bolus dose. If the same dose is used in both 
intravenous and oral absorption studies, then the f l  value will equal ex- 
actly the fraction of the oral dose absorbed into the general circulation 
up to t  1. The dose fraction absorbed during each subsequent period can 
be calculated by: 

cgfl 
= G, 

(Eq. 2) 

(Eq. 3) C",, - (C$,, + cg,,, 

qf" - x C$P, 

Cpx S l f n - l n - l )  

13 = ci' 
PO S ( L 3 - f Z )  

n-1  

I =  I (Eq. 4) 

The C!,, value for the calculation-of absorption in each period (Eq. 
1.2, or 4) IS different,, although the same symbol is used in these equations. 
For example, for the calculation of fn in Eq. 4, the values are: Cgpl = 
f~C;(~.-os~,) ,  c$p2 = f z C ! ~ ~ . - o s ~ l - o s f n ) .  C$,, = ~:~C!I~,-O.S~?-O.~~~), and 
C'&l = fn - iC~1L~-o .5~~-2 -n .s fn - l~ .  

EXPERIMENTAL 

Since this method was developed empirically, i t s  validity must be ex- 
amined using many examples with different disposition kinetic charac- 
teristics under various conditions such as first-order and zero-order ab- 
sorptions. 

Example 1-Loo and Riegelman (2) discussed a detailed theoretical 
example to illustrate the application of their method for a two-com- 
partment open model system. Their absorption profile was reanalyzed 
using the proposed method. Close agreement between the two methods 
would support the applicability of the new method. Based on their mi- 
croscopic rate constants (2) and other relevant data, the following biex- 
ponential plasma level equation may be obtained if the entire dose is 
injected instantaneously into the general circulation: 

(Eq. 5) 

f,, = 

C - 12.37e-0.684L + 7,857e-0.0725f 
P -  

where t is in hours. 

Table 11-Comparisons of Absorption Rates of Sulfisoxazole 
Calculated by the Proposed Method with the Theoretical  Values 
following First-Order Absorption Kinetics 

The first-order absorption rate constant used in their simulation was 
0.41 hr-l. Some detailed absorption rate calculations based on this new 
method are illustrated in the Appendix, and the analysis results are 
summarized in Table I. 

Example 2-The following mean biexponential equation was obtained 
after a bolus intravenous injection of 2000 mg of sulfisoxazole to seven 
normal subjects (24): 

C,  = 108.43e-1.3g9"' + 152.13e-0.12f (Eq. 6) 

where C, is in micrograms per liter and t is in hours. 
Theoretical plasma drug concentrations a t  various times using a 

first-order absorption rate constant of 0.693 hr-* were generated in part 
with a programmable calculator. The dose used for absorption simulation 
also was 2000 mg. The plasma level data up to 2.5 hr after dosing are 
summarized in Table 11. 

The absorption simulation data generated throughout this discussion 
are based on a compartment- and model-independent approach. This 
approach is in contrast with the more commonly used compartmental 
approach. The general equation of the plasma level profile after a first- 
order input with an initial one-unit dose into a system where drug dis- 
position kinetics following the intravenous bolus injection of the same 
unit of dose can be described by a polyexponential equation (C,, = Zy= I 

Ale-KJ) is shown in the Appendix. 
Example 3-The following mean biexponential equation was obtained 

after a bolus intravenous injection of 615 mg of ampicillin to nine subjects 
(25): 

C, = 120.4e-240f + 12.12e-0.39L (Eq. 7) 

where C, is in milligrams per liter and t is in hours. 
The plasma level profile (Table 111) during the early absorption phase 

was generated based on an  initial dose of 615 mg and a first-order ab- 
sorption rate constant of 2.0 hr-'. 

Example 4-The mean plasma level profile following the intravenous 
rapid injection of 10 mg of diazepam to four subjects (26) can be expressed 
by the following triexponential equation: 

(Eq. 8) 

where C,, is in milligrams per liter and t is in hours. 
Based on the same intravenous dose absorbed with a first-order rate 

constant of 0.693 hr-l, the plasma level data during the first 2.5 hr after 
dosing are summarized in Table IV. 

Example 5-The drugs described in Examples 1-4 were infused a t  
a unit intravenous bolus dose (the same intravenous dose used individ- 
ually in each example) per  hour to the same subjects. Theoretical plasma 

C - 0,23e-4,621 + 0.15e-0.41f + 0.)&2e-00222"L 
P -  

CPf? Cumulative Dose Fraction Absorbed 
Hours mg/li ter Calculated Theoreticalb 

0.5 65.58 0.2925 0.2928 
1 .o 98.20 0.4994" 0.5000 
1 .R 113.29 0.6457 0.6464 
2.0 
'7.5 

~. ~~ 

118.95 
119.45 

0.7491d 
0.8222 

0.7499 
0.8232 

" Plasma levels after absorption study. Based on (1 - e-K.'),  where K. = 0.693 
hr-), r With the assumption that the first. I)lmd sample was obtained at 1.0 hr, the 
calculated dose I'raction ahsorhed would be 0.4977. d With the assumption that the 
first hl(iod sample was ohtained at 2 hr, the calculated dose fraction would be 
0.7:\49. 

Table 111-Comparisons of Absorption Rates of Ampicillin 
Calculated by the  New Method with Theoretical Values 
following First-Order Absorption Kinetics 

CPp. Cumulative Dose Fraction Absorbed 
Hours mg/liter Calculated Theoreticalb 

0.25 39.27 0.3898 0.3935 
0.50 46.99 0.6263 0.6321 
1 .o 35.02 0.8510 0.8647 

" Plasma levels after absorption study. Based on ( 1  - e-"'qf), where K ,  = 2.0 
hr-l. 
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Table IV-Comparisons of Absorption Ra te  Analysis of Diazepam (Three-Com artment  Model) Calculated by Two Methods with the Theoretical  Values following First-Order Absorption Kinetics ( K .  = 0.693 hr- P ) 
Fractional Absorption Rate 

cPp9 during Each Study Period Cumulative Dose Fraction Absorbed 
Hours mdliter Theoreticalb CalculatedC Theoretical Calculated' Calculated' 

0.5 0.082204 

1.0 0.1106 

1.5 0.1223 

0.2928 

0.2072 

0.3050 
(4.17) 
0.2085 

(0.63) 
0.1464 0.1451 

0.2928 

0.5000 

0.6464 

0.3050 
(4.17)f 
0.5135 

(2.7) 
0.6586 

0.2767 

0.4874 

0.6339 

(-5.55)f 

(-2.53) 

(-0.89) (1.89) (-1.95) 

(-1.64) (1.4) (-1.74) 
2.0 0.1253 0.1035 0.1018 0.7499 0.7604 0.7388 

2.5 0.1233 0.0733 0.07189 0.8232 0.8323 0.8132 

1.0 0.1106 0.5000 0.5361g 0.5000 
(-1.92) (1.1) (-1.22) 

(7.22) (7.22) (- 10.1) 
0.4497c 0.5361W 

0 Plasma levels after absorption study. b Calculated from Column 5 of this table. Based on the new method. Based on (1 - e-K4f ). Based on Lotr-Riegelman method. 
Based on the first blood sample collected 1 hr after Percent over- or underestimation of the absorption of the new method as compared to theoretical results. 

dosing 

level data at various times after the beginning of infusion were generated 
by the programmable calculator based on a compartment- and model- 
independent equation (see Appendix). 

RESULTS AND DISCUSSION 

The results of the absorption rate calculation using the standard 
Loo-Riegelman method (2,4) and the proposed method for Example 1 
are summarized in Table I. The values for cumulative dose fractions 
absorbed from 0.5 to 9.0 hr after dosing obtained from the two methods 
were essentially identical (up to three significant figures for some data). 
Since absorption was assumed to follow first-order kinetics with a rate 
constant, K,,, of 0.41 hr-l, the cumulative dose fraction, Ft, absorbed a t  
various times can be determined theoretically by: 

F t -  - 1 - e-Kd (Eq. 9) 

These theoretical values are summarized in Table I; compared to them, 
the absorption rates calculated by the two methods were underestimated. 
Recalculation of theoretical plasma level data based on Eq. A2 in the 
Appendix revealed slight discrepancies between the reported values (2, 
4) and the newly generated values (Table I). Using these new plasma level 
data and the proposed absorption rate calculation, the calculated cu- 
mulative dose fractions (Table I) absorbed a t  various times were essen- 
tially identical (identical values up  to four significant figures for data a t  
3,3.5, and 4 hr) to the theoretical values. These results were encouraging 
during early evaluation of the new method. 

The total area under the plasma level-time curve from Eq. 5 calculated 
by the integration method was essentially identical to the total area from 
the absorption study reported (4) (126..46 uersus 126.44), indicating the 
correctness of Eq. 5. In the absorption rate analyses, 97.5% of the dose 
theoretically was absorbed at 9 hr after dosing. 

The results of the absorption study on sulfisoxazole (Example 2), which 
exhibited two-compartment properties, are summarized in Table 11. The 

Table V-Comparisons of Results of Absorption Ra te  
Calculations Based on the Loo-Riegelman Method and the New 
Method fo r  Example 1 if Only One Plasma Level at Various 
Times a f t e r  Absorption Study Is Used 

Fraction Absorbed 
Time for Based on Theoretical 

First Loo-Riegelman Based on Fraction 
Sample, hr C, Method New Method Absorbed 

1 5.484 0.3283 0.3351 0.3364 

2 7.481 0.5172 0.5521 0.5596 

3 7.921 0.6135 0.6900 0.7077 

4 7.681 0.6529 0.7723 0.8060 

(-2.37)a (-0.357) a 

(-7.58) (-1.34) 

(-13.3) (-2.50) 

1-19.01 (-4.18) 

Percent deviation from the theoretical value. 

excellent accuracy of the new method also was demonstrated in this ex- 
ample. The first blood sample, obtained 1 or 2 hr after dosing, gave cal- 
culated fractions of the dose absorbed of 0.4977 and 0.7349, respectively. 
These values compared well with the corresponding theoretical values: 
0.5OoO and 0.7491. 

The results for ampicillin (Example 3) are shown in Table 111. This drug 
was selected due to i ts  relatively large contribution of the distribution 
phase (21.5% of the total area, AUC,). A high degree of accuracy also was 
observed with the new method. 

The results of the absorption rate analysis of diazepam in Examplg 4 
are summarized in Table IV. Despite its three-compartment character- 
istics, errors of the absorption rate estimate for each sampling period and 
the cumulative absorption calculated by the new method were insignif- 
icant, except for the first 0.5-hr point where absorption was overestimated 
by 4.17%. The overestimation for the 0.5-1.0-hr period was only 0.63%, 
and the underestimations for the next three sampling periods were <2% 
(Table IV). The accuracy of the new method was improved considerably 
if the first blood sample was obtained at  an earlier time. For example, the 
overestimation was reduced to only 1.48% when the 0.25-hr plasma level 
(0.05382 mghiter) was used for calculation. 

The L-Riegelman method without the Taylor expansion series also 
was employed to calculate the diazepam absorption rate discussed in 
Example 4. The results are summarized in Table IV. The Loo-Riegelman 
method underestimated absorption up to 0.5 hr by 5.55%, which was 
slightly greater (based on absolute percent) than the 4.17% underesti- 
mation based on the new method. In this example, the new method always 
overestimated the cumulative absorption values (up to 2.5 hr) while the 
Loo-Riegelman method always underestimated them. However, the 
absolute percentages of over- or underestimation by these two methods 
were practically the same (Table IV). The accuracy of both methods for 
calculating the diazepam absorption rates was demonstrated by the fact 
that, a t  2.5 hr after dosing when 82.32% of the dose had been absorbed, 
the new method overestimated the absorption by 1.1% while the Loo- 
Riegelman method underestimated it by 1.22% (Table IV). 

The new method also had essentially the same accuracy as the Wag- 
ner-Nelson method on theoretical compounds with one-compartment 
characteristics. 

These results clearly demonstrate the accuracy and applicability of 
the new simple method for the calculation of absorption rates of com- 
pounds with markedly different pharmacokinetic properties under 
first-order absorption. In Examples 1 and 4, both the new method and 

Tab le  VI-Results of the Zero-Order Absorption Ra te  Analysis 
of a Hypothetical Drug  in Examples 1 and  5 Calculated by the 
New Method 

Fraction of Unit 
Cumulative Theoretical Intravenous Dose 

Fraction of Absorbed Calcu- 
Unit Intravenous lated by 

Hours C,  Dose Absorbed New Method 

0.25 4.786 0.2500 
0.50 9.095 0.5000 
0.75 14.85 0.7500 
1.00 16.54 1 .oooo 

0.25 4.786 
0.50 9.095 
0.75 14.85 
1.00 16.54 

0.2500 
0.5000 
0.7500 
1 .oooo 

0.2500 
0.5003 
0.7506 
1.0004 
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Table VII-Results of the Zero-Order Absorption R a t e  Analysis of Sulfisoxazole and Ampicillin Calculated by the New Method and 
t h e  Loo-Riegelman Method 

Theoretical 
Cumulative 
Fraction of Calculated by 

Fraction of Unit Intravenous Dose Absorbed 

CP: Unit Intravenous Calculated by Loo-Riegelman 
Method I h g  Hours mghter  Dose Absorbed New Method 

Ampicillin 

Sulf'isoxazole 0.5 

1 .o 
1.5 

2.0 

0.25 

0.50 

0.75 

1.00 

112.9 

201.9 

277.0 

343.5 

25.52 

40.56 

49.76 

55.65 

0.5000 

1 .oooo 
1.5000 

2.0000 

0.2500 

0.5000 

0.7500 

1 .oooo 

0.5036 
(0.72)'' 
1.0062 

(0.62) 
1.5077 

(0.513) 
2.0091 

(0.455) 
0.2533 

(1.32) 
0.5065 

(1.30) 
0.7597 

(1.29) 
1.0127 

(1.27) 

0.4976 
(-0.49)" 

0.9970 
(-0.303) 

1.4968 
(-0.216) 

1.997 1 
(-0.146) 

0.2454 
(-1.85) 

0.4932 
(- 1.36) 

0.7425 
(-1.00) 

0.9925 
(-0.75) 

a Percent rlifl'erence from the theoretical value 

the standard LocAtiegelman met.hod yielded essentially the same results, 
indicating the similar accuracy of both methods. 

In ahsorption rate studies, the first blood sample occasionally is not 
collect,ed s w n  after dosing. Evaluation of the effect of the time of the first 
hlood sample on the accuracy of the new method was important. This 
effect was evaluated thoroughly using the data in Example 1. Results of 
comparisons using the first plasma level a t  1 ,2 ,3 ,4 ,5 ,  or 6 hr are sum- 
marized in Table V. This example shows that the new method is much 

ubject to the influence of the timing of the first sample. For example, 
samples at  4 , 5 ,  and 6 hr, the new method gave underestimations in 

ahsorption of 4.18,6.13, and 8.24%. respectively, while the Locl-Riegelman 
method gave underestimations of 19.0,24.1, and 28.6%, respectively. For 
diazepam (Example 4), the new method resulted in a 7.22% overestima- 
tion, and the Loo-Riegelman method (without the Taylor expansion 
series) yielded a 10.1% underestimation if the first sample a t  1 hr was 
used. The results for the new method are encouraging since the majority 
of'drug absorption kinetics reported in the literature appear to follow the 
first-order process. Frequent hlood sampling and the use of interpolated 
plasma level data between adjacent observed points were recommended 
for obtaining greater accuracy when applying the LoWRiegelman method 
to oral data (15). 

The accuracy of the new method under zero-order absorption was 
evaluated also. Extremely accurate (identical up to three or four signif- 
icant figures i n  many cases) results were obtained for the hypothetical 
drug discussed in Example 1. ampicillin, and sulfisoxazole (Tables VI 
and VII). For sulfisoxazole and ampicillin, the results from the Loo- 
Riegelnian method without the Taylor approximation were equally ac- 
curate (Table VII). For diazepam, which exhibited triexponential decay 
alter intravenous dosing, the new method overestimated the absorption 
(Table VIII) in the first 2.5 hr of simulation. The overestimation was the 
greatest (6.5%) in the first 0.5 hr of study and decreased gradually (only 
1.2% between 2.0 and 2.5 hr). The overestimation was reduced to  only 
2.2% when the first blood sample was taken at  0.25 hrqfter the beginning 
o f  the zero-order absorption. Considering the variability in the biological 
system and the accuracy of the dose administered and the plasma levels 
analyzed, these overestimations can he regarded as insignificant. How- 
ever, the Loo-Riegelman method yielded more accurate results in this 
example (Table VIII). For example, i t  resulted in only a 3.43% underes- 
timation when the first sample a t  0.5 hr was used for calculation. 

The oral absorption kinetics of sulfadimethoxine in a steer were re- 
ported previously (16). The steer, 190.68 kg, was given an  initial oral dose 
of 12.5 g; blood samples were collected a t  4,8,12, and 24 hr after dosing. 
Approximately 5 months later, the same animal, weighing 266.8 kg, re- 
ceived a rapid intravenous injection of 17.502 g. The plasma level profile 
after intravenous injection was described hy a triexponential equation, 
which corresponded to a three-compartment open model (16). The ab- 
sorption rates were calculated by the Loo-Riegelman method with and 
without the Taylor approximation. 

Since the hody weights of the steer during the oral and intravenous 
studies were different, an approximat,ion assuming that the intercom- 
partmental distribution rate constants remained constant during the two 
studies was made (16). In other words, intercompartmental clearances 

were assumed to  increase with increasing body weight, as reflected by 
changes in the volume of distrihut.ion. In  applying the proposed method 
for the absorption rate calculation to this example, only the coefficients 
of the triexponential plasma level decay equation were inversely corrected 
for the body weight change (k., the volume of the central or initial 
compartment was proportional to the body weight). Thus, the C, profile 
after a 1.0-g intravenous bolus dose a t  the time of the oral study can he 
expressed by: 

(Eq. 10) C = 16.00e-9.11t + 5.281e-0."( + 15.36e-0.056080' 

when C, is in milligrams per liter and t is in hours. 
The results of the absorption rat.e analysis using the new method and 

the Loo-Riegelman method without the Taylor approximation were 
similar and encouraging (Table IX); the difference in the cumulative 
absorption a t  24 hr was only 1.56%. The facts that  the absorption rate 
appeared to  follow approximately the first-order process (16) and that 
the first sample was collected only 4 hr after dosing may partially explain 
why the cumulative absorption a t  4 hr calculated by the new method was 
8.17% higher than that obtained with the Loo-Riegelman method (in view 
of the data in Table V).  The validity of the new method in the flip-flop 
absorption condition also was confirmed. 

The results of the extensive example analyses clearly demonstrate that 
the new method might be potentially useful for absorption rate calcula- 
tions. Its simplicity is shown clearly in the Appendix.  In contrast to the 
standard Loo-Riegelman method, the present method dnes not require 
the assumption of any pharmacokinetic compartmental model and the 
calculation of microscopic compartmental constants. Such calculations 
would he complicated in the classical three-, four-, or five-compartment 
mammillary model systems (27, 28). The volume of the central com- 
partment (the initial volume of distribution) also is not needed. 

Furthermore, the plasma level profile shortly after intravenous dosing 
theoretically does not need to be known in the new method. For example, 
the intravenous plasma data before 0.25, 0.75, and 0.125 hr were not 
necessary in the absorption rate calculat,ions in Examples 1, 2, and 4. 
respectively. This feature of the new method may he important since drug 
disposition kinetics immediately or shortly after intravenous dosing often 
are much more complicated than commonly assumed or understood in 
conventional pharmacokinetic studies (29). In addition, the apparent 
value of the volume of the central compartment and the apparent number 
of compartments in the multicompartment analysis often may he subject 
to the influence of the frequency and timing of the hlood sampling 
schedule in intravenous st.udies (30). 

Moreover, the new method requires an accurate plasma level profile 
in the intravenous study for only a short period. For example. the intra- 
venous data up to only 8.75 hr were required for the absorption rate cal- 
culation in Example l. The terminal biological half-life of this hypo- 
thetical compound is 9.56 hr. For sulfisoxazole in Example 2, the intra- 
venous data up to 2.25 hr were sufficient for the absorption rate calcu- 
lation. The terminal half-life of the drug in this example is 5.78 hr. 
Therefore, if the individual or mean pharmacokinetic parameters (i.4.. 
the disposition function discussed in the A p p e n d i x )  between the intra- 
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Table VIII-Comparisons of the Zero-Order Absorption Rate  
Analysis of Diazepam in Examples 4 and  5 Calculated by the  
Loo-Riegelman Method and the  New Method 

Cumulative Fraction of 
Unit Intravenous Dose Absorbed 

CP.  1 Calculated by Calculated by Loo- 
Hours mghter  Theoretical New Method Riegelman Method 

0.5 0.1435 0.5000 0.5325 0.4829 
(6.50)“ (-3.43)O 

1.0 0.2337 1 .moo 1.0472 0.9875 
(4.72) (-1.25) 

1.5 0.3092 1.5000 ‘ 1.5558 ‘ 1.4897 
(3.72) (-0.686) 

2.0 0.3758 2.oooo 2.0629 1.9908 
(3.15) (-0.457) 

2.5 0.4351 2.5000 2.5690 2.4912 
(2.76) (-0.352) 

0.2sb 0.08520 0.25000 0.2555 0.2459 
(2.2) (-1.64) 

Percent deviation from the theoretical value. Data are based on the first blood 
sample ~(rllected at 0.25 hr. 

venous and oral studies in the same subject or same panel of subjects may 
be assumed to be the same, the present method may be applied without 
knowledge of the terminal biological half-life of the drug as long as the 
intravenous data during a certain period can be obtained or generated 
accurately. This feature could be valuable for drugs with long biological 
half-lives (e.g., greater than several days or weeks). As an approximation 
for the absorption rate calculation, the needed plasma level data can he 
obtained directly from a semilogarithmic intravenous data plot. 

Despite these advantages, experimental protocols for studying com- 
plete plasma level profiles are recommended. For more accurate deter- 
mination of absorption kinetics, a sufficient number of blood samples 
should be collected in absorption studies. The present method also might 
be used (perhaps as a good approximation) for drugs showing unusual 
plasma level profiles due to extensive enterohepatic circulation. Similarly, 
the method probably can be used with some salivary or urinary data 
obeying linear pharmacokinetic principles. Precautions in using saliva 
level data for pharmacokinetic studies were discussed previously (31- 
34). 

The most unique assumption made in the proposed method is that all 
of the drug absorbed during a given interval, regardless of the complexity 
of the true absorption kinetics, is absorbed instantaneously a t  the mid- 
point of the interval. This assumption now has been shown to result in 
useful and practical applications for the determination of the apparent 
volume of distribution and total body clearance after a constant-rate 
intravenous drug infusion (22,23) and for the absorption rate calculation. 
The method using such an assumption will be referred to as the instan- 
taneous midpoint-input method. 

The absolute accuracy of this new method for absorption rate calcu- 
lations is a function of many factors such as the absorption rate, the drug 
disposition function, and the blood sampling schedule. This dependence 
is similar to the problems of the accuracy of the trapezoidal rule method 
for the estimation of the area under the curve (21) and the instantaneous 
midpoint-input method for the estimation of the volume of distribution 
and total body clearance (22,23). Many digital computer programs also 
are available for the calculation of drug absorption rates (3,4,35). 

APPENDIX 

Sample Calculations Using New Method for  Example 1-Ab- 
sorption rate calculations based on the oral data reported in the literature 
(2,4) in the first 1.5 hr after dosing are used for illustration. The oral data 
were taken from Table I. The intravenous data were generated from Eq. 
5 .  They are 18.14, 14.85, and 12.437 a t  0.25, 0.75, and 1.25 hr, respec- 
tively. 

The dose fraction absorbed up to 0.5 hr, 10.5 hr, is: 

The dose fraction absorbed between 0.5 and 1 hr, 11 hr, is calculated 

(Eq. A2a) 

= 14.85 X 0.1654 (Eq. A26) 

= 2.456 (Eq. A2c) 

From: 
contribution from 0 to 0.5 hr (CipO.Shr) = Cto.75hr X f0.s hr 

Table IX-Comparisons of Absorption Rate  Calculations of 
Sulfisoxazole in a Steer by the Loo-Riegelman Method and the 
New Method 

Cumulative Amount Absorbed, mg 
Based on Based on 

Hours Loo-Riegelman Methoda New Method 

4 3294 3563 (8.17) * 
8 5445 5679 (4.30) 

12 6525 6710 (2.83) 
24 7610 7729 (1.56) 

0 Calculated from Ref. 16. Percent ovgrestimation as compared to the value 
ohtained from the Loo-Riegelman method. 

and: 
c i 1  hr - Cgpo,Shr - 5.20 - 2.456 

f l  hr = - = 0.1513 (Eq. A3) 
cF0.25 hr 18.14 

Therefore, the cumulative dose fraction absorbed up to 1 hr = 0.1654 + 
0.1513 = 0.3167. 

The dose fraction absorbed hetween 1.0 and 1.6 hr, f1.5 hr. is calculated 

(Eq. A4) 

from: 

C;po.5hr = CF1.25hr x fo.5 hr = 12.437 X 0.1654 = 2.057 

c i p 1  hr = C$,TShr x f l  hr = 14.85 x 0.1513 = 2.247 (Eq. A5) 

and: 

(Eq. A6a) ci15 hr - cEp05 hr - c g p l  hr 

c r O  25 hr 
f1.5 hr = 

(Eq. A6b) 
6.5 - 2.057 -2.247 

18.14 
= 0.1211 - - 

Therefore, the cumulative dose fraction absorbed up to 1.5 hr = 0.3167 + 0.1211 = 0.4378. For the calculation of absorption between 7 and 9 hr, 
CTlo hr rather than c;~ 2.5 hr should be used. 

General  Equation for  Plasma Level Profile a f t e r  First-Order 
Input-If it is assumed that after an instantaneous intravenous injection 
of a unit drug dose, the plasma level-time profile, CPlnat, can be described 
adequately by the following polyexponential equation (disposition 
function): 

(Eq. A7) 

the general equation to describe its plasma level profile, C,, after the same 
unit drug dose with a first-order absorption rate constant, K,, can be 
derived by using the input-output convolution method with the assis- 
tance of the Laplace transform technique (36). The general equation 
derived is: 

In absolute terms, Eq. A7 is incorrect because the plasma drug level a t  
the sampling site immediately after dosing ( i .e. ,  time = zero) is zero due 
to a definite lag time of the drug to be transported from the injection site 
to the sampling site and the complicateddisposition kinetics shortly after 
dosing (29). 

General Equation for  Plasma Level Profile af ter  Zero-Order 
Input-When the zero-order absorption rate is KO unit of dose per unit 
of time, the general equation to show the plasma level profile, C,, during 
the zero-order absorption can he derived similarly as: 

(Eq. A91 
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Abstract 0 Gaseous oxygen solubilization in egg lecithin dispersed in 
distilled water, saline, and a multi-ion physiological electrolyte solution 
was determined and compared to controls deficient in egg lecithin. Sig- 
nificant oxygen solubilization occurred in the presence of egg lecithin. 
Oxygen solubilization was significantly greater in saline and in the 
multi-ion physiological electrolyte solution than in distilled water. 

Keyphrases Solubilization-of oxygen in egg lecithin dispersed in 
distilled water and physiological electrolyte fluids fl Lecithin, egg- 
dispersions in distilled water and physiological electrolyte fluids, oxygen 
solubilization fl Pulmonary surfactant model systems-egg lecithin 
dispersions in distilled water and physiological electrolyte fluids, oxygen 
solubilization Model systems, pulmonary surfactant-egg lecithin 
dispersions in distilled water and physiological electrolyte fluids, oxygen 
solubilization fl Oxygen-solubilization in egg lecithin dispersions in 
distilled water and physiological electrolyte fluids 

Several studies (1-5) demonstrated that respiratory 
disease syndrome1 is a direct result of a pulmonary sur- 
factant deficiency. Mammalian lung surfactant was shown 
to be primarily dipalmitoyl phosphatidylcholine (I) (6-8). 
Since I also is the major constituent of egg (Callus 
domesticus) lecithin (9), egg lecithin dispersions serve as 
convenient and relatively inexpensive pulmonary surfac- 
tant model systems. 

Micellar oxygen solubilization in lung surfactant was 
proposed (10) as a mechanism for oxygen transposition at 
the alveolar membrane. Other studies (1 1-14) demon- 
strated the ability of lung surfactant to solubilize oxygen 
and other nonpolar gases. 

The effect of the presence of electrolytes at physiological 
concentrations on oxygen solubilization in aqueous egg 
lecithin dispersions is reported here. 

EXPERIMENTAL 

Glass reaction vials were cleaned ultrasonically2 in 2% aqueous de- 
tergent?, rinsed three times with tap water, and rinsed three times with 
deionized, glass-distilled water4. The vials were air dried in a ventilated 
oven at 200’. 

Egg lecithin5 was weighed accurately to yield 50-ml samples of 0.25, 
0.50,0.75, and 1.00% (w/v) phospholipid in normal saline6, physiological 
electrolyte solution7, and deionized, glass-distilled water. A magnetic 

Cole Palmer Co., Chicago, Ill. 

Deionized through an exchange resin deionizer (Continental Water Service, 
Oklahoma City, Okla.) and then glass distilled. 

Lot 12073, United States Biochemical Corp., Cleveland, Ohio. 
Travenol Laboratories, Deerfield, Ill. 
Normosol-R, Abbott Laboratories, North Chicago, Ill .  Contains sodium, PO- 

tassium, magnesium, chloride, and bicarbonate ions in isotonic aqueous solu- 
tion. 

3 Alconox, New York. N.Y. 

~~~~ ~ 

I Hyaline membrane disease. 
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Abstract 0 Gaseous oxygen solubilization in egg lecithin dispersed in 
distilled water, saline, and a multi-ion physiological electrolyte solution 
was determined and compared to controls deficient in egg lecithin. Sig- 
nificant oxygen solubilization occurred in the presence of egg lecithin. 
Oxygen solubilization was significantly greater in saline and in the 
multi-ion physiological electrolyte solution than in distilled water. 
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Several studies (1-5) demonstrated that respiratory 
disease syndrome1 is a direct result of a pulmonary sur- 
factant deficiency. Mammalian lung surfactant was shown 
to be primarily dipalmitoyl phosphatidylcholine (I) (6-8). 
Since I also is the major constituent of egg (Callus 
domesticus) lecithin (9), egg lecithin dispersions serve as 
convenient and relatively inexpensive pulmonary surfac- 
tant model systems. 

Micellar oxygen solubilization in lung surfactant was 
proposed (10) as a mechanism for oxygen transposition at 
the alveolar membrane. Other studies (1 1-14) demon- 
strated the ability of lung surfactant to solubilize oxygen 
and other nonpolar gases. 

The effect of the presence of electrolytes at physiological 
concentrations on oxygen solubilization in aqueous egg 
lecithin dispersions is reported here. 

EXPERIMENTAL 

Glass reaction vials were cleaned ultrasonically2 in 2% aqueous de- 
tergent?, rinsed three times with tap water, and rinsed three times with 
deionized, glass-distilled water4. The vials were air dried in a ventilated 
oven at 200’. 

Egg lecithin5 was weighed accurately to yield 50-ml samples of 0.25, 
0.50,0.75, and 1.00% (w/v) phospholipid in normal saline6, physiological 
electrolyte solution7, and deionized, glass-distilled water. A magnetic 

Cole Palmer Co., Chicago, Ill. 

Deionized through an exchange resin deionizer (Continental Water Service, 
Oklahoma City, Okla.) and then glass distilled. 

Lot 12073, United States Biochemical Corp., Cleveland, Ohio. 
Travenol Laboratories, Deerfield, Ill. 
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Table I-Three-Factor Analysis of Variance with Repeat 
Measures fo r  Oxygen Solubilization in Egg Lecithin Dispersions 
Excluding Controls 

6.0 

Table 11-Three-Factor Analysis of Variance with Repeat 
Measures for Oxygen Solubilization in Egg Lecithin Dispersions 
Including Controls 

h 

Source of 
Variation d f  ss MS F" 

Source of 
Variation df SS M S  F" 

Media 
Concentration 
Media X concentration 
Subjects ( G )  
Time 
Time X media 
Time X concentration 
Time X media X 

concentration 
Time X subjects ( G )  

2 
3 
6 

60 
4 
8 

12 
24 

240 

a p < 0.01. 

15.0288 
4.5492 

12.3654 
7.4632 

1012.0422 
48.9936 

2.4318 
3.4116 

5.9930 

7.5144 
1.5164 
2.0609 
0.1233 

253.0106 
6.1242 
0.2027 
0.1422 

0.0250 

60.41 
12.19 
16.57 

10,120.42 
244.97 

8.11 
5.69 

- 

~~ 

Media 2 10.771 
Concentration 4 351.825 
Media X concentration 8 17.869 
Subjects ( G )  75 15.371 
Time 4 827.529 
Time X media 8 40.475 
Time X concentration 16 187.558 
Time X media X concentration 32 12.129 
Time X subjects ( G )  300 6.484 

5.385 26.28 
87.956 429.26 

2.233 10.90 

206.882 9577.87 
5.059 234.21 

11.722 542.69 
0.379 17.55 
0.022 - 

0.205 - 

0 p < 0.01. 

stirring bar was included in each sample vial before addition of the dis- 
persion medium. Each vial was sealed with a rubber septum and an alu- 
minum crimp seal and then was flushed with ultrapure (99.99%) hu- 
midified nitrogen8. Accurately measured volumes of the dispersion media 
were added after an equivalent volume of nitrogen gas was withdrawn 
from the vial. Each vial then was stirred gently on a magnetic stirring 
plate until homogeneous dispersion was effected. 

Ten milliliters of nitrogen gas waa withdrawn accurately from each vial, 
and an equivalent volume of ultrapure oxygens was added with gas-tight 
gas transfer syringed". While the dispersions were stirred gently on the 
magnetic stirring plate, 10-pl samples of the gaseous phase were with- 
drawn a t  0,24,48,96, and 120 hr. 

Vials of normal saline, physiological electrolyte solution, and distilled 
water were prepared deficient in egg lecithin to serve as controls. 

Each egg lecithin sample and its corresponding control sample were 
prepared and analyzed in triplicate, and each experiment was done in 
duplicate. 

12.0 fi 

I \' 

Union Carbide Corp., New York, N.Y. 
Ultrahigh purity, Union Carbide Corp., New York, N.Y. 

lo Models 1710 SN and 1020 LTN, Hamilton Syringe Co.. Reno, Nev. 

Analysis of the residual oxygen a t  the indicated times was accomplished 
by GLC'I. The nitrogen-oxygen mixture was resolved on a molecular 
sieve12 with thermal conductivity detection13. The peak area as the 
percent of detector response for oxygen was calculated and recorded with 
an electronic integratorI4. 

Helium8 was the carrier gas at 21 ml/min. The inlet, detector, and 
column temperatures were 100,100, and 50°, respectively. 

Since the sealed experimental and control vials were flushed with ni- 
trogen to an open atmosphere and an equivalent volume of nitrogen gas 
was withdrawn when oxygen was added, the pressure in the closed system 
was equal to atmospheric pressure during sample preparation. Minor 
pressure effects due to the withdrawal of 10-pl gas samples at the indi- 
cated times were regarded as insignificant. Furthermore, any manipu- 
lative error introduced was offset in the statistical analysis because the 
control samples were treated the same as the experimental samples. 

6.0 I I 1 
0 24 48 96 120 

HOURS 

Figure 2-Effect of egg lecithin concentration in a multi-ion physio- 
logical electrolyte fluid on the extent of oxygen solubilization with time. 
Key: 0, multi-ion physiological electrolyte solution (control); 0, 0.25p0 
egg lecithin; 0 , 0 . 5 0 f  egg lecithin; B, 0.759; egg lecithin; and A, 1.00'', 
egg lecithin. 

I' Model 2300 dual-column gas-liquid chromatograph, Bendix Corp., Ronceverte, 

l2 Molecular sieve S-A, 80-100 mesh, and a 18:km stainless steel column, Alltech 

l3 Type 2300, lour element, Bendix Corp., Ronceverte, W. Va. 
I4 CDS IIIC, Varian Associates, Palo Alto, Calil'. 

W. Va. 

Associates, Arlington Heights, 111. 
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Figure 3-Effect of egg lecithin concentration in distilled water on the 
extent of oxygen solubilization with time. Key: 0, deionized distilled 
water (control); .,0.259& egg lecithin; 0,0.50% egg lecithin; ., 0.759h 
egg lecithin; and A, 1.00$;, egg lecithin. 

RESULTS AND DISCUSSION 

Figures 1-3 indicate that, in comparison to the controls, considerable 
oxygen solubilization occurred in aqueous egg lecithin dispersions. Fur- 
thermore, differences in the amount of gaseous oxygen solubilized can 
he demonstrated for all three aqueous media used, with the multi-ion 
physiological electrolyte fluid and saline exhibiting the greatest solu- 
hilization. Statistical analysis of the data (Tables I and 11) utilizing a 
three-factor analysis of variance indicated statistically valid differences 
in gaseous oxygen solubilization among the media employed, the egg 
lecithin concentration, and time. 

Table I1 presents the statistical data including the control samples, 
while Table I excludes the controls. This contrast was done to identify 
the greatest variance ratio components. The incubation time h.,d the 
greatest influence on oxygen solubilization, followed by the medium 
ern1)loyed and then the egg lecithin concentration. This egg lecithin 

concentration effect, as determined statistically, is not surprising because 
solubilization requires only that micelles be present. Apparently, the egg 
lecithin concentration range used (0.25,0.50,0.75, and 1.00%) was above 
the critical micelle concentration for the surfactant in the media. 

The presence of electrolytes can affect the size of surfactant micelles 
by forcing surfactant molecules into micellar units similar to the way in 
which electrolytes can be used to dehydrate or salt out sparingly soluble 
organic molecules from water. 

The diffusional aspect of oxygen transposition was the rate limiter 
because the effect of time on oxygen transposition can be demonstrated 
statistically to be the predominant factor controlling oxygen solubiliza- 
tion. 

This study indicated that, in the development of synthetic, natural, 
or semisynthetic lung surfactant for treatment of respiratory disease 
syndrome and other pulmonary surfactant diseases, the medium em- 
ployed may overshadow the particular surfactant used. Further study 
with the egg lecithin pulmonary surfactant model system is war- 
ranted. 
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Abstract 0 The adsorption free energies of the CI-CS alkylamides, C&s 
alkylketones, and Cl-Clo alkylmonocarboxylic acids a t  the air-water 
interface, estimated from plots of the surface pressure (55 dynes/cm) 
uersus the bulk concentration, were linear functions of the total surface 
area per molecule (square angstroms per molecule), with a slope 46% 
higher for the alkylamides and 25% lower for the alkylketones than that 
I'or the monocarboxylic acids. The  interaction energies of alkylamides 
with dipalmitoyl lecithin and dipalmitoyl phosphatidylethanolamine 
spread a t  the air-water interface, estimated from the surface pressure 
increase with increasing concentrations of the injected c1 -C~  compounds, 
were linear functions of the total surface area per molecule. The diffusion 
free energies, ACdif, of the alkylamides within a phospholipid bilayer, 
predicted from the permeability equation and their interaction energies 
with dipalmitoyl lecithin monolayers by assuming the additivity of their 
free energies of adsorption and dehydration a t  the solution-bilayer in- 
terface, agreed with the literature data. 

Keyphrases Surface activity-alkylamides, alkylmonocarboxylic 
acids, and alkylketones, interaction energies with phospholipid mono- 
layers 0 Phospholipid monolayers-interaction energies with alk- 
ylamides, alkylmonocarboxylic acids, and alkylketones n Interaction 
energies-alkylamides, alkylmont~arhoxylic acids, and alkylketones with 
phopholipid monolayers 

The adsorption free energies of alkanols at  the air- 
aqueous interface estimated from plots of the surface 
pressure uersus the bulk concentration were compared (1) 
with their interaction energies with dipalmitoyl lecithin 
(I) and dipalmitoyl phosphatidylethanolamine (11) mo- 
nolayers, estimated from the variation of the equilibrium 
surface pressure with varying concentrations of sub- 
phase-injected alkanols based on a collision model and a 
constant entropy factor (2 ,3) .  

The present work compares the adsorption free energies 
at  the air-aqueous interface of alkylamides, their N -  
methyl derivatives, alkylmonocarboxylic acids, and alk- 
ylketones with those of the alkanols and with their inter- 
action energies with I and I1 monolayers. Correlations 
between the surface activities and the molecular surface 
areas of the compounds are considered, and the implica- 
tions with partition coefficients and permeabilities of these 
substances through biomembranes and liposomes are 
discussed. 

EXPERIMENTAL 

Reagents-Dipalmitoyl lecithin' and dipalmitoyl phosphati- 
dylethanolaminel were homogeneous by TLC (4). Reagent grade form- 
amide2, acetamide", propionamide4, butyramide", valeramide2, hex- 
anamide', N-methyl-2 and N,N-dimethylformamide', N-methyl-' and 
N.N-dimethylacetamide", N-methyl-2 and N,N-dimethylpropionamide', 

' Mann Research Laboratories, Orangehurg, N.Y. 
Pfalz and Bauer, Stanford, Cnnn. 
J .  T. Baker Chemical Co.,  Rochester, N.Y. 
Eastman Kodak Co., Rochester. N.Y. 
Aldrich Chemical Co., Milwaukee, Wis. 

N-methyL6 and N,N-dimethylbutyramide6, N,N-dimethylvaleramide*, 
N.N-dimethylhexanamide*, formic acid4, propionic acid3, butyric acid5, 
valeric acid5, hexanoic acid5, octanoic acid5, decanoic acid5. propanone5, 
2-butanone5, 2-pentanone5, 2-hexanone5, and 2-octanone5 were used 
without further purification. The hexane7 used to prepare the spreading 
solution and the distilled water used to prepare the aqueous solution and 
as a suhphase for the phospholipid monolayers fulfilled the requirements 
described previously (2,3).  

Instruments-A 9-cm diameter polytef dish with two identical mi- 
crohurets" and a polytef-coated stirring bar (1.25 X 0.8 cm) was used as 
a trough in the closed system described previously (2 ,3) .  Surface tension 
was measured with a Wilhelmy platinum plate (2.5 X 1.25 X 0.01 cm) 
attached to an e le~t roba lance~ whose output was fed into a recorder'". 

Su r face  Tensions of Aqueous Solutions-The surface tension of 
the aqueous solutions was measured as described previously (1). The 
reproducibility was within fO.2 dyne/cm. All experiments were per- 
formed a t  21 f 1". The  surface pressure, a, obtained by the difference 
between the previously determined surface tension of the pure water and 
the surface tension of the aqueous solution, was fitted to an exponential 
function of the concentration, C (moles per liter), by digital computerized 
nonlinear regression (1). The Gibhs adsorption equation was used in the 
form described previously (1): 

da r2 = - (L) 
d In Cz kT 

where I'n is the solute surface concentration (molecules per square cen- 
timeter), T is the surface pressure (dynes per centimeter), C? is the solute 
concentration in the bulk solution (moles per liter), k is the Boltzmann 
constant (ergs per molecule per degree), and T is the absolute tempera- 
ture ("K). The derivative (da ld In C2) of the exponential function that 
approximates the surface pressure dependence on concentration was 
computed with respect to the logarithm ofthe concentration. Suhstitution 
o f  these values into Eq. 1 permitted calculation of rr a t  any Cp. 

Injection under  Phospholipid Monolayers-Spreading of the 
phospholipid monolayers and injection of the test substance were per- 
formed as descrihed previously (1-3). The initial phospholipid monolayer 
surface pressure was 5 f 0.1 dynes/cm in all experiments. The criterion 
o f  equilibrium after the injection of' the studied substance was the con- 
stancy (fO.l dyne/cm) of the surface pressure increment, An, during 30 
min. 

RESULTS 

Adsorption at Clean Air-Aqueous Interface-Typical plots of the 
surface pressure uersu,s the logarithm of the concentration for some 
compounds are given in Figs. 1-4. Plots of' surface pressure uvrsus log 
concentration olitained with 0.1 M HCI solutions of the alkylmonocar- 
hoxylic acids coincided with those of their pure water solutions within 
reproducibility limits. 

The  standard free energy change, Acid (ergs per molecule), associated 
with solute adsorption a t  the clean air-aqueous inkrface was estimated 
I'rom (1, 5): 

a 
Acid = -kT In 7 (Eq. 2) 

X 2  

where rf  is the solute activity. The Acid values were calculated from the 
slope (*/xi) of the plot of a ( 5 5  dyndcm)  uersus the solute mole fraction 

Prepared by K .  V. Rao. 
Matheson, Coleman and Bell, East Kutherfiird, N.d. 
Manostat, New York, N.Y. 
Cahn Division, Ventron Instruments Corp., Paramount, ('ali!. 

I" Leeds and Northrup, North Wales, Pa. 
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Table I-Total Molecular Surface Area, Adsorption Free Energies at the Air-Water Interface, Acid ,  and Interaction Energies, (L., 
with I and I1 Monolavers 

Compound 
TSA, 

AZ/moIecuIe 

Air-Water 
- 7r -Acid X 

r x2 ergs/molecule 

I-Water, 

ergdmolecule 
+I x 1013, 

11-Water, 
+*I x lol:’, 

ergdmolecule 

Formamide 
Acetamide 
Propionamide 
Butyramide 
Valeramide 
Hex an a m i d e 
N,N- Dimethylformamide 
N,N-Dimethylacetamide 
N,N-Dimethylpropionamide 
N, N -Dimethyl butyramide 
N,N-Dimethylvaleramide 
N,N-Dimethylhexanamide 
Formic acid 
Acetic acid 
Propionic acid 
Butyric acid 
Valeric acid 
Hexanoic acid 
Octanoic acid 
Decanoic acid 
Propanone 
2-Butanone 
2- Pentanone 
%Hexanone 
2-Octanone 
Methanol 
Ethanol 
Propanol 
Rutanol 
Pentanol 
Hexanol 
Heptanol 
Octanol 

64.2 
84.6 

103.1 
121.3 
139.4 
157.5 
105.9 
121.7 
140.3 
158.4 
176.5 
194.7 
59.1 
73.7 
98.1 

116.2 
134.3 
152.5 
188.7 
261.3 
82.0 

109.2 
127.2 
145.4 
181.6 
61.9 
79.6 
99.7 

115.8 
134.0 
152.1 
170.3 
188.4 

0.9945 
0.9916 
0.9889 
0.9833 
0.9967 
0.9999 
0.9923 
0.9892 
0.9875 
0.9797 
0.9952 
0.9975 
0.9977 
0.9979 
0.9969 
0.9974 
0.9998 
0.9967 
0.9983 
0.9368 
0.9967 
0.9966 
0.9961 
0.9838 
0.9968 
0.9972 
0.9983 
0.9983 
0.9994 
0.9998 
0.9922 
0.9999 
0.9917 

39.0 
1.8 x 102 
1.7 x 103 
7.7 x 103 
2.0 x 104 
3.1 x 104 

3.3 x 103 
1.0 x 104 

1.2 x 105 

1.2 x 103 
3.2 x 103 
2.0 x 104 

1.2 x 105 

1.9 x 107 
1.3 x 103 
3.4 x 103 
5.2 x 103 

9.0 x 104 

1.3 x 103 
4.0 x 103 
1.1 x 104 
4.0 x 104 
1.1 x 105 
3.3 x 105 

8.9 x 102 
1.4 X 103 

3.4 x 104 

2.7 X lo2 

7.0 X 104 

1.2 x 106 

8.8 x 108 

4.7 x 102 

1.2 x 106 

1.5 
2.1 
3.0 
3.6 
4.0 
4.4 
2.8 
2.9 
3.3 
3.8 
4.3 
4.7 
2.3 
3.1 
3.3 
4.0 
4.5 
4.8 
5.7 
6.8 
2.9 
3.3 
3.5 
3.7 
4.6 
2.5 
2.9 
3.4 
3.8 
4.3 
4.7 
5.2 
5.7 

0.3 
0.6 
1.3 
2.2 
2.5 
3.2 
0.7 
1.0 

1.8 
2.0 
2.3 
0.6 
0.9 
1.6 
2.2 
3.0 
3.5 
4.4 

0.8 
0.7 
0.9 
2.2 

0.0 
0.7 
1.2 
1.7 
2.4 
3.6 
3.8 
4.3 

- 

- 

- 

0.7 
1.3 
2.3 
2.9 
3.5 
3.5 
1.1 
1.3 
- 
1.8 
2.1 
3.2 
1.0 
1.0 
1.5 
2.5 
3.2 
3.4 
4.8 

1.2 
1.4 
1.6 
2.1 
3.0 
0.2 
0.9 
1.5 
1.9 
2.3 
4.2 
4.6 
4.7 

- 

in the bulk solution, x 2 ,  when x2 - 0 and x ;  - x p  a t  low mole fractions. 
For all compounds, plots of the surface pressure (7r 5 5 dynedcm) uersus 
the solute mole fraction in the bulk solution were reasonably linear. The 
correlation coefficients ( r ) ,  the slopes, and the estimated AC$ values 
obtained from such plots are given in Table I. 

I t  was shown previously (1) that the simultaneous effect of the chain 
length and the position of the hydroxyl group on the alkanol surface ac- 
tivity is described best by the total molecular surface area, TSA (square 
angstroms per molecule),of thealkanol molecule. Molecular surface areas 
trf the compounds were calculated by a modified version (6) of the original 
computer program MOLAREA (7). The molecule was considered as a 

log C, moles/liter 

Figure I-Plots O f  the surface pressure, K, against the logarithm of the 
bulk concentration, C ,  for alkylamides from C1 to Ce. Key:  a, hexamide: 
b, ideramide;  c ,  butyramide. d ,  propionamide; e ,  acetamide; and f ,  
formamide. The lines through the experimental points were the best 
f i t  obtained with the coniputpr ( I ) .  

collection of spherical groups and individual atoms. The methyl, meth- 
ylene, and hydroxyl groups were approximated as single spheres, and 
standard geometry and interatomic bond lengths and angles (8,9) were 
used in the construction of the molecules. These molecular surface areas 
are listed in Table I. 

Plots of AG:d uersus the total molecular surface area of alkylamides, 
their N-methyl derivatives, alkylmonocarboxylic acids, and alkylketones 
are compared in Fig. 5 with those for the alkanols. The experimental 
points yielded reasonably straight lines within the estimated experi- 
mental error (0.14 erg/molecule or 0.2 kcal/mole). The correlation coef- 
ficients and the slopes are listed in Table 11. 

2o t 

log C, moleslliter 
Figure %--Plots of the surface pressure, 7r, against thp logarithm of the 
bulk concentration, C ,  for N,N-dimethylalk.vlamides. Key: a, N , N -  
dimethylhrxanamide; b, N,N-dimethyli,al~,ramide; I , ,  N,N-dimethyl- 
but.yramide; d ,  N,N-dimethylpropionamide; e.  N,N-ditnethylacetamide; 
and f ,  N,N-dimethylformamide. The lines through the experimental 
points were the best fit obtained with the computer (1 ) .  
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Table 11-Adsorption Free Ener ies per Methylene Group, AGcH~,  at the Air-Water and  Hydrocarbon-Water Interfaces, Interaction 
Energies per  Methylene Group, $cH*, with 1 and  I1 Monolayers, and  Transfer  Free Energies per  Methylene Group, AGtrCH2, from 
Water to Oil 

Decaneea or 
Petroleum Etherb- 

Oil-Waterc 11-Water Air-Water Water I-Water 
aG" - - ad TT 

TSA ' TSA ' TSA ' TSA ' AG,, 
ergs/ 

e%f AC;rCH2, 
X kcal/ 

Series r 1015 mole r loi5 mole r 1015 mole r 10'5 mole r 1015 mole 

k H 2 9  
X kcal/ 

e%/ AG&, A', $ ' c l H , ,  ef'l $'CHz, 
X kcall X kcall X kcal/ 

Alkanols 
(C1-Cs)d 

Alkyl ketones 
(CB-Cdd 

Alkylmonocar- 
boxvlic acids 

0.9993 2.53 0.66 0.9954 3.26 0.856 0.9942 3.21 0.84 0.9863 2.89 0.75 0.9983 3.0 0.79 

- - _  0.9995 3.1 0.81 0.9638 1.65 0.43 - - - - - - 

0.9750 2.20 0.57 - - - 0.9930 3.07 0.80 0.9817 3.35 6.87 0.9874 2.7 0.71 

(CI:C!o)d 
Alkylamides 0.9811 3.21 0.84 0.9997 3.22 0.84O 0.9803 3.25 0.85 0.9909 3.85 1.00 0.9831 3.2 0.83 

(C1-Cs)d 

(C1-CI4d 

alkylamides 
(C 1-Cd 

- - - - - N-Methylalkyl- 0.9811 2.26 0.59 - - - - 

amides 

N,N-Dimethyl 0.9811 2.27 0.59 - - __ 0.9910 1.83 0.48 0.9979 1.4 0.37 

From Ref. 31. * From Ref. 12. From Ref. 33. d Number of carbon atoms in the hydrocarhon chain. 

The slopes of the plots of the alkylmonocarboxylic acids and the N- 
methyl- and N-dimethylalkylamides were 13 and 10% smaller than those 
of the alkanols, respectively. The slopes of  the plots of the alkylamides 
and alkylketones were 27% greater and 35% smaller than those of the 
alkanols, respectively. 

Interaction with Phospholipid Monolayers-The interaction 
energies, +, were estimated from the slopes of the plots of the reciprocals 
of the equilibrium surface pressure, A K . ~ ,  after injection uersus the re- 
ciprocals of the final concentration, n (molecules per cubic centimeter), 
ofthe subphase-injected substance (1-3). They are listed in Table I and 
are plotted in Figs. 6 and 7 uersus the total surface area per molecule. 

The plots for I monolayers were reasonably linear for alkylmonocar- 
hoxylic acids (c1-C~)  and alkylamides ( c 1 - C ~ )  and their N-dimethyl 
derivatives. The interaction energies per methylene group, $'cH*, esti- 
mated from the slopes of the plots of alkylmonocarboxylic acids and al- 
kylamides (Table 111, were similar to those of the alkanols (7), but the 
interaction energy of the N-dimethylalkylamides was 50% smaller. 

e f  I ; <  d 0 J O ' i  

loo C, moleslliter 

Figure 3-Plots of the surface pressure, H, against the logarithm of thc. 
bulk concentrations, c, for alkylmonocarboxylic acids from c1 to  c". 
Key: a, octanoic; b, hexanoic; e ,  oaleric; d ,  butyric; e ,  propanoic; f ,  acetic, 
andg, formic. The lines through the experimental points were the best 
f i t  obtained with the computer ( I ) .  

For I1 monolayers, the interaction energies of formic acid, hexanamide, 
and N,N- dimethylhexanamide presented gross departures from linearity. 
The interaction energies per methylene group were higher for alkylamides 
and alkylmonocarboxylic acids and smaller for N-dimethylalkylamides 
than those of the alkanols. 

The interaction energies of the first three compounds of the alkylke- 
tone series with I monolayers showed the same value within the estimated 
experimental error. In the interaction with I1 monolayers, the correlation 
coefficient was 0.93. 

DISCUSSION 

Adsorption at Clean Air-Aqueous Interface-From one compound 
of each of the studied homologous series to the next compound, there was 
a constant surface area increase of the hydrophobic moiety that pro- 
gressively changed the hydrophilic-hydrophobic balance of the molecules. 
The slopes of the linear plots of the adsorption free energy uer,sus the total 

I C  d I  

I 

i 

log C, inoleslliter 

Figure 4-Plots of the surface pressurp, K, against the logarithm o f  the 
bulk concentration, C, for alkylketones from C:, to CS. Key: a ,  P-octa- 
none; b, 2-hexanone; c ,  2-pentanone; d ,  2-butanune, and e,  propanone. 
The lines through the experimental points were the bcst fit obtained 
with the computer (1). 
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Figure 5-P1ot.s of the adsorption free rnprgy of the air-aquwus SO- 

lutitrn interface. AG:d (ergs per molecule), against the total molecular 
surface arca (square angstroms per molerule). Key:  A ,  alkylmonocar- 
boxylic acids; ., alkanols; A, alkylketones; 0 ,  alkylamides; and 0. 
N,N-dzmeth~~la lky lamid~s .  

molecular surface area thus represent the contribution of each square 
angstrom increment of the hydrophobic surface area of the molecules to  
their total adsorption free energy. 

The contribution to the molecular surface area due to an incremental 
methylene group in a straight chain extended conformation was estimated 
recently to be 18.1 A2 (6). The  adsorption free energies per methylene 
group, AG(;H*, of the studied homologous series calculated using this 
surface area contribution are listed in kilocalories per mole in Table 
11. 

Since early findings ohtained mainly with aliphatic alcohols, acids, and 
their esters (10, 11) were confirmed by several subsequent studies (1, 
12-15), it generally has been accepted that the adsorption free energy 
increase produced by an incremental methylene group addition to a 
saturat.ed straight hydrocarbon chain that adsorbs a t  the air-water in- 
terface is hetween 0.600 and 0.625 kcal/mole. The average value (0.603 
f 0.07 kcal/mole) ohtained ill the present study (Table 11) for alkanols, 
alkylmonocarboxylic acids, and N-dimethylalkylamides reasonably 
agreed. 

I t  is difficult. to understand why the slope corresponding to the plot 
of the adsorption free energy uersus the total molecular surface area for 
the alkylarnides is 39% higher and that of the alkylketones is 29% lower 
than the average value (0.603 f 0.07 kcal/mole) obtained for t.he rest of 
the homologous series. 

The possibility existed that a different polar group attached to  the 
same hydrocarhon chain might cause a different charge to he transferred 
along the methylene groups of the hydrocarbon chain, thus altering their 
interaction with the solvent molecules. Molecular orbital calculations 
perfnrnwd on isolated molecules of 23 selected alkylamides, alkyl- 
monocarhoxylic acids, and alkanols failed to show evidence of a charge 
perturbation of'the methylene groups beyond the first that could account 
for the observed effects of the amide group. 

The fact that the adsorption free energy per methylene group o f  the 
N-methyl- and N,N-dimethylalkylamides is practically the same as that 
of the alkanols and alkylmonocarboxylic acids seems to indicate that the 
unsubstitut,ed amino (NF-12) group is responsible for the higher adsorption 
free energy per methylene group in amides. Of the studied series, the 
amide group presents the higher hydrogen bonding capability. On the 
hasis of ab ifii/io self-consistent field method (SCF) cornput.ations of 
various polyhydrates, evidence was presented ( 16) for the structure of 
formamide in aqueous solutions consistent with a model of four water 
molecules in the primary hvdration sphere, two of them hydrogen bonded 
to the amino group acting as a proton donor. 

The staridard adsorption free energy, AGid  (Eq. 2) ,  is the free energy 
change associated with the transfer of one molecule from infinite dilution 
in hulk solution to  infinite dilution a t  t.he interfacial region (5) and thus 
is a measure of the work of transfer. Kinetic data obtained'for the 
t ime-dephdent effect of cetrimonium ions injected beneath an air- 
aqueous int.erf'ace on the water surface tension showed (17) excellent fit 
and consistency with a model that  postulates an intermediate rompart- 
rnent (sithinterface) between the plane of the interface and the bulk 
aqueous solution. This compartment is assumed to be a thin region with 
a thickness of 10-10:' water molecule diameters (18) where the water 
molecules are oriented in a given array (19-21). Consequently, adsorption 
might be assumed to he energrtkally equivalent to the transfer of a solute 
mol~cule froni a normal water environment in the hulk solution to the 
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Figure 6-Plots of the adsorption free energies at the air-aqueous so- 
lution interface (- - .) and of interaction cnergics with l monolayers (-) 
versus the total molecular surface nreu. Key: A ,  alkylmonocarboxylic 
acids; 0, alkylamides; and 0, N.N-dimrthylalkylamides.  

subinterface region where the water molecules are ahnormally ori- 
ented. 

Solute molecules such as those studied in the present work may interact 
with water molecules through hydrogen bonding of the polar hydrophilic 
group and through J'ondon dispersion forces generated mainly from its 
hydrophobic moiety. The negative standard adsorption free energies of 
formamide (-2.2 kcal/mole), formic acid (-3.3 kcal/mole), and methanol 
(-3.6 kcal/mole) indicate that the spontaneous tendency to  perform the 
transfer from the hulk solution to the subinterface increases in the order: 
methanol > formic acid > formamide. Methanol and formamide present 
the minimum and maximum capabilities, respectively, to hydrogen bond 
with water; therefore, these results seem to indicate that, for these 
short-chain molecules, a correlation exists between their adsorption free 
energies at the air-aqueous interface and the hydrogen bonding capability 
of their hydrophilic moieties. The facts that aqueous urea solutions 
showed (22) a negat.ive excess surface concentration (i.e.,  AGld > 0) and 
that thiourea in aqueous solution showed a negative adsorption free en- 
ergy in preliminary experiments performed in this laboratory seem to 
corrohorate this hypothesis. 

The increase of the hydrocarbon chain length increases the surface area 
o f  the hydrophohic moiety only, enhancing its interaction through 
I,ondon dispersion forces with the water molecules. It seems reasonable 
that, a t  a given chain length, the adsorption free energy difference pro- 
voked by the different hydrophilic groups should be minimized due to 
the preponderant effect of the hydrophohic moiety. The adsorption free 
energies of hexanol, hexanoic acid, and hexamide are -6.8, -6.9, and -6.3 
kcal/mole, respectively, i n  accord with this expectation; however, even 
for this chain length, hexanamide shows a significantly smaller value. 

Experiments performed in this Iahoratory showed that, at  constant 
t emperature, the surface tension of heptanol-heptane mixtures adheres 
to  the additivity rule represented by: 

y11= y l x l  + y2xz (Eq. 3 )  

where y I:! is the surface tension of the mixture and y l , ~ ? ,  XI, and X ?  are 
the surface tensions i n  the pure state (26.4 and 20.6 dynedcm) and the 
mole fractions of heptanol and heptane in the mixture, respectively. 

mole 
traction of heptanol is 55 dynes/cm at 20'; i.e., the surface tension of pure 
water (72.6 dynedcm) is decreased by the initial presence in the hulk 
solution of approximately six heptanol molecules/lOrl water molecules. 
A heptanol-heptane mixture containing this same heptanol mole fraction 
has the same surface tension as pure heptane within experimental error. 
I n  this last case, Eq. I predicts that the heptanol concentration at  the 
interface is identical t.o that. of t.he hulk solution. This fact suggests that 

'The surface tension of' an aqueous solution containing 5.8 X 
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Table 111-Diffusion Free Energies, AGdif, of Alkylamides within a Phospholipid Bilayer 

q!q AG$ *, 
K ,  water- P a  x lo5, AGAiP, l h  -#I ,  AG;, - Acid ( o h ) ,  

Compound ether cm/sec kcal/mole X 10-4, cm/sec kcal/mole kcal/mole kcal/mole 

Formamide 0.0014 7.8 f 0.5 6.15 1.61 0.43 5.61 6.10 
Acetamide 0.0025 2.4 f 0.4 7.55 2.11 0.86 5.61 7.46 
Propionamide 0.013 6.1 f 0.6 7.90 2.36 1.87 5.61 7.98 
Valeramide 0.23 18.3 f 1.1 8.00 2.98 3.60 . 5.61 9.18 

From Ref. 26. * Calculated from the equation: ACdir = kT In [(XZ/l)(kT/h)] + $1 - [Act - AG$(o/w)] - kT In P .  
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the different surface tension effects of the solvent produced by the 
presence of the same number of solute molecules in the two solutions may 
be related to some differential property between the water and heptane 
solvents. 

The surface tension of a pure liquid is essentially a manifestation of 
the unbalanced molecular interactions on the surface molecules. The 
main intermolecular forces in liquid hydrocarbons are London dispersion 
forces. The hydrogen bond and London dispersion forces are the main 
intermolecular forces in water. The hydrogen bond component has been 
estimated to be responsible for two-thirds of the total surface energy of 
water (23). 

The difference between the effect of heptanol on the surface tension 
of  water and heptane could be related to the effect on the hydrogen bond 
component of the surface energy of water. The total molecular surface 
area of heptanol and the accepted water molecule radius (1.5 A) lead to 
an estimated 25 water molecules packed closely around a heptanol mol- 
ecule; i.e., only 25 X 6 molecules out of water molecules in this solution 
can be affected directly by the presence of heptanol molecules a t  that  
concentration. 

If the assumption that the subinterface compartment with water 
molecules oriented in a given array (and, consequently, in a comparatively 
low entropic state) is valid, a plausible explanation of the magnitude of 
the observed effect on water could be that direct solute molecule inter- 
action with a relatively small number of water molecules generates and 
propagates significant disruption of the water structure in the bulk so- 
lution. The entropic contribution thus created could be the driving force 
of the spontaneous heptanol molecule adsorption a t  the air-aqueous 
solution interface. 

Interaction with Phospholipid Monolayers-Plots of the interac- 
tion energies, $, of alkylamides, N-dimethylalkylamides, and alkyl- 
monocarboxylic acids with I monolayers uersus the total molecular sur- 
face area are compared in Fig. 6 with those of their adsorption free energy 
at  the clean air-water interface. The regression coefficients, the slopes, 
and the adsorption free energy per methylene group are listed in Table 
11. 

The linearity of the plots of the compounds from C1 to Cg in the main 
hydrocarbon chain of the alkylamide and N-dimethylalkylamide series 
and from C1 to Cs in the alkylmonocarboxylic acids contrasts with the 
reported departure from linearity observed for the c6 and Cs compounds 
of the alkanol series in their interaction with I monolayers (1). 

The interaction energies per methylene group of the alkylamides and 
alkylmonocarboxylic acids were practically identical to the adsorption 
free energies per methylene group a t  the hydrocarbon-water interface. 
This finding seems to indicate that I monolayers behave as ultrathin oil 
phases for these compounds, as was observed previously with alkanols 
(1). The observed 50% reduction of the interaction energy per methylene 
group of the hydrocarbon chain of the N-dimethylalkylamides compared 
with that of the adsorption free energies a t  the clean air-water interface. 
N o  literature data were found on the adsorption free energy of these 
compounds a t  the hydrocarbon-water interface. 

The plots corresponding to I1 monolayers (Fig. 7) indicate a marked 
departure from linearity for hexanamide and N-dimethylhexamide and 
compare with that reported recently (7) for hexanol and octanol in their 
interaction with I and I1 monolayers. The interaction free energies per 
rnethylene group compare with those of the interaction with I monolayers. 
The small differences observed within the experimental error could be 
reasonably attributed to the different molecular surface density of 1 and 
I1 monolayers. 

Correlations with Permeability-Three important variables govern 
nonelectrolyte permeation across biomembranes: ( a )  the partition 
coefficient of the membrane-bathing solution, ( b )  the rate constant for 
entrance into the membrane from the aqueous environment, and (c) the 
diffusion coefficient within the membrane (24). Solute permeation across 
the lipid regions of biomembranes can be separated into three successive 
events that contribute to the total permeation rate: ( a )  adsorption of the 

hydrated solute a t  the lipid-bathing solution interface, ( b )  dehydration, 
and ( c )  solute diffusion through the lipid region (25). 

Kinetic analysis of membrane permeability (26,27) based on the ab- 
solute rate theory treatment of diffusion (28) shows the permeation rate 
to be proportional to the product of the probability of occurrence of the 
three successive events (25): 

(Eq. 4) 

where P is the permeability (centimeters per second), A is the average 
distance between equilibrium positions (angstroms), 1 is the membrane 
thickness (angstroms), h is the Planck constant (ergs X seconds), and 
AG.d, AGdeh, and AGdif are the contributions to the total activation 
energy of the adsorption, dehydration, and diffusion steps, respec- 
tively. 

The AGad and AGdeh terms of Eq. 4 correspond to the first energetic 
barrier found by the solute molecule during its permeation, i.e., the 
crossing of the bathing solution-lipid interface. Adsorption of the amides 
a t  the water-air or decane-water interface is spontaneous so that AGad 
is intrinsically negative. On the contrary, the nonspontaneity of dehy- 
dration indicates that AGdeh is intrinsically positive. Consequently, the 
total energetic cost of crossing the interfacial region is -AGsd + 

The free energy change, Actr,  associated with the transfer of a solute 
from an aqueous solution to dimyristoyl lecithin liposomes was estimated 
by (29): 

AGdeh. 

AGb = - k T l n P  (Eq. 5) 
where P is the molal partition coefficient, which can be related to the 
thermodynamic partition coefficient through an expression containing 
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Figure 7-Plots of the adsorption free energies at  the air-aqueous so- 
lution interface (- - -) and the interaction energies with I I  monolayers 
(-) versus the total molecular surface area. Key: A, alkylmonocar- 
boxylic acids; 0, alkylamides; and O ,  N,N-dimethylalkylamides. 
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Figure 8-Plots of the transfer free energies of the oil-water solution, 
AG;, (a, b); the adsorption free energies a t  the hydrocarbon-water in- 
terface, AG;d (olw) (c, d); and the adsorption free energies at the air- 
water interface,, AG;,j‘(e, f), against the total molecular surface area. 
Key: 0, alkylamides; and ., alkanols. 

the natural logarithm of the ratio of the molecular weights of the nonpolar 
and polar phases (29). However, for comparative purposes, the P values 
can be used to estimate a relative free energy change. 

The plota of AGL obtained from literature data (30) on partition 
coefficients of oil-aqueous solutions of alkylamides and alkanols uersus 
the total surface area per molecule are compared in Fig. 8 with those of 
the adsorption free energy, A G P ,  at the hydrocarbon-aqueous (obtained 
from Refs. 31 and 12, respectively) and at  the air-aqueous interfaces. 
With the exception of formamide in the AGE plot, the points determined 
reasonably straight lines. The slopes, intercepts, and correlation coeffi- 
cient are given in Table 11. 

a t  the hydrocarbon-water 
interface permitted estimation of the constant difference ( AG:, - 
AGp)TSA-O for the alkylamides and the alkanols, 3.91 X and 2.84 
x 10-13 erglmolecule, respectively. 

The partition of a surface-active solute between aqueous and non- 
aqueous phases can be separated into two successive events the spon- 
taneous adsorption of the hydrated solute at the interface ( A G d  < 0) and 
its subsequent dehydration (AGdeh > 0)  that permits penetration into 
the nonaqueous phase (31). It can be reasonably assumed that the total 
free energy chan e of the partition, AGt,, should reflect both events so 
that AGt, = AGiw + AGdeh and AGdeh = AGtr - AG$w. 

It is generally accepted (27,32) that the amide group and the hydroxyl 
group form three and two hydrogen bonds with water, respectively. 
However, from ab initio SCF computations of various polyhydrates, 
evidence was presented recently (16) for the structure of formamide in 
aqueous solution consistent with a model of four water molecules in the 
primary hydration sphere, two of them hydrogen bonded to the amino 
group acting as a proton donor. 

By assuming that the constant difference (AGb - A G $ w ) ~ ~ = ~  is re- 
lated to the free energy change that corresponds to dehydration, the 
contribution of each hydrogen bond to the total dehydration free energy 
can be estimated by dividing ( A c t ,  - AG:!J”)nA-o by three for alk- 
ylamides and by two for alkanols. The values obtained, 1.31 X and 
1.42 X erg/molecule, respectively, seem to indicate the validity of 
this assumption for the two series. 

The equation used to estimate the interaction energies of subphase- 
injected solutes with phospholipid monolayers was derived originally (2) 
based on the statistical thermodynamic treatment of the Langmuir ad- 
sorption equation (33,34). The Boltzmann-Maxwell exponential factor 
consequently contained an activation energy term about which, under 
the experimental conditions, no valid assumption could be made on the 
thermodynamic function (AE, AH, or AG) that it really represents. The 

Parallelism of the plots of A c t  and 

ambiguous interaction energy term was coined, and the symbol J. was 
used to represent it. 

The order of magnitude of the experimentally measured interaction 
energies, fi, of alkylamides and alkanols with phospholipid monolayers 
and their dependence on the total surface area per molecule strongly 
suggest that they could be related to the adsorption free energy of the 
solute a t  the phospholipid monolayer-aqueous solution interface. The 
validity of this suggested relationship and the former assumption of the 
dependence Of AGdsh on (Act ,  - 

of formamide, 
acetamide, propionamide, and valeramide within egg lecithin bilayers 
estimated recently (26) from their measured permeability coefficients 
by assuming that the unknown bathing solution-lipid bilayer partition 
coefficients are proportional to the known water-ether partition coeffi- 
cients are compared in Table I11 with those obtained by aubstituting A G d  
for the interaction energies with dipalmitoyl lecithin monola ers, $1 

in Eq. 4. The coincidence of the calculated values of the activation free 
energy of the diffusion within the lipid bilayer for formamide, acetamide, 
and propionamide favors the validity of the former assumptions. The 
discrepancy between the calculated values of AC@ and AGis in the case 
of valeramide could be explained on the basis that as the solute size in- 
creases, the crossing of the interface becomes the rate-determining step; 
for valeramide, it constitutes 90% of the total resistance to permeation 
(24). The fact that in this case AG$ compares with which contains 
the contribution corresponding to the partition coefficient [AG& = A& - In AIA‘ (24)], favors this explanation. 

The results presented here seem to indicate that the interaction energy 
of alkylamides with dipalmitoyl lecithin monolayers spread at  the air- 
water interface can be reasonably identified with the adsorption free 
energy at  the aqueous solution-monolayer interface, which constitutes 
the first energetic step involved in alkylamide permeation across a 
phospholipid bilayer, and that the dehydration free energy constituting 
the second energetic step can be identified with the difference between 
the transfer free energy from an squeous phase to an oil phase and the 
adsorption free energy at the water-hydrocarbon interface. 

can be tested with Eq. 4.. 
The activation free energies for the diffusion, 

(Table I), and AGdeh for the corresponding values of (Act, - A C $ ~ S A - O  J 
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Abstract The binding of 14C-codeine, 14C-morphine, and 3H- 
methadone to human serum albumin was studied at a constant ligand 
concentration and varying albumin concentrations. Scatchard plota of 
the data were linear and had positive slopes. The curves for the three li- 
gands had similar data values and slopes. With increasing albumin con- 
centrations, /3 (fraction bound) values increased. The /3 change per al- 
bumin concentration change [d(j3)/d(albumin)] dropped most markedly 
at  lower albumin concentrations and changed less as the albumin con- 
centrations approached those normally observed in human blood. Values 
of nK, the number of binding sites or systems on the protein times the 
association constant, calculated from /3 and the albumin concentrations 
decreased with an increase in albumin concentration increase. The curves 
were similar for codeine and morphine, while the methadone curve in- 
dicated less of a decrease in nK with an increasing albumin concentration. 
For data published previously on the binding of various ligands at  dif- 
ferent albumin concentrations, plots of /3 values or calculated nK values 
versus albumin concentration revealed that /3 generally increased and 
nK decreased with an increasing albumin concentration. Desipramine, 
propoxyphene, prednisone, and phenylbutazone were exceptions to these 
relationships. 

Keyphrases 0 Codeine-binding to human serum albumin, varying 
albumin concentration 0 Morphine-binding to human serum albumin, 
varying albumin concentration 0 Methadone-binding to human serum 
albumin, varying albumin concentration Binding, protein-codeine, 
morphine, and methadone to human serum albumin, varying albumin 
concentration 

In most studies of drug binding to serum proteins, a 
single protein concentration was used and the ligand 
concentration was varied (1-3). Scatchard plots of the data 
gave either a straight line or curve and almost invariably 
had a negative slope. However, studies of cortisol binding 
to serum albumin were conducted in which the cortisol 
concentration was constant and the albumin concentration 
.was varied (4). The resulting Scatchard plot was a straight 
line with a positive slope. The results could not be ex- 
plained on the basis of microheterogeneity or by variations 
of the albumin activity coefficient. This observation was 
not investigated further. 

Several subsequent studies involved the binding of 
various ligands to serum proteins using a constant ligand 

concentration and varying protein concentrations. Scat- 
chard plots with a positive slope were observed with thio- 
pental (5) ,  phenytoin (6, 7), and L-tryptophan (6, 7). 
Bowmer and Lindup (8) recently commented on the sev- 
eral published studies involving data yielding Scatchard 
plota with positive slopes and the significance of obtaining 
binding data when the protein concentration is varied and 
the ligand concentration is constant. 

Previous studies involving the binding of 14C-codeine, 
14C-morphine, and 3H-methadone to human serum albu- 
min yielded Scatchard plots with positive slopes when the 
albumin concentration was constant and the ligand con- 
centration was varied (9). No explanation for the positive 
dopes (rather than the usually observed negative slopes) 
could be offered. This report is an extension of the earlier 
studies and involves variation of the albumin concentra- 
tion and constant ligand concentrations. 

EXPERIMENTAL 

Methods-All protein binding determinations were performed by the 
equilibrium dialysis method (9) using multiple-cell blocks. Each cell had 
1 ml on each side of the cellulose membrane. Radioactivity was deter- 
mined in a liquid scintillation system as described previously (9). 

Material~-~“C-Codeine’, l4C-rnorphine1, 3H-methadone2, and 
crystalline human serum albumin3 were obtained commercially. All 
chemicals were reagent grade. 

RESULTS AND DISCUSSION 

The human serum albumin concentration was varied between 0.217 
X M. The ligand concentration was kept constant 
(l4C-morphine, 0.00356; 1%-codeine, 0.00339; and 3H-methadone, 
0.00332 M). Scatchard plots of the data for the three ligands are shown 
in Fig. 1. The albumin concentrations for each ligand fell in the same 
sequence on the curve as found in studies (4,5,7) involving a constant 
ligand concentration and varying albumin concentrations. The slopes 
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Abstract The binding of 14C-codeine, 14C-morphine, and 3H- 
methadone to human serum albumin was studied at a constant ligand 
concentration and varying albumin concentrations. Scatchard plota of 
the data were linear and had positive slopes. The curves for the three li- 
gands had similar data values and slopes. With increasing albumin con- 
centrations, /3 (fraction bound) values increased. The /3 change per al- 
bumin concentration change [d(j3)/d(albumin)] dropped most markedly 
at  lower albumin concentrations and changed less as the albumin con- 
centrations approached those normally observed in human blood. Values 
of nK, the number of binding sites or systems on the protein times the 
association constant, calculated from /3 and the albumin concentrations 
decreased with an increase in albumin concentration increase. The curves 
were similar for codeine and morphine, while the methadone curve in- 
dicated less of a decrease in nK with an increasing albumin concentration. 
For data published previously on the binding of various ligands at  dif- 
ferent albumin concentrations, plots of /3 values or calculated nK values 
versus albumin concentration revealed that /3 generally increased and 
nK decreased with an increasing albumin concentration. Desipramine, 
propoxyphene, prednisone, and phenylbutazone were exceptions to these 
relationships. 

Keyphrases 0 Codeine-binding to human serum albumin, varying 
albumin concentration 0 Morphine-binding to human serum albumin, 
varying albumin concentration 0 Methadone-binding to human serum 
albumin, varying albumin concentration Binding, protein-codeine, 
morphine, and methadone to human serum albumin, varying albumin 
concentration 

In most studies of drug binding to serum proteins, a 
single protein concentration was used and the ligand 
concentration was varied (1-3). Scatchard plots of the data 
gave either a straight line or curve and almost invariably 
had a negative slope. However, studies of cortisol binding 
to serum albumin were conducted in which the cortisol 
concentration was constant and the albumin concentration 
.was varied (4). The resulting Scatchard plot was a straight 
line with a positive slope. The results could not be ex- 
plained on the basis of microheterogeneity or by variations 
of the albumin activity coefficient. This observation was 
not investigated further. 

Several subsequent studies involved the binding of 
various ligands to serum proteins using a constant ligand 

concentration and varying protein concentrations. Scat- 
chard plots with a positive slope were observed with thio- 
pental (5) ,  phenytoin (6, 7), and L-tryptophan (6, 7). 
Bowmer and Lindup (8) recently commented on the sev- 
eral published studies involving data yielding Scatchard 
plota with positive slopes and the significance of obtaining 
binding data when the protein concentration is varied and 
the ligand concentration is constant. 

Previous studies involving the binding of 14C-codeine, 
14C-morphine, and 3H-methadone to human serum albu- 
min yielded Scatchard plots with positive slopes when the 
albumin concentration was constant and the ligand con- 
centration was varied (9). No explanation for the positive 
dopes (rather than the usually observed negative slopes) 
could be offered. This report is an extension of the earlier 
studies and involves variation of the albumin concentra- 
tion and constant ligand concentrations. 

EXPERIMENTAL 

Methods-All protein binding determinations were performed by the 
equilibrium dialysis method (9) using multiple-cell blocks. Each cell had 
1 ml on each side of the cellulose membrane. Radioactivity was deter- 
mined in a liquid scintillation system as described previously (9). 

Material~-~“C-Codeine’, l4C-rnorphine1, 3H-methadone2, and 
crystalline human serum albumin3 were obtained commercially. All 
chemicals were reagent grade. 

RESULTS AND DISCUSSION 

The human serum albumin concentration was varied between 0.217 
X M. The ligand concentration was kept constant 
(l4C-morphine, 0.00356; 1%-codeine, 0.00339; and 3H-methadone, 
0.00332 M). Scatchard plots of the data for the three ligands are shown 
in Fig. 1. The albumin concentrations for each ligand fell in the same 
sequence on the curve as found in studies (4,5,7) involving a constant 
ligand concentration and varying albumin concentrations. The slopes 

and 0.87 X 

Amersham Corp. 
New England Nuclear Cop. 
ICN Life Sciences Group. 

0022-35491801 0100-0071$0 1.0010 
@ 1980, American Pharmaceutical Association 

Journal of Pharmaceutical Sciences I 71 
Vol, 69, No. 1, January 1980 



Table I-Relationship between B and Human Serum Albumin Concentration in the Binding of “C-Codeine, 14C-Morphine, and 3H- 
Methadone 

Ligand 
Albumin I4C-Codeine 14CC-Morphine 3H-Methadone 

tion, M P d(a1bumin) B d(a1bumin) P d (albumin) 
Concentra- d(B)/ d W l  d(P) l  

- - - - 0.0158 636.6 0.217 X 
0.870 X 0.0438 273.2 0.0512 329.7 
0.145 X lW3 0.05 222.4 0.07 263.3 0.09 446.3 
0.29 x 10-3 0.074 168.2 0.095 194.1 0.145 391.9 
0.58 x 10-3 0.132 127.3 0.154 143.1 0.252 344.2 
0.870 X lod3 0.16 108.1 0.184 119.8 0.305 319.0 

- - 

Table 11-Literature Data for Drug Binding at Varying Human Serum Albumin Concentrations 

Reference Ligand 

Plot of Human Serum Albumin Concentrations, M, uersus 
A nK 
I- . .. . 

ra Slope r Slope 

10 Prednisone 0.8 +621 0.176 +0.999 x 106 

12 Phenylbutazone 0.947 +53.8 0.986 +o.i04 x 109 
11 Methadone 0.945 +490 0.912 -0.904 X lo6 
13 Diphenylhydantoin 0.496 +148 0.383 -0.937 X lo7 
13 Desipramine 0.212 -22.2 0.826 -0.337 X 10s 
14 Morphine 0.373 +116 0.482 -0.549 X lo6 
14 Diphenylhydantoin 0.496 +197 0.158 -0.277 X 10s 

0.712 -0.22 x 10s 16 Propoxyp hene 0.43 -244 
15 Furosemide 0.873 +88.2 0.91 -0.101 x 109 

0 The r value is the correlation coefficient for the best fit of the data points to a straight line. The slope given is that calculated for the best fit straight line. 

for the curves for all three ligands were on the same order of magni- 
tude. 

When the extent of binding uersus albumin concentration was exam- 
ined, /3 (fraction of ligand bound) increased with albumin concen- 
tration (Fig. 2). The slopes of the curves were relatively close for codeine 
and morphine and slightly higher for methadone. Since it’ generally is 
recognized that drug binding to serum proteins may affect pharmaco- 
logical activity because the active drug form is the free or unbound drug, 
serum albumin concentration changes could be important. Serum albu- 
min concentrations vary among normal individuals to a limited extent 
and may be reduced in certain pathological circumstances. 

To understand the relative effects of differences in the serum albumin 
concentration and the fraction of ligand bound, d(/3)/d(albumin) was 
calculated for each albumin concentration and its corresponding p value. 
This parameter is the rate of change in p with respect to a change in al- 
bumin concentration. The value was calculated by fitting albumin con- 
centrations and corresponding 6 values to a curve for which a statistically 
significant fit could be obtained by a computer. The first derivative of 
the curve then was taken at each albumin concentration. 

The d(P)/d(albumin) values dropped rapidly as the albumin concen- 
tration increased from the low values and then dropped less as the higher 

albumin concentrations were reached (Table I). These values are repre- 
sented in Fig. 3. At the higher albumin concentrations, P changed less 
per albumin concentration change. Since the higher albumin concen- 
trations are those generally encountered, even in individuals with albumin 
concentrations considered somewhat below normal, P would not be re- 
duced drastically, and only moderate modifications (if any) of the dose 
level would be indicated with slightly decreased albumin concentrations. 
The large /3 change per change in albumin concentration would exist at 
the much lower albumin concentrations, which generally are not en- 
countered clinically. 

Numerous studies were identified (8) in the literature in which binding 
was affected by albumin concentration changes. A protein concentration 
increase corresponding to an nK decrease was common to these studies4. 
The data obtained in this study were analyzed similarly, and nK was 
calculated using an equation (2) that permitted calculation of nK from 
/3 and the protein concentration. Figure 4 shows the curves obtained when 
the calculated nK values were plotted uersus albumin concentration. For 
all three ligands, an albumin concentration increase was accompanied 
by an nK decrease. 

Numerous investigators (10-16) have published data for drug binding 

0.321 0.24 
0’ 

/ loooI C 
0 6’ 

0: 5 1 ;o 1.5 2.0 2.5 3.0 
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Figure 1-Scatchard plots of the data for the binding of l4C-codeine. 
‘4C-morphine, and 3H-methadone to human serum albumin. Nubar 
refers to the moles of ligand bound per mole of albumin in the system. 
Numbers near the data points represent the milligrams of albumin per 
dialysis cell (I-ml cell). Key: A ,  0, 14C-morphine; B, A, 14C-codeine; 
and C ,  0, 3H-methadone. 

010 0.0002 0.0004 0.0006 0.0008 
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Figure 2-Relationship between B and the human serum albumin 
concentration for the binding of ‘4C-codeine, 14C-morphine, and :’H- 
methadone to human serum albumin. Key: A,  0, 14C-codeine; A, A, 
14C-morphine; and C, 0, 3H-methadone. 

‘The n refers to the number of binding sites or systems on the protein, and K 
refers to the association constant. 
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Figure 3 4 h a n g e  in j3 per human serum albumin concentration 
change [d(@)/d(albumin)] versus albumin concentration for the binding 
of "C-codeine, 14C-morphine, and 3H-methadone to human serum 
albumin. Key: A,  0, 14C-codeine; B, A, l4C-rnorphine; and C, 0, 3H- 
methadone. 

(B) at varying human serum albumin concentrations. The data in these 
reports were plotted as @ uersus albumin concentration (molar) and 
calculated nK values (calculated as described) uersus albumin concen- 
tration. 

The results are summarized in Table 11. In many cases, the plots did 
not follow closely a straight line, as evidenced by statistically insignificant 
correlation coefficients (i.e., <0.9); the slopes calculated thus represent 
a trend of the scattered points rather than a precise slope. In general, B 
increased with an albumin concentration increase except for desipramine 
and propoxyphene. The nK values decreased with an albumin concen- 
tration increase, as found by Bowmer and Lindup (8) in their study of 
literature for binding data. Table I1 reveals two other exceptions, pred- 
nisone and phenylbutazone. Thus, nK values apparently do decrease with 
an albumin concentration increase but with some exceptions. These ex- 
ceptions merit further study for other possible unique albumin binding 
characteristics. 

Bowmer and Lindup (8) suggested that positive-slope Scatchard ewes 
might be explained by cooperativity if the positive-slope curves are ob- 
tained from data where the protein concentration was constant and the 
ligand concentration was varied, as well as from data for the same system 
where the ligand concentration was constant and the protein concen- 
tration was varied. This cooperativity seems to apply to the binding of 
codeine, morphine, and methadone to human serum albumin. Positive- 
slope Scatchard plots were obtained in a previous study (9) where the 
albumin concentration was constant and the ligand concentration was 
varied. In the present study in which the ligand concentration was con- 
stant and the albumin concentration was varied, Scatchard plots with 
positive slopes ale0 were obtained. 

More ligand-protein systems should be reinvestigated by keeping the 
ligand concentration constant and varying the protein concentration, 
not only for more complete characterization of these systems but also for 
the determination of the relative effects on the fraction bound with 

0 

I \\ \ 

I I 1 1 

ALBUMIN CONCENTRATION, M 
0.0 0.0002 0.0004 0.0006 0.0008 

Figure 4-Relationship between nK and human serum albumin con- 
centration for the binding of 14C-codeine, '4C-morphine, and 3H- 
methadone to human serum albumin. Key: A, 0, W-codeine; B, A,  
14CC-morphine; and C,  0, Wmethadone.  

protein concentration changes, especially where blood proteins are in- 
volved. For drugs that are highly bound and very potent, the dosage may 
have to be adjusted for a reduction in serum protein concentration when 
the latter deviates significantly from normal. 
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Abstract 0 The prolactin response in the rat is proposed as a convenient 
and inexpensive test system for the assessment of the clinical potency 
of neuroleptic agents. Times of maximum elevation (p < 0.01) of serum 
prolactin levels were determined by a one-way analysis of variance and 
the Newman-Keuls test for a period of 180 min following intraperitoneal 
administration of chlorpromazine hydrochloride, fluphenazine hydro- 
chloride, perphenazine, prochlorperazine edisylate, and trifluoperazine 
hydrochloride (phenothiazines); haloperidol (a butyrophenone); chlor- 
prothixene (a thioxanthene); loxapine succinate (a dibenzoxazepine); 
and molindone hydrochloride (a dihydroindolene). Maximum serum 
prolactin elevations occurred as follows: chlorpromazine hydrochloride, 
30-90 min; chlorprothixene and trifluoperazine hydrochloride, 30-150 
min; fluphenazine hydrochloride, 90-150 min; haloperidol, 90 min; lox- 
apine succinate, 30 min; molindone hydrochloride, 30 and 60 min; and 
perphenazine and prochlorperazine edisylate, 30-180 min. For drugs that 
exhibited statistically indistinguishable maximum serum prolactin ele- 
vations a t  more than one sampling time, one of these times was selected 
arbitrarily for construction of a log dose-prolactin response curve. Log 
dose-serum prolactin curves were constructed a t  a time of maximum 
serum prolactin elevation for each drug. Thirty minutes was utilized for 
loxapine succinate and molindone hydrochloride, and 90 min was used 
otherwise. These curves were nearly parallel, and each had an excellent 
linear fit. Based on these curves, the ratio of the weights of the neuroleptic 
and chlorpromazine hydrochloride required to  produce the same pro- 
lactin-stimulating potency was determined for each drug. This ratio was 
compared to the clinically accepted ratio of the weights of the neuroleptic 
and chlorpromazine hydrochloride required to produce the same anti- 
psychotic potency. This technique demonstrated a close correlation be- 
tween the prolactin-stimulating potencies of neuroleptics in rats and 
accepted antipsychotic potency relationships in humans. 

Keyphrases 0 Neuroleptic agents-model for evaluation of potency, 
prolactin response in rats 0 Phenothiazines-model for evaluation of 
potency, prolactin response in rats 0 Models-evaluation of neuroleptic 
potency, prolactin response in rats Prolactin response, rats-model 
for evaluation of neuroleptic potency 

Prolactin, an anterior pituitary hormone in animals, is 
structurally similar to growth hormone (1). The dominant 
hypothalamic regulation of prolactin secretion in mammals 
appears to be inhibitory and under the control of prolac- 
tin-inhibitory factor (2). Prolactin-inhibitory factor is 
liberated by the hypothalamus into the portal vessels as 
a result of afferent dopaminergic impulses (3). It is unclear 
whether dopamine is a constituent of prolactin-inhibitory 
factor or is the factor itself (4). 

Evidence of a prolactin-releasing factor exists, but its 
activity in controlling prolactin secretion clearly is less 
important than prolactin-inhibitory factor (5). Thyro- 
tropin-releasing hormone also stimulates the secretion of 
prolactin- and thyroid-stimulating hormone, but thyro- 
tropin-releasing hormone presumably does not play an 
important role in physiological prolactin regulation ( 5 ) .  

BACKGROUND 

Enhanced prolactin secretion was reported following neuroleptic ad- 
ministration to humans (6, 7) and is associated with galactorrhea and 
other endocrine disturbances which may accompany the use of such drugs 
(8). A fairly good correlation between the antipsychotic potency of various 
neuroleptics and their human prolactin-stimulating response was found 

(6,9, 10). A notable exception is clozapine, which does not seem to be a 
potent or consistent prolactin stimulator in humans; however, it does 
stimulate prolactin in rats (11,12). Despite this exception, the prolactin 
response to a test dose of a new neuroleptic in normal human volunteers 
was proposed as a useful means to screen its efficacy and potency prior 
to clinical studies in humans (6, 10). 

In addition to the various neurochemical techniques using animals to 
assess antipsychotic activity and/or potency (13-16), Clemens et al. (17) 
reported that when chlorpromazine and thioridazine, two phenothiazines 
of comparable antipsychotic potency, were given to rats, serum prolactin 
levels were stimulated to a similar extent. This observation was based 
on serum samples obtained 2 hr after drug administration. Meltzer et al. 
(18) demonstrated that the rank orders of average daily doses of nine 
neuroleptic agents in rat serum samples obtained 30 min after drug ad- 
ministration correlated with their corresponding doses needed to double 
serum prolactin levels. These correlation studies as well as other studies 
(1 1,12) did not consider the possibly significant variation in serum pro- 
lactin profiles with respect to time for individual antipsychoticdrugs and 
the effects of this parameter on observed magnitudes of prolactin stim- 
ulation. Furthermore, it was suggested that pituitary dopamine receptors 
that  influence prolactin secretion in rats may differ significantly from 
those relevant t o  the antipsychotic action of neuroleptics (12). 

A study was designed in rats to determine the times of maximum ele- 
vation of serum prolactin for representative antipsychotic drugs following 
their intraperitoneal administration and to investigate thoroughly the 
correlation between prolactin-stimulating potency of neuroleptics in rats 
and their clinical potency. 

EXPERIMENTAL 

In Stage 1 of this study, experiments were conducted to determine the 
times of maximum serum prolactin elevation for representative neuro- 
leptics following their intraperitoneal administration. In Stage 2, ex- 
periments were conducted to determine the potency of each neuroleptic 
in inducing prolactin release a t  a time of maximum serum prolactin ele- 
vation. 

Drugs-The following nine pharmacological agents, representing all 
five classes of antipsychotics approved for clinical use in the United 
States, were investigated: chlorpromazine hydrochloride', fluphenazine 
hydrochloride2, perphena~ine~,  prochlorperazine edisylate', and triflu- 
operazine hydrochloride' (phenothiazines); haloperido14 (a butyrophe- 
none); chlorprothixene5 (a thioxanthene); loxapine succinate6 (a diben- 
zoxazepine); and molindone hydrochloride7 (a dihydroindolone). 

Animals-Male Sprague-Dawley ratss, 225-300 g, were housed for 
21 days in a temperature-controlled environment (23 f 3O) which was 
illuminated artificially (lights on daily from 7:OO am to 7:OO pm). The 
animals were given foodg and water ad libitum. 

Times of Statistically Significant Maximum Serum Prolactin 
Elevation-Rats were divided into 11 groups of 48. The following anti- 
psychotics were administered in equipotent dose equivalents for humans 
(19): chlorpromazine hydrochloride (10 mg/kg), chlorprothixene (10 
mg/kg), fluphenazine hydrochloride (0.2 mghg), haloperidol (0.2 mg/kg), 
loxapine succinate (1 mg/kg), molindone hydrochloride (1 mg/kg), pef- 
phenazine (1 mg/kg), prochlorperazine edisylate (1.5 mg/kg), and tri- 
fluoperazine hydrochloride (0.5 mg/kg). 

Solutions of these drugs were prepared to contain the indicated mil- 

1 Smith Kline and French, Philadelphia, Pa. 
2 E. R. Squibb & Sons, Princeton, N.J. 
3 Schering Corp., Kenilworth, N.Y. 

McNeil Laboratories, Fort Washington, Pa. 
Rcrhe  Laboratories, Nutley, N.J. 

6 Lederle Laboratories, Pearl River, N.Y. 
Endo Inc., Garden City, N.Y. 

8 Taconic Farms, Germantown, N.Y. 
9 Purina Lab Chow, Ralston Purina Co., St. Louis, Mo. 
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I Table I-Prolactin-Stimulating and Therapeutic Potencies of 
Neuroleptics Relative to Chlorpromazine Hydrochloride 

Prolactin- 
Stimulating Antipsychotic 

Neuroleptic Potencya Potency b 

Chlorpromazine 
hydrochloride 

Chlor rothixene 
Prochyorper azine 

edisylate 
Perphenazine 
Molindone hydrochloride 
Loxapine succinate 
Trifluoperazine 

hydrochloride 
Fluphenazine 

hydrochloride 
HaloDeridol 

1 .o 1 

1.0 1-2.3 
5.7 6.2-7.7 

9.1 
9.3 

10.6 
33.3 

62.5 

86.0 

10-11.9 
5-19.6 
a 1 2  

20-35 

50-90.9 

50-91 

0 Calculated from log dose-response regression curvan (Figs. 4 and 5). b From 
Refs. 19,24, and 26. 

ligram-per-kilogram doses in 1 ml of physiological saline or, with halo- 
peridol, chlorprothixene, and perphenazine, in 1 ml of 0.1 M tartaric acid 
to solubilize these agents. These eolutions or equal volumes of vehicles 
were given intraperitoneally to experimental and control groups, each 
group consisting of eight subgroups of six animals each. Blood samples 
were collected by decapitation a t  0,30,45,60,90,120,150, and 180 min 
after drug or vehicle administration. 

Potency of Neuroleptics in Inducing Prolactin secretion-hta 
were divided into nine group of 42. For each drug, six  subgroup^ of seven 
rats were utilized. One animal in each subgroup nerved as a control Every 
drug was administered in six aerial dilutions. The concentrations in 1 ml 
of vehicle were: chlorpromazine hydrochloride and chlorprothixene, 
25-0.781 m h ,  fluphenazine hydrochloride. 14,031 melke; haloperidol, 
0.5-0.012 mg/kg; loxapine succinate and molindone hydrochloride, 
1.25-0.078 mg/kg; perphenazine and prochlorperazine edisylate, 5-0.156 
mg/kg; and trifluoperazine hydrochloride, 24.062 mg/kg. 

Blood samples were obtained by decapitation a t  a statistically signif- 
icant (p < 0.01) time of maximum serum prolactin elevation for each drug 
as determined by a one-way analysis of variance (20) and the Newman- 
Keuls test (21) from Stage 1 of thii study. 

Sample Collection and Assay-All decapitations were conducted 
between 200 and 400 pm. Blood was collected from the trunk portion 
and allowed to stand for 10 min at  4O; the serum was neparatd and frozen 
at  -40' until hormone analysis could be performed. Serum samples were 
measured for prolactin using a radioimmunoassay kitlo. The eeaaye, using 
a double antibody radioimmunoaseay, were performed according to the 
instructions. 

The rat prolactin was iodinated by a modification of the Hunter- 
Greenwood method (22). Each serum sample was assayed in duplicate, 
and the average was taken as representative of the true prolactin con- 
centrationI1. All test and control samples were determined concurrently 
for each drug. The intra- and interassay variations were 4.2 and 9.4%, 
respectively. 

RESULTS 

Time Course of Prolactin Responre to Neuroleptics-Evaluation 
of the serum prolactin levels over 180 min following intraperitoneal in- 
jection of the various neuroleptic agents indicated that statistically sig- 
nificant (p < 0.01) maximum serum prolactin elevations occurred at  the 
following times: chlorpromazine hydrochloride, 30-90 min; chlorpro- 
thixene and trifluoperazine hydrochloride, 30-150 min; fluphenazine 
hydrochloride, 90-150 min; haloperidol, 90 min; loxapine succinate, 30 
min; molindone hydrochloride. 30 and 60 min; and perphenazine and 
prochlorperazine edisylate, 30-180 rnin (Figs. 1 3 ) .  

For drugs that exhibited statistically indistinguishable maximum 
serum prolactin elevations at  more than one sampling time, one of these 
times was selected arbitrarily for each drug for subsequent experiments 
performed in Stage 2. Thirty minutes was utilized for loxapine succinate 
and molindone hydrochloride, and 90 min was used otherwise. 

National Institute of Arthritis, Metaboh,  and.Digest!veDisbase (NIAMDD) 
Rat Pituitary Hormone Distribution Program, National Pituitary Agency, Balti- 
more, Md. 

I' All results are expressed in terms of NIAMDD rat prolactin. 
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Figure 1-Effect of intraperitoneally administered chlorpromazine 
hydrochloride (8), molindone hydrochloride (O), and prochlorperazine 
edisylate (0) on serum prolactin levels in male rats over 180 min. The 
control groups received normal saline (0). Each point is the mean for 
six animals. Vertical lines show the standard error of the means. Max- 
imum serum prolactin ekvations (p < 0.01) as determined by a one-way 
analysis of variance and the Newman-Keuls test are indicated by as- 
terisks. 

Neuroleptic Dose-Prolactin Response Curves at %'her of Max- 
imum Serum Prolactin Elevation-Figures 4 and 5 show the log 
dose-prolactin reaponae curves for the nine drugs studied as calculated 
by standard linear regression analyis (23). The slopes of the regression 
lines were: chlorpromazine hydrochloride, fluphenazine hydrochloride, 
haloperidol, and prochlorperazine ediylate, 1.9; chlorprothiiene, loxa- 
pine succinate, and perphenazine, 1.8; and molindone hydrochloride and 
trifluoperazine, 1.6. The correlation coefficients for the log dcee-prolactin 
curves were significant (d f  = 4) as follows: chlorpromazine, 0.91 (p < 
0.005); chlorprothixene, 0.93 (p < 0.005); fluphenazine hydrochloride, 
0.97 (p < 0.005); haloperidol, 0.95 (p < 0.005); loxapine succinate, 0.87 
(p < 0.01); and prochlorperazine edisylate and trifluoperazine hydro- 
chloride, 0.94 (p < 0.006). 

Prolactin-Releasing Potency of Neuroleptics at Times of Maxi- 
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Figure 2-Effect of intraperitoneally administered fluphenazine hy- 
drochloride (A), loxapine succinate (O), and trifluoperazine hydro- 
chloride (A) on serum prolactin levels in male rats over 180 min. The 
control groups received normal saline (0). Each point is the mean for 
six animals. Vertical lines show the standard error of the means. Max- 
imum serum prolactin elevations (p < 0.01) as determined by a one-way 
analysis of variance and the Newman-Keuls test are indicated by as- 
terisks. 
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Figure 3-Effect of intraperitoneally administered haloperidol (e), 
chlorprothixene (*), and perphenazine (0) on serum prolactin levels 
in male rats over 180 min. The control group received 0.1 M tartaric acid 
(A).  Each point is the mean for six animals; vertical lines show the 
standard error of the means. Maximum serum prolactin elevations (p 
< 0.01) as determined by a one-way analysis of variance and the New- 
man-Keuls test are indicated by asterisks. 

mum Serum Prolactin Elevation-Doses (milligrams per kilogram) 
of neuroleptics calculated from log dose-response curves (Figs. 4 and 5) 
that were equipotent to 5.0 mg of chlorpromazine hydrochloride/kg in 
releasing prolactin are presented in Table I. In addition, the clinically 
defined therapeutic potencies of these drugs are compared on a weight 
to weight basis and related to their prolactin-stimulating potency. A 
commonly used chlorpromazine hydrochloride dose was selected as the 
reference because comparison of the activity of other antipsychotics to 
this neuroleptic is common (24-26). 

DISCUSSION 

Neuroleptic drugs belonging to three chemical groups, prochlorpera- 
zine, haloperidol, and thiothixene, produce parallel log dose-prolactin 
response curves in humans, presumably due to their antidopaminergic 
effects (10). When nine representative drugs belonging to five chemical 
classes of neuroleptics were administered to rats a t  experimentally de- 
termined times of maximum serum prolactin elevation [which do not vary 

= - l ’ b  i 4- 

Figure &--Log dose-prolactin regression lines of chlorpromazine hy- 
drochloride (O), chlorprothixene (O),  haloperidol (O),  loxapine suc- 
cinate (A), and molindone hydrochloride (A). The y axis (mean change 
in serum prolactin) expresses the mean elevation of the prolactin con- 
centration above the mean of the corresponding control group values. 
Each point represents the mean response of six experiments; vertical 
lines show the standard error of the means. 

, I  I I ,  I , l l l l l l ,  I ,  
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DOSE, mg/kg 
Figure li-Log dose-prolactin regression lines of fluphenazine hydro- 
chloride (O) ,  perphenazine (O), prochlorperazine edisylate (*), and 
trifluoperazine hydrochloride (B). The y axis (mean change in serum 
prolactin) expresses the mean elevation of the prolactin concentration 
above the mean of the corresponding control group values. Each point 
represents the mean response of six experiments; vertical lines show 
the standard error of the means. 

significantly for an individual neuroleptic in response to dose variations 
(6, lo)], nine nearly parallel log dose-prolactin response regression lines 
were calculated. The correlation coefficient for each drug was highly 
significant and indicated excellent linear fit. These results indicate that 
there also is a common mechanism for inducing prolactin release in rats, 
presumably due to their antidopaminergic effects. 

To evaluate the prolactin-releasing potency of each drug a t  an exper- 
imentally determined time of maximum serum prolactin elevation, the 
log dose-prolactin response curves were utilized. Based on these curves, 
the calculated ratio of the neuroleptic to the chlorpromazine hydro- 
chloride prolactin-stimulating potency was compared to its reported 
antipsychotic potency ratio. For seven of the nine drugs, the neuroleptic 
to chlorpromazine potency ratios in rats were consistent with the accepted 
neuroleptic to chlorpromazine potency relationships for humans. The 
prolactin potency ratios of perphenazine and prochlorperazine to 
chlorpromazine were only slightly below the accepted clinical potency 
relationships. 

The data indicated a better relationship between the prolactin-re- 
leasing potency of neuroleptics in rats and the clinically accepted ther- 
apeutic potency in humans than was reported elsewhere in an animal 
system (18). For example, haloperidol was reported to be only 16.6 times 
more potent than chlorpromazine in inducing prolactin secretion using 
a fixed 30-min comparison of serum prolactin levels (18). For the ex- 
perimentally derived 90-min maximum elevation of serum prolactin for 
haloperidol, which also was its peak prolactin response time observed in 
humans following intramuscular adminstration (lo), a much better 
correlation was obtained between prolactin stimulation potency and the 
accepted clinical potency range (19, 24). 

Due to the variability in the time-serum prolactin profiles of the in- 
dividual neuroleptics following intraperitoneal administration, their 
potency and prolactin response ratios would have been altered if a fixed 
time comparison of all prolactin levels was made rather than a comparison 
at the time of each drug’s maximum serum prolactin elevation. The dif- 
ferent times for maximum elevation of serum prolactin observed for 
several neuroleptics in this study, as well as those cited by other inves- 
tigators but involving humans (6), suggest a variation in the onset of ac- 
tion for different drugs due to their molecular characteristics. Future work 
should evaluate this possible relationship. 

For the nine drugs studied, which represent all chemical classes of 
antischizophrenic agents approved for clinical use in the United States, 
there is evidence to suggest that clinically accepted neuroleptic potency 
relationships in humans closely correlate with prolactin-stimulating 
properties in male rats when measured at  a time of maximum serum 
prolactin elevation. This technique may be a convenient alternative to 
the proposed use of normal volunteers (6, 10) as a screening test for es- 
tablishing the potency of new neuroleptics. 
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clearance is assumed to be constant between treatments. Under these 
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with other bioavailability estimators. On the basis of error analysis, a 
procedure was devised to yield optimal relative bioavailability esti- 
mates. 
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In a previous report (l), a model-independent method 
to assess bioavailability was suggested. The procedure calls 
for an initial determination of plasma clearance from an 
intravenous reference and assumptions concerping 
changes therein following the test dose(s). The proposed 
solutions are exact except when an intravenous reference 
is not available and nonrenal clearance is assumed to be 
unchanged between treatments. For this latter situation, 
an approximate solution was suggested initially with the 
support of a simulated example (1) and verified subse- 
quently with experimental results (2). 

This report provides a rigorous analysis of this approx- 
imation and the means to optimize its solutions. Its merits 
are examined relative to those of the dose-adjusted ratio 

of urinary recoveries of unchanged drug and of the area 
under the plasma concentration-time curve. It will be 
shown that where the nonrenal clearances are unchanged, 
the proposed approximation (1) is always superior to area 
ratios and often is better than urine ratios. Conditions 
under which relative bioavailability estimates should be 
optimal are discussed. 

THEORETICAL 

Bioavailability following a nonintravascular treatment, x ,  can be es- 
timated by: 

(Eq. 1) 

where F is the fraction of the dose, D, absorbed; AUC, is the total area 
under the plasma concentration-time curve; U ,  is the total amount of 
unchanged drug excreted in the urine; and Vcl,p and V+ are the plasma 
and plasma renal clearances, respectively. Except for V:,,,, the terms on 
the right side of Eq. 1 are known or can be calculated from plasma and/or 
urinary excretion data following treatment x .  

On the other hand, plasma clearance must be determined by an inde- 
pendent experiment. Ideally, an intravenous tracer dose is administered 
concurrently with x such that the plasma clearance of the labeled drug 
becomes the estimate of V&,. An alternative solution was proposed (3, 
4) whereby plasma clearance is estimated from separate treatments in 
which the renal drug clearance is perturbed in a controlled manner. The 
assumptions are that the perturbing influence on the kidney remains 
constant with time and that the same dose fraction is absorbed between 
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In a previous report (l), a model-independent method 
to assess bioavailability was suggested. The procedure calls 
for an initial determination of plasma clearance from an 
intravenous reference and assumptions concerping 
changes therein following the test dose(s). The proposed 
solutions are exact except when an intravenous reference 
is not available and nonrenal clearance is assumed to be 
unchanged between treatments. For this latter situation, 
an approximate solution was suggested initially with the 
support of a simulated example (1) and verified subse- 
quently with experimental results (2). 

This report provides a rigorous analysis of this approx- 
imation and the means to optimize its solutions. Its merits 
are examined relative to those of the dose-adjusted ratio 

of urinary recoveries of unchanged drug and of the area 
under the plasma concentration-time curve. It will be 
shown that where the nonrenal clearances are unchanged, 
the proposed approximation (1) is always superior to area 
ratios and often is better than urine ratios. Conditions 
under which relative bioavailability estimates should be 
optimal are discussed. 

THEORETICAL 

Bioavailability following a nonintravascular treatment, x ,  can be es- 
timated by: 

(Eq. 1) 

where F is the fraction of the dose, D, absorbed; AUC, is the total area 
under the plasma concentration-time curve; U ,  is the total amount of 
unchanged drug excreted in the urine; and Vcl,p and V+ are the plasma 
and plasma renal clearances, respectively. Except for V:,,,, the terms on 
the right side of Eq. 1 are known or can be calculated from plasma and/or 
urinary excretion data following treatment x .  

On the other hand, plasma clearance must be determined by an inde- 
pendent experiment. Ideally, an intravenous tracer dose is administered 
concurrently with x such that the plasma clearance of the labeled drug 
becomes the estimate of V&,. An alternative solution was proposed (3, 
4) whereby plasma clearance is estimated from separate treatments in 
which the renal drug clearance is perturbed in a controlled manner. The 
assumptions are that the perturbing influence on the kidney remains 
constant with time and that the same dose fraction is absorbed between 
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treatments. More typically, however, the intravenous reference is ad- 
ministered to the test subject separately so that some assumption must 
be made concerning the constancy of plasma clearance between peat- 
menta. For example, if plasma clearance remains unchanged, i.e., V;,p= 
$'9ep, the bioavailability of x is given by the dose-adjusted ratio of the 
areas under the plasma concentration curve: 

(Eq. 2) 

However, if plasma clearance changes in proportion to the observed renal 
clearance change', the dose-adjusted ratio of urinary recoveries is the 
more accurate estimator, i.e.: 

Finally, if nonrenal clearance is constant between treatments 

(Eq. 46) 

In the absence of an intravenous reference and when vclp is assumed 
constant, the bioavailability of treatment x relative to another nonin- 
travascular treatment, s, is given by: 

F' D'AUC', 
F' D'AUC', 
-I- (Eq. 5) 

and when the ratio of Vc~,/vcl,p remains constant between treat- 
ments: 

F' - DW', 
Fa DxUL 
--- 

By analogy to Eqs. 4a and 46, the corresponding expression for relative 
bioavailability when nonrenal clearance remains constant is: 

(Eq. 7) 

Equations 2-7 are exact insofar as their respective assumptions hold. 
While the application of Eqs. 2-6 is StraightfonvaTd, Eq. 7 cannot be 
evaluated because of the presence of unknowns QP and Fa on the 
right side. As an approximation to Eq. 7, it was suggested by Kwan and 
Till (K-7') that (1): 

where [ VClplex is defined as an experimentally derivable clearance such 
that: 

and niv refers to a nonintravascular treatment such as x or s. The error 
incurred by the usp of Eq. 8 instead of Eq. 7 therefore is: 

where: 

d = Pcl,r - Qr (Eq. 11) 

Since treatments x and s are nonintravascular, one should be able to 
estimate the bioavailability of s relative to that of x by the same ap- 
proximate method: 

in which treatment x is designated as the reference for calculation pur- 
mas. Then. the bioavailability of x relative to s is simply the reciprocal 

The error resulting from the use of Eq. 13 &an approximation to Eq. 7 
is: 

1 '?I& nyumption is synonymous with saying that the fractional urinary recovery, 
f = V+/Vcl$, remains constant between treatmenta. 
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Figure 1-Plot of P versus U",. On the dashed line, P = 0.5 + 0.5 
( U X P ) ,  the errors associated with the uses of (Uf,D":Dx) and (Fx/ 
F.)K-T are equal. In Region I ,  (UfDn)/(UnDx) is preferred ouer (F=P)K-T. 
and vice versa in Region I I .  

In addition to the trivial case where d = 0, it is evident from Egs. 10 and 
14 that the error term vanishes as F' ap,proaches 1.0 and as [ V&,p]ex ap- 
proaches Vk,, respectively. Equation 15 shows that estimates of bio- 
availability from Eq. 8 generally will differ from those from Eq. 13. The 
choice between the two can be made by considering the difference be- 
tween their respective errors, Eqs. 14 and 10: 

- ( ~ h C i , p I ~ x  - %,,)I (Eq. 15) 

All terms on the right side of Eq. 15 are experimentally derivable. Since 
the quotient preceding the braces, [ I, always is positive,the sign of Eq. 
15 is determinec! by the relative magnitude of [V,, 1- - Vcl,r for the two 
treatments. If [V;,p].x - cl,r is greater than [PdJ.,, - V$,r, (FI/F')K-T 
is closer to the true value and is preferred. If the converse holds, 1/ 
(F'/F*)K-T should be chosen. In the unlikely event that the two quan- 
tities within braces are identical, the same relative bioavailability estimate 
would result. The same criteria apply in studies involving three or more 
nonintravascular dosages. In other words, the treatment yielding the 
smallest value for [ Vcl,p]ex - V,I,~ should be the reference for calcuia- 
tion. 

According to Eq. 15, the first step in the estimation of relative bio- 
availability.under the assumption of constant nonrenal clearance is to 
calculate [VclgleX - v,lC for all treatments in all.subjects. For each 
subject, the treatment with the smallest [ Ve1,Jax - Vcir then is selected 
as the reference to which the bioavailability of all other treatments is 
compared. The resulting bioavailability ratios are rearranged or combined 
so that the desired reference, s, appears in the denominator. 

In view of the approximate nature of Eqs. 8 and 13, their merits relative 
to other estimators should be examined. Conceivably, either the ratio of 
the dose fraction recovered in the urine or the ratio of the area under the 
plasma curve may be similarly adequate as an approximation even though 
nonrenal clearance is unchanged between treatments. Therefore, if 
nonrenal clearance truly is constant between treatments, the error as- 
sociated with the use of the dose-adjusted area ratio (i.e., &. 5) as a 
relative. bioavailability estimate would be: 

Comparison of the uncommon terms on the right side of Eq. 10 with those 
of Eq. 16 shows that (l/Fa) > (l/Fa) - 1. Thus, under the prescribed 
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Table I-Simulated Data for Relative Bioavailability 
Calculation 

Dose 
Dose Fraction 

Oral Fraction Excreted Renal 
Treat- Dose, Absorbed, in Urine, Clearance [ Vci.p]ex 
ment mg F" U J D  Vc~. r .  ml/min - Vc~.r  

1 500 0.536 0.265 223.1 618.8 
2 500 0.680 0.306 186.6 423.2 

a As estimated in Table I1 of Ref. 1. 

conditions, Eq. 8 estimates the true bioavailability better than does the 
ratio of dose-adjusted areas under the plasma curve. In light of the pre- 
vious discussion on optimization, estimates by Eq. 13, when applicable, 
should be even better than those by Eq. 8. 

Similarly, the absolute difference between the dose-adjusted ratio of 
urinary recoveries (i.e., Eq. 6) and the true value is: 

Comparison of the uncommon terms on the right side of Eqs. 10 and 17 
shows that (Ds/UL) - (l/Fs) may be greater than, equal to, or less than 
(l/Fs) - 1. Thus, even when the nonrenal clearance is constant between 
treatments, the urinary excretion ratio approximates relative bioavail- 
ability better than does Eq. 8 in some situations. Intuitively, such sit- 
uations prevail when renal excretion is the dominant drug elimination 
route. A quantitative assessment of situations in which one method is 
superior to the other is as follows. 

The difference between Eqs. 10 and 17 can be expressed as: 

where f" is the ratio of the renal clearance to plasma clearance. When the 
right side of Eq. 18 is positive, the urinary recovery ratio is better; when 
it is negative, ( F L / F S ) ~ - ~  is preferred. Whether Eq. 18 is greater or less 
than zero depends on the relative magnitude off" and UL/Ds. When Eq. 
18 is zero: 

(Eq. 19) 

A plot off" oersus U Y D s  is shown in Fig. 1, which is clearly divided into 
three regions. Equation 19 separates Region I, representing situations 
wheref" > '/z [ l  + (UL/Ds)] when urinary excretion ratios should be used, 
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Figure %--Plot of fb = 0.5 + (r(UkDDB) (Eq. 20). The (Y value for each line 
is specified in parentheses. The shaded area indicates the expansion 
of Region I1 by using I/(FBIFI)K_T instead o/ ( F X / F B ) ~ - ~  as a increases 
from 0.5 to 0.75. 

Table 11-Sample Calculation of Relative Bioavailability of Oral 
Treatment 1 to Oral Treatment 2 

True Value AUCI" U! 1 
P/F2 AUC: - Uf ( $ ) K T  (F2/F')K-T 

0.788 0.724 0.866 0.768 0.757 

The AUC values were estimated by dividing total urinary recovery by renal 
clearance. 

from Region 11, wheref" < '/2[1 + (UL/Ds)] when (F'/F')K-T should be 
favored. Region 111, representing f" < (U",Ds) (or F' > 11, is not ex- 
perimentally relevant. 

In accord with the preceding discussion on the optimal choice of a 
reference in relative bioavailability calculations, there will be times when 
l /(FS/F')~-~ is a better estimator than (Fr/FS)~-~. Under these cir- 
cumstances, the demarcation between Regions I and I1 must change so 
as to enlarge Region 11. Therefore, the difference between Eqs. 14 and 
17 is: 

Evidently, the critical value at  which Eq. 20 becomes zero is when: 

Like Eq. 19, Eq. 21 is a straight line with an intercept of 0.5. Unlike Eq. 
19, the slope of Eq. 21 varies with each specific pair of treatments x and 
s. However, since, l /(FS/Fx)~-~ is used only when - VS,,, is greater 
than [ V ~ I , ~ ] ~ ~  - Vtl,r, a positive contribution to the slope is assured. Thus, 
Eq. 20 represents a family of lines with slopes equal to or greater than 0.5 
and a common intercept a t  x = 0, y = 0.5. Figure 2 illustrates the moving 
boundary between Regions I and I1 for a range of slopes. The shaded area 
in Fig. 2 represents the expansion of Region I1 at  the expense of Region 
I if the slope increases from 0.5 to 0.75. 

Application of Eqs. 19 and 21 requires some knowledge of the excretion 
characteristics of the drug. In the absence of an intravenous reference, 
f" is an unknown, while all terms on the right side of Eqs. 19 and 21 are 
experimental observations. If it is known from previous studies that f 
generally is less than 0.5, Eq. 8 or 13 clearly is preferable to urinary ex- 
cretion ratios. For given f values greater than 0.5, the superior estimator 
can be deduced from observed U J D  values with the aid of Eqs. 15,19, 
and 21 and Fig. 2. That is to say, the choice between (F+/F')K-T and 1/ 
( P / F ' ) K - T  depends on the criterion set by Eq. 15. Whether either of 
these terms is preferable to the urinary recovery ratio then depends on 
f for the drug and the actual observations, e.g., U, and VclJ,  for a given 
subject. 

For comparisons involving (F'/FS)K-T, Eq. 19 or the line having a slope 
equal to 0.5 in Fig. 2 applies. When l / (Fs /Fr )~-~  is more appropriate, 
a slope first must be calculated in accordance with Eq. 21, and the proper 
line must be constructed in Fig. 2. For example, when UL/D = 0.4 and 
the slope by Eq. 21 is 1.0, Fig. 2 shows that the urinary excretion ratio 
would be a better estimator of relative bioavailability than (Fr/FS)~-~ 
iff" is >0.7 and superior to l/(Fs/F1)~-~ iff" is >0.9. 

EXAMPLE 

To test the conclusions from the forgoing error analyses, it is necessary 
to use an example for which the correct answer is known. The simulated 
data from the previous report (1) are suitable for this purpose because 
all aspects of drug disposition except renal clearance were kept constant 
between treatments and the bioavailability of the two oral treatments 
was fixed a priori (and confirmed by comparison to the intravenous 
reference). Table I summarizes the information necessary to the present 
discussion. 

Various bioavailability estimates of Treatment 2 relative to Treatment 
1 are shown in Table 11. The accuracy of each approximation can be 
ranked according to its proximity to the true value,.which is the ratio of 
their absolute bioavailabilities. Since [ V c ~ g ] e x  - V,I, is smaller after 
Treatment 2, ( F ' / F 2 ) ~ - ~  should be closer to the true value than 1/ 
( F 2 / F ' ) ~ - ~ .  This is the case. Also, as predicted, the result by the AUC 
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ratio is worse than that by ( F 1 / F 2 ) ~ - ~ .  Finally, the urinary recovery ratio 
is the worst approximation of all, which is not unexpected since renal 
excretion is only a minor elimination route (f < 0.50). 

DISCUSSION 

An approximate solution for relative bioavailability estimation between 
nonintravascular doses .was suggested previously (1). Since then, nu- 
merous inquiries have been received concerning the nature and source 
of its inexactitude, particularly under the assumption of constant non- 
renal clearance between treatments. Simulation studies were not re- 
vealing; reasonably accurate estimates usually were obtained except when 
unrealistically large perturbations were considered. On the other hand, 
the present theoretical analysis appears to offer new insights. 

Whereas the ratio of areas under the plasma curve and of urinary ex- 
cretions are exact relative bioavailability determinants when their re- 
spective assumptions prevail, Eqs. 8 and 13 are only approximations when 
nonrenal clearance remains constant between treatments. In addition, 
Eqs. 8 and 13 give different answers for a given data set. However, criteria 
were established so that the more accurate of the two estimates always 
can be identified. The choice of reference for calculations should be made 
for each comparison within a study to ensure the best possible esti- 
mates. 

Despite their approximate nature, Eqs. 8 and 13 always are preferable 
to area ratios and often are superior to urinary excretion ratios when 
nonrenal clearance is constant. The only exception is when the drug is 

eliminated predominantly by renal excretion. Predominance now has 
been defined as when Vcl,rlVclg is greater than either '/~(1 + U',/D') 
or: 

depending on whether Eq. 8 OT 13 is to be used, respectively. Thus, given 
some idea of the usual fraction excreted unchanged following an intra- 
venous dose, a decision can be made whether the urinary excretion ratio, 
Eq. 8, or Eq. 13 should be chosen. 

The constant nonrenal clearance assumption ordinarily is favored for 
another reason. Given that observed renal clearances differ between 
treatments, the likelihood that compensatory nonrenal clearance changes 
will occur to maintain a constant plasma clearance or a constant ratio of 
renal to plasma clearance seems remote. On the other hand, adjustments 
in plasma clearance based only on observed changes in renal clearance 
simply corroborate experimental evidence. 
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Abstract 0 A sensitive and specific method for the determination of 
chlorambucil and its metabolite in biological fluids is reported. The 
method is based on selected-ion monitoring detection following simple 
extraction of the parent compound, its metabolite, and an internal 
standard (chlorambucil-de) from plasma and urine samples. The preci- 
sion (reproducibility) of the method was 94.3 f 1.3% with 200 ng of 
chlorambucil added to 1 ml of plasma. Chlorambucil degradation or al- 
kylation of plasma proteins was minimal with plasma incubated at 24' 
for 4 hr. However, chloroambucil recovery decreased to 56% after plasma 
incubation at 37' for 4 hr. Three chlorambucil degradation products in 
ethyl acetate solution were found, and their structures were studied by 
mass spectrometry. 
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The anticancer drug chlorambucil (I) is useful in the 
treatment of chronic lymphocytic leukemia, ovarian car- 
cinoma, nodular lymphocytic lymphoma, and myelocytic 
leukemia (1,2). Various analytical methods were reported 
for the quantitation'of I, including the colorimetric de- 
termination of 4-(pnitrobenzyl)pyridine derivatives (3, 
4) and UV spectrophotometric ( 5 )  and chlorine titrimetric 
(6) methods. None of these methods provides the sensi- 
tivity and accuracy needed to study I pharmacokinetics 
and metabolism in humans. The mass spectrometric de- 
termination of I in plasma was reported recently (7). This 

I 

method requires several extraction steps, including a 
back-extraction of I from the aqueous solution at alkaline 
PH. 

The quantitative method presented here is based on a 
one-step extraction followed by a determination of I and 
a metabolite in plasma and urine by mass spectrometry 
using a deuterated I internal standard. This method was 
used to study the in uitro I stability in plasma as well as to 
characterize the in uitro degradation products. The 
method was applied to the quantitation of I and a metab- 
olite in human plasma and urine samples. 

EXPERIMENTAL 

Chlorambucil-da Synthesis-The synthesis of chlorambucil-da 
(labeled at  N-chloroethyl) was adapted from a literature method (8). 
4-(p-Nitrophenyl)butyric acid1, 500 mg, was reacted with ethereal dia- 
zomethanel. The resulting methylnitrophenylbutyrate was dissolved in 
ethyl acetate-methanol (9:l v/v) through which hydrogen gas was bub- 
bled continuously for 8 hr in the presence of palladium2 with the solvent 

1 Aldrich Chemical Co., Milwaukee, Wis. 
2 Ventron Corp., Danver, Mass. 
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ratio is worse than that by ( F 1 / F 2 ) ~ - ~ .  Finally, the urinary recovery ratio 
is the worst approximation of all, which is not unexpected since renal 
excretion is only a minor elimination route (f < 0.50). 

DISCUSSION 

An approximate solution for relative bioavailability estimation between 
nonintravascular doses .was suggested previously (1). Since then, nu- 
merous inquiries have been received concerning the nature and source 
of its inexactitude, particularly under the assumption of constant non- 
renal clearance between treatments. Simulation studies were not re- 
vealing; reasonably accurate estimates usually were obtained except when 
unrealistically large perturbations were considered. On the other hand, 
the present theoretical analysis appears to offer new insights. 

Whereas the ratio of areas under the plasma curve and of urinary ex- 
cretions are exact relative bioavailability determinants when their re- 
spective assumptions prevail, Eqs. 8 and 13 are only approximations when 
nonrenal clearance remains constant between treatments. In addition, 
Eqs. 8 and 13 give different answers for a given data set. However, criteria 
were established so that the more accurate of the two estimates always 
can be identified. The choice of reference for calculations should be made 
for each comparison within a study to ensure the best possible esti- 
mates. 

Despite their approximate nature, Eqs. 8 and 13 always are preferable 
to area ratios and often are superior to urinary excretion ratios when 
nonrenal clearance is constant. The only exception is when the drug is 

eliminated predominantly by renal excretion. Predominance now has 
been defined as when Vcl,rlVclg is greater than either '/~(1 + U',/D') 
or: 

depending on whether Eq. 8 OT 13 is to be used, respectively. Thus, given 
some idea of the usual fraction excreted unchanged following an intra- 
venous dose, a decision can be made whether the urinary excretion ratio, 
Eq. 8, or Eq. 13 should be chosen. 

The constant nonrenal clearance assumption ordinarily is favored for 
another reason. Given that observed renal clearances differ between 
treatments, the likelihood that compensatory nonrenal clearance changes 
will occur to maintain a constant plasma clearance or a constant ratio of 
renal to plasma clearance seems remote. On the other hand, adjustments 
in plasma clearance based only on observed changes in renal clearance 
simply corroborate experimental evidence. 
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chlorambucil added to 1 ml of plasma. Chlorambucil degradation or al- 
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The anticancer drug chlorambucil (I) is useful in the 
treatment of chronic lymphocytic leukemia, ovarian car- 
cinoma, nodular lymphocytic lymphoma, and myelocytic 
leukemia (1,2). Various analytical methods were reported 
for the quantitation'of I, including the colorimetric de- 
termination of 4-(pnitrobenzyl)pyridine derivatives (3, 
4) and UV spectrophotometric ( 5 )  and chlorine titrimetric 
(6) methods. None of these methods provides the sensi- 
tivity and accuracy needed to study I pharmacokinetics 
and metabolism in humans. The mass spectrometric de- 
termination of I in plasma was reported recently (7). This 

I 

method requires several extraction steps, including a 
back-extraction of I from the aqueous solution at alkaline 
PH. 

The quantitative method presented here is based on a 
one-step extraction followed by a determination of I and 
a metabolite in plasma and urine by mass spectrometry 
using a deuterated I internal standard. This method was 
used to study the in uitro I stability in plasma as well as to 
characterize the in uitro degradation products. The 
method was applied to the quantitation of I and a metab- 
olite in human plasma and urine samples. 

EXPERIMENTAL 

Chlorambucil-da Synthesis-The synthesis of chlorambucil-da 
(labeled at  N-chloroethyl) was adapted from a literature method (8). 
4-(p-Nitrophenyl)butyric acid1, 500 mg, was reacted with ethereal dia- 
zomethanel. The resulting methylnitrophenylbutyrate was dissolved in 
ethyl acetate-methanol (9:l v/v) through which hydrogen gas was bub- 
bled continuously for 8 hr in the presence of palladium2 with the solvent 
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at constant volume. The ethyl acetate then was evaporated using nitrogen 
gas, yielding the reddish-brown aminophenylbutyric acid methyl ester, 
which was dissolved immediately in 20 ml of 50% acetic acid (CH3COOD3 
in D203). In a cold room (4'), 2 ml of ethylene oxide-dr3 (99% isotopic 
purity) was added. 

The reaction mixture was allowed to stand a t  room temperature for 
24 hr. The reaction was terminated by adding -10 ml of water and sodium 
bicarbonate until no significant carbon dioxide evolved. The yellowish 
solution was extracted with 5 x 8 ml of ethyl acetate, and the ethyl acetate 
was dried with anhydrous sodium sulfate and then evaporated using ni- 
trogen gas. All traces of water were removed by azeotroping with meth- 
ylene chloride. 

The gummy, dark-brown product was refluxed with 4 ml of freshly 
distilled phosphorus oxychloride for 45 min. Excess reagent was removed 
by partitioning several times with water-methylene chloride. The 
methylene chloride layer was evaporated using a nitrogen stream and 
refluxed with concentrated hydrochloric acid for 6 hr a t  100'. The 
product was extracted with ethyl acetate-hexane (1:l) and partitioned 
with 0.01 M phosphate buffer (pH 9.0)-0.01 M NaCl. The aqueous phase 
was removed and washed twice with methylene chloride, and the pH was 
adjusted to 3 using 2 N HCl. 

Chlorambucil-ds was extracted from the acidic aqueous solution with 
methylene chloride. The final product in methylene chloride was ex- 
amined by high-performance liquid chromatography4 and mass spec- 
trometry5. The product had >95% chemical purity and >99% isotope 
purity as revealed by mass spectrometry for the molecular and base ions 
of deuterated and undeuterated chlorambucil. The yield was -30%. 

Chlorambucil-d8 Standardization-Synthetic chlorambucil-ds was 
used as an internal standard without further purification. Its chloram- 
bucil-ds concentration was determined against a known amount of I6 by 
monitoring m/e 326 (M - CH2CI) and 328 for I and mle 332 (M - CD&l) 
and 334 for chlorambucil-ds. Also, mle 326 and 328 of I were monitored 
against rn/e 383 and 385 ofchlorambucil-ds. Interferences due to other 
ions were not observed. 

Extraction of I-Deuterated I (five to 10 times the maximum I 
amount expected) and 0.5 ml of 4% perchloric acid were added to 0.5 ml 
of plasma or urine. Ethyl acetate-hexane (1:l vlv), 0.75 ml, was added 
to the precipitated sample, and I was extracted into the organic layer. The 
sample was centrifuged for 5 min at 3000 rpm7, and the organic layer was 
transferred into a 1 -ml microvial with a polytef-lined cap8. The solvent 
was evaporated with purified nitrogen gas a t  room temperature, and 
several drops of dry methylene chloride were added to the dried rekidue. 
Any water present in the dried residue was removed azeotropically with 
methylene chloride. 

Derivatization of I-Dried samples were converted to their tri- 
methylsilyl (TMS) derivatives for GLC-mass spectrometric analysis. 
N,O - Bis(trimethylsily1)trifluoroacetamide~-acetonitrile-methylene 
chloride (20:lOl v/v/v) solution, 100 pl, was added to the samples and 
allowed to react at 100' for 10 min. The trimethylsilyl derivatives were 
analyzed by GLC-mass spectrometry. 

GLC-Mass Spectrometry-A mass spectrometer5 was interfaced 
with a gas-liquid chromatographg. All analyses were performed at  70 ev. 
The derivatized samples were injected directly onto a GLC column (0.5 
m X 2 mm, 3% OV-17 on lW120-mesh Gas Chrom Q )  at  190'. After the 
solvent was vented for 45 sec at NO', the column temperature was raised 
directly to 310'. A I trimethylsilyl derivative eluted at  230'. 

Trimethylsilyl I was monitored at mle 326 (M - CH2Cl) and 328, and 
the internal standard (trimethylsilyl chlorambucil-ds) was monitored 
at mle 383 (M + ) and 385. Deuterated I was monitored at ita molecular 
and chlorine isotope ions (m/e 383 and 385) instead of a t  its moet intense 
fragment ions [m/e 332 (M - CDZCl) and 3341 due to an interfering ion 
at m/e 332. Because m/e 383 was -10 times less abundant than mle 332, 
10 times more of the internal standard relative to the expected I con- 
centration was added to give an approximately equal height compared 
to that of m/e 326. 

Animal and Human Studies-Rats were given 5.6 mg of IAcg by in- 
travenous bolus injections over 1 min into a jugular venous catheter (9) 
Patients were given 0.6 mg of oral Il0/kg. Animal and human plasma ano 

3 Merck and Co., St. Louis, Mo. ' Waters Associates. St. Louis, Mo. 
Model 3300, Finnigan, Sunnyvale, Calif. 
Sup lied by Burroughs-Wellcome Co., Research Triangle Park, N.C. 
GL8-2B, DuPont Instrument Co., Wilminnton, Del. 
Regis Chemical Co., Morton Grove, Ill. 

9 Model 950 GC, Finnigan, Sunnyvale, Calif. 
lo Leukera?, supplied by Burroughs-Wellcome Co., Research Triangle Park, 

N.C. 
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Figure 1-Mass spectrum of metabolite, p-[4-N,N-bis(2-chlo- 
roethyl)]aminophenyLacetic acid; isolated from human plasma and 
urine. 

urine samples were kept on ice during collection and stored at  -70' until 
extracted for I. 

Recovery Studies-Quantitati,ve extraction was studied with lac- 
labeled I. lrC-Il1 (505 ng, 3.5 X lo4 cpm) was added to 1 ml of plasma, the 
solution was extracted three times, and the 14C-recovery in the organic 
layer was examined in each extraction. The precision (reproducibility) 
of the recovery was studied by mass spectrometry. At least three samples 
of 5 and 1 pg and 200,100, and 50 ng of I and appropriate amounts of the 
internal standard were added to 1-ml plasma samples. A single extraction 
was then carried out. The expected ratio of I to the internal standard was 
used to calculate recovery precision. 

Stability of I-The I stability (10 pglml) in plasma at  37" was studied. 
A t  designated times, a sample was taken, the internal standard was 
added, and the extraction, derivatization, and analyses were performed. 
The disappearance rate constant, K, of I was calculated according to K = 
2.3 log ( [C]d[C] , ) / t ,  where [C]O and [C], are the concentrations of I in 
the medium at  times zero and t. 

Drug stability in a nonaqueous medium also was studied. A solution 
of I in ethyl acetate was left a t  room temperature under ordinary labo- 
ratory conditions (with fluorescent light) for 2 weeks. The intensity of 
the brown color of the ethyl acetate solution increased with prolonged 
exposure to light. This brownish I solution was examined by CLC-mass 
spectrometry as the trimethylsilyl derivatives. 

Calculations-The I concentrations in plasma and urine were cal- 
culated as follows: 

nanograms of Ilaliquot = 
response of I sample 

response of internal standard sample 
1 

relative equal weight response 
X X nanograms of internal . standard 

(Eq. 1) 
where: 

response of I 
response of internal standard 

relative equal weight response = 

(Es. 2) 
for standards of equal weight. 

Identification and Determination of Phenylacetic Acid Mustard 
(p-[4-N,N-Bis(2-chloroe.thyl) Jaminophenylacetic Acid)-Plasma 
and urine samples were extracted and derivatized as described for 
chloravbucil. Trimethylsilyl derivatives of samples were introduced 
directly into the GLC system, and the mass spectra of the resolved peaks 
were examined. Phenylacetic acid mustard was synthesized and highly 
purified. 

The spectrum of the trimethylsilyl derivative of synthetic phenylacetic 
acid was compared directly to the GLC spectra of plasma and urine. The 
trimethylsilyl derivative of phenylacetic acid mustard eluted earlier than 
that of chlorambucil. For routine analysis of phenylacetic acid mustard 
in biological samples, rnle 298 (M - CHZCl) was monitored simulta- 
neously with chlorambucil. The quantitation was performed as with 

l1 "C-Chlorambucil (labeled at the chloroethyl moiety) was supplied hy Dr. R. 
En les, Division of Cancer Treatment, National Cancer Institute, Bethesda, 
M J  
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Figure 2-Disappearance of I from plasma a t  37'. Ten micrograms of 
I was added to 1.0 ml of plasma and incubated a t  37'. 

chlorambucil. The initial calibration was carried out using the synthetic 
compound against chlorambucil-d8. 

Linearity-Linearity of the I determination was studied at 1 pg and 
100,50,10,5,2,1, and 0.5 ng. Each sample was derivatized independently 
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Figure 3-Mass spectra of the degradation products of l i n  ethyl ace- 
tate. 

along with the appropriate amount of internal standard and analyzed. 
The linearity was evaluated against y = x .  

Since an excess of the internal standard was used, the dynamic range 
of the relative equal weight response also was examined. Both a 100-fold 
excess of the internal standard to I and a fivefold excess of I to the internal 
standard were studied. The concentration range used was 5 lg-0.5 ng for 
I and 10 pg-50 ng for the internal standard. 

RESULTS 

The spectrum of p-[4-N,N-bis(2-chloroethyl)]aminophenylacetic acid, 
a metabolite detected in human plasma and urine (Fig. l ) ,  was identical 
to that of the synthesized compound. 

Studies with 14C-labeled I indicated that more than 70% of added I was 
recovered from plasma at  25'. Eighty-four percent of the I was recovered 
when the extraction was repeated three times. The extraction of I at 
concentrations of 5 and 1 pg and 200, 100, and 50 ng added to 1 ml of 
plasma showed percent recoveries and standard deviations of 100.4 f 
2.0,90.5 f 3.0,94.3 f 1.3,88.2 f 4.2, and 91.3 f 12.8, respectively. At least 
three samples of each concentration were used for statistical calcula- 
tions. 

The linearity of the I determination between 1 pg and 500 pg showed 
a correlation coefficient, r ,  of 0.999. There was no statistical difference 
from y = x (JI > 0.05). The relative equal weight response calculated from 
either a 100-fold excess of the internal standard to I or a fivefold excess 
of I to the internal standard was consistent. 

The disappearance of I incubated in plasma (10 pg/ml) is shown in Fig. 
2. The disappearance rate constant of I was K = 0.09 hr-' for the plasma 
(Fig. 2). The correlation coefficient, r, for all data points to C = C M - ~ ~  
was 0.993. Depending on the source of the plasma used, there was an 
-10% variation in the disappearance rate constant. 

In contrast to its degradation in an aqueous medium, I stored in a 
nonaqueous solution (ethyl acetate) a t  room temperature under fluo- 
rescent light resulted in three major products (Fig. 3). With deuterated 
N,O-bis(trimethylsilyl)trifluoroacetamide-d8, the number of trimeth- 
ylsilyl groups per molecule was two for Compound A (Fig. 3A), one for 
Compound B (Fig. 3B), and two for Compound C (Fig. 3C). 

Stability data for I in plasma a t  25 and 37" are presented in Table I. 
About 90% of the I was recovered from the plasma after 4 hr of incubation 
at 25' whereas only 56% of the I was recovered a t  37' after that  time. 

Figure 4 shows a plasma I disappearance curve following an intravenous 
bolus injection of 5.6 mg/kg in a rat. The plasma disappearance of 0.55 
mg of I/kg given orally and of p-[4-N,N-bis(2-chloroethyl)]amino- 
phenylacetic acid in a patient with chronic lymphocytic leukemia is shown 
in Fig. 5. The selected-ion chromatograms of plasma I and the back- 
ground are shown in Fig. 6. 

DISCUSSION 

The method presented is based on a one-step extraction from biological 
fluids, and the selected-ion monitoring method was used for the subse- 
quent determination of I and a metabolite. The method can be used to 
study pharmacokinetics and metabolism in cancer patients. Compound 
I was monitored at m/e 326 and 328 with deuterated I a t  m/e 383 and 385. 
When 500 pg was derivatized and analyzed, there was sufficient sensi- 
tivity to detect quantities at the 100-pg level. However, to prevent I ad- 
sorption, the column had to be preconditioned with two to three repeated 
injections of I ( 4 . 5  pg). The chlorine isotope ratio gave additional se- 
lectivity. The deuterated I synthesis can be carried out in most labora- 
tories using basic organic chemistry techniques and starting materials 
readily available commercially. 

A method for the determination of I in plasma was published recently 
(7) that depends on several extraction steps followed by mass spectro- 
metric analysis. This method is not only lengthy, but it also requires 
back-extraction from the buffer a t  pH 9.0. The instability of the chlo- 
roethyl group at alkaline pH is well documented (6, 10, 11). At room 
temperature, there was -13% hydrolysis of I in aqueous solution at pH 
9.0 over 30 min (7). Alkaline exposure a t  higher temperatures could result 
i-n even greater hydrolysis. Although such hydrolysis is a spontaneous 
phenomenon observed in in uitro situations, the in uioo hydrolysis rate 
may be far greater. Quantitative determination of the formation of hy- 
droxy products is necessary for an overall understanding of the phar- 
macokinetic behavior of I. 

Table I shows the effect of the incubation time and temperature on the 
stability and recovery of plasma I. Compound I was stable in plasma a t  
room temperature, but recovery decreased significantly a t  37O. This low 
recovery probably resulted from both alkylation and hydrolysis. There 
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Figure 4-Disappearance of I in rat plasm. 

may be a protective effect against hydrolysis by plasma proteins, as was 
shown previously for I and phenylalanine mustard (6,12). 
Three major compounds were observed in the nonaqueous system. The 
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Figure 5-Plasma Z disappearance in a patient with chronic lympho- 
cytic leukemia. The patient was given 0.55 mglkg orally, and samples 
were drawn a t  designated times and analyzed for p-[4-N,N-bis(2- 
chloroethyl)]aminophenylacetic acid (0) and I (0). 
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Figure 6-Ion chromatograms of plasma I and plasma background. 
Compound I, 200 ng, and 2.0 pg of the internal standard were added to 
1.0 ml of plasma. After extraction and deriuatization, 0.1 ml of equiua- 
lent plasma was analyzed (Fig. 6A). In  Fig. 6B, 1.0 ml of plasma was 
extraited and deriuatized, and 0.5 ml of equivalent plasma was O M -  
lyzed. 
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Table I-Temperature and Time Effects on I Recovery from 
Plasma 

attempts to find the a,P-unsaturated compound were unsuccessful. More 
extensive studies of I metabolism are in progress. 

Recovery” 
Hours 25’ 37” 

0.0 90.5 f 3.0 80.4 f 3.0 
0.5 82.5 f 4.8 76.6 f 3.7b 
4.0 91.7 f 2.6 55.6 f 1.2b 

a Percent recovery and percent relative standard deviation of quadruplicate 
analyses. Percent relative standard deviation of a minimum of five samples. 

of Compound A indicated that there were two replaceable hydrogens. 
The highest mass observed was 323 (odd mass), indicating that m / e  323 
was either a fragment produced from a higher even mass or a molecular 
ion containing an odd number of nitrogens. Furthermore, there was no 
indication of chlorine in m / e  323. When compared to the chlorambucil 
molecule, it is most likely that m / e  323 was the molecular ion and the 
chlorambucil nitrogen was preserved. The carbon isotope ratio (12C/13C) 
indicated that 16 carbons was a reasonable assignment. Two major 
fragments, m / e  191 and 179, most likely were due to a highly stable sty- 
rene-like fragment and the p-arninobenzyl ion. 

All three compounds showed the loss of 131 amu [(CH3)3SiOCOCH2], 
indicating that the carboxyl group of I was intact. Based on these ob- 
servations, Compound A (Fig. 3A) was suggested to  be p-aminophenyl- 
butyric acid. From similar observations, Compounds B and C (Figs. 3B 
and 3C) were suggested to be 4-pyrrolylphenylhutyric acid and 4-13- 
(hydroxy)pyrrolyl)phenylbutyric acid. No p-aminohenzyl-like ion was 
observed in Compound B or C, probably due to the stabilization by the 
pyrrole group. The dark-brown color observed in the nonaqueous solution 
as well as in powdered preparations such as I4C-I most likely was due to 
these pyrrole derivatives. 

The a,@-unsaturated compounds 2-[4-N,N-bis(2-chloroethyl)]- 
aminophenyl-2-butenoic acid and 2-(4-bis(2-chloroethyl)]amino- 
phenylacetic acid were found in rats given 8 mg of I/kg ip (13). Both 
compounds are products of the @-oxidation of I. The phenylacetic acid 
derivative in human urine and plasma was found (Figs. 1 and 5), and 
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Abstract 0 Binding parameters for a series of N-heterocyclic aminoethyl 
disulfides and thiosulfates to DNA were determined a t  different ionic 
strengths and pH values. None of the thiosulfates showed any binding 
ahility, but the disulfides revealed DNA binding abilities that  were 
suppressed both by increased ionic strength and hydrogen-ion concen- 
tration. No correlation between DNA binding ability and radiation 
protective activity in mice was evident. 

Keyphrases 0 Antiradiation compounds-binding ability of radi- 
oprotective N-heterocyclic aminoethyl disulfides and thiosulfates to DNA 
0 Radioprotective compounds-N-heterocyclic aminoethyl disulfides 
and thiosulfates, DNA binding ability 0 DNA-binding by radiopro- 
tertive N-heterocyclic aminoethyl disulfides and thiosulfates N- 
Heterocyclic aminoethyl disulfides and thiosulfates-DNA binding 
ability, radiation protection evaluated 

The ability of the radioprotective aminothiols cystamine 
and bis(2-guanidinoethyl) disulfide to bind reversibly to 
DNA, RNA, and other nucleoproteins has been demon- 
strated (I) ,  but the significance of this ability in radiation 

protection of mammals is not clear. Evidence has accu- 
mulated that the aminothiol protecting agents cause a 
temporary inhibition of nucleoprotein synthesis and fa- 
cilitate repair of radiation damage (2-5), but the necessity 
for complexation in this process has not been shown. 

To demonstrate whether or not DNA binding is im- 
portant to radiation protection or repair, a series of N- 
heterocyclic substituted aminoethyl disulfides and 
thiosulfates showing varying degrees of radiation protec- 
tion to mice was observed for the ability to bind to DNA. 
A correlation with protecting ability could show DNA- 
binding ability to be essential to the protective or repair 
process. 

Most studies of the mechanism of radiation protection 
in mammals utilized the N-unsubstituted aminothiols and 
simple S-derivatives, such as 2-mercaptoethylamine, its 
phosphorothioate, thiosulfate, or disulfide (cystamine), 
or 2-mercaptoethylguanidine. Since N-substituted de- 
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Table I-Temperature and Time Effects on I Recovery from 
Plasma 

attempts to find the a,P-unsaturated compound were unsuccessful. More 
extensive studies of I metabolism are in progress. 

Recovery” 
Hours 25’ 37” 

0.0 90.5 f 3.0 80.4 f 3.0 
0.5 82.5 f 4.8 76.6 f 3.7b 
4.0 91.7 f 2.6 55.6 f 1.2b 

a Percent recovery and percent relative standard deviation of quadruplicate 
analyses. Percent relative standard deviation of a minimum of five samples. 

of Compound A indicated that there were two replaceable hydrogens. 
The highest mass observed was 323 (odd mass), indicating that m / e  323 
was either a fragment produced from a higher even mass or a molecular 
ion containing an odd number of nitrogens. Furthermore, there was no 
indication of chlorine in m / e  323. When compared to the chlorambucil 
molecule, it is most likely that m / e  323 was the molecular ion and the 
chlorambucil nitrogen was preserved. The carbon isotope ratio (12C/13C) 
indicated that 16 carbons was a reasonable assignment. Two major 
fragments, m / e  191 and 179, most likely were due to a highly stable sty- 
rene-like fragment and the p-arninobenzyl ion. 

All three compounds showed the loss of 131 amu [(CH3)3SiOCOCH2], 
indicating that the carboxyl group of I was intact. Based on these ob- 
servations, Compound A (Fig. 3A) was suggested to  be p-aminophenyl- 
butyric acid. From similar observations, Compounds B and C (Figs. 3B 
and 3C) were suggested to be 4-pyrrolylphenylhutyric acid and 4-13- 
(hydroxy)pyrrolyl)phenylbutyric acid. No p-aminohenzyl-like ion was 
observed in Compound B or C, probably due to the stabilization by the 
pyrrole group. The dark-brown color observed in the nonaqueous solution 
as well as in powdered preparations such as I4C-I most likely was due to 
these pyrrole derivatives. 

The a,@-unsaturated compounds 2-[4-N,N-bis(2-chloroethyl)]- 
aminophenyl-2-butenoic acid and 2-(4-bis(2-chloroethyl)]amino- 
phenylacetic acid were found in rats given 8 mg of I/kg ip (13). Both 
compounds are products of the @-oxidation of I. The phenylacetic acid 
derivative in human urine and plasma was found (Figs. 1 and 5), and 

REFERENCES 

(1) R. B. Livingston and S. K. Carter, “Single Agents in Cancer 
Chemotherapy,” Plenum, New York, N.Y., 1970, p. 81. 

(2) A. C. Sartorelli and D. G. Johns, “Antineoplastic and Immuno- 
suppressive Agents,” vol. 1, Springer-Verlag, New York, N.Y., 1974, p. 
7. 

(3) H. G. Petering and G. J. van Giessen, J. Pharm. Sci., 52, 1159 
(1963). 

(4) R. Truhaut, E. Delacoux, G. Brule, and C. Bohuon, Clin. Chim. 
Acta,  8,235 (1963). 

(5) J. M. Linford, Riochem. Pharmacol., 11,693 (1962). 
(6) Ibid., 8,343 (1961). 
(7)  T. Jakhammer, A. Olsson, and L. Svensson, Acta Pharm. Suec., 

(8) F. Bergel and J. A. Stock, J .  Chem. SOC., 76,2409 (1954). 
(9) S. Nicolaidis, N. Rowland, M. Meile, P. Margaing-Jallat, and A. 

(10) M. A. Chirigos and d. A. R. Mead, Anal. Biochem., 7, 259 

(1 1) R. Furner, L. Mellett, R. Brown, and G. Duncan, Drug Metab. 

(12) S. Y. Chang, D. S. Alberts, D. Farquhar, L. R. Melnick, P. D. 

(13) A. McLean, D. Newell, and G. Baker, Biochem. Pharmacol., 25, 

14,485 (1977). 

Perez, Pharmacol. Biochem. Behau , 2.131 (1974). 

(1964). 

Disp., 4,577 (1976). 

Walson, and S. E. Salmon, J .  Pharm. Sci., 67,682 (1978). 

2331 (1976). 

ACKNOWLEDGMENTS 

Supported in part by Grant CA-17094 from the National Cancer In- 
stitute, by Grants T32-M07533 and 5T32GM07533-03 from the National 
Institutes of Health, and by a donation from Burroughs-Wellcome Co., 
Research Triangle Park, N.C. 

Antiradiation Compounds XVII: Binding Ability of 
Radiation - Protect ive N -  Heterocyclic Aminoet h y 1 
Disulfides and Thiosulfates to DNA 

WILLIAM 0. FOYE”, MAHRUKH M. KARKARIA, and WILLIAM H. PARSONS 
Received August 2,1979, lrom the Samuel  M .  Rest Research Laboratory, Massachusetts College of Pharmacy, Boston, MA 021 15. 
for publication August 22, 1979. 

Accepted 

~ ~ ~ 

Abstract 0 Binding parameters for a series of N-heterocyclic aminoethyl 
disulfides and thiosulfates to DNA were determined a t  different ionic 
strengths and pH values. None of the thiosulfates showed any binding 
ahility, but the disulfides revealed DNA binding abilities that  were 
suppressed both by increased ionic strength and hydrogen-ion concen- 
tration. No correlation between DNA binding ability and radiation 
protective activity in mice was evident. 

Keyphrases 0 Antiradiation compounds-binding ability of radi- 
oprotective N-heterocyclic aminoethyl disulfides and thiosulfates to DNA 
0 Radioprotective compounds-N-heterocyclic aminoethyl disulfides 
and thiosulfates, DNA binding ability 0 DNA-binding by radiopro- 
tertive N-heterocyclic aminoethyl disulfides and thiosulfates N- 
Heterocyclic aminoethyl disulfides and thiosulfates-DNA binding 
ability, radiation protection evaluated 

The ability of the radioprotective aminothiols cystamine 
and bis(2-guanidinoethyl) disulfide to bind reversibly to 
DNA, RNA, and other nucleoproteins has been demon- 
strated (I) ,  but the significance of this ability in radiation 

protection of mammals is not clear. Evidence has accu- 
mulated that the aminothiol protecting agents cause a 
temporary inhibition of nucleoprotein synthesis and fa- 
cilitate repair of radiation damage (2-5), but the necessity 
for complexation in this process has not been shown. 

To demonstrate whether or not DNA binding is im- 
portant to radiation protection or repair, a series of N- 
heterocyclic substituted aminoethyl disulfides and 
thiosulfates showing varying degrees of radiation protec- 
tion to mice was observed for the ability to bind to DNA. 
A correlation with protecting ability could show DNA- 
binding ability to be essential to the protective or repair 
process. 

Most studies of the mechanism of radiation protection 
in mammals utilized the N-unsubstituted aminothiols and 
simple S-derivatives, such as 2-mercaptoethylamine, its 
phosphorothioate, thiosulfate, or disulfide (cystamine), 
or 2-mercaptoethylguanidine. Since N-substituted de- 
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Table I-Preparation of 35S-Thiosulfates 
R~+NHCH~CH~S*SOS-  

R?+NHC- 
HzCHzX Weight, Melting Literature Melting 

R2N X g" Yield, g Point Point 

NH2 Br 0.1640 0.040 178-180' 189' (18) 

0- CI 0.1488 0.055 180-182' 181-183' (9) 

0 C1 0.1472 0.150 179-181' 180-182'(9) 

WN 

rN C1 0.1360 0.077 159-161' 165-167' (9) 
~ ~~~ ~ ~ 

0 All compounds were prepared using 1.1 ml of sodium 35S-thiosulfate solution; 
these quantities represent equal moles (0.8 mmolc). 

rivatives of 2-mercaptoethylamine have shown greater 
protection in mammalian tests and provided compounds 
having activities ranging from good to nonprotective, such 
a series should be suitable for observing a possible corre- 
lation between DNA binding ability and radiation pro- 
tective ability. Accordingly, a series of N-heterocyclic 
wbstituted 2-mercaptoethylamine derivatives (6) having 
the HetNHCH2CHZSX structure (I) was utilized (Het = 
aromatic or alicyclic heterocycle and X = SOsH, 
SCHzCH2NHHet). The possible mechanisms by which the 
aminothiols act as radiation-protective agents were re- 
viewed (7). 

EXPERIMENTAL' 

Synthesis of Radiolabeled Thiosulfates and Disulfides-Syn- 
thesized compounds were identified2 by comparison of IR spectra with 
those of authentic samples (6). Purity was checked by TLC on silica gel 
plates with detection of spots by exposure to iodine vapor. Both radio- 
labeled and nonradiolabeled compounds were prepared on a small 
scale. 

Preparat ion of Sodium %-Thiosulfate Solution-An ampul of 
sodium Y3-thiosu1fate3 (22.5 mCi/mmole) was broken, and -0.0074 g 
was weighed and spiked with cold sodium thiosulfate to give a weight of 
0.5745 g (3.6 mmoles). The sodium thiosulfate was transferred to a 5-ml 
volumetric flask, and distilled water was added to the mark. Each milli- 
liter of this solution contained 0.114 g (0.72 mmole) of sodium thiosulfate. 
The remaining sodium thiosulfate was stored in uacuo over phosphorus 
pentoxide. 

The synthetic procedures for the organic thiosulfates were essentially 
those already described (6). Weights of starting materials, yields, and 
melting points are listed in Table I. The disulfides were prepared as fol- 
lows. 

2-Aminoethyl 35S-Disul/ide Dihydrochloride-A solution of iodine 
(0.2487 g, 0.98 mmole) in 5 ml of alcohol was added dropwise to a solution 
of 35S-2-aminoethanethiosulfuric acid in 1 mi of water. The solution was 
refluxed for 90 min, and ethanol was removed by distillation. The aqueous 
residue was extracted with chloroform after the pH was adjusted to 9.0 
with 10% NaOH. 

The chloroform extract was dried over magnesium sulfate, and the 
chloroform was evaporated under reduced pressure (40'). The resulting 
oil was treated with hydrochloric acid in ethanol, and the hydrochloride 
was twice recrystallized from absolute ethanol, giving 0.042 g (20% yield), 
mp 219-221' dec. [lit. (8) mp 211'1. 

2- (N-Morpholinyl)ethyl 35S-Disulfide Dihydrochloride-A solution 
of 35S-2-(N-morpholinyl)ethanethiosulfuric acid (0.449 g, 1.96 mmoles) 
and potassium iodide (0.065 g, 0.392 mmole) in 1 ml of water was heated, 
and a solution of iodine (0.2487 g, 0.98 mmole) in 5 ml of alcohol was 
added dropwise. The solution was refluxed for 90 min, and the ethanol 
was removed under vacuum a t  40" in a rotary evaporator. A little water 
was added, the solution was filtered, and the filtrate was extracted with 
ether after the pH was adjusted to 9.0 with 10% NaOH. 

The ether layer was dried over magnesium sulfate and evaporated 
under reduced pressure to an oil, which was treated with hydrochloric 
acid in ethanol. The solution was evaporated to dryness, and the residue 
was twice recrystallized from absolute ethanol, giving 0.1056 g (30% yield) 
of white crystals, mp 225-226' dec. [lit. (9) mp 229-230'1; R/ 0.53 
(methanol-water, 6:4). 

2- (N-Piperidinyl)ethyl 35S-Disulfide Dihydrochloride-The pre- 
ceding procedure was followed with "S-2-(N-piperidinyl)ethanethio- 
sulfuric acid (0.441 g, 1.96 mmoles), giving 0.11 g (31% yield) of white 
crystals, mp 267-269' dec. [lit. (9) mp 270-271'1; R/  0.28 (n-butanol- 
water-acetic acid, 49.5:49.5:1). 

Anal.-Calc. for C14H28N&2HCI: C, 46.52; H, 8.37; N, 7.75; S, 17.74. 
Found: C, 46.6; H, 8.5; N, 7.7; S, 17.4. 

2. (N-Pyrrolidinyl)ethyl "S-Disulfide Dihydrochloride-The pre- 
ceding procedure was used with 35S-2-(N-pyrrolidinyI)ethanethiosulfuric 
acid (0.4135 g, 1.96 mmoles), giving 0.067 g (20% yield), mp 231-233' dec. 
[lit. (9) mp 227-228'1; Rf 0.25 (n-butanol-water-acetic acid, 49.5:49.5: 
1). 

Preparat ion of Stock DNA Solutions-Stock solutions of DNA4 
were prepared in phosphate buffers of the following ionic strengths and 
pH: 

fonic Strength 0.24, pH 7.2-potassium phosphate (monobasic), 0.0158 
M; sodium phosphate (dibasic), 0.0404 M; sodium diethylenediamine- 
tetraacetate, 0.003 M; and carbon dioxide-free distilled water, qs, lo00 
ml. 

Ionic Strength 0.021, pH 7.2-phosphate buffer of ionic strength 0.14 
and pH 7.2, 75 ml; and carbon dioxide-free distilled water, q s ,  1000 
ml. 

fonic Strength 0.02, pH 6.0-potassium phosphate (monobasic), 0.0132 
M; sodium phosphate (dibasic), 0.0013 M; sodium diethylenedia- 
minetetraacetate, 0.003 M; and carbon dioxide-free distilled water, qs, 
1000 mi. 

The DNA concentration was measured5 a t  259 nm using the molar 
absorptivity E(P) = 6650 (10). Appropriate dilutions were made, and a 
Beer-Lambert plot was constructed using the regressed absorption val- 
ues. Spectral scans of DNA in the different stock solutions were identical. 
The DNA concentration in micromoles of DNA phosphorus per milliliter 
was determined: 

concentration of DNA phosphorus (pmoleslml) 

= 100' X 12.5 X dilution factor X absorbance (Eq. 1) 

The  Concentration values ranged from 1.7 to 2.1 pmoles of DNA phos- 
phorus/ml for the different stock solutions. 

Preparation of Stock Solutions of Radiolabeled Thiosulfates and 
Disulfides-Stock solutions containing 3 pmoles/ml of radiolabeled 
thiosulfates and disulfides were prepared in the appropriate phosphate 
buffer and stored a t  4'. For the equilibrium dialysis experiments, con- 
centrations of 0.5,1.0, 1.5,2.0, and 2.5 pmoles/ml were prepared a t  the 
time of the experiments. 

Equilibrium Dialysis-The equilibrium dialysis experiments were 
performed as described by Wagner and Arav (11), using 5-ml glass or 
acrylic dialysis cells (12). A cellular dialysis membrane (mol. wt. cutoff 
12,000) was pretreated by five consecutive 30-min boilings in distilled 
water and storage a t  4' in phosphate buffer for 3-4 hr. The filled dialysis 
cells were immersed in a thermostated shaker bath a t  37 f 0.5" and 
shaken until equilibrium was reached (generally 24 hr). 

The concentrations of compound in each chamber were determined 
by radioactivity measurements, or by absorbance measurements in the 
case of the quinoxalinyl derivative. For radioactivity determinations, 2-ml 
aliquots from each chamber were transferred to liquid scintillation vials 
(20 mi). T o  each was added 15 ml of a liquid scintillation cocktail6, and 
the solution was shaken vigorously and counted7. An average of five 
read.ings was taken, and experiments were carried out in triplicate. 

Concentrations of free (CF) and bound (CB)  species were calculated: 

6650 

CTF 
C T T  

C F  = - X total concentration of radiolabeled compound (Eq. 2) 

CR = CTT - cTF ?( total concentration of radiolabeled compound 
CTT 

(Eq. 3) 

1 Elemental analyses were carried out by Dr. F. B. Strauss, Oxford, England. 

2 Perkin-Elmer 457 S grating spectrometer. 
Melting points were determined on a Mel-Temp capillary melting-point hlock. 

Amersham-Searle Corp. 

~ ~~ 

Type I ,  sodium salt, Si ma Chemical Co., St. Louis, Mo. 

Phase Combining System, Amersham-Searle Corp. 
Packard Tri-Carb liquid scintillation spectrometer. 

5 Beckman DB spectropkotometer. 
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Table 11-Binding Parameters of Disulfides with DNA a 

Ionic KO, 
pH Strength Compound mM-’ l/n n 

7.2 0.14 2-Aminoethyl disulfide 0.51 3.57 0.28 
2-(N-Morpholinyl)ethyl 0.0 0.0 - 

disulfide ~~~ _~.~__ 

2-(N-Piperidinyl)ethyl 0.40 3.70 0.27 

2-(N-Pyrrolidinyl)ethyl 0.49 5.05 0.20 

7.2 0.021 2-Aminoethyl disulfide 10.84 2.48 0.41 
2-(N-Morpholinyl)ethyl 0.0 0.0 - 

disulfide 

disulfide 

disulfide 

disulfide 
2-(N-Piperidinyl)ethyl 5.22 1.81 0.55 

6.0 0.020 2-Aminoethvl disulfide 6.93 1.65 0.61 
The values were determined from reciprocal (Klotz) plots. 

The mathematical treatment of the dialysis experiment data to give 
association constants, if all binding sites of DNA exhibit the same affinity 
toward a small molecule, can be expressed as: 

K ,  =r (Eq. 4) 
CF(n - r )  

where K,, is the intrinsic association constant,, r is the number of adsor- 
bates bound per reference unit (DNA base pair), n is the number of 
available binding sites per reference unit (DNA base pair), and CF is the 
equilibrium concentration of free unbound species. 

Plots of both r/CF uersus r according to Scatchard (13): 

rICp = nK,  - r K ,  (Eq. 5 )  

and l l r  uersus l/CF according to Klotz (14): 

l/r = l/n + l/K.(n)(CF) (Eq. 6) 

were used to determine K ,  and n. The binding data were plotted ac- 
cording to both equations. Both gave linear plots, but the correlation 
coefficient for the Klotz equation was better (>0.91). Values of K ,  and 
n are listed in Table I1 as determined by the Klotz equation. 

DISCUSSION 

Binding studies of the heterocyclic aminoethyl disulfides and thio- 
sulfates were carried out by equilibrium dialysis ( l l ) ,  and the con- 
centrations of free and bound species a t  equilibrium were deter- 
mined by radioactivity measurements. Radiolabeled thiosulfates were 
synthesized using sodium 35S-thiosulfate and the heterocyclic aminoethyl 
chlorides where the heterocycles were morpholine, piperidine, and pyr- 
rolidine; 2-bromoethylamine was also converted to the thiosulfate. The 
thiosulfates were converted to the radiolabeled disulfides by oxidation 
with iodine (15) since the thiosulfate was labeled on the outer sulfur atom. 
Yields from both reactions were generally in the 30-4W range, but pi- 
peridinyl thiosulfate was obtained in an 83% yield. 
2-(2-Quinoxalinyl)aminoethanethiosulfuric acid (6) also was studied 

but was not labeled with sulfur 35. It exhibited strong UV absorption at  
249 and 359 nm, which did not interfere with the absorption peak of DNA 
(256 nm at pH 7.2) and could be used as such. The concentration of bound 
compound was found by breaking the complex with dimethyl sulfoxide 
(16). 

The results of the equilibrium dialysis experiments for the N-hetero- 
cyclic aminoethyl thiosulfates indicate that no binding took place with 
DNA. In mice (Table HI), the quinoxalinyl derivative and aminoeth- 
anethiosulfuric acid had high radiation protective activity (>50% survival 
at 30 days), the piperidinyl derivative had moderate radiation protective 
activity, and the morpholinyl and pyrrolidinyl derivatives were inactive. 
Apparently, DNA binding is not a requirement for protective activity 
by the aminoalkyl thiosulfates, at least of the intact molecule. The neg- 
atively charged t,hiosulfate probably is repelled by the phosphate groups 
of DNA and the positively charged amino groups probably remain as- 
sociated with the thiosulfate groups. In uiuo, it is possible that the 
thiosulfates are metabolized to the disulfides, a reaction that occurs 
readily under hydrolytic conditions (17). 

The binding parameters for the heterocyclic aminoethyl disulfides are 
listed in Table 11. Comparison of the radioprotective activities (Table 
111) with the DNA binding data indicates that the heterocyclic compound 
with good activity (morpholinyl) did not exhibit binding ability whereas 

Table 111-Intraperitoneal Radiation Protective Activities of 
Thiosulfates and Disulfides in Mice 

Drug Survival at 
Dose, Radiation 30 Days, 

Compound mgkg Dose,radsa % 

2-Aminoethanethio- 150 800RC 73 
sulfuric acidb 

thiosulfuric acid 
2-(N-Morpholinyl)ethane- 100 849 0 

2-(N-Piperidinyl)ethane- 60 849 20 

2-(N-Pyrrolidinyl)ethane- 70 849 0 
thiosulfuric acid 

thiosulfuric acid 
2-(N-Quinoxalinvl)ethane- 400 849 70 

thiodfuric acid’ 
2-Aminoethyl disulfided 146 650R‘ 60 
2- (N-Morpholinyl)ethyl 20 849 50 

disulfide 
2-(N-Pi~eridinvl)ethvl 30 849 10 

I .  I 

disulfide 

disulfide 
a Radiation dosage was from ‘3’Cs y-irradiation given at a rate of 141.5 rada/min 

except where indicated otherwise. Data from D. L. Klayman, M. M. Grenan, and 
D. P. Jacobus, J .  Med. Chem., 12,510 (1969). Dose is ex reeaed in roen ens of 
X-radiation. Data from M. L. Beaumariage, C. R. Soc. b l . ,  151.1788t$1957), 
using rats. 

2-(N-Pyrrolidinyl)ethyl 20 849 10 

the poor protective agents (piperidinyl and pyrrolidinyl) showed some 
binding at  ionic strength 0.14 and good binding at  ionic strength 0.021. 
However, 2-aminoethyl disulfide showed both good binding ability and 
radioprotective ability, although the binding ability was depressed at  the 
higher ionic strength which would resemble physiological conditions more 
closely. Obviously, no correlation can be drawn between DNA binding 
ability and radiation protective ability for the disulfides. 

Some useful information may be deduced from the binding parameters. 
Straight-line plots were obtained with both Scatchard and Klotz equa- 
tion, but the Klotz equation, after linear regression analysis, gave the beat 
correlation coefficient (>0.91). The linear binding isotherms for the di- 
sulfides indicate that only one type of binding site on the DNA molecule 
interacted with these compounds. Comparison of the association con- 
stants at two different ionic strengths, 0.14 and 0.021, shows that binding 
at  the higher ionic strength was suppressed, probably through competi- 
tion with other ions. Comparison of the n values also indicates that the 
number of available binding sites was reduced. In addition, the lower 
binding constants a t  pH 6.0, in comparison to those at  pH 7.2, indicate 
competition with hydrogen ions. A t  the lower pH, the greater degree of 
protonation of the amino groups might be expected to lead to greater 
association with phosphate groups of DNA. 

The inability of the morpholine derivative to bind to DNA might be 
assumed to result from the polar nature of the hetero oxygen atom. 
However, the fact that the piperidinyl derivative gave lower association 
constants than the unsubstituted 2-aminoethyl disulfide at both ionic 
strengths suggests that steric hindrance prevented the association of the 
charged nitrogen with DNA phosphate groups. Apparently, only ionic 
interactions occurred. Also, since the association constants were sup- 
pressed at the higher ionic strength, it is questionable that the disulfides, 
including cystamine, would bind to DNA appreciably under physiological 
conditions. From the effects of ionic strength and pH on the binding 
constants and the lack of correlation with radiation protective activity, 
it may be concluded that binding to DNA is not a requisite for radiation 
protection or nucleic acid repair. 
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Abstract 0 A formulation of 14C-lomustine in propylene glycolathanol 
(4:l) was administered intravenously to rats infiltrated with glioma tu- 
mors of the astrocytic series (RT6). The organ and tumor distribution 
of this agent was followed a t  1.4.12, and 24 hr. Rapid blood disappear- 
ance (0-1 hr) of the label concomitant with an increase in all organs except 
the lung, muscle, and brain was observed. Only the blood, liver, and 
muscle contained >1% of the dose after 24 hr. The bladder, liver, small 
bowel, and kidneys concentrated the highest percentages throughout the 
study. The distribution of 14C-lomustine in the tumor relative to  the 
brain, muscle, and blood showed a maximum 4-12 hr after administra- 
tion. 

Keyphrases 0 Lomustine, 14C-1abeled-biodistribution, rat tumor 
model 0 Antineoplastic agents-14C-lomustine, biodistribution, rat 
tumor model 0 Biodistribution-“C-lomustine, rat tumor model 

Early detection of malignant tumors serves as a basis for 
improving cancer control. One experimental approach is 
to label minute quantities of antineoplastic drugs with 
appropriate radionuclides and to follow their biodistri- 
bution in a suitable animal tumor model. One example 
involved the N-nitrosoureas, a class of chemotherapeutic 
drugs for various malignant tumors (1). The structures of 
several N-substituted nitrosoureas are shown in Table I, 
where the chlorine- or fluorine-substituted haloethyl de- 
rivatives are the most active, with the methyl-substituted 
nitrosourea possessing the least chemotherapeutic activity 
(2). 

The agent investigated in this study, lomustine [l-(2- 
chloroethy1)-3-cyclohexyl-1-nitrosoureal, CCNU, I], is an 
asymmetrical N-substituted nitrosourea used, for the 
palliative treatment of primary and metastatic brain tu- 
mors and for Hodgkin’s disease (3). This investigation 
followed the radiopharmacodynamics of 14C-I in tumor- 
bearing rats for 24 hr after intravenous injection. 

EXPERIMENTAL 

Materials and Methods-The N-nitrosoureas are lipophilic agents 

1 Synthesized by the Monsanto Chemical Co. under contract with the National 
Institutes of Health and provided by Dr. R. Engle of the National Cancer Institute 
(sample NSC-79037,350-4H). 

0022-3549/80/0100-0087$0 1.0010 

whose solubility characteristics require formulations with hydroalcoholic 
vehicles (4). Propylene glycol-ethanol (4:l) was the vehicle choseh for 
intravenous administration of I4C-I1 (5). 

The W - I  [l-(2-chloroethyl-U-14C)-3-cyclohexyl-l -nitrosoureal had 
a specific activity of 12.156 rnCi/mmole (52.017 pCi/mg; 1.0195 mCi in 
19.6 mg) and a radiochemical purity of 99.7%. The I4C-I was labeled a t  
the chloroethyl moiety (Table I). Prior to the animal studies, the I4C-I 
was added to 10 ml of the propylene glycol-ethanol mixture. 

Tissue Distribution-The rat tumor model (RT6) was a brain ma- 
lignancy induced by repeated intravenous injections of N-nitrosometh- 
ylurea (6). The induced tumors were gliomas of the astrocytic series, the 
histology of which did not vary significantly with serial passage through 
tissue culture, subcutaneous implantation, or freezing (6). This model 
was used previously for the determination of the tumor affinity of various 
99mTc-labeled compounds (7). Early detection of this type of tumor in 
patients with glioblastoma multiforme would be advantageous since the 
current survival estimate for this pathology 2 years after surgery is -10% 
(8). 

To determine the pharmacodynamics of 14C-I, 0.2 ml was injected in- 
travenously via the tail vein in adult male rats. Three rats were sacrificed 
at  1,4,12, and 24 hr postadministration. Each 0.2 ml of solution had 0.385 
mg (1.65 pmoles) of I4C-I (20 pc i  of I4C). 

A t  the time of sacrifice, the blood (7% of the body weight), brain, liver, 
spleen, pancreas, lunge, small bowel, kidneys, heart, bladder, bone mar- 
row, muscle, and tumor fluid, capsule, and necrotic center were isolated 
from each animal, and their radioactivity content was measured. The dose 
percentage per gram of tissue, the dose percentage per organ, and the 
mean i standard deviation ( n  = 3) were calculated. 

Activity Measurement-Approximately 100 mg of each tissue was 
placed in a glass scintillation vial containing 2 ml of tissue solubilizer (9). 

Table I-Structures of Several N-Substituted Nitrosoureas 
O H  
1 1  

R,N-C-NR, 
I 
N-0 

Ri R2 Name 
~ 

Methyl H 1-Methyl-1 -nitrosourea 
Fluoroethyl Fluoroethyl 1,3-Bis(2-fluoroethyl)-l-nitrosourea 
Chloroethyl Chloroethyl 1,3-Bis(2-chloroethyl) - 1 -nitrosourea 
Chloroethyl Cyclohexyl l-(2-Chloroethyl-U-14C)-3-cyclohexyl- 

1 -nitrosourea 
O H  

B-0 
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Early detection of malignant tumors serves as a basis for 
improving cancer control. One experimental approach is 
to label minute quantities of antineoplastic drugs with 
appropriate radionuclides and to follow their biodistri- 
bution in a suitable animal tumor model. One example 
involved the N-nitrosoureas, a class of chemotherapeutic 
drugs for various malignant tumors (1). The structures of 
several N-substituted nitrosoureas are shown in Table I, 
where the chlorine- or fluorine-substituted haloethyl de- 
rivatives are the most active, with the methyl-substituted 
nitrosourea possessing the least chemotherapeutic activity 
(2). 

The agent investigated in this study, lomustine [l-(2- 
chloroethy1)-3-cyclohexyl-1-nitrosoureal, CCNU, I], is an 
asymmetrical N-substituted nitrosourea used, for the 
palliative treatment of primary and metastatic brain tu- 
mors and for Hodgkin’s disease (3). This investigation 
followed the radiopharmacodynamics of 14C-I in tumor- 
bearing rats for 24 hr after intravenous injection. 

EXPERIMENTAL 

Materials and Methods-The N-nitrosoureas are lipophilic agents 

1 Synthesized by the Monsanto Chemical Co. under contract with the National 
Institutes of Health and provided by Dr. R. Engle of the National Cancer Institute 
(sample NSC-79037,350-4H). 

0022-3549/80/0100-0087$0 1.0010 

whose solubility characteristics require formulations with hydroalcoholic 
vehicles (4). Propylene glycol-ethanol (4:l) was the vehicle choseh for 
intravenous administration of I4C-I1 (5). 

The W - I  [l-(2-chloroethyl-U-14C)-3-cyclohexyl-l -nitrosoureal had 
a specific activity of 12.156 rnCi/mmole (52.017 pCi/mg; 1.0195 mCi in 
19.6 mg) and a radiochemical purity of 99.7%. The I4C-I was labeled a t  
the chloroethyl moiety (Table I). Prior to the animal studies, the I4C-I 
was added to 10 ml of the propylene glycol-ethanol mixture. 

Tissue Distribution-The rat tumor model (RT6) was a brain ma- 
lignancy induced by repeated intravenous injections of N-nitrosometh- 
ylurea (6). The induced tumors were gliomas of the astrocytic series, the 
histology of which did not vary significantly with serial passage through 
tissue culture, subcutaneous implantation, or freezing (6). This model 
was used previously for the determination of the tumor affinity of various 
99mTc-labeled compounds (7). Early detection of this type of tumor in 
patients with glioblastoma multiforme would be advantageous since the 
current survival estimate for this pathology 2 years after surgery is -10% 
(8). 

To determine the pharmacodynamics of 14C-I, 0.2 ml was injected in- 
travenously via the tail vein in adult male rats. Three rats were sacrificed 
at  1,4,12, and 24 hr postadministration. Each 0.2 ml of solution had 0.385 
mg (1.65 pmoles) of I4C-I (20 pc i  of I4C). 

A t  the time of sacrifice, the blood (7% of the body weight), brain, liver, 
spleen, pancreas, lunge, small bowel, kidneys, heart, bladder, bone mar- 
row, muscle, and tumor fluid, capsule, and necrotic center were isolated 
from each animal, and their radioactivity content was measured. The dose 
percentage per gram of tissue, the dose percentage per organ, and the 
mean i standard deviation ( n  = 3) were calculated. 

Activity Measurement-Approximately 100 mg of each tissue was 
placed in a glass scintillation vial containing 2 ml of tissue solubilizer (9). 

Table I-Structures of Several N-Substituted Nitrosoureas 
O H  
1 1  

R,N-C-NR, 
I 
N-0 

Ri R2 Name 
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Methyl H 1-Methyl-1 -nitrosourea 
Fluoroethyl Fluoroethyl 1,3-Bis(2-fluoroethyl)-l-nitrosourea 
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Table 11-Biodistribution of "C-1 in Rat Tumors (RT6) (n = 3) 
~ ~ ~~ ~~ ~~ 

Dose Percent after 1 hr Dose Percent after 4 hr Dose Percent after 12 hr Dose Percent after 24 hr 
Organ Mean +SD Mean &SD Mean f S D  Mean f S D  

Blood 
Rrain 
Liver 
Spleen 
Pancreas 
Lungs 
Small bowel 
Kidney cortex 
Kidney medulla 
Heart 
Bone marrow 
Muscle 
Hladder 
Tumor fluid 
p m o r  capsule 
I umor necrotic 

7.851 
0.112 
6.133 
0.320 
0.289 
0.204 
1.432 
1.230 
0.964 
0.091 
0.198 

13.602 
0.072 
0.726 
0.718 
0.641 

3.031 
0.005 
1.550 
0.003 
0.207 
0.006 
0.711 
0.205 
0.150 
0.030 
0.088 
3.980 
0.041 
0.851 
0.419 
0.474 

2.899 
0.056 
6.150 
0.422 
0.208 
0.154 
2.789 

0.995 
0.045 
0.051 
6.568 
0.165 
5.460 
3.560 
0.310 

1 .a83 

1.450 
0.020 
1.700 
0.143 
0.124 
0.046 
0.288 
0.301 
0.230 
0.006 
0.089 
0.798 
0.016 
0.548 
0.621 
0.149 

2.461 0.229 
0.091 0.003 
1.763 0.846 
0.129 0.073 
0.282 0.138 
0.114 0.016 
0.316 0.228 
0.339 0.074 
0.181 0.066 
0.019 0.002 
0.099 0.012 
1.459 0.132 
0.030 0.020 
1.678 0.232 
1.463 1.073 
0.189 0.129 

2.218 
0.009 
1.017 
0.040 
0.075 
0.033 
0.231 
0.074 
0.01 1 
0.007 
0.023 
1.156 
0.051 
0.523 
0.482 

Backgroun 

1.764 
0.003 
0.346 
0.022 
0.057 
0.009 
0.028 
0.055 
0.015 
0.002 
0.016 
0.084 
0.017 
0.015 
0.443 

id Background 

Each sample was minced with a scissors, and the capped vials were stored 
a t  rnom temperature until dissolution occurred. A toluene-based scin- 
tillation solution 14.2 mg of 2,5-diphenyloxazole/ml and 52.5 mg of 1,4- 
his( 2-(5-phenyloxazolyl)]benzene/mlJ, 15 ml, was added to each vial, and 
the radioactivity content was determined for each sample (10). 

RESULTS 

The initial biodistribution (1 hr) and subsequent translocation data 
tor 24 hr for I4C-I are shown in Tables I1 and 111 and are illustrated in Figs. 
1-3. The data are displayed uersus time as the mean dose percentage per 
organ ( & S D )  (Table II), the log of the mean dose percentage per gram 
(Figs. 1-3), and the dose percent per gram ratio of the tumor to the brain, 
muscle, and blood (Table 111). Each point represents the mean for three 
determinations. 

After intravenous administration, the whole body blood level of '%-I 
dropped rapidly from -8% after 1 hr to <3% after 4 hr (Table 11); there- 
fore, the amount of tracer in the vascular compartment remained con- 
stant through the termination of the experiment a t  24 hr. Concomitant 
with its clearance from the blood, the I4C-I activity showed an increased 
concentration in all organs except for the brain, lungs, and muscle. 
Thereafter, the remaining organs exhibited a tracer concentration de- 
crease. The muscle, liver, small bowel, and kidneys concentrated the 
highest dose percentage after 1 hr whereas the blood, liver, and muscle 
contained >l?k of the dose after 24 hr (Table 11). 

The bladder and kidney cortex contained the greatest quantity of ac- 
tivity per gram (Fig. 1). emphasizing the rapid kidney excretion of I4C-I. 
In tact, the bladder activity remained maximum up to 24 hr whereas the 
other organs decreased to a greater extent. Figure 2 illustrates the I4C-I 
change per gram in the blood, muscle, and brain with time. The vascular 
compartment remained constant after 4 hr (protein binding), but the 
muscle and brain decreased rapidly up to 24 hr. 
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Figure 1-Mean dose pf'rcent per gram (n = 3 )  of I4C-I in the h f g s ,  
Iioer. ktdnry medullar and cortex, and bladder u p  t o  24 hr after injec- 
t1on 

For the tumor, a consistent I4C-I uptake was observed a t  all times in 
the order: fluid > capsule > necrotic portion (Table 11). The dose per- 
centage per gram ratio of the tumor capsule to the brain rose rapidly to 
a maximum of 8.31 after 12 hr and decreased thereafter (Table 111). 
Tumor to muscle and tumor to blood ratios were maximum after 4 hr and 
also decreased rapidly thereafter. 

DISCUSSION 

The localization and sizing of neoplasms were demonstrated with 
various tumor-specific radiopharmaceuticals (1 1). However, current 
radiodiagnostic agents are limited in their ability to be specific markers 
for tumors. Better definition not only could help in the identification of 
the histology but also could more precisely delineate and assist with ef- 
fective treatment. Tumors may be defined better if radiopharmaceuticals 
are developed whose structures are based on chemotherapeutic 
agents. 

The N-substituted nitrosoureas, a class of synthetic drugs currently 
studied for their anticancer properties (12), were selected for study. Their 
structural diversity (Table I) and limited chemical stability in uiuo led 
investigators to hypothesize that their mechanism of action is alkylation 
(13-15). The 1-alkyl-1-nitrosoureas are believed to decompose under 
physiological conditions to yield alkyl diazohydroxides, which are pro- 
genitors of carbonium ions, and isocyanic acid or alkyl isocyanates, which 
undergo further reaction (13). 

Compound I initially metabolizes to an alkyl diazohydroxide and an 
alkyl isocyanate. The former structure undergoes further decomposition 
to yield a vinyl carbonium ion, which eventually breaks down to acetal- 
dehyde. The alkyl isocyanate reacts with water to form the corresponding 
carbamic acids, which decompose to yield cyclohexylamine. If the con- 
centration of the latter compound is high, as is the case when therapeutic 
amounts are administered, a symmetrical urea is formed. Under the 
conditions of this investigation, nontherapeutic amounts of I were ad- 
ministered (0.385 mg of I/0.3-kg rat or 1.28 mg/kg), thus reducing the 
probability of a symmetrical urea. The production of alkylating agents 
during the in oiuo decomposition of I results in the attack of nucleophilic 
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Figure 2-Mean dose percent per gram (n = 3)  of 14C-l in the blood, 
muscle, and brain up to 24 hr after intrauenaus injection. 
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Table 111-Dose Percent Mean “C-1 per  Gram Ratios of Tumor 
to  Various Organs (n = 3) 

Tumor Tumor Tumor 
Hours Brain Muscle Blood 

blood disappearance and uptake in the liver and intestine (5, 18). The 
maximum tumor to organ ratios (Table 111) suggest that  y-emitting ra- 
dionuclides such as 99mT~ ( t 1 / 2 ~  = 6 hr) and l”1n ( t l / z p  = 2.6 days) la- 
beled to I have potential as brain tumor scanning agents. 

1 
4 

12 
24 

0.765 0.566 0.153 
5.94 4.58 1.66 
8.31 1.36 1.25 
6.41 3.77 0.238 

centers of biologically important molecules by these products. Reactions 
with amino, sulfhydryl, or hydroxyl groups yield alkylated materials, 
which alter the functional ability of biological materials. Such alkylation 
is thought to produce the mutagenic, teratogenic, carcinogenic, and cy- 
totoxic activity of this class of chemotherapeutic agents (16). 

Previous work with 14C-chloroethyl-labeled I showed the label to be 
bound to nucleic acids and proteins both in uitro and in uiuo (17). Spe- 
cifically, the carbon-14 attached to nucleic acid bases and tRNA. Several 
investigators studied cyclohexyl derivatives of I in aninals, where ex- 
tensive fixation of the label tothe plasma proteins was found (18,191. The 
tissue biodistrihution of 1%-cyclohexyl-I was studied in rabbits, where 
most of the label was found in the plasma, liver, kidneys, and lungs; after 
12 hr, almost all of the carbon-14 label was eliminated via the kidneys 
and bile (5). The preparation and biodistribution of 13N-bis(2-chlo- 
roethyl)nitrosourea, labeled primarily to the nitroso group, was reported 
recently (2O).This positron-labeled agent was detected in a human, neu- 
roblastoma (mouse model) shortly after administration. 

The results with 14C-I correlate well with the literature relative to rapid 

C 
-0.001 ’ : 

1 4  12 24 
HOURS 

Figure 3-Mean dose percent per gram (n = 3)  of “C-I in the small 
intestine and bone marrow u p  to 24 hr after intravenous injection. 
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Abstract 0 A new method for calculating the mean total body drug 
clearance is proposed for determining the mean dosing rate for patients. 
In this met.hod, the mean clearance can be calculated from the individual 
clearance values by the harmonic mean method, or it can be determined 
by dividing the same absorbed dose by the arithmetic mean of the areas 
under the plasma level-time curve from time zero to infinity from all of 
the subjects or patients studied. In this method, the arithmetic mean 
method is assumed to have been used for calculation of literature mean 
plasma levels. Various methods for calculating mean clearances also are 
evaluated. These methods yield different mean clearance values from 
the same set of individual data, resulting in different dosage regimen 
recommendations. 

Keyphrases 0 Total body clearance-mean calculation, harmonic mean 
method, dosage rate 0 Pharmacokinetics-mean total body clearance, 
calculation, harmonic mean method 0 Dosage regimens-mean total 
body clearance, calculation, harmonic mean method 

The total body clearance, Cl,, of drugs is an important 
clinical pharmacokinetic parameter since, in linear phar- 
macokinetics, the intravenous dosing rate for maintaining 
the desired steady-state plasma level in an ith patient, CS,, 
is theoretically equal to the product of and the total 
body drug clearance of the patient, Cl,i (1). This principle 
also should be applied to the mean dosing rate for 
achieving a certain mean plasma level in multiple dosing 
after correction for the dose fraction absorbed. 

BACKGROUND 

Although it occasionally is feasible to individualize a patient's dosage 
regimen by studying or predicting the patient's Cl, of the drug (l), the 
mean total body clearance obtained from group studies of normal subjects 
or patients often is used as a guide for initiating drug therapy (1-8). 
Therefore, proper calculation of the mean total body clearance might be 
important in pharmacokinetic studies. 

There appear to be no serious questions in the literature regarding the 
validity of methods for calculating the individual Cl, from plasma data 
obtained after intravenous administration. For example, the individual 
C1, can be calculated by any of the following three equations, which 
should yield the same result in linear pharmacokinetics (6,7): 

oG2. 1) 
intravenous dose 

AUC 
Cl, = 

where AUC is the area under the plasma level-time curve from time zero 
to infinity, Vd,area is the apparent volume of distribution determined by 
the area method, @ is the terminal exponential rate constant in the plasma 
level decay profile, V ,  is the apparent volume of distribution of the 
central compartment, and K,I is the first-order elimination rate constant 
from the central compartment in a multicompartmental open model (7, 
9). In a one-compartment open model system, Cl, can be calculated by 
Eq. 1 or as the product of the apparent volume of distribution, V d ,  and 
the apparent first-order elimination rate constant, K. Such methods will 
be referred to as the product-of-means method. 

The arithmetic mean method is commonly used for calculating the 
mean Cl, from a group of subjects (8,lO-19). In this method, all of the 
individual clearance values (Cl,l, ClP2, . . . , Cl,,) are added and the sum 
is divided by the total number of subjects, n. In another commonly used 
method, apparently based on &. 3, the arithmetic mean V, is multiplied 
by the arithmetic mean K,, (10). A recent study (10) on theophylline 
clinical pharmacokinetics reported that, depending on which of the two 
methods was used for calculation of the mean Cl,, a 25-30% difference 
could occur. Therefore, depending on the method used, the recommended 
intravenous theophylline infusion rate can vary similarly (10). This in- 
consistency was considered to be unfortunate by the authors (10). Un- 
doubtedly, different mean C1, values also will result for other drugs when 
these two methods are employed. 

The purpose of this note is to propose a new method for calculation 
of the mean total body clearance that might be useful for the determi- 
nation of mean dosage regimens in patients. In addition, several existing 
methods will be evaluated. 

THEORETICAL 

There are many ways to calculate the mean value of a data set. For 
example, the mean can be determined by the arithmetic mean, geometric 
mean, and harmonic mean methods (20). In pharmacokinetic studies, 
the arithmetic mean method has been used almost exclusively to calculate 
the means of the steady-state trough, peak, or averaged plasma drug levels 
after multiple or constant-rate dosing. This method also is used most 
often in calculation of the mean plasma levels of many endogenous sub- 
stances such as creatinine and urea. Therefore, it is logical to propose that 
when a mean dosage regimen is recommended to obtain a targeted mean 
steady-state plasma level, Cr, for a group of patients, the arithmetic mean 
of the individual steady-state plasma levels achieved should be used to 
evaluate the recommended dosage regimen. Based on this assumption, 
it will be shown that the harmonic mean method should be used for cal- 
culating the mean total body clearance to achieve the desired arithmet- 
ically averaged steady-state blood, plasma, or serum level. 

Since: 

(Eq. 4) 
' Ulpi 

where KO; is the zero-order dosing rate for the i th  patient, therefore: 

If Kol = K02 = . . . = Kon = KO, then: 

(Es. 6) 

where: 

(Es. 9) 

Since for each individual the Cl, also is related to the dose and to the 

I n  1 -= - 1 1 - --x- 
Cl, harmonic mean Cl, n ,=I  Cl,i 

A UC according to Eq. 1, Eq. 9 becomes: 

+ . . . + 5) (Eq. 10) 
1 1 AUCl AUC2 - -- -- ( - +- 

Cl, n dose1 dose2 dose, 
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Table I-Relevant Pharmacokinetic Parameters. Based on Blood Theophylline Levels in Seven Asthmatic Subjects after Intravenous 
Study and the Resulting Steady-State Blood Levels after Different Infusion Rates Calculated from Different Mean Clp Values (Mean 
X 10 mg/liter) for Achieving the Targeted Mean Steady-State Blood Level of 10 mg/liter 

Total Body 
Clearance, 

P, K.1, VP. K,iV,, liter/ v d  b ‘ 9  C“C P ’  CYd, C.,.., C”6, 
Subject hr-’ hr-I literkg kg/hr liter/kg mghiter mghiter mghiter mg/liter 

HW 0.130 0.149 0.464 0.0691 0.5315 9.20 9.78 12.50 9.82 vw 0.114 0.119 0.336 0.0400 0.3509 15.90 16.90 21.60 17.05 
AG 0.171 0.359 0.225 0.0808 0.4725 7.88 8.38 10.71 8.45 
AE 0.141 0.267 0.212 0.0566 0.4014 11.24 11.94 15.27 12.05 
VM 0.241 0.750 0.119 0.0893 0.3705 7.12 7.57 9.68 7.64 
JL 0.168 0.181 0.407 0.0737 0.4387 8.63 9.17 11.72 9.25 
TS 0.166 0.361 0.176 0.0635 0.3825 10.02 10.65 13.61 10.74 

Arithmetic 0.162 0.312 0.277 0.0676 0.4209 10.00 10.63 13.58 10.72 

a Data from Ref. 18. * Determined by (K.1V )/B. Based on the mean Cl, 
calculated by the arithmetic mean method (O.di76 literhcghr). Based on t i e  mean Cl, calculated by the relY method (0.0864 liter/kg/hr). f Based on the mean Cl, 
calculated by the Vd,.& method (0.0682 literkghr). 

mean 

Based on the mean C1 calculated by the harmonic mean method (0.0636 liter/kg/hr). 

When all of the doses used are the same or all of the obtained AUC values 
are corrected for the same dose when different doses are used, Eq. 10 can 
be simplified and rearranged to: 

- dose c1, = (Eq. 11) (AUCi + AUCz + . . . + AUC,)/n 
- dose 
Cl, = (Eq. 12) arithmetic mean AUC 

The method employing Eq. 12 for calculating the mean C1, will be re- 
ferred to as the mean area method. This method and the harmonic mean 
(Eq. 9) method theoretically should yield the same mean Cl,. 

DISCUSSION 

An example based on reported theophylline data (18) illustrates the 
consequence of employing different methods for the calculation of the 
mean total body clearance when the targeted mean blood level is set at 
10 mghter. &levant pharmacokinetic data in seven asthmatic subjects 
and analytical results are summarized in Table I. The mean Cl, values 
determined by the harmonic-mean, arithmetic mean, and two product- 
of-means (3f.iV and vd.are&) methods are 0.0636,0.0676,0.0864, and 
0.0682 literkghr, respectively. The largest difference among these 
methods is 35.8%. 

Only the newly proposed harmonic method results in a correct arith- 
metic mean of 10 mgAiter of the steady-state blood level. The R,lVp 
method yields a mean blood level of 13.5 mg/liter. These results are based 
on the assumption that the dosing rate for all patients is equal to 10 
mg/liter times the mean Cl,. The difference in the mean Cl, of pro- 
pranolol in three subjects (14) estimated by the harmonic and arithmetic 
mean methods is 41.8%. In all of the methods studied, the harmonic mean 
method yields the lowest mean clearance values in the discussed and other 
simulated examples. 

When employing the mean AUC method (Eqs. 11 and 12), the dose 
used for the entire test population should be the same. If not, the AUC 
for each individual should be corrected to the same dose in terms of the 
total dose or dose per unit of body weight or body surface area. The po- 
tential error of using the linear trapezoidal rule method for the estimation 
of the AUC was discussed recently (21). In estimating the individual total 
body drug clearance after oral dosing, the potential first-pass effect in 
the liver and lungs was ignored in many pharmacokinetic studies. Ap- 
propriate equations for such corrections are available (22-24). 

It was pointed out recently (24) that the conventional concept for ob- 
taining the initial plasma level a t  time zero after intravenous bolus dosing 
by the summation of the exponential coefficients (i.e., Zy-l A, in 2y-l 
Aie-KJ) and also for obtaining the AUC by Zf-l (Az)/(K,)  is not correct 
in terms of absolutes and could result in serious errors under certain 
circumstances. However, such conventional methods of pharmacokinetic 
analysis might be adequate as a reasonable approximation for most 
studies (24). 

This discussion is based on the assumption that the arithmetic mean 
method is used for averaging the steady-state blood or plasma level data. 
Statistically speaking, if other methods such as the harmonic or geometric 
mean methods could be shown to be superior for averaging these blood 
or plasma data, a different conclusion regarding the best approach for 
estimating the mean Cl, could be reached. Based on the rationale dis- 

cussed under Theoretical, it also was concluded recently that the har- 
monic mean method is best for calculating the mean volumes of distri- 
bution for designing a rational dosage regimen (25). For general purposes, 
the conventional arithmetic mean method is acceptable for averaging the 
apparent volumes of distribution and the total body clearances of drugs. 
The harmonic mean method has been recommended for calculation of 
the mean biological half-life of drugs (12). 
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Abstract  A simultaneous assay for the detection of clofibrate and its 
metabolite, clofibric acid [2-(p-chlorophenoxy)-2-methylpropionic acid], 
is described. This GLC method is rapid and does not require a derivati- 
zation step. I t  is sensitive to 1-pg/ml levels of either compound in bio- 
logical samples and can be used to characterize the in vivo conversion of 
clofibrate ester to the free acid. 

Keyphrases 0 Clofibrate-simultaneous GLC assay with clofibric acid, 
human plasma Clofibric acid-simultaneous GLC assay with clofi- 
brate, human plasma Hypolipemic agents-clofibrate, simultaneous 
GLC assay with clofibric acid, human plasma 

Clofibrate, an oral hypolipemic agent, is administered 
traditionally as the intact ester and assayed as the free acid, 
clofibric acid [2- ( p  -chlorophenoxy ) -2-methylpropionic 
acid]. In the past decade, considerable attention has been 
devoted to the development of assays for these compounds 
(1-12). These methods have been used to generate phar- 
macokinetic data for clofibric acid. 

Clofibric acid assays include spectrophotometric (l) ,  
radiometric (21, GLC (3-8), and high-pressure liquid 
chromatographic (9) techniques, all having approximately 
the same sensitivity. Clofibrate can be assayed easily by 
both spectrophotometric and GLC (1) methods, but clo- 
fibric acid determinations usually are tedious and time 
consuming, involving numerous extraction and evapora- 
tion steps. A major obstacle in the development of a GLC 
method for the simultaneous determination of clofibrate 
and clofibric acid has been the lack of a liquid phase suf- 
ficiently polar to yield reproducible clofibric acid peaks 
without derivatization. A flash derivatization would be 
ideal for the simultaneous determination, but the heat 
required would degrade the parent ester. 

This paper describes a simultaneous assay method for 
clofibrate and clofibric acid that is rapid and does not re- 
quire a derivatization step. It is sensitive to 1-pg/ml levels 
of either compound in biological samples and can be used 
to characterize the conversion of clofibrate to clofibric 
acid. 

EXPERIMENTAL 

Reagents-Fresh reagent grade ether was used without prior distil- 
lation. Purified granular ammonium sulfate was used in the salting-out 
procedure, and a 50% (w/v) NaF solution was used for plasma esterase 
deactivation. Commercially available benzocaine was recrystallized and 
used as the internal standard. 

Clofibric acid was prepared by alkaline hydrolysis of clofibrate'. Clo- 
fibrate, 10 g, was combined with 80 ml of 30% KOH and 40 ml of alcohol 
USP, and the solution was refluxed for 4 hr as described previously (10). 
The hydrolysate was cooled to room temperature, extracted with 20 ml 
of ether to remove any remaining clofibrate, and acidified with 5% HzS04 
until litmus paper showed it to be strongly acidic. The acidified solution 
was extracted with ether (3 X 15 ml), and the extracts were combined and 
evaporated to dryness. The resulting crystalline residue was recrystallized 

1 Provided by Ayerst Laboratories. New York, N.Y. 

with hot methanol, yielding -70%, mp 118-118.5O. Qualitative confir- 
mation was obtained by mass spectrometry2 and NMR spectroscopys. 

Sample Preparation-Human plasma, 1 ml, spiked with clofibrate 
and clofibric acid was added to a 10-ml test tube containing 20 p1 of so- 
dium fluoride solution and 550 mg of ammonium sulfate. The mixture 
was agitated for 30 sec with a vortex mixer4 and then centrifuged for 10 
min at 3500 rpm. The supernate (0.5 ml) was transferred to a fresh test 
tube, and 100 pg of benzocaine was added. The resulting solution was 
extracted with 1 ml of ether by agitating for 3 min. The sample tubes were 
sealed5 and then centrifuged at 3500 rpm for 30 min to separate the 
phases. After centrifugation, the ether layer was withdrawn, and 1 pl was 
injected into the gas chromatograph. 

GLC Conditions-The gas chromatograph6 was equipped with a 
hydrogen flame-ionization detector. The glass column (1 m X 2 mm i.d.) 
was packed with 100-120-mesh Gas Chrom Q coated with 10% Silar 10 
C7. Nitrogen was used as the carrier gas a t  a 24-ml/min flow rate. The 
oxygen and hydrogen flow rates were 240 and 40 ml/min, respectively; 
the injection port, oven, and detector temperatures were 200,220, and 
250°, respectively. 

Hydrolysis-A 250-ml three-necked flask was placed in a heating 
mantle supported on a magnetic stirrer. Two necks were sealed, and a 
thermometer was placed in the third neck. The temperature control was 
calibrated and maintained a t  37O. Clofibrate, 5 mg, was added within the 
reaction vessel to a pH 10.5 buffer system consisting of 0.1 N NaZC03 and 
30 ml of 0.1 N NaHC03. Samples were withdrawn and assayed by the 
simultaneous method. 

" 

RESULTS 

Clofibric Acid Identification-The free acid of clofibrate, clofibric 
acid, when subjected to chemical-ionization mass spectrometry, provided 
a M + H ion a t  m/e 216. This mass is consistent with the formula of clo- 
fibric acid and is supported further by abundant ions a t  m/e 169 
(equivalent to the loss of -COOH from the protonated compound) and 
at m/e 128 (corresponding to p-C6H&IOH). The structure was confirmed 
further by other small peaks corresponding to the expected mass frag- 
ments. 

Further confirmation was provided by an independent NMR spectrum. 
NMR demonstrated the presence of an aromatic ring (6 6.75-7.31, 
-COOH (6 lO.l), and -C(CH&- (6 1.551, consistent with the clofibric acid 
structure. Chloroform was the solvent. 

Assay-Under the described GLC conditions, clofibrate and clofibric 
acid eluted with retention times of 1.8 and 2.5 min, respectively (Fig. 1). 
Blank plasma samples did not produce any interfering peaks with re- 
tention times similar to either clofibrate or clofibric acid. 

The standard curves of peak height ratio uersus concentration in the 
10-200-pg/ml range were linear for both compounds. The least-squares 
estimate for the line fitting a plot of the mean of the peak height ratios 
obtained on different days versus the clofibric acid concentration (n  = 
7, r = 0.999) was y = (6.17 X 10-3)x + 0.024. For clofibrate (n = 9, r = 
0.999), the regression line was y = (3.04 X 10-2)x - 0.012. The standard 
errors of the estimate were 1.53 X 10W and 1.02 X lO-l, respectively. 
There was a systematic reduction in all peak height ratios over 1 month, 
but the change was not statistically significant. 

While the assay as outlined has a lower sensitivity limit of -10 
pg/ml for both compounds, the sensitivity can be increased 10-fold to -1 
pg/ml by evaporating the solvent after extraction and redissolving the 
residue in loop1 of ether. 

~~~~ ~ ~~ 

Hewlett-Packard model 5930 A. 

Vortex-Genie, Scientific Industries, Springfield, Mass. 
3 Varian model 60. 

5 Parafilm, American Can Co., Neenah, Wis. 
6 Hewlett-Packard model 5710 A. ' Applied Science Laboratories, State College, Pa. 
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Figure 1-Typical gas chromatograph o f a  1-ml human plasma extract 
spiked with 6 pg of clofibrate (A ) ,  10 pg of clofibric acid (B) ,  and 100 pg 
of benzocaine ( C ) .  

Recovery-To achieve maximum recovery of both the ester and the 
acid, a salting-out technique was utilized. The technique was based on 
a literature method (11) in which the efficacy of ammonium chloride as 
an agent for salting drugs out of plasma was examined. A later study (12) 
showed the effectiveness of ammonium sulfate for the same purpose. A 
standard mixture of 200 pg of clofibrate and 50 pg of benzocaine was used 
to study this technique for clofibrate recovery from aqueous solution and 
plasma. A peak height ratio of 12 was obtained from 1 ml of an aqueous 
solution of this mixture. For the plasma determination, varying amounts 
of ammonium sulfate were used to determine the amount needed to 

Table I-Recovery of Clofibrate and Clofibric Acid after 
Alkaline Hydrolysis at 37' and pH 10.51 a 

Clofibrate, Clofibric Acid, Recovery, Percent of Initial 
Minutes Bmole/ml umole/ml rcmole/ml Concentration 

10 0.190 0.0196 0.190 101 
20 0.161 0.051 0.212 102 
30 0.149 0.060 0.209 101 
45 0.145 0.069 0.214 103 
60 0.128 0.079 0.207 100 
90 0.099 0.102 0.201 97 

120 0.074 0.133 0.207 100 

0 Initial clofibrate concentration was 0.207 pmole/ml. Constant pH was rnain- 
tained with a carbonate buffer. * This value was close to the assay sensitivity limit 
and could not be measured as accurately as other values. 

achieve the same peak height ratio. Amounts ranged from 300 (ratio of 
9.45) to 900 (ratio of 6.65) mg/ml, with the maximum peak height ratio 
of 11.95 obtained using 550 mg of ammonium sulfate/ml of plasma. 

Hydrolysis-The accuracy of the simultaneous assay was tested by 
following the disappearance of clofibrate and the appearance of clofibric 
acid during alkaline hydroIysis of the ester a t  pH 10.51 and 37O. There 
was excellent recovery at each period, indicating that the assay accurately 
measured the ester and the hydrolysis product simultaneously (Table 
I). Degradation of the ester followed pseudo-first-order kinetics over the 
2-hr run, yielding a least-squares estimate for the degradation rhte con- 
stant of 7.98 X min-'. 

DISCUSSION 

The described GLC method has several advantages over previously 
described assays. It is fast and specific. About 10 samples can be deter- 
mined in 1 hr by one person. Its specificity is of particular interest because 
the disappearance of the parent ester and the appearance of the acid 
metabolite can be followed simultaneously, facilitating the determination 
of their respective pharmacokinetic parameters. The method does not 
require derivatization, which can introduce an additional variable. 

The method sensitivity may be increased severalfold by evaporating 
the solvent and redissolving the residue in an appropriate amount of 
solvent. Column degradation by the free acid cannot be avoided. Under 
heavy use and with an overnight oven temperature of 200" or greater, 
column repacking may be necessary every 6-8 weeks. 
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Abstract Backebergia militaris (Andot) Bravo ex Shchez Mejorada 
yielded alkaloid crystals from a fractionated ethanol extract of only 20 
g of plant material. The alkaloid was identified as heliamine (6,7-dime- 
thoxy-1,2,3,4-tetrahydroisoquinoline) hydrochloride. A second alkaloid, 
3,4-dirnethoxy-P-phenethylamine hydrochloride, was crystallized after 
preparative TLC of the mother liquors. Both compounds were isolated 
previously from other cactus species. 

Keyphrases 0 Alkaloids, cactus-heliamine, 3,4-dimethoxy-fl-phen- 
ethylamine, isolation, identification o Heliamine-isolation from cacti, 
identification, 3,4-dimethoxy-P-phenethylamine 0 3,4-Dimethoxy- 
8-phenethylamine-isolation from cacti, identification, heliamine 0 
Cactus alkaloids-heliamine, 3,4-dimethoxy-@-phenethylamine, isola- 
tion, identification 

In a chemotaxonomic analysis of several giant Mexican 
cereoid species of cacti, the new technique of mass-ana- 
lyzed, ion kinetic energy spectrometry was used to detect 
and identify alkaloids in ethanol extracts of small (1-g) 
samples of dried cactus material (1). This survey included 
Backebergia militaris (Andot) Bravo ex SAnchez Mejor- 
ada, in which alkaloids a t  mle 194 and 208 were detected; 
the major components a t  these peaks were identified on 
the basis of fragmentation patterns as heliamine (6,7- 
dimethoxy-1,2,3,4-tetrahydroisoquinoline) and N -  
methylheliamine (oxymethylcorypalline). Both alkaloids 
were identified previously in other cactus species (2-4). 
Alkaloid ions at  mle less than 194 were not examined. 

DISCUSSION 

In a previous TLC screening of this species as part of a continuing 
search for cactus alkaloids, two major compounds (a primary amine and 
a secondary arnine) were detected in the screening extracts. Subsequently, 
an ethanol extract of only 20 g of plant material was subjected to anion 
exchange chromatography to resolve phenolic and nonphenolic alkaloids 
(5). Analytical TLC of the phenolic fraction was negative for any major 
alkaloids, but analytical TLC of the nonphenolic fraction detected two 
major and at least two minor alkaloid components. After acid-base 
partitioning of the nonphenolic fraction, one of the major alkaloids (I) 
crystallized directly as the hydrochloride. Preparative TLC of the mother 
liquor permitted resolution of the second major alkaloid from I and a 
third unidentified minor alkaloid; the second major alkaloid (11) then 
crystallized as the hydrochloride. 

Analytical TLC of I with a series of reference cactus alkaloids suggested 
that it was heliarnine (6,7-dirnethoxy-l,2,3,4-tetrahydroisoquinoline); 
this identification was confirmed by melting-point comparisons, IR 
spectroscopy, and electron-impact mass spectrometry. TLC of I1 tenta- 
tively identified it as 3,4-dirnethoxy-P-phenethylamine, and this iden- 
tification was confirmed by its melting point and its IR and electron- 
impact mass spectra. Heliamine was reported initially as a natural 
product from the related cereoid cactus, Pachycereus pecten-aboriginum 
(Engelm.) Br. and R. (2); concurrently, it was crystallized from another 
Mexican cereoid, Lemaireocoreus web& (Coult.) Br. and R. (3). 3,4- 

CH ,O 

CH ,O CH ,O 
I1 I 

Dimethoxy-8-phenethylamine was detected or isolated previously from 
several cactus species representing all three major cactus tribes (6-8). 

Heliamine biogenesis would likely involve cyclization of a primary 
amine such as 3,4-dimethoxy-fl-phenethylamine (or, perhaps, its 3-0- 
demethylated derivative) (9); consequently, the cooccurrence of heliamine 
and 3,4-dimethoxy-fl-phenethylamine is not surprising. Heliamine re- 
portedly has inhibitory activity against sarcoma 45 in rats (lo), while 
3,4-dimethoxy-j3-phenethylamine has questionable involvement in 
certain mental processes (11). 

EXPERIMENTAL 

Plant Material-Cuttings of fresh B. militaris (2.8 kg) conforming 
to published taxonomic descriptions (12) were obtained'. The fresh 
sections were sliced, frozen, freeze dried, and reduced to a powder through 
a 2-mm screen in a Wiley mill. 

Alkaloid Extraction and Fractionation-Twenty grams of the 
powdered plant material was macerated with stirring in 1 liter of ethanol 
for 24 hr. After filtration to remove the marc, the ethanol extract was 
concentrated and subjected to anion-exchange chromatography on 20 
g of resin2 prepared in the hydroxide form (5). Upon analytical TLC using 
solvent syetems and procedures as described previously (141, the phenolic 
fraction was devoid of any major alkaloids while the nonphenolic fraction 
contained two major and at  least three minor compounds. 

The residue from the nonphenolic extract was dissolved in 100 ml of 
1 N HCI and partitioned with chloroform and ether (three times with 100 
ml of each solvent). The aqueous solution pH was adjusted to 9.5 with 
sodium hydroxide, and the partitions were repeated. The combined 
chloroform-ether extracts from the basic solutions were dried over an- 
hydrous sodium sulfate, concentrated, and acidified with 5% HCI in 
ethanol. 

Isolation and Identification-Heliarnine (&--Upon further con- 
centration of the acidic solution and addition of ether, a precipitate (300 
mg) of alkaloid hydrochlorides formed. This precipitate was recrystallized 
(ethanol-ether) to produce 150 mg (0.75% yield) of the hydrochloride of 
I (mp 255°)3. Analytical TLC with Systems A, B, F, and G (14) identified 
I as heliamine; when the plate was sprayed with fluorescamine, the purple 
chromophore observed under UV light was diagnostic for the secondary 
amine function (15). IR4 and electron-impact mass5 spectra were essen- 
tially identical to those observed with previously isolated (mp 248') and 
synthesized (mp 252') heliamine hydrochloride (3). 

3,4-Dimethoxy-fl-phenethylamine ( I&-The mother liquors from 
the crystallization of I were subjected'to preparative TLC [eight plates, 
Solvent A (14)]. Three bands were scraped from the plates and eluted 
with ethanol one was additional heliamine; a second was an unidentified 
compound which failed to crystallize; and the third, 11, formed a crys- 
talline hydrochloride (8 mg). Recrystallizations (ethanol-ether) raised 
the melting point to 149' (5 mg, 0.025% yield). Analytical TLC (14) 
identified I1 as 3,4-dimethoxy-j3-phenethylamine; when the plate was 
sprayed with fluorescamine, the bright-yellow fluorescence observed 
under UV light was diagnostic for the primary amine function (15). IR 
and electron-impact mass spectra were indistinguishable from those of 
reference 3,4-dimethoxy-P-phenethylamine hydrochloride6 (mp 150O). 

From Dr. Arthur C. Gibson, Department of Ecology and Evolutionary Biology, 
[Jniversity of Arizona, Tucson, A2 85721, who recently studied the phylogeny of 
the Mexican columnar cacti (13). The samples were collected June 25,1978.10 km 
west of Apatzingan on Highway 120, state of Michoacln, Mexico, from plants ap- 

roximately 8 m in height. A voucher specimen is filed at the University of Arizona 
! I '  erbarium: Gibson 3433 (ARIZ). 

Amberlite IRA 401s. Mallinckrodt Chemical Co. 
Mel-Temp apparatus, uncorrected. 
Beckman IR 33. potassium bromide pellets. 
DuPont 21-492B mass spectrometer (low resolution). 
Calbiochem. 
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Abstract 0 A high-performance liquid chromatographic determination 
of two fenamates in human plasma is described. Plasma samples, 1.0 ml, 
to which 4 pg of internal standard had been added, were extracted with 
carbon tetrachloride under acidic conditions. Portions of the organic layer 
were transferred and evaporated to dryness under nitrogen. Residues 
were dissolved in methanol, and an aliquot was injected into the liquid 
chromatograph. An intermediate polarity, bonded cyanopropylsilane 
column was used with a mobile phase of water-acetonitrile-acetic acid 
(603010 v/v/v). The flow rate was 1 ml/min, and the effluent was mon- 
itored a t  254 nm. Flufenamic acid and mefenamic acid had retention 
times of 10.4 and 9.2 min, respectively. In the l-lO-Ng range, the mean 
flufenamic acid recovery from control plasma was 100.7 f 3.4% (n = 18). 
A typical calibration curve had a regression equation of y = 0.132 - 0.04 
with y2 = 0.99. Preliminary stability testa showed that flufenamic acid 
is stable for a t  least 2 weeks in plasma after freezing. 

Keyphrases Flufenamic acid-analysis, high-performance liquid 
chromatography, plasma, rats, humans Mefenamic acid-analysis, 
high-performance liquid chromatography, plasma, rats, humans 0 
High-performance liquid chromatography-analysis, flufenamic acid, 
mefenamic acid, plasma, rats, humans 

Flufenamic acid‘ (I) and mefenamic acid1 (11) are potent 
nonsteroidal analgesic and anti-inflammatory agents used 
in the management of rheumatoid arthritis. Spectropho- 
tometric (1, Z), colorimetric (31, and fluorometric (2,4,5) 
methods have been applied for fenamate analysis in 
aqueous solution and in biological samples such as plasma, 
urine, and milk. A fluorometric method for the determi- 
nation of I in the nanogram range used a chamber paper 
analysis apparatus (6). A convenient TLC technique was 
reported for screening three fenamates and their metab- 
olites (7). 

Only one GLC method (8) utilizing electron-capture 
detection has been reported. Although it was described for 
11, it could be adapted to the analysis of I in blood and 

Provided by Parke-Davis and Co., Detroit, Mich. 

COOH COOH 

urine. However, details of the assay were not provided 
(8). 

This article describes the high-performance liquid 
chromatographic (HPLC) determination of plasma fena- 
mate levels. A single extraction step is followed by re- 
versed-phase chromatography, eliminating the tedious and 
time-consuming procedures required by the previously 
reported methods (3 ,7) .  Flufenamic acid and mefenamic 
acid can be internal standards for each other during either 
assay. The use of an internal standard improves both the 
precision and the accuracy of plasma level determina- 
tion. 

EXPERIMENTAL 

Apparatus-Fenamate analyses were carried out on a liquid chro- 
matograph2 equipped with dual-delivery pumps3, a single injector4, and 
a single-chamber UV absorbance detector5. 

Reagents-Carbon tetrachloride6, acetic acid6, and sulfuric acid7 were 
analytical reagent grade. Methanol8 and acetonitriles were distilled in 
glass. Solvents including distilled, deionized water were filtered routinely 
through 0.45-pm filterss prior to use in the liquid chromatograph. 

Model 204, Waters Associates, Milford, Mass. 
Model 6000A, Waters Associates, Milford, Mass. 
U6K, Waters Associates, Milford, Mass. 
Model 440, Waters Associates, Milford, Mass. 
Mallinckrodt, St. Louis, Mo. 
Eastman Kodak, Rochester, N.Y. 
Burdick & Jackson, Muskegon, Mich. 

9 Millipore Corp., Bedford, Mass. 
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Abstract 0 A high-performance liquid chromatographic determination 
of two fenamates in human plasma is described. Plasma samples, 1.0 ml, 
to which 4 pg of internal standard had been added, were extracted with 
carbon tetrachloride under acidic conditions. Portions of the organic layer 
were transferred and evaporated to dryness under nitrogen. Residues 
were dissolved in methanol, and an aliquot was injected into the liquid 
chromatograph. An intermediate polarity, bonded cyanopropylsilane 
column was used with a mobile phase of water-acetonitrile-acetic acid 
(603010 v/v/v). The flow rate was 1 ml/min, and the effluent was mon- 
itored a t  254 nm. Flufenamic acid and mefenamic acid had retention 
times of 10.4 and 9.2 min, respectively. In the l-lO-Ng range, the mean 
flufenamic acid recovery from control plasma was 100.7 f 3.4% (n = 18). 
A typical calibration curve had a regression equation of y = 0.132 - 0.04 
with y2 = 0.99. Preliminary stability testa showed that flufenamic acid 
is stable for a t  least 2 weeks in plasma after freezing. 
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Flufenamic acid‘ (I) and mefenamic acid1 (11) are potent 
nonsteroidal analgesic and anti-inflammatory agents used 
in the management of rheumatoid arthritis. Spectropho- 
tometric (1, Z), colorimetric (31, and fluorometric (2,4,5) 
methods have been applied for fenamate analysis in 
aqueous solution and in biological samples such as plasma, 
urine, and milk. A fluorometric method for the determi- 
nation of I in the nanogram range used a chamber paper 
analysis apparatus (6). A convenient TLC technique was 
reported for screening three fenamates and their metab- 
olites (7). 

Only one GLC method (8) utilizing electron-capture 
detection has been reported. Although it was described for 
11, it could be adapted to the analysis of I in blood and 

Provided by Parke-Davis and Co., Detroit, Mich. 

COOH COOH 

urine. However, details of the assay were not provided 
(8). 

This article describes the high-performance liquid 
chromatographic (HPLC) determination of plasma fena- 
mate levels. A single extraction step is followed by re- 
versed-phase chromatography, eliminating the tedious and 
time-consuming procedures required by the previously 
reported methods (3 ,7) .  Flufenamic acid and mefenamic 
acid can be internal standards for each other during either 
assay. The use of an internal standard improves both the 
precision and the accuracy of plasma level determina- 
tion. 

EXPERIMENTAL 

Apparatus-Fenamate analyses were carried out on a liquid chro- 
matograph2 equipped with dual-delivery pumps3, a single injector4, and 
a single-chamber UV absorbance detector5. 

Reagents-Carbon tetrachloride6, acetic acid6, and sulfuric acid7 were 
analytical reagent grade. Methanol8 and acetonitriles were distilled in 
glass. Solvents including distilled, deionized water were filtered routinely 
through 0.45-pm filterss prior to use in the liquid chromatograph. 
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Figure 1-Liquid chromatograms of control plasma (a), control plasma 
to ~ithich I (7 pg) was added (b), and control plasma to which I (7  pg) 
and 11 (4  pg) were added (c). 

Preparat ion of Standards -Ten milligrams of each fenamate was 
dissolved in methanol to yield a 100-pg/ml stock solution. Working 
standard solutions of I containing 1,2,3,5,7, and 10 pg/ml were prepared 
by diluting the stock solution with methanol-water (1:l v/v). Six cali- 
bration samples were used in each run to establish the HPLC standard 
curve and to determine recovery reproducibility. Mefenamic acid solu- 
tion, 4 pg/ml, served as the internal standard. 

Measurement of Plasma I-Plasma samples, 1.0 ml, to which 4 pg 
of internal standard had been added, were mixed thoroughly by hand 
shaking and acidified with 0.9 M H2S04. After the addition of 8 ml of 
carbon tetrachloride, the sample tubes were spun on a test tube rotator 
for 15 min and centrifuged. The aqueous phase was removed by aspira- 
tion. Portions of the carbon tetrachloride were transferred to another tube 
and evaporated to dryness under nitrogen. Residues were dissolved in 
0.5 ml of methanol, and a 40-p1 aliquot was injected into the liquid 
chromatograph. 

The standard plasma curve was constructed by plotting the peak height 
ratios (I/II) uersus the weight content of I. The peak height ratio of an 
unknown sample was used to determine the amount of I present. The 
standard samples were run concurrently with the unknown samples as 
described previously. 

Chromatographic Conditions-A stainless steel column (30 cm X 
4 mm i.d.) was packed with a stable reversed-phase stationary phase of 
porous silica beads (mean diameter 10 pm) coated with chemically 
bonded cyanopropylsilane monolayerslO. The mobile phase was water- 
acetonitrile-acetic acid (6030:lO v/v/v). The operating temperature was 
ambient, and the flow rate was 1 ml/min with an operating pressure of 
1OO0 psi. The column effluent was monitored continuously at 254 nm with 
a full-scale deflection of 0.02 aufs. A short wash (acetonitrile for 15 min 
followed by chloroform for 10 rnin a t  1 ml/min) a t  the end of each ana- 
lytical day removed strongly retained solutes. 

RESULTS AND DISCUSSION 

Acceptable separation of the fenamates in this reversed-phase system 
was dependent on the amount of organic solvent in the mobile phase and 
on the effective pH of the aqueous component. A simple acetonitrile- 
water system (3070 v/v) with an effective pH of 5.5 did not resolve the 
solutes. Since the fenamates are moderate acids (pKa 3.9 for I and 4.2 for 
II), their capacity factors were increased by lowering the effective pH of 
this solvent, and the water-acetonitrile-acetic acid system (603010 V/V/V, 
effective pH 2.7) resolved the two solute peaks. 

It' pHondapak CN, Waters Associates, Milford, Mass. 

Table I-Flufenamic Acid (I)  Recovery from Human Plasma (n 
= 3) 

I Added. ue I Found. Recoverya, % 

1 
2 
3 
5 
7 
10 

l-lOb 

1.028 f 0.031 
2.090 f 0.430 
2.760 f 0.079 
5.260 & 0.051 
7.000 f O.OO0 
1o.Ooo f 0.Ooo 

102.8 f 3.1 
104.5 f 4.3 
92.0 f 7.9 
105.0 f 5.0 
100.0 f 0.0 
100.0 f 0.0 

- 100.7 f 3.4 

Expressed as mean f SD. * n = 18. 

Table 11-Peak Height Ratios f o r  the Calibration Curve 

I Added, pg Peak Height Ratios SD 
1 
2 
3 
5 
7 
10 

0.099 0.003 
0.230 0.010 
0.355 0.026 
0.605 0.025 
0.857 0.015 
1.297 0.021 

~~~~ ~ ~ ~ ~ ~ 

Figure 1 presents liquid chromatograms of control human plasma, 
control plasma to which I was added, and control plasma to which both 
fenamates were added. As indicated in Fig. la, negligible interfering peaks 
were found in the control plasma specimens. Under the described chro- 
matographic conditions, I and I1 had retention times of 10.4 and 9.2 min, 
respectively. Better resolution for the two fenamates can be obtained at 
a slower flow rate. However, no real benefits (e.g., precision in the mea- 
surement of peak height ratios) were gained using prolonged retention 
times. 

The results obtained following analyses of various amounts of I in 
control human plasma are summarized in Table I. In the l-lO-wg range, 
the mean I recovery from control plasma was 100.7 f 3.4% (n = 18). Table 
I1 contains peak height ratios obtained from calibration curves prepared 
with human plasma. Each value represents the average of four samples 
a t  each concentration. A typical calibration curve prepared by extracting 
human plasma samples containing different concentrations of I and 4 
pg of I1 had a regression equation of y = 0.13% - 0.04 with y2 = 0.99. The 
UV absorption was linear between 1 and 10 pg, where therapeutic con- 
centrations can be interpolated conveniently. The lower detection sen- 
sitivity limit was 1 pg/ml of plasma. 

When UV absorption spectra of I and I1 were obtained in methanolic 
solutions, the maximum absorption wavelength, A,,., was 290 nm. Since 
the chromatograph was equipped with a single-wavelength detector at 
254 nm, the optimal condition has not yet been achieved in this assay. 
Higher detecting sensitivity can be obtained by monitoring the absorption 
at 290 nm with a variable-wavelength UV detector. 

Preliminary 2-week stability tests were performed by dissolving 1-10 
pg of I in 1 ml of plasma, which was then frozen for 3,7, or 15 days; I was 
stable in frozen plasma for at least 2 weeks (Table 111). 

Table 111-Effect of Frozen Storage on the Flufenamic Acid 
Stability in Human Plasma 

Days 
I Added, pg 0 3 7 15 

1 0.98 1.20 1.04 1.00 
2 1.91 2.35 2.19 1.93 
3 3.21 3.11 3.12 2.72 
5 4.79 - 4.96 4.88 
7 7.03 6.76 7.07 6.74 
10 10.07 9.85 10.57 9.76 

Table IV-Plasma Flufenamic Acid Levels in Two Rats at 
Various Times a f t e r  Intravenous Sublingual Administration of 5 
mg of I/kg in 0.2 N NaOH 

Minutes 
Plasma Levels, pglml 

Rat 1 Rat 2 

15 - 120 
20 134 - 
30 110 128 
60 82.3 90.6 

96 I Journal of Pharmaceutical Sciences 
Vol. 69, No. 1, January 1980 



Experiments utilizing this procedure in animals are in progress. Plasma 
flufensmic acid levels in two rats a t  various times after intravenous 
sublingual administration of 5 mg of I/kg in 0.2 N NaOH are shown in 
Table IV. Due to the high plasma I concentrations a t  the dose adminis- 
tered, only 50 pl of the plasma sample was taken for analysis. The assays 
described here may be used to measure therapeutic levels of I in pa- 
tients. 
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Abstract  Hydrazones and adducts between aromatic aldehydes and 
p-(3,3-dimethyl- 1-triazeno)benzoic acid hydrazide were synthesized and 
tested for antitumor activity. Two adducts derived from 2,g-dinitro- and 
4-cyanobenzaldehyde were active against TLX5 lymphoma in mice. The 
hydrazone of the latter aldehyde was significantly more active than the 
adducts. 

Keyphrases o Antineoplastic agents, potential-hydrazones and ad- 
ducts between aromatic aldehydes and p-(3,3-dimethyl-l-triazeno)- 
benzoic acid hydrazide, structure-activity relationships 0 p-(3,3-Di- 
methyl-1-triazeno) benzoic acid hydrazide-antineoplastic activity, hy- 
drazones and adducts with aromatic aldehydes, structure-activity rela- 
tionships 

A series of l-ary1-3,3-dimethyltriazene derivatives, 
characterized by the presence of a carbonyl group and a 
triazene function in the para-position on the aromatic 
nucleus, was previously synthesized and examined for 
antitumor activity against TLX5 lymphoma in mice (1). 
Among these compounds, the o -nitrophenylhydrazone of 
the p-(3,3-dimethyl-l-triazeno)benzoic acid hydrazide and 
the adduct between this hydrazide and p -nitrobenzalde- 
hyde showed considerable activity. Therefore, a further 
group of adducts and related hydrazones carrying elec- 
tron-withdrawing substituents was synthesized and tested 
for their antitumor activity. Their structures and activities 
are reported in Tables I and 11. 

EXPERIMENTAL' 

Adducts I-IV-Adducts I, 11, and IV were prepared by the addition 
of a solution of the aldehyde in hot ethanol to an equimolar solution of 

Melting points were determined in open glass capillaries using a Biichi apparatus 
and are uncorrected. IR spectra were recorded on a Perkin-Elmer model 225 
spectrophotometer, and UV spectra were determined on a Hitachi Perkin-Elmer 
model 124. Kieselgel HF 254 + 366 (Merck) and methanol-ethyl acetate-ligroin 
( 3 2 1 )  were used for TLC. 

p-(3,3-dimethyl-l-triazeno)benzoic acid hydrazide (2) in the same sol- 
vent. After standing for a few minutes, the products precipitated and were 
washed with a few milliliters of cold ethanol. Methanol was used as a 
solvent for preparing adduct 111, and this reaction mixture was heated 
gently for 15 min before allowing the precipitation. 

The structures assigned to I-IV are in accordance with their elemental 
analyses and are supported by the following data: 

1. When these substances were heated to 120"' they lost a molecule 
of water, yielding the corresponding hydrazone, except for 111 which 
decomposed. 

2. TLC mobilities and UV spectra of these compounds were quite 
different from those of the relevant hydrazones, so they cannot be simply 
monohydrates of these substances. Furthermore, all of these compounds 
exhibited a strong characteristic band a t  1040 cm-' attributable to CO 
stretching, which disappeared after heating. In addition, the UV spectra 
of I-IV in ethanol corresponded to the sum of the spectra of the starting 
hydrazide and aldehydes. TLC on silica gel of these substances a t  very 
low concentrations showed that they are split, giving two spots corre- 
sponding to the starting reagents; the hydrazones, however, gave single 
spots. The very poor solubilities of these substances did not allow any 
NMR investigations of their structures. 

Hydrazones V-VII-These hydrazones were prepared by heating the 
corresponding adducts for a few hours a t  120". The completion of the 
conversion was determined by TLC and by the disappearance of the 
strong characteristic band at -1040 em-'; the yield was quantitative since 
no further recrystallization was required. 

RESULTS AND DISCUSSION 

Tests of the triazene derivatives against TLX5 lymphoma2 in mice are 
reported in Table 111. The activities observed for each compound were 
compared on the basis of the number of dose levels a t  which an ILS of 
-50% was observed and by considering also the maximum ILS values 
obtained when >5osIo. The compounds carrying nitro groups as substit- 

TLX5 lymphoma cells (105) were injected subcutaneously in the inguinal region 
of CBA/LAC female mice, 20-25 g. bred in the Chester Beatty Reselrch Institute. 
The drugs were used as a solution freshly prepared by sonication in acetone-arachis 
oil (10% v/v); the treatment was performed by daily intraperitoneal administration 
from Day 3 to 7 after tumor inoculation. For each substance, 10 ccintrol mice and 
groups of five mice for each dose level were used. ILS is the percent increase of the 
mean survival time of each treated group to that of the relevant controls. 

0022-35491801 0100-0097$0 1.001 0 
@ 1980, American Pharmaceutical Association 

Journal of Pharmaceutical Sciences 1 97 
Vol. 69. No. 1, January 1980 



Experiments utilizing this procedure in animals are in progress. Plasma 
flufensmic acid levels in two rats a t  various times after intravenous 
sublingual administration of 5 mg of I/kg in 0.2 N NaOH are shown in 
Table IV. Due to the high plasma I concentrations a t  the dose adminis- 
tered, only 50 pl of the plasma sample was taken for analysis. The assays 
described here may be used to measure therapeutic levels of I in pa- 
tients. 
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Abstract  Hydrazones and adducts between aromatic aldehydes and 
p-(3,3-dimethyl- 1-triazeno)benzoic acid hydrazide were synthesized and 
tested for antitumor activity. Two adducts derived from 2,g-dinitro- and 
4-cyanobenzaldehyde were active against TLX5 lymphoma in mice. The 
hydrazone of the latter aldehyde was significantly more active than the 
adducts. 
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A series of l-ary1-3,3-dimethyltriazene derivatives, 
characterized by the presence of a carbonyl group and a 
triazene function in the para-position on the aromatic 
nucleus, was previously synthesized and examined for 
antitumor activity against TLX5 lymphoma in mice (1). 
Among these compounds, the o -nitrophenylhydrazone of 
the p-(3,3-dimethyl-l-triazeno)benzoic acid hydrazide and 
the adduct between this hydrazide and p -nitrobenzalde- 
hyde showed considerable activity. Therefore, a further 
group of adducts and related hydrazones carrying elec- 
tron-withdrawing substituents was synthesized and tested 
for their antitumor activity. Their structures and activities 
are reported in Tables I and 11. 

EXPERIMENTAL' 

Adducts I-IV-Adducts I, 11, and IV were prepared by the addition 
of a solution of the aldehyde in hot ethanol to an equimolar solution of 

Melting points were determined in open glass capillaries using a Biichi apparatus 
and are uncorrected. IR spectra were recorded on a Perkin-Elmer model 225 
spectrophotometer, and UV spectra were determined on a Hitachi Perkin-Elmer 
model 124. Kieselgel HF 254 + 366 (Merck) and methanol-ethyl acetate-ligroin 
( 3 2 1 )  were used for TLC. 

p-(3,3-dimethyl-l-triazeno)benzoic acid hydrazide (2) in the same sol- 
vent. After standing for a few minutes, the products precipitated and were 
washed with a few milliliters of cold ethanol. Methanol was used as a 
solvent for preparing adduct 111, and this reaction mixture was heated 
gently for 15 min before allowing the precipitation. 

The structures assigned to I-IV are in accordance with their elemental 
analyses and are supported by the following data: 

1. When these substances were heated to 120"' they lost a molecule 
of water, yielding the corresponding hydrazone, except for 111 which 
decomposed. 

2. TLC mobilities and UV spectra of these compounds were quite 
different from those of the relevant hydrazones, so they cannot be simply 
monohydrates of these substances. Furthermore, all of these compounds 
exhibited a strong characteristic band a t  1040 cm-' attributable to CO 
stretching, which disappeared after heating. In addition, the UV spectra 
of I-IV in ethanol corresponded to the sum of the spectra of the starting 
hydrazide and aldehydes. TLC on silica gel of these substances a t  very 
low concentrations showed that they are split, giving two spots corre- 
sponding to the starting reagents; the hydrazones, however, gave single 
spots. The very poor solubilities of these substances did not allow any 
NMR investigations of their structures. 

Hydrazones V-VII-These hydrazones were prepared by heating the 
corresponding adducts for a few hours a t  120". The completion of the 
conversion was determined by TLC and by the disappearance of the 
strong characteristic band at -1040 em-'; the yield was quantitative since 
no further recrystallization was required. 

RESULTS AND DISCUSSION 

Tests of the triazene derivatives against TLX5 lymphoma2 in mice are 
reported in Table 111. The activities observed for each compound were 
compared on the basis of the number of dose levels a t  which an ILS of 
-50% was observed and by considering also the maximum ILS values 
obtained when >5osIo. The compounds carrying nitro groups as substit- 

TLX5 lymphoma cells (105) were injected subcutaneously in the inguinal region 
of CBA/LAC female mice, 20-25 g. bred in the Chester Beatty Reselrch Institute. 
The drugs were used as a solution freshly prepared by sonication in acetone-arachis 
oil (10% v/v); the treatment was performed by daily intraperitoneal administration 
from Day 3 to 7 after tumor inoculation. For each substance, 10 ccintrol mice and 
groups of five mice for each dose level were used. ILS is the percent increase of the 
mean survival time of each treated group to that of the relevant controls. 
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R,&H(OH)NHNHCD--@N=N<cH3 CH, 

Table I-Physical Constants of the Adducts R 2 R 3  
Analysis, % 

Compound R1 R2 R3 R4 Melting Point Yield, % Formula Calc. pound 
~~~~ ~ ~ ~ 

53.58 C 53.62 I H NO2 H H 210’ dec. 31 Ci6HisN604 
H 5.06 5.08 
N 23.45 23.50 

47.55 C 47.64 I1 NO2 H NO2 H 238’ dec. 76 Ci6Hi7N706 
4.20 H 4.25 

N 24.31 24.38 
47.50 C 47.64 111 H H NO2 NO2 116-118’ dec. 59 Ci6Hi7N706 

4.12 H 4.25 
24.17 N 24.31 

IV CN H H H 254-256’ dec. 61 Ci7HisN602 C 60.34 60.40 
H 5.36 5.40 
N 24.84 24.90 

Table 11-Physical Constants of the Hydrazones d k ,  

Compound RI R2 R3 Melting Point Yield, % Formula 
Analysis, 5% 

Calc. Found 
~~ ~ 

V H NO2 H 210° dec. 100 C16H16N603 C 56.46 56.40 
H 4.74 4.80 
N 24.69 24.71 

VI NO2 H NO2 243’ dec. 100 Ci6Hi5N705 c 49.87 49.93 
H 3.92 3.95 
N 25.44 25.25 

VII CN H H 254-256’ dec. 100 Ci7Hi6N60 C 63.74 63.80 
H 5.03 5.03 
N 26.23 26.21 

Table 111-Antitumor Activity of Compounds 111, IV, and VII 
against TLX5 Lymphoma in Mice 

Dose, Average Day of 
Compound mglkglday Death f SE ILS, % 

12.5 
25 
50 

100 

IV 

VII 

200 

25 
50 
100 
200 
400 

- 

12.5 
25 
50 

100 
200 

10.1 f 0.1 
14.0 f 0.8 
16.6 f 0.8 
16.2 f 0.6 
16.0 f 0.5 
4.0 f 0.0 
9.9 f 0.2 

11.4 f 0.2 
14.4 f 0.5 
15.0 f 0.3 
15.4 f 0.7 
7.0 f 0.9 

10.2 i 0.2 

- 
38.6 
64.3 
60.8 
58.4 

-60.4 

15.1 
45.4 
51.5 
55.5 

-29.3 

- 

- 
ii.0 I o . 3  7.8 
16.2 f 1.6 58.8 
19.8 f 0.4 94.1 
20.2 f 1.7 98.0 
17.6 f 0.8 72.5 

400 17.4 f 0.2 70.5 

uents (I, 11, V, and VI) were inactive over a dosage range that included 
maximum tolerated doses, with the exception of 111 which was effective 
at three dose levels. The adduct of p-cyanobenzaldehyde (IV) also was 
active at three dose levels, whereas the corresponding hydrazone (VII) 
was effective at the five highest dosages employed. An analysis of variance 

(3) indicated that the ILS values obtained for this compound at  50 and 
100 mg/kg/day were significantly higher than those observed for the other 
compounds tested (F = 17.2, p < 0.0002). 

These results, together with those already reported for a related series 
of compounds (l), indicate a marked antileukemic activity for derivatives 
characterized by single electron-withdrawing substituents in either the 
ortho- or para-position. High activity does not appear to be peculiar for 
hydrazones or adducts. In this series, the hydrazone derived from p-  
cyanobenzaldehyde (VIJ) was significantly more active than the corre- 
sponding adduct (IV). For the previously examined p-nitro-substituted 
derivatives, the hydrazone proved completely inactive and the adduct 
showed remarkable activity. The effects of these compounds on other 
experimental tumors is being examined. 
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Abstract A specific and sensitive GLC analysis of bromhexine in 
human plasma is described. After addition of the internal standard and 
an aqueous triethanolamine solution, bromhexine is extracted at alkaline 
pH into n-hexane, transferred to an acidic aqueous solution, and back- 
extracted into n - h e m e  after alkalinization. Both compounds are de- 
rivatized with trifluoroacetic anhydride and quantified by GLC using 
a s3Ni-electron-capture detector. The method has a sensitivity of -1.0 
ng/ml of plasma. Linearity of plasma working curves was good. The ex- 
traction recovery from spiked plasma was 90.1 i 5.68% (SD). The 
within-run and within-day precisions (CV) were 6.0% (4.3 ng/ml, n = 8) 
and 8.6% (11.0 ng/ml, n = 131, respectively. The procedure was applied 
successfully to measurement of the plasma concentration-time profile 
in a human volunteer after oral drug administration. 

Keyphrasa 0 Bromhexine-electron-capture GLC analysis, human 
plasma 0 GLC-bromhexine, electron-capture detection, human plasma 
0 Mucolytic agentebromhexine, electron-capture GLC analysis, human 
plasma 

Bromhexine hydrochloride1 [N-cyclohexyl-N-methyl- 
2-(2-amino-3,5-dibromo)benzylammonium chloride] (I) 
is used as a mucolytic agent (1,2). The low drug dosage (3) 
sufficient for pharmacological effectiveness and its ex- 
tensive metabolism (4,5) result in low levels in circulating 
blood (nanograms per milliliter) (6,7). Thus, to follow the 
rapidly declining levels of the unchanged drug, highly 
sensitive and specific methodology is required. 

Studies on the absorption, metabolism, and excretion 
of 14C-labeled I were performed by liquid scintillation 
spectrometry after extraction of the plasma and urine 
samples and TLC separation of the drug and metabolites 
(6-8). Eichler and Kreuger (9) described an electron- 
capture GLC assay for the quantitation of I residues in the 
milk and tissues of treated animals. A previous paper2 
described a new GLC assay for the determination of 
standard I solutions at  the nanogram level. The chroma- 
tographic properties and electron-capture sensitivity of 
the trifluoroacetyl derivatives of I and a synthesized, 
structurally analogous internal standard, N-cyclohexyl- 
N-n- propyl-2-(2-amino-3,5-dibromo)benzylammonium 
chloride (11) were investigated. 

The present report describes a GLC assay with elec- 
tron-capture detection for the determination of plasma 
bromhexine in the low nanogram range. 

EXPERIMENTAL 

Reagents and Materials-The hydrochloride of I3 was used as re- 
ceived, and I1 was synthesized as described (10). Pesticide grade n-hex- 
ane4 and methanol6, fluorometric grade ethyl acetate6, and trifluoroacetic 
anhydride?, obtained in 1-ml sealed glass ampuls, were used as supplied. 

1 Bisolvon. 
To be published. 
Supplied by Boehringer, Ingelheirn, West Germany. 
Carlo Erba, Milan, Italy. 
Riedel-de Haen A.G., Seelze-Hannover, West Germany. 
E. Merck A.G., Darmstadt, West Germany. 
Pierce Eurochemie B.V., Rockford, Ill. 

a 
I: R = CH, 

11: R = CH,CH,CH, 

Aqueous 5 N NaOH6, 2 N HCP, and 1 N triethanolamine6 solutions were 
prepared with freshly double-distilled water. 

Apparatus-GLC was conducted on a gas chromatographs equipped 
with a 15-mCi p3Ni-electron-capture detectoF (pulsed, variable-fre- 
quency type). The stationary liquid phase, 4% SE-301°, was coated on 
lW120-mesh Gas Chrom Q1l and packed into a 2.2-m X 2-mm i.d. spiral 
silanized glass column. The temperatures were: oven, 255O; injection port, 
280'; and detector, 330'. Argon-methane (955) was the carrier and purge 
gas a t  a total flow rate of 28 ml/min. 

Extraction-Plasma, 1.0 ml, was placed in a 20-ml polytef screw- 
capped test tube. The following were added by pipet: 80 r l  of internal 
standard solution (1.2 ng of IVpl in methanol), methanol to a total volume 
of 200 Fl/ml of plasma, 2 ml of 1.0 N aqueous triethanolamine, and 0.1 
ml of 5.0 N NaOH. The solution was mixed well. n-Hexane, 15 ml, was 
added, and the tube contents were mixed on a rotary mixer12 for 20 min. 
After centrifugation, the n-hexane was transferred to a tube containing 
2 ml of 2.0 N HCI. The tube was shaken for 20 min, and the n-hexane was 
discarded after separation of the two layers. The extraction was repeated 
with 10 ml of n-hexane. 

A 

I1 

t I 1 1 i t  1 1 1 1 

MINUTES 
Figure 1-A. Chromatogram of a blank plasma extract. Attenuation 
setting was 128, and chart speed was 0.25 cmlmin. B. Chromatogram 
of a plasma extract 90 min after oral administration of 4 mg of brom- 
herine hydrochloride, representing a leuel of 3.9 ng of l/mL Attenuation 
setting was 256. 

5 10 15 20 5 10 15 20 

* 

Model 5830 A, Hewlett-Packard, Avondale, Pa. 
9 Model 18803 B, Hewlett-Packard, Avondale, Pa. 

lo R. S. L., St. Martens-Latem, Belgium. 
*l Supelco Inc.. Bellefonte, Pa. 
l2 Cenco Instrumenten B.V., Breda, The Netherlands. 
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Table I-Recovery of I in Human Plasma by Electron-Capture 
GLC Analysis (n = 3) 

Table  11-Assay Precision 

I Added to Mean I Amount Mean 
1.0 ml Recovered after Recovery 

of Plasma, mg Extraction, ng f SD, % - 
6.6 

13.3 
26.6 
53.1 

G.5 .. . - 
11.6 
23.4 
45.9 

98.5 f 3.02 
87.5 f 8.90 
88.0 f 1.84 
86.3 f 4.75 

Mean 90.1 f 5.68 - 

The acid solution was made hasic with 1.5 ml of 5 N NaOH and was 
extracted twice with 5 ml of n-hexane during 20 min. After centrifugation, 
the organic layer was evaporated in a 3-ml glass-stoppered conical vial 
in a heating block'3at 45' under a nitrogen stream. The residue was re- 
dissolved in -100 pl of ethyl acetate. A slight excess of trifluoroacetic 
anhydride was added and mixed. After 5 min, excess trifluoroacetic an- 
hydride was removed a t  45O under nitrogen. The residue was dissolved 
in I 0 0  pl of methanol, and -2 pl was injected with a IO-pI syringe14 onto 
the GI,C column. 

Linearity--Linearity was tested from 1.6 to 12.7 ng/ml and from 7.0 
to 115.8 ng/ml. Solutions of I in methanol were added to plasma to give 
1.6,3.2,6.4, and 12.7 ng/ml and 7.0,11.6,23.2,46.3,69.5,92.7, and 115.8 
ng/ml. An adjusted constant amount of I1 was added. The samples were 
extracted as described and analyzed by GLC. Peak height ratios of I to 
I1 were plotted uersus the concentration ratio of I to 11. 

Recovery--Known I amounts were added to 1.0 ml of drug-free 
plasma to give drug concentrations as detailed in Table I. The internal 
standard was added after the extraction just before derivatization. Per- 
centage recoveries were calculated from a standard curve of the same 
amounts of I and I1 derivatized without extraction. 

RESULTS AND DISCUSSION 

Figures 1A and 1B show representative chromatograms of drug-free 
plasma and an extract after a single 4-mg oral dose, respectively. Back- 
extraction from an organic solvent into an acidic aqueous solution was 
essential for sample cleanup prior to electron-capture GLC. Based on its 
retention on the 4% SE-30 stationary phase, the extraneous peak a t  a 
retention time of 12.6 min was supposed to represent dioctyl phthalate, 
used as a plasticizer. The component also was present after extraction 

20 

\ 

1 ' , 1 , 1 1 1  I l l 1  
1 2  3 4 5 6 7 8 9 10 

HOURS AFTER DOSE 
Figure 2 -Mean plasma bromhrxme leoels Ln a human uolunteer t o / -  
lou'ing oral administration * 

','I 1)ri-Bath, 'I'hermolyne, Dubuque. Iowa. 
If  Hainillon 701, Ronaduz, Switzerland. 

Within-Day Precision, - Day-to-Day Precision 
ng/ml Day ng/ml 

4.3 1 10.2 
4.3 2 11.6 
4.4 3 10.3 

Mean 
SD cv. % 

4.4 
4.1 
4.1 
4.2 
4.9 

4.3 
0.26 
6.0 

4 
5 
6 

~..- 

11.5 
11.9 
10.1 

7 11.2 
8 10.7 

Mean 11.0 
SD 0.95 cv, % 8.6 

of an aqueous solution. Therefore, it was not an endogenous compound. 
This peak can be eliminated by solvent distillation and storage in glass 
equipment. 

Compound I1 was synthesized and chosen as the internal standard for 
GLC experiments* on the basis of its structural similarity to I. However, 
the extraction characteristics from plasma of I and I1 were different. In 
contrast, the extraction recovery from water was the same for I and 11. 
Plasma extracts alkalinized only with sodium hydroxide without the 
triethanolamine solution afforded a relative recovery for I1 of only 32.1 
f 2.70% ( S D ) ;  after the addition of the triethanolamine solution, the 
recovery increased to 81.3 f 6.51% ( S D ) .  A plot of the response ratios of 
I to I1 uersus the plasma concentration ratio of I to I1 in the 1.6 -12.7- and 
7.0-115.8-ng/ml ranges demonstrated a linear relationship (regression 
lines: y = 2 . 5 ~  + 0.04, r = 0.9997, and y = 2 . 3 ~  + 0.01, r = 0.9996, re- 
spectively). 

A detection limit of -1.0 ng of I/ml was obtained using 1.0 ml of plasma 
for the analysis. 

The within-run precision of the overall procedure (CV)  of 6.0% was 
obtained on analyzing eight samples of pooled plasma having a mean 
value of 4.3 f 0.26 ( S D )  ng/ml. The day-to-day precision ( C V )  over 8 
weeks was 8.6% a t  a mean concentration of 11.0 f 0.95 (SD)  ng/ml. For 
this study, plasma samples were stored at -20'. These data are presented 
in Table 11. The I recovery studies in the 6.6-53.1-ng/ml range showed 
a mean of 90.1 f 5.68% ( S D )  (Table I). 

The utility of the technique developed for the determination of I was 
demonstrated in the establishment of plasma levels in a volunteer after 
oral administration of 24 mg of I as tablets. Two standard curves were 
constructed by adding quantities of I to plasma samples in the range of 
the expected levels, as mentioned under the linearity experiments. A 
typical time course for the I concentration is shown in Fig. 2. For an exact 
estimate of the pharmacokinetics of the drug after oral administration 
in humans, the levels below 3 ng/ml are of limited value since they are 
too close to the detection limit. 
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Abstract  An atomic absorption spectrophotometric method was de- 
veloped for the determination of titanium in a sunscreen formulation 
containing iron oxides and a complex organic base. Matrix matching 
between the samples and the standard was essential. A recovery study 
was conducted using a placebo base. Standard absorbance-concentration 
curves were linear in the 0-120-ppm range. 

Keyphrases Titanium-analysis, atomic absorption spectrometry, 
sunscreens 0 Atomic absorption spectrometry-analysis, titanium in 
sunscreens 0 Sunscreens-titanium, analysis, atomic absorption spec- 
trometry 

Titanium dioxide is an effective sunscreen (1) for the 
prevention of sunburn and suntan. It reflects and scatters 
UV and visible light rays, providing a protective physical 
barrier against the damaging effects of the sun. The in- 
creasing use of sunscreens, along with the stringent and 
changing regulations on their use, makes a simple method 
for quantitating titanium dioxide desirable. 

The commercial formulation' examined was a viscous, 
oil-in-water cream tinted with synthetic iron oxides. The 
analysis of titanium dioxide in the presence of iron oxides 
and a complex organic base requires either an intricate 
separation or a highly specific method to obtain significant 
results. Atomic absorption spectrometry promises a simple 
and specific analytical technique for pharmaceutical 
analyses. This technique offers an accurate and precise 
alternative to the titrimetric (2) and colorimetric (3) 
methods used to analyze titanium compounds. No atomic 
absorption spectrophotometric method was reported 
previously for the determination of titanium in pharma- 
ceuticals. 

EXPERIMENTAL 

Equipment-The atomic absorption spectrophotometer2 was 
equipped with a heavy solids, nitrous oxide burner head and a single- 
element titanium hollow cathode lamp3. The instrument settings were: 
wavelength, 364.3 nm; spectral band width, 0.3 nm; lamp current, 10 
mamp; nitrous oxide flow, 10 SCFH; and acetylene flow, 9 SCFH. 

Reagents-All reagents were ACS or USP grade. Purified water, USP 
grade, was used to make the solutions and to rinse the glassware. 

Titanium Stock Solution-A standard stock solution containing lo00 
ppm of titanium was prepared by heating vigorously 1.6681 g of titanium 
dioxide4,with 40 g of ammonium sulfate and 200 ml of concentrated 
sulfuric acid until dissolution was complete. The solution was transferred 
to a 1000-ml volumetric flask and diluted to volume with purified 
water. 

I ron Stock Solution-A stock solution containing 1000 ppm of iron 
was prepared by dissolving 0.50 g of iron wire in 20 ml of dilute nitric acid 
(1:l) and diluting to 500.0 ml with purified water. 

Titanium Standards-The titanium -stock solution was diluted to 
80.0,100.0, and 120.0 ppm. All standards were made to contain 0.8% (w/v) 
ammonium sulfate and 16 ppm of iron by the addition of appropriate 
quantities of ammonium sulfate and the iron stock solution. 

A-Fil Cream, Dark, Texas Pharmacal Co., San Antonio, Tex. 

Intensitron, Perkin-Elmer. 
Pure Atlas White (99.6% pure), H. Kohnstamm and Co. 

2 Model 651, Instrumentation Laboratory. 

Table I-Absorbance Data  for  S tanda rd  Titanium Solutions 

Titanium, Absorbance 
Solution PPm Trial 1 Trial 2 Trial 3 

1 
2 

0 0.000 0.000 0.000 
80 0.175 0.172 0.154 

3 100 0.211 0.201 0.182 
4 120 0.253 0.237 0.221 

Correlation 0.9996 0.9980 0.9993 
coefficient 

Table 11-Titanium Dioxide Recovery from Placebo 
~ ~ ~~ 

Titanium Dioxide, mg Recovery, 
Sample P xperimental % 

1 
2 
3 
4 
5 
6 

47.5 
39.6 
49.0 
34.7 
43.3 
37.3 

48.0 
39.5 
47.9 ~ .. 

35.6 
42.2 
37.3 

101.0 
99.7 
97.8 - 

102.6 
97.5 

100.0 
Mean 99.8 
RSD 1.9 

Placebo-A placebo was prepared utilizing the ingredients and the 
manufacturing procedure prescribed for the commercial product but 
omitting the titanium dioxide. 

Sample Preparation-Known titanium dioxide quantities, 35-50 
mg, were weighed into separate 250-ml erlenmeyer flasks. Approximately 
800 mg of placebo was added to each flask to approximate the commercial 
product a t  various strengths, After the addition of 7 ml of concentrated 
sulfuric acid and 2.0 g of ammonium sulfate, each flask was subjected to 
wet oxidation (4) to destroy the organic matter. 

Each sample was digested on a hot plate in a fume hood until charring 
began. After the sample was decomposed initially by the acid, 30% hy- 
drogen peroxide was added, dropwise, until all organic matter was de- 
stroyed and the solution was not more than slightly brown5. Fifty milli- 
liters of water was added, and the solution was filtered through filter 
papeF into a 250-ml volumetric flask and brought to volume with purified 
water. 

Procedure-The instrument was allowed to warm up for a minimum 
of 1 hr or until a stable absorbance reading was obtained using the 100- 
ppm standard. The nebulizer flow, lamp position, fuel flow, and burner 
head position were adjusted for maximum absorption. The absorbances 
of the sample and standard solutions were determined alternately, using 
the 10 read-average mode and 1-sec integration time, to verify confor- 
mance with the standard curve. 

Each solution was aspirated at least three times, and the absorbance 
values were averaged. The two-variable linear regression of the absorb- 
ance-concentration curve through zero was determined for the standards 
using a statistical calculator7. The calibration curve was redetermined 
for each sample run. 

RESULTS AND DISCUSSION 

Table I contains the absorbance data obtained for three typical stan- 
dard curves; the relationship of titanium to absorbance was linear in the 
0-120-ppm range. This linearity permits the use of these data in deter- 
mining the titanium in unknown samples, provided the instrument 
conditions remain unchanged. 

Table I1 contains the titanium dioxide recovery data obtained from 

The solution was orange until all hydrogen peroxide was removed. 
fi Whatman No. 1. 

Monroe 1860. 
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Table 111-Iron Interference on 100 ppm of Ti tanium 

Iron, ppm Absorbance Increase, % 

25 
50 

100 
300 
500 

1000 
3000 

2 
4 
7 

11 
13 
13 
26 

samples of placebo-prepared sunscreen product. In all samples, the 
placebo weight was the same. 

Iron in the presence of sulfuric acid concentrations below 1 N was re- 
ported to depress titanium absorption (5). Iron a t  2000 ppm in the 
presence of 2% HF enhanced titanium absorption, while iron at 200 ppm 
had no detectable effect (6). A third study indicated no interference on 
the absorbance of a 100-ppm titanium sample by 50 ppm of iron but a 
depression of absorbance by iron above 200 ppm (7). Attempts to de- 
termine the degree of interference caused by the presence of iron yielded 
the results in Table 111. The iron amount present in the final dilutions 
varied from 11 to 22 ppm, depending on the shade8 of the sunscreen. Iron, 
16 ppm, was added to the standards to approximate the quantity in the 
samples to match the matrix and to minimize enhancement. 

Neutral and dark shades; iron levels were determined by the atomic absorption 
spectrophotometric method. 

Examination of the effects on titanium absorption caused by a dif- 
ference in the ammonium sulfate or sulfuric acid levels between the 
standards and the samples showed that a twofold increase in sulfuric acid 
produced a 2% enhancement of absorbance while a twofold increase in 
ammonium sulfate produced a 3% enhancement. 

The fuel to oxidizer ratio was verified to be critical (5); when the flow 
rate o f  one gas varied slightly, the flame condition and the titanium ab- 
sorption value changed significantly. 

The described atomic absorption spectrophotometric method for the 
determination of titanium is simple, reliable, and accurate. The proce- 
dure, including standard preparation, can be performed in -3 hr. 
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Abstract The adsorption free energies of barbital, phenobarbital, and 
pentobarbital at the air-water interface were estimated from plots of the 
surface pressure (n I 5 dynedcm) against the bulk concentration. Their 
energies of interaction with dipalmitoylphosphatidylethanolamine and 
dipalmitoyllecithin monolayers spread a t  the air-water interface were 
estimated from the surface pressure increasC with increasing concen- 
trations of the subphase-injected barbituric acid derivatives. Adsorption 
free energies and interaction energies were barbital < phenobarbital < 
pentobarbital, which correlate with their nerve blocking concentra- 
tion. 

Keyphrases 0 Barbiturates-adsorption free energy, phospholipid 
monolayers, barbital, phenobarbital, pentobarbital Free energy- 
adsorption, barbital, phenobarbital, pentobarbital, phospholipid mo- 
nolayers Phospholipid monolayers-adsorption free energy, barbital, 
phenobarbital, pentobarbital Surface activity-barbital, phenobar- 
bital, pentobarbital, interaction with phospholipid monolayers 

The interaction energies of procaine, lidocaine, and 
tetracaine with phospholipid monolayers were correlated 
recently with their anesthetic and nerve conduction 
blocking potencies (1). 

The present work concerned the surface activities of 
barbital, phenobarbital, and pentobarbital at the air-water 
interface and their interaction energies with dipalmi- 
toylphosphatidylethanolamine and dipalmitoyllecithin 
monolayers spread at the air-water interface. 

EXPERIMENTAL 

Reagents-Sodium salts of barbital’, phenobarbital’, and pento- 
barbital’ were used without further purification. Dipalmitoyllecithin*, 
dipalmitoylphosphatidylethanolamineg, the hexane‘ used to prepare the 
phospholipid spreading solutions, and the water used to prepare the so- 
lutions fulfilled the requirements previously specified (2,3). Analytical 
reagent grade sodium chloride’ was roasted for 6 hr a t  700’ prior to 
preparation of the aqueous solutions to remove surface-active impuri- 
ties. 

Instruments and  Methods-The instruments and methods for the 
measurement of the surface tension of aqueous solutions (y) and of the 
surface pressure change (An) of the phospholipid monolayer after drug 
injection in the subphase already were described (2,3). The experiments 
reported here were performed in 0.15 M NaCl a t  20 f lo. In the injection 
experiments, the initial surface pressure of the phospholipid monolayer 
was 5 dynes/cm (fO.l dyne/cm). Surface pressures (T) of the 0.15 M NaCl 
drug solutions were fitted to a function of the logarithm of the drug 
concentration, C, by digital-computerized, nonlinear regression (1,4). 
Drug solution densities were determined using 10-ml specific gravity 
bottles. 

RESULTS 

Adsorption at Air-Aqueous Interface-Typical plots of the surface 
pressure (T )  against the logarithm of the concentration (C, moles per liter) 

Mallinckrodt Chemical Works, St. I,ouis, Mo. 
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.1 Schwarz-Mann Research Laboratories, Orangehurg, N.Y. 
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Table 111-Iron Interference on 100 ppm of Ti tanium 

Iron, ppm Absorbance Increase, % 

25 
50 

100 
300 
500 

1000 
3000 

2 
4 
7 

11 
13 
13 
26 

samples of placebo-prepared sunscreen product. In all samples, the 
placebo weight was the same. 

Iron in the presence of sulfuric acid concentrations below 1 N was re- 
ported to depress titanium absorption (5). Iron a t  2000 ppm in the 
presence of 2% HF enhanced titanium absorption, while iron at 200 ppm 
had no detectable effect (6). A third study indicated no interference on 
the absorbance of a 100-ppm titanium sample by 50 ppm of iron but a 
depression of absorbance by iron above 200 ppm (7). Attempts to de- 
termine the degree of interference caused by the presence of iron yielded 
the results in Table 111. The iron amount present in the final dilutions 
varied from 11 to 22 ppm, depending on the shade8 of the sunscreen. Iron, 
16 ppm, was added to the standards to approximate the quantity in the 
samples to match the matrix and to minimize enhancement. 

Neutral and dark shades; iron levels were determined by the atomic absorption 
spectrophotometric method. 

Examination of the effects on titanium absorption caused by a dif- 
ference in the ammonium sulfate or sulfuric acid levels between the 
standards and the samples showed that a twofold increase in sulfuric acid 
produced a 2% enhancement of absorbance while a twofold increase in 
ammonium sulfate produced a 3% enhancement. 

The fuel to oxidizer ratio was verified to be critical (5); when the flow 
rate o f  one gas varied slightly, the flame condition and the titanium ab- 
sorption value changed significantly. 

The described atomic absorption spectrophotometric method for the 
determination of titanium is simple, reliable, and accurate. The proce- 
dure, including standard preparation, can be performed in -3 hr. 
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Abstract The adsorption free energies of barbital, phenobarbital, and 
pentobarbital at the air-water interface were estimated from plots of the 
surface pressure (n I 5 dynedcm) against the bulk concentration. Their 
energies of interaction with dipalmitoylphosphatidylethanolamine and 
dipalmitoyllecithin monolayers spread a t  the air-water interface were 
estimated from the surface pressure increasC with increasing concen- 
trations of the subphase-injected barbituric acid derivatives. Adsorption 
free energies and interaction energies were barbital < phenobarbital < 
pentobarbital, which correlate with their nerve blocking concentra- 
tion. 
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The interaction energies of procaine, lidocaine, and 
tetracaine with phospholipid monolayers were correlated 
recently with their anesthetic and nerve conduction 
blocking potencies (1). 

The present work concerned the surface activities of 
barbital, phenobarbital, and pentobarbital at the air-water 
interface and their interaction energies with dipalmi- 
toylphosphatidylethanolamine and dipalmitoyllecithin 
monolayers spread at the air-water interface. 

EXPERIMENTAL 

Reagents-Sodium salts of barbital’, phenobarbital’, and pento- 
barbital’ were used without further purification. Dipalmitoyllecithin*, 
dipalmitoylphosphatidylethanolamineg, the hexane‘ used to prepare the 
phospholipid spreading solutions, and the water used to prepare the so- 
lutions fulfilled the requirements previously specified (2,3). Analytical 
reagent grade sodium chloride’ was roasted for 6 hr a t  700’ prior to 
preparation of the aqueous solutions to remove surface-active impuri- 
ties. 

Instruments and  Methods-The instruments and methods for the 
measurement of the surface tension of aqueous solutions (y) and of the 
surface pressure change (An) of the phospholipid monolayer after drug 
injection in the subphase already were described (2,3). The experiments 
reported here were performed in 0.15 M NaCl a t  20 f lo. In the injection 
experiments, the initial surface pressure of the phospholipid monolayer 
was 5 dynes/cm (fO.l dyne/cm). Surface pressures (T) of the 0.15 M NaCl 
drug solutions were fitted to a function of the logarithm of the drug 
concentration, C, by digital-computerized, nonlinear regression (1,4). 
Drug solution densities were determined using 10-ml specific gravity 
bottles. 

RESULTS 

Adsorption at Air-Aqueous Interface-Typical plots of the surface 
pressure (T )  against the logarithm of the concentration (C, moles per liter) 
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Table I-Adsorption Free Energies at the Air-Water Interface (A&), Interaction Energies with Phospholipid Monolayers (9). and 
Free Energies of Transfer (AG,) to Erythrocyte Membranes and to  Octanol of Barbital, Phenobarbital, and Pentobarbital 

Dipalmitoyl- Nerve 
Air- Dipalmitoyl- phosphatidyl- Erythrocyte" Octanolb- Blocking 

Water, Concentration 
AGod, kcal/ 0.15 M NaCl, 0.15 M NaCl, Buffer Solution, AGtr, kcal/ (Frog, Sciatic), 
0.15 M NaCl, lecithin- ethanolamine- Membrane- 

moleniter Barbiturate mole q, kcal/mole q, kcal/mole AGtr, kcal/mole mole 

Barbital -4.0 -3.2 -4.0 +0.2 +0.2 28 x 10-3 
Phenobarbital -4.6 -4.2 -5.2 -1.1 -0.2 5.7 x 10-3 
Pentobarbital -6.4 -6.0 -5.7 -1.3 -0.4 1.7 x 10-3 

Calculated from Ref. 10. Calculated from Ref. 9. From Ref. 10. 

for barbital, phenobarbital, and pentobarbital in 0.15 M NaCl are given 
in Fig. 1. 

The adsorption free energy at the air-aqueous solution interface can 
be estimated from (1,4,5): 

T AG = -RT In - x ;  (Eq. 1) 

where AG is the standard free energy change associated with solute ad- 
sorption at  the air-water interface, T is the surface pressure, X i  is the 
solute activity, R is the universal gas constant, and T is the absolute 
temperature. 

The AG value can be calculated from the slope ( * / X i )  of alinear plot 
of the surface pressure (P) against the solute mole fraction ( X 2 )  in the 
bulk solution when X z  - 0 and X p  - X i  at  low mole fractions. Plots of 
the surface pressure ( T )  against the mole fraction ( X p )  for barbital, 
phenobarbital, and pentobarbital were linear in the region T I 5 dynes/ 
cm (regression coefficients of 0.9988,0.9918, and 0.9975, respectively). 
The estimated AG values from such plots are given in Table I and were 
barbital < phenobarbital < pentobarbital. 

Interaction with Phospholipid Monolayers-The interaction of 
the subphase-injected drugs with dipalmitoylphosphatidylethanolamine 
and dipalmitoyllecithin was virtually completed in the first 15-25 min. 
The equilibrium criterion was the constancy (fO.l dyne/cm) of the sur- 
face pressure increment ( A T )  during 30 min. The interaction energies 
(9) were estimated (1-4,6) from the slopes of the linear plots of the re- 
ciprocals of the equilibrium surface pressures (Axeq) against the recip- 

-t 

-4 -3 -2 -1 
LOG C, moleslliter 

Figure 1-Plots of the surface pressure (T)  against the logarithm of the 
bulk concentration (C, moles per liter) for barbital (A), phenobarbital 
(B), and pentobarbital (C). The lines drawn through the experimental 
points were the best f i t  obtained from the computer. 

rocals of the final concentrations (n, molecules per cubic centimeter) of 
the subphase-injected drug. Such energies (Table I) were barbital < 
phenobarbital < pentobarbital for both monolayers. 

DISCUSSION 

The amount of surfactant ions in an adsorbed monolayer at the air- 
water interface can be estimated directly from measurements of the 
surface tension variation with surfactant bulk concentration at a constant 
counterion concentration (1,7): 

(Eq. 2) 

where r? is the monolayer surface concentration of surfactant (moles 
per square centimeter), R is the universal gas constant (ergs per degree 
per mole), T is the absolute temperature (degrees Kelvin), T is the surface 
pressure (dynes per centimeter), and m2 and rn3 are the molalities (moles 
per kilogram) of the surfactant ion and the counterion in the bulk solu- 
tion. 

The computed derivative (dT/d  In m2) of the exponential equation that 
characterized the surface pressure dependence on the concentration 
permitted (1-4,6) calculation of the surfactant ion amount in the mo- 
nolayer (rt, moles per square centimeter) a t  any bulk concentration. 
Apparent molecular volume calculations performed using crystal density 
values (8) and space-filling molecular models indicate that the molecular 
dimensions of these barbituric acid derivatives can be accommodated 
into a thin interfacial region 8-12 A thick. On the premises that the 
barbituric acid derivatives that form the adsorbed monolayer a t  the 
air-aqueous interface are immersed completely in the aqueous phase and 
that the average thickness is 10 A, the volume, V., of the interfacial region 
that contains the amount of barbituric acid derivative, r? (moles per 
square centimeter), can be estimated reasonably for comparison. 

Concentration plots in such a thin interfacial region (r; = l'T/V8, in 
moles per liter) estimated from these volumes and from the surface 
concentration (r?, mole per square centimeter) against the bulk con- 
centration C (moles per liter) are given in Fig. 2 for barbital, phenobar- 
bital, and pentobarbital and indicate that the adsorbed pentobarbital 
concentration at  the thin interfacial region could be up to 500 times 

E 
0.010 0.016 

C,molesll iter 
Figure 2-Plots of the concentration at the interfacial region (r;, moles 
per liter) against the bulk concentration (C, moles per liter) for pen- 
tobarbital (A) ,  phenobarbital (B), and barbital (C). 
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greater than that of phenobarbital and barbital a t  the same condi- 
tions. 

Partition coefficients have been measured between octanol-aqueous 
solution (9) and between erythrocyte membrane-buffer solution (10) for 
barbital, phenobarbital, and pentobarbital. With the assumptions that 
the numerical values of the interaction energies of barbital, phenobar- 
bital, and pentobarbital are valid estimates (i.e., the entropies are in- 
variant) and that the same energies are operative for comparative pur- 
poses under the conditions in which partition coefficients were measured, 
the corresponding changes in free energies of transfer to the nonaqueous 
phase were calculated from literature data (9): 

AGlr = RT In P (Es. 3) 

where P is the partition coefficient and AGlr is the standard free energy 
associated with solute transfer from the aqueous to the nonaqueous phase. 
The order of such energies (AGlr)  (Table I) correlates with the interaction 
energies of barbital, phenobarbital, and pentobarbital with dipalmi- 
toylphosphatidylethanolamine and with dipalmitoyllecithin monolayers 
and with their blocking concentrations. 

These results show that the interaction energies of pentobarbital with 
the phospholipid monolayers are higher than those of barbital and phe- 

nobarbital and seem to indicate that its increased nerve blocking potency 
may be due to the comparatively greater interfacial concentration. 
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frontier molecular orbital calculations. A linear relationship was observed 
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The solubility of drug substances often is modified by 
the use of additives. The discovery of the solubilizing (or 
solubility inhibiting) action of these additives frequently 
is made empirically; but in many cases, the system can be 
described by specific interactions between the drug and 
additive molecules. The use of phase solubility techniques 
to derive the association constants that quantitatively 
define the extent of interaction between the species in- 
volved was established (I). The nature of the specific in- 
teraction often is well understood. 

Many potential interactions can be exploited to modify 
drug solubility. The present work concerns the use of 
Huckel frontier molecular orbital (FMO) calculations to 
confirm a r-donor-w-acceptor mechanism for the inter- 
action of 6,7-dimethoxy-l-[4-(ethylcarbamoyloxy)piper- 
idino] phthalazine (I), 2- [4- (2-furoy1)piperazin-1 -yl] -4- 
amino-6,7-dimethoxyquinazoline (II), 4-(4-amino-6,7,8- 
trimethoxyquinazolin-2-yl)piperazine-l-carboxylic acid 
2-methyl-2-hydroxypropyl ester (III), and 6,7-dime- 
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greater than that of phenobarbital and barbital a t  the same condi- 
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bital, and pentobarbital are valid estimates (i.e., the entropies are in- 
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The solubility of drug substances often is modified by 
the use of additives. The discovery of the solubilizing (or 
solubility inhibiting) action of these additives frequently 
is made empirically; but in many cases, the system can be 
described by specific interactions between the drug and 
additive molecules. The use of phase solubility techniques 
to derive the association constants that quantitatively 
define the extent of interaction between the species in- 
volved was established (I). The nature of the specific in- 
teraction often is well understood. 

Many potential interactions can be exploited to modify 
drug solubility. The present work concerns the use of 
Huckel frontier molecular orbital (FMO) calculations to 
confirm a r-donor-w-acceptor mechanism for the inter- 
action of 6,7-dimethoxy-l-[4-(ethylcarbamoyloxy)piper- 
idino] phthalazine (I), 2- [4- (2-furoy1)piperazin-1 -yl] -4- 
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v 
NHCNHCH,CH,CH,CH, n 
0 

IV 
thoxy-4-[4-(3-n-butylureido)piperidino]quinazoline (IV) 
with niacinamide in aqueous solution. The association 
constants derived from phase solubility experiments were 
linearly related to the interaction energy predicted by 
frontier molecular orbital calculations. 

EXPERIMENTAL 

The phase solubility technique described previously (1) was used to 
investigate the influence of niacinamide on the solubility of Compounds 
I-IV. Aqueous niacinamide solutions of known concentration were 
equilibrated with the test compound by stirring at  25O for 24 hr so that 
a small excess of compound remained undissolved. The total concen- 
tration of the test compound in the filtered solutions was measured by 
UV spectrophotometry after dilution in methanolic hydrochloric acid. 
Suitable blanks were prepared from the niacinamide solutions. 

RESULTS AND DISCUSSION 

Association Constants-The phase solubility diagram of I-IV in 
niacinamide solution showed increased test compound solubility as the 
niacinamide concentration increased. The slight pH change accompa- 
nying the increased concentrations of niacinamide and the test compound 
did not explain the increased compound solubility since previous ex- 
periments showed the solubility of I-IV to be independent of pH in this 
region. The phase solubility diagrams all showed positive deviations from 
linearity. This behavior has been interpreted in terms of first- and sec- 
ond-order interactions between the compound ( S )  and the solubilizing 
agent ( L ) :  

S + L = S L  
Scheme I 

SL + L =SL2 
Scheme II  

(Eq. 1) 

(Eq. 2) 

The equations for the association constants K1,1 and K1:2 involve the free 
solubilizing agent concentration, [ L ] ,  in solution. Since only the total 
concentration of solubilizing agent can be defined, an iterative procedure 
was developed to isolate values for K1:1 and K1:2 (2). The values obtained 
by a similar iterative procedure are shown in Table I. 

Molecular Orbibnl Calculations-The expected *-donor nature of 
the methoxy-substituted heteroaromatic centers in I-IV led to the choice 
of the *-acceptor niacinamide as a potential solubilizing agent. The re- 
markable successes of the simple Huckel frontier molecular orbital ap- 

Table I-Equilibrium Constants and Calculated Stabilization 
Energies for Niacinamide a Complexes 

Calculated 
Compound K1:l K1:2 AE 1ogKi:i h g K i : i  

I 12.31 14.76 0.598 1.090 1.022 
I1 7.36 0.33 0.561 0.861 0.876 

111 18.45 0.51 0.660 1.266 1.267 
IV 9.88 2.26 0.607 0.995 1.058 

0 Niacinamide concentration was 0.0-2.0 M for I1 and 0.0-0.2 M otherwise. 

V VI 
proach in rationalizing not only the classical cycloaddition reaction (3) 
but also numerous other organic reactions (4) encouraged the exploration 
of a frontier molecular orbital correlation based on the perturbation 
approach. 

In Eq. 3, AE is a partial measure of stabilization of the complex be- 
tween a drug molecule S and the additive L (niacinamide in this case): 

The AE value is analogous to the stabilization energy of the transition 
state between two react&& (5). Positions s of S and 1 of L are juxtaposed, 
and y is the resonance integral for the interacting molecular orbital lobes 
at  each site. The C and E values are eigenvectors and eigenvalues ap- 
propriate to the occupied (0) and unoccupied ( U )  interacting frontier 
orbitals. Consideration of secondary orbital overlap was necessary to 
rationalize certain cycloaddition reactions (6). Similarly, the highest and 
the next-to-highest occupied orbitals as well as the lowest unoccupied 
orbitals are included in the summation. 

Several assumptions are inherent in the use of Eq. 3: 
1. Electrostatic force variations are small compared with frontier 

molecular orbital interactions (7) so coulombic interaction is ne- 
glected. 
2. Only the delocalized *-electron systems are involved in complex- 

ation. 
3. Because the complexing agent is constant, changes in solvation from 

one complex to another can be considered constant. 
In using Eq. 3, the overlap and orientation principle (8) is invoked, and 

it is considered that the ring systems of the two partners occupy parallel 
planes for complexes in water (9). 

The program used to obtain molecular orbital indexes was developed 
previously (10). The coulombic and resonance values were obtained from 
the literature (11). The maximum AE value corresponds to the most fa- 
vorable overlap of orbitals; V shows the most favorable overlap for I, 11, 
and IV; and VI shows the most favorable overlap for the trimethoxy 
Compound 111. The AE values obtained from Eq. 3 for these overlaps are 
shown in Table I. 

Equation 4 gives the regression line for the K1:1 association constants 
and the AE values for these four complexes (n  = 4, r = 0.95, p < 
0.05): 

logK1:i = 3.95 AJJ - 1.34 (Eq. 4) 

This result is believed to justify the assumptions made and is sufficient 
to encourage further use of frontier molecular orbital theory in attempting 
to rationalize solution complexation. 

The complexation of I11 shown in Vl demonstrates that a simple change 
in substituent position can alter totally the complexation topology. The 
frontier molecular orbital theory applied to drug-receptor interactions 
could throw light on structure-activity relationships. Previously inex- 
plicable “outliers” in regression analyses between biological activity and 
linear combinations of free energy-related parameters, as used in pi- 
oneering methods (121, now might be explained in terms of orbital sym- 
metry if the receptor contains a conjugated *-electron system. 
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Abstract  A fluorescence method is presented for the determination 
of nitrofurantoin based on conversion of the drug to a fluorescent sub- 
stance. The method requires 0.1-0.5 ml of plasma or diluted urine and 
is 10 times more sensitive than the commonly used colorimetric 
method. 
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Nitrofurantoin, 1-(5-nitr0-2-furfurylideneamino)hy- 
dantoin (I), is used to treat urinary tract infections. The 
determination of drug levels in body fluids is important 
for pharmacokinetic and bioavailability studies. The 
content of I in plasma and urine commonly is determined 
by a colorimetric method based on the formation of a 
hyamine complex of I after its extraction into nitrometh- 
ane (1,2).  

An electrochemical determination of I in urine that is 
faster and more accurate than the colorimetric method was 
reported (3). However, both methods require large sample 
volumes and are insufficiently sensitive for pharmacoki- 
netic studies. 

The reaction products obtained by heating some aro- 
matic aldehydes with o-aminothiophenol (11) are fluo- 
rescent (4), and some drugs were assayed with I1 utilizing 
this reaction (5,6).  This paper discusses the application 
of this reaction to the fluorescence assay of I in plasma and 
urine. 

EXPERIMENTAL 

Reagents-Nitrofurantoin’ (I) was obtained commercially. o-Ami- 
nothiophenol hydrochloride was prepared by recrystallization of crude 
crystals obtained from a mixture of 1 ml of hydrochloric acid/g of o-  
amin~thiophenol~ (11) in ethanol (4). The other reagents were reagent 
grade. 

Procedure-Plasma, 0.1-0.5 ml, was deproteinized by mixing with 
1 ml of ethanol. After centrifugation a t  3000 rpm for 10 min, 0.5 ml of the 
supernate was transferred to a 15ml  test tube. Then 1 ml of 0.001% so- 
dium nitrite, 2 ml of hydrochloric acid, l ml of 0.1% o-aminothiophenol 
hydrochloride, and 0.5 ml of distilled water were added. After mixing, 
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the solution was heated a t  70” in a water bath for 10 min. After cooling 
to room temperature, UV irradiation was carried out for 3 min; the rel- 
ative fluoresence intensity was measured with excitation and emission 
a t  375 and 422 nm, respectively. 

The content of I in urine was determined similarly. If the urine was 
diluted eightfold or more with distilled water, 1 ml of the diluted urine 
could be assayed directly without deproteinization. 

The spectrophotofluorometer? was standardized with quinine sulfate4 
in 0.1 N H2S04. 

The concentration of I in a sample was determined by comparing i ts  
fluorescence intensity with that of a standard solution prepared by adding 
a known concentration of I dissolved in ethanol to plasma or urine free 
of I and processing it in the same way as the test sample. 

RESULTS AND DISCUSSION 

A fluorescent substance, 2-(5-chloro-2-furyl) benzothiazole (III), was 
I’ormed by the reaction of the 2-furaldehyde obtained by hydrochloric 
acid hydrolysis of I with I1 (6). However, the conversion of I to I11 varied 
due to a steric effect of the side chain of I (7) and incomplete replacement 
of  the nitro group of 2-(5-nitro-2-fury!)benzothiazole with chlorine to 
give I11 (6). The nitro group can be replaced with chlorine by UV irra- 
diation (6). The hydrolysis of I is reversible and is promoted by sodium 
nitrite, acetylacetone, formaldehyde, etc. 

The maximum relative intensity of fluorescence was obtained in the 
presence of 0.001% sodium nitrite and with UV irradiation after heating. 
Therefore, these conditions were adopted for the assay of I with 11. 
Typical results are summarized in Table I. 

A linear relationship was obtained between the relative fluorescence 
intensity and the I concentration up to 5 pglml. The means of the relative 
fluorescence intensity of plasma samples varied slightly within a given 
analysis, but the standard deviations were similar. For this reason, it is 
necessary to run a standard I solution with each plasma and urine anal- 
ysis. Under these conditions, quantitative measurements are possible. 

T o  check the fluorescence method, plasma and urine samples from 
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Nitrofurantoin, 1-(5-nitr0-2-furfurylideneamino)hy- 
dantoin (I), is used to treat urinary tract infections. The 
determination of drug levels in body fluids is important 
for pharmacokinetic and bioavailability studies. The 
content of I in plasma and urine commonly is determined 
by a colorimetric method based on the formation of a 
hyamine complex of I after its extraction into nitrometh- 
ane (1,2).  

An electrochemical determination of I in urine that is 
faster and more accurate than the colorimetric method was 
reported (3). However, both methods require large sample 
volumes and are insufficiently sensitive for pharmacoki- 
netic studies. 

The reaction products obtained by heating some aro- 
matic aldehydes with o-aminothiophenol (11) are fluo- 
rescent (4), and some drugs were assayed with I1 utilizing 
this reaction (5,6).  This paper discusses the application 
of this reaction to the fluorescence assay of I in plasma and 
urine. 

EXPERIMENTAL 

Reagents-Nitrofurantoin’ (I) was obtained commercially. o-Ami- 
nothiophenol hydrochloride was prepared by recrystallization of crude 
crystals obtained from a mixture of 1 ml of hydrochloric acid/g of o-  
amin~thiophenol~ (11) in ethanol (4). The other reagents were reagent 
grade. 

Procedure-Plasma, 0.1-0.5 ml, was deproteinized by mixing with 
1 ml of ethanol. After centrifugation a t  3000 rpm for 10 min, 0.5 ml of the 
supernate was transferred to a 15ml  test tube. Then 1 ml of 0.001% so- 
dium nitrite, 2 ml of hydrochloric acid, l ml of 0.1% o-aminothiophenol 
hydrochloride, and 0.5 ml of distilled water were added. After mixing, 
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the solution was heated a t  70” in a water bath for 10 min. After cooling 
to room temperature, UV irradiation was carried out for 3 min; the rel- 
ative fluoresence intensity was measured with excitation and emission 
a t  375 and 422 nm, respectively. 

The content of I in urine was determined similarly. If the urine was 
diluted eightfold or more with distilled water, 1 ml of the diluted urine 
could be assayed directly without deproteinization. 

The spectrophotofluorometer? was standardized with quinine sulfate4 
in 0.1 N H2S04. 

The concentration of I in a sample was determined by comparing i ts  
fluorescence intensity with that of a standard solution prepared by adding 
a known concentration of I dissolved in ethanol to plasma or urine free 
of I and processing it in the same way as the test sample. 

RESULTS AND DISCUSSION 

A fluorescent substance, 2-(5-chloro-2-furyl) benzothiazole (III), was 
I’ormed by the reaction of the 2-furaldehyde obtained by hydrochloric 
acid hydrolysis of I with I1 (6). However, the conversion of I to I11 varied 
due to a steric effect of the side chain of I (7) and incomplete replacement 
of  the nitro group of 2-(5-nitro-2-fury!)benzothiazole with chlorine to 
give I11 (6). The nitro group can be replaced with chlorine by UV irra- 
diation (6). The hydrolysis of I is reversible and is promoted by sodium 
nitrite, acetylacetone, formaldehyde, etc. 

The maximum relative intensity of fluorescence was obtained in the 
presence of 0.001% sodium nitrite and with UV irradiation after heating. 
Therefore, these conditions were adopted for the assay of I with 11. 
Typical results are summarized in Table I. 

A linear relationship was obtained between the relative fluorescence 
intensity and the I concentration up to 5 pglml. The means of the relative 
fluorescence intensity of plasma samples varied slightly within a given 
analysis, but the standard deviations were similar. For this reason, it is 
necessary to run a standard I solution with each plasma and urine anal- 
ysis. Under these conditions, quantitative measurements are possible. 

T o  check the fluorescence method, plasma and urine samples from 

Hitachi MPF-PA. 
Wako Pure Chemical Industries, Osaka, Japan. 
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Table I-Fluorescence Method for Nitrofurantoin Determination (Relative Fluorescence Intensity per Microgram 

Nitrofurantoin Reacted, pg 
Sample Trial' 0.25 0.50 0.75 1.00 5.00 10.00 Meand SD 

Water (1.0 ml) 1 124.8 100.7 99.9 100.3 100.1 62.7 106.4 10.7 
2 95.1 100.3 99.1 94.1 109.2 90.0 99.6 6.0 
3 113.3 93.6 93.9 92.9 88.6 72.5 96.5 9.7 

~~ - 
Rabbit plasma (0.1 ml) 1 109.5 95.1 95.8 108.3 94.1 84.0 100.6 7.6 

2 109.5 119.5 107.8 119.3 115.9 107.5 114.4 5.5 
3 75.9 88.3 79.5 85.0 84.5 64.8 82.6 4.9 

Rabbit plasma (0.5 ml) 1 
2 

87.3 
99.0 

3 102.5 

Blank values were subtracted. b Blank values for water and 0.1 and 0.5 ml of rabbit plasma were 7.8,10.6, and 27.6 relative fluorescence intensity units, respectively. 
c n = 3. The mean and standard deviation were calculated between 0.25 and 5 pg since the 10-pg values seemed unreliable. 

0 -  The fluorescence method for I is 10 times more sensitive than the 
colorimetric method, and it appears to be specific for I. It should be useful 
for the determination of microamounts of the drug for pharmacokinetic 
studies and other purposes. 
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Figure 1-Comparison of values obtained by the fluorescence and 
colorimetric methods for the determination o f 1  in plasma ( le f t )  and 
urine (right). 6,702 (1956). 

three rabbits dosed with I were assayed by the fluorescence and colori- 
metric methods. Figure 1 shows that good correlations were obtained for 
the values determined by the two methods in both plasma (y = 0.980~ + 0.125, r = 0.982) and urine (y = 0.980~ - 0.026, r = 0.999). 
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Abstract 0 A series of 3-diethylamino-2,2-(dimethyl)propyl B-substi- 
tuted phenyl-2-furancarboxylates was prepared and found to be phar- 
macologically active in uitro as GI tract nonanticholiiergic smooth muscle 
spasmolytic agents. One of the more active compounds in the series 
contained the 5-(4-nitrophenyl) group. 

Keyphrasee Phenylfurans-3-diethylamino -2,2- (dimethy1)propyl 
esters of 5-substituted phenyl-2-furancarboxylic acids, synthesis, po- 
tential use as spasmolytic agents Spasmolytic agents-3-diethyl- 
amino-2,2-(dimethyl)propyl esters of 5-substituted phenyl-2-furancar- 
boxylic acids, synthesis and pharmacological properties 

The syntheses and pharmacological properties of 1- and 
3-amino- and l-amino-5-hydroxy-2,4-imidazolidinedione 
derivatives of 5-phenyl-2-fwancarboxaldehydes have been 

described (1-3). This paper discusses the synthesis and in 
uitro pharmacological evaluation of a series of esters (I) 
derived from 3-diethylamino-2,2-(dimethyl)propanol (111) 
and 5-phenyl-2-furancarboxylic acids (11) (4). These 
compounds have potential use as spasmolytic agents 
(5) .  

DISCUSSION 

Synthesis-The key intermediates in the synthesis of the esters were 
the appropriately substituted 5-phenyl-2-furancarboxylic acids (11). The 
acids generally were obtained in modest yields through the coupling of 
a substituted phenyldiazonium salt with 2-furancarboxylic acid. Several 
acids were prepared by oxidation of the corresponding 5-phenyl-%fur- 

0022-3549180/0100-0 107$01.0010 
@ 7980, American Pharmaceutical Association 

.hwrnal of Pharmaceutical Sciences I 107 
Vol. 69, No. 1, January 1980 



Table I-Fluorescence Method for Nitrofurantoin Determination (Relative Fluorescence Intensity per Microgram 

Nitrofurantoin Reacted, pg 
Sample Trial' 0.25 0.50 0.75 1.00 5.00 10.00 Meand SD 

Water (1.0 ml) 1 124.8 100.7 99.9 100.3 100.1 62.7 106.4 10.7 
2 95.1 100.3 99.1 94.1 109.2 90.0 99.6 6.0 
3 113.3 93.6 93.9 92.9 88.6 72.5 96.5 9.7 

~~ - 
Rabbit plasma (0.1 ml) 1 109.5 95.1 95.8 108.3 94.1 84.0 100.6 7.6 

2 109.5 119.5 107.8 119.3 115.9 107.5 114.4 5.5 
3 75.9 88.3 79.5 85.0 84.5 64.8 82.6 4.9 

Rabbit plasma (0.5 ml) 1 
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87.3 
99.0 

3 102.5 

Blank values were subtracted. b Blank values for water and 0.1 and 0.5 ml of rabbit plasma were 7.8,10.6, and 27.6 relative fluorescence intensity units, respectively. 
c n = 3. The mean and standard deviation were calculated between 0.25 and 5 pg since the 10-pg values seemed unreliable. 

0 -  The fluorescence method for I is 10 times more sensitive than the 
colorimetric method, and it appears to be specific for I. It should be useful 
for the determination of microamounts of the drug for pharmacokinetic 
studies and other purposes. 
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spasmolytic agents. One of the more active compounds in the series 
contained the 5-(4-nitrophenyl) group. 
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The syntheses and pharmacological properties of 1- and 
3-amino- and l-amino-5-hydroxy-2,4-imidazolidinedione 
derivatives of 5-phenyl-2-fwancarboxaldehydes have been 

described (1-3). This paper discusses the synthesis and in 
uitro pharmacological evaluation of a series of esters (I) 
derived from 3-diethylamino-2,2-(dimethyl)propanol (111) 
and 5-phenyl-2-furancarboxylic acids (11) (4). These 
compounds have potential use as spasmolytic agents 
(5) .  

DISCUSSION 

Synthesis-The key intermediates in the synthesis of the esters were 
the appropriately substituted 5-phenyl-2-furancarboxylic acids (11). The 
acids generally were obtained in modest yields through the coupling of 
a substituted phenyldiazonium salt with 2-furancarboxylic acid. Several 
acids were prepared by oxidation of the corresponding 5-phenyl-%fur- 
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Table I-Evaluation of 5-Substituted Phenyl-2-furancarboxylic Esters 
CH, 

I 
~ ~~ 

Inhibitory 
Action on Acetylcholine- 

Com- Melting Yield, lization Analysis, ?h Concentration, Contractions Contractions, 
pound R Point % Solvent" Formula Calc. Found u d m l  In Vitrob %of controlc 

Crystal- Ileal Induced 

Ia 

Ib 

Ic 

Id 

Ie 

If 

4: 

Ih 

Ii 

I i  

Ik 

I1 

Im 

4-F 

4-C1 

4-Br 

2,3-c12 

3,4-CI2 

2-NO2, 
4-CH3 

3-CF3 

4-CF3 

3,d-F~ 

3-CH30 

4-CHjO 

H 

134-138" 

139- 143" 

154-157" 

68-175" 

36-138" 

79-182' 

46-148" 

119-123" 

162-164" 

133-135" 

138-140" 

133-136" 

113-115' 

49 

53 

25.5 

82 

41 

45 

58 

39 

65 

47 

52 

46 

75 

I 

E 

A 

I 

I 

E 

I 

I 

EA 

EA-A 

E 

EA 

BP 

C 62.58 
H 7.09 
N 3.65 
C 60.00 
H 6.80 
N 3.50 
C 54.01 
H 6.12 
N 3.15 
C 55.25 
H 6.03 
N 3.22 
C 55.25 
H 6.03 
N 3.22 
C 58.46 
H 6.62 
N 6.82 
C 59.36 
H 6.88 
N 6.59 
C 58.13 
H 6.27 
N 3.23 
C 58.13 
H 6.27 
N 3.23 
C 58.74 
H 6.66 
N 3.43 
C 63.14 
H 6.99 
N 2.95 
C 63.71 
H 7.64 
N 3.54 
C 65.65 
H 7.71 
N 3.83 

62.55 
7.02 
3.56 

60.03 
6.84 
3.45 

54.16 
6.23 
3.02 

55.06 
5.94 
3.13 

55.42 
6.06 
3.14 

58.51 
6.84 
6.96 

59.38 
7.04 
6.49 

58.37 
6.33 
3.19 

58.23 
6.50 
3.15 

58.60 
6.50 
3.37 

63.17 
7.14 
3.01 

63.40 
7.65 
3.56 

65.45 
7.74 
3.85 

0.3 
1 

1 
3 

1 
3 

1 
10 

1 
3 

1 
3 

1 
10 

1 
3 

1 
10 

1 
3 

1 
3 

1 
3 

1 
3 

0.7 
0.09 

1.4 
0.01 

1.7 
0.05 

0.7 
0.01d 

2.1 
0.006 

0.1 
0.01 

1.1 
0.001 

0.9 
0.1 

0.7 
0.01d 

0.3 
-f 

0.5 
0.7 

0.4 
0.008 

0.7 
0.09 

90 
93 

119 
80 

93 
105 

57 
96 

103 
95 

100 
100 

107 
84 

108 
92 

57 
96 

117 
101 

93 
99 

86 
102 

108 
94 

- .. . ~~ 

0 E = ethanol, I = 2-propanol, A = acetone, BP = benzene-petroleum ether, and EA = ethyl acetate. As determined by the ratio of two frequencies of electrical stimulation, 
one before and one after the drug, that caused equal muscle contraction (8). The estimation of inhibition is predicted on the lines representin contractions (at frequencies 
of electrical stimulation of 0.3, 1,3, and 10 Hz) being parallel before and after drug administration. Two to 10 ileal strips were used to ascertain t i e  activity of each compound. 

Concentration of acetylcholine in the bath was 0.01 pg/ml. d The estimate of activity given in this case applied only to a frequency of 1 Hz and is different at other frequencies 
of stimulation because the lines are nonparallel. Water by Karl Fischer method: calc.. 2.20; found, 2.0%. f The frequency-response lines are nonparallel, and values 
do not apply. 

ancarboxaldehydes (IV). Evidence for arylation of the furan ring a t  the 
5-position was presented previously (6). 

Subsequent ester formation occurred readily uia the reaction of the 
acid chloride of I1 with 111 (Scheme I). 

Pharmacology-This series of compounds was evaluated to discover 

CH, 
I 

Scheme I 

nonantiFholinergic therapeutic agents capable of exerting a spasmolytic 
effect through inhibition of contraction of the small and large intestines 
induced by motor nerve electrical stimulation. The activity of each 
compound was determined,initially by using the isolated rabbit ileum 
following transmural electrical- and acetylcholine-induced excitation 
of the smooth muscle (7). 

A compound's efficacy was judged by whether it caused parallel dis- 
placement or depression of the contractile responses of the isolated rabbit 
ileum evoked by increasing electrical stimulation frequencies. An inactive 
compound did not shift the frequency-response line. If the contractile 
responses a t  any particular stimulation frequency were equal before and 
after drug administration, a numerical value of 1 was assigned to describe 
the lack of response change. An active inhibitory compound had a value 
of < l .  A nonspecific depression of contractile responses following the 
various stimulation frequencies elicited a nonparallel shift of these re- 
sponses. 

The results of in uitro pharmacological testing are found in Table I. 
When tested a t  1 pg/ml, six esters (Ia, If, and Ii-11) displaced contractile 
responses of the isolated rabbit ileum, The estimation of inhibitory action 
for these compounds was 50.7. Increasing the concentration of each agent 
to 3 or 10 pg/ml shifted the frequency-response curves and caused pro- 
found inhibition by nearly all of the esters. 

Another criterion for evaluating activity was the ability of the com- 
pound not to exhibit substantial antagonism of acetylcholine-induced 
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R ~ c m H  
Table 11--%-Substituted Phenyl-2-furancarboxylic Acids 

Com- 
oound R 

Melting Synthetic Yield, Crystallization 
Point Method" '% Solventb Formula 

Analysis, '% 
Calc. Found 

C 64.08 
H 3.42 

IIa 4-F 199-202' A 13.9 A CiiH7F03 

IIb 

I I C  

IId 

IIe 

I If 

11s 

IIh 

IIi 

I I j  

IIL 

I11 

IIm 

4-C1 

4-Br 

2,3-C12 

3,4-C12 

4-NO2 

2-N02,4-CH3 

3-CF3 

4-CH3 

3.4-F~ 

3-CH30 

4-CH30 

H 

195-197' 

205-206' 

259-261' 

234-238" 

255-257' 

197-200' 

208-210' 

I80-183O 

212-214' 

163-166' 

172-176' 

151-152' 

A 

A 

A 

A 

A 

A 

A 

B 

B 

B 

B 

B 

34 

31 

35.9 

44.4 

56 

32.5 

21.3 

20 

47 

25 

32 

78 

A 

B 

A 

A 

C 

A 

A 

D 

D 

A 

D 

E 

c 59.35 
H 3.17 c 49.47 
H 2.64 
Br 29.29 
C 51.39 
H 2.35 
C1 27.58 
C 51.39 
H 2.35 
C 56.66 
H 3.03 
N 5.67 
C 58.30 
H 3.67 
N 5.67 
C 56.26 
H 2.75 
C 56.26 
H 2.75 
C 58.94 
H 2.70 
C 66.05 
H 4.62 
C 66.05 
H 4.62 
C 70.21 
H 4.29 

64.10 
3.48 

59.36 
3.13 

49.54 
2.60 

30.19 
51.36 

2.38 
27.37 
51.54 

2.41 
56.86 

3.09 
5.91 

58.04 
3.68 
5.59 

56.24 
2.84 

55.92 
2.80 

58.55 
2.76 

65.93 
4.67 

66.38 
4.56 

69.92 
4.27 .. 

a A = arylation of 2-furancarboxylic acid, and B = oxidation of 5-substituted phenyl-2-furancarboxaldehyde. A = acetone, B = acetonitrile, C = acetic acid, D = 
benzene, and E = ether. 

contractions. All esters failed to cause a dose-related inhibition of ace- 
tylcholine-induced contractions. 

These findings demonstrate this class of compounds to be pharmaco- 
logically active as GI tract nonanticholinergic smooth muscle spasmolytic 
agents. The spectra of pharmacological effectiveness of If were reported 
elsewhere (8). 

EXPERIMENTAL' 

5-Substituted Phenyl-2-furancarboxylic Acids (11)-Method 
A-To the diazonium salt of 2,3-dichloroaniline (289 g, 1.78 moles) in 
a mixture of 400 ml of water and 900 ml of concentrated hydrochloric acid 
at 0' were added a solution of 2-furancarboxylic acid (184 g, 1.6 moles) 
in 660 ml of acetone and a solution of cupric chloride (40 g) in 80 ml of 
water. Cooling was necessary to keep the temperature below 35'. After 
the exothermic reaction ceased, the mixture was stored at  room tem- 
perature for 2 days; it was then poured into 6 liters of water, and the re- 
sulting mixture was stirred for 2 hr. The crude IId was collected by fil- 
tration, washed with water, and dried at 60'. Purification was achieved 
by recrystallization. 

Compounds Ila-IIh were prepared similarly from the appropriately 
substituted anilines. 

Method B-A solution of silver nitrate (120 g, 0.71 mole) in 243 ml of 
water was added with stirring to a solution of sodium hydroxide (56 g, 
1.4 moles) in 243 ml of water. 5-Phenyl-2-furancarboxyaldehyde (6) (63 
g, 0.37 mole) was added in portions to the resulting brown mixture. The 
reaction mixture was stirred for 0.5 hr a t  room temperature and filtered, 
and the residue was washed with 500 ml of hot water. The chilled filtrate 
was acidified to pH 2 with concentrated hydrochloric acid. The product 
was collected by filtration, washed with water, and recrystallized. Com- 
pound IIm was described previously as an oil, bp 120-122'/30 mm (9). 

Compounds IIi-111 were prepared similarly from the appropriately 
substituted 5-phenyl-2-furancarbxaldehydes. 

The IR spectra of I1 showed broad carbonyl absorption (COOH) at 
5.05-6.0 pm. Other pertinent data are summarized in Table 11. 

Procedure for 5-Substituted Phenyl-2-furancarboxaldehydes 
(1V)-Thirty minutes after the formation of the diazonium salt from the 

All melting points were determined using a hot-stage apparatus and are un- 
corrected. 

appropriately substituted aniline (1.0 mole), the mixture was gravity 
filtered; the filtrate was added to a mixture of 2-furancarboxaldehyde 
(123 g, 1.28 moles) in 200 ml of water. A solution of cupric chloride (46 
g) in 200 ml of water was added. The resulting mixture was heated with 
stirring at  56' for 4 hr and then stirred overnight a t  room tempera- 
ture. 

The product was extracted with 1 liter of chloroform in portions. After 
the extracts were dried over anhydrous magnesium sulfate and charcoal, 
the product was isolated by filtration and evaporation under reduced 
pressure. The crude aldehydes were obtained in 940% yields and were 
used for Method B without further purification. 
5-(4-Trifluoromethyl)phenyl-, 3,4-difluorophenyl-, 4-methoxyphenyl- 

(101, and 3-methoxyphenyl-2-furancarboxaldehydes were prepared in 
this manner. 
3-Diethylamino-2,2-(dimethyl)propyl-5-( 4-nitrophenyl) -2- fu- 

rancarhxyla te  Hydrochloride (10-Acid I I f  (55 g, 0.24 mole) was 
added with rapid stirring at  room temperature to 84 ml of thionyl chlo- 
ride. The resulting mixture was heated until dissolution occurred (-45 
min), refluxed for an additional 0.5 hr, and cooled. Excess thionyl chloride 
was evaporated under reduced pressure. The residue was taken up in 1.3 
liters of dry benzene, and 111 (11) (38.5 g, 0.24 mole) was added. The re- 
sulting solution was heated under reflux for 3 hr, cooled, diluted with 750 
ml of petroleum ether, and allowed to stand overnight. 

After removal of the benzene-petroleum ether by decantation, the 
residue was suspended in 2 liters of water containing 4 ml of concentrated 
hydrochloric acid. The mixture was stirred for 0.5 hr, and the pH was 
adjusted to -8 by the cautious addition of 200 ml of saturated aqueous 
sodium carbonate solution. The mixture was extracted with 2.1 liters of 
benzene in portions, and the extracts were dried over anhydrous mag- 
nesium sulfate. The benzene extracts were treated with an ethereal hy- 
drogen chloride solution to pH 3, diluted with 800 ml of petroleum ether, 
and allowed to stand for 1 hr. After filtration and recrystallization of the 
residue, If was obtained as colorless needles. 

The remaining I esters were prepared similarly from the appropriately 
substituted I1 acids. Ester Ik was isolated as the fumarate salt rather than 
as the hydrochloride salt as follows. The benzene extracts, containing the 
free base of Ik, were evaporated to dryness under reduced pressure. The 
residue was dissolved in 2-propanol and treated with a 2-propanol solu- 
tion of fumaric acid. After cooling, the precipitated If was isolated by 
filtration; I R  6.8 (Ia-Id and If-Im) and 6.9 (Ie) (ester carbonyl) pm; 
NMR (dimethyl sulfoxide-d& If: 6 0.78 [s, 6, C(CH3)2], 0.89 (t, 6, J = 7 
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Hz, CH2CH3),2.74 [m,6, N(CH&], 3.9 (s, 2, OCHz), 7.06,7.18 (doublets, 
J = 3.5 Hz, 2,3,4-furan CHI, 7.61,7.89 (doublets, J = 9.0 Hz, 4, phenyl 
CH), and 10.8 (b, 1, HCl) 

Other I esters had similar NMR spectra except for expected variations 
due to various phenyl substitutents. Other pertinent data are summarized 
in Table I. 

The I esters were evaluated initially in uitro on the rabbit ileum as 
described previously (7). Each drug was dissolved in distilled water for 
administration. 
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Abstract A method for the simultaneous quantitation of acetamino- 
phen, aspirin, caffeine, codeine phosphate, phenacetin, and salicylamide 
was developed. The method is based on reversed-phase high-pressure 
liquid chromatography with a mobile phase buffered with phosphate (pH 
2.3). The procedure not only separated these six active ingredients but 
also salicylic acid, the major decomposition product of aspirin. The 
method gave excellent results for three commercial products and a syn- 
thetic mixture containing four active ingredients. Lowering the pH in- 
creased the retention time of some weak acids and decreased that of some 
weak bases. Only these changes in the retention times made the separa- 
tion possible. 
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acetaminophen, aspirin, caffeine, codeine phosphate, and salicylamide, 
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quantitation with acetaminophen, aspirin, caffeine, codeine phosphate, 
and phenacetin, high-pressure liquid chromatography 

About 80 commercially available nonprescription drugs 
(1)  contain one or more pain relievers such as acetamino- 
phen, aspirin, phenacetin, and salicylamide. Many of them 
also contain caffeine and buffering agents such as alumi- 
num hydroxide and magnesium hydroxide (1). At least two 
commercial products contain a combination of acetami- 
nophen, aspirin, caffeine, and salicylamide (1). Other 

products contain a combination of acetaminophen or as- 
pirin, caffeine, phenacetin, and salicylamide (1). Many 
prescription drugs contain codeine phosphate, usually 
combined with aspirin, caffeine, and phenacetin. 

BACKGROUND 

The simultaneous quantitation of these ingredients is difficult. The 
NF methods (2) for the quantitation of aspirin, caffeine, codeine phos- 
phate, and phenacetin in combination are tedious and time consuming. 
The colorimetric (3) and fluorometric (4) methods for aspirin quantita- 
tion are based on its hydrolysis to salicylic acid. Since salicylic acid is the 
principal decomposition product of aspirin, these methods are not spe- 
cific. The GLC method (5) for aspirin quantitation is more specific but 
requires derivatization, which takes -1 hr and can be complicated by the 
hydrolysis of aspirin to salicylic acid. 

Previous investigators (6) reported that aspirin-containing combina- 
tions were difficult to chromatograph using nonpolar solvents and nor- 
mal-phase chromatography. They preferred (7) paired-ion chromatog- 
raphy using the tetrabutylammonium ion to separate aspirin from muscle 
relaxants. They did not apply this method to separate combinations of 
the various pain relievers mentioned. 

An automated high-pressure liquid chromatographic (HPLC) method 
(8) for the quantitation of aspirin, caffeine, and phenacetin was reported. 
The investigators used a controlled pore glass support as the stationary 
column and 8% acetic acid in chloroform as the mobile phase. This 
methtd was not tried on other pain relievers or in the presence of codeine 
phosphate. 

Another HPLC method (9) analyzed small aspirin quantities in plasma 
in the presence of large salicylic acid quantities. However, the salicylic 
acid quantity is very small and the aspirin quantity is high in the dosage 
forms. 

One study (10) used macroporous poly(methy1 methylacrylate) resin 
to assay aspirin. This method was tedious and complicated. Two columns 
and two solvents .were used to analyze some pain reliever combina- 
tions. 

The purposes of the present investigations were to: ( a )  develop a rapid 
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Hz, CH2CH3),2.74 [m,6, N(CH&], 3.9 (s, 2, OCHz), 7.06,7.18 (doublets, 
J = 3.5 Hz, 2,3,4-furan CHI, 7.61,7.89 (doublets, J = 9.0 Hz, 4, phenyl 
CH), and 10.8 (b, 1, HCl) 

Other I esters had similar NMR spectra except for expected variations 
due to various phenyl substitutents. Other pertinent data are summarized 
in Table I. 

The I esters were evaluated initially in uitro on the rabbit ileum as 
described previously (7). Each drug was dissolved in distilled water for 
administration. 
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2.3). The procedure not only separated these six active ingredients but 
also salicylic acid, the major decomposition product of aspirin. The 
method gave excellent results for three commercial products and a syn- 
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About 80 commercially available nonprescription drugs 
(1)  contain one or more pain relievers such as acetamino- 
phen, aspirin, phenacetin, and salicylamide. Many of them 
also contain caffeine and buffering agents such as alumi- 
num hydroxide and magnesium hydroxide (1). At least two 
commercial products contain a combination of acetami- 
nophen, aspirin, caffeine, and salicylamide (1). Other 

products contain a combination of acetaminophen or as- 
pirin, caffeine, phenacetin, and salicylamide (1). Many 
prescription drugs contain codeine phosphate, usually 
combined with aspirin, caffeine, and phenacetin. 

BACKGROUND 

The simultaneous quantitation of these ingredients is difficult. The 
NF methods (2) for the quantitation of aspirin, caffeine, codeine phos- 
phate, and phenacetin in combination are tedious and time consuming. 
The colorimetric (3) and fluorometric (4) methods for aspirin quantita- 
tion are based on its hydrolysis to salicylic acid. Since salicylic acid is the 
principal decomposition product of aspirin, these methods are not spe- 
cific. The GLC method (5) for aspirin quantitation is more specific but 
requires derivatization, which takes -1 hr and can be complicated by the 
hydrolysis of aspirin to salicylic acid. 

Previous investigators (6) reported that aspirin-containing combina- 
tions were difficult to chromatograph using nonpolar solvents and nor- 
mal-phase chromatography. They preferred (7) paired-ion chromatog- 
raphy using the tetrabutylammonium ion to separate aspirin from muscle 
relaxants. They did not apply this method to separate combinations of 
the various pain relievers mentioned. 

An automated high-pressure liquid chromatographic (HPLC) method 
(8) for the quantitation of aspirin, caffeine, and phenacetin was reported. 
The investigators used a controlled pore glass support as the stationary 
column and 8% acetic acid in chloroform as the mobile phase. This 
methtd was not tried on other pain relievers or in the presence of codeine 
phosphate. 

Another HPLC method (9) analyzed small aspirin quantities in plasma 
in the presence of large salicylic acid quantities. However, the salicylic 
acid quantity is very small and the aspirin quantity is high in the dosage 
forms. 

One study (10) used macroporous poly(methy1 methylacrylate) resin 
to assay aspirin. This method was tedious and complicated. Two columns 
and two solvents .were used to analyze some pain reliever combina- 
tions. 

The purposes of the present investigations were to: ( a )  develop a rapid 
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Table I-Assay Results * of Commercial Dosage Forms and  Synthetic Mixture  

Commercial Sample 1 Commercial Sample 2 Commercial Sample 3 
Claim Claim Claim Synthetic Mixture 

per Tablet, Found, per Tablet, Found, per Tablet, Found, Added, Found, 
Ingredient mg % claim mg % claim mg % claim g % claim 

Acetaminophen ( I )  97.2 98.6 - - 325 99.0 1.00 99.4 
Aspirin (11) 194.4 99.6 226.8 99.6 - - 1.00 99.1 
Salicylamide (111) 129.6 100.0 - - 

Codeine phosphate (VI) - - - - 30 99.lb - - 

- - 1 .OO 99.9 
Caffeine (V) 64.8 99.1 32.4 100.9 - - 0.30 100.7 

Phenacetin (VII) - - 162.0 99.2c - - 0.30 100.5 

285 nm for better sensitivity. Assayed at a sensitivity of 0.1 instead of further dilution and reinjection. 
a The relative percent standard deviations based on five repeated injections were: 1.8,1.6,1.5.1.3,1.2, and 1.5 for I, 11,111, V, VI, and VII, respectively. Assayed at 

and simple HPLC method for the simultaneous quantitation of six active 
ingredients (acetaminophen, aspirin, caffeine, codeine phosphate, 
phenacetin, and salicylamide), and ( b )  develop a method free of inter- 
I'erence from salicylic acid, the principal aspirin decomposition 
product. 

EXPERIMENTAL 

Reagents and Chemicals-All reagents and chemicals were ACS, 
USP, or NF quality and were used without further purification. 

Apparatus-The high-pressure liquid chromatograph' was connected 
to a multiple-wavelength2 detector, a recorder3, and an integrator4. 

Column-The nonpolar column5 (30 cm X 4 mm id.)  consisted of a 
monomolecular layer of octadecyltrichlorosilane permanently bonded 
by silicone-carbon bonds. 

Chromatographic Conditions-Solvent A consisted of 0.01 M 
KHzP04 in water with 19% (v/v) methanol (&la) whose pH6 was adjusted 
to 2.3 with an 85% aqueous phosphoric acid solution (-1.1 ml/liter was 
required). Any methanol concentration between 18 and 20% could be 
used, but the retention times differed slightly. The exact concentrations 
used were reported with the sample chromatograms. Solvent B was the 
same as Solvent A, except that no phosphoric acid was added and the pH 
was -4.85. 

The temperature was ambient. The flow rate was 2.0 ml/min. The 
detector sensitivity was 0.04 (254 nm). except for acetaminophen peaks 
where it was 0.2. For the phenacetin analysis, the sensitivity wasO.l. For 
codeine analysis, 285 nm was preferred due to greater sensitivity. The 
chart speed was 30.5 cm/hr. 

Solution Preparation-The stock solutions of acetaminophen (I), 
aspirin (II), salicylamide (III), and salicylic acid (IV) were prepared by 
dissolving 0.100 g in 5 ml of ethanol and bringing the solution to 100.0 
ml with water. Aspirin solutions always were prepared immediately before 
use. Similar stock solutions of caffeine (V) and codeine phosphate (VI) 
were prepared without ethanol. The stock solution of phenacetin (VII) 
was prepared by dissolving 0.05 g of the drug in 5 ml of ethanol and 
bringing the solution to 100.0 ml with water. The lower concentration was 
used due to its poor water solubility. The standard solutions and mixture 
of solutions were prepared as needed by diluting the stock solutions with 
water. 

Synthetic Mixture Preparation-A synthetic mixture was prepared 
hy mixing 1.0 g each of I, 11, and I11 and 0.3 g each of V and VII. 

Preparation of Assay Solutions of Commercial Dosage Forms and 
Synthetic Mixture-For VI, an appropriate quantity of the powder 
representing 10.0 mg of VI was mixed with enough water to bring to 100.0 
ml. The mixture was shaken for a few minutes and filtered. The first 
15-20 ml of the filtrate was rejected, and a sample was collected for 
analysis. 

For the other compounds, an appropriate quantity of the fine powder 
was stirred thoroughly with 5 ml of ethanol and brought to 100.0 ml with 
water. The mixture was filtered, the first 15-20 ml of the filtrate was re- 
jected, and a sample was collected for further dilution. In general, 10.0 
ml of the clear filtrate was diluted to 50.0 ml with water. For aspirin- 
containing products, the solution always was prepared fresh. 

The appropriate quantity of the powder required was determined 

I Waters ALC 202 equipped with a U6K universal injector, Waters Associates, 
Milfird. Mass. 

Spectrollow monitor SF770, Schoeffel Instrument Corp., Westwood, N.J. 
Omniscribe 5213-12, Houston Instruments, Austin, Tex. 

4 Autolab minigrator. Spectra-Physics, Sank Clara, Calif. 
5 pBondapak CIS, catalog No. 27324, Waters Associates, Milford, Mass. 

Model 4500 digital pH meter, Beckman Instruments, Irvine, Calif. 

based on the concentrations of various active ingredients in multicom- 
ponent dosage forms. In general, the final dilution(s) for analysis con- 
tained the following active ingredient concentrations (micrograms per 
milliliter): I, 30-50; 11, 100-250; 111, 100-200; V, 15-30; and VII, 30-50. 
With these concentrations, sensitivity w a ~  0.2 for I and 0.04 for all others. 
With one commercial dosage form containing I, V, and VII, instead of 
preparing another dilution for the analysis of VII, a higher concentration 
(-2.5 times more) was assayed at a sensitivity of 0.1. The standard mix- 
tures used for comparison contained identical or similar concentrations 
of all active ingredients. The exact ingredient concentrations used for 
the sample chromatograms are reported in the figures. 

Assay-A 20.0-pl aliquot of the assay solution was injected into the 
chromatograph using the described conditions (Solvent A). An identical 
volume of the appropriate standard solution or mixture was injected for 
comparison after the assay solution was eluted. The standard solution 
or mixture contained identical or similar active ingredient concentra- 
tions. 

Calculations-Since preliminary investigations indicated that the 
peak heights (and the peak areas) were directly related to the concen- 
trations tested (in micrograms: I, 0.5-1.2; 11, 1.6-6.0; 111, 1.6-5.0; V, 
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Figure 1-Sample chromatograms from a standard mixture containing 
wven  ingredients (2.0 pg vf II,0.5 pg of V,  and 1.0 pg each of I ,  I l l ,  IV, 
V I ,  and V I I ) .  Chromatogram A was developed using Solvent A (20% 
methanol) and chromatogram B was developed using Solvent B. The 
srnsitivity was 0.2 for peak 1 and 0.04 otherwise. The lines after peak 
I indicate the time when the sensitivity was changed. Peaks 1-7 in 
i~hromatogram A are from I ,  VI, Ill, V,  11, IV, and VII, respectively. In 
chromatogram R, peak I i s  from I ,  11, and IV; peak 2 is from VI and I l l ;  
prak 3 is from V; and peak 4 is from Vll .  
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Figure 2-Sample chromatograms developed using Soluent A (18% 
methanol). The sensitivity was 0.2 for peak 1 and then 0.04. Peaks 1-4 
ore from I (0.972 pg) ,  111 (1.296 pg),  V (0.648 pg), and I1 (1.944 pg), re- 
spectiuely. Chromatogram A is from a standard mixture, and chro- 
matogram B is from a commercial product. 

0.2-0.7; VI, 1.5-4.0; and VIII, 0.5-1.2). the results were calculated 
using: 

(Es. 1) 

where Ph. is the peak height of the assay solution and Ph, is the peak 
height of the standard. 

The ranges given are for a sensitivity of 0.2 for I and 0.04 for all other 
ingredients. In one commercial sample, VII was assayed using a sensitivity 
of 0.1. In this assay, peak heights uersus concentrations were linear be- 
tween 1.25 and 3.0 pg. 

Two sample chromatograms (Fig. 1) were developed by injecting a 20-4 
aliquot of a mixture containing 50 pglml each of I, 111, IV, VI, and VII, 
100 pg/ml of 11, and 25 pg/ml of V. In the first chromatogram (Fig. lA),  
Solvent A containing 20% (v/v) methanol was used; Solvent B (209b 
methanol) was used in the second chromatogram (Fig. 1B). The results 
are presented in Table I, and some sample chromatograms are shown in 
Figs. 2 and 3. 

pha 
phs 
- X 100 = ?6 label claim 

RESULTS AND DISCUSSION 

Figure 1A clearly indicates that it is possible to separate seven active 
ingredients, I-VII, from each other using Solvent A, whose pH was ad- 
justed to 2.3. The same ingredients could not be separated (Fig. 1B) using 
Solvent B (pH 4.85), which was similar to Solvent A but whose pH had 
not been adjusted with phosphoric acid. Figure 1B shows only four peaks 
since aspirin (11) and salicylic acid (IV) were eluted with acetaminophen 
(I) (peak 1) and codeine phosphate (VI) was eluted with salicylamide (111) 
(peak 2). The separation between peaks 2 and 3 also was not as good as 
in Fig. 1A. 

By adjusting the solvent pH, the retention times of I1 and” were in- 
creased and that of VI was decreased, which made the separation possible. 
Apparently, these changes result because, a t  a lower pH, both I1 and IV 
are predominantly in the undissociated forms while codeine is in the 
dissociated form. The undissociated forms were expected to be retained 
for longer times than dissociated forms on a nonpolar column. 

With a solvent pH of 2.62.7, the retention times of I1 and IV increased, 
but these compounds did not separate from one another. It was important 
to separate these two compounds since IV is the major decomposition 
product of 11. As the pH was decreased, separation became more effective. 
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Figure 3-Sample chromatogram developed using Solvent A (18% 
methanol). The sensitivity was 0.04 for all peaks except peak 4 where 
it was 0.1. The lines after peak 3 indicate the time when sensitivity was 
changed. Peaks 2-4 in both chromatograms are from V ,  11, and V l l ,  re- 
spectively. Peak 1 in chromatogram A is from V l ( l . 0  pg). The quantities 
of 11. V,  and Vl l  injected in chromatogram A (from a standard mixture) 
uwre 2.36. 0.32, and 1.56 pg, respectively. In chromatogram B (from a 
commercial product), the quantities were 2.268,0.324, and 1.62 pg, re- 
spectiuely. 

The pH is very important and functions similar to paired-ion chroma- 
tography, in which the retention times are increased. 

The analytical results of three commercial dosage forms and a synthetic 
mixture (Table I and Figs. 2 and 3) indicate that the proposed method 
can be used for the simultaneous quantitation of active ingredients in 
various commercial products. Since none of the commercial dosege forms 
contain all seven ingredients, it is easy to select an internal standard if 
desired. The peak heights (also peak areas) uersus concentrations were 
followed in wide ranges (see Calculations). These investigations were 
not intended to assay IV. Salicylic acid (IV), a major decomposition 
product of 11, was investigated to determine its interference with the 
analpis of 11. It is obvious (Fig. 1A) that it did not interfere. Investigators 
(11) reported recently that the USP method (12) for thequantitation of 
I1 in dosage forms is not stability indicating. 

The standard and assay solutions can be prepared in ethanol if desired. 
Since peak heights vary with the solvent used, both the standard and 
assay solutions should be prepared in the same solvent. The peak heights 
were slightly smaller with ethanol as the solvent. Ethanol may be pre- 
ferred for products containing I1 since it is less susceptible to hydrolysis 
in ethanol than in water. The solutions containing I1 must be prepared 
immediately before use. Since the optimum stability of I1 is at about pH 
2.3 (13), the mobile phase should have a minimal adverse effect on hy- 
drolysis. With ethanol as the solvent for the assay solution, I did not 
separate from the ethanol peak. Therefore, ethanol should not be used 
if I is to be assayed. 

The possibilities of assaying very small quantities of IV (0.1% or more) 
in products containing I1 are now being studied since USP (12) requires 
such analysis. 
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Abstract 0 A sensitive, simple, and rapid method for the quantitation 
of salicylic acid in aspirin powders and its dosage forms was developed. 
The method is based on reversed-phase high-pressure liquid chroma- 
tography using a mobile phase containing 20% methanol in aqueous 
phosphate buffer of pH 2.3. Other common ingredients present with 
aspirin such as acetaminophen, caffeine, codeine phosphate, phenacetin, 
and salicylamide do not interfere. Salicylic acid quantities as low as 0.1 
pg can be assayed with a relative standard deviation of f2.3%. Sensitivity 
can be increased by using lower sensitivity settings. The method was tried 
on numerous commercial products and an old aspirin powder. The results 
generally were excellent, except that all of the aspirin and salicylic acid 
could not be extracted from suppositories. The old aspirin powder failed 
the USP limit test for salicylic acid. The powder apparently absorbed 
moisture and contained salicylamide as an impurity. 

Keyphrases 0 High-pressure liquid chromatography-analysis, salicylic 
acid in aspirin powder and dosage forms 0 Aspirin-powder and dosage 
forms, analysis of salicylic acid, high-pressure liquid chromatography 

Salicylic acid-analysis in aspirin powder and dosage forms, high- 
pressure liquid chromatography 

Salicylic acid is the major decomposition product of 
aspirin. Because free salicylic acid can cause gastric upset, 
the USP (1) prescribes limit tests for salicylic acid in as- 
pirin powder and in pharmaceutical dosage forms con- 
taining aspirin. The limits are 0.1% for aspirin powder, 
0.3% for tablets without buffers, 3.0% for buffered aspirin 
dosage forms, and 1.0% for suppositories. However, the 
USP method for the quantitation of salicylic acid in aspirin 
dosage forms is tedious and time consuming. For aspirin 
powder, the test is qualitative. 

A high-pressure liquid chromatographic (HPLC) 
method (2) was reported which analyzes small aspirin 
quantities in the presence of large salicylic acid quantities 
in plasma. However, in dosage forms and aspirin powder, 
the assay of small salicylic acid quantities in the presence 
of large aspirin quantities was a problem. A tedious and 
complicated method was used for the separation of salicylic 
acid from aspirin (3). 

The simultaneous quantitation of acetaminophen, as- 
pirin, caffeine, codeine phosphate, phenacetin, and sali- 
cylamide was reported (4). In this method, the salicylic acid 
did not interfere. Small salicylic acid quantities could not 
be determined due to a lack of sensitivity in the analytical 
method. The purpose of these investigations was to de- 
velop a simple and rapid HPLC method for the quantita- 
tion of small salicylic acid quantities in aspirin powder and 
its pharmaceutical dosage forms. 

EXPERIMENTAL 

Reagents and  Chemicals-All reagents and chemicals were ACS, 
USP, or NF quality and were used without further purification. 

Apparatus-The high-pressure liquid chromatograph’ was connected 
to a multiple-wavelength2 detector, a recorder3, and an integrator4. 

Column-The nonpolar columns (30 cm X 4 mm id.)  consisted of a 
monomolecular layer of octadecyltrichlorosilane permanently bonded 
by silicone-carbon bonds. 

Chromatographic Conditions-The solvent consisted of 0.01 M 
KH2P04 in water with 209’0 (v/v) methanol, and its pH6 was adjusted to 
2.3 with an 85% aqueous phosphoric acid solution (-1.1 mlhiter). The 
temperature was ambient. The flow rate was 2.0 ml/min. The detector 
sensitivity was 0.04 (300 nm), and the chart speed was 30.5 cm/hr. 

Solution Preparation-A stock solution of salicylic acid was prepared 
by dissolving 0.100 g in enough ethanol to bring to 100.0 ml. This solution 
was diluted with ethanol for the preparation of the standard solution or 
other solutions. 

A stock solution of a standard mixture was prepared by dissolving 48.6 
mg of acetaminophen, 97.2 mg of aspirin, 32.4 mg of caffeine, 50.0 mg of 
phenacetin, 64.8 mg of salicylamide, and 25.0 mg of salicylic acid in 10 
ml of ethanol and bringing the solution to 100.0 ml with water. A solution 
of the standard mixture was prepared by diluting 10.0 ml of the stock 
solution to 100.0 ml with water. Both the stock and standard mixture 
solutions were prepared immediately before use. 

Preparat ion of Assay Solutions from Aspirin Powder-All solu- 
tions were prepared immediately before injection into the chromatograph. 
Aspirin powder, 250.0 mg, was dissolved in enough ethanol to bring to 
25.0 ml. Another solution of identical strength was prepared from an old 
aspirin powder (-10 years), which appeared to have decomposed. These 
solutions were used for the free salicylic acid determination. 

Two other aspirin solutions were prepared by diluting the first solution 
to 250 pg/ml. Solution 1 was prepared by diluting with water, and Solu- 
tion 2 was prepared with ethanol. These solutions were allowed to stand 
for -50 hr and were then analyzed for free salicylic acid. This analysis 
was done to compare the hydrolysis rate of aspirin in water uersus eth- 
anol. 

Assay Solutions from Solid Dosage Forms-An appropriate 
quantity of the fine powder was mixed with enough ethanol to bring to 
25.0 ml, and the mixture was shaken for 2-3 min and filtered. The first 
&8 ml of the filtrate was rejected, and samples were collected for analysis. 
The solutions were prepared immediately before analysis. The quantity 
of the powder weighed represented a t  least 80 mg (for all nonbuffered 
tablets) or 50 mg (for buffered tablets) of aspirin. These quantities were 
determined by cjonsidering USP (1) salicylic acid limits. Exact concen- 
trations of the aspirin solutions are reported in Table I. 

Suppository Assay Solutions-A suppository containing 600 mg of 
aspirin was transferred to a 150-ml beaker. The beaker was warmed by 
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Abstract 0 A sensitive, simple, and rapid method for the quantitation 
of salicylic acid in aspirin powders and its dosage forms was developed. 
The method is based on reversed-phase high-pressure liquid chroma- 
tography using a mobile phase containing 20% methanol in aqueous 
phosphate buffer of pH 2.3. Other common ingredients present with 
aspirin such as acetaminophen, caffeine, codeine phosphate, phenacetin, 
and salicylamide do not interfere. Salicylic acid quantities as low as 0.1 
pg can be assayed with a relative standard deviation of f2.3%. Sensitivity 
can be increased by using lower sensitivity settings. The method was tried 
on numerous commercial products and an old aspirin powder. The results 
generally were excellent, except that all of the aspirin and salicylic acid 
could not be extracted from suppositories. The old aspirin powder failed 
the USP limit test for salicylic acid. The powder apparently absorbed 
moisture and contained salicylamide as an impurity. 

Keyphrases 0 High-pressure liquid chromatography-analysis, salicylic 
acid in aspirin powder and dosage forms 0 Aspirin-powder and dosage 
forms, analysis of salicylic acid, high-pressure liquid chromatography 

Salicylic acid-analysis in aspirin powder and dosage forms, high- 
pressure liquid chromatography 

Salicylic acid is the major decomposition product of 
aspirin. Because free salicylic acid can cause gastric upset, 
the USP (1) prescribes limit tests for salicylic acid in as- 
pirin powder and in pharmaceutical dosage forms con- 
taining aspirin. The limits are 0.1% for aspirin powder, 
0.3% for tablets without buffers, 3.0% for buffered aspirin 
dosage forms, and 1.0% for suppositories. However, the 
USP method for the quantitation of salicylic acid in aspirin 
dosage forms is tedious and time consuming. For aspirin 
powder, the test is qualitative. 

A high-pressure liquid chromatographic (HPLC) 
method (2) was reported which analyzes small aspirin 
quantities in the presence of large salicylic acid quantities 
in plasma. However, in dosage forms and aspirin powder, 
the assay of small salicylic acid quantities in the presence 
of large aspirin quantities was a problem. A tedious and 
complicated method was used for the separation of salicylic 
acid from aspirin (3). 

The simultaneous quantitation of acetaminophen, as- 
pirin, caffeine, codeine phosphate, phenacetin, and sali- 
cylamide was reported (4). In this method, the salicylic acid 
did not interfere. Small salicylic acid quantities could not 
be determined due to a lack of sensitivity in the analytical 
method. The purpose of these investigations was to de- 
velop a simple and rapid HPLC method for the quantita- 
tion of small salicylic acid quantities in aspirin powder and 
its pharmaceutical dosage forms. 

EXPERIMENTAL 

Reagents and  Chemicals-All reagents and chemicals were ACS, 
USP, or NF quality and were used without further purification. 

Apparatus-The high-pressure liquid chromatograph’ was connected 
to a multiple-wavelength2 detector, a recorder3, and an integrator4. 

Column-The nonpolar columns (30 cm X 4 mm id.)  consisted of a 
monomolecular layer of octadecyltrichlorosilane permanently bonded 
by silicone-carbon bonds. 

Chromatographic Conditions-The solvent consisted of 0.01 M 
KH2P04 in water with 209’0 (v/v) methanol, and its pH6 was adjusted to 
2.3 with an 85% aqueous phosphoric acid solution (-1.1 mlhiter). The 
temperature was ambient. The flow rate was 2.0 ml/min. The detector 
sensitivity was 0.04 (300 nm), and the chart speed was 30.5 cm/hr. 

Solution Preparation-A stock solution of salicylic acid was prepared 
by dissolving 0.100 g in enough ethanol to bring to 100.0 ml. This solution 
was diluted with ethanol for the preparation of the standard solution or 
other solutions. 

A stock solution of a standard mixture was prepared by dissolving 48.6 
mg of acetaminophen, 97.2 mg of aspirin, 32.4 mg of caffeine, 50.0 mg of 
phenacetin, 64.8 mg of salicylamide, and 25.0 mg of salicylic acid in 10 
ml of ethanol and bringing the solution to 100.0 ml with water. A solution 
of the standard mixture was prepared by diluting 10.0 ml of the stock 
solution to 100.0 ml with water. Both the stock and standard mixture 
solutions were prepared immediately before use. 

Preparat ion of Assay Solutions from Aspirin Powder-All solu- 
tions were prepared immediately before injection into the chromatograph. 
Aspirin powder, 250.0 mg, was dissolved in enough ethanol to bring to 
25.0 ml. Another solution of identical strength was prepared from an old 
aspirin powder (-10 years), which appeared to have decomposed. These 
solutions were used for the free salicylic acid determination. 

Two other aspirin solutions were prepared by diluting the first solution 
to 250 pg/ml. Solution 1 was prepared by diluting with water, and Solu- 
tion 2 was prepared with ethanol. These solutions were allowed to stand 
for -50 hr and were then analyzed for free salicylic acid. This analysis 
was done to compare the hydrolysis rate of aspirin in water uersus eth- 
anol. 

Assay Solutions from Solid Dosage Forms-An appropriate 
quantity of the fine powder was mixed with enough ethanol to bring to 
25.0 ml, and the mixture was shaken for 2-3 min and filtered. The first 
&8 ml of the filtrate was rejected, and samples were collected for analysis. 
The solutions were prepared immediately before analysis. The quantity 
of the powder weighed represented a t  least 80 mg (for all nonbuffered 
tablets) or 50 mg (for buffered tablets) of aspirin. These quantities were 
determined by cjonsidering USP (1) salicylic acid limits. Exact concen- 
trations of the aspirin solutions are reported in Table I. 

Suppository Assay Solutions-A suppository containing 600 mg of 
aspirin was transferred to a 150-ml beaker. The beaker was warmed by 
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Table I-Assay Results of Aspirin Powders and  Commercial Dosage Forms 

Concentration 
of Assay Results 

Aspirin in Salicylic Acid, 

Sample Claim per Dosage Form, mg 

Aspirin powder 
Old aspirin powder 
Tablet 1 
Tablet 2 
Tablet 3 

Tablet 4 
Tablet 5 
Suppository 
Aspirin solution (50 hr 

old) 
In ethanol 
In water 

Aspirin, 325 
Aspirin, 325; magnesium-aluminum hydroxide, 300 
Aspirin, 600; magnesium hydroxide, 150; aluminum hydroxide dried 

eel. 150 
AGirin, 227; phenacetin, 162; caffeine, 32 
Aspirin, 195; acetaminophen, 97; caffeine, 65; salicylamide, 130 
Aspirin, 600 

Assay 
Solution, 

mg/ml 

10.0 
10.0 
10.0 
2.6 
2.4 

6.8 
7.8 
1.0 

0.25 
0.25 

Aspirin, 
% label 
claim 

95.6b 
99.8 

100.4 
99.6 

100.0 
100.1 
31.4 

- 

- 
- 

Based on 
Percent Label 

Claim of Aspirin 

0.07 
0.61 
0.06 
0.41 
0.54 

0.14 
0.13 
0.64' 

2.8 
6.6d 

a Relative standard deviation based on five injections was f2.390. b This old aspirin powder apparently had absorbed moisture. It also failed the USP limit test for 
salicylic acid. Calculated based on label claim of aspirin; percent found was divided by 0.314. Since the salicylic acid peak was small, the margin of error is -3.8%. To 
determine salicylic acid in a water solution, the standard salicylic acid solution also was made in water by diluting the stock solution. The peaks were slightly higher for 
the standard soiution in water versus in ethanol. 

immersion in a water bath (-50') to melt the suppository, and the melt 
was mixed with enough ethanol to make 60.0 ml of mixture. The mixture 
was shaken for 4-5 min, and the decanted alcoholic solution was diluted 
(from 10.0 to 100.0 ml) with ethanol to prepare the assay solution. 
Assay Method-A 20.0-4 aliquot of the assay solution was injected 

into the chromatograph using the described conditions. An identical 
volume of salicylic acid solution in ethanol (10.0 pg/ml) was injected for 
comparison after the assay solution eluted. 

Two chromatograms (Fig. 1) were developed by injecting a 20.0-4 al- 
iquot of the standard mixture. One chromatogram used a detector 

3 

I 

6 

0 4 8 12 0 
MINUTES 

wavelength of 300 nm, and the other chromatogram used 254 nm. 
Calculations-Since preliminary investigations indicated that peak 

heights were directly related to concentrations (0.10-0.6 pg) of salicylic 
acid, the results were calculated by: 

= micrograms of salicylic acid per milliliter of solution (Eq. 1) 

where Ph, is the peak height of the assay solution and Ph, is the peak 
height of the standard solution. To ensure quantitative extraction of 
aspirin from the dosage forms, aspirin was assayed using the method 
reported previously (4) (Table I and Figs. 2-4). 

4 6  10 

Figure I-Sample chromatograms developed using standard mixtures. 
Peaks 1-6 are from acetaminophen, salicylamide, caffeine, aspirin, 
salicylic acid, and phenacetin, respectively. Chromatogram A was de- 
veloped at 254 nm, and B was developed at 300 nm. 

I 

e n 
0 4 8 0 4 8 

Figure 2-Sample chromatograms from aspirin powder and salicylic 
acid solutions in ethanol. Peak 2 is from salicylic acid. In chromatogram 
A, peak I is from aspirin (0.2 mg). In B, 0.2 pg of salicylic acid was in- 
jected. 
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Figure 3-Sample chromatogram A from old aspirin powder and 
sample chromatogram B from buffered commercial tablets (Tablet 3 
in Table I ) .  Peak 1 is from aspirin, and 2 is from salicylic acid. In A, there 
is an additional peak after -4 min, which may be due to salicylamide 
impurity. 

RESULTS AND DISCUSSION 

I t  was reported (4) that it was not possible to assay salicylic acid using 
the solvent system developed for the simultaneous quantitation of 
acetaminophen, aspirin, caffeine, codeine phosphate, phenacetin, and 
salicylamide due to the lack of sensitivity a t  254 nm (sensitivity 0.04). 
Otherwise, separation of salicylic acid from the six active ingredients was 
excellent (4). Preliminary investigations subsequently indicated that the 
spectral absorption of salicylic acid solution in the mobile phase was very 
high a t  300 nm, the wavelength of maximum absorption. When consid- 
ering weight per weight concentrations, the absorption of aspirin solution 
a t  300 nm was almost negligible (Fig. IS, peak 4). For comparison, 
chromatograms A and B (Fig. 1) were developed at 254 and 300 nm, re- 
spectively. In A, peak 1 was obtained at a sensitivity of 0.2; the sensitivity 
for peak 1 in B was 0.04. A sensitivity of 0.04 was used otherwise. Even 
with a sensitivity of 0.04, peak 1 (from acetaminophen) in chromatogram 
B was very small as compared with peak 1 in chromatogram A (Fig. 1). 

The results (Table I) and the sample chromatograms indicate that very 
small quantities of salicylic acid can be assayed in aspirin powder and 
i t s  dosage forms using a simple HPLC method. The mobile phase pH (2.3) 
was almost the optimum pH for aspirin stability (5). Therefore, the ad- 
verse effect from the mobile phase was minimal. Aspirin could not be 
extracted from the suppositories quantitatively with ethanol (Table I). 
Chloroform was not used for this extraction because it is not miscible with 
the mobile phase. 

Salicylic acid determinations were made a t  a sensitivity of 0.04. The 

2 

2 

MINUTES 
Figure 4-Sample chromatograms from 50-hr-old solutions of aspirin 
in water (A) and ethanol (B). Peak 1 is from aspirin, and 2 i s  from sali- 
cylic acid. 

sensitivity of this method can be increased by changing the setting to 0.01; 
however, there was some noise problem a t  this low sensitivity. In the 
proposed assay, salicylic acid concentrations as low as 5 fig/ml can be 
determined with a relative standard deviation of 52.3%. If the salicylic 
acid assay results are less than 5 pg/ml, the error could be higher. 
Therefore, the assay should be repeated either with a higher aspirin 
concentration or with a lower sensitivity. 

The old aspirin powder did not pass the USP limit test (Table I) of 0.1% 
for salicylic acid. Moreover, the old aspirin powder assayed only 95.6%, 
which may have been due to the moisture absorption. Also, it showed an 
additional peak (Fig. 3A) after 4 min, which may have been due to sali- 
cylamide as an impurity since the retention time of the peak was identical 
to that of salicylamide (Fig. 1). Although no internal standard was used, 
one of the following (if not present in the dosage form) may be used as 
an internal standard: caffeine, 1-2 mg/ml; phenacetin, 1-2 mg/ml; and 
salicylamide, -20 fig/ml. 
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Abstract 0 Experimental dipole moments measured in anhydrous 
benzene and dioxane are compared to the calculated values of some 2- 
substituted phenothiazine derivatives. The dipole moments and the 
solvent effects support the existence of a conformational mixture of these 
compounds as solutes. 

Keyphrases Phenothiazines-2-substituted, dipole moments and 
conformational structures as solutes Dipole moments-of 2-substituted 
phenothiazines as solutes 0 Conformations-of 2-substituted pheno. 
thiazines as solutes 

A previous report (1) on N-methylphenothiazine and 
its 2-chloro derivative suggested a mixture of conformers 
of these compounds in solution. This finding is important 
for a possible conformational explanation of phenothiazine 
polybiovalency. The conformational structures of some 
other 2-substituted molecules, which are the chemical 
forerunners of the clinically used phenothiazine drugs, 
were determined by comparing the theoretical dipole 
moments of peculiar conformations to experimental val- 
ues. The experiment dipole moments were measured with 
the compounds as solutes due to the physical state of the 
biophase. 

EXPERIMENTAL 

Materials-The following compounds' were studied: phenothiazine 
(I), 2-chlorophenothiazine (II), 2-cyanophenothiazine (III), 2-methox- 
yphenothiazine (IV), 2-thiornethylphenothiazine (V), 2-acetylphe- 
nothiazine (Vl), and 2-propionylphenothiazine (VII). 

Method-The dipole moments of the compounds as solutes in anhy- 
drous benzene and in anhydrous dioxane were measured a t  different 
temperatures. The permittivity2 and refractive index3 of the solutions 
were extrapolated to infinite dilution according to Guggenheim (2) and 
Smith (3). The quantity (612  - n!2) - ( t l  - n:) was plotted versus the 
molar concentration, C, of the solute. The slope of the curve at  C = 0 then 
was used to calculate the dipole moment, p,  by: 

H 

C s YI 

H-intra Haxtra 

1 Compound I was crystallized from a commercial sample. Rh6ne-Poulenc Co., 
Paris, France, supplied samples of 11-V. Clin-Midy Co., Paris, France, supplied 
samples of VI and VII. * W.T.W. DMOl dipiheter with a DFL 1 cell. 

3 O.P.L. Abbe type refractometer. 

where k is the Boltzmann constant, N is Avogadro's number, T is the 
absolute temperature, and ti and ni are the permittivities and refractive 
indexes, respectively, of the solutes (Index 1) and of the solutions (Index 
12). 

Table I-Experimental Dipole Moments of 2-Substituted 
Phenothiazines 

Dipole Moment, Debye units 
Compoundsa loo 25O 37O 

~ ~~ ~ ~~ 

2.20 f 0.02 2.14 f 0.02 2.12 f 0.03 
I I (D) (B) 2.49 f 0.02 2.50 f 0.02 2.51 f 0.03 

11 (B) 2.02 f 0.03 1.93 f 0.02 1.89 f 0.08 
I1 (D) 2.19 f 0.02 2.15 f 0.02 2.16 f 0.01 

111 (B) 3.72 f 0.07 3.60 f 0.04 3.55 f 0.08 
3.69 f 0.04 I11 (D) 3.63 f 0.05 3.67 f 0.03 

2.57 f 0.07 2.49 f 0.02 2.44 f 0.03 
2.80 f 0.03 2.84 f 0.03 - IV (B) 

IV (D) 
2.11 It 0.04 2.19 f 0.02 2.16 f 0.03 

2.55 f 0.04 2.54 f 0.02 - V (B) 
V (D) 

2.40 f 0.05 2.46 f 0.05 2.38 f 0.03 
2.40 f 0.01 2.42 f 0.01 2.41 f 0.02 

VI (B) 
VI (D) 

- 2.30 f 0.03 2.29 f 0.05 VII (B) 
2.35 f 0.05 2.35 f 0.02 2.34 f 0.02 VII (D) 

0 The solvent was benzene (B) or dioxane (D). 

Table 11-Dipole Moments of Molecular Increments Used in 
Calculations 

ComDound 
Dipole Moment, 

Debve units 

Dimethylsulfide 1.49 

Chlorobenzene 1.59 
An i s o 1 e 1.25 
Methylphenylsulfide 1.27 
Benzonitrile 3.90 
Acetophenone 2.89 
Propiophenone 2.88 

Diphenylamine 1.11 

Table 111-Experimental and Calculated Dipole Moments of 
Amines 

Dipole Moment, Debye units 
Compound Exp. (4,5) Calc.' 

~ 

Trimethylamine 
N-Methyldiphenylamine 

Diphenylamine 

Triphenylamine 

Aniline 

N-Methylaniline 

N,N-Dimethylaniline 

0.86 0.83 (U) 
1.56 1.54 ( C )  

1.12 (U) 
1.11 

0.51 

1.53 

1.68 

1.61 

1.08 ( C )  
1.29 (U) 
1.12 (C) 
0.49 (U) 
1.50 (C) 
1.65 (U) 
1.62 ( C )  
1.08 (U) 
1.65 ( C )  
0.76 (U) 

~~~ ~ 

a Conjugated (C) and unconjugated (U)  structures generally were considered. 
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Table IV-Calculated Dipole Moments of 2-Substituted Phenothiazines for Selected a Values 

VIor VIor 
a Ii 1, IIi IIe IIIi 111, IVi IVe Vi Ve VIIi VII, 

~~ 

180’ 1.80 1.80 1.81 1.81 3.52 3.52 2.49 2.49 2.00 2.00 3.96 3.96 
170’ 2.12 1.45 1.97 1.65 3.48 3.56 2.77 0.94 2.14 1.68 4.07 2.02 
160’ 2.32 1.18 2.05 1.56 3.39 3.69 2.90 0.89 2.29 1.51 4.14 2.17 
150’ 2.51 0.87 2.12 1.46 3.31 3.64 3.04 0.93 2.41 1.35 4.22 2.40 
140’ 2.64 0.61 2.15 1.40 3.19 3.65 3.12 1.03 2.50 1.24 4.25 2.59 
130” 2.73 0.39 2.15 1.25 3.09 3.67 3.14 1.23 2.54 1.18 4.21 2.84 

a When necessary, H-intra structures (i) are distinguished from H-extra structures (e). 

RESULTS AND DISCUSSION 

The experimental dipole moments are given in Table I. The theoretical 
values were calculated using a vectorial incremental addition. The mo- 
lecular increments and their dipole moments (4, 5) are listed in Table 
11. 

Because folding along an NS axis is well known in phenothiazine de- 
rivatives (6-81, calculations were performed for different values of the 
angle, a, between each aromatic moiety of the heterocycle. Both H-intra 
(quasiequatorial) and H-extra (quasiaxial) limit conformations (9) were 
considered. Consequently, the following assumptions were used (10): 
PCN conjugated (e.g., H-intra Structure) = 1.7 D, and PCN uneonjugated (e.g., 
H-extra structure) = 0.8 D. Such values followed from a study of dipole 
moment geometrical structural relationships (Table 111). 

Theoretical dipole moments of the studied compounds are presented 
in Table IV. 

The comparison between experimental and theoretical dipole moments 
agreed with a folded structure for these molecules. However, there were 
different (Y values with each. Compounds I-V sometimes had a quasiaxial 
structure and sometimes a quasiequatorial one, demonstrated by the 
dielectric behavior of the compounds in dioxane. Dioxane interacts with 
conformable solutes by hydrogen bonds (11). Such an interaction is in- 
cluded in the dipole moment value of the solute. Here, there were so- 
lute-solvent interactions only with an H-intra conformation because of 
the electronic hindrances of the H-extra conformer, as can be shown by 
a molecular framework. Dipole moments measured in benzene and di- 
oxane must agree with one another only for an H-extra structure. The 
experimental values agreed. Unfortunately, the structures of VI and VII 
could not be elucidated by correlating experimental and calculated dipole 
moments except when the following classical relation was used: 

P:rperirnental = Pkmtra stmctureX1 + PLtzastzuctureX2 (Eq. 2) 

Table V-Molar Fractions of the H-Intra Structure Calculated 
for Several a Values 

(Y I I1 111 IV V VIorVII 

142’ 0.65 0.67 0.21 0.60 0.67 0.46 
1460 0.66 0.67 0.22 0.62 0.69 0.49 
150’ 0.69 0.68 0.23 0.64 0.71 0.52 
154’ 0.72 0.70 0.23 0.66 0.74 0.55 
158’ 0.77 0.73 0.19 0.69 0.78 0.58 

where x 1 and x2 are the molar fractions of the selected conformers. Thus, 
a conformational mixture was admitted. Results obtained by applying 
this conclusion to all of the compounds are listed in Table V. 

These results were in agreement with those of the previous study of 
N-methylphenothiazine derivatives (1). Moreover, contradictory results 
about NH phenothiazine compounds from theoretical calculations (9), 
NMR studies (12,13), and crystallographic data (14) could be explained 
if the prevalence of this or that conformer was considered for each mol- 
ecule. Thus, a mixture of conformations is suggested for dibenzo- 
parathiazine and its substituted derivatives in solution. This result 
supports the action pattern proposed (15,16) for phenothiazine drugs. 
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Abstract  0 A GLC-mass spectral analysis with a deuterated internal 
standard was developed to measure plasma mescaline concentrations 
after int,ravenous administration to rabbits. The drug and the internal 
standard were extracted with benzene, derivatized with trifluoroacetic 
acid anhydride, and chromatographed on 2.5% QF-1 with mass frag- 
mentographic detection. The detection limit is 5 ng/ml of plasma. The 
relative standard deviation was -5%. The main advantage of this method 
is that it combines the specificity of the GLC retention time and mass 
spectral fragmentation pattern with the sensitivity of the mass frag- 
mentographic detection. 

Keyphrases 0 Mescaline- GLC-mass spectral determination, rabbit 
plasma, intravenous injection Hallucinogenics-mescaline, GLC-mass 
spectral determination, rabbit plasma, intravenous injection GLC- 
mass spectrometry-analysis, mescaline in rabbit plasma 

Mescaline (3,4,5-trimethoxyphenethylamine), an al- 
kaloid isolated in 1896 from the peyote cactus Lophophora 
Williamsii, causes unusual psychic effects and visual 
hallucinations. In the United States, it is not considered 
a narcotic drug; but in most countries, i t  is on the list of 
illicit drugs. A review of its chemistry, biogenesis, and bi- 
ological effects was published previously (1). 

In clinical toxicological laboratories, identification and 
quantitation of mescaline are sometimes requested. Only 
a few methods relate to biological samples (2-4). Most 
references concern systematic mescaline identification by 
combined TLC (5-7), GLC and/or mass spectrometry 
(8-10), or high-pressure liquid chromatography (11). A 
radioimmunological method also was described (12). 

Mescaline is excreted primarily in the urine in humans: 
subjects given 500 mg po excreted 87% of the dose in 24 hr. 
The unchanged compound accounted for 60%, and 
3,4,5-trimethoxyphenylacetic acid accounted for -30% 
(13). 

This paper reports a specific and sensitive method for 
the quantitative determination of mescaline as trifluo- 
roacetylmescaline (I) with trifluoroacetyl-2Hz-mescaline 
(11) as the internal standard. 

EXPERIMENTAL 

Materials-All chemicals were analytical reagent grade and used as 

Table I-Influence of Overnight Storage Temperature  (4 or 
- 18")  on Plasma Mescaline Contents 

Corrected Areas Ratio 
Storage Storage at 

Sample at  4O -18' 

1 0.416 - 0.443 
3 0.441 
4 0.464 
6 0.457 
6 0.444 
Y 0.444 
CJ 0.017 

('V 3.7% 

7 

- 

~ 

0.417 
0.455 
0.458 
0.471 
0.487 
0.460 
0.458 
0.023 
5.1% 

I 10 

1 ! 

I 

I I 

50 

2 0  
m le 

Figure 1-The 70-eo electron-impact mass spectra of I (top) and I I  
(bottom). 

received. Mescaline' was 99% pure. 2H-Labeled mescaline was synthe- 
sized from 3,4,5-trimethoxybenzaldehyde by condensation with nitro- 
methane and subsequent reduction with lithium aluminum deuteride. 
All labeled and nonlabeled standards were prepared in methanol at 
concentrations permitting use of 10-50-pl aliquots. 

Subjects-Rabbits, 2 f 0.1 kg, were given 1 ml of an aqueous solution 
of mescaline a t  a 10-mg/kg dose by rapid intravenous injection in the ear. 
Blood (1 ml) was drawn from the other ear and collected in heparinized 
tubes. The samples were centrifuged, and the plasma was stored a t  4' 
until analysis on the next day. 

Apparatus-Determinations were performed by GLC2 with a mass 
spectrometer as a specific detect& coupled to a data system4. A silanized 

Koch and Light Laboratories. 
Varian model 1400. 

3 Finnigan model 3000. 
Finnigan model 6000 interactive data system. 
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Figure 2-Calibration graphs after correction for mutual contribution 
(1) and for  the contribution of I to I I  (2) only. 

glass column, 1.5 m X 0.63 cm, was packed with 2.5% QF-1 on 100-120- 
mesh Varaport. Helium carrier gas flow was maintained at  30-35 mumin. 
Injection port and oven temperatures were 210 and 195O, respectively. 
The mass spectrometer was operated at  a pressure of 5 X torr; the 
ionizing energy in the ion source was 70 ev. 

Extraction-To 0.5 ml of plasma was added 20 pl of internal standard 
solution (200 ng of n). The pH was adjusted to 10 with 1 ml of ammo- 
nia-ammonium chloride buffer. The sample was then extracted with 4 
ml of benzene. The extracts were dried over anhydrous sodium sulfate 
(-2 g) and evaporated to dryness under nitrogen. 

The residue was dissolved in 0.2 ml of ethyl acetate and 0.2 ml of tri- 
fluoroacetic acid anhydride. The solution was allowed to react a t  60' in 
a warm water bath for 30 min, after which the solvents were evaporated 
with a nitrogen stream. Then the residue was dissolved in 10-20 rl of 
methanol, and 1-24 aliquots were analyzed. The retention time for 
mescaline and the internal standard was 2.60 min. 

Quantitation-Standard solutions in methanol, containing quantities 
equivalent to 20,40,80,200, and 400 ng of mescalinelpl and 200 ng of 
internal standardlpl, were used to establish the calibration curve. 

RESULTS AND DISCUSSION 

The mass spectra of mescaline and of the internal standard are shown 
in Fig. 1. From the intensity ratio of the mle 181 and 182 ions, the plasma 
concentrations could be calculated. The problem was that the mle 181 
ion in the mescaline spectrum had an isotopic peak at  mle 182, while the 
fragmentation pattern of the internal standard showed both mle 181 and 
182 peaks. Consequently, the standard calibration graph shows a curved 
line with an intercept different from zero, depe'nding on the relative in- 
tensity of the mle 181 ion to the mle 182 ion in the mass spectrum of the 
internal standard. However, this problem could be overcome by correcting 

n 182 

181 

100 200 
SCAN NUMBER 

Figure 3-Mass fragmentogram of a plasma extract (mle I81 = trace 
o f l ,  and mle 182 = trace of 11). 

for those mutual interferences using: 

where: 

C, = amount of mescaline present in the extract 
f, = factor relating concentration to intensity of the mle 181 ion in 

C, = amount of internal standard in the extract 
fa = factor relating concentration to intensity of the mle 182 ion in 

a = relative intensity of the mle 181 ion to the mle 182 ion in the 

b = relative intensity of the mle 182 ion to the mle 181 ion in the 

the mescaline spectrum 

the internal standard spectrum 

mass spectrum of the internal standard 

mescaline mass spectrum 
Sl8l- integrated area of the 181 channel 
S l S 2  = integrated area of the 182 channel 

Equations 1 and 2 can be rewritten as: 

where: 

(Es. 3) 

(Eq. 4) 

The ratio of the corrected areas is now directly proportional to the con- 
centration of the unknown in the standard (Fig. 2). Curve 1 is calculated 

2001 t 

1 OL 
1 2 3 4 5 6  7 

HOURS AFTER INJECTION 

Figure 4-Profilecurveof mescalineinone subject after10 mglkg iv. 
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by linear regression from the experimental data with a = 0.165 and b = 
0.105. The latter values are ohtained hy injecting standard solutions of 
I and I1 and measuring the ratios of m/r 182 to 181 and of mle 181 to 182, 
respectively. The equation is given by: 

y = 0.05x + 0.0013 (Eq. 5) 

where 31 is the corrected areas ratio and x is the mescaline concentra- 
iion. 

Curve 2 is calculated with a = 0 and b = 0.105 when no corrections are 
made for the constant contribution of the internal standard's mle 181 
ion to the compound to he measured. In this case, the intercept is 0.17, 
which is in reasonably good agreement with the expected value of 
0.165. 

An example of a mass fragmentogram of a plasma extract is shown in 
Fig. 3. No coeluting substances were found when blank plasma samples 
were analyzed. Therefore, the method, due to the combined specificity 
of  both retention time and mass spectrometric fragmentation pattern, 
is suitable for pharmacokinetic studies. 

The intluence of the overnight storage temperature was examined by 
analyzing a 0.05-ppm spiked pool serum sample, part of which had been 
kept at  4O and anot,her part at  -18" overnight (Table I). The mean values 
( n  = 6 )  of each set of assays were not significantly different (Student t 
test). 

The precision of this analytical procedure, expressed as the coefficient 
of  variation, is on the order of 5%. For the GLC-mass spectral quantita- 
tive assay, it was 1.7% (six repetitive injections of the same extract). 

Although the apparent extraction efficiency with a labeled internal 

New Compounds: Reissert Compound 
Facile Synthesis of 3-Azapapaverine 

standard added before the extraction was loo%, the actual efficiency was 
checked; it was about 95% for spiked serum samples. T o  illustrate that  
the method is suitable for biological profile studies, the profile curve of 
one subject is shown in Fig. 4. 
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Abstract 0 6,7-Dimethoxyphthalazine was obtained in four steps from 
veratric acid and converted to its Reissert compound. Alkylation of this 
Reissert compound with 3,4-dimethoxybenzyl chloride followed by hy- 
drolysis gave 3-azapapaverine. 
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Reissert compound 0 Phthalazines-synthesis of 3-azapapaverine from 
veratric acid om Reissert compound derivative of 6,7-dimethoxy- 
phthalazine 

The application of Reissert compounds (1, 2) to  the 
synthesis of natural products and compounds of potential 
medicinal interest is well documented (2,3) in the field of 
quinolines and, particularly, isoquinolines. Although 
phthalazine also yields a Reissert compound (4,5),  its use 
in the synthesis of potential medicinal agents has not been 
studied. This paper reports a convenient synthesis of 3- 
azapapaverine (I)  using the Reissert compound (11) of 
6,7-dimethoxyphthalazine (111) and demonstrates the 
potential utility of Reissert compounds derived from 
phthalazine. 

DISCUSSION 

A convenient synthesis of 111 from commercially available veratric acid 
(1V) was developed using modifications of several literature procedures. 
Chloromethylation of IV gave the lactone (V) (6), which yielded 
4,6-dimelhoxyphthalyl alcohol (V1) on reduction with lithium aluminum 

hydride (7). Oxidation of VI with activated manganese dioxide gave 
4,5-dimethoxyphthalaldehyde (VII). Treatment of this dialdehyde (VII) 
with hydrazine hydrate gave 111 (8). The overall yield of 111 from IV was 
36%. 

Compound I11 was converted to its Reissert compound (11) by a phase 
transfer procedure (5) or by a trimethylsilyl cyanide procedure (9). Al- 
kylation of I1 with 3,4-dimethoxybenzyl chloride in the presence of so- 
dium hydride gave the alkylated Reissert compound VIII. Hydrolysis 
of VIII with potassium hydroxide gave I .  

This procedure should be valuable in the synthesis of phthalazine 
analogs of isoquinolines of medicinal interest.. 

EXPERIMENTAL 

m-Meconin (V)-Formaldehyde (230 ml, 37% solution) was saturated 
with hydrogen chloride gas a t  15-20", and 32 g (0.176 mole) of IV' was 
added. The mixture was heated to 60-70" for 7 hr, during which hydrogen 
chloride gas was bubbled slowly through it. The mixture was cooled, kept 
overnight, and concentrated in uacuo. Water, 100 ml, was added, and the 
mixture was neutralized with 2:3 dilute ammonium hydroxide. A solid 
formed and was filtered, washed several times with water, and dried. 
Recrystallization from methanol gave 22.4 g (65.6%) of V, mp 154-155' 
[lit. (6) mp 154-156'1; IR (KBr): 3080,3020 (m), 2940 (w), 1755-1740 (s), 
1600 (s), 1500 (s), 1350 (s), and 1300 (s) cm-'. 

4,5-Dimethoxyphthalyl Alcohol (W-A warm solution of 14 g 
(0.072 mole) of V in 150 ml of anhydrous tetrahydrofuran was added 
continuously to a suspension of 7.5 g of lithium aluminum hydride in 80 
ml of tetrahydrofuran, and the mixture was refluxed for 4 hr. The mixture 
was cooled in an ice bath, and the excess lithium aluminum hydride was 
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were analyzed. Therefore, the method, due to the combined specificity 
of  both retention time and mass spectrometric fragmentation pattern, 
is suitable for pharmacokinetic studies. 

The intluence of the overnight storage temperature was examined by 
analyzing a 0.05-ppm spiked pool serum sample, part of which had been 
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standard added before the extraction was loo%, the actual efficiency was 
checked; it was about 95% for spiked serum samples. T o  illustrate that  
the method is suitable for biological profile studies, the profile curve of 
one subject is shown in Fig. 4. 
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4,5-dimethoxyphthalaldehyde (VII). Treatment of this dialdehyde (VII) 
with hydrazine hydrate gave 111 (8). The overall yield of 111 from IV was 
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Compound I11 was converted to its Reissert compound (11) by a phase 
transfer procedure (5) or by a trimethylsilyl cyanide procedure (9). Al- 
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decomposed by the dropwise addition, with stirring, of 7.5 ml of water, 
7.5 ml of 15% NaOH, and 22.5 ml of water. The precipitate was extracted 
with hot tetrahydrofuran, the combined tetrahydrofuran solutions were 
evaporated, and the residue was extracted with chloroform. Evaporation 
of the dried chloroform extract gave 13 g (91%) of VI, mp 110-111' (from 
benzene) [lit. (7) mp 111'1. 
4.5-Dimethoxv~hthalaldehyde (VI1)-To a vigorously stirred sus- 

pension of 20 g oiictivated manganese dioxide in ml of chloroform 
was added 3 g of VI, and the mixture was stirred a t  room temperature for 
3 days. The manganese dioxide was filtered and washed several times with 
chloroform, and the combined solvent was distilled to give 1.9 g (64.6%) 
of VII, mp 168-169O (from benzene) [lit. (7) mp 165O]; IR (KBr): 3100, 
3000,2930,2870 (w), 1675 (va), 1585 (a), 1510-1500 (a), 1460 (a), 1440 (s), 
and 1285 (a) cm-'; NMR (CDCl3): 6 10.7 (a, 2H), 7.36 (a, 2H), and 3.98 
(8,6H). 

6,7-hethoxyphthalazine (111)-Compound VII (3.5 g, 0.018 mole) 
was warmed with 175 ml of absolute ethanol, and 1.1 g of 85% hydrazine 
hydrate was added dropwise with stirring. When VII had dissolved, the 
solution waa refluxed for 5 hr and concentrated in uacuo to give 3.2 g 
(93.4%) of 111, mp 198-200O (from chloroform-benzene) [lit. (8) mp 
181-183°]; IR (CHCl3): 3050 (m), 1605 (w), 1505 (m), 1470 (m), 1430 (s), 
1335 (m), 1250 (a), 1225 (vs), and 1160 (a) cm-l; NMR (cDc13): 6 9.27 (a, 
2H), 7.1 (s,2H), and 4.04 (a, 6H). 

Anal.-Calc. for C&1&I202: C, 63.14; H, 5.30. Found C, 63.41; H, 
5.53. 

l-Cyano-2-benzoyl-6,7-dimethoxy-1,2-dihydrophthalaz~ne (11) 
-To a solution of 3.2 g (0.0168 mole) of 111 in 200 ml of dry methylene 
chloride were added a catalytic amount (50 mg) of anhydrous aluminum 
chloride and 5 g (0.0504 mole) of trimethylsilyl cyanide. After 10 min, 7.1 
g (0.0504 mole) of benzoyl chloride was added, and the mixture was stirred 
at  room temperature for 24 hr. The mixture was washed with water, 5% 
HCl, water, 5% NaOH, and water. The mixture was dried, and the solvent 
was removed. The residue was recrystallized from benzene-chloroform 
to give 5 g (92.6%) of 11, mp 204-207O; IR (KBr): 3080 (w), 2975 (m), 2945 
(w), 1640 (a), 1600 (s), 1570 (w), 1515 (a), 1450 (s), 1380 (s), 1315 (s), 1280 
(s), 1250 (s), 1130 (a), 1010 (s), and 910 (9) cm-l; NMR (CDCl3): 6 
7.78-7.20 (m,6H),6.86 (a,lH),6.82 (s,lH),6.55 (1H),3.95 (s,3H),and 
3.92 (s,3H). 

Anal.-Calc. for C1sH15N303: C, 67.28; H, 4.70; N, 13.08. Found C, 
67.28; H, 4.63; N, 13.02. 
l-Cyano-l-(3,4-dimethoxybenzyl) -2- benzoyl-6,7-dimethoxy- 

1.2-dihydropbthalazine (VII1)-To a stirred solution of 3.21 g (0.01 
mole) of I1 in 30 ml of dimethylformamide at  -15' under a nitrogen at- 
mosphere were added 1.87 g (0.01 mole) of 3,4-dimethoxybenzyl chloride 
and 0.48 g of 50% NaH in oil. The mixture was allowed to warm to room 
temperature and was stirred for an additional 2 hr. Then the solution was 
poured onto 300 g of ice. The product was filtered, washed with water, 
and dried to give 4.48 g (95%) of VIII, mp 198-201O (from chloroform- 
methanol); IR (KBr): 3070 (w), 3045 (w), 3010 (m), 2945 (w), 2850 (m), 
1655 (s), 1600 (a), 1570 (m), 1510 (s), 1410 (s), 1330 (s), 1260 (81, 1240 (s), 
and 1120 (8)  cm-'; NMR (CDClS): 6 7.78-6.20 (m, l lH) ,  3.9 (a, 3H), 3.8 
(s,6H),3.65(s, 3H),and 3.56 (a, 2H). 

Anal.-Calc. for C27H25N305: C, 68.78; H, 5.34; N, 8.91. Found C, 
68.85; H, 5.24; N, 8.88. 

3-Azapapaverine (1)-A solution of 4.4 g of VIII and 47 g of potassium 
hydroxide in 140 ml of ethanol and 140 ml of water was refluxed for 3 hr. 
The mixture was concentrated in uacuo to less than half the volume, and 
140 ml of water was added. The mixture was extracted with chloroform, 
and the dried chloroform extract was evaporated to give I (74% yield), 
mp 120' (from ethyl acetate-petroleum ether) [lit. (10) mp 120-12l0]. 

Treatment of I in methanol with methyl iodide gave I methiodide, mp 
203-208O (from ethanol); IR (KBr): 3010 (m), 2965 (m), 2920 (w), 2850 
(m), 1595 (a), 1510 (va), 1415 (s), 1300 (s), 1220 (a), 1150 (s), and 1030 (9) 

cm-'; NMR (acetone-de):'b 10.35 (a, lH),  7.98 (a, lH), 7.9 (s,lH), 7.05 
(a, lH), 6.83 (broads, 2H),4.73 (s,2H), 4.68 (a, 3H), 4.11 (s,3H), 4.08 (s, 
3H), and 3.71 (a, 6H). 

Anal.-Calc. for C20HmIN204: C, 49.80; H, 4.80, N, 5.80. Found: C, 
49.77; H, 4.81; N, 5.89. 
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Abstract New 9-substituted 3-nitrofluorenes were prepared as po- 
tential intermediates in a study of modified electrophilicity and muta- 
genicity of the carcinogen 3-N,O- diacetylhydroxylaminofluorene. The 
reported derivatives, together with some already known 9-substituted 
3-nitrofluorenes, were too unstable to survive the reducing conditions 
required to transform the nitro group to the corresponding hydroxyl- 
amine. 

Keyphrases 0 Fluorenes-synthesis of 3-nitro-9-substituted deriva- 
tives, potential enhancement of 3-N,O- diacetylhydroxylaminofluorene 
carcinogenicity 0 3-N,O-Diacetylhydroxylaminofluorene-synthesis 
of 9-substituted 3-nitrofluorene intermediates, effect on carcinogenicity 

Carcinogens-synthesis of 9-substituted 3-nitrofluorene intermediates 
for study of 3-N,O-diacetylhydroxylaminofluorene mutagenicity 

Oncogenic arylamines and amides generally are believed 
to exert their baneful effects by undergoing enzymatic 
oxidation to an N-hydroxy derivative (a proximate car- 
cinogen) and then by further reaction to form an ester such 
as the acetate or sulfate (1). Many of these esters are ulti- 
mate carcinogens, and they cleave heterolytically, with 
differing facility, at  the nitrogen-oxygen bond. The elec- 
tron-deficient nitrogen atom is left as an electrophilic 
center (acetamidonium ion). Such moieties are capable of 
an in vivo attack on various nucleophiles in tissue con- 
stituents such as DNA, RNA, and proteins. Some of these 
reactions appear to be crucial in carcinogenesis. 

DISCUSSION 

Much of the knowledge supporting the foregoing concepts was devel- 
oped from studies on 2-fluorenamine and N-acetyl-2-fluorenamine, a 
strong hepatocarcinogen (1). A closely related isomer, N-acetyl-3-fluo- 
renamine, is of interest because its N-acetoxy derivative, 3-N,O-di- 
acetylhydroxylaminofluorene, is a much weaker carcinogen (mammary) 
and is not hepatocarcinogenic (2). It is possible that one major reason for 
this difference in biological activity between the 2-substituted and 3- 
substituted compounds is simply the lower tendency of the acetoxy group 
of the latter to act as a leaving group and the lower electrophilicity of the 
resulting acetamidonium ion. 

Accordingly, 3-nitrofluorene (I) derivatives were designed with various 
9-substituents to increase the leaving group facility of the acetoxy group 
and, after reduction and acetylation to the N-acetoxyamide, to produce 
a compound with enhanced mutagenicity and carcinogenicity. The 
presence of an electron donor group in the single-ring compound 0- 
acetyl-N-benzoylphenylhydroxylamine was shown to enhance heterolytic 
acyloxy migration to a nucleophilic carbon (3). 2-Methoxy-3-N,U-di- 

I 
In: X = H, Y = Br 
Ib: X = H, Y = OCH, 
Ic: X = H, Y = OC,H, 
Id:  X = H, Y = P'(C,H,),Br- 
Ie: X = H, Y = SC(NH,)=N+H,Br- 
If: XY = =NNHSO,C,H,CH,-p 

acetylhydroxylaminofluorene showed slightly enhanced mutagenicity 
over that of 3-N,O-diacetylhydroxylamin~fluorene~. Since it was assumed 
that the effect sought was lessened by steric hindrance and since other 
methoxylated 3-nitrofluorenes were not readily available, the 9-position 
was investigated. 

Unfortunately, la-If were either too unstable for the reducing condi- 
tions required to transform the nitro group to the corresponding hy- 
droxylamine (ammonium sulfide in ethanol-dimethylformamide) (4) 
or gave relatively intractable mixtures in the workup. Since these com- 
pounds may be of interest in other areas and since known 3,g-disubsti- 
tuted fluorenes are comparatively few, this report is pertinent. Ways of 
stabilizing the 9-position are being studied and will be the subject of a 
future article. 

Attempts to make 9-methoxy-3-nitrofluorene (Ib) from 3-nitrofluo- 
rene-9-01 (5) with methyl iodide, dimethylformamide, and silver oxide 
(6) or with trimethylsulfoxonium iodide and silver oxide (7) led to re- 
covery of 3-nitrofluorenone as the only recognizable product. 

Attempts to make an ylid from Id (8) failed, as did efforts to produce 
9-mercapto-3-nitrofluorene from Ie (9). Attempts to prepare 9-fluoro- 
or 9-cyano-3-nitrofluorene did not yield the desired products. Previously 
known 9-chloro-3-nitrofluorene and 9-acetoxy-3-nitrofluorene were in- 
cluded in the nitro reduction attempts. 

EXPERIMENTALz 

9-Bromo-3-nitrofluorene (la)-3-Nitrofluoren-9-01 (7.5 g, 0.033 
mole), prepared by sodium borohydride reduction of 3-nitrofluoren-9-one 
(5), was mixed with 100% acetic acid (120 ml). Aqueous 48% HBr (16 ml) 
was added to the stirred mixture all at once. The mixture was heated with 
stirring to boiling, and the solvent was distilled off. The residue was al- 
lowed to cool to room temperature and then was dissolved in hot benzene. 
The benzene solution was treated with activated charcoal3, filtered, and 
concentrated to a small volume. Addition of petroleum ether (bp 30-60') 
caused the product to crystallize as white needles, 9.5 g (99%), mp 
154.&156'. Recrystallization from benzene-petroleum ether (bp 30-60') 
gave 9.1 g, mp 157-158'. 

Anal.-Calc. for C13HfirN02: C, 53.82; H, 2.78; Br, 27.54; N, 4.83. 
Found: C, 53.81; H, 2.81; Br, 27.75; N, 4.86. 

9-Methoxy-3-nitrofluorene (Ib)-9-Chloro-3-nitrofluorene (10) 
(1 g, 0.004 mole) was mixed with powdered silver nitrate (0.7 g, 0.004 
mole) and absolute methanol (40 ml). The mixture was refluxed under 
dry nitrogen for 2 hr and cooled to room temperature. The suspension 
was filtered into a slurry of crushed ice and water. The crystallized 
product in the ice slurry then was collected, washed with water, and dried 
over concentrated sulfuric acid in uacuo to give 0.9 g. Chromatography 
on silica gel and recrystallization from methanol-water gave a pure 
product, 0.45 g (47%), mp 103.5-104.5'; IR (mineral oil): 1060 cm-l. 

Anal.-Calc. for C14HllN03: C, 69.70; H, 4.60; N, 5.81. Found C, 69.87; 
H, 4.37; N, 5:62. 
9-Ethoxy-3-nitrofluorene (1c)-In a manner similar to that for 16, 

equimolar amounts of 9-chloro-3-nitrofluorene and silver nitrate in re- 
fluxing absolute ethanol gave crude Ic. Chromatography and recrystal- 
lization from ethanol-water gave a 40% yield of pure product, mp 88-89'; 
IR (mineral oil): 1060 cm-'. 

And-Calc. for C15H13N03: C, 70.58; H, 5.13; N, 5.49. Found: C, 70.52; 
H, 5.01; N, 5.42. 
9-(3-Nitrofluorenyl)triphenylphosphonium Bromide (Id)-To 

a stirred solution of Ia (1.5 g, 0.005 mole) in benzene (50 ml) was added 
triphenylphosphine (1.3 g, 0.005 mole) in one portion. The mixture was 

1 H.-L. Pan, C.-A. Cole, and T. L. Fletcher, unpublished results. 
2 Melting points were determined on a Fisher-Johns apparatus and are corrected. 

IR spectra were obtained using a Beckman IR-33 spectrophotometer. Elemental 
analyses were performed by commercial analytical laboratories. 

3 Darco. 
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stirred further in nitrogen for 1 hr and then refluxed for 0.5 hr and stirred 
to cool. After filtration from the reaction mixture, the gray solid (0.7 g, 
25%) was washed twice with benzene and then with ether and dried in 
vocuo, mp 210-214O dec. 

67.27: H. 4.18: N. 2.64. 
Anal.-Calc. for C3lHmBrNO2P: C, 67.40; H, 4.20; N, 2.54. Found: C, 

9-(3-Nitrofluorenyl)isothiuronium Bromide (1e)-Compound Io 
(2.9 g, 0.01 mole) and thiourea (0.76 g, 0.01 mole) were ground together 
thoroughly. To the mixture were added 1-butanol(8 ml) and aqueous 48% 
HBr (1 ml). The mixture was refluxed with occasional shaking for 0.5 hr 
and cooled. The crystalline product was collected, washed successively 
with small amounts of 1-butanol, carbon tetrachloride, chloroform, and 
ether, and air dried, giving 3.45 g (93%), mp 210-215’ dec. 

Anal.-Calc. for CllH12BrN302S: C, 45.91; H, 3.30; N, 11.47; S, 8.75. 
Found: C, 45.77; H, 3.22; N, 11.28; S, 8.76. 
3-Nitrofluoren-9-p-toluenesulfonylhydrazone (If)-p-Tolu- 

enesulfonylhydrazine (11) (15.4 g, 0.083 mole) and 3-nitrofluoren-9-one 
(15 g, 0.067 mole) were suspended in absolute ethanol (150 ml). The 
suspension was heated with stirring under reflux for 1.5 hr and cooled. 
The brown crystalline product was collected, washed with 100 ml of 
boiling ethanol, and dried, giving 20.5 g (78%), mp 194-197O dec. 

The product (0.5 g) was purified by repeated washing with boiling 
ethanol and recrystallization from chloroform-benzene to give lustrous 
orange crystals, 0.3 g, mp 205-206’ dec.; IR (mineral oil): 3230,1583,1515, 
1365,1330, and 1150 cm-’. 

Anal.-Calc. for CzoHlsNjO& C, 61.06, H, 3.84; N, 10.68. Found C, 
60.94; H, 3.93; N, 10.24. 
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To the Editor: 

Single-component solid reactions are of several types: 
e.g., a solid can form a solid and a gas (type I) or a liquid 
and a gas (type 11). A type I reaction is exemplified by 
oxygen formation from permanganates, whereas the for- 
mation of liquid aniline and gaseous carbon dioxide from 
decarboxylation of p-aminobenzoic acid denotes a type I1 
reaction. This paper reports a type I1 reaction of a-phar- 
maceutical solid, 5-(tetradecyloxy)-2-furoic acid1, which 
is a novel hypolipidemic agent (1). 

Decarboxylation kinetics in the solid state have been 
reported (2-7), and several reported reactions (3,5,6) were 
type 11. This paper deals with carboxylic acid, RCOOH, 
where R = CliHrnO-(C4H20)- and where (C4H2O)- is a 
furan moiety. The compound decomposes uia the reaction 
shown in Scheme I, where RH is liquid in the temperature 
range studied; hence, the reaction is type 11. 

RCOOH -+ RH + COz 
Scheme I 

An apparatus such as the one described by Carstensen 

This a ent is known as RMI 14514 and was’supplied by R. A. Parker and M. 
A. Zoglio, herrell National Laboratories, Cincinnati, OH 45215. 

100- 

80 - 
ae 
i 
k 

60-  

v) 

2 8 40- 
w 
n 

20 - 

20 40 60 80 
HOURS 

Figure 1-Percent of parent compound decomposed as a function of 
time at 90°. 

and Musa (Fig. 6 of Ref. 3) was constructed for the studies 
a t  each temperature. The assembly was completely tight 
since it was fused by glass blowing and sealed under vac- 
uum (<0.1 pm Hg). The entire assembly was placed in a 
thermostated mineral oil bath or, for lower temperatures, 
in a water bath. The pressure evolution was followed as a 
function of time with a cathetometer2. All pertinent vol- 
umes were determined by water weight calibration. With 
knowledge of the volumes, the pressures were converted 
to moles of gas, thus yielding a decomposition versus time 
curve (Fig. 1). The gas evolution eventually accounted for 
100% decomposition. 

Model M-911, Gaertner Scientific Corp., Chicago, IL 60614. 
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decarboxylation of p-aminobenzoic acid denotes a type I1 
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Figure 2-Data from Fig. I treated accorking to Eq. 3 (A = 70). 

The data treatment (3-6) of the curve is as follows. If the 
amount is n moles and if there are x moles decomposed at  
time t ,  then x is present as liquid. If the solubility of parent 
compound in the liquid is S moles of RCOOHImole of RH, 
then the amount of solid present is n - x - Sx; the rate 
equation then is: 

dxldt = -k,(n - X - SX) - klSx (Eq. 1 )  

where k,? and kl are solid and liquid first-order rate con- 
stants, respectively. If the mole fraction X = x l n  is used 
in place of moles decomposed, the equation becomes: 

dXld t  = - k s ( l  - x - S X )  - k lSX (Eq. 2) 

By integration: 

In(1 + A X )  = - at (Eq. 3) 

where A = a/k,q and a = klS - ksS - k,. The value of A is 
found by iteration, and linearization according to Eq. 3 is 
shown in Fig. 2. Once all solid has disappeared, the model 
no longer holds and simply reverts to solution kinetics as 
pointed out by Carstensen and Musa (3).  

The values at  four temperatures are shown in Table I. 
The least-squares fit for the Arrhenius plot (Fig. 3) is: 

Ink, = (-38,65O/R)(l/T) + 46.25 (Eq. 4)  

with a correlation coefficient of -0.992. The activation 
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, 
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Figure 3-Arrhenius data of decomposition rate constants, k,, of the  
parent compound in the solid state (Table I ) .  

Table I-Parameter Values a t  Different Temperatures 

Temperature 10001T A" ab, hr-I hsc,  hr-I Ink, 

85" 2.792 28 0.0070 0.00025 -8.094 
9oo 2.754 70 0.0594 0.00085 -7.070 
950 2.716 110 0.116 0.00151 -6.496 

1010 2.673 175 0.571 0.00327 -5.723 

The A denotes the iteration constant in Eq. 3. The a denotes the slope of the 
line according to Eq. 3. The  k,% is the solid-state decomposition constant. 

energy for k ,  is high compared to usual solution kinetics 
(although within range) but is lower than that for, for in- 
stance, the solid-state decomposition of substituted ben- 
zoic (3) or salicylic (6) acids. Solid-state activation energies 
are extremely high (3-7, 9-13). When they are wholly 
dictated by physical propagation (type I), the energy of 
activation supersedes the normal range for solution ki- 
netics by a factor of two to three. Type I1 reactions usually 
have intermediate activation energies. 
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To the Editor: 
Fulcrand et al. (1) recently analyzed a series of mono- 

amine oxidase inhibitors and found good correlations be- 
tween pIw values and electronic and steric parameters for 
24 compounds. The methods of Hansch et al. (2) and Free 
and Wilson (3), as employed by Fulcrand et al. (l), were 
equally successful in correlating physical properties with 
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Figure 2-Data from Fig. I treated accorking to Eq. 3 (A = 70). 
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Table I-Hydrazide Monoamine Oxidase Inhibitors Rs 
Compound E 

H H H H H -0.4310 5.42 
5.60 -0.4425 

I 
11 Cl H H H H 

111 
IV 
V 

VI 
VIT 

H 
H 
CH3 
H 
H 

H c1 
H 
H 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

H 
H 
H 
H 
H 

-0.4368 5.40 
-0.4433 5.96 
-0.4390 5.54 
-0.4333 5.05 
-0.4355 5.40 
-0.4365 5.62 
-0.4365 5.42 

H CH(CH3)z -0.4353 5.52 
CH(CH3)z -0.4125 5.00 

-0.4148 5.16 
CH3 

CH(CH3)z 
-0.4118 4.96 

CH3 

-~~ xv H H H CH3 CHj CHiCHjji -0.4025 4.34 
CH3 CH(CH3)z -0.4133 4.80 

-0.4115 4.90 
-0.4232 5.82 

XVI H H c1 CH3 
XVII H CHs H H CH3 CH(CH3)z 

XVllT H H H H H GH.5 ~~ _. . _ _ _  _. 
XIX H H c1 H H CiHi -0.4262 6.00 
xx U U H H H -0.4448 6.14 _ _  

H 
H 

_ _ _ _  
XXI i-i 

XXII H 
XXIII H H 
XXIV H H H H -0.4560 6.96 

the activity of the molecules whose structures are shown 
in Table I. Electronic effects, reflected in polarographic 
half-wave potentials, and steric effects were the most im- 
portant parameters examined in the correlations. It was 
concluded that the m-onoamine oxidase,inhibitory activity 
of the series was due to the hydrazide group, which could 
form an unstable diazene with the monoamine oxidase 
flavine coenzyme before rearrangement to bind on the 
enzyme. 

An alternative approach to determining structure- 
activity relationships and to improving the understanding 
of the mechanism of action of a series of compounds 
evolved from the work of Kier and Hall (4,5) and has been 
used extensively in structure-activity analyses (6-8). This 
approach, the molecular connectivity method, has its roots 
in the topology of the molecules, from which a set of in- 
dexes may be calculated. These indexes encode molecular 
structural information into the regression analysis. The 
indexes may be used alone or in conjunction with other 
physical parameters to discover correlations concerning 
biological or chemical activity within a series of mole- 
cules. 

Molecular connectivity indexes were calculated for the 
monoamine oxidase inhibitors of Fulcrand et al. (1). Linear 
regression analysis by computer search for the three 
variables that gave the best correlation with activity as 
monoamine oxidase inhibitors yielded: 

(Eq. 1) 

where E represents the half-wave potential; the other in- 
dexes calculated for the molecules were shown previously 
(4). This equation clearly indicates that electronic effects 
contribute to the monoamine oxidase inhibitor activity of 
the hydrazides, in agreement with Fulcrand et al. (1). The 
2x index gives weight to structural features of two-bond 
lengths in the molecules, whereas the 3 x i  index represents 
three-bond path lengths within the molecules and also 

PISO = -5.2 - 29E - 0.82 *X + 1.8 3 ~ :  
n = 24 r = 0.941 s =0.201 F = 52 

emphasizes the importance of the heteroatoms in the 
substituents. 

To gain further insight into structural influences on the 
interaction between the inhibitors and the active enzyme 
site, regression analyses were run on a subseries of mole- 
cules formed by the deletion of certain substituent groups. 
In particular, the nitrogen substituent (RG) was kept 
constant with the isopropyl group to determine if this 
substituent was governing the inhibitory potency. This 
subset of 17 molecules correlates with ~ 1 5 0 :  

(Eq. 2) 
pI50 = -4.1 + 0.59 O x 2  - 0.94 *x - 23E 
n = 17 r=0.951 s =0.134 F = 4 1  

Again, E and 2x emerge as significant parameters, but 
"Xf: is replaced by Ox". However, this new valency chi index 
retains an indication of a contribution of heteroatoms in 
the substituents to activity. If the R4 and R5 substituents 
are limited to hydrogen while R6 is kept as isopropyl, then 
only 10 molecules remain and the correlation is: 

(Eq. 3) 
pIS0 = - 34 - 94E - 2.6 4x:c 

n. = 10 r =0.923 s =0.100 F = 20 

Electronic effects again contribute to the relationship. The 
4xi, index relates well to systems where ring substitutions 
have been made and indicates that monoamine oxidase 
inhibitor activity of the hydrazides is related to the ring 
in some fashion, perhaps indirectly through its effects on 
the neighboring ether linkage. A further argument can be 
made for this point if all substituents from R1 through R5 
are restricted to hydrogen and Rg is varied. Only four 
molecules remain in the set, but there is no hint of corre- 
lation with electronic or chi parameters to the monoamine 
oxidase inhibitor activity. 

Although the Re substituents certainly must affect the 
hydrazide, these observations would clearly argue against 
the hydrazide moiety as the sole contributor to biological 
activity. Therefore, it may be concluded that monoamine 
oxidase inhibitor activity of these hydrazides depends 
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largely on the nature of the ring substitution as well as on 
the half-wave reduction potential of the ring, its substit- 
uents, or the ether oxygen. 
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To the Editor: 
A method for the determination of the cutaneous met- 

abolic rate constant for vidarabine (I) from a rotating-disk 
diffusion model was reported recently by Leung and Ando 
(1). They calculated the enzyme rate constant from the 
observed flux using: 

where k, is the first-order enzyme rate constant, C A ( ~ )  
is the initial substrate concentration, FA is the flux of the 
substrate in the system, h is the aqueous diffusion layer 
thickness, D a q ~  is the aqueous diffusion coefficient, and’ 
m is the membrane thickness. Equation 1 was derived from 
Eq, 25 of a previous publication by Ando et al. ( 2 )  by tak- 
ing the limit of I9 - 0 such that tanh 8 - 8: 

1 
- = C1 tanh Km 
K 

where: 

(Eq. 2) 

and DA is the diffusion coefficient of the substrate for the 
cutaneous tissue. 

0 1 2 3 4 5 6 
CONCENTRATION, rM 

Figure 1-Plot of flux versus substrate concentration. The slope of the 
linear regression line is 3.11 X ern-* sec-l (r  = 0.9997). 

The k, of the deaminase enzyme in guinea pig epider- 
mis was calculated to be 0.156 sec-’, which contradicts the 
8 - 0 assumption by giving 8 values of 0.25 and 24.9 for DA 
values of 1.0 X 10-5 and 1.0 X 10-9 cm2/sec, respectively. 
Obviously, the validity of Eq. 1 is questionable when DA 
is smaller than 1.0 X 10-5 cm2/sec. Strictly speaking, the 
8 - 0 assumption should never be valid because it leads 
to either DA - 0 3 ,  i e . ,  no diffusional barrier exists, or rn - 0, i.e., no membrane exists, since k, is finite. In neither 
case will the simultaneous diffusion and metabolism theory 

Table I-Fluxes a of 1 at Different Concentrations 

Concentration, Flux, Mean Flux 
UM Wcm2 min %/cmz min uMlcm‘ sec 

7.61 x 10-5 

0.50 1.888 1.283 1.07 x 10-4 

0.25 1.630 1.826 
1.956 
1.892 

n.iw 

0.75 
1.164 
1.662 
1.713 

1.679 2.10 x 10-4 

600.0 

1.787 
2.144 
0.388 
0.399 

0.378 3.78 x 10-2 

0.346 

a Ne ative signs for all flux values, which indicate directions of the fluxes, are 
omittei in this table. 
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apply. It would be a surprise if the calculation of k, did not 
require a DA value, as in the use of Eq. 1, since the model 
is based on the simultaneous diffusion and metabolism 
process. 

The correct estimation of k, can be drawn only from Eq. 
2. From Eq. 2, one expects FA to be a linear function of 
CA ( h )  for a given membrane. Figure 1 shows a plot of FA 
uersus CA (h). The data were taken from Table I11 of Leung 
and Ando’s report (1) with a column added to list the mean 
fluxes in micromolar per square centimeter per second 
(Table I). With Eq. 2, the reciprocal of the slope of the line 
in Fig. 1 gives k, values of 0.207, 1.148, 11.48, and 114.8 
sec-l for DA values of and cm2/sec, 
respectively. 

(1) L. C. Leung and H. Y. Ando, J.  Pharrn. Sci., 68,571 (1979). 
(2) H. Y. Ando, N. F. Ho, and W. I. Higuchi, ibid., 66.1525 (1977). 
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To the Editor: 
Dr. Yu’s communication (1) refers critically to the report 

of Leung and Ando (2); the basis for this criticism evidently 
stems from some of his recent research (3). 

It appears from Dr. Yu’s communication (1) that this 
research was based on a model derived by Ando et al. (4). 
One must assume that Dr. Yu used this model to measure 
k, for the same enzymk and for the same drug as in the 
paper of Leung and Ando (2). The methodology is not 
stated; however, it is a good assumption that he used a 
diffusion cell similar to that used by Ando et al. (4) instead 
of the rotating disk in our system. It will be assumed that 
the D A  values for the epidermis that Dr. Yu cites for 
hairless mice skin were obtained after removal of the 
stratum corneum. 

The basis of Dr. Yu’s criticism is our interpretation of 
Eq. 25 of the model (4). His Eq. 2 is a rearrangement of this 
equation. In my comments, I shall show that Dr. Yu made 
two classical errors. First, he applied a model verbatim 
without due cognizance of the stated limitations of the 
model. Second, he made inappropriate comparisons. 

The basic equation Dr. Yu disagrees with is Eq. 1 in his 
communication. We arrived at this equation by taking the 
limit of tanh 8 - 0. The basic validity of this approxima- 
tion is evident from the nature of the power series expan- 
sion for tanh 8 (5): 

O3 2 17 
3 15 315 

tanh 0 = 0 - -+ - 0 5  - -07 

+...  (Eq. 1) 

where 181 < n/2 and Bzn-l are Bernoulli’s numbers. The 
approximation of: 

tanhe = 0 (Eq. 2) 

as 8 - 0 is one of the most common forms of linearization. 
The basis for this approximation is that as 8 becomes small, 
O3 decreases much more‘rapidly. For this reason, in the 
simple pendulum (6,7): 

F = mg sin 0 

can be replaced by: 

for small 8 since (5): 
F = -mg0 

03 e5 07 sin 0 = 0 - - + - - - + 
3! 5! 7! 

(Eq. 3) 

Using this approximation, 8 X tanh 6, of Dr. Yu’s Eq. 2 
becomes: 

(Eq. 6) 0 x tanh 0 = 02 - -+ -06 - -0s + . . . 
In Table I, we show the percent error in using O2 instead 
of 8 X tanh 8 computed from the first four terms of the 
series. Although O2 always overestimates 8 X tanh 8, values 
of 8 > 0.75 are reasonable considering that the biological 
variability in determining the skin thickness in unmatched 
guinea pigs has a standard deviation of 18% for eight or 
more animals (8). Note also that 8 = 0.11 gives a 0.0% 
error. 

The major thrust of Dr. Yu’s criticism is that he believes 
that DA must be measured to determine the linear meta- 
bolic rate constant, k,. Current methodology, including 
Dr. Yu’s, does not justify this degree of refinement. He is, 
as I have stated before, applying the model verbatim 
without due cognizance of the stated limitations of the 
model. In the model that I derived (4), the skin was envi- 
sioned as a two-ply laminate composed of the relatively 
impermeable stratum corneum and the viable epidermis. 
The distribution of enzymes in the epidermis was assumed 
to be homogeneous. A caveat was given: “The epidermis 
contains most of the catabolic enzymes that render the 
drug inactive by metabolism, but it is not clear how the 
distribution of catabolic enzymes might vary with epi- 
dermal depth. Presumably, one would expect a gradual 
increase in metabolic activity as the basal epithelial layer 
is approached from the stratum corneum.”As we shall see, 
the distribution of the enzyme adenosine deaminase, the 
most likely catabolic enzyme responsible for the metabo- 
lism of 9-P-D-arabinofuranosylhypoxanthine (I), is not 
homogeneous; apparently, there is not even a gradual 
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Table I-Approximation of 0 X tanh 0 by O2 and Percent Error 

Percent 
e 02 8*/3 2(d6/15) 17(f18/315) 8 X tanh 8 Error 

0.90 0.8100 0.2903 0.0708 0.0232 0.5673 42.8 . . - . - . . . . -. . - . . . . . . 

0.75 0.5625 0.1054 0.0237 0.0054 0.4754 18.3 
0.71 0.5041 0.0847 0.0171 0.0035 0.4330 16.4 
0.50 0.2500 0.0208 0.0020 0.0002 0.2310 8.2 
0.25 0.0625 0.0013 0 0 0.0612 2.1 
0.18 0.0324 0.0003 0 0 0.0327 0.9 
0.11 0.0121 0 0 0 0.0121 0.0 
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apply. It would be a surprise if the calculation of k, did not 
require a DA value, as in the use of Eq. 1, since the model 
is based on the simultaneous diffusion and metabolism 
process. 

The correct estimation of k, can be drawn only from Eq. 
2. From Eq. 2, one expects FA to be a linear function of 
CA ( h )  for a given membrane. Figure 1 shows a plot of FA 
uersus CA (h). The data were taken from Table I11 of Leung 
and Ando’s report (1) with a column added to list the mean 
fluxes in micromolar per square centimeter per second 
(Table I). With Eq. 2, the reciprocal of the slope of the line 
in Fig. 1 gives k, values of 0.207, 1.148, 11.48, and 114.8 
sec-l for DA values of and cm2/sec, 
respectively. 

(1) L. C. Leung and H. Y. Ando, J.  Pharrn. Sci., 68,571 (1979). 
(2) H. Y. Ando, N. F. Ho, and W. I. Higuchi, ibid., 66.1525 (1977). 
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To the Editor: 
Dr. Yu’s communication (1) refers critically to the report 

of Leung and Ando (2); the basis for this criticism evidently 
stems from some of his recent research (3). 

It appears from Dr. Yu’s communication (1) that this 
research was based on a model derived by Ando et al. (4). 
One must assume that Dr. Yu used this model to measure 
k, for the same enzymk and for the same drug as in the 
paper of Leung and Ando (2). The methodology is not 
stated; however, it is a good assumption that he used a 
diffusion cell similar to that used by Ando et al. (4) instead 
of the rotating disk in our system. It will be assumed that 
the D A  values for the epidermis that Dr. Yu cites for 
hairless mice skin were obtained after removal of the 
stratum corneum. 

The basis of Dr. Yu’s criticism is our interpretation of 
Eq. 25 of the model (4). His Eq. 2 is a rearrangement of this 
equation. In my comments, I shall show that Dr. Yu made 
two classical errors. First, he applied a model verbatim 
without due cognizance of the stated limitations of the 
model. Second, he made inappropriate comparisons. 

The basic equation Dr. Yu disagrees with is Eq. 1 in his 
communication. We arrived at this equation by taking the 
limit of tanh 8 - 0. The basic validity of this approxima- 
tion is evident from the nature of the power series expan- 
sion for tanh 8 (5): 

O3 2 17 
3 15 315 

tanh 0 = 0 - -+ - 0 5  - -07 

+...  (Eq. 1) 
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F = -mg0 

03 e5 07 sin 0 = 0 - - + - - - + 
3! 5! 7! 

(Eq. 3) 
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(Eq. 6) 0 x tanh 0 = 02 - -+ -06 - -0s + . . . 
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model. In the model that I derived (4), the skin was envi- 
sioned as a two-ply laminate composed of the relatively 
impermeable stratum corneum and the viable epidermis. 
The distribution of enzymes in the epidermis was assumed 
to be homogeneous. A caveat was given: “The epidermis 
contains most of the catabolic enzymes that render the 
drug inactive by metabolism, but it is not clear how the 
distribution of catabolic enzymes might vary with epi- 
dermal depth. Presumably, one would expect a gradual 
increase in metabolic activity as the basal epithelial layer 
is approached from the stratum corneum.”As we shall see, 
the distribution of the enzyme adenosine deaminase, the 
most likely catabolic enzyme responsible for the metabo- 
lism of 9-P-D-arabinofuranosylhypoxanthine (I), is not 
homogeneous; apparently, there is not even a gradual 
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distribution of the enzyme from the stratum corneum to 
the basal layer. 

Adenosine deaminase is a salvage pathway enzyme in 
the skin (9) and converts the purine nucleoside adenosine 
to inosine. This intermediate may be degraded or possibly 
converted by other salvage pathway enzymes in the skin 
into guanosine (10). These salvage pathways permit re- 
utilization of purines and may be necessary since the 
continuous cellular renewal occurring in the epidermis 
requires active synthesis and breakdown of nucleic acids. 
Indeed, the absence of effective salvage pathways for the 
reutilization of inosine forms the biochemical basis for 
some inherited disorders (11,12). Similar salvage pathways 
exist for the synthesis of pyrimidines in the skin (13, 
14). 

With respect to Dr. Yu’s comments, there is every reason 
to believe that there is not a homogeneous or even a grad- 
ual distribution of the enzyme adenosine deaminase in the 
skin; rather, there is every reason to believe that the en- 
zyme resides exclusively in the basal layer of the epidermis. 
The basal layer of the epidermis can be separated from the 
upper differentiated spinous and granular layers (15). 
Studies with these cells have shown that only the basal cells 
have proliferative capabilities and that only the basal cells 
can be used to establish successful primary cultures. Ir- 
reversible changes in the spinous and granular cells of the 
upper epidermal layers probably are responsible for the 
absence of mitosis in these cells. A concomitant change 
with this loss of mitotic ability in the upper epidermal layer 
is the complete loss of salvage pathway pyrimidine en- 
zymes (16). Only the basal cells have these enzymes. For 
this reason, only the basal cells probably contain the purine 
salvage enzyme, adenosine deaminase. 

Studies have shown that the basal cells incorporate 
thymidine 205-fold faster than do the upper epidermal 
cells in the spinous and granular layers (16). This obser- 
vation raises serious questions as to the utility of measuring 
the epidermal diffusion coefficient, DA-, for the entire ep- 
idermis, as Dr. Yu evidently has done. The fact that the 
diffusion coefficient for a drug would be much slower in the 
spinous and granular layers is reasonable from consider- 
ations of epidermal differentiation. Basal cells would be 
expected to be the most permeable because they are the 
only cells undergoing mitosis. Essential nutrients must 
permeate these cells from the dermal capillaries. For this 
reason, one would suppose that the diffusion coefficient 
of the basal cells would be on the order of the diffusion 
coefficient of the dermis. In this way, nutrient transport 
would be optimized. The diffusion coefficient of the dif- 
ferentiating spinous and granular layer cells of the upper 
epidermis should be intermediate between that of the 
basal cells and that of the very impermeable stratum cor- 
neum. 

Further support for a faster diffusion coefficient for the 
basal cells is evident from a comparison of the unesterified 
cholesterol content (with respect to total lipid) of the ep- 
idermal cells (17): basal cells, 8.4 f 0.3; granular cells, 18.0 
f 2.6; and stratum corneum, 23 f 4.7. Since unesterified 
cholesterol is found primarily in the plasma membrane of 
these cells (18) and since levels of unesterified cholesterol 
and sphingomyelin render membranes more lipophilic, less 
permeable, and less easily degraded (19), one might jus- 
tifiably conclude that the basal cells are much more per- 

meable than the spinous and granular cells. 
With these facts on hand, let us examine Dr. Yu’s criti- 

cisms. Dr. Yu assumed DA values of 1.0 X 10-5 and 1.0 X 
lod9 cm2/sec and, using the value for the membrane 
thickness that we used, 20.85 X cm, and our value of 
k,, he computed 0 values of 0.25 and 24.9, respectively. He 
claims that this result contradicts our B - 0 assumption. 
This is not true. Dr. Yu is making an inappropriate com- 
parison. We viewed the epidermal layer as a whole and felt 
that it would be pedantic to try to define the model any 
further experimentally because of the inherent limitations 
of the model. The distribution of the enzyme, adenosine 
deaminase, is not homogeneous throughout the epidermal 
layer but rather resides exclusively in the basal cell 
layer. 

Furthermore, a determination Of DA for the entire epi- 
dermis, exclusive of the stratum corneum, as Dr. Yu evi. 
dently has done experimentally, is equally pedantic and 
misleading. As we have shown, the diffusion coefficient of 
the basal cell layer where the enzyme almost exclusively 
resides is most likely on the order of the diffusion coeffi- 
cient of the dermis and not the epidermis as a whole. 
Therefore, determination of DA for the entire epidermis 
as Dr. Yu has done is in error, because DA is defined as the 
diffusion coefficient in the region of a homogeneous en- 
zyme distribution. 

Dr. Yu also questions the validity of our approximation 
since the 0 - 0 assumption, strictly speaking according to 
him, implies that either DA - a, i.e., no diffusional barrier 
exists, or it4 - 0, i.e., no membrane exists. This conclusion 
is incorrect; as shown in Table I, the error in our approxi- 
mation is less than 0.0% for a value of 8 = 0.11. It is not 
necessary for the 0 value to equal 0 for this accuracy. 
Therefore, one would never reach Dr. Yu’s conclusion. 
Moreover, the condition 0 - 0 does not necessarily mean 
that either DA - QO or M - 0. In real skin, all of these 
variables change because real skin is not homogeneous. If 
we chose to make a Yu-type computation of 0,  a more ap- 
propriate calculation would be based on the evidence I 
have presented. The thickness of guinea pig epidermis has 
been determined from the upper border of the stratum 
granulosum to the lower border of the basal cell layer (8). 
This measurement included one basal cell layer, one or two 
spinous cell layers, and one to three granular cell layers or 
a range of three to six cell layers (20,21). If we take the 
number of cell layers to be four and divide the number of 
cell layers into the thickness of the epidermis, 20.85 pm 
(SE 0.40, n = 39), we obtain an approximate thickness for 
the basal cell layer of 5.21 pm. Since we have argued that 
this layer is the only one containing the enzyme adenosine 
deaminase and that the diffusion coefficient in this layer 
would be very close to the dermis, we can calculate B using 
Dr. Yu’s value for DA for the dermis of 1.34 X cm2/sec 
from: 

This calculation yields a 0 value of 0.178. From Table I, we 
see that a 0 of 1.8 will only produce an error of 0.90. We can 
even improve on this result. In the previous calculation, 
we used the reported k, value of 0.156 cm-l, which was 
based on a membrane thickness of 20.85 pm. If k, is re- 
computed based on a membrane thickness of 5.21 pm, then 
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0 0 0 
x 19 = 0.039. The approximation that we have made then 

gives an error of 0.05%. - - - 
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Elimination of Tablet Air Entrapment 
Using USP 1 Rotating-Basket 
Dissolution Apparatus 
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To the Editor: 
Dissolution testing using the USP 1 rotating-basket 

apparatus (1) is subject to variability due to an artifact of 
the method. For certain dosage forms, this artifact results 
in entrapment of the test specimen in an air bubble at the 
top of the basket assembly. This air bubble is entrapped 
if the 2-mm vent hole in the top of the basket assembly is 
blocked by the tablet as the assembly is lowered into the 
dissolution fluid or if the bubble is positioned elsewhere 
on the top of the assembly and does not migrate toward the 
vent. 

Since the rim around the detachable part of the basket 

Figure 1-Conical head design ( A ) ,  extended head design ( B ) ,  and 
conoentional head design ( C ) .  

protrudes below the top of the assembly by about 3 mm, 
a dead space is available to prevent the bubble from mi- 
grating out of the basket a t  the edge (Fig. 1C). When a 
tablet is entrapped in this way, the apparent dissolution 
rate is very low and the dissolution run is invalid. 

It was noted in our laboratories that this air entrapment 
occurred occasionally during dissolution tests on the 
nondisintegrating USP dissolution calibrator salicylic acid 
300-mg tablet. A basket top was fabricated to eliminate the 
dead space around the basket rim (Fig. lB), and this sim- 
ple modification essentially eliminated the problem. 
However, the problem recurred during testing of an ex- 
perimental film-coated tablet. For the film-coated tablets, 
the problem was so severe that several runs were needed 
to obtain valid six-tablet results. Use of the modified de- 
sign (Fig. 1B) did not totally eliminate the problem. 

To circumvent air entrapment with the film-coated 
tablets, the top of the basket assembly was modified fur- 
ther by fabricating a slight conical shape such that the 
center protrudes about 1 mm below the edge. This shape 
imparts enough of a slope to permit an entrapped bubble 
to escape and to allow the tablet to return to the bottom 
of the basket (Fig. 1A). The improvement is dramatic. For 
example, in one series of six-tablet runs, seven of 18 USP 
salicylic acid calibrators were air entrapped with the con- 
ventional head while the conical head design completely 
eliminated the problem. For the experimental film-coated 
tablets, 10 of 18 tablets were air entrapped with the con- 
ventional head but only one of 18 was air entrapped with 
the conical head design. 

The conical head modification of the basket top design 
(Fig. 1A) may be of sufficient utility to warrant general use. 
I t  is not inconsistent with the present apparatus descrip- 
tion (1); however, it may be advantageous to define ex- 
plicitly the dimensions in the USP to permit its use. 

(1) “Fifth Supplement to USP XIX and NF XIV,” United States 
Pharmacopeial Convention, Rockville, Md., 1979, pp. 221,222. 
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the method. For certain dosage forms, this artifact results 
in entrapment of the test specimen in an air bubble at the 
top of the basket assembly. This air bubble is entrapped 
if the 2-mm vent hole in the top of the basket assembly is 
blocked by the tablet as the assembly is lowered into the 
dissolution fluid or if the bubble is positioned elsewhere 
on the top of the assembly and does not migrate toward the 
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Since the rim around the detachable part of the basket 
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protrudes below the top of the assembly by about 3 mm, 
a dead space is available to prevent the bubble from mi- 
grating out of the basket a t  the edge (Fig. 1C). When a 
tablet is entrapped in this way, the apparent dissolution 
rate is very low and the dissolution run is invalid. 

It was noted in our laboratories that this air entrapment 
occurred occasionally during dissolution tests on the 
nondisintegrating USP dissolution calibrator salicylic acid 
300-mg tablet. A basket top was fabricated to eliminate the 
dead space around the basket rim (Fig. lB), and this sim- 
ple modification essentially eliminated the problem. 
However, the problem recurred during testing of an ex- 
perimental film-coated tablet. For the film-coated tablets, 
the problem was so severe that several runs were needed 
to obtain valid six-tablet results. Use of the modified de- 
sign (Fig. 1B) did not totally eliminate the problem. 

To circumvent air entrapment with the film-coated 
tablets, the top of the basket assembly was modified fur- 
ther by fabricating a slight conical shape such that the 
center protrudes about 1 mm below the edge. This shape 
imparts enough of a slope to permit an entrapped bubble 
to escape and to allow the tablet to return to the bottom 
of the basket (Fig. 1A). The improvement is dramatic. For 
example, in one series of six-tablet runs, seven of 18 USP 
salicylic acid calibrators were air entrapped with the con- 
ventional head while the conical head design completely 
eliminated the problem. For the experimental film-coated 
tablets, 10 of 18 tablets were air entrapped with the con- 
ventional head but only one of 18 was air entrapped with 
the conical head design. 

The conical head modification of the basket top design 
(Fig. 1A) may be of sufficient utility to warrant general use. 
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REVIEWS 

Handbook of Aerosol Technology, 2nd Ed. By P. A. SANDERS. Van 
Nostrand Reinhold Co., 135 W. 50th St., New York, NY 10020.1979. 
526 pp. 15 X 25 cm. Price $27.50 
This book is an updated version of “Principles of Aerosol Technology,” 

which was published in 1970. It has become available a t  a time when the 
aerosol industry has completed the changeover from the predominant 
use of fluorocarbons as the propellant to other alternative propellant 
systems. The “Handbook of Aerosol Technology” is the first book that 
considers the development of aerosols in the light of the restrictions 
placed on the use of fluorocarbons as propellants. 

The text is divided into three major sections: homogeneous systems 
and their properties; emulsions, foams, and suspensions; and miscella- 
neous. While Dr. Sanders is the major author, five chapters were written 
by several of his former associates from the Freon Products Division of 
Du Pont, and much of the new experimental data presented was devel- 
oped at Du Pont. 

Chapters 3 and 4 will be particularly valuable to the experienced aerosol 
chemist in that the use of the fluorocarbon and hydrocarbon propellants 
for aerosol products is discussed in light of the restricted use of fluoro- 
carbon propellants. The chapters include all of the necessary physico- 
chemical data of value to those formulating aerosol products. While the 
author includes much information about the fluorocarbon propellants, 
these propellants can be used only for inhalation-type aerosol products 
that are covered by a New Drug Application and for an extremely limited 
number of vaginal foams. 

The chapters on containers and valves have been updated and supply 
the reader with the required knowledge of these components. The chapter 
on filling methods is adequate but should have included greater details 
about the filling of products utilizing hydrocarbon propellants. Since the 
hydrocarbon propellants are flammable, they must be handled differently 
from the fluorocarbons. A thorough discussion of vapor pressure, spray 
characteristics, solvency, viscosity, and density is presented. Much of the 
data in these chapters deal with fluorocarbons and are of limited value 
based on present regulations. However, data are given for other fluoro- 
carbons such as fluorocarbon 22, which may be approved for use in the 
future. 

The chapter on stability is especially well written and includes the 
various test methods used to determine the stability of aerosols. Since 
aerosols now utilize a hydrocarbon propellant, the chapter concerned with 
flammability is essential. Dr. Sanders also indicates the various regula- 
tions involved. 

Section I1 deals with emulsions, foams, and suspensions. The basic 
aspect of emulsion technology is covered, and much research data of 
tremendous value to the formulating chemist are supplied. Both aqueous 
and nonaqueous foams and other systems are discussed, which should 
interest developers of pharmaceutical aerosol dosage foams. This section 
alone is worth more than the cost of the book. The material presented 
is of value to anyone interested in surface chemistry and emulsions, not 
only to those interested in aerosols. 

Section I11 concerns fluorocarbons in the atmosphere and technical 
programs in the atmospheric sciences. These chapters are of limited value 
but present the concerns of various organizations as to the use of fluo- 
rocarbons as propellants. However, the final chapters dealing with the 
sampling and analysis of aerosol products and the toxicity of fluoro- 
carbon propellants are related to the development of these products and 
are of interest. 

This book is recommended for use by both the experienced and the 
newcomer and should be part of the required library of all laborato- 
ries. 

Reviewed by John J. Sciarra 
Arnold & Marie Schwartz College of 

Pharmacy and Health Sciences 
of Long Island University 

Brooklyn, N Y  11201 

Alicyclic Chemistry, Vol. 6. (A Specialist Periodical Report). Edited 
by M. A. McKERVEY et al. The Chemical Society. 1978.357 pp. 13 
X 22 cm. Price $56.00. (Available from Special Issues Sales, American 
Chemical Society, 1155 16th St., N.W., Washington, DC 20036.) 
This sixth volume of an annual series is devoted to a summary of the 

literature of 1976 describing the chemistry of alicyclic compounds. Each 
chapter is devoted to a different alicyclic system, beginning in Chapter 
1 with three-membered rings and progressing through four-, five-, and 
six-membered ring systems in subsequent chapters. The last two chapters 
in the book deal with surveys of literature describing the chemistry of 
medium- and large-ring compounds and bridged carbocyclic com- 
pounds. 

Each chapter contains summaries of the literature dealing with 
structural studies of the various alicyclic systems including both molec- 
ular orbital and spectroscopic investigations. The literature of 1976 de- 
scribing conformational aspects of a variety of alicyclic systems also is 
summarized in the appropriate chapters. In addition, reports of novel 
syntheses and chemical reactions of the various alicyclic systems are 
provided. 

Each chapter is well illustrated with structural and chemical formulas. 
The literature citations are provided conveniently on the same page as 
the text material. While this book does not have a subject index, a useful 
author index is included. 

Volume 6 of “Alicyclic Chemistry” would be a useful addition to the 
personal library of chemists and spectroscopists interested in having a 
concise and thorough review of the literature (of 1976) in this area. 
Natural products chemists should find this publication useful in terms 
of an annual review of the chemistry of a variety of alicyclic compounds 
of natural origin. It is refreshing to note that the current volume of this 
series sells for the same price as Volume 5. 

Reviewed by Thomas N. Riley 
Department of Medicinal Chemistry 
University of Mississippi 
University, MS 38677 

Forensic Toxicology: Controlled Substances and Dangerous Drugs. 
By W. T. LOWRY and J. C. GARRIOTT. Plenum Press, 227 W. 17th 
St., New York, NY 10011. 1979. xvii + 445 pp. 15 X 23 cm. Price 
$37.50. 
A retrieval of archival data organized in alphabetical order is the 

purpose of this new hard-covered book. After eight introductory and 
explanatory chapters comprising 116 pages, the book covers information 
in monograph form. For each drug entity, which includes both American 
and foreign manufacturers, the structural formula is presented along with 
its synonyms, chemical name, trade name, pharmacological classification, 
hitxhemical consideration, toxicity data with blood levels, when available, 
and even some pharmacognosy data where applicable. In addition, each 
drug is boldly classified as: (a) noncontrolled, ( b )  dangerous, or ( c )  
scheduled with the specific schedule. 

The title is mifileading in that one does not find classical forensic tox- 
icology, but the authors did not intend it to be a forensic toxicology text. 
Apparently, the authors used the title for lack of a better description. It 
is a reference book intended for attorneys, toxicologists, or chemists who 
need legal, chemical, and toxicity information on various drugs. 

For pharmacists who know the drug laws, the introductory chapters 
are of little value. The first seven chapters, covering some 100 pages, in- 
clude definitions and explanations of pharmaceutical dosage forms (from 
aerosols to tinctures) and scheduled, legend, excluded, and excepted 
substances. Chapter 4 deals specifically with the regulation of controlled 
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aerosol industry has completed the changeover from the predominant 
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substances and includes a copy of the Drug Enforcement Administration 
form for registration under the Controlled Substances Act of 1970. It also 
includes general information known to all practicing pharmacists con- 
cerning security requirements, order forms, etc.  

Chapter 6 gives the requirements for exception of a preparation from 
all or part of the Act. This information is followed by 21 pages of alpha- 
betically listed drug preparations indicating which are excepted. For some 
preparations, an indication is given that none is excepted. Chapter 5 (3 
pages long) lists preparations that are excluded from any schedule and 
that can be sold over the counter, such as Vicks Inhaler which contains 
L-methamphetamine (L-desoxyephedrine). Some of these items are ex- 
cluded from the Act only in a given preparation; L-methamphetamine 
is a Schedule I1 substance but is excluded only in a preparation like Vicks 
Inhaler. 

Chapter 8 deals with the analytical techniques used for drug identifi- 
cation and serves only to familiarize the reader with the names of the 
techniques and with what might be accomplished by a chemist using the 
instrument or technique. 

Chapter 9 is the bulk of the book and deviates from the subtitle because 
it includes controlled and noncontrolled substances. The implication from 
the title of Chapter 9 is that commonly abused substances are included. 
However, many listings do not constitute abused drugs; misused but not 
ahused! For example, the noncontrolled substances acetaminophen, ac- 
etanilide, lactose, and salicylate are included. The information supplied 
is useful from a clinical or forensic view point. 

During the 1st week that I had the book, I referred to it twice and both 
times I found the data and/or information I needed on a specific drug. 
The book is useful in my work; the same may not be true for the com- 
munity or hospital pharmacist. 

Reoiewed by  Charles L. Winek 
Duquesne University 
Pittsburgh, P A  15219 

Encyclopaedia of Antibiotics, 2nd Ed. By JOHN S. GLASBY. Wiley, 
One Wiley Drive, Somerset, NJ 08873.1979.467 pp. 18 X 26 cm. Price 
$60.00. 
The second edition has been expanded to include over 400 new anti- 

Iiotics which have been discovered since publication of the first edition. 
As in the previous. edition, formulas, structures, melting points, origin, 
methods of purification and preparation, and patent references are given 
for the antibiotics. Toxicity and activity are indicated for many of the 
antibiotics. This book would be a valuable reference source for scientists 
and students working with antibiotics. 

Staff Reoiew 

The Family Prescription Bt Medication Guide. By ALBERT M. 
PAWLINA. Prentice-Hall, Englewood Cliffs, NJ  07632. 1979. 367 pp. 
15 X 21 cm. Price $13.95 hard cover, $6.95 soft cover. 
This nontechnical book is intended to guide the individual patient on 

appropriate drug use. The first section lists alphabetically about 250 
commonly used drugs and summarizes their brand names, medical use, 
and possible side effecta. An alphabetical arrangement of both generic 
and brand names, identifying the manufacturers and components of each 
product, follows. Common medical and pharmaceutical terms are defined 
in the third section. The Appendix tables list some common and serious 
food-drug and drug-drug interactions. 

Staf f  Reoiew 
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MARY ANNE KODA-KIMBLE, LLOYD Y. YOUNG, and S. 
KATCHER. Applied Therapeutics Inc., P.O. Box 31-747, San Fran- 
cisco, CA 94131. 1978.944 pp. 20 X 26 cm. Price $31.50. 

Molecular Structure by Diffraction Methods. Vol. 6. By L. E. SUTTON 
et al. The Chemical Society. 1979. 338 pp. 13 X 22 cm. Price $72.50. 
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Washington, DC 20036.) 
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substances and includes a copy of the Drug Enforcement Administration 
form for registration under the Controlled Substances Act of 1970. It also 
includes general information known to all practicing pharmacists con- 
cerning security requirements, order forms, etc.  

Chapter 6 gives the requirements for exception of a preparation from 
all or part of the Act. This information is followed by 21 pages of alpha- 
betically listed drug preparations indicating which are excepted. For some 
preparations, an indication is given that none is excepted. Chapter 5 (3 
pages long) lists preparations that are excluded from any schedule and 
that can be sold over the counter, such as Vicks Inhaler which contains 
L-methamphetamine (L-desoxyephedrine). Some of these items are ex- 
cluded from the Act only in a given preparation; L-methamphetamine 
is a Schedule I1 substance but is excluded only in a preparation like Vicks 
Inhaler. 

Chapter 8 deals with the analytical techniques used for drug identifi- 
cation and serves only to familiarize the reader with the names of the 
techniques and with what might be accomplished by a chemist using the 
instrument or technique. 

Chapter 9 is the bulk of the book and deviates from the subtitle because 
it includes controlled and noncontrolled substances. The implication from 
the title of Chapter 9 is that commonly abused substances are included. 
However, many listings do not constitute abused drugs; misused but not 
ahused! For example, the noncontrolled substances acetaminophen, ac- 
etanilide, lactose, and salicylate are included. The information supplied 
is useful from a clinical or forensic view point. 
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times I found the data and/or information I needed on a specific drug. 
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CARCINOGENICITY TESTING- 
A NATIONAL CATASTROPHE 

“What you have described to us is a national catastrophe!” 

That strong language was used by a prominent clinical researcher who had just 
heard a presentation by a National Cancer Institute (NCI) staff scientist a t  a 
meeting of the National Council on Drugs (NCD). In an audio-visual presentation, 
the NCI scientist had provided a rather complete description of the NCI’s Carci- 
nogenicity Testing Program, and the apparent unanimous reaction of the NCD 
members present closely corresponded to that articulated by the clinical scientist 
quoted above. 

In late spring 1979, the NCI released to the public press the test results on several 
well-known ahd long-used drugs which had been studied under that Institute’s 
Carcinogenicity Testing Program. Included among those drugs was reserpine, and 
it was assigned a positive classification as a carcinogenic substance. Because of the 
current wide use of reserpine in medical treatment, classification of this drug as 
a carcinogenic agent caused considerable anxiety, apprehension, concern, and 
confusion among health care practitioners, as well as the general public including 
many patients under treatment with the drug. 

Subsequent reports regarding the potential risks involving reserpine seemed only 
to confuse the matter further rather than to clarify it. Hence, the NCD invited the 
NCI to provide the group with a first-hand, detailed explanation of the entire testing 
program. 

Beyond hearing that the project costs approximately 65 million dollars a year 
to conduct the screening program to detect possible carcinogenic effects of chemicals 
(including drugs), the NCD was also informed regarding the test protocol in use. 
The latter essentially involves the administration of maximally tolerated doses of 
the test chemical to two species of rodents for one generation. 

Beyond the general view that such testing is virtually meaningless by itself, the 
NCD was shocked to learn, among other things, that the NCI has n o t  

( a )  done any studies to correlate their animal results to humans; 

( 6 )  tested any known human carcinogens in animals to ascertain whether com- 
mon relationships exist; 

(c) attempted to establish whether there is any dose relationship for known 
carcinogens, much less what such a relationship might be; 

(d )  ascertained “background effects” for the test animals in their test environ- 
ment-that is, the frequency of tumors in control animals due to heredity, 
feed, drinking water, or other factors; and 

( e )  conducted any replicate experiments whatsoever to confirm their initial 
findings-hence, even such questionable “positives” as reserpine have never 
been repeated. 

During the ensuing discussion, the NCI official was subjected to sharp questioning 
regarding the basic scientific faults and omissions in the program. And incredibly, 
he clarified t w e  and his associates equally recognized those deficiencies, but they 
were constrained by legislative factors t o  follow their present course. 

Incidentally, more than half of the substances tested in the NCI’s bioassay pro- 
gram provided some evidence of carcinogenicity. Projections are that this is probably 
an accurate forecast of the eventual outcome of the total program. Imagine the 
devastating consequences on life as we know it if half the chemicals to which we are 
presently exposed are summarily banned from further use. The very thought is 
mind- boggling! 

Yet such disproportionate findings of carcinogenicity potential should not be 
too surprising considering the massive doses used, the lifetime of exposure, and the 
other radical conditions comprising the “test protocol” employed. 

But as explained by the NCI official, the agency is primarily restricted by the 
unrealistic provisions in the legislation Congress enacted. Given such a mandate, 
the Institute has little choice. Moreover, the enormous cost to conduct such tests 
on even a single chemical means that only a relatively few substances can be tested, 
thereby making simple retesting an “unaffordable luxury.” 

Clearly, Congressional review, restudy, reconsideration, and amendment of this 
law are in order to rectify what, in this writer’s view, was accurately labeled “a na- 
tional catastrophe.” 
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unrealistic provisions in the legislation Congress enacted. Given such a mandate, 
the Institute has little choice. Moreover, the enormous cost to conduct such tests 
on even a single chemical means that only a relatively few substances can be tested, 
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Abstract 0 Phenol diffusion across a high density polyethylene film from 
isooctane, in which phenol self-associates, demonstrated nonideal be- 
havior. The steady-state flux of phenol across the film was not directly 
proportional to its concentration iB the donor phase. A t  higher donor 
phase concentrations, negative steady-state flux deviations were ob- 
served. These negative deviations were due to phenol self-association in 
the donor phase and the resulting decreases in thermodynamic activity. 
By using a monomer-pentamer model for phenol self-association in 
isooctane, the steady-state flux was shown to be directly proportional 
to the phenol monomer concentration in the donor phase. Although 
steady-state flux concentration deviations were observed, the diffusion 
time lag was independent of the permeant concentration and reflected 
the intrinsic diffusivity of the film to phenol. 

Keyphrases Phenol-effect of self-association on transport across 
polyethylene film 0 Self-association-phenol, effect on transport across 
polyethylene film 0 Mass transfer-phenol self-association, effect on 
membrane transport 0 Diffusion-phenol self-association, effect on 
membrane transport Flux, steady state-effect of phenol self-associ- 
ation on transport across polyethylene film 

Mass transfer processes in drug delivery include those 
that are involved in drug release from a dosage unit and 
those that are involved in drug transport across biological 
membranes. The rate and extent of these processes depend 
on the film or absorbing membrane, the physicochemical 
characteristics of the permeating drug, and the properties 
of the drug delivery unit. The dependency of these mass 
transfer processes on physicochemical drug properties and 
membrane characteristics has been extensively studied 
because it is an integral part of drug research and devel- 
opment. Determinants such as molecular size, crystalline 
form, solubility, pH and ionization, charge, complexation, 
and partitioning have been identified and continue to be 
characterized relative to their significance. 

There is continuing interest in these laboratories in the 
effects of specific molecular interactions in solution. For 
example, many molecules with polar functional groups 
undergo pronounced self-association in nonpolar solvent 

systems, resulting in changes in thermodynamic activity 
(1-3). 

The properties of alcohols in hydrocarbon solvents have 
been studied extensively. Self-association is a dominant 
factor in the lower than expected vapor pressures of alco- 
hols (1-3). The anomalous solubility behavior of phenol 
in hydrocarbon solvents is a function of self-association (3). 
Furthermore, dissolution characteristics of an alcohol 
deviating from a modified Noyes-Whitney prediction (4) 
can be rationalized on the basis of self-association. 

This report describes specifically the effects of phenol 
self-association in isooctane on phenol transport across a 
high density polyethylene film. The effect of self-asso- 
ciation on transport was described previously only in 
general and descriptive terms (5-7). This report describes 
quantitatively the changes in transport properties resulting 
from the self-association of a permeating species in the 
donor phase of a diffusion assembly in terms of an exact 
molecular association model. 

THEORETICAL 

Steady-State Permeation-Fick’s first law was formulated as: 

(Eq. 1) 

where J is the flux of material across a unit area of film, D is the diffusion 
coefficient, and (dC/dr)  is the concentration differential across the film. 
The negative sign implies that the material flow is from an element of 
higher concentration to an element of lower concentration. For an iso- 
tropic or homogeneous film of a given cross-sectional area and a constant 
thickness, Fick’s law can be expressed as: 

J =  P A  AC (Eq. 2) 

where J is the net flux of material or the appearance of permeant on the 
receptor side, P is the permeability coefficient, A is the cross-sectional 
area of the film or membrane, and AC is the concentration difference 
across the total film thickness. 
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Under sink conditions, AC is replaced with the concentration of per- 
meant in the donor phase, c d ,  and the permeability coefficient or per- 
meability, P, becomes: 

(Eq. 3) 

where D ,  is the permeant diffusivity or diffusion coefficient in the 
membrane, K is the membrane-donor phase partition coefficient, and 
h, is the membrane thickness. This development assumes a partition- 
diffusion mass transfer mechanism, in contrast to a pore permeation 
mechanism. A partition-diffusion mechanism has been demonstrated 
for polyethylene films and the transport of numerous solute materials 
of general and pharmaceutical interest (8-10). 

From measurements of the permeant concentration appearing in the 
receptor phase as a function of time, the parameters descriptive of the 
transfer process can be obtained readily, in part from the steady-state 
permeation. By utilizing the expression: 

p = -  Dm K 
hm 

(Eq. 4) 

(where Q is the amount of permeant reaching the receptor site, V is the 
volume of the receptor phase or compartment, and C is the permeant 
concentration reaching the receptor side), and combining it with the 
expression A c = c d  and with Eq. 2, the result is: 

(Eq. 5) 

In a steady-state experiment, where c d  remains essentially unchanged 
(k, where the amount of permeant transported or the concentration 
of permeant achieved in the receptor phase is small compared to Cd) ,  a 
plot of C uersus t following an initial time lag will be linear. From the 
slope, dCldt, of the linear portion of the plot, the steady-state flux, SSF, 
is obtained by: 

which, in turn, results in: 

SSF = p c d  

allowing for the determination of permeability by: 
SSF p = -  

c d  

(Eq. 6 )  

(Eq. 7) 

(Eq. 8)  

Equations 6 and 8 provide a means of computing the steady-state flux 
and permeability from observed data obtained in a steady-state experi- 
ment. Further system elucidation is achieved by defining and solving the 
permeability coefficient, P, which is a function of the diffusion coefficient 
of the permeant in the membrane, D,, the thickness of the membrane, 
h,, and the membrane-donor phase partition coefficient, K. The con- 
tribution of the partition coefficient to permeability results from use of 
the donor phase concentration as a reference to the actual concentration 
of the permeant in the membrane a t  the donor phase-membrane inter- 
face. The relationship is presented in Eq. 3. Of these three parameters 
(D,, h,, and K ) ,  only the h, term, which is experimentally defined, is 
known. To obtain values of D, and K, one of them must be indepen- 
dently determined evaluation of the nonsteady-state data from the same 
experiments permits the calculation of D,. Therefore, to elucidate the 
mass transfer process taking place, an analysis of nonsteady-state per- 
meation is used. 

Nonsteady-State Permeation-The necessary equation for deter- 
mining the diffusivity, D,, from the nonsteady-state permeation char- 
acteristics across an isotropic or homogeneous film was reported (11) and 
is: 

(Eq. 9) 

where tL is the diffusion time lag. From Eq. 9, i t  can be seen that, for a 
homogeneous film, the time lag is a function only of the membrane 
thickness and the membrane diffusivity. The time lag is obtained by 
extrapolation of the linear steady-state data back to its time axis inter- 
cept. As a result, for a membrane of known thickness, the membrane 
diffusivity can be computed. With this information, the membrane-donor 
phase partition coefficient can be computed using Eq. 3. 

Self-Association-The mass transfer characteristics of a self-asso- 
ciating permeant may demonstrate nonideal behavior when interpreted 
directly through Fick’s laws. The nonideal behavior arises from a de- 
pendency on the effective concentration (thermodynamic activity or 

chemical potential) of the permeant, rather than the total concentration, 
and/or a dependency on the effective diffusion coefficient, which changes 
as a function of the size of the associated species and the extent of its 
formation. The contribution of self-association to a particular mass 
transfer process depends on the experimental conditions. Self-association 
can potentially occur in the phases contacting a membrane, such as the 
donor phase, and/or within the membrane itself, depending on donor 
phase and membrane characteristics. 

For a nonassociating permeant diffusing through a homogeneous 
membrane in the steady state, Eq. 1 is directly applicable. For this simple 
system, the activity or concentration gradient across the film is linear. 

For a system of a self-associating solute diffusing through a homoge- 
neous membrane, Eq. 1 is not directly applicable. If it is assumed that 
this self-association is an equilibrium between a monomer and a single 
polymer species, there exists a gradient of each species, monomer and 
polymer, across the film, and the reaction between them will be a t  equi- 
librium within all elements within the film. As a result, the gradients of 
the two species across the film are nonlinear. 

Approaches to quantitating the system can be empirical or modelistic. 
In the empirical approach, the total flux of permeant (monomer and 
polymer) can be described in terms of an observed or apparent diffusion 
coefficient, which is concentration dependent. Such an approach was 
suggested by Barrer (12); the equation for the diffusivity relates diffu- 
sivity to concentration: 

d In a 

d Inc 
D = B R T -  (Eq. 10) 

where R and T have their usual meaning, a is activity, and B is a coeffi- 
cient reflecting the mobility of the permeant. Barrer (12) pointed out that 
both B and (d In a/d In c )  can depend on permeant Concentration. Such 
an approach was taken by Longsworth (3, who interpreted the mass 
transfer of self-associating acids and alcohols in carbon tetrachloride in 
terms of an apparent diffusion coefficient, which decreases as a function 
of increasing total permeant concentration. 

Under experimental conditions where permeant self-association occurs 
in the donor phase but only the monomeric species diffuses across the 
film, the observed nonideal characteristics of transport are explained in 
terms of effective concentration or chemical potential of permeant in the 
donor phase. This type of system is being reported here. The experi- 
mental results indicate that only the phenol monomer is transported 
across the polyethylene film and that the intrinsic membrane perme- 
ability remains unchanged. However, over the donor concentrations 
studied, phenol self-association in the isooctane donor phase, which de- 
creases the effective donor phase concentration or activity of the per- 
meant, appreciably influences mass transfer. 

The literature affords significant data on the self-association of alcohols 
and its effect on vapor pressure (1,2), spectral properties (13), solubility 
(3), and transport characteristics from an empirical standpoint (5). The 
effect of donor phase self-association on permeation characteristics across 
a membrane can be more systematically described by incorporation of 
a model describing the donor phase self-association rather than inter- 
pretation of experimental results in terms of a changing apparent or 
observed diffusion coefficient. 

Phenol self-association in isooctane and cyclohexane has been studied 
in detail (3). These systems are adequately described in terms of a 
monomer-pentamer model. Given the information that a monomer- 
pentamer model is appropriate (n = 5) and given the equilibrium or as- 
sociation constant, K I , ~ ,  monomer concentrations for a given total con- 
centration can be calculated. 

Permeation Model-The system of a solute that self-associates in 
a donor solvent but permeates a membrane only in its monomer form can 
be described by extending Eq. 7 to account for self-association. This 
system is diagrammed in Scheme I. A mathematical description of 
Scheme I is given in the following two equations: 

SSF = PC,,, (Eq. 11) 

(Eq. 12) 

where P is the intrinsic membrane permeability and K is the intrinsic 
membrane-donor phase partition coefficient. These equations relate the 
steady-state flux to the monomer concentration of permeant in the donor 
phase. The expression C,,, = ( fmon)(C~)  allows Eq. 11 to be written 
as: 

SSF = (Pvbs)(CT) (Eq. 13) 

where Pvbs is the observed permeability and is related to the other pa- 
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Scheme I 

rameters by Pobs = (D,K/h, )(fmon). This relationship indicates that the 
the observed permeability is equal to the product of the intrinsic per- 
meability and the monomer fraction of permeant in the donor phase, Pok 
= Pfmon. This approach allows the system to be interpreted in terms of 
an observed permeability. 

The system can also he interpreted in terms of an apparent or observed 
partition coefficient, KO&. This approach results in: 

(Eq. 14) 

where Kobs = Kfmon. 
This approach, beginning with Eq. 13, allows studies (permeant self- 

association in the donor phase, but membrane transport of only the 
monomer species) to be described in terms of an observed permeability 
or an observed partition coefficient when the reference concentration 
parameter is the total permeant concentration, CT, in the donor phase. 
However, the most precise description is in terms of the intrinsic pa- 
rameters, the intrinsic permeability, P, and the intrinsic partition coef- 
ficient, K, and by fully describing the donor phase self-association in 
terms of n and KI,, , .  

The system can be resolved partially using only permeation data, 
without precise knowledge of the self-association equilibrium. The full 
mathematical expression for the system in terms of permeation is: 

From each experiment in a series of permeation experiments, SSF is 
determined as a function of CT.  Since the membrane thickness, h,, is 
defined experimentally, the measured diffusion time lags permit calcu- 
lation of D, using Eq. 9; K and fmon remain unsolved. However, K can 
be obtained by proper experimental design. Since fmon goes to unity a t  
low concentrations, experimental runs at low concentrations, where the 
self-association is negligible, allow determination of K ;  i .e.,  Kobs = K as 
f m o n  goes to unity. As a result, experiments conducted a t  higher CT can 
be interpreted in terms off,,,, P, and K using the information obtained 
from the experiments conducted a t  low concentrations. 

The approach of resolving the system only from interpretation of 
permeation data permits an estimation of fmon, which is, however, a 
general description of the self-association. An accurate and complete 
understanding of the processes, both permeation and self-association, 
is best provided by a direct and independent equilibrium determination 
of C,,, as a function of CT, such that n and Kl," are precisely known. For 
the phenol-isooctane mixtures used as the donor phases in this study, 
the values of n and K1," were measured independently (3). This infor- 
mation permitted the processes to be more readily interpreted and 
modeled by providing independent verification of the experimental re- 
sults. 

EXPERIMENTAL 

Materials-High density polyethylene films' were used. Phenol2, 
analytical reagent grade, was used without further purification. The 
isooctane3 had a labeled purity of 99+ mole %. I t  was stored over a mo- 
lecular sieve and otherwise used as received. All other chemicals were 
analytical reagent grade. 

Analytical Method-All phenol concentrations were determined by 
direct spectrophot~metric~ measurement a t  269 nm (log c = 3.18) in 0.1 
M aqueous sulfuric acid. 

Diffusion Cells-Pyrex glass diffusion cells were constructed. They 
consisted of identical cylindrical half-cells between which the polyeth- 
ylene film was mounted. The half-cell chambers were slightly tapered 

1 Cadillac Plastic and Chemical Co., Kansas City, Kans. * Mallinckrodt Chemical Works. 
3 Phillips Petroleum Co. 
4 Cary model 118 spectrophotometer, Varian Instrument Division. 
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Figure 1-Phenol concentration appearing in the receptor phase as 
a function of time. The donor phase phenol concentration was 2.00 x 
lo-* molelcm3. The different symbols represent fioe indiuidual er- 
periments. The drawn line is that obtained by linear regression analysis 
of the data points for  times equal to or greater than 15 hr from all fioe 
individual experiments. 

and had a mean inside diameter of approximately 5.5 cm and an inside 
height or depth of approximately 6.0 cm, resulting in a half-cell volume 
of 145 ml. Each half-cell was constructed with a cylindrical portal ex- 
tending off the cylinder side, allowing for filling of the compartments and 
withdrawing of samples. The open or contact end of the half-cells was 
of ground glass and grooved to accept an O-ring. The sequence of half- 
cell-0-ring-polyethylene membrane-0-ring-half-cell was firmly 
maintained using a metal clamp. 

The assembled cell was immersed in a well-stirred constant-temper- 
ature bath, and the contents were well stirred by positioning magnetic 
stirrers directly below the half-cells beneath the water bath. Rapid mixing 
and homogeneity of the half-cell solutions were verified visually by use 
of a dye. 

The cross-sectional area of the membrane over which the transport 
occurred was 29.7 cm2, which resulted in an area to volume ratio of 0.20 
cm-'. 

Diffusion Study-Prior to assembly, the polyethylene films were 
soaked to an equilibrium swelling in isooctane. The swelled film thickness 
was determined to be 0.078 f 0.002 cm using a screw micrometer grad- 
uated to 0.001 cm. 

Following assembly, the cell was immersed in a constant-temperature 
bath maintained a t  25.0 f 0.1'. The receptor compartment was filled with 
145 ml of an aqueous solution of 0.1 M H2S04. The donor compartment 
was filled with 145 ml of the test solutions of phenol in isooctane. The stir 
bars were immediately rotated a t  greater than 200 rpm, which com- 
menced the experiment. This degree of stirring ensured membrane, and 
not diffusion layer, rate-limited transport. 

At preselected intervals, 1.0-ml samples were withdrawn from the re- 
ceptor compartment and immediately analyzed spectrophotometrically 
for phenol. The receptor compartment volume was maintained a t  145 
ml by addition of 1.0 ml of 0.1 M &So4 following sample removal. 
Aqueous sulfuric acid was used as the receptor phase to facilitate the 
analytical measurement for greater chemical stability and to suppress 
phenol ionization. 

RESULTS AND DISCUSSION 

Permeation studies were conducted a t  12 donor phase concentrations 
of phenol in isooctane over 0.05-2.00 X mole/cm3. Figure 1,  a plot 
of the phenol concentration in the receptor phase as a function of time, 
shows the data from five runs using a donor phase concentration of 2.0 
X mole/cm3. The linear steady-state portion and the time lag, which 
are typical of an experiment conducted under sink conditions with a 
constant donor phase concentration, are evident. 

From the data obtained a t  each donor phase concentration, the 
steady-state flux was determined from the slope of the linear portion of 
the curve using Eq. 6 and linear regression data analysis. Since the ex- 
perimental time lags were approximately 5 hr a t  each donor phase con- 
centration, only data obtained at times greater than 15 hr were used in 
calculating the steady-state flux values. The line drawn in Fig. 1 is the 
regression line and corresponds to a steady-state flux of 1.36 X lo-" 
mole/sec/cm2. The 32 data points obtained at 15 hr or longer from the 
five experiments gave a correlation coefficient of 0.987. Extrapolation 
of the regression line to the time axis resulted in a time lag of 4.6 hr. 

The steady-state flux and the extrapolated time lag, t ~ .  values calcu- 
lated for the 12 donor phase concentrations are given in Table I. Figure 
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Table I-Experimentally Observed Steady-State and 
Nonsteady-State Diffusion Parameters  of Phenol across High 
Density Polyethylene Film for  the Phenol Concentrations 
Studied 

Table 11-Phenol Monomer Concentrations and Fractions, 
Observed Permeabilities, and Observed Parti t ion Coefficients 
fo r  the Phenol Concentrations Studied 

CT", Cmonb,  P u b s d ,  

x 104 x 104 fmon' x 108 Kobse 

(moles/cm3) (mole/cm3) (cm/sec) c7.0. S S F d ,  

x 104 y h  rn' x 10" r '  hr 

2.00 5 32  1.36 0.987 4.6 
1.75 6 41 1.22 0.976 5.2 
1.50 6 41 1.17 0.983 5.2 
1.25 5 33 1.17 0.990 5.4 
1.00 6 32 1 .02 0.969 5.1 
0.75 5 34 0.853 0.982 4.9 
0.50 5 34 0.676 0.972 5.0 
0.25 3 21 0.996 0.993 5.3 
0.20 3 21 0.331 0.985 5.3 
0.15 :1 21 0.234 0.973 5.2 
0.10 3 21 0.165 0.974 5.1 
0.05 3 21 0.079 0.987 5.8 

(moles/cm:') (moles/sec/cm*) t L f ,  

a = 5.2 
u = 0.3 

2.0 0.82 0.41 6.8 0.09 
0.10 

~. 

1.75 0.19 0.45 
1.50 0.75 0.50 
1.25 0.71 0.57 
1 .oo 0.65 0.65 

6.9 
7.8 
9.3 

10.2 

0.11 
0.14 
0.14 
0.16 0.75 0.57 0.76 

0.50 0.44 0.88 
0.25 0.25 1.00 
0.20 0.20 1.00 
0.15 0.15 1.00 
0.10 0. I0 1.00 
0.05 0.05 1.00 

11.4 
13.5 
15.91 
16.51 

0.19 
0.236 
0.246 
0.238 
0.238 
0.25k' 

M = 0.24 
u = 0.01 

15.61 
16.51 
15.91 

M = 16.1 
u = 0.4 

Total phenol concentration in the donor phase. Concentration of phenol 
Fraction of phenol monomer in the donor phase. 

Exoerimentallv observed membrane- 
monomer in the donor phase. 

Exoerimentah observed Dermeabilitv. 
Total phenol concentration in the donor phase. Number of'experimental runs. 

1 Numher of individual data points used in the calculation of the steady-state flux. 
Correlation coefficient using rn data points. f Time lag of 

diffusion. 
Steady-state flux. dondr phase p a r h o n  coefficknt. / The P,,h valbes used to &lculate the mean value 

of 16.1 X lo-@ cmlsec. 6 The Koba values used to calculate the mean value of 
0.24. 

2a shows the steady-state permeation data given in Table I, where the 
calculated steady-state flux values are plotted as a function of the total 
phenol concentration in the donor phase. This plot is linear a t  low donor 
phase concentrations up to -0.25 X mole/cm3. A t  donor phase 

concentrations greater than 0.25 X lo-" mole/crn3, a negative deviation 
from linearity is observed, which increases in severity a t  larger values of 
CT. 

The time lags, t ~ ,  a t  each donor phase concentration (Table I)  are 
plotted in Fig. 2b as a function of CT. The time lag is seen to be inde- 
pendent of the donor phase permeant concentration. An averaged value 
of the time lag computed from the experiments a t  the 12 donor phase 
concentrations is 5.2 f 0.3 hr. By using this value and applying Eq. 9, the 
memhrane diffusion coefficient for phenol was found to be 5.4 X 
cm2/sec. 

i 
1.0 

t x- 
25 

/ 

0 1 .O 2.0 

CT 

2.10.0 (b) 

J 5.0 ....... 
LU :F-  

MONOMER CONCENTRATION IN  DONOR PHASE, 
C,,,, (rnole/crn3) x lo4 

Figure 3-Steady-state f lux  as a function of the donor phase phenol 
monomer concentration. The  slope o f  the line, which was obtained by 
regression analysis, equals 15.9 X cmlsec and represents the in- 
trinsic permeability of  the f i lm  to phenol contained in a donor phase 
of isooctane. 

I I 1 
1.0 2 0  

TOTAL PHENOL CONCENTRATION IN DONOR PHASE, 
CT, (rnoles/crn3) x i04 

Figure 2-(a) Steady-statr f lux  as a function of the total phenol con- 
crntration in thr  donor phare (b)  Observed diffusion time lag as a 
function of the t o ta l  phenol toncentratwn i n  the donor phase 
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r o o  

1 I I I I 
0 1 .o 2.0 

TOTAL PHENOL CONCENTRATION IN DONOR PHASE, 
CT, (moles/crn3) x 10' 

Figure 4-Obserued permeability coefficients as a function of the total 
phanol concentration in  the donor phase. 

Ideally, these experiments would conform with Eq. 7, which predicts 
linearity in a plot of steady-state flux against donor phase concentration. 
The resulting slope would equal membrane permeability. Equation 7 is 
an expression of Fick's first law and includes the term c d .  the concen- 
tration difference across the film, which is typically taken to be the driving 
force for diffusion. However, as pointed out by Flynn et al. (14), the 
fundamental flux determinant is the chemical potential difference across 
the film. The nonlinearity actually observed was accounted for by relating 
the steady-state flux to the concentration gradient of the phenol monomer 
rather than to its total concentration. 

With recently published data (3) on phenol self-association, the phenol 
monomer concentration in the isooctane donor solutions was calculated 
using an association constant, Kl.5, of 6.26 X lo3 liters4/mole4. These 
concentrations and the fraction of phenol monomer, fmon, are given in 
TabIe 11. In the concentrations studied, the phenol exists totally as a 
monomer (negligible self-association) a t  or below 0.25 X mole/ 
cmR. 

A plot of the steady-state flux as a function of the donor phase con- 
centration of the phenol monomer, C,,,, is presented in Fig. 3. The figure, 
a plot of Eq. 11 or 12, is linear. The slope of the line equals 15.9 X 
cm/sec (correlation coefficient of 0.998) and represents the intrinsic 
permeability of the polyethylene film under the experimental conditions. 
This slope o~intr insic  permeability value obtained from Fig. 3 should 
be identical to the initial slope value in Fig. 2, where the total phenol 
concentration is plotted as the abscissa, because a t  the phenol concen- 
trations corresponding to the first five data points in Fig. 2, the phenol 
exists in effect totally as a monomer. This can be demonstrated by two 
different calculations. From the initial slope in Fig. 2, generated using 
the paired ( C T ,  SSF)  data points for the five lowest phenol concentra- 
tions, a permeability of 16.0 X cm/sec is obtained, in comparison 
to the value of 15.9 X cm/sec obtained from the slope in Fig. 3. Al- 
ternatively, as can be seen in Table 11, the individual Pobs values corre- 
sponding to the five lowest phenol concentrations yield an average value 
of 16.1 X cm/sec. 

Apparent or observed permeability values, Pobs, were calculated from 
the steady-state flux values a t  each donor phase concentration using Eq. 
13 (Table 11). These Pobs values are plotted in Fig. 4 as a function of CT.  
This plot displays the significant decline in the apparent permeability 
a t  the higher donor phase concentrations where there is significant phenol 
self-association. The dependence of permeation on the monomer con- 
centration is further substantiated by comparing the observed permea- 

bilities to the monomer fractions. For the data in Table 11, a t  a CT of 2.00 
X mole/cm3, the monomer fraction is 0.41. By comparison, the pObs 
is 6.8 X cm/sec obtained 
from the slope of Fig. 3. Similarly, a t  a CT of 1.00 X l W 4  mole/cm3, the 
monomer fraction is 0.65. In comparison, the Pobs is 10.2 X cm/sec, 
0.64 times the Fig. 3 slope value. 

The data in Fig. 2a indicate that permeant self-association decreases 
the ability of the phenol to undergo transport across the polyethylene 
film. A t  total phenol concentrations greater than 0.25 X mole/cm3, 
there is not a proportionate increase in its steady-state flux across the 
polyethylene film. However, these steady-state flux data do not indicate 
whether the self-association effect is restricted only to the level of the 
donor phase or also occurs within the membrane. 

An interpretation of the nonsteady-state data provides insight into 
the location of the self-association effect. As IS evident i n  Fig. 2b, the 
experimentally determined time lags are independent of the donor phase 
phenol concentration, which indicates that the membrane diffusion 
coefficient is concentration independent. If permeant self-association 
occurred within the membrane, it would occur to an increasing extent 
as the donor phase permeant concentration increased. This increasing 
occurrence in the membrane of a polymer species a t  higher levels of CT 
should increase the experimentally observed time lag. The time lag in- 
crease would result from a decrease in the effective diffusion coefficient, 
because of the inverse dependency of a diffusion coefficient on the ef- 
fective molecular weight. However, since the diffusion coefficient is 
concentration independent, it can be concluded that ( a )  phenol self- 
association does not occur within the polyethylene film, or ( b )  if self- 
association is occurring within the membrane, its extent is negligible or 
the transport of the polymer species across the membrane is not sufficient 
to affect transport parameters, i.e., i t  does not alter the diffusion coeffi- 
cient. 

The linearity seen in Fig. 3 suggests that the contribution of the self- 
association is restricted to the donor phase. Since there is an apparent 
direct dependency of the steady-state flux on the monomer concentration 
of phenol in the donor phase, it appears that only the monomer is parti- 
tioning into the membrane. This interpretation is further supported by 
the Koba values found in Table 11. The Kobs values, which are the exper- 
imentally observed polyethylene-isooctane partition coefficients, are 
closely approximated by calculating the product of the independently 
calculated fmon values and the average intrinsic partition coefficient of 
0.24, which is the observed value obtained from the experiments a t  the 
five lowest donor phase concentrations. 

cm/sec, 0.43 times the value of 15.9 X 
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Abstract  A rapid, precise, and accurate high-performance liquid 
chromatographic procedure is presented for the simultaneous determi- 
nation of amitriptyline hydrochloride and chlordiazepoxide in two- 
component tablet formulations. The impurities and decomposition 
products of both components were separated, making the determination 
specific for amitriptyline hydrochloride and chlordiazepoxide. The 
method was used for the assay, content uniformity! and dissolution 
testing of dosage forms containing 5-30 mg of chlordiazepoxide and 
12.5-75 mg of amitriptyline. 

Keyphrases 0 Chlordiazepoxide-simultaneous determination with 
amitriptyline hydrochloride, high-performance liquid chromatography 
0 Amitriptyline hydrochloride-simultaneous determination with 
chlordiazepoxide, high-performance liquid Chromatography 0 High- 
performance liquid chromatography-simultaneous determination of 
chlordiazepoxide and amitriptyline hydrochloride 

Numerous high-performance liquid chromatographic 
(HPLC) methods for the determination of amitriptyline 
hydrochloride (V), chlordiazepoxide (III) ,  and related 
compounds have been reported (1-4). However, none of 
the methods is applicable to the simultaneous determi- 
nation of these compounds in two-component tablet for- 
mulations. 

Conventional analyses, such as pharmacopeial proce- 
dures for the individual drugs (51, also are not suited for 
simultaneous determination. Traditional procedures, such 
as the spectrophotometric determination of the bromcresol 
green complex of amitriptyline hydrochloride and of the 
diazotization and coupling product of chlordiazepoxide, 
are tedious and time consuming, especially for content 
uniformity and dissolution testing. 

This report presents an HPLC method for the quanti- 
tative determination of both substances in two-component 
tablet formulations. The analysis can be performed in a 
reasonable time and eliminates interference due to possible 
impurities: 10,l l  -dihydro-5- [3-(dimethylamino)propyl] - 
5H-dibenzo[a,d]cyclohepten-5-o1 (IV) and l0,ll-dihy- 
dro-5H-dibenzo[a,d]cyclohepten-5-one (VI) in amitrip- 
tyline hydrochloride and 7-chloro-1,3-dihydro-5-phenyl- 
2H-1,4-benzodiazepin-2-one-4-oxide (11) and 2-amino- 
5-chlorobenzophenone (VII) in chlordiazepoxide. 

EXPERIMENTAL 

Apparatus--The liquid chromatograph consisted of a pump' with 
a flow capacity of 1G160 ml/hr and a fixed-wavelength IIV detector" (254 
nm). Solutions were injected with a valve loop3 with a capacity of 20 or 
50 PI. A 30 X 0.39-cm i.d. column containing an octadecyl bonded-phase 
packing4 was used. 

Chromatographic Conditions-The mobile phase consisted of 0.01 

' Model 396/2396. Laboratory Data Control, Riviera Beach, Fla. 

, I  Model 7010. Rheodyne. Inc.. Berkeley, Calif. ' pBondapak C I X ,  Waters Assoriates, Milford, Mass. 

Model 1285. Laboratory Data Control. Riviera Reach. Fla. 

I I1 III 

p"' 
CH, 

* HCI 
N V 

VI VII 
M sodium lauryl sulfate in tetrahydrofuran-methanol-pH 2.5 Britton- 
Robinson buffer (12030150). A flow rate of -1 ml/min was estab- 
lished. 

Reagents and  Samples-The solvents were commercial analytical 
grade, and the water was double distilled. The Britton-Robinson buffer 
was prepared by adding 10.5 ml of 0.2 N NaOH to 100 ml of stock solution 
consisting of 0.04 M acetic acid, 0.04 M phosphoric acid, and 0.04 M boric 
acid to obtain pH 2.5 (6). The sample solvent was water-tetrahydrofu- 
ran-methanol (15012030). Sulfanilamide5 (I) solution in the sample 
solvent a t  -1 mg/ml was the internal standard. The standard solution 
contained -0.3 mg of amitriptyline hydrochloride6/ml, 0.1 mg of chlor- 
diazepoxide"/ml, and 0.1 mg of sulfanilamide/ml. 

All standard and sample solutions were prepared and stored in low- 
actinic glassware. 

Assay and Calculation-For the content uniformity test and tablet 
composite assay, one tablet or the equivalent tablet mass was triturated 
with the sample solvent and transferred quantitatively to a volumetric 
flask. The internal standard was added, and the flask contents were di- 
luted to volume with the sample solvent to obtain -0.3 mg of amitrip- 
tyline hydrochloride/ml, 0.1 mg of chlordiazepoxide/ml, and 0.1 mg of 
sulfanilamide/ml. An aliquot was filtered, and 20 pl was injected. 

For analysis of the tablets after dissolution, a portion of the sample 
solution was withdrawn after an appropriate time and filtered, and an 
aliquot was transferred to a volumetric flask. The pH was adjusted to 2.5, 
and the aliquot was diluted to volume with the sample solvent to obtain 
0.011 mg of amitriptyline hydrochloride/ml and 0.004 mg of chlordia- 
zepoxide/ml. A solution of reference standards of the same amitriptyline 
hydrochloride and chlordiazepoxide concentrations was prepared simi- 
larly, and 50 pl of each solution was injected. 

Eastman Organic Chemicals, Rochester, N.Y. 
LJSP reference standard. 
Chlordiazepoxide (99.3% pure), Hoffmann-La Roche Inc., Nutley, N.J. 
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I I Table I-Chromatographic Characteristics of Amitriptyline 
Hydrochloride, Chlordiazepoxide, Their Impurities, and the 
Internal Standard 
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a; 

2 

u 
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L 

2 4 6 8 1 0  1- I MINUTES 

IN JECTl ON 
Figure 2-Chromatogram of a 

INJECTION tablet containing 5 mg of I I I  
Figure 1-Chromatogram of a mix- (2)  and 12.5 mg of V (3)  with I 
ture of I ( I ) ,  I I  (2), I I I  (3), JV ( 4 ) ,  V ( I )  (internal standard) 
(5 ) ,  VI (6) ,  and VII (7). added. 

MINUTES 

Quantitation was by the peak height ratio of the reference standards 
and sample to the internal standard for the content uniformity test and 
tablet composite assay and by comparison of the peak.height of the 
sample to that of the external standard for dissolution calculations. 

RESULTS AND DISCUSSION 

This investigation was initiated for use in control laboratories where 
rapid and simple methods are required. Simple and rapid sample prep- 
aration was needed, particularly for content uniformity and dissolution 

Number of Capacity 
Retention Theoretical Factor, Selectivity, 

Compounda Time, min Plates, N b  kC a 
~~ ~ 

I 3.0 580 0.6 

I1 

111 

IV 

V 

4.5 

5.5 

7.5 

8.0 

660 

780 

730 

960 

1.1 

1.8 

2.6 

3.1 

1.9 

1.6 

1.4 

1.2 
*.-I 
1.J 

VI 10.0 1440 4.1 

VII 11.0 1870 4.8 
1.2 

The calculations were made from the chromatogram in Fig. 1. The number 
The column void volume was 2.0 of plates was calculated from N = 16 (t,/t,)2. 

ml. 

Table 11-Comparison of HPLC and Spectrophotometric Tablet 
Assays 

Amitriptyline Found, % Chlordiazepoxide Found, % 
Sample HPLC Spectrophotometric HPLC Spectrophotometric 

1 
2 
3 
4 
5 
6 

Average 
RSD, 7; 

101.9 
101.4 
99.9 

102.5 
102.3 
102.3 
101.7 

0.96 

104.9 
103.9 
104.2 
102.8 
103.8 
102.6 
103.7 

0.84 

104.9 
104.7 
103.9 
104.8 
104.9 
104.6 
104.6 

0.36 

104.1 
104.4 
103.6 
101.8 
103.2 
101.0 
103.0 

1.3 

tests. The aqueous sample solution in the latter test can be used as is or 
with minimal sample treatment for reversed-phase chromatography. 

To determine the appropriate HPLC parameters, some preliminary 
TLC was performed using silica gel plates coated with silicone oil. A 
mobile phase containing tetrahydrofuran and pH 3 Britton-Robinson 
buffer was selective in the migration of the six compounds chromato- 
graphed. The use of a pBondapak CIS column with the buffered mobile 
phase failed to separate V, 11, and IV from each other. Variation of the 
mobile phase composition was unsuccessful. Complete separation was 
achieved by the addition to a mobile phase of sodium lauryl sulfate and 
methanol and by adjustment of the pH to 2.5. The paired-ion species were 
eluted within 12 min. 
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Figure 3-Chromatogram of a tablet containing ZII ( 1 )  and V (2)  after 
dissolution in simulated gastric fluid. 
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Several tricyclic compounds and benzodiazepine derivatives were 
chromatographed in the selection of the internal standard necessary for 
the quantitation of amitriptyline hydrochloride and chlordiazepoxide, 
but a stable material with a suitable retention time was not found. Sul- 
fanilamide eluted before amitriptyline hydrochloride and chlordia- 
zepoxide and was well separated from their respective impurities, so it 
was chosen as the internal standard. Separation of the compounds in- 
cluding sulfanilamide is shown in Fig. 1, and the calculated chromato- 
graphic characteristics are list.ed in Table I. 

Linearity-A plot of peak height uersus the amount of the two com- 
ponents injected was linear between 0.3 and 11 pg of amitriptyline hy- 
drochloride and 0.13 and 4 pg of chlordiazepoxide. The working con- 
centration was -5.7 pg of amitriptyline hydrochloride and 2 pg of 
chlordiazepoxide for the content uniformity test and assay. For disso- 
lution measurements, the working concentration was 0.6 pg of amitrip- 
tyline hydrochloride and 0.2 pg of chlordiazepoxide. 

Precision-Chromatographic system reproducibility was determined 
by injecting six 20-pI aliquots of a sample solution containing 0.1 mg of 
internal standard/ml, 0.3 mg of amitriptyline hydrochloride/ml, and 0.1 
mg of chlordiazepoxide/ml as well as corresponding amounts of the ref- 
erence standards. The relative standard deviation was f0.16 and f0.18% 
for amitriptyline hydrochloride and chlordiazepoxide, respectively. Six 
replicate samples of composite tablet mass also were assayed. The relative 
standard deviations were 0.96% for amitriptyline hydrochloride and 0.36% 
for chlordiazepoxide. 

Recovery-A known amount of both active components was added 
to an assayed sample, and 97.7% of the amitriptyline hydrochloride and 
100.2% of the chlordiazepoxide were recovered. 

Figure 2 shows a typical chromatogram of the tablet assay. No inter- 
ference due to a placebo was found. The completeness of the extraction 
of the tablet mass during sample preparation was checked; no active 

components remained in the tablet mass after filtering. Good agreement 
was obtained between the HPLC method and the spectrophotometric 
procedures, i.e., measurements of the bromcresol green complex of 
amitriptyline hydrochloride and of the diazotization and coupling product 
of chlordiazepoxide (Table 11). 

For the dissolution test, external rather than int.ernal standards were 
used since, a t  low concentrations, the sensitivity had to be increased and 
the blank interfered in the region of the internal standard. A typical 
chromatogram is shown in Fig. 3. 

The described procedure subsequently was used for experimental 
tablet and capsule formulations containing only amitriptyline hydro- 
chloride. The assay and content uniformity results correlated well with 
the data obtained using the pharmacopeial(5) procedures. 
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Abstract  Chromatographic gel filtration matrixes used in various 
separation techniques are subject to microbial contamination. The need 
for a microbe-free column is critical when preparing materials that require 
a low or zero microbial count. This report proposes two alternative 
washing systems: 0.02 N HCI containing 0.81% NaC1, and 0.1 M tro- 
methamine-hydrochloride buffer (pH 7.0) containing 0.81% NaCl and 
0.02% thimerosal. These washing systems were validated using a 100 X 
2.6-cm column packed with a modified dextran gel slurry previously in- 
oculated with known counts of USP test organisms. After each wash, the 
column separation characteristics were verified further with appropriate 
test, proteins. 

Keyphrases Chromatography-gel filtration, washing procedures 
for columns contaminated with microorganisms 0 Contamination- 
microorganisms in gel filtration columns, washing procedures for column 
disinfection 

Chromatographic column packing materials such as gel 
filtration and ion-exchange matrixes used in separation 
and the buffer systems usually employed with such ma- 
trixes are subject to microbial contamination and prolif- 
eration. Excessive microbial growth obstructs the flow, 
affects the chromatographic properties of these columns, 
and contaminates material that is affected adversely by 
microorganisms. 

Gel filtration matrixes can be sterilized in the wet or dry 
state by autoclaving (1, 2), but such techniques are not 
feasible for a working column. Gaseous sterilization with 
formaldehyde or ethylene oxide is ineffective and unsafe 
due to the limited sterilant penetration and the residual 
toxic effects (2,3). Organic solvents such as chloroform and 
toluene are incompatible with the matrixes and some 
column components. Several antimicrobial agents are 
compatible with the column packing matrixes. Thimerosal 
is one of the most commonly used preservatives because 
of its highly biostatic effect (2, 4). Its routine use as an 
applicable and effective antimicrobial agent in chroma- 
tographic columns has to be evaluated. 

The present investigation was undertaken to develop 
effective methods to minimize or eliminate microbial 
contamination in a gel filtration column and to validate the 
antimicrobial effectiveness and applicability of these 
methods. 

EXPERIMENTAL 

Microbial Inoculum Suspension Preparation-The bacterial cul- 
tures, Staphylococcus aureus (ATCC 6538). Escherichia coli (ATCC 
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Several tricyclic compounds and benzodiazepine derivatives were 
chromatographed in the selection of the internal standard necessary for 
the quantitation of amitriptyline hydrochloride and chlordiazepoxide, 
but a stable material with a suitable retention time was not found. Sul- 
fanilamide eluted before amitriptyline hydrochloride and chlordia- 
zepoxide and was well separated from their respective impurities, so it 
was chosen as the internal standard. Separation of the compounds in- 
cluding sulfanilamide is shown in Fig. 1, and the calculated chromato- 
graphic characteristics are list.ed in Table I. 

Linearity-A plot of peak height uersus the amount of the two com- 
ponents injected was linear between 0.3 and 11 pg of amitriptyline hy- 
drochloride and 0.13 and 4 pg of chlordiazepoxide. The working con- 
centration was -5.7 pg of amitriptyline hydrochloride and 2 pg of 
chlordiazepoxide for the content uniformity test and assay. For disso- 
lution measurements, the working concentration was 0.6 pg of amitrip- 
tyline hydrochloride and 0.2 pg of chlordiazepoxide. 

Precision-Chromatographic system reproducibility was determined 
by injecting six 20-pI aliquots of a sample solution containing 0.1 mg of 
internal standard/ml, 0.3 mg of amitriptyline hydrochloride/ml, and 0.1 
mg of chlordiazepoxide/ml as well as corresponding amounts of the ref- 
erence standards. The relative standard deviation was f0.16 and f0.18% 
for amitriptyline hydrochloride and chlordiazepoxide, respectively. Six 
replicate samples of composite tablet mass also were assayed. The relative 
standard deviations were 0.96% for amitriptyline hydrochloride and 0.36% 
for chlordiazepoxide. 

Recovery-A known amount of both active components was added 
to an assayed sample, and 97.7% of the amitriptyline hydrochloride and 
100.2% of the chlordiazepoxide were recovered. 

Figure 2 shows a typical chromatogram of the tablet assay. No inter- 
ference due to a placebo was found. The completeness of the extraction 
of the tablet mass during sample preparation was checked; no active 

components remained in the tablet mass after filtering. Good agreement 
was obtained between the HPLC method and the spectrophotometric 
procedures, i.e., measurements of the bromcresol green complex of 
amitriptyline hydrochloride and of the diazotization and coupling product 
of chlordiazepoxide (Table 11). 

For the dissolution test, external rather than int.ernal standards were 
used since, a t  low concentrations, the sensitivity had to be increased and 
the blank interfered in the region of the internal standard. A typical 
chromatogram is shown in Fig. 3. 

The described procedure subsequently was used for experimental 
tablet and capsule formulations containing only amitriptyline hydro- 
chloride. The assay and content uniformity results correlated well with 
the data obtained using the pharmacopeial(5) procedures. 
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Abstract  Chromatographic gel filtration matrixes used in various 
separation techniques are subject to microbial contamination. The need 
for a microbe-free column is critical when preparing materials that require 
a low or zero microbial count. This report proposes two alternative 
washing systems: 0.02 N HCI containing 0.81% NaC1, and 0.1 M tro- 
methamine-hydrochloride buffer (pH 7.0) containing 0.81% NaCl and 
0.02% thimerosal. These washing systems were validated using a 100 X 
2.6-cm column packed with a modified dextran gel slurry previously in- 
oculated with known counts of USP test organisms. After each wash, the 
column separation characteristics were verified further with appropriate 
test, proteins. 

Keyphrases Chromatography-gel filtration, washing procedures 
for columns contaminated with microorganisms 0 Contamination- 
microorganisms in gel filtration columns, washing procedures for column 
disinfection 

Chromatographic column packing materials such as gel 
filtration and ion-exchange matrixes used in separation 
and the buffer systems usually employed with such ma- 
trixes are subject to microbial contamination and prolif- 
eration. Excessive microbial growth obstructs the flow, 
affects the chromatographic properties of these columns, 
and contaminates material that is affected adversely by 
microorganisms. 

Gel filtration matrixes can be sterilized in the wet or dry 
state by autoclaving (1, 2), but such techniques are not 
feasible for a working column. Gaseous sterilization with 
formaldehyde or ethylene oxide is ineffective and unsafe 
due to the limited sterilant penetration and the residual 
toxic effects (2,3). Organic solvents such as chloroform and 
toluene are incompatible with the matrixes and some 
column components. Several antimicrobial agents are 
compatible with the column packing matrixes. Thimerosal 
is one of the most commonly used preservatives because 
of its highly biostatic effect (2, 4). Its routine use as an 
applicable and effective antimicrobial agent in chroma- 
tographic columns has to be evaluated. 

The present investigation was undertaken to develop 
effective methods to minimize or eliminate microbial 
contamination in a gel filtration column and to validate the 
antimicrobial effectiveness and applicability of these 
methods. 

EXPERIMENTAL 

Microbial Inoculum Suspension Preparation-The bacterial cul- 
tures, Staphylococcus aureus (ATCC 6538). Escherichia coli (ATCC 
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8739), and Pseudomonas aeruginosa (ATCC 9027). were grown for 24 
hr at  3.5' on soybean-casein digest agar' slants. The yeast culture, Can- 
dida albicans (ATCC 102311, was grown for 48 hr a t  23O on Sabouraud 
dextrose agar2 slants. On the slurry inoculation day, individual culture 
suspensions were prepared in 0.9% NaCI" contained in sterile colorimeter 
tubes (150 X 15 mm). Each culture was scraped aseptically with a loop 
from the agar slants and carefully emulsified in colorimeter tubes until 
the uniform turbidity, as determined at 420 nm4, equaled an approximate 
viability count of 1-5 X lo8 organisms/ml of suspension. 

The bacterial culture, Bacillus subtilis (ATCC 9372), and the mold 
culture, Aspergillus niger (ATCC 16404), were prepared as spore sus- 
pensions in 0.9% NaCl solution, with the later suspension containing 
0.05% polysorbate 805. These spore suspensions had viability counts of 
-1-5 X lo8 organisms/ml. 

Quantitative Determination of Microbial Viability-The indi- 
vidual inoculum suspensions and the initially inoculated samples of slurry 
and effluents were diluted serially in 10-fold increments to in pH 
7.2 phosphate buffer6. All other samples of effluents and slurry were 
similarly diluted to Then, in duplicate, 1.0 ml of each diluted sample 
was placed in sterile plastic petri dishes (150 X 25 mm) with a sterile glass 
serological pipet (1 in 1/100 ml). In addition, 1.0- and 0.1-ml quantities 
of each undiluted sample were placed aseptically in plastic petri dishes 
with glass serological pipets (1 in 1/100 ml and 1/10 in 1/100 ml, respec- 
tively). 

For samples without thimerosa17, Sabouraud dextrose agar was added 
to one set of plates to enumerate molds or yeasts, and soybean-casein 
digest agar was added to the other set of plates to enumerate bacteria. 
In the samples containing thimerosal, the appropriate media were sup- 
plemented with sodium thioglycolate* (500 mg/liter). After incubation 
of the soybean-casein digest agar plates for 3-5 days a t  35" and the Sa- 
bouraud dextrose agar plates a t  room temperature for 7-11 days, col- 
ony-forming units were counted. 

Qualitative Determination of Microbial Viability-To monitor 
the viability of S aureus, E. coli, and P. aeruginosa, 0.1 ml of each sample 
was placed onto mannitol saltg, MacConkey'O, and cetrimide" agar 
plates, which were incubated for 23 days a t  3 5 O  and checked by Gram- 
stain or appearance for characteristic growth. In addition, the viability 
count plates were checked for colonies characteristic of each inoculated 
contaminant. 

pH Determination-The pH of each sample was determined with 
a digital pH meter'*. 

Mercury Determination-To monitor mercury as thimerosal in the 
effluents and slurries treated with the tromethamine-thimerosal wash 
solution, flameless atomic absorption spectroscopy was used. 

Reagent blanks were prepared by pipetting water, 3 ml, into 300-ml 
bottles13. A working standard solution of 0.5 ppm of mercury was pre- 
pared by diluting a 1000-ppm mercury standard solution. Then 1.0,2.0, 
and 3.0 ml of the working standard were pipetted into one of three 300-ml 
hottles13. 

Each sample from the tromethamine-thimerosal wash solution was 
acidified with an equal volume of concentrated nitric acid to kill any 
microorganisms. All samples were stored a t  5' prior to the atomic ab- 
sorption analyses. A t  that time, each sample was diluted with double- 
distilled water to obtain -1 ppm of mercury, and 1-ml samples were pi- 
petted into 300-ml bottles13. 

To each blank, standard, and sample solution were added 5 ml of 35% 
HN03, 5 ml of 50% (v/v) HzS04, and 5 drops of 5.0% potassium per- 
manganate to produce a purple color. After standing for 30 min, each 
preparation was diluted to volume (100 ml) with distilled water. Hy- 
droxylamine hydrochloride (1.5%), 5 ml, was added to decolorize each 
solution, the solution was treated with 5 ml of 10.0% stannous chloride, 
and the flask was stoppered immediately with the aspirator tube of the 

Bacto-tryptic soy agar, Difco Laboratories, Detroit, Mich. 

Saline TS, USP XIX. 
Spectronic-20 colorirneter, Bausch & Lomb, Rochester, N.Y. 
Saline TS, USP XIX, as specified for preparation of mold spore suspen- 

Butterfield's phosphate buffer. 
Ethylmercurithiosalicylic acid sodium salt, item 11228, Eastman Kodak Co., 

Difco Laboratories, Detroit, Mich. 
BBL Division, Becton, Dickinson & Co., Cockeysville, Md. 

lo Bacto-MacConkey agar, Difco Laboratories, Detroit, Mich. 
l1 Pseudosel agar, BBL Division, Becton, Dickinson & Co., Cockeysville, Md. 

Corning digital 112 research pH meter, Corning Scientific Instruments, 

l3 Biological oxygen demand bottles. 

* Bacto-Sahouraud dextrose agar, Difco Laboratories, Detroit, Mich. 

sions. 

Rochester, N.Y. 

Medfield, Mass. 

i n~ t rumen t '~ .  The enclosed atmosphere of each solution was circulated 
through the apparatus drying train using the electric pump. The maxi- 
mum absorbance was recorded when the mercury vapor concentration 
reached an equilibrium value. Between runs of each solution, the vapor 
was circulated through the mercury scrubber to clean the system. 

The average blank absorbance was subtracted from the standard and 
sample absorbances. The quantity of mercury in each diluted sample was 
read from a calibration curve prepared by plotting the mercury quantities 
in the standards in micrograms against the corrected standard absorb- 
ances. The mercury concentration in the original sample was calculated 
by: 

C X D  
concentration (ppm) of mercury = - (Eq. 1) S 

where C is the amount of mercury (parts per million) in 1 ml of diluted 
sample, D is the dilution factor, and S is the amount of sample (millili- 
ters). 

Antimicrobial Activity Determination of Acid Wash Solution- 
Dry modified polymeric dextran ge115 (-50 g) was added to -1500 ml of 
sterile distilled water. After 3 days of equilibration a t  room temperature, 
the distilled water in the slurry was decanted and replaced with sterile 
0.81% NaCI. Following an additional 2-day equilibration a t  room tem- 
perature, the supernate was decanted, leaving -1000 ml of slurry. This 
slurry was inoculated with either 10 ml of each inoculum suspension (S .  
aureus, E. coli, P .  aeruginosa, and C. albicans) or 10 ml of each spore 
suspension (A.  niger and B. subtilis). 

Over 24 hr, the inoculated slurry was packed by gravity into the col- 
umn16 to a height of -95 cm. The column was maintained a t  5O by cir- 
culating controlled-temperature water through the column jacket. The 
slurry and column effluent were sampled immediately and tested for 
microbial count and pH. 

The packed column, continuously maintained at 5O, was washed with 
-3-4 liters of the sterile, filtered, pH 1.8 acid wash solution at a flow rate 
of -0.8 ml/min. Column effluent samples were collected in sterile 
screw-capped test tubes (150 X 20 mm) after 1 and 4 days to determine 
the microbial count and pH. The remaining effluent was pooled for de- 
termining the total acid wash elution volume. 

After this acid wash treatment, the column was rinsed by washing with 
1.5-2.5 liters of 0.1 M tromethamine-hydrochloride buffer (pH 7.0) 
containing 0.81% NaCl and 0.02% sodium azide (rinsing buffer) a t  the 
same flow rate. 

After 1 and 2 days of rinsing, the column effluent samples were col- 
lected in sterile screw-capped test tubes for microbial counting and pH 
determination. The remaining effluent was pooled for determination of 
the total rinsing buffer elution volume. Five days after the rinse termi- 
nation, a sample of the effluent was aseptically collected for microbial 
counting and pH determination. The slurry was removed immediately 
from the column and sampled aseptically from the top, middle, and 
bottom for the microbial count and pH determination. 

Antimicrobial Activity Determination of Tromethamine-Thi- 
merosal Wash Solution-The described washing and rinsing protocol 
and the time schedule were followed in using the tromethamine-thi- 
merosal wash solution to clean the inoculated columns. In addition to the 
microbial count and pH determination, column effluents and slurry were 
assayed for mercury by flameless atomic absorption spectroscopy to 
monitor the thimerosal concentration. 

Separation Properties of Columns Treated with Acid and Tro- 
methamine-Thimerosal Wash Solution-Two milligrams each of 
cytochrome cI7, bovine serum albumin'8, and a dextran indicator19 were 
added separately to 2-ml aliquots of the rinsing buffer. The test solution 
was prepared by combining 1.0 ml of each of these solutions. This test 
solution was fractionated on the same uninoculated column after each 
of the following procedures: (a)  rinsed and equilibrated with -2 liters 
of rinsing buffer over 24 hr (control run); ( 6 )  rinsed and equilibrated with 

l4 Model AA5, Techtron atomic absorption spectrophotometer, Varian, Palo Alto, 
Calif. The instrument conditions include a mercury tube and the following settings: 
wavelength, 253.65 nm; current, 3.5 mamp; and slit, 100 Gm. The absorption cell 
was obtained from Perkin-Elmer Corp., Instrument Division, Norwalk, Conn. A 
mercury analysis kit, model 303-0830. with a drying train was also used. 

l5 Sephadex G-100, Pharmacia Fine Chemicals, Piscataway. N.J. 
Column type K26/100 (100 X 2.6 cm i.d.). Pharmacia Fine Chemicals, Pisca- 

taway, N.J. 
17.Type VI, from horse heart, 95-10070, Item C-7752, Sigma Chemical Co., St. 

Louis. Mo. 
18 Crystallized and lyophilized, item A-4378, Sigma Chemical Co., St. Louis, 

Ma. 
l9 Blue dextran 2000, Pharmacia Fine Chemicals, Piscataway, N.J. 
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Table 1-Acid Wash Treatment  of a Column S lu r ry  Contaminated with Nonapore-Forming Bacteria and Yeast 

Sample Analyses 
Microorganism 

Sampling Column Eluting Total Effluent Count per Milliliter 
Time, Solution Used Volume between Nature of Total 
days between Sampling Sampling, ml Sample PH Bacteria Yeast 

0 Acid wash solution 0 Slurry 
Effluent 

1 Acid wash solution 800 Effluent 
4 Rinsing buffer 2325 Effluent 
5 Rinsing buffer 640 Effluent 
(i Rinsing buffer" 575 Effluent 

11 Rinsing buffer" 0 Effluent 
Slurry from top 
Slurry from middle 
Slurry from bottom 

6.0 8.0 X 106 5.2 x 106 
6.7 5.0 X lo6 3.0 X lo6 
1.8 0 1.8 x 104 
1.8 0 1.1 x 102 
7.0 0 4.2 X 10' 
7.0 0 2.2 x 10' 
7.0 0 3.5 x 103 
7 .O 0 1.8 X lo2 
7.0 0 6.0 X lo2 
7.0 0 2.2 x 104 

" Standing in the slurry. 

Table JI-Acid Wash Treatment of a Column S lu r ry  Contaminated with Bacterial and Mold Spores 

Sample Analyses 
Microorganism Count 

Sampling Column Eluting Total Effluent per Milliliter 
Time, Solution Used Volume between Nature of Bacteria Mold 
days between Sampling Sampling, ml Sample PH Spores Spores 

0 Acid wash solution 0 Slurry 6.4 2.2 x 106 3.0 X lofi 

1 Acid wash solution 1000 Effluent 1.9 2.1 x 102 3.0 X loo 
4 Rinsing buffer 2150 Effluent 1.8 3.7 x 10' 4.0 X loo 
5 Rinsing buffer 1130 Effluent 7.0 2.3 X lo2 8.0 X 10' 
6 Rinsing buffer" 930 Effluent 7.0 8.0 X 10' 4.0 X 10' 

11 Rinsing buffer" 0 Effluent 7.1 1.6 X 104 8.5 X lo2 

Slurry from bottom 7.0 3.8 x 105 1.4 X lo6 

Effluent 6.3 1.9 x 106 1.6 x 104 

Slurry from top 7.1 3.8 X lo5 8:o x 105 
Slurry from middle 7.0 3.8 x 105 1.2 x 106 

" Standing in the slurry. 

-2 liters of rinsing buffer and treated with -1 liter of the acid wash so- 
lution over 24 hr followed by rinsing and equilibration with -2 liters of 
rinsing buffer over 48 hr (acid wash run); and ( c )  rinsed and reequili- 
hrated with -2 liters of rinsing buffer and treated with -1 liter of the 
tromethamine-thimerosal wash solution over 24 hr followed by rinsing 
and equilibration with -2 liters of rinsing buffer over 48 hr (trometh- 
amine-thimerosal wash run). These solutions were allowed to flow 
through the slurry in the column by gravity a t  0.8 ml/min. 

After each of the three column treatments, the test solution was added 
to the column and was allowed to flow -2.5 cm into the slurry before 
initiation of the rinsing buffer eluent, which flowed by gravity a t  a similar 
rate. Six-milliliter fractions were collected20, and each fraction was 
monitored visually and/or spectrophotometricallyZ1 for components of 
the test solution. 

The column void volume was estimated from the elution volume of the 
blue dextran, which was detected spectrophotometrically by its ab- 
sorbance a t  625 nm and visually by its blue color. The elution volume of 
cytochrome c was determined spectrophotometrically from its absorbance 
at, 407 nm and visually by its red color. The elution volume of bovine 
serum albumin was determined by its absorbance a t  280 nm. Then the 
relative elution volumes were calculated after each run by dividing the 
elution volume of each test protein, V,, by the respective void volume, 
Vo, for each respective run. In addition, the Ouchterlony double-diffusion 
technique was used to confirm the separation of bovine serum albumin 
from cytochrome c. 

Ouchterlony Double-Diffusion Technique-In the Ouchterlony 
technique, 50 ~1 from each of the three fractions of the bovine serum al- 
bumin peak was added to each of three outer wells of an Ouchterlony 
platez2. Fifty microliters from each of the two fractions of the cytochrome 
c peak was added to each of two additional outer wells on the same Ou- 
chterlony plate. Fifty microliters of a control solution (2 mg of bovine 
serum alhumin/ml) was added to t.he sixt.h outer well of the Ouchterlony 
plate. Fifty microliters of rabbit antibovine serum albumin23 (2 mg/ml) 

~~~~ 

2" LKB ultrorac irecuon collector, instrument group 7000, LKB-Produktor AB, 

I' Model 25 spectrophobmeter. Beckman Instruments. Fullerton, Calif. 
22 JDF cell I ,  Cordis Laboratories, Miami, Fla. 
13 Antibovine serum albumin (rahhit). code 6.5-111, MilesYeda Ltd.; distributed 

S-!6125, Rromma I ,  Sweden. 

by liesearch Division, Miles Laboratories, Kankakee, Ill. 

was added to the center well of the plate, which was incubated for 24 hr 
in a moisture chamber at room temperature and subsequently examined 
for precipitin bands. 

RESULTS 

Validation of Antimicrobial Activity of Column Wash Solu- 
tions-The results indicate that both the acid wash and the trometh- 
amine-thimerosal wash solutions are capable of eliminating microbial 
contamination from the gel filtration slurry packed into a column 
maintained a t  5'. The acid wash was more effective than the trometh- 
amine-thimerosal wash solution against both the nonspore-forming 
bacteria and the spores of B. subtilis (Tables I-IV). The acid wash so- 
lution was extremely active against the nonspore-forming bacteria since 
the combined bacterial count of S. nureus (Gram-positive cocci), E.  coli, 
and P. aeruginosa (both Gram-negative bacilli) was reduced from 5.0 x 
106 bacteria/ml of effluent to zero in 1 treatment day (Table I). 

In comparison, the combined viability count for a mixture of the same 
three nonspore-forming bacteria was reduced from 3.8 X lofi to 1.6 X lo3 
organisms/ml of effluent sample following 4 days of treatment with the 
tromethamine-thimerosal wash (Table 111). Visual (qualitative) exam- 
ination of the viability count plates indicated that, after 4 days of treat- 
ment, P. aeruginosa was eliminated completely, that  E. coli contami- 
nation was reduced significantly, and that most of the remaining non- 
spore-forming contamination was S.  aureus. 

The acid wash produced almost a 100,000-fold reduction in the number 
of B. subtilis spores per milliliter of effluent with 4 days of treatment 
(Table 11). On the other hand, only a 1000-fold reduction in the number 
of R. subtilis spores per milliliter of effluent was produced with 4 days 
of treatment with the tromethamine-thimerosal wash solution (Table 
IV). 

The tromethamine-thimerosal wash solution was more effective than 
the acid wash solution against yeast and the A. niger mold spores. A. niger 
spores, initially at concentrations of 1.5 X 106/ml of slurry and of 1.5 X 
104/ml of effluent, were reduced to zero per milliliter of effluent with 1 
day of treatment with the tromethamine-thimerosal wash solution (Table 
IV). This reduction was permanent since no mold spores were recovered 
from the treated slurry. Similarly, this same wash produced a 100,000-fold 
reduction in the C. albicans count per milliliter of effluent (Table 111). 
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Table 111-Tromethamine-Thimerosal Wash Treatment  of a Column S lu r ry  Contaminated with Nonspore-Forming Bacteria and 
Yeast 

Total Sample Analyses 
Effluent Microorganism 

Sampling Column Eluting Volume Mercury - Count per Milliliter 
Time, Solution Used between Nature of Content, Total 
days between Sampling Sampling, ml Sample PH % Bacteria Yeast 

0 Tromethamine-thimerosal 0 

1 Tromethamine-thimerosal lo00 

4 Rinsing buffer 2720 
5 Rinsing buffer 1000 
6 Rinsing buffer 1560 

11 Rinsing buffer 0 

wash solution 

wash solution 

Slurry 
Effluent 
Effluent 

6.6 
6.4 
7 .O 

Effluent 7.1 
Effluent 7.0 
Effluent 7.0 
Effluent 7 .O 

Slurry from middle 7.0 
Slurrv from bottom 7.0 

Slurry from top 7.0 

3.8 X lo6 
3.8 X lo6 
3.8 X 104 

1.6 x 103 

1.2 x 103 
1.6 x 103 

3.2 x 104 

7.6 X lo2 
6.0 X lo2 

3.2 X lo3 

3.5 x 106 
2.4 X lo6 

3.5 x 101 
1.0 x 10' 

0 
0 
0 
0 
0 

4.0 x 103 

0 Negligible mercury content. Standing in the slurry. 

Table IV-Tromethamine-Thimerosal Wash Treatment  of a Column S lu r ry  Contaminated with Bacterial  and  Mold Spores 

Total Sample Analyses 
Effluent Microorganism Count 

Time, Solution Used between Nature of Content, Bacteria Mold 
days between Sampling Sampling, ml Sample PH % Spores Spores 

Sampling Column Eluting Volume Mercury per Milliliter 

a 
a 

0 Tromethamine-thimerosal wash solution 0 Slurry 6.4 - 
Effluent 6.5 - 

1 Tromethamine-thimerosal wash solution 825 Effluent 7.0 0.01 
4 Rinsing buffer 2250 Effluent 7.0 0.01 
5 Rinsing buffer lo00 Effluent 7.0 - 
6 Rinsing buffer 1150 Effluent 7.0 - 

11 Rinsing buffer 0 Effluent 6.8 - 
Slurry from top 6.8 - 
Slurry from middle 6.8 - 

a 
a 
a 
a 
a 

1.5 X lo6 
2.0 x 106 
5.5 x 103 0 
2.4 x 103 0 
1.2 x 103 0 
8.0 X lo2 0 
9.0 x 104 0 
3.5 x 105 0 
5.6 x 105 0 

1.5 X lo6 
1.5 x 104 

0 Negligible mercury content. Standing in the slurry. 

Table V-Relative Elution Volumes of t he  Test Solution 
Components a f t e r  Each R u n  

Relative Elution Volumes ( VJVO)" 
Test Tromethamine- 

Solution Control Acid Thimerosal 
Components Run WashRun WashRun 

Bovine serum albuminb 1.04 1.05 1.00 
Cvtochrome c 2.07 2.56 2.60 

~ ~ ~ ~~~ 

The column void volume ( VO) was determined using blue dextran; V, is the test 
protein elution volume. * Fractions were verified further by the Ouchterlony 
double-diffusion technique. 

At the conclusion of this experiment, no viable C. albicans cells were 
recovered from the slurry (Table 111). 

The acid wash solution produced a less dramatic reduction in the 
number of yeast and mold spores. The yeast spore count per milliliter 
of effluent was reduced 10,000-fold with 4 days of treatment, although 
the count increased after the treatment ended (Table I). The mold spore 
count per milliliter of effluent was reduced almost 10,000-fold with 1 day 
of treatment, and as with the C.  albicans, the number of colony-forming 
units of A. niger increased following termination of the 4-day flow of the 
acid wash solution (Table 11). 

Each wash solution was eliminated from the column within -24 hr by 
continuous elution with the rinsing buffer, as shown by the pH or mercury 
determination (Tables I-IV). Only a trace of mercury was detected in the 
gel slurry after rinsing the column previously treated with the trometh- 
amine-thimerosal wash (Tables 111 and IV). 

Validation of Separation Properties of Treated Column-The test 
protein elution patterns (bovine serum albumin and cytochrome c) ob- 
tained from the control run, the acid wash run, and the tromethamine- 
thimerosal run showed no significant differences, indicating that the 
column separation properties were not affected by either washing pro- 
cedure. The relative elution volumes of the test proteins after both the 
acid wash run and the tromethamine-thimerosal wash run were similar 
to the relative elution volumes obtained after the control rim (Table V). 

In addition, the Ouchterlony double-diffusion technique verified that 
there was no cross-contamination of the cytochrome c fraction with bo- 
vine serum albumin. 

DISCUSSION 

Selection of Suitable Wash Solutions-Several disinfectant solu- 
tions other than the tromethamine-thimerosal and the acid wash solu- 
tions were considered, but they were not studied because of their unde- 
sirable characteristics. Formaldehyde (3-86) and glutaraldehyde (2%) 
were reported to be sporocidal (4), but formaldehyde is corrosive and 
damaging to the plastic parts of the column equipment, and glutaral- 
dehyde is expensive and unstable upon storage (4). Other substances, 
such as chloroform, butanol, and toluene, cause the gel particles of certain 
gel filtration matrixes to shrink (2), are effective only a t  high concen- 
trations (2,5), and are incompatible with the plastic parts of the column 
equipment (2). 

Thimerosal, a well-known antimicrobial agent (4), commonly is used 
as a preservative in multiple-dose containers and in topical preparations 
(4, 6). Furthermore, i t  is compatible with gel filtration and cation-ex- 
change matrixes (2,5). Dilute hydrochloric acid was examined since its 
acidity is expected to be antimicrobial and since gel filtration matrixes 
can be exposed to 0.02 N HCl for at least 6 months without deleterious 
effects (2). The 0.02% sodium azide included in the rinsing buffer does 
not interact with proteins or carbohydrates or affect their chromato- 
graphic behavior (2). The inclusion of isotonic sodium chloride concen- 
trations in the wash solutions and rinsing buffer keeps the ionic strengths 
constant to avoid gel volume shrinkage or swelling upon changes in the 
eluents. 

Antimicrobial Activity Determination and  Monitoring of Wash 
Solution Removal-The washing procedures were examined under 
working conditions in a typical gel filtration column maintained at 5'. 
T o  investigate their antimicrobial effectiveness, the gel slurry was inoc- 
ulated with high counts of the five test microorganisms recommended 
by USP XIX for antimicrobial effectiveness testing (7). To ensure 
meaningful results with the tromethamine-thimerosal wash, the static 
effects of mercury (7, 8) were neutralized by the addition of sodium 
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thioglycolate to a final concentration of 500 mg/liter (7) to all culture 
media possibly containing thimerosal. To substantiate the microbial 
counts and pH or mercury concentrations of effluent samples taken a t  
the end of each wash and rinse cycle, column slurry samples were also 
analyzed a t  the conclusion of each antimicrobial effectiveness test. 

‘r0 monitor the acid wash removal, pH determination was the most 
appropriate method. Since thimerosal contains -50% mercury by weight 
(9), the tromethamine-thimerosal wash removal was monitored by cold 
vapor, flameless atomic absorption spectroscopy (10). 

Washing Solution Effects on Treated Column Separation Prop- 
erties-The proteins cytochrome c and bovine serum albumin were se- 
lected because, based on their respective molecular weights of 12,400 and 
67,000, they can he readily fractionated by the slurry used in this inves- 
tigation (2). Each protein, as well as the blue dextran void volume indi- 
cator, was readily assayed spectrophotometrically. In addition, the 
Ouchterlony double-diffusion procedure, based on a literature method 
(1  I ) ,  confirmed the clear separation of bovine serum albumin and cyto- 
chrome c in the control column and in treated columns. 

It is feasible to apply both wash solutions, 0.02 N HCI containing 0.81% 
NaCl and the 0.1 M tromethamine-hydrochloride buffer (pH 7.0) con- 
taining 0.81% NaCl and 0.02% thimerosal, for disinfecting a modified gel 
filtration slurry under typical working conditions. Both wash solutions 
demonstrate antimicrobial activity against high concentrations of various 
microorganisms in the gel slurry packed into a column maintained at 
5”. 

Since the acid wash is more effective against nonspore-forming bac- 
teria, including the more resistant species P. aeruginosa (4), and since 
the tromethamine-thimerosal wash is more active against mold and yeast, 
both wash solutions can he used routinely on an alternating basis or as 
needed. The wash solutions cannot he used in combination, however, 
since thimerosal is unstahle in acidic solutions (4). In addition, both wash 
solutions can he removed from the slurry within 24 hr with no more than 
1 liter of the rinsing buffer. Both wash solutions do not adversely affect 
the matrix separation properties and should be compatible with similar 
column packing materials. 
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Abstract A rapid, sensitive, and automatable high-performance liquid 
chromatographic method is presented for the determination of sulfa- 
methoxazole, trimethoprim, and a preservative in dosage forms in the 
presence of excipients and degradation products. 
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The antibacterials sulfamethoxazole and trimethoprim 
are the active ingredients in several oral suspension and 
solid dosage forms. The official analyses of their dosage 
forms are spectrophotometric methods following extrac- 
tion (1, 2). These methods are time consuming and rela- 

does not separate the various degradation products and 
the active components and cannot be used as a stability- 
indicating assay (3). 

This study was undertaken to establish a rapid, quan- 
titative, and stability-indicating procedure for routine 
quality control testing of trimethoprim and sulfa- 
methoxazole in dosage forms. Methylparaben, a commonly 
used preservative, also may be determined in the analysis 
of the oral suspension. 

EXPERIMENTAL 

Apparatus-A high-pressure liquid chromatograph’ with a 254-nm 
detector and a stainless steel column (30 cm X 4 mm id.)  was used. The 
column packing2 was porous silica particles with an octadecylsilane- 
bonded coating. The system was operated a t  2.0 ml/min with a column 
pressure of -1800 psi for solid dosage forms and a t  3.0 ml/min with a 
column pressure of -2800 psi for oral suspensions. 

tively difficult. A high-performance liquid chromato- 
graphic (HPLC’ method’ presented for the Of 
various sulfonamides in combination with trimethoprim, Model 6W0A pump and 440 detector, Waters Associates, Milford, Mass. * pBondapak CIS. Waters Associates, Milford, Mass. 
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cator, was readily assayed spectrophotometrically. In addition, the 
Ouchterlony double-diffusion procedure, based on a literature method 
(1  I ) ,  confirmed the clear separation of bovine serum albumin and cyto- 
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taining 0.81% NaCl and 0.02% thimerosal, for disinfecting a modified gel 
filtration slurry under typical working conditions. Both wash solutions 
demonstrate antimicrobial activity against high concentrations of various 
microorganisms in the gel slurry packed into a column maintained at 
5”. 

Since the acid wash is more effective against nonspore-forming bac- 
teria, including the more resistant species P. aeruginosa (4), and since 
the tromethamine-thimerosal wash is more active against mold and yeast, 
both wash solutions can he used routinely on an alternating basis or as 
needed. The wash solutions cannot he used in combination, however, 
since thimerosal is unstahle in acidic solutions (4). In addition, both wash 
solutions can he removed from the slurry within 24 hr with no more than 
1 liter of the rinsing buffer. Both wash solutions do not adversely affect 
the matrix separation properties and should be compatible with similar 
column packing materials. 
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solid dosage forms. The official analyses of their dosage 
forms are spectrophotometric methods following extrac- 
tion (1, 2). These methods are time consuming and rela- 

does not separate the various degradation products and 
the active components and cannot be used as a stability- 
indicating assay (3). 

This study was undertaken to establish a rapid, quan- 
titative, and stability-indicating procedure for routine 
quality control testing of trimethoprim and sulfa- 
methoxazole in dosage forms. Methylparaben, a commonly 
used preservative, also may be determined in the analysis 
of the oral suspension. 
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Samples were injected by an autosampler3 equipped with a 10-pl loop, 
and all analyses were performed a t  ambient temperature. A laboratory 
computer system4 was used to gather data and to calculate the percentage 
of the theoretical component amounts. 

Materials-Methanol5, methylparaben‘j, phenacetid, trimethoprim‘j, 
sulfamethoxazole‘j, a~etoni t r i le~,  and acetic acids were used as received. 
The oral suspensions and tablets were obtained from marketed 
batchesg. 

Mobile Phase-The mobile phase was degassed acetonitrile-1% 
aqueous acetic acid (16534) for tablets and degassed acetonitrile-1% 
aqueous acetic acid (1090) for oral suspensions. 

Internal  Standard Solution-A 2-mg/ml solution of phenacetin in 
methanol was prepared as the internal standard. 

Reference Standard Solution-Approximately 20 mg of trimetho- 
prim and 100 mg of sulfamethoxazole were weighed accurately into a 
100-ml volumetric flask. After 6.0 ml of the internal standard was added 
and the trimethoprim and sulfamethoxazole were dissolved in metha- 
nollo, the flask was filled to volume with methanol. 

Sample Preparation fo r  Solid Dosage Forms-Twenty intact 
tablets from each sample were weighed accurately to obtain the average 
tablet weight and were ground to a fine powder. An amount of the powder 
equivalent to 100 mg of sulfamethoxazole was weighed accurately and 
placed in a 100-ml volumetric flask. Sufficient methanol to dissolve the 
active ingredientslO and 6.0 ml of the internal standard solution were 
added, and the solution was diluted to volume with methanol. A portion 
of this solution was centrifuged or filtered before use. 

Sample Preparations for Oral  Suspension-Approximately 2.7 g 
of the oral suspension sample was weighed accurately and placed in a 
100-ml volumetric flask. After 6.0 ml of the internal standard solution 
was added and the active ingredients were dissolved in methanollO, the 
flask was diluted to volume with methanol. A portion of this solution was 
filtered or centrifuged before use. The specific gravity of the suspension 
was required for the calculations. 

Chromatography-Each sample analysis consisted of two 10-pl in- 
jections of the sample solution bracketed by two 10-pl injections of a 
standard solution. Sample chromatograms for the oral suspension and 
tablet samples are shown in Figs. 1 and 2, respectively. The detector at- 
tenuation was 0.1 aufs. 

The peak area or height ratios were used to quantitate the chromato- 
grams. The ratios were calculated by: 

PA SP or ST = --! 
PA 2 

(Eq. 1) 

where SP is the sample ratio, ST is the standard ratio, PA1 is the area 
or height of the sample or standard component peak, and PA:! is the area 
or height of the internal standard peak. The percent of the theoretical 
amount of each component was calculated by: 

s p  w1 AS X 100 = % of theoretical amount (Eq. 2) (El (id (E) 
where W1 and Wp are the standard and sample weights, respectively; AS 
is the average tablet weight or specific gravity; and TA is the theoretical 
amount per tablet or milliliter. Peak areas were used in the trimethoprim 
and sulfamethoxazole calculations, and pealaheights were used in the 
methylparaben calculations. 

RESULTS AND DISCUSSION 

A nonpolar column was selected due to the polarity of the components 
to be determined. The high efficiency of the reversed-phase, small particle 
column resolved all of the formulation components and potential deg- 
radation products. 

The presence of methylparaben as a preqervative in the oral suspension 
required a different mobile phase from that used for the tablets. A slightly 
more polar mobile phase was used to resolve methylparaben from sul- 
famethoxazole in the oral suspension to quantitate both components 

Model 725, Micromeritics, Norcross, Ga. 
HP3354, Hewlett-Packard, Avondale, Pa. 
Certified ACS, Fisher Scientific. 
Reference standards, Burroughs Wellcome Co., Greenville, N.C. 
HPLC grade, Fisher Scientific. 
ACS grade, Mallinckrodt. 

9 Septra suspension and Septra tablets, Burroughs Wellcome Co., Greenville, 

10 Samples or standards may have to be sonicated or shaken to effect dissolu- 
N.C. 

tion. 

3 9 15 21 
MINUTES 

Figure 1-Chromatogram of 
an oral suspension. Key: 1,  
soluent; 2, trimethoprim; 3, 
sulfamethorazole; 4 ,  rnethyl- 
paraben; and 5 ,  phenacetin. 

3 

.4 

2 6 10 14 
MINUTES 

Figure 2-Chromatogram of a solid 
dosage form. Key: I ,  soluent; 2, tri- 
methoprim; 3, sulfamethoxazole; and 
4 ,  phenacetin. 

accurately. The less polar mobile phase allowed faster analysis for the 
tablets. 

An internal standard method was chosen to minimize errors resulting 
from both the apparatus and the injection technique. The peak exhibited 
by phenacetin, the internal standard, was resolved well from the peaks 
exhibited by trimethoprim, sulfamethoxazole, methylparaben, and the 
degradation products. 

Linearity of the method for sulfamethoxazole and trimethoprim was 
determined by plotting the peak area response uersus the concentration 
of each component. Peak height response was plotted uersus concen- 
tration for the methylparaben linearity determination. Solutions con- 
taining various amounts of the component and a constant amount of the 
internal standard were chromatographed. The results proved that the 
method was linear in accordance with Beer’s law. 

Method reproducibility was determined by 13 consecutive injections 
of a standard solution equivalent to 100% of the theoretical amount of 
each component. The relative standard deviations were 0.16,0.36, and 
5.30%, using the peak area for sulfamethoxazole, trimethoprim, and 
methylparaben, respectively. The relative standard deviation for 
methylparaben was 0.97% using peak height measurements. Since this 
reproducibility is greater than that obtained using peak area, peak heights 
were used for the methylparaben calculations. 

Each component was heat degraded in acid, base, and water. These 
solutions were chromatographed to show the retention times for the 
degradation products. Sulfamethoxazole exhibited no noticeable deg- 
radation, and trimethoprim exhibited two peaks identified as 2-amino- 
4-hydroxy-5-(3’,4’,5’-trimethoxybenzyl)pyrimidine and 4-amino-2- 
hydroxy-5-(3’,4’,5’-trimethoxybenzyl)pyrimidine. The retention times 
of the two degradation products using the mobile phase for solid dosage 
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Table I-Comparative Analyses Using HPLC and  ExtractionSpectrophotometric Methods 

Samule 

Percent of Theoretical Amount” 
Trimethoprim Sulfamethoxazole Methylparaben 

Extraction HPLC Extraction HPLC Previousb HPLC 

0 L 
3 
4 
5 
6 
7 
8 
Suspension 1 
Suspension 2 
Suspension 3 
Suspension 4 
Suspension 5 
Susuension 6 

96.6 
98.7 
99.8 
99.4 
97.5 

101.8 
101.0 
102.1 
96.6 
97.6 
94.1 
97.3 
98.6 
95.2 

99.8 f 0.7 100.6 100.1 f 0.0 
100.0 f 0.2 98.0 100.6 f 0.1 
99.7 f 0.3 98.9 99.5 f 0.7 
98.8 f 0.4 100.6 99.4 f 0.0 
95.1 f 0.2 102.7 98.0 f 0.2 

100.4 f 0.6 100.3 100.0 f 0.8 
99.5 f 0.2 100.3 99.5 f 0.3 
97.7 f 0.1 101.7 100.1 f 0.3 

100.1 f 1.5 99.8 102.2 f 0.8 
97.5 f 0.3 101.5 100.0 f 0.4 
95.6 f 0.8 
97.0 f 1.1 
96.4 f 1.1 

ioi.5 
99.3 
97.6 

99.4 f 0.6 
99.9 f 0.8 

100.4 f 0.4 
95.4 f 1.3 98.9 98.7 f 0.7 

- 

100.5 
97.4 
99.8 
97.8 
98.6 
97.0 

- 
99.8 f 0.4 

100.1 f 0.0 
99.3 f 0.8 
99.6 f 0.0 
99.5 f 0.6 
97.2 f 0.6 

0 Each HPLC result is an average of two values. The percent of the theoretical amount is the amount of active ingredient found based on the amount claimed. * The 
previous assay was a different HPLC assay that used an acetonitrile-0.1% acetic acid (25:75) mobile phase and an ODS-2,25-cm column at  a flow rate of 2.0 ml/min. 

Table 11-Reproducibility of HPLC Method Results 

Percent of Theoretical Amounta 
Trimethoprim Sulfamethoxazole Methylparaben 

Sample Assay I Assay I1 Assay I Assay I1 Assay I Assay I1 

1 99.8 f 0.7 99.4 f 0.4 100.1 f 0.0 100.5 f 1.1 - - 
2 95.1 f 0.2 96.4 f 0.3 98.0 f 0.2 99.8 f 0.4 - - 

3 100.4 f 0.6 100.6 f 0.6 100.0 f 0.8 101.6 k 0.4 - - 

Suspension 1 95.0 f 0.1 95.3 f 0.5 98.0 f 0.1 98.7 f 0.2 98.0 f 0.3 99.2 f 0.1 
Suspension 2 94.2 f 0.1 94.1 f 0.4 99.3 f 0.3 99.1 f 0.6 99.3 f 0.6 98.5 f 0.5 

97.7 f 0.4 Suspension 3 94.5 f 0.2 94.5 f 0.1 98.7 f 0.0 98.3 f 0.1 98.7 f 0.2 

Each assay result is an average of 
found based on the amount claimed. 

two analyses. Samples were weighed for each 

forms were -4.9 and 3.1 min, respectively. The retention times using the 
mobile phase for the oral suspension were -10.0 and 4.2 min, respectively. 
These degradation products were identified by chromatographing 
standard solutions containing the impurities, the degradation solutions 
containing the products of interest, and degradation solutions spiked with 
these products and noting the retention times of the peaks. Placebos were 
chromatographed and showed that the excipients did not interfere. 

The values obtained using the HPLC method compared favorably with 
those obtained using the extraction-spectrophotometric determination 
(Table I). In most cases, the HPLC assay gave slightly higher values than 
the extraction method. This difference may have been caused by a loss 
of sample during the extraction. In some cases, absorbing impurities or 
degradation products may have caused the extraction-spectrophoto- 
metric method to give a higher result than the more specific HPLC 
method. The HPLC assay was performed on 2 days and showed that the 
precision of the instrumentation and the assay reproducibility results 

analysis. The percent I of the theoretical amount is I the amount of active ingredient 

were good. A different sample was weighed each day the assay was per- 
formed (Table 11). 

The HPLC method is accurate and is shorter and easier than the ex- 
traction-spectrophotometric method. In addition, the HPLC method 
can be automated easily using automatic samplers and laboratory com- 
puters or integrators. 
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Abstract 0 A spectrophotometric assay for determining tolmetin sodium 
in pharmaceutical solid dosage forms is described. Tolmetin sodium is 
separated from common pharmaceutical excipients and probable deg- 
radation products. Recovery, precision, and accuracy data are provided. 
Two TLC methods are included which can be used to monitor qualita- 
tively the stability of aged dosage forms. 

Keyphrases 0 Tolmetin sodium-stability-indicating assay, solid 
dosage forms 0 Anti-inflammatory agents-tolmetin sodium, stabil- 
ity-indicating assay, solid dosage forms 0 Stability-tolmetin sodium, 
spectrophotometric assay, solid dosage forms 

Tolmetin' sodium [sodium l-methyl-5-(4-methylben- 
zoyl)-lH-pyrrole-2-acetate dihydrate] was introduced 
commercially as an anti-inflammatory drug for the treat- 
ment of rheumatoid arthritis. Since it is a pyrrole deriva- 
tive (l), it differs chemically from other anti-inflammatory 
agents. During the development of a suitable dosage form, 
a precise and accurate stability assay was needed. GLC and 
spectrophotometric assays were developed (2-4) to eval- 
uate the absorption, distribution, and excretion of tolmetin 
sodium in human subjects. High-pressure liquid chroma- 
tographic methods were developed recently for assessing 
the purity of tolmetin sodium ( 5 )  and for determining 
tolmetin and its major metabolite in plasma (6). 

A spectrophotometric assay is described that can de- 
termine tolmetin sodium in the presence of probable 
degradation products and common pharmaceutical tablet 
and capsule excipients. Precision and accuracy data also 
are provided. The method is quick and simple, requires 
only readily available ,equipment, and has the specificity 
needed for stability studies. Two TLC methods also are 
included which can be used to monitor qualitatively the 
stability of aged dosage forms. 

EXPERIMENTAL 

Reagents-All reagents met ACS specifications. Reference standard 
tolmetin sodium2 was used as the standard. The TLC plates were 5 X 
20-cm precoated silica gel GF3. Commercial tolmetin sodium tablets 
containing the equivalent of 200 mg of tolmetin were used*. 

Standard Preparation-Tolmetin sodium reference standard, 122.6 
mg (equivalent to 100.0 mg of tolmetin), was placed in a 120-ml screw- 
capped bottle. Water, 25 ml, was added, and the mixture was swirled. 
Ethylene dichloride, 50 ml, and 5 ml of 6 N HCI were added by pipet. The 
standards were analyzed as described under Procedure. 

Procedure-At least 20 tablets were weighed and finely powdered. 
A portion of the powder equivalent to 100 mg of tolmetin was weighed 

tolmetin sodium dihydrate 

Tolectin, McNeil Laboratories. 
McNeil Laboratories. 

3 Analtech Inc., Wilmington, Del. 

accurately and transferred to a 120-ml screw-capped bottle. Ethylene 
dichloride, 50 ml, and 25 ml of 1 N HC1 were added by pipet, and the 
mixture was shaken mechanically4 for 15 min. 

The solution was centrifuged to separate the phases and aspirated, and 
the aqueous layer was discarded. Five milliliters of the ethylene dichloride 
layer (2 mg/ml) was pipetted into a 100-ml volumetric flask, and the so- 
lution was diluted to volume with ethylene dichloride and mixed (0.1 
mg/ml). Five milliliters of this solution was pipetted into a 120-ml 
screw-capped bottle containing exactly 50 ml of 0.1 N NaOH. The solu- 
tion was shaken mechanically for 30 min and centrifuged. Then the so- 
dium hydroxide layer was transferred to a clean container (0.01 mg/ 
ml). 

The UV absorption spectrum of the sample was recorded concomi- 
tantly with the reference standard in 1-cm cells, using 0.1 N NaOH sat- 
urated with ethylene dichloride as the blank. The percent tolmetin was 
calculated by: 

where A,, and A, are the absorbances of the sample and standard, re- 
spectively, a t  the wavelength of maximum absorbance near 322 nm and 
C, and C, are the concentrations in milligrams per milliliter of the 
standard and sample, respectively. 

Recovery-A stock solution of 24.6 mg of tolmetin sodium/ml of 
methanol was prepared. Two 5-ml samples were evaporated to dryness. 
One sample was assayed by the described procedure, and the second 
sample was diluted directly to the same final concentration with 0.1 N 
NaOH. Thirteen such experiments were run by five analysts. 

Specificity-Twenty-five milligrams of I (p-toluic acid), 111, IV, IX, 
and XI (Table I) were weighed directly into 120-ml screw-capped bottles 
and assayed as described. 

Precision and Accuracy-An aqueous stock solution containing 1.23 
mg of tolmetin sodium/ml was prepared, and 25-ml portions were as- 
sayed. The dilution was changed accordingly in the second assay step. 
Twelve assays were performed by six analysts. 

In a second experiment, 40 tablets from a stability test program were 
ground to a fine powder and samples were assayed. Sixteen assays were 
performed by seven analysts. 

Hydrolysis-Tolmetin sodium samples, 250 mg, were added to sep- 
arate round-bottom flasks containing 50 ml of 1 N NaOH, water, or 1 N 
HCI. The samples were refluxed for 72, 72, or 24 hr, respectively. 

Another sample of 615 mg of tolmetin sodium was dissolved in 500 ml 
of water and placed in a water-jacketed quartz immersion well and irra- 
diated with a high-pressure mercury arc lamp for 24 hr. The resulting 
solutions and precipitants were assayed for intact tolmetin. 

TLC-Tolmetin sodium and the 10 test compounds (Table I) were 
dissolved in methanol. The TLC chambers were 1.89-liter, wide-mouth 
Mason jars fitted with standard lids. The solvent systems were acetic 
acid-chloroform (5:95 v/v) (A) and n-butanol saturated with ammonia 
test solution (USP XIX) (B). For the n-butanol-ammonia solution, the 
plates were developed in preequilibrated paper-lined jars. Each plate was 
developed until the solvent front was -2.5 cm from the top. The plates 
were air dried and viewed under short-wavelength UV light. The plates 
then were stained with iodine vapor. The plates also may be scanned with 
a densitometer5. 

RESULTS AND DISCUSSION 

T o  determine the specificity of the assay for tolmetin sodium, I, 111, 
IV, IX, and XI were assayed. The resulting UV spectra showed absorb- 
ance only from the sample derived from I. Since there was no interference 

Wrist-action shaker, Burrell Corp., Pittsburgh, Pa. 
Schoeffel model SD3000 spectrodensitometer. 
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I 
CH Table I-TLC Rf Values of the Test Compounds’ 

Rf Values 
Compound RI R3 Solvent A Solvent B 

I (p-toluic acid) 
I1 

111 
IV 
v 

vi (to~metin) 
VII 

VIII 
IX 
X 

XI 

CHzCOOCzHb 
CH2COOCH3 
CHzCOOH 
COOH 
CH2COOH 
CONHz 
CHzCOOH 
CHzCONHz 
CHzCONHz 
CHq 

H 
H 

(1 Detection limits under UV light ranged from 0.1 to 0.5 fig. 

from p-toluic acid from 360 to 275 nm (Fig. 11, this compound does not 
interfere in the tolmetin sodium assay. The other compounds either did 
not extract into the sodium hydroxide layer or, in the case of IV, did not 
have any UV absorbance. 

Compound I is p-toluic acid, and IV is the pyrrole acetic acid fragment 
of the tolmetin molecule. Both compounds are probable degradation 
products of tolmetin sodium. Compound 111 is the methyl ester of tol- 
metin, IX is the amide of tolmetin and a precursor in tolmetin synthesis, 
and XI is the decarboxylated tolmetin product. Compound 111 was used 
as a model compound in the event that esterification became a degra- 
dation route. 

Since the five model compounds could be considered only as possible 
degradation or reaction products, attempts were made to degrade tol- 
metin sodium. Tolmetin sodium solutions were hydrolyzed as discussed 
under Experimental. The alkaline hydrolysis solution assayed 88% for 
intact tolmetin sodium, while the water hydrolysis solution assayed 94%. 
The solution from the attempted UV light degradation assayed 82%. TLC 
data showed many minor degradation products, but their identification 
was not attempted. 

The acid solution was orange and contained a violet precipitate. The 
acid hydrolysis mixture assayed 64% for intact tolmetin sodium. The 
major TLC spots were a t  the origin and a t  Rf  0.5 and 0.7 using acetic 
acid-chloroform. With UV and IR, the sample at R/ 0.5 was identified 
as tolmetin, and the spot at  R/ 0.7 was p-toluic acid. The spot a t  the origin 
was believed to be a highly polar molecule or a species of relatively high 
molecular weight containing many polar groups. N-Methylpyrroles are 
known to form polymers in acidic media, which are highly colored when 
polymerized under aerobic conditions (7). 

T o  demonstrate the efficiency of the tolmetin sodium extraction, an 
aqueous stock solution of tolmetin sodium was prepared. Five analysts 
assayed 13 portions of it as directed for the tablets, and other portions 

360 300 250 
WAVELENGTH, nm 

Figure 1-UV spectra of tolmetin sodium (A) and p-toluic acid ( B )  
taken through the assay. 

0.69 
0.66 
0.66 
0.67 
0.66 
0.54 
0.37 
0.29 
0.18 
0.07 
0.68 

0.78 
0.79 
0.80 
0.42 
0.82 
0.50 
0.75 
0.44 
0.92 
0.64 
0.79 

were diluted simultaneously with 0.1 N NaOH. The data (Table 11) in- 
dicated essentially complete drug extraction. 

Another experiment was conducted to demonstrate the efficiency of 
the extraction for powdered tablet samples. Duplicate tablet powder 
samples were taken through the assay along with duplicate samples ex- 
tracted with 25- and 75-ml samples of ethylene dichloride. The acid so- 
lution volume remained as described. The assay varied only in the dilu- 
tion step with the last extraction step remaining as described. The mean 
of the six assays was 99.7% label with a standard deviation of 0.16. 

To show that the initial extraction step in the assay did not affect 
tolmetin stability, reference standard tolmetin sodium was treated as 
described under Experimental, except that sufficient 12 N HCI was 
added to make the aqueous layer 3 N instead of 1 N. The solution was 
shaken, and samples were removed after 1 and 24 hr for TLC analysis 
Using a densitometer, <0.2% degradation was determined after 1 hr and 
<0.8% was determined after 24 hr. Less than 0.1% degradation was de- 
tected by TLC using the method under Procedure. 

Precision and accuracy were tested initially on an aqueous tolmetin 

Table  11-Recovery Data fo r  Tolmetin Sodium 

Absorbance a t  Maximum near 322 nm 
Analyst Through Assay Diluted Directly 

1 0.756 
0.753 

2 0.763 
0.756 

3 0.757 
0.761 

4 

5 

0.759 
0.775 
0.768 
0.772 
0.772 
0.773 
0.766 

Mean 0.764 
SD 0.0075 

Table 111-Precision and  Accuracy Data 

0.765 
0.763 
0.761 
0.761 
0.759 
0.763 
0.764 
0.764 
0.768 
0.777 
0.783 
0.782 
0.778 
0.769 
0.0084 

Label Amount, % 
Analyst Solution Tablets 

1 100.8,100.9 99.5,99.6 
2 100.1,99.8 102.2, 101.9 
3 100.7.100.3 100.2,99.2 
4 100.1,99.4 98.3, 98.8 
5 99.9,99.7 99.7,99.9,99.6 
6 99.9,100.4 100.1,100.5 
7 98.9,99.4, 98.6 
Mean , 100.2 99.8 
SD 0.47 1.07 
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sodium solution. The data had an accuracy of 100.2% with a standard 
deviation of 0.47% for the 12 assays (Table 111). The experiment was 
conducted over 18 days. A precision study was conducted on a composite 
sample obtained by grinding 40 commercial tablets. The mean from the 
16 assays was 99.8% over 2 months with a standard deviation of 1.07%. 
The data demonstrated that the method ‘gives precise and accurate 
data. 

Common tablet and capsule excipients such as starch, lactose, cellulose, 
and stearate lubricants were taken through the assay and did not inter- 
fere. 

The assay was used to follow the stability of aged tablets and capsules 
containing up to an equivalent of 400 mg of tolmetin (490.1 mg of tolmetin 
sodium). Tablets were assayed for up to 5 years a t  room temperature 
and a t  various temperatures up to 80’ for 3 months. The stability data 
demonstrated that the tablets and capsules were very stable. TLC was 
conducted on the aged samples using the two solvent mixtures. The data 
showed that tolmetin sodium remained intact in the dosage forms even 
after aging for 5 years a t  room temperature and accelerated aging a t  
temperatures up to 80”. Less than 2% degradation was noted under the 
accelerated conditions. 

Two solvent mixtures of different polarity were chosen for TLC to 
minimize the possibility of unresolved degradation products that  could 
not be predicted. The compounds chosen to demonstrate the specificity 
of the TLC methods were, with one exception, previously postulated to 
be theoretical impurities in tolmetin sodium (5). The data (Table I) 
demonstrated that the solvent systems are suitable for separating tol- 
metin sodium from possible degradation products as well as theoretical 
impurities. Further confirmation was made on an aged tablet sample that 
was chromatographed and isolated from the TLC plate. The material was 
found to be identical to tolmetin sodium by UV, IR, and mass spec- 
trometry. 

The assay was used additionally to follow the stability of tolmetin so- 

dium solutions buffered from pH 4.5 to 10.0 at N O 6 .  The data supported 
the reflux experiments, which showed that tolmetin sodium is relatively 
stable at neutral and alkaline pH values but unstable at acidic pH. 

The data demonstrated that the method is capable of monitoring the 
stability of tolmetin sodium in solid dosage forms. The method is precise 
and accurate and utilizes common laboratory equipment. The hydrolysis 
experiments illustrated that tolmetin is stable under neutral and alkaline 
conditions but not under acidic conditions. The TLC methods can 
monitor qualitatively tolmetin sodium stability in aged dosage forms. 
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Abstract c] N-2 ,2 ,2 -Tr i f luoroe thy l -2 - (3 ,4 -d ihydroxyphine  
was synthesized and compared to N-ethyl-2-(3,4-dihydroxyphenyl)- 
ethylamine and dopamine for activity on adenylate cyclase in the rat 
striatum. Both dopamine and N-ethyl-2-(3,4-dihydroxyphenyl)ethyl- 
amine stimulated adenylate cyclase activity in a dose-dependent fashion. 
The N-trifluoroethyldopamine analog at 1 X lov4 M induced a weak 
effect. The compounds were evaluated further by studying their relaxant 
effects in isolated rabbit renal and ear arteries. Both the N-ethyl- and 
N-trifluoroethyldopamine analogs produced a relaxant effect but dem- 
onstrated no selectivity for dopamine receptors. 

Keyphrases Adenylate cyclase activity-dopamine, N- and N,N- 
substituted dopamine analogs, peripheral and central dopamine recep- 
tors, isolated striata and blood vessels 0 Dopamine-antiparkinsn drug, 
adenylate cyclase activity, dopamihe analogs 0 N-Ethyl-2-(3,4-dihy- 
droxypheny1)ethylamine-dopamine analog, adenylate cyclase activity 
n N-2,2,2-TrifluoroethyI-2-(3,4-dihydroxyphenyl)ethylamine- 
dopamine analog, adenylate cyclase activity 

The treatment of parkinsonism with levodopa has 
beneficial effects; however, in some patients with severely 
impaired dopaminergic neurons, the use of levodopa may 
be ineffective because the tissue cannot perform the nec- 
essary enzymatic decarboxylation to form dopamine (1, 

2). An effort to generate new dopaminergic drugs for par- 
kinsonism led to the synthesis of N- and N,N-substituted 
dopamine analogs (3-9). The binding of simple dopami- 
nergic ligands to the receptor appears to be independent 
of substitution on the nitrogen (5). Unlike dopamine, the 
N- and N,N-substituted dopamine analogs cross the 
blood-brain barriel. (3, 4). In addition, these agents are 
resistant to deamination by monoamine oxidase since they 
are secondary and tertiary amines. Moreover, these N- and 
N,N-substituted dopamine analogs act in the central 
nervous system as direct acting dopamine receptor agonists 
and, therefore, are independent of prejunctional dopa- 
minergic mechanisms (4,8). 

To improve absorption and distribution of the N- 
alkyl-substituted dopamine analogs, N-2,2,2-trifluo- 
roethyl-2-(3,4-dihydroxyphenyl)ethylamine (I) was pre- 
pared. The 2,2,2-trifluoroethyl group is well suited to re- 
place the ethyl group because of similar steric properties 
and because the fluorine atom increases both lipid solu- 
bility and membrane penetration. 

The agonistic properties of I, N-ethyl-2-(3,4-dihy- 
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sodium solution. The data had an accuracy of 100.2% with a standard 
deviation of 0.47% for the 12 assays (Table 111). The experiment was 
conducted over 18 days. A precision study was conducted on a composite 
sample obtained by grinding 40 commercial tablets. The mean from the 
16 assays was 99.8% over 2 months with a standard deviation of 1.07%. 
The data demonstrated that the method ‘gives precise and accurate 
data. 

Common tablet and capsule excipients such as starch, lactose, cellulose, 
and stearate lubricants were taken through the assay and did not inter- 
fere. 

The assay was used to follow the stability of aged tablets and capsules 
containing up to an equivalent of 400 mg of tolmetin (490.1 mg of tolmetin 
sodium). Tablets were assayed for up to 5 years a t  room temperature 
and a t  various temperatures up to 80’ for 3 months. The stability data 
demonstrated that the tablets and capsules were very stable. TLC was 
conducted on the aged samples using the two solvent mixtures. The data 
showed that tolmetin sodium remained intact in the dosage forms even 
after aging for 5 years a t  room temperature and accelerated aging a t  
temperatures up to 80”. Less than 2% degradation was noted under the 
accelerated conditions. 

Two solvent mixtures of different polarity were chosen for TLC to 
minimize the possibility of unresolved degradation products that  could 
not be predicted. The compounds chosen to demonstrate the specificity 
of the TLC methods were, with one exception, previously postulated to 
be theoretical impurities in tolmetin sodium (5). The data (Table I) 
demonstrated that the solvent systems are suitable for separating tol- 
metin sodium from possible degradation products as well as theoretical 
impurities. Further confirmation was made on an aged tablet sample that 
was chromatographed and isolated from the TLC plate. The material was 
found to be identical to tolmetin sodium by UV, IR, and mass spec- 
trometry. 

The assay was used additionally to follow the stability of tolmetin so- 

dium solutions buffered from pH 4.5 to 10.0 at N O 6 .  The data supported 
the reflux experiments, which showed that tolmetin sodium is relatively 
stable at neutral and alkaline pH values but unstable at acidic pH. 

The data demonstrated that the method is capable of monitoring the 
stability of tolmetin sodium in solid dosage forms. The method is precise 
and accurate and utilizes common laboratory equipment. The hydrolysis 
experiments illustrated that tolmetin is stable under neutral and alkaline 
conditions but not under acidic conditions. The TLC methods can 
monitor qualitatively tolmetin sodium stability in aged dosage forms. 
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Abstract c] N-2 ,2 ,2 -Tr i f luoroe thy l -2 - (3 ,4 -d ihydroxyphine  
was synthesized and compared to N-ethyl-2-(3,4-dihydroxyphenyl)- 
ethylamine and dopamine for activity on adenylate cyclase in the rat 
striatum. Both dopamine and N-ethyl-2-(3,4-dihydroxyphenyl)ethyl- 
amine stimulated adenylate cyclase activity in a dose-dependent fashion. 
The N-trifluoroethyldopamine analog at 1 X lov4 M induced a weak 
effect. The compounds were evaluated further by studying their relaxant 
effects in isolated rabbit renal and ear arteries. Both the N-ethyl- and 
N-trifluoroethyldopamine analogs produced a relaxant effect but dem- 
onstrated no selectivity for dopamine receptors. 
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droxypheny1)ethylamine-dopamine analog, adenylate cyclase activity 
n N-2,2,2-TrifluoroethyI-2-(3,4-dihydroxyphenyl)ethylamine- 
dopamine analog, adenylate cyclase activity 

The treatment of parkinsonism with levodopa has 
beneficial effects; however, in some patients with severely 
impaired dopaminergic neurons, the use of levodopa may 
be ineffective because the tissue cannot perform the nec- 
essary enzymatic decarboxylation to form dopamine (1, 

2). An effort to generate new dopaminergic drugs for par- 
kinsonism led to the synthesis of N- and N,N-substituted 
dopamine analogs (3-9). The binding of simple dopami- 
nergic ligands to the receptor appears to be independent 
of substitution on the nitrogen (5). Unlike dopamine, the 
N- and N,N-substituted dopamine analogs cross the 
blood-brain barriel. (3, 4). In addition, these agents are 
resistant to deamination by monoamine oxidase since they 
are secondary and tertiary amines. Moreover, these N- and 
N,N-substituted dopamine analogs act in the central 
nervous system as direct acting dopamine receptor agonists 
and, therefore, are independent of prejunctional dopa- 
minergic mechanisms (4,8). 

To improve absorption and distribution of the N- 
alkyl-substituted dopamine analogs, N-2,2,2-trifluo- 
roethyl-2-(3,4-dihydroxyphenyl)ethylamine (I) was pre- 
pared. The 2,2,2-trifluoroethyl group is well suited to re- 
place the ethyl group because of similar steric properties 
and because the fluorine atom increases both lipid solu- 
bility and membrane penetration. 

The agonistic properties of I, N-ethyl-2-(3,4-dihy- 
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droxyphenyl)ethylamine, and dopamine a t  central and 
peripheral dopamine receptors were analyzed pharmaco- 
logically. These studies measured the effects of each agent 
on the activity of dopamine-sensitive adenylate cyclase in 
rat neostriatum and evaluated their relaxant effects on 
isolated rabbit renal and ear arteries. 

EXPERIMENTAL 

Chemistry'-N-Trifluoroacetyl -2- (3,4-dimethoxyphenyl)ethyl- 
nmine (/I/)-Trifluoroacetic anhydride (20 ml, 0.129 mole) was added 
very slowly, with stirring, to 20 g (0.115 mole) of 2-(3,4-dimethoxy- 
pheny1)ethylamine. The resulting glassy solid was allowed to set over- 
night. Trituration of the solid mass with water gave a white suspension, 
which was filtered and washed with water. The crude amide was recrys- 
tallized from benzene-hexane to afford 27.4 g (86%), mp 84'; IR (neat): 
1715 cm-I (C=O); NMR (CDC13): 6 2.60-3.70 (m, 4H, CHd, 3.84 (s, 6H, 
OCHx), and 6.60-6.80 (m, 3H, 3 aromatic H). 

Anal.-Calc. for C12H14FaNOs: C, 51.99; H, 5.08; N, 5.05. Found: C, 
51.89; H, 5.11; N, 5.04. 

N- (2,2,2- Trifluoroethyl) -2- (3,4-dimethonyphenyl)ethylamine 
(IV)-To an ice-chilled mixture of tetrahydrofuran (100 ml) and 27.4 
g of 111 (0,999 mole) was added slowly, with stirring, 233 ml(0.23 mole) 
of 1 M diborane in tetrahydrofuran' under nitrogen. The resulting 
mixture was stirred at  0' for 1 hr and then refluxed for 12 hr. The reaction 
mixture again was cooled to O', 50 ml of water was added, and the volatiles 
were removed from the reaction mixture. The residue was taken up in 
water and extracted three times with chloroform. The combined chlo- 
roform extracts were dried over magnesium sulfate and filtered, and the 
filtrate was treated with anhydrous hydrochloric acid. The volatiles were 
again removed, and the residue was recrystallized from ether to afford 
27.8g (90%) of crystals, mp 208"; NMR (free base) (CDCId: 6 2.50-3.45 
(m, 6H, CH2), 3.85 (s, 6H, OCH& and 6.68 (s, 3H, aromatic H). 

Anal.-Calc. for C I ~ H ~ ~ C I F ~ N O ~ :  C, 48.25; H, 5.39; N, 4.69. Found: C, 
48.27; H, 5.48; N, 4.63. 

N- (2,2,2-Trifluoroethyl)-2- (d,4-dih.vvdroxyphenyl)eth~lamine (I)  
--Compound IV (3.0 g, 0.01 mole) was dissolved in 48'70 HBr (20 ml). The 
system was flushed with nit.rogen for 0.25 hr and then heated to 150' for 
'2 hr. Excess acid was removed under reduced pressure to give a residue. 
Two recrystallizations from isopropyl alcohol-ether afforded 2.12 g (700/0) 
of product, mp 179-180'. The pKa of I was determined by titration (10); 
IR (KBr): 32.50 cm-l (broad, OH); NMR (D20): d 2.60-4.20 (m, 6H, C H d  
and 6.62-6.80 (m, aromatic H). 

Anal.-Calc. for CloHlnBrF3NOz: C, 37.99; H, 4.11; N, 4.28. Found: 
C, 37.95; H, 4.22; N,4.41. 

Adenylate Cyclase Activity-Adult male Sprague-Dawley rats], 
'200-250 g, were decapitated, and their brains were removed rapidly and 
placed in ice-cold saline. Each corpus striatum was dissected in the cold, 
as described by Glowinski and Iverson (l l) ,  and placed in ice-cold pH 
7.4 Krebs-Henseleit bicarbonate buffer. A cell-free striatal homogenate 
was prepared in 25 volumes (w/v) of 2 mM tris(hydroxymethy1)amino- 
methane maleate buffer (pH 7.4) containing 2 mMedetic acid (ethyl- 
enediaminetetraacetic acid) using a polytef-glass tissue homogenizer4. 
Aliquots (50 pl) of this cell-free homogenate were assayed for adenylate 
cyclase activity using the procedure of Kebabian et al. (12). 3-Isobutyl- 
l-methylxanthines ( 1  mM) was used to inhibit phosphodiesterase ac- 
tivity. A 25-pl aliquot of each sample was assayed for cyclic AMP content 
by the method of Gilman (13) as modified by Tovey et al. (14). 

A wide concentration range ( i z ,  10-7-10-3 M )  of dopamine and of each 
experimental agent was tested for striatal adenylate cyclase activity. 
Haloperido16 was dissolved in propylene glycol-3 N HCI. The haloperidol 
solution was adjusted to pH 7.4 and brought to 50 ml with normal saline. 
In experiments where haloperidol was employed, an equal volume of the 
vehicle used to dissolve haloperidol was added to samples without halo- 
peridol. 

I Melting points were determined in open glass capillaries using a Thomas-Hwver 
ILIni-Melt apparatiis and are uncorrected. IK absorption spectra were recnrded on 
~i Rrckinan mcdel l 8 A  spectrophiitometer on liquid films or a. pi>tassiurn bromide 
pellets. NMK spectra wrrr recorded on a Varian T-60 spectrometer with tetra- 
methylsilane as 1 he internal standard. Elemental analyses were performed by 
(hlhrait h Laboratories, Knoxville, Tenn. 

'' Aldrich Chemical Co., Milwaukee, Wis. ,' ATtS-Sprague~I)awley, Madison, Wis. 

5 Sigma ('hemicd Po., St. l,ouis, Mo. 
Kontes, Vineland, N.J. 

McNeil Latioratories, Furt Washingkin. Pa. 

A CH:,O 

W 

NH--CH,-CF, 
IV 

HO 

I 
Scheme I 

Statistical analysis to determine differences between sample means 
was performed using the Student t test or the Student t test for paired 
sample comparisons (15). 

Isolated Rabbit  Renal and Ear Arteries-Albino rabbits, 3-4 kg, 
were killed by air embolism, and the left renal artery and t.he central ear 
arteries were removed carefully. Two cylindrical segments (5 mm X 0.5 
mm a d . )  were taken from each artery. The cylinders were set up for 
isometric recording of tension changes in the manner described for ce- 
rebral vessels (16,17). The recording system included a polygraph' and 
force-displacement transducers. A resting tension of 0.5 g was applied 
to the tissue and readjusted every 15 min during the initial 1-hr equili- 
bration. The organ bath (pH 7.3-7.4) contained 10 ml of Krebs-Henseleit 
buffer continuously bubbled with 95% 0 . ~ 5 %  COz and maintained at  37". 
Edetic acid (30 mM) was added to minimize oxidation of dopamine and 
i t s  analogs. Solutions of dopamine and its analogs were prepared in saline 
containing 0.01% (w/v) ascorbic acid. 

T o  avoid possible concomitant activation of (Y- and 0-adrenergic re- 
ceptors by dopamine and the test compounds, the experiments were 
carried out in tissues pretreakd with 29 m M  phenoxybenzamine for 0.5 
hr and in the presence of propranolol (3.4 X M ) .  Since phenoxy- 
benzamine also has been reported (18) to inhibit neuronal uptake of 
catecholamines, i ts  use in this study might have the additional advantage 
of preventing dopamine diversion from the receptor region toward the 
adrenergic nerve endings. 

Active development of tension to 0.99 f 0.089 g (mean f S E M )  was 
induced with 28-38 mM KCI. A t  the plat.eau level of the response to po- 
tassium chloride, dopamine and its analogs were added in increasing 
concentrations (i.e.,  10-'-10-4 M) t.o the tissue segment, while the other 
segment served as a control to check for a decline of the plateau tension 
that might have occurred with time. Only one analog was tested in each 
segment. The plateau tension was stable, and no correction of the changes 
observed with dopamine was necessary. Dose-response curves for sodium 
nitrite also were determined in both arteries to assess vascular relaxation 
independently of the dopaminergic mechanism. 

DISCUSSION 

N-(3,2,3-Trifluoroethyl~-2-(~~.4-dihydroxyphenyl~ethylamine ( I )  was 
prepared according to Scheme I. 2-(3,4-Dimethoxyphenyl)ethylamine 
(11) was reacted with trifluoroacetic anhydride to form the amide 111, 
which was reduced with dihorane to give the amide IV. The methyl ethers 

____ 

Model 7,  Grass, Quincy. Mass. 
a Model FT03, Grass. Quincy, Mass. 
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Table I-Relaxant Effects of Dopamine, Dopamine Analogs, and  Sodium Nitri te in Rabbit  Renal and  Ear Arteries 

Compound 
ED40 X M 

Renal Artery Ear Artery 

Relaxation 
Ratio, Ear 

Artery1 
Renal Number of 
Artery Experiments 

Dopamine hydrochloride 
6,7-Dihydroxy-2-aminotetrahydronaphthalene 

Compound V 
Compound I 
Sodium nitrite 

hydrobromide 

14.3 f 8.4" 
10.4 f 5.8 

25.3 f 6.2 
76.3 f 6.1 
45.5 f 2.1 

395.8 i 7.8 
288.5 i 4.8 

44.3 i 6.4 
76.4 i 5.8 
89.1 f 1.6 

27.6 
27.7 

1.7 
1.0 
1.9 

Values are means f SEM. 

of 1V were cleaved with hydrobromic acid. N-Ethyl-2-(3,4-dihydroxy- 
pheny1)ethylamine (V) was prepared in an analogous procedure and also 
was evaluated for biological activity as a structural comparison to I. 

One problem in characterizing dopaminergic activity in isolated blood 
vessels is the lack of a specific dopamine antagonist. Recent work (19) 
demonstrated that typical dopamine antagonists cannot be used to 
characterize peripheral dopamine activity in isolated vessels. In contrast, 
the induced vasodilator activity in dogs may be attenuated selectively 
hy butyrophenone and phenothiazine neuroleptic agents (20). An alter- 
native to the lack of vascular specificity and a specific dopamine antag- 
onist is the use of two vascular preparations with different sensitivities 
to dopamine (19). The ED40 values and the ratios of rabbit ear arteries 
to renal arteries for dopamine and analogs are presented in Table I. The 
ED40 was selected because certain dopamine analogs a t  doses above the 
ED40 demonstrated contractile effects. A comparison of the relaxation 
ratio in the very responsive renal artery versus the less responsive ear 
artery for dopamine and the specific renal dopamine agonist, 6,7-dihy- 
droxy-2-aminotetrahydronaphthalene (21), gave a similar ratio for do- 
pamine receptor agonist activity. A nonspecific relaxant, sodium nitrite, 
has a similar potency on both vessels. Since the effect of I and V was 
comparable to that of sodium nitrite, these compounds demonstrated 
no specific activity. 

The activity of dopamine-sensitive adenylate cyclase in rat neostriatum 
is a useful biochemical measure of the effectiveness of agents as agonists 
or antagonists a t  central dopamine receptors (3,22-24). Agents that act 
as dopamine receptor agonists stimulate striatal adenylate cyclase activity 
(12). In addition, dopamine receptor antagonists attenuate the stimu- 
lating effect of dopamine or other dopamine receptor agonists on striatal 
adenylate cyclase activity. 

Dopamine, I, and V were tested for their ability to enhance adenylate 
cyclase activity in rat corpus striatum (Table 11). Dopamine and V 
stimulated the adenylate cyclase activity in a dose-dependent fashion. 
In this regard, both agents were similar in potency. Compound I induced 
only a weak stimulating effect on adenylate cyclase a t  1 X 

To determine the specificity of dopamine and V on adenylate cyclase 
activity, both agents were tested in the presence of haloperidol, a dopa- 
mine receptor antagonist (12,25,26). Haloperidol (10-j M) did not alter 
the control level of adenylate cyclase activity (Fig. 1). However, halo- 
peridol completely attenuated the stimulating action of dopamine and 
N-ethyldopamine on striatal adenylate cyclase. Although not shown here, 

M. 

Table  11-Adenylate Cyclase Activity in Striatal Homogenates a 

Cyclic AMP b ,  
pmoles Percent 

Agent UM control Control 
Concentration, above of 

Dopamine 10 3.6 f 2.4 105 
100 28.8 f 3.gC 138 
1000 33.8 f 6.3' 144 

Compound V 10 13.0 f 5.4c 117 
100 23.3 f 4.5e 131 
1000 27.6 f 4.3< 137 

Compound I 10 7.4 f 4.8 108 
100 11.7 f 3.OC 113 

1000 -0.8 f 3.4 99 

a Cell-free homogenates of rat corpus striatum were assayed for adenylate cyclase 
activity by measuring the conversion of ATP (0.5 mM) to cyclic AMP. Mean f 
SEM of six to eight experiments. Controls for each agent were as follows: dopamine, 
76.7 f 5.2 pmoles/mg/2.5 min; V,  75.3 f 8.1 pmoles/mg/2.5 min; and 1.89.7 f 5.1 
pmoles/mg/2.5 min. p < 0.05 as compared to control. 

L D 1 H 

Figure 1-Effect of haloperidol f H )  M) on the dopamine (0) and 
Compound Vstimulation of adenylate cyclase in striatal homogenates. 
Cell-free hornogenates of rat corpus striata were assayed for adenylate 
cyclase actiuity. Each value for cyclic AMPrepresents the mean f SEM 
of five erperimmts. A concentration of I x M dopamine or Vwas 
used to stimulate adenylate cyclase activity (* = p < 0.05 with respect 
to control). 

the weak stimulation of adenylate cyclase activity by I M )  was at-  
tenuated completely by haloperidol M ) .  

These results show that even if I would demonstrate improved ab- 
sorption and distribution characteristics, it cannot stimulate adenylate 
cyclase. However, V stimulated adenylate cyclase but to a lesser degree 
than dopamine. These findings were unexpected due to the close struc- 
tural similarity of I to V. An explanation for the lack of dopaminergic 
activity may be attempted by comparing the ionization ratios of the amine 
groups. The amine groups of dopamine (10) and V have pKa values of 
9.74 and 10.61, respectively. Compound I has a pKa value of 5.10. Thus, 
altering the alkyl substitution by replacement of the protons with the 
electronegative fluorine atoms changes the ratio a t  physiological pH from 
the zwitterion to predominantly the uncharged species, in contrast to 
dopamine and V a t  physiological pH, at which the predominant species 
is the phenolic ammonium salt. 

I t  was proposed recently (10) that  the active species a t  dopamine re- 
ceptors may be the neutral uncharged form of dopamine. The limited data 
of this study suggest that  the activity of dopaminergic agonists may de- 
pend on the ability of the dopamine ligand to undergo readily an equi- 
librium transformation on the receptor between the zwitterion and the 
uncharged species. 
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Abstract 0 The chromatographic behavior of morphine, codeine, and 
ethylmorphine was examined using reversed-phase high-performance 
liquid chromatography and ion-pair formation. Alkyl sulfonates and 
sulfates significantly increased the retention times for these compounds. 
The carbon chain length of the pairing ions was linearly related to the 
log of the capacity factors of these amine drugs. A mechanism for the 
increased retention based on ion-pair formation in the mobile phase is 
proposed. The use of dioctyl sodium sulfosuccinate as a pairing ion for 
codeine is described, and a method utilizing this pairing ion was devel- 
oped for the quantitation of codeine in syrups. This method was applied 
successfully to various syrups containing codeine or codeine phos- 
phate. 

Keyphrases Codeine-analysis, high-performance liquid chroma- 
tography, ion-pair formation, effect of carbon chain length of pairing ions, 
syrups 0 Ethylmorphine-analysis, high-performance liquid chroma- 
tography, ion-pair formation, effect of carbon chain length of pairing ions 
0 Morphine-analysis, high-performance liquid chromatography, ion- 
pair formation, effect of carbon chain length of pairing ions 0 High- 
performance liquid chromatography, ion-pair formation-analysis of 
codeine, ethylmorphine, and morphine, effect of carbon chain length of 
pairing ion 

The use of ion-pair formation to enhance retention time 
is becoming popular in reversed-phase high-performance 
liquid chromatography (HPLC). The counterions used to 
form ion-pairs generally are detergents such as alkyl sul- 
fates and sulfonates or tetraalkylammonium salts. Anionic 
surfactants (sulfates and sulfonates) generally are used to 
form ion-pairs with cationic eluates, and cationic tetraal- 
kylammonium salts are used with anionic eluates. By 
formation of the ion-pair, the apparent polarity of the el- 
uate is decreased, leading to increased retention times in 
reversed-phase HPLC. 

Since many drugs contain either acidic or basic func- 
tional groups, pH conditions can be chosen such that nu- 
merous drugs will form ion-pairs with these surfactants. 
The surfactant molecule often is referred to as the pairing 

ion, which gives rise to  the term ion-pair HPLC. While 
ion-pair formation can be used in normal-phase HPLC, it 
is used more widely in reversed-phase HPLC. This tech- 
nique also has been called soap chromatography (1, 2) 
because of the surfactants used. 

BACKGROUND 
The mechanism of retention enhancement has been attributed to two 

phenomena. The original concept closely follows classical ion-pair ex- 
traction techniques in which two oppositely charged molecules form an 
ion-pair in an aqueous solution and then partition as a complex into a 
nonpolar organic solvent. In the chromatographic analog of this concept, 
the analyte forms a complex with a pairing ion added to the mobile phase. 
The complex then partition into the stationary phase (nonpolar), thus 
accounting for the increased $lalyte retention. An alternative mechanism 
suggests that  the pairing ion first binds to the stationary phase to form 
an ion-exchanging surface due to the adsorbed charged pairing ions ( 3 ) .  
Complex formation a t  the surface of the stationary phase thus is re- 
sponsible for the increased analyte retention. Recently, application of 
solvophobic theory to a reversed-phase ion-pair chromatographic study 
led to the conclusion that the retention of the analyte involves ion-pair 
formation in the mobile phase and subsequent partitioning of the neutral 
complex to the stationary phase (4) .  

Codeine analysis by HPLC has been of interest. An early study (5)  
utilized columns of pellicular silica gel coated with polyethylene glycol 
300 with an ethanol-heptane (1:lO) mobile phase saturated with the 
stationary phase. In this system, codeine was well resolved from mor- 
phine, thebaine, and papaverine. However, quantitative codeine analysis 
a t  levels near 3 jtg gave a relative error of -9%. In a study of the liquid 
chromatographic behavior of alkaloids, the retention times of codeine 
and morphine on a microparticulate silica column were measured (6). 
Codeine eluted slightly before morphine with mobile phases of chloro- 
form-methanol (three volume ratios) and ether-methanol (three volume 
ratios). 

The quantification of morphine, codeine, and thebaine was accom- 
plished by isocratic reversed-phase HPLC (7). With a microparticulate 
(10-jtm) octadecylsilane column and a mobile phase of 0.1 N monobasic 
sodium phosphate in 25% acetonitrile-water, codeine in gum opium was 
measured with a relative standard deviation of 1.3%. Codeine also was 
separated from other opium alkaloids using a pellicular silica column and 
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The carbon chain length of the pairing ions was linearly related to the 
log of the capacity factors of these amine drugs. A mechanism for the 
increased retention based on ion-pair formation in the mobile phase is 
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The use of ion-pair formation to enhance retention time 
is becoming popular in reversed-phase high-performance 
liquid chromatography (HPLC). The counterions used to 
form ion-pairs generally are detergents such as alkyl sul- 
fates and sulfonates or tetraalkylammonium salts. Anionic 
surfactants (sulfates and sulfonates) generally are used to 
form ion-pairs with cationic eluates, and cationic tetraal- 
kylammonium salts are used with anionic eluates. By 
formation of the ion-pair, the apparent polarity of the el- 
uate is decreased, leading to increased retention times in 
reversed-phase HPLC. 

Since many drugs contain either acidic or basic func- 
tional groups, pH conditions can be chosen such that nu- 
merous drugs will form ion-pairs with these surfactants. 
The surfactant molecule often is referred to as the pairing 

ion, which gives rise to  the term ion-pair HPLC. While 
ion-pair formation can be used in normal-phase HPLC, it 
is used more widely in reversed-phase HPLC. This tech- 
nique also has been called soap chromatography (1, 2) 
because of the surfactants used. 

BACKGROUND 
The mechanism of retention enhancement has been attributed to two 

phenomena. The original concept closely follows classical ion-pair ex- 
traction techniques in which two oppositely charged molecules form an 
ion-pair in an aqueous solution and then partition as a complex into a 
nonpolar organic solvent. In the chromatographic analog of this concept, 
the analyte forms a complex with a pairing ion added to the mobile phase. 
The complex then partition into the stationary phase (nonpolar), thus 
accounting for the increased $lalyte retention. An alternative mechanism 
suggests that  the pairing ion first binds to the stationary phase to form 
an ion-exchanging surface due to the adsorbed charged pairing ions ( 3 ) .  
Complex formation a t  the surface of the stationary phase thus is re- 
sponsible for the increased analyte retention. Recently, application of 
solvophobic theory to a reversed-phase ion-pair chromatographic study 
led to the conclusion that the retention of the analyte involves ion-pair 
formation in the mobile phase and subsequent partitioning of the neutral 
complex to the stationary phase (4) .  

Codeine analysis by HPLC has been of interest. An early study (5)  
utilized columns of pellicular silica gel coated with polyethylene glycol 
300 with an ethanol-heptane (1:lO) mobile phase saturated with the 
stationary phase. In this system, codeine was well resolved from mor- 
phine, thebaine, and papaverine. However, quantitative codeine analysis 
a t  levels near 3 jtg gave a relative error of -9%. In a study of the liquid 
chromatographic behavior of alkaloids, the retention times of codeine 
and morphine on a microparticulate silica column were measured (6). 
Codeine eluted slightly before morphine with mobile phases of chloro- 
form-methanol (three volume ratios) and ether-methanol (three volume 
ratios). 

The quantification of morphine, codeine, and thebaine was accom- 
plished by isocratic reversed-phase HPLC (7). With a microparticulate 
(10-jtm) octadecylsilane column and a mobile phase of 0.1 N monobasic 
sodium phosphate in 25% acetonitrile-water, codeine in gum opium was 
measured with a relative standard deviation of 1.3%. Codeine also was 
separated from other opium alkaloids using a pellicular silica column and 
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CARBON CHAIN LENGTH OF PAIRING ION 
Figure 1-Capacity factors of morphine, codeine, and ethylmorphine as a function of the carbon chain length of the alhylsulfonate and sulfate 
pairing ions using a microparticulate octadecylsilane column (10 pm). 

gradient elution with hexane and chloroform-methanol-diethylamine 
(400:300:1) (8). This methodology was applied to the analysis of mor- 
phine, cryptopine, thebaine, papaverine, codeine, and noscapine in opium 
(9). 

The liquid chromatographic behavior of opium alkaloids using ion- 
pairing reagents in the mobile phase has been,studied. With a mi- 
croparticulate (10-jtm) octadecylsilane column and a mobile phase of 
0.005 M n-heptanesulfonic acid in methanol-water (4060), several 
morphinan derivatives were separated (10). In this system, morphine 
eluted before codeine. Mixtures of morphine, codeine, thebaine, nos- 
capine, and papaverine were separated with a similar chromatographic 
system (11). Codeine also was analyzed in liquid dosage forms with an 
octadecylsilane (10-jtm) column and a water-methanol (87:13) mobile 
phase containing 0.05 M dibasic potassium phosphate (12). With this 
system, codeine was analyzed in the presence of guaifenesin, pheniramine 
maleate, phenylpropanolamine hydrochloride, and pyrilamine ma- 
leate. 

This paper describes the effects of the carbon chain length of the 
pairing ion on the capacity factors for codeine, morphine, and ethyl- 
morphine. Mechanisms are proposed to account for the retention of these 
compounds in reversed-phase ion-pair HPLC. The properties of dioctyl 
sodium sulfosuccinate as a pairing ion for codeine are described. An 
HPLC method for codeine syrups that requires minimum sample treat- 
ment is presented. 

EXPERIMENTAL 

Materials-Methanesulfonic acid', ethanesulfonic acid', sodium 
butanesulfonate', sodium hexanesulfonate', sodium hexanesulfate', 
sodium octanesulfonate', sodium decylsulfate', sodium dodecylsulfate', 
sodium tetradecylsulfonate2, sodium tetradecylsulfate', sodium hexa- 
decylsulfate', dioctyl sodium sulfos~ccinate~, codeine N-oxide4, morphine 
hydrochloride5, codeine phosp hate5,,and ethylmorphine hydrochloride5 
were used as received. 

Distilled-in-glass acetonitrile6 and deionized water were used for all 
mobile phase preparations. The internal standard, diphenylamine, also 

was used as received. All other chemicals were reagent grade. Codeine 
syrups were obtained from a local drug wholesale distributor. 

Apparatus-The modular high-performance liquid chromatograph 
consisted of a reciprocating piston pump equipped with a pulse damp- 
ener?, an automated loop injectora, a UV detectorg (254 nm), and a re- 
corderlo. For quantitative measurements, data were collected and pro- 
cessed by a digital computer". 

Mobile Phase-All mobile phases contained 0.005 M pairing ion and 
0.01 M ammonium nitrate in acetonitrile-water (375:625). After mixing, 
the mobile phases were adjusted to pH 3.3 with acetic acid and filtered 
through a 5-pm filter. (Considerable foaming was observed with most 
mobile phases upon filtration.) 

Columns-A microparticulate octadecylsilane column12 ( 10 pm, 30 
cm X 4 mm) and a microparticulate octasilane column'3 (10 pm, 25 cm 
X 4.6 mm) were obtained commercially. When not in use, these columns 
were flushed with acetonitrile-water (8020) and stored in the same sol- 
vent. Flow rates of 2-3 ml/min gave adequate resolution with reasonable 
analysis time. 

Quant i ta t ion of Codeine in  Syrups-Internal Standard 
Method-Exactly 5.0 ml of the syrup was transferred quantitatively to 
a 125-ml erlenmeyer flask containing 40.0 ml of the internal standard 
solution (diphenylamine, 0.05 mg/ml in the mobile phase). After thorough 
mixing, 25-p1 aliquots were chromatographed with a detector setting of 
0.032 aufs. Concentrations were determined by comparison of the peak 
height ratios from sample preparations to those from a standard prepa- 
ration (USP codeine phosphate reference standard). 

External Standard Method-Exactly 5.0 ml of the syrup was added 
to 40.0 ml of the mobile phase and chromatographed in the same manner 
as the internal standard method. Concentrations were calculated by 
comparison of the peak heights of the codeine peaks. 

RESULTS AND DISCUSSION 

In preliminary studies, nitrate ions (as ammonium or sodium salts) 
significantly improved the peak shape and reduced tailing. This effect 
possibly was due to occupation of uncoated sites on the solid support 

Eastman Kodak Co., Rochester, NY 14650. 
Research Plus Laboratories. Denville, NJ 07834. 
Aldrich Chemical Co., Milwaukee, WI 53233. 
Courtesy of Dr. Arthur Jacobson, National Institute of Arthritis, Metabolism, 

Burdick & Jackson Laboratories, Muskegon, MI 49442. 

and Digestive Disease. 
5 The Upjohn Co. 

7 Model 110, Altex Corp., Berkeley, CA 94710. 
8 U john LC Autosampler. 
9 U b  111, Laboratory Data Control, Riviera Beach. Fla. 

lo Model XKR, Sargent Welch Co., Skokie, IL 60076. 
PDP 11, Digital Equipment Co., Maynard, MA 01754. 

'2 yBondapak C18, Waters Associates, Milford, MA 01757. 
l 3  RP-IOA, Brownlee Laboratories, Santa Clara, CA 95050. 
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Figure 2-Relationship (if the 10g of the capacity factors and the carbon 
chain kngth  of the pairing ion. Data were obtained from Fig. I .  Key: 0, 
morphine; O, codeine: and 0, ethylmorphine. 

maLerial by the nitrate ions. Consequently, all mobile phase solutions 
contained 0.01 M ammonium nitrate. The mobile phase pH was adjusted 
to 3.3 to ensure that the amines would be protonated. 

The effects of the carbon chain length of the pairing ion on the capacity 
factors of morphine, codeine, and ethylmorphine are shown in Fig. 1. 
Relatively minor effects were observed as the chain length was increased 
to eight carbons (octanesulfonate). Above this point, the capacity factors 
increased dramatically as the chain length was increased. The elution 
order for all systems was morphine, codeine, and ethylmorphine. This 
order is consistent with the polarity of the substitution on the aromatic 
ring (hydroxy, methoxy, and ethoxy, respectively). The shape of this curve 
suggests that the capacity factors are related logarithmically to the 
number of carbons in t,he pairing ions. 

A plot of the log of the capacity factors of morphine, codeine, and 
ethylmorphine uersus the carhon chain length of the pairing ion is shown 
in Fig. 2 (octadecylsilane column). A similar plot is shown in Fig. 3 for 
the octasilane column. The slopes of both plots are similar. The distinct 
break between t,he two linear portions of the curve suggests that  two 
mechanisms may be operative in analyte retent,ion. 

Two distinct ion-pair mechanisms can be postulated to explain the 
behavior shown in Figs. 2 and 3.  The first mechanism involves ion-pair 
formation in the mobile phase with subsequent partitioning into the 
stationary phase. This process is outlined in Scheme I, where D+ is the 
protonated form of the amine drug, A- is the anionic form of the pairing 
ion, and DA is the charge neutralized ion-pair: 

D',+A&*DAM 

DAM + DAs 
Scheme I 

The subscripts M and S refer to the species in the mobile phase and the 
stationary phase, respectively. 

The second mechanism, dynamic ion exchange, involves adsorption 
of the pairing ion onto the stationary phase surface followed by ion-pair 
formation a t  the interface (Scheme 11): 

A% * A, 

A, + D h  + DAs 
Scheme I I  

If the first mechanism is operative, one would expect the capacity factor 
to increase as the pairing-ion size increases. The increased chain length 
of the pairing ion should cause an increase in the hydrophobicity of the 
complex, thus favoring partitioning into the stationary phase. The por- 
tions of the curves in Figs. 2 and 3 that  lie above a chain length of eight 
carbons show this behavior. This portion of the curve shows that each 
two additional niethylene groups in the pairing ion increase the capacity 
by a factor of 2.2 (for the octadecylsilane column). This increase is in good 
agreement with the predicted value of 2.5 obtained from consideration 
of enhancement factors in a study of chromatographic retention of cat- 
echolamines paired with alkyl sulfates (4). In the same study, solvophobic 
theory was employed to deduce that ion-pair formation in the mobile 
phase was the primary mechanism for analyte retention. 
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Figure 3-Relationship of the log of the capacity factors and the carbon 
chain length of the  pairing ion for a n  octasilane column ( 10 pm). Key: 
0, morphine; a, codeine; and 0 ,  ethylmorphine. 
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MINUTES AFTER INJECTION 
Figure 4-Chromatograms of a mixture of morphine ( I ) ,  codeine (2), 
and ethylmorphine (3)  using various pairing ions. Key:  A, sodium 
hexanesuljonate; B, sodium decylsulfate; and C ,  sodium tetradecyl- 
sulfate (octadecylsilane column). 

The retention mechanism when the ion-pairing reagent contains eight 
carbons or less is not straightforward. Since the shorter chain pairing ions 
were sulfonates and the longer chain pairing ions were sulfates, the pos- 
sibility of sulfonates behaving differently from sulfates was considered. 
However, capacity factors measured with sodium hexanesulfonate and 
sodium hexanesulfate were the same (within experimental error); they 
also were the same for sodium tetradecylsulfonate and sodium tetrade- 
cylsulfate. 

One is tempted to attribute this behavior to an ion-exchange mecha- 
nism, but the similarity of the curves in Figs. 2 and 3 weigh against it. If 
pairing-ion adsorption is significant, a difference in behavior when the 
chain length of the alkyl portion of the stationary phase is changed from 
eight to 18 would be expected. The plots presented in Figs. 2 and 3 are 
too similar to suggest that this mechanism is important. The behavior 
of the short chain pairing ions may be due to the ion-pair complex formed. 
Since there appears to be little increase in complex hydrophobicity with 
an increasing chain length up to eight, a mechanism is proposed to ac- 
count for this behavior. 

Examination of molecular models of codeine and octanesulfonate 
suggests that these molecules could form an ion-pair complex in which 
the hydrocarbon chain of the pairing ion aligns along the carbon backbone 
of the codeine molecule (ionic moieties of each molecule are juxtaposed), 
with essentially no portion of the carbon chain protruding beyond the 
codeine molecule. This type of complex formation would minimize the 
hydrophobic interactions of each molecule with the primarily aqueous 
solvent. For short carbon chains (eight or less), the ion-pair apparently 
is not appreciably less polar than the ion-pair formed from methane- 
sulfonate and the protonated amine. In other words, the polarity is con- 
trolled primarily by the amine molecule. Consequently, little change in 

L 
5 10 15 

MINUTES AFTER INJECTION 
Figure 5-Chromatogram of a mixture of morphine ( I ) ,  codeine (2), 
and ethylmorphine (3)  using dioctyl sodium sulfosuccinate as the 
pairing ion. 

I 
5 10 15 20 

MINUTES AFTER INJECTION 
Figure 6-Chromatogram of a codeine syrup using dioctyl sodium 
sulfosuccinate as the pairing ion. Peak 1 is codeine and peak 2 is di- 
phenylamine, the internal standard (0.032 aujs). 

the capacity factor (Figs. 2 and 3) is observed with short pairing ions. On 
the other hand, pairing ions that contain more than eight carbon atoms 
would form ion-pairs in which the alkyl chain of the pairing ion would 
protrude beyond the codeine molecule. This protrusion results in greater 
complex hydrophobicity and hence greater retention. While these 
arguments can explain qualitatively the observed behavior, they do not 
rule out the possibility of dynamic ion exchange. 

Data obtained in a study of the ion-pairing behavior of 4-methyl-l- 
tetradecylpyridinium chloride (I) lend support to the arguments pre- 
sented here14. In this study, the capacity factor was measured as a func- 
tion of the carbon chain length of the pairing ion (octadecylsilane col- 
umn). Alkyl sulfates and sulfonates ranging from butanesulfonate to 
octadecylsulfate were used as pairing ions. No significant increase in 
capacity factor was observed until the alkyl chain length exceeded 12 
carbons. These data are consistent with the concept of complex formation 
with association of the alkyl portions of both molecules of the ion- 
pair. 

The effect of pairing ion chain length on compound resolution is shown 
in Fig. 4. Hexanesulfonate did not adequately resolve morphine, codeine, 
and ethylmorphine under these conditions, while decylsulfate and tet- 
radecylsulfate gave resolutions adequate for peak height and peak area 
measurements, respectively. Furthermore, increasing the chain length 
increased the retention time to such an extent that nonionic species would 
have eluted well ahead of the amines. This latter aspect is important when 
direct injections of diluted syrups are contemplated. 

In early studies, problems with pairing-ion solubilization were en- 
countered with tetradecyl- and hexadecylsulfates. To circumvent this 
problem, dioctyl sodium sulfosuccinate (11) was investigated as a possible 
pairing ion for codeine. This molecule has the requisite solubility and a 
sufficiently long alkyl chain to produce adequate retention for codeine. 
Furthermore, this compound is readily available a t  low cost. The chro- 
matogram for a morphine, codeine, and ethylmorphine mixture using 
I1 as the pairing ion is shown in Fig. 5. Under these conditions, I1 produced 
capacity factors similar to those produced by tetradecylsulfate. Also, I1 
solubilization in the mobile phase was accomplished easily with stirring. 
Consequently, all assay development for codeine syrups was carried out 
using I1 as the pairing ion. 

I 

I 
CH, 
I 

CH-SO,,-Na+ 

I 
COOCH,CH(CH,),CH , 

I 
C2H5 

I1 

l4 Unpublished data. 
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Table I-Replicate Analyses a of Codeine Phosphate in a Single 
Syrup Lot 

Day Milligrams per 5 ml 

1 9.89, 9.96, 10.00, 10.00, 9.92, 9.97, 9.96, 9.89 
2 10.12, 10.06, 10.08, 10.12, 10.07, 10.13 

a Internal standard method. 

Table 11-Analyses of Codeine Syrups (Milligrams per  5 ml) 

Sample Trial 1 Trial 2 

A" 
B' 

9.6gh 
9.96d 

10.0'2 
10.21 
10.10 

9.66 
9.99 . ~~ 

9.92 
10.05 
9.97 

a Syrup contained 85 m of terpin hydratel5 ml and 10 mg of codeine/5 ml. 
Expressed as free base. syrup contained (in 5 ml) 12.5 mg of phenylpropanol- 

amine hydrorhloride, 6.25 mg of pheniramine maleate, 6.25 mg of pyrilamine ma- 
leate, 100 mg of uaifenesin, and 10 mg of codeine phosphate. d Expressed as 
phosphate salt. &up contained 100 mg of guaifenesin/5 ml and 10 mg of codeine 
phosphate/5 ml. Syrup contained (in 5 ml) 5 mg of promethazine, 44 mg of po- 
tassium guaiacolsulfonate, and 10 mg of codeine phosphate. g Syrup contained (in 
5 nil) 2 mg of brompheniramine maleate, 5 mg of phenylephrine hydrochloride, 5 
mg of phenylpropanolamine hydrochloride, 100 mg of guaifenesin, and 10 mg of 
codeine phosphate. 

Figure 6 shows a typical chromatogram of a 5.0-ml syrup sample (10.0 
mg of codeine phosphate and 100 mg of guaifenesin/5 ml) diluted with 
40.0 ml of the internal standard solution (diphenylamine, 0.05 mg/ml in 
the mobile phase). Excellent separation was obtained, with all syrup 
excipients (and guaifenesin) eluting at or near the solvent front. Codeine 
phosphate recovery from spiked placebo syrups averaged 100.5% with 
a relative standard deviation of 0.5% (n = 13) over 2.2-16.4 mg/5 ml 
(internal standard method). Replicate analyses of one lot of codeine syrup 
gave an average value of 9.95 mg/5 ml (theory is 10.0 mg/5 ml) with a 
relative standard deviation of 0.4% ( n  = 8). Analysis of the same lot on 
a different day gave an average of 10.10 mg/5 ml with a relative standard 
deviation of 0.3% ( n  = 6 ) .  The overall average of these data is 10.0 mg/5 
rnl with a relative standard deviation of 0.8% ( n  = 14) (Table I). 

Five samples of syrups containing codeine or codeine phosphate were 
obtained through commercial sources and analyzed by the external 
standard method (Table 11). Excellent agreement with the labeled co- 
deine content was obtained. Even though some products contained other 
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MINUTES AFTER INJECTION 
Figure 7-Chrnmatograrn of Syrup E (Table I I )  using dioctyl sodium 
sulfosucrinatr as the pairing ion (0.064 aufs) .  

3 

I I 
5 10 15 

MINUTES AFTER INJECTION 
Figure 8-Chrornatogram of a mixture o f  morphine ( I ) ,  codeine N- 
oxide (2), and codeine ( 3 )  using conditions used for the codeine 
assay. 

amine drugs, adequate resolution was obtained in all cases without 
modification of the mobile phase. The chromatographic tracing of the 
most complex mixture is shown in Fig. 7 (Product E). 

The separation of codeine from its synthetic precursor, morphine, and 
a possible oxidation product, codeine N-oxide, is shown in Fig. 8. Even 
though the N-oxide was not completely resolved from codeine, it did not 
interfere when peak height measurements were used. No extraneous 
peaks were observed in any samples analyzed by this method, even though 
some samples were > 1 year old. 

The method described here is precise and accurate. Since the codeine 
elutes well after the solvent front, simple dilution of the syrups was the 
only sample preparation necessary. Total sample preparation and 
chromatographic analysis time is <20 min/sample. Dioctyl sodium sul- 
fosuccinate has been shown to be a useful, inexpensive pairing ion for 
codeine analysis. 
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Abstract The distribution of sulfonylureas and their insulii-releasing 
potency as a pharmacological response were studied in isolated perfused 
rat pancreas. Sulfonylurea concentrations in the perfused pancreas in 
the presence or absence of a second drug were determined after perfusion 
for 15 min. Sulfonylureas could be distributed throughout the pancreas 
readily, and the tissue sulfonylurea concentration was reduced by the 
addition of sulfaphenazole, sulfadimethoxine, and salicylic acid. The 
insulin secretion rate stimulated by tolbutamide also was reduced by 
these three drugs; sulfanilamide, which could not displace the tolbuta- 
mide distribution, did not affect the tolbutamide-mediated secretion of 
insulin. These results document the importance of drug concentration 
in the tissue or receptor site with regard to insulin secretion and show that 
the sulfonylurea-mediated secretion of insulin can be modified easily by 
concomitant perfusion of a second drug that displaces sulfonylurea in 
the pancreas. These findings suggest that the drug interaction at  the 
target organ or receptor site should be understood to provide adequate 
drug therapy. 

Keyphrases Pancreas-distribution of sulfonylureas, displacement 
of sulfonylurea by second drug Distribution-sulfonylureas in the 
perfused pancreas, correlation with pharmacological response 0 Sulfo- 
nylureas-distribution in pancreas, displacement by second drug 0 In- 
sulin secretion-stimulation by sulfonylurea, inhibition by presence of 
second drug 

Hypoglycemic sulfonylureas are generally accepted to 
bind strongly to serum protein (1,2). In 5% albumin solu- 
tion, only 10% or less of tolbutamide was present in active 
unbound molecules a t  clinical levels (1,2).  

Even minute alteration of the protein binding capability 
changes the amount of the active unbound form of sulfo- 
nylureas. Clinically, ineffective therapy or toxic responses 
could result. 

Displacement of such sulfonylurea-protein binding by 
other drugs has been demonstrated in plasma and in al- 
bumin solutions (3,4). These phenomena may also occur 
in various organs or tissues (5,6), but little is known about 
drug binding in tissues. The displacement a t  the receptor 
or binding site in the target organ may directly reflect 
therapeutic efficacy. 

I t  has been generally accepted that the distribution 
dynamics of a drug are closely related to its efficacy or 
adverse reaction (6). However, technical difficulties in 
performing such investigations have limited available in- 
formation. It is difficult to determine accurately the drug 
concentration in organs as compared to the blood, and it 
is almost impossible to measure the amount a t  isolated 
receptors. Moreover, it is particularly hard to obtain a 
simple and precise pharmacological marker. 

In a previous paper (7), drug disposition dynamics in the 
exocrine pancreas were reported. Drugs are transported 
to the pancreas through the lipid barrier and excreted into 
the pancreatic juice through the rather tight lipoid and 

molecular sieve barriers. 
In the present paper, the pancreatic distribution of 

sulfonylureas is correlated with insulin secretagogic ca- 
pacity as the pharmacological marker using isolated per- 
fused rat pancreas. 

EXPERIMENTAL 

Materials-Dextran (mol. wt. sO,OOO-9O,OOO) was purchased in 
powder' or liquid2 form (dextran 70 JP IX). Tolbutamide3 and carbu- 
tamide4 were the sulfonylureas studied. All other chemicals were obtained 
from commercially available sources and were analytical reagent 
grade. 

Animals-Male Wistar rats, 200-300 g, were housed in a constant- 
temperature room with free access to water and food. 

Procedure-The technique for pancreas isolation was practically the 
same as the reported pancreas-duodenum isolation method (8). The 
insertion of the cannulas was modified and directed upward just below 
the superior mesenteric artery. Furthermore, to simplify the procedure, 
the left renal, internal spermatic, and iliolumbar vessels were not oc- 
cluded. The pancreasduodenum was isolated from the rat and perfused 
on a constant-temperature table (37.4'). 

The perfusion medium was Krebs-Henseleit bicarbonate solution 
supplemented with glucose (100 mg 70). Colloidal osmotic pressure was 
maintained by the addition of dextran (4.5%) in accordance with the 
method of Toyota et al. (9). The perfusate was supplied by a peristaltic 
pump at the rate of 2 mVmin (net perfusion pressure was 30-60 mm Hg) 
and oxygenated with 95% 0~5% COz through a fiber-type oxygenates. 
The perfusion time was 15 rnin for study of the pancreatic uptake of 
sulfonylureas. The perfusion experiment was carried out for 45 min to 
permit comparative study of insulin secretion stimulated by sulfonylureas 
with or without second drugs. The first 10 min was used as a stabilizing 
control period, and the next three 10-min periods and the last 5 rnin 
served as the experimental period to determine the effect of sulfonylurea 
and second drugs. 

Four kinds of experiments were conducted in this comparative study. 
The first was a control experiment using basal Krebs-Henseleit bicar- 
bonate solution, the second determined the direct effect of second drugs, 
the third was the tolbutamide control study, and the last was a combined 
experiment using tolbutamide and a second drug. Every 2.5 min, samples 
of effluent from the cannula in the portal vein were collected for insulin 
assay. 

Analytical Methods-Tolbutamide and carbutamide were deter- 
mined by the methods of Martin and Rowland (10) and of Bratton and 
Marshall ( l l ) ,  respectively, after Somozyi's deproteinization. Insulin 
secreted in each experimental period was assayed as immunoreactive 
insulin (IRI) by a single-antibody precipitation method using polyeth- 
ylene glycol (12). Rat insulin was used as the reference standard. Apro- 
tinin6 was added to each borosilicated culture tube7 (1.2 X 75 mm) in 
accordance with the method of Toyota et al. (13). 

Wako Chemicals Co., Osaka, Japan. 
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Trasylol(10,OOO KIU/ml). Bayer Co. Ltd. 
Corning Co., Corning, N.Y. 
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Table I-Effect of the  Second Drug on the  Pancreatic Uptake of 
Sulfonylureas 

B Pancreatic 
Uptakea, Uptake 

Sulfonylurea Second Drug p M  Ratio, % 

0 5 10 15 
MINUTES 

Figure 1-Concentration profile of sulfonylureas in the portal effluent 
of the perfusate. Key: A, tolbutamide (100 r M )  perfused; and B, car- 
butamide (100 p M )  perfused. Open bars denote drug concentration in 
the pancreas. 

The effect of the second drug on the insulin secretion stimulated by 
tolbutamide was judged by the total amount of insulin secreted during 
the perfusion period of 15-45 min, because the insulin secretion stimu- 
lated by tolbutamide alone was almost stable during this period. The 
insulin secretion from 15 to 20 min and from 30 to 40 min was expressed 
as secretion in a combined experiment (microunits per minute), and the 
insulin secretion from 20 to 30 min and from 40 to 45 min was adopted 
as the control experiment in which only tolbutamide was perfused. The 
two values obtained from the two periods were compared. Statistical 
analysis was performed using the Student t test of paired samples. 

RESULTS AND DISCUSSION 

The concentration profile of tolbutamide and carbutamide in the ef- 
fluent of the perfusate from the cannula in the portal vein when both drug 

I Tolbutamide (50vM) 

None 158 f 3 b  (6)c 100 
Sulfanilamide (2.5 mM) 150 f 7 (3) 95 
Sulfaphenazole (2.5 mM) 109 f 7 (5) 6gd 
Salicylic acid (2.5 mM) 105 f 6 (5) 67 
Sulfadimethoxine (1 mM) 92 f 9 (5) 58d 

Carbutamide None 9 5 f  4 (8) 100 
(100 p M )  Salicylic acid (2.5 mM) 70 f 2 (9) 73d 

0 These values are of 15-min perfusion. * Values are mean f SEM. C Values in 
Significant differences were detected parentheses are the number of experiments. 

at p < 0.001. 
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solutions of 100 W M  were perfused in the pancreas is shorn in Fig. 1. After 
perfusion for 15 min, the sulfonylurea concentration in the whole pan- 
creas was determined since equilibrium between the perfusate and the 
pancreas was nearly achieved within 15 min. The control data of pan- 
creatic uptake of tolbutamide and carbutamide were 158 and 95 p M ,  
respectively. These values were compared with the data based on con- 
comitant use of second drugs. 

Although serum albumin is used in almost every laboratory to maintain 
the colloidal osmotic pressure in the perfused pancreas, dextran was se- 
lected to differentiate between effects caused by competition for plasma 
protein binding sites as opposed to P-cell binding sites. The fact that 
dextran had no binding capacity with tolbutamide was confirmed by an 
ultrafiltration technique (14). Next, the effects of sulfaphenazole, sul- 
fadimethoxine, sulfanilamide, and salicylic acid were examined to de- 
termine how they affect sulfonylurea distribution in the pancreas. Sul- 
faphenazole, sulfadimethoxine, and salicylic acid inhibited the pancreatic 
uptake of sulfonylureas by 30-4070 (Table I), but sulfanilamide had little 
or no effect on the pancreatic uptake of tolbutamide. 

These results correlated well with the displacement phenomenon of 
these drugs in the plasma or in an albumin solution (3). christensen et 
al. (15) reported on the severe hypoglycemia provoked by the concomi- 
tant administration of tolbutamide and sulfaphenazole. Other investi- 
gators (16, 17) also reported that a similar phenomenon occurred with 
phenylbutazone or dicumarol. Hypoglycemia was attributable to a 

Figure 2-lnsulin secretion stimulated by tolbutamide in the perfused 
rat pancreas (auerage of four determinations). 

Tolbutamide (50uM) 

Sulf aphenazole (2.5mM) 

FzZ2Z EZz2 

20 50 40 
MINUTES 

Figure 3-Effect of sulfaphenazole on tolbutamide-mediated insulin 
secretion in the perfused rat pancreas (auerage of four deterrnina- 
tions). 
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Table 11-Effect of the Second Drug on the Insulin Secretion in  
the Absence of Tolbutamide 

Secreted Insulin, mU/min 
Basal Medium 

plus Second 
Second Drug Basal Medium“ Drug StatisticsC 

Table 111-Effect of the Second Drug on the Insulin Secretion 
Stimulated by Tolbutamide 

~ ~ ~~~~ 

Secreted Insulin, mU/mina 
Tolbutamide 

Tolbutamide plus Second 
Second Drug Onlyb DrugC Statisticsd 

None 0.31 0.37 NS (3)d 
Sulfanilamide (2.5 mM) 0.21 0.22 NS (3) 
Sulfaphenazole (2.5 mM) 0.40 0.55 NS (4) 
Salicylic acid (2.5 mM) 0.51 0.42 NS (5) 
Sulfadimethoxine (1 mM) 0.23 0.36 NS (4) 

None 2.35 2.34 NS (4)e 
Sulfanilamide (2.5 mM) 1.81 1.99 NS (3) 
Sulfaphenazole (2.5 mM) 2.68 1.89 p < 0.01 (4) 
Salicylic acid (2.5 mM) 2.21 1.99 p < 0.05 (4) 
Sulfadimethoxine (1 mM) 1.93 1.71 p < 0.05 (4) 

a Insulin secretion during the 20-30- and 40-45-min periods. Insulin secretion 
Values in parentheses during the 15-20- and 30-40-min periods. Paired t test. 

are the number of experiments. 

combination of causes, i .e.,  inhibition of hepatic metabolism, increased 
protein-unbound sulfonylurea, and its displacement from tissue-binding 
sites in the liver (18). The displacement phenomenon in the blood is one 
main cause of hypoglycemia, but it is not totally responsible. The results 
of the present study showed that the pancreatic uptake of sulfonylureas 
decreased in accordance with their displacement phenomenon in plasma 
by the addition of second drugs with high hydrophobicity. 

In considering the action site of sulfonylureas in the pancreas, the 
possibility that drug binding to the j3-cell membrane may be related to 
secretagogic action (19-23) has received much attention. Drug dis- 
placement may occur a t  the receptor site as demonstrated in plasma or 
in the whole pancreas, and a converse pharmacological effect of what 
happened as a result of displacement in plasma may be seen. The possi- 
bility of displacement of tolbutamide at the receptor or binding site also 
was investigated in this study using the secreted insulin as a marker of 
the pharmacological effect. The basal pattern and tolbutamide-stimu- 
lated pattern are illustrated in Fig. 2. 

Since it has been considered that sulfonylurea binding to the &cell 
membranes is closely related to the secretagogic potency, it was expected 
that the drug interaction at the receptor level might be detected effec- 
tively by this experimental system. Sulfaphenazole, sulfadimethoxine, 
and salicylic acid, which inhibited the pancreatic uptake of tolbutamide, 
were investigated to determine their effect on the insulin secretion 
stimulated by tolbutamide. As shown in Fig. 3, the insulin secretory rate 
during the concomitant perfusion of tolbutamide and s u l f a p h e w l e  was 
significantly lower than that obtained during tolbutamide perfusion 
alone. When only sulfaphenazole was perfused, no significant effect was 
detected in the insulin secretory rate (Table 11). 

The effect of sulfadimethoxine and salicylic acid on insulin secretion 
stimulated by tolbutamide also was examined; smaller, but significant, 
inhibitory effects were observed. Insulin secretion rates when tolbutamide 
alone was perfused and when tolbutamide and a second drug were per- 
fused are listed in Table 111. These results are well explained by the hy- 
pothesis that expects competition a t  the binding or receptor site between 
tolbutamide and the second drug on the &cell membrane. 

Hellman et al. (22)  reported on a similar phenomenon using 4-acet- 
amide-4’-isothiocyanate-stilben-2,2’-disulfonic acid in incubated rat 
Langerhans islet. I t  depressed the islet uptake of glyburide (gliben- 
clamide) and, when present solely with the islets, it activated the insulin 
secretion strongly. When i t  coexisted with glyburide, the two secreta- 
gogues acted less actively than the additive effect of glyburide and 4- 
acetamide-4’-isothiocyanate-stilben-2,2’-disulfonic acid. Hellman e t  al. 
(22) pointed out the possibility that  4-acetamide-4’-isothiocyanate- 
stilben-2,2’-disulfonic acid, a membrane probe, prevented the secreta- 
gogic recognition of glyburide by displacing this sulfonylurea from the 
P-cell membranes. Although their hypothesis may explain the present 
data, tolbutamide possibly could react directly with sulfaphenazole, 
sulfadimethoxine, or salicylic acid and form a less active complex com- 
pound. T o  exclude this possibility, the complex formation of these drugs 
was examined by the solubility method (24). The complex formation was 
no more than merely 1% of tolbutamide in the perfusate (stability con- 
stant = 5.3 M - l ) .  Thus, it could not explain the remarkably decreased 
insulin secretion. 

On the other hand, the finding that tolbutamide-mediated secretion 
was inhibited by the addition of these three drugs could have been caused 
by their direct action if they had the capacity to inhibit insulin secretion. 
A perfusion study indicated that these drugs made a small, but insig- 
nificant, change in the insulin secretion (Table 11). Consequently, direct 
inhibition of insulin secretion by these drugs apparently was not the 
reason for this phenomenon. 

When sulfanilamide was perfused concomitantly with tolbutamide, 

a Concentration of tolbutamide was 50 pM. * Insulin secretion during the 20-30- 
and 4G50-min periods. Insulin secretion during the 15-20- and 3&40-min periods. 

Paired t test. Values in parentheses are the number of experiments. 

the insulin secretion rate was slightly, but not significantly, stimulated 
(Table 111). Since sulfanilamide was hardly able to displace the pancreatic 
uptake of tolbutamide, this result is consistent with the hypothesis that  
drug concentration at the tissue level might reflect the pharmacological 
response. 

The importance of the drug protein binding in plasma has been 
stressed. It has been postulated widely that the unbound free fraction 
of a drug in plasma could serve as the marker of therapeutic efficacy. 
However, a correlation between the serum free fraction value and the 
tissue free fraction value is unlikely in the presence of some specific ac- 
cumulation of drug in the tissue. From this point of view, drug-tissue 
binding or interaction in connection with pharmacological or toxicological 
response has received attention recently. The presented data show the 
important role of drug disposition dynamics in tissues, especially in target 
organs. Thus, drug disposition in target organs or receptor sites should 
always be considered when preparing a dosing regimen for optimal 
therapy. 

REFERENCES 
(1) M. J .  Crooks and K. F. Brown, J. Pharm. Pharrnacol., 26,304 

(2) S. Goto, H. Yoshitomi, and M. Kishi, Yakugaku Zasshi, 97,1219 

(3) J. Judis, J .  Pharrn. Sci., 61,89 (1972). 
(4) J. J. Thiessen and M. Rowland, ibid., 66.1063 (1977). 
(5) C.-M. Lai andG. Levy, ibid., 67,1492 (1978). 
(6) G. Levy, C.-M. Lai, and A. Yacobi, ibid., 67,299 (1978). 
(7) R. Hori, M. Arakawa, and K. Okumura, Chern. Pharm. BULL, 26, 

1135 (1978). M. Arakawa, K. Okumura, and R. Hori,J. Pharm. Sci., 69, 
27 (1980). 

(8) J. C. Penhos, C.-H. Wu, J. C. Basabe, N. Lopez, and F. W. Wolff, 
Diabetes, 18,733 (1969). 

(9) T. Toyota, K. Abe, M. Kubo, H. Kikuchi, and K. Kimura, Dia- 
betes J., 3.99 (1975). 
(10) S. B. Martin and M. Rowland, J. Pharrn. Pharrnacol., 25,186 

(1973). 
(1J) A. C. Bratton and E. K. Marshall, Jr., J. Biol. Chem., 128,537 

(1939). 
(12) B. Desbuquios and G. D. Aurbach,J. Clin. Endocrinol. Metab., 

33,732 (1971). 
(13) T. Toyota, S. Sato, M. Kubo, K. Abe, and Y. Goto, ibid., 41,81 

(1975). 
(14) R. L. Diron, E. S. Owens, and D. P. Rall, J. Pharrn. Sci., 58,1106 

(1969). 
(15) L. K. Christensen, J. M. Hansen, and M. Kristensen, Lancet, 2. 

1298 (1963). 

(1974). 

(1977). 

~ (16) JIB. Field, M. Ohta, C. Boyle, and A. Remers, N. Engl. J. Med., 
277.889 (1967). 
(17) M. Kristensen and J. M. Hansen, Diabetes, 16,211 (1967). 
(18) M. Rowland, S. B. Martin, J. Thiessen, and J. Karam, in “Drug 

Interactions,” P. L. Mor Selli, S. Garattini, and S. N. Cohen, Eds., Raven, 
New York, N.Y., 1974, p. 199. 
(19) J. Shelin, Acta Diabetol. Lat., 10,1052 (1973). 
(20) I.-B. Taljedal, Horm. Res., 5,211 (1974). 
(21) B. Hellman, A. Lernmark, J. Sehlin, and 1.-B. Taljedal, Biochern. 

(22) B. Hellman, A. Lernmark, J. Sehlin, and I.-B. Taljedal, FEBS 

(23) V. Bowen and N. R. Lazarus, Riochern. J., 142,385 (1974). 
(24) K. A. Connors and J .  A. Mollica, Jr., J.  Pharm. Sci., 55, 772 

J . ,  132,775 (1973). 

Lett . ,  34,047 (1973). 

(1966). 

Journal of Pharmaceutical Sciences I 159 
Vol. 69, No. 2, February 1980 



Serum Levels of Butorphanol by Radioimmunoassay 

KENNETH A. PITTMAN x, ROBERl' D. SMYTH, and ROBERT F. MAYOL * 
Received March 19, 1979, from Rristol Laboratories, Syracuse, NY 13201 
Research Center, Evansville, IN 47721. 

Abstract A radioimmunoassay was developed for the analysis of bu- 
torphanol in human serum. The procedure involves extraction of serum 
with hexane containing 2% isoamyl alcohol, followed by evaporative 
solvent removal and radioimmunoassay of the reconstituted residue. The 
antibody significantly cross-reacts with unidentified butorphanol me- 
tabolites but not with two known metabolites, hydroxybutorphanol and 
norbutorphanol. Extraction eliminated interference from the butor- 
phanol metabolites normally present in serum. The antibody also 
rross-reacts with pentazocine and cyclazocine but not with morphine, 
hydromorphone, oxymorphine, codeine, methadone, and meperidine. 
Butorphanol tartrate was administered intravenously (2 mg) to normal 
male volunteers. Serum butorphanol levels declined biexponentially with 
an average terminal half-life of 2.7 hr. Enzymatic serum hydrolysis prior 
to extraction yielded additional butorphanol, indicating the presence of 
hutorphanol conjugates. The specificity of the assay for butorphanol was 
confirmed by GLC-mass fragmentography. 

Keyphrases 0 Butorphanol-radioimmunoassay in human serum, 
pharmacokinetics in human serum Pharmacokinetics-butorphanol 
in human serum 0 Radioimmunoassay-butorphanol in human serum 
0 Narcotic agonist-antagonist-serum hutorphanol pharmacokinetics 
by radioimmunoassay 

Butorphanol (I), a totally synthetic morphinan (1) with 
narcotic agonist-antagonist properties, has been shown 
to be a potent analgesic in animals (2) and humans (3-5).  
Studies with 3H-butorphanol in normal human subjects 
demonstrated the presence of hydroxybutorphanol (II), 
norbutorphanol (III), and conjugates of I, 11, and I11 as 
metabolites of 1'. Additional unidentified metabolites were 
present. The plasma I levels indicated that conventional 
GLC or high-pressure liquid chromatographic procedures 
could not achieve the detection level necessary to define 
fully the serum concentration profile after parenteral ad- 
ministration. A specific radioimmunoassay procedure was 
needed to determine the pharmacokinetics and bioavail- 
ability of I. 

Rabbit antibutorphanol antibody was prepared uia I 
conjugation to bovine serum albumin, followed by injection 
of this antigen into rabbits to obtain the antiserum2. Ra- 
diolabeled antigen was prepared by a chloramine-T pro- 
cedure for the introduction of iodine 125 into the aromatic 
ring of I, and this hapten was bound by the antiserum and 
displaced by comparable amounts of pure I. The conven- 
tional second antibody (goat antirabbit globulin) technique 
was utilized to separate free from bound antigen. No sig- 
nificant cross-reactivity with the butorphanol metabolites 
I1 or I11 was observed. Cross-reactivity from unknown 
metabolites, however, necessitated the development of a 
technique specific for I, so an extraction procedure prior 
to radioimmunoassay was included. 

A combined GLC-mass fragmentography assay was 
developed to demonstrate that the final method was spe- 
cific for I in the presence of its metabolites. 

I R. C. (;aver, R. D. Smyth, M. Vasiljev, and D. R. Van Harken, Bristol Labora- 
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The purposes of these studies were to develop and val- 
idate a radioimmunoassay method for I and to demon- 
strate the utility of the method in the determination of 
serum levels of I after administration of therapeutic 
doses. 

EXPERIMENTAL 

Chemicals and  R e a g e n t ~ - N a ' ~ ~ I  (carrier free)3, N-chloro-4- 
methylbenzenesulfonamide sodium salt4 (chloramine-T), diethylamine4, 
normal human serum5, normal rabbit serum5, goat antirabbit y-globulin 
antiserum6, 3,14-dihydroxy-N-cyclobutylmethylmorphinan hydrogen 
tartrate7 (butorphanol tartrate, I-tartrate, lot 75Fl355-23, 3,14-dihy- 
droxy-N-(trans-3'-hydroxycyclobutylmethyl)morphinan hydrogen 
tartrate7 (hydroxybutorphanol tartrate, 11-tartrate, lot 1099-21), 3,14- 
dihydroxym~rphinan~ (norbutorphanol, 111, lot 923-19), 3,14-dihy- 
droxy-N-cyclopropylmethylmorphinan hydrogen tartrate7 (internal 
standard, IV, lot 75F1878), N,O- bis(trimethylsilyl)trifluoroacetamideS 
(V), N,O-bis(perdeuterotrimethylsilyl)trifluoroacetamideg (VI), and 
rabbit antibutorphanol antiserum2 were used as received. 

All other chemicals and reagents were USP, NF, or ACS grade or better 
and were used without further purification. 

Radioiodinated Butorphanol Hapten-To a 1-dram vial with a 
stirring bar were added, with stirring, 20 mCi of Nalz5I (200 pl), 3.5 p1 
of a solution of 1.46 mg of I-tartrate (1 mgof base)/ml of distilled water, 
and 100 pl of 0.25 M ,  pH 7.6 phosphate buffer. Then 10 jd of a fresh so- 
lution of 3 mg of chloramine-T/ml was added, followed within 5-10 sec 
by 10 p1 of a fresh solution of 7 mg of sodium metabisulfite/ml. Carbonate 
buffer (50 pl) and hexane (2 ml) were added, and stirring was continued 
for 10 min. 

The aqueous phase was frozen on dry ice; the hexane phase was re- 
moved, washed once with 1 ml of distilled water, and aliquoted into in- 
dividual vials after its activity was determined. The iodinated butor- 
phanol was stored a t  -2O0, and aliquots were reconstituted with radio- 
immunoassay buffer just prior to use. After 1-3 months, the stock prep- 
aration becomes unsatisfactory due to the accumulation of degradation 
products. 

Solutions-The butorphanol standard solution was prepared to yield 
145.8 pg of I-tartrate (100 pg of base)/ml; 1-ml amounts were transferred 
to 0.5-dram vials and stored a t  -2OO. The radioimmunoassay buffer was 
0.05 M, pH 7.6 phosphate buffer. I t  was prepared fresh for use. The 
carbonate buffer was a saturated solution of sodium bicarbonate and 
sodium carbonate. The extraction solvent was 2 parts (v/v) of isoamyl 
alcohol to 98 parts ( v h )  of hexane. The protein solution consisted of 4 
parts (v/v) of normal rabbit serum diluted with 96 parts (v/v) of radio- 
immunoassay buffer. It was prepared from frozen (-ZOO) serum aliquots 
and kept on ice6. 

Rabbit antibutorphanol antiserum was diluted in protein solution in 
the ratio of 1 pl to 5 ml, respectively. It was made fresh from frozen (-ZOO) 

antiserum aliquots and kept on ice. [Other lots of antibody than the one 
used may require a different dilution to obtain useful standard curves 
(7).] The goat antirabbit y-globulin solution was prepared by diluting 
the antiserum in radioimmunoassay buffer to obtain about 13 units/ml, 
e.g., 8 ml of antiserum plus 22 ml of buffer. I t  was made fresh from frozen 
(-20') antiserum aliquots and kept on ices. 

To prepare the radioiodinated butorphanol hapten solution, the 
ethanolic stock' solution of 1251-butorphanol was diluted to obtain ( a )  
about 180,000 cpm/ml or ( b )  about 100,000 cpm, depending on whether 
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Eastman Kodak Co.. Rochester, N.Y. 
Glusulase, containing @-glucuronidase and arylsulfatase, Grand Island Bio- 
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Table I-Accuracy and Precision of Butorphanol Radioimmunoassay 

Parameter 
Added Butorphanol, pg 

25 150 300 100 300 600 

Number of curves 
Number of replicates per curve 
Total number of samples 
Mean predicted value 
Intraassay variability, %" 
Interassav variabilitv. Yob 

"Low" Standard Curve (0-300 pg) 
8 8 8 
3 3 3 

24 24 24 
26 154 295 
14 10 15 
10 6 10 

"High" Standard Curve (0-600 pg) 
12 13 13 
3 3 3 

36 39 39 
95 308 567 
11 8 12 
8 6 9 

Mean coefficient of variation for triplicate samples. Coefficient of variation for all samples (three times number of curves). 

a high or low standard curve was prepared. It was made fresh and kept 
on ice. The counts per minute may need to be adjusted if a different 
y-counter is used. 

Radioimmunoassay-For a given analytical run, a constant volume 
of serum was taken from all samples, and the same volume of human 
serum was used for the standard curve, because of the variable effect of 
serum volume on nonspecific and control binding values. Volumes of 
human serum from 0.1 to 0.5 ml were suitable; 0.2 ml is used as an ex- 
ample. 

Into sets of triplicate extraction tubed0 were pipetted" 0.25,0.50,1.0, 
1.5,2.0,2.5, and 3.0 pl of butorphanol standard solution. Three additional 
sets of tubes were reserved for background (BKG), nonspecific binding 
(NSB), and maximum binding (Bo). Human serum (0.2 ml) was pipet- 
ted12 into all of the tubes, and duplicate 0.2-ml portions of the desired 
test samples were pipetted into additional tubes. Carbonate buffer (50 
pl) and the extraction solvent (2 ml) were added; then the tubes were 
racked, and each rack was shaken gently by hand for 1 min. The racks 
were ~entr i fuged '~ for 10 min a t  3000 rpm a t  -5' and then placed in a 
shallow bath of dry ice-ethanol for about 3 min. 

Each organic phase was decanted into a clean tubeI4 and reduced to 
dryness, using a manifold15 supplied with dry, filtered nitrogen gas. All 
subsequent solutions were added to the tubes with a diluter-pipeterI6 
set to deliver 0.1 ml of reagent solution followed by 0.4 ml of radioim- 
munoassay buffer. The final volume in each tube was 1.5 ml. Solutions 
were kept in an ice bath when not in use. Radioiodinated hapten was 
added to all tubes except the background tubes, to which extra radio- 
immunoassay buffer was added. Antibutorphanol antiserum was added 
to all tubes except the nonspecific binding tubes, to which protein solution 
was added. Antirabbit serum antibody was added to all tubes. 

The tubes were centrifuged a t  3000 rpm for 3 min a t  -5' and stored 
a t  5-7' for 16 hr (overnight). Free and bound haptens were separated by 
centrifugation a t  3000 rpm for 30 min, and 1.0 ml of each supernate was 
transferred to fresh tubes. The 1251-activity was determined in a 
y-counter17 with automatic correction for background. Calculations were 
carried out automatically in the system by a modified log-logit analysis 
(6). In this procedure, the bound radioactivity for each sample or standard 
( B )  was estimated, and the ratio: 

B - NSB 
= B ~  - NSB 

was calculated and transformed to: 

(Eq. 1) 

(Eq. 2) 

The slope and intercept were obtained by linear regression for logit y 
uersus In p ,  where p equals the amount of standard in each tube. The 
amount of I in each sample tube was estimated by standard inverse 
prediction techniques. 

Cross-Reactivity-Fifty micrograms each of 11,111, morphine sulfate, 
hydromorphone, oxymorphone hydrochloride, codeine, pentazocine, 
cyclazocine, methadone hydrochloride, and meperidine hydrochloride 

10 Screw-capped glass tubes (13 X 100 mm) with Teflon-lined caps (catalog No. 

'2 MLA micropipets, Fisher Scientific Co.. Pittsburgh, Pa. 
13 Model PR-6000 refri erated centrifuge equipped with IEC No. 418 radioim- 

l4 Catalog No. 2053 12 X 75-mm polypropylene tubes, Falcon Plastic Co. 
' 5  Evap-0-Rac, Cole-Parmer Instrument Co., Chicago, Ill. 
16 Model 25004 equipped with a 200-fitl sampling pump and a 1-ml dispensing 

17 PACE-1 y-counter with PAC-5 programmable automatic calculator, Picker 

99447), Corning Glass, Corning, N.Y. 
With a 2 .~1  syringe. Hamilton Co., Reno, Nev. 

munoassay head, DamonfiEC Division, Needham Heights, Mass. 

pump, Micromedic Systems, Horsham, Pa. 

Corp., Northford, Conn. 

were dissolved in 500 ml of 0.01 N HCI. Amounts of each of these solutions 
were added to control human serum to give concentrations of 0.2,2, and 
20 ng/ml, and the serum samples were carried through the radioimmu- 
noassay as unknowns to determine the relative ability of the compounds 
to displace radioiodinated hapten from the antibutorphanol antibody. 

Enzymatic Hydrolysis-To 1.0-ml samples of spiked or test human 
plasma were added 25 p1 of enzyme solutionlS, 5 pl of chloroform, and 
4.0 ml of 0.1 M, pH 5.5 acetate buffer. The samples were incubated at  37' 
for 72 hr under a nitrogen atmosphere, and portions were carried through 
the radioimmunoassay. 

GLC-Mass Fragmentography-To 3-ml samples of spiked or test 
human plasma was added 0.3 pg of IV. The samples were made basic and 
extracted with chloroform. The chloroform was extracted with 0.1 N 
H2S04, which, in turn, was made basic and extracted with chloroform, 
which was reduced to dryness under a nitrogen stream. Compound V (25 
pl) was added to each sample, and the samples were agitated and held 
at  room temperature for 30 min to form the trimethylsilyl derivatives of 
I and IV. T o  each sample was added 2 pl of a solution containing 25 ng 
of I/ml of VI. This addition of the perdeuterotrimethylsilyl derivative 
of I provided a carrier for the picogram amounts of the trimethylsilyl 
derivative of I so that it was not lost in the chromatographic system. 

The instrument used was a gas ch r~matograph '~  coupled to a qua- 
drupole mass spectrometefO equipped with a chemical-ionization source. 
Conditions were: carrier-reactant gas, methane; injection portiemper- 
ature, 250'; oven temperature, 235'; transfer line temperature, 250'; ion 
chamber pressure, 0.5-1 torr; and electron beam intensity, 100 ev. The 
methane flow rate was adjusted to maximize the mass 29 ion in the 
methane spectrum, resulting in a carrier gas flow rate between 10 and 20 
ml/min. Four microliters from each sample was injected into a 91-cm X 
2.5-mm i.d. column containing 3% OV-1 on Gas Chrom Q2I.  

The column effluent was scanned continuously in the single-ion 
monitoring mode using a cycle time of 1 sec. Three mass numbers were 
monitored in each cycle, corresponding to the pseudomolecular ions 
(MH+) of the trimethylsilyl derivative of IV (386.4 amu), the trimeth- 
ylsilyl derivative of I (400.4 m u ) ,  and the perdeuterotrimethylsilyl de- 
rivative'of I (409.4 amu). The derivatives of I eluted a t  3.5 min, and the 
derivative of IV eluted a t  2.0 min. A response ratio of the trimethylsilyl 
derivative of I to the trimethylsilyl derivative of IV was calculated, and 
the regression of the ratio on the I concentration in the plasma standards 
was used to calculate the I concentration in the test samples by inverse 
prediction. 

Subjects-A signed informed consent was obtained from each normal, 
healthy, adult male subject. Complete physical examinations, hematol- 
ogy, blood chemistries, and urinalysis were performed on each subject 
on the day prior to the 1st study day. All parameters were within the 
normal range. 

In Study 1, each subject in one group received 2 mg of butorphanol 
tartrate intramuscularly whereas each subject in the other group received 
16 mg of butorphanol tartrate orally. Subjects were fasted overnight prior 
to drug administration in the morning. Blood samples were obtained a t  
0, 2,4, and 8 hr. 

In Study 2, subjects received 2 mg of butorphanol tartrate intrave- 
nously. Blood samples were obtained 0.5 hr prior to drug administration 
and at 5, 10, 15, 20, 30, and 45 min and a t  1, 1.25, 2, 3, 4, 6, and 8 hr. 
Subjects abstained from solid food and liquid, except water, from mid- 
night of the beginning of the test day. Subjects were instructed to walk 
around for at  least 5 min after each blood collection. They received a light 
breakfast 4 hr after dose administration and were discharged after the 

Endo Laboratories, Garden City, N.J. 
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Table 11-Butorphanol Concentrations as Determined by the 
Radioimmunoassay in Human Serum af ter  Oral (16 mg) or  
Intramuscular (2 mg) Administration of Butorphanol Tartrate 

Route of Butorphanol, ng/ml 
Administration Subject Ohr 2 hr 4 hr 8 hr 

Oral 1 0.14 0.80 0.82 0.36 
2 0.11 0.31 0.24 0.12 
3 0.12 2.68 2.99 1.51 
4 0 0.35 0.42 0.14 

Intramuscular 5 0 1.46 0.96 0.21 
6 0 1.38 0.90 0.29 
7 0.10 1.13 0.63 0.10 
8 0 1.30 0.66 0.21 

Table 111-Butorphanol Concentrations as Determined by 
GLC-Mass Fragmentography in Human Serum after Oral (16 
mg) or Intramuscular (2 mg) Administration of Butorphanol 
Tartrate 

Route of Butorphanol, ng/ml 
Administration Subject Ohr 2 hr 4 h r  8 hr 

Oral 1 0 0.32 0.87 0.09 
2 0 0.07 0 0 
3 0 2.97 2.27 0.74 
4 0 0.08 0 0 

6 0.56 1.69 1.22 0.44 
7 0 1.04 0.47 0.18 

Intramuscular 5 0.07 1.63 0.98 - 

8 0.03 1.27 0.74 0 

last blood sample was obtained. 
Blood samples were obtained in plain evacuated tubes, allowed to clot 

at room temperature for 30 min, and centrifuged at 5'. Serum samples 
were removed and immediately flash frozen, stored, and shipped frozen; 
they were maintained frozen at -2OO until analyzed. 

Pharmacokinetic Analysis-The serum concentration data for each 
subject in Study 2 were plotted on semilog paper with time as the abscissa. 
Judgments then were made as to the nature and trend of the time course 
of serum concentration; also at this time, certain data points were judged 
to be outliers if they deviated widely (by -25%) from the general trend. 
With the outliers excluded, all of the data sets were run through the 
program CSTRIP (7) to obtain initial polyexponential parameter esti- 
mates. These estimates were then passed, along with their associated data 
sets, to the program GUESS (8) for parameter optimization by a non- 
linear technique. The optimized polyexponential parameters then were 
used to calculate pharrnacokinetic parameters. 

RESULTS AND DISCUSSION 

Preliminary experiments22 showed that increasing amounts of human 
serum or of the residue of hexane extracts of human serum increasingly 
reduced the binding of radioiodinated hapten to the antibody. For a given 
serum volume, there was little variability in the reduction of this binding; 
for serum volumes of 10.5 ml, the effect was not of sufficient magnitude 
to interfere with the usefulness of the radioimmunoassay. Data on the 
accuracy and precision of the radioimmunoassay are presented in Table 
I. The data were obtained from the same standard curves used to estimate 
butorphanol concentrations in the discussed serum samples. As expected, 
the best precision was obtained for samples near the center of the range 
of the standard curve. 

The potential interference of known' metabolites of butorphanol (I1 
and 111) and of various narcotics and agonist-antagonists (see Experi- 
mental) was tested at  levels up to 20 ng/ml. Only pentazocine and cy- 
clazocine cross-reacted; they gave apparent butorphanol values of 0.14.2 
ng/ml at their highest level of 20 ng/ml. Therefore, misleading values for 
butorphanol may be observed in any subject who may have received large 
doses of pentazocine within 24 hr of assaying for butorphanol by the ra- 
dioimmunoassay. 

The plasma I concentrations as determined by the radioimmunoassay 
in human subjects after intramuscular and oral dosing (Table 11) and 
those determined by GLC-mass fragmentography (Table 111) were 
compared by least-squares analysis, assuming a linear relationship be- 
tween the two analytical methods. The slope, y -intercept, and regression 

22 K. A. Pittman, unpublished data. 

Table IV-Correlation of Radioimmunoassay and GLC-Mass 
Fragmentography Methods for Determination of Serum 
Butorphanol * 

Slope Intercept 
f 95% f 95% 

Sample Confidence Confidence Correlation 
Source ( n )  Interval Interval Coefficient 

Oral (16) 0.98 & 0.18 0.24b f 0.05 0.96 
Intramuscular (15) 0.87 k 0.19 0.01 f 0.08 0.94 
Oral plus intramuscular 0.92 k 0.14 0.136 i 0.04 0.93 
(31) 

~ ~~ 

a Each value obtained by CLC-mass fragmentography was used as an indepen- 
dent variable ( x  values), and the corresponding value obtained by radioimmuno- 
assay was uaed as the dependent variable (y value). * Significantly different than 
0 ( p  < 0.05). 

coefficient were calculated, and the null hypotheses that the slope was 
equal to unity and that the y-intercept was equal to zero were tested. The 
results (Table IV) indicate that the methods are equivalent and that the 
radioimmunoassay is specific for butorphanol in the presence of its me- 
tabolites. 

The slight, but significant, intercept in the radioimmunoassay results 
on subjects given I orally could indicate that the radioimmunoassay was 
measuring an immunoreactive moiety other than butorphanol, but one 
that was present in the serum in a constant amount. Or it could indicate 
that there was a slight positive bias in the radioimmunoassay for the 
analyses run on that day. Subsequent experience with many other 
subjects given oral butorphanol suggests that the latter explanation is 
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HOURS AFTER ADMINISTRATION 
Figure 1-Semilogarithmic plot of mean serum butorphanol values in 
three subjects given 2 mg of butorphanol tartrate intravenously. Bu- 
torphanol was determined by a complete radioimmunoassay (0 )  in- 
volving an extraction to separate butorphanol from its metabolites, by 
radioimrnunoassay directly on serum (A), and by radioimmunoassay 
after enzymatic hydrolysis to release butorphanol from conjugales (H), 
followed by extraction. Least-squares lines (solid and dashed) were 
calculated for log serum value versus time from I to 8 hr after dosing. 
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Table V-Serum Butorphanol in  Subjects Given 2 mg of Butorphanol Tartrate Intravenously * 

Butorphanol Equivalents, ng/ml 
Subject 1 Subject 2 Subject 3 

Hours after Complete Direct Hydrolysis Complete Direct Hydrolysis Complete Direct Hydrolysis 
Administration RIA RIA RIA RIA RIA RIA RIA RIA RIA 

0 0.1 0.3 1.2 0 0.4 1.2 0 0.3 1.3 
0.08 2.4 4.9 31 3.6 9.6 40 3.6 5.2 38 
0.17 1.6 2.6 13 3.0 5.5 29 2.5 4.3 24 
0.25 2.7 4.9 29 2.5 5.9 30 2.9 5.5 30 
0.33 1.7 2.5 13 3.0 4.6 20 2.0 3.5 19 
0.50 1.5 3.1 18 3.2 5.8 24 3.2 4.9 29 
0.15 1.2 1.9 10 1.9 5.4 22 1.6 3.3 16 ~- ~. 

i . i  1.1 2.3 9.7 1.7 3.3 16 1.7 3.3 12 
1.25 1.0 1.9 7.9 1.6 4.2 8.4 1.4 4.0 21 
2.0 0.9 1.5 6.0 1.2 3.1 10 1.1 2.3 9.7 
3.0 0.6 1.2 4.8 0.9 2.1 7.3 1.0 2.1 8.5 
4.0 
6.0 
8.0 

0.4 0.9 3.2 0.7 1.7 5.4 
0.2 0.4 1.9 0.5 1.3 3.6 
0.1 0.3 1.8 0.2 0.8 2.4 

1.0 2.0 7.9 
0.4 1.0 3.5 
0.2 0.5 2.3 

a Determinations were made by a complete radioimmunoasaay (RIA) involving an extraction to remove butorphanol from its metabolites, by radioimmunoassay directly 
on serum, and by radioimmunoassay after enzymatic hydrolysis of conjugates and extraction of butorphanol. See Experimental for details. 

correct. Regression, using the log-logit transformation of Hatch et al. 
(61, often leads to an overestimate of very low concentrations, especially 
those below the lowest standard. Particular caution must be taken when 
estimating values between zero and the low standard with this proce- 
dure. 

Serum samples for three subjects who received intravenous butor- 
phanol were analyzed directly by the radioimmunoassay by omitting the 
extraction procedure. The values obtained (Table V) for serum butor- 
phanol were 1.&3 times higher (average 2.1 f SE) than the values ob- 
tained (Table V) by including hexane extraction in the radioimmuno- 
assay. The same samples also were analyzed by the radioimmunoassay 
after being subjected to enzymes (8-glucuronidase and arylsulfatase), 
which hydrolyze common conjugates of phenolic drugs. The values ob- 
tained (Table V) were 5-15 times higher (average 9.5 f SE = 0.4) than 
those obtained without enzymatic hydrolysis. 

Semilog plots of the mean serum butorphanol concentrations for those 
three subjects as determined by the complete radioimmunoassay, the 
radioimmunoassay without the extraction step, and the complete ra- 
dioimmunoassay preceded by enzymatic hydrolysis are shown in Fig. 1. 
Lines of best fit were calculated for each set of data from 1 to 8 hr after 
dose administration. The slopes were not significantly different, 
suggesting that butorphanol elimination may be rate limiting in the 
clearance of it and its metabolites from the body. 

When the data for each of the 18 subjects given butorphanol intrave- 
nously (Study 2) were plotted as log concentration versus time, log serum 
concentration in most subjects appeared to decline biexponentially, 
showing a rapid distributive phase (a-phase) and a slower postdistri- 
butive phase (@-phase). When the data for each subject were analyzed 
using CSTRIP, the decline in serum concentration was biexponential 
for 17 of the data sets and monoexponential for one in which the dis- 
tributive phase was missed entirely. The equation used for biexponential 
decline was: 

C, = Aecat + Be-8’ (Eq. 3) 

where C, is the serum concentration in nanograms per milliliter and A 
and B are the y-intercepts and a and @are the slopes of the fastest de- 
clining and the slowest declining exponentials, respectively; A and B are 
in nanograms per milliliter, and a and p are in reciprocal hours. Similarly, 
the equation used for the monoexponential decline observed for one 
subject was: 

C, = Be-pt (Eq. 4) 

where E and B describe the same exponential @-phase) as in Eq. 3. 
The initial estimates for A, B, a, and @ otained by CSTRIP were op- 

timized to obtain a curve of best fit by GUESS. The average values and 
their standard errors for a ,  p, and the serum half-life (0.693/fi) were 7.7 
f 2.5 hr-l, 0.262 f 0.009 hr-l, and 2.70 f 0.09 hr, respectively. As the 
standard errors indicate, the values for a were quite variable from subject 
to subject while those for /3 were consistent. Pharmacokinetic studies of 
narcotics and other narcotic agonista and antagonists have revealed 
polyexponential declines in plasma concentration following intravenous 

administration. Meperidine (9, lo), naloxone ( l l ) ,  and pentazocine (12, 
13), for example, declined exponentially while fentanyl(14) and morphine 
(15,16) declined triexponentially. Terminal plasma or serum half-lives 
for codeine (17), meperidine (9, lo), morphine (15,16), and pentazocine 
(12,13,18) fell in the 2-4-hr range, as did butorphanol. In pharmacoki- 
netic terms, the behavior of butorphanol after intravenous dosing appears 
to be typical of the narcotic and narcotic agonist-antagonist drugs. 
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Abstract 0 The in uiuo metabolism of 2-ethyl-2,3-dihydro-5-benzofu- 
ranacetic acid (furofenac), a new drug, was studied in rats, dogs, and 
humans. The drug has antiplatelet-aggregation activity and anti-in- 
flammatory activity combined with low dcerogenic power. Hydroxylated 
derivatives and analogous compounds were prepared, and their syntheses 
and chemical characteristics are described. TLC, GLC, high-pressure 
liquid chromatography, and GLC-mass spectrometry were applied to 
urine extracts, and authentic synthetic specimens were used for com- 
parison. The products identified in human and dog urine were mainly 
conjugation compounds of the drug, while the products in rat urine were 
hydroxylated derivatives. Some pharmacological characteristics of the 
metabolites are discussed. 

Keyphrases 0 2-Ethyl-2,3-dihydro-5-benzofuranacetic acid-in uiuo 
metabolism, rats, dogs, humans Drug metabolism-2-ethyl-2,3-di- 
hydro-5-benzofuranacetic acid, in uiuo, rats, dogs, humans Anti-in- 
flammatory agents-2-ethyl-2.3-dihydro-5-benzofuranacetic acid, in 
uiuo metabolism, rats, dogs, humans 

2-Ethyl-2,3-dihydro-5-benzofuranacetic acid1 (furo- 
fenac, I) was synthesized during a research project aimed 
at finding compounds with potential anti-inflammatory 
activity (1, 2). Pharmacotoxicological investigations 
showed that I has marked anti-inflammatory and anti- 
platelet-aggregation activity, low toxicity, and very slight 
ulcerogenicity. It interferes with the biosynthesis of 
prostaglandins (3), and some in uiuo pharmacological tests 
showed that it has good inhibitory activity against 
thromboxane synthetase (4). 

The synthesis of I was optimized ( 5 6 )  in view of clinical 
trials, and pharmacokinetic studies were undertaken to 
define its metabolic fate and to search for metabolites of 
pharmacological interest: The purposes of the present 
study were to identify and synthesize some of the metab- 
olites of I and to evaluate their anti-inflammatory ac- 
tivity. 

EXPERIMENTALz 

2-(l-Acetoxyethyl)-2,3-dihydrobenzofuran-5-ylacetic Acid 
Methyl Ester (IV)-2-(l-Acetoxyethyl)-2,3-dihydrobenzofuran (3.3 
g, 16 mmoles) (7) was added at 5' to a solution of zinc chloride (2.5 g, 18 
mmoles) in acetic anhydride (5 ml) with stirring. The reaction mixture 
was poured into 0.5 N HCI after 4 hr a t  5", and the methylene chloride 
extract was dried over sodium sulfate and filtered over 70-230-mesh silica 
gel (5 9). The solvent was distilled off. 

1 Furofenac has been patented by Schiapparelli, Turin, Italy. 
2 Melting points were determined in open capillary tubes and are uncorrected. 

IR spectra were obtained with a Perkin-Elmer 257 spectrophotometer in a potas- 
sium bromide disk. UV s ectra were obtained with a Perkin-Elmer 550 spectro- 
photometer in methanol. PH-NMR spectra were obtained in deuteromethanol with 
a Jeol60 HL spectrometer with tetramethylsilane as the internal standard. Mass 
spectra were obtained with an LKB 9000 gas-li uid chromatograph-mass spec- 
trometer. CLC analyses were carried out on aserkin-Elmer 3920 instrument 
equipped with a flame-ionization detector. HPLC analyses were erformed on a 
Perkin-Elmer 601 instrument equipped with a UV/visible variagle-wavelength 
detector. Elemental analyses were performed by Istituto di Chimica degli Intermedi, 
University of Bologna. All reagents and solvents were of analytical reagent grade 
and were used without further purification. 

I : R = H  
11: R = CH, 

OR' mo m 
OR' \ 

IV: R = CH,, R' = CH,CO IX: R = CH,, R' = CH,CO 
V : R = R ' = H  X : R = R ' = H  

OR' 

XV: R = R = H XVI: R = H 
XVIII: R = CH, XVII: R = CH,, R' = CH,CO 

2-(l-Acetoxyethyl)-5-acetyl-2,3-dihydrobenzofuran (III), bp 155- 
158'/2 mm Hg, was obtained in a 58% yield. Compound I11 (1.6 g, 6.5 
mmoles) was added at  5' to a solution of thallium trinitrate (3.1 g, 7 
mmoles) in methanol (20 ml) and 70% perchloric acid (4 ml). After 3 hr 
a t  5', the mixture was kept at room temperature for 2 hr. The mixture 
then was filtered, diluted, and finally extracted with methylene chloride. 
The solvent was evaporated to give IV (79% yield). 
2-(l-Hydroxyethyl)-2,3-dihydrobenzofuran-5-ylacetic Acid 

(V)-A mixture of IV (1.6 g, 7 mmoles) and sodium bicarbonate (1.6 g, 
19 mmoles) in-methanol-water was refluxed for 4 hr. It then was cooled 
to room temperature and extracted with ethyl acetate. The organic layer 
was washed (2 N HCl and water) and dried over sodium sulfate, and the 
solvent was evaporated. 

Crystallization of the residue from hexane-methylene chloride gave 
pure V (78% yield), mp 85-87"; I R  3400,2960,2900,1690,1490, 1410, 
1255,1210, and 1085 cm-'; UV (CH30H): 232 (log c 3.801) and 286 (3.468) 
nm; mass spectrum: m/e 131 (100%) and 222 (M+, 13); 'H-NMR 6 
6.60-7.10 (m, 3), 4.59 (m, l), 3.85 (m, l), 3.50 (s,2), 3.14 (d, 2), and 1.22 
(d, 3) ppm. 

Anal.-Calc. for C12H1404: C, 64.85; H, 6.35. Found: C, 65.06; H, 
6.31. 
2-(2-Acetoxyethyl)-2,3-dihydrobenzofuran-5-ylacetic Acid 

Methyl Ester (1X)-A solution of 2,3-dihydrobenzofuran-2-ylacetic acid 
ethyl ester (6.9 g, 33.5 mmoles) (8) in ether was added to a slurry of lith- 
ium aluminum hydride (2.5 g, 66 mmoles) in ether (50 ml) over 30 min. 
The reaction mixture was refluxed for 10 hr and then chilled and 
quenched with 2 N HCI. 2-(2-Hydroxyethyl)-2,3-dihydrobenzofuran (VI), 
obtained from evaporation of the ether extract, was treated with acetic 
anhydride (10 ml) and pyridine (8 ml). The mixture was heated at  40' 
for 1 hr, and then ether and 0.5 N HC1 were added. Usual workup gave 
2-(2-acetoxyethyl)-2,3-dihydrobenzofuran (VII) (87% yield), bp 140- 
142'/2 mm Hg. The IR and UV spectra were as expected. 

Compound VII (6 g, 29 mmoles) was added to a solution of anhydrous 
zinc chloride (4.8 g, 36 mmoles) in acetic anhydride (12 ml, 128 mmoles) 
with stirring over 30 min at 5'. After 2.5 hr a t  this temperature, the re- 
action mixture was extracted with ether. The workup gave 2-(2-acetox- 
yethyl)-5-acetyl-2,3-dihydrobenzofuran (VIII), bp 202-204"/2 mm Hg, 
mp 43-44". The IR and UV spectra agreed with the expected struc- 
ture. 
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A 0 C D E F G  

Figure 1-Schematic representation of TLC separation of Z and its 
metabolites. Key: A, X V; B, I; C, urine blank; D, chloroform extract A 
of rat urine samples; E, X VI; F, V; and G, X. 

Compound IX was obtained (85% yield) from VIII by treatment with 
thallium trinitrate as described for the preparation of IV. 
2-(2-Hydroxyethyl)-2,3-dihydrobenzofuran-5-ylacetic Acid 

(X)-Crude IX was hydrolyzed with sodium hydroxide in ethanol-water 
to afford X (77% yield), mp 111-113" (dichloroethane); I R  3400,2920, 
1690,1495,1410,1255, 1210, and 1055 cm-'; UV (CH30H): 232 (log c 
3.823) and 286 (3.475) nm; mass spectrum: m/e 222 (M+, 100%); 'H- 
NMR 6 6.54-7.05 (m, 3), 4.93 (m, l), 3.73 (t, 2), 3.48 (s,2), 3.00 (m, 2), and 
1.90 (m, 2) ppm. 

Anal.-Calc. for C12H1404: C, 64.85; H, 6.35. Found: C, 64.58; H, 
6.34. 
2-Ethyl-3-hydroxy-2,3-dihydrobenzofuran-5-ylaceti~ Acid 

(XV)-Butyryl chloride (10.5 g, 0.1 mole) was added to a solution of 
p-hydroxyphenylacetic acid ethyl ester (18 g, 0.1 mole) and pyridine (7.9 
g, 0.1 mole) in methylene chloride (50 ml) over 30 min. The mixture was 
refluxed for 2 hr and worked up to give p-butyryloxyphenylacetic acid 
ethyl ester (XI). 

Compound XI (25 g, 0.1 mole) and aluminum chloride (32 g, 0.24 mole) 
were heated at  120-130". The mixture was stirred with 2 N HCl, and the 
precipitate obtained was filtered. Crystallization from carbon tetra- 
chloride yielded 3-butyryl-4-hydroxyphenylacetic acid (XII) (6% yield), 
mp 115-117". 

Bromine (8.3 g, 52 mmoles) was added to a solution of XI1 (11.1 g, 0.05 
mole) in dichloroethane (60 ml) over 2.5 hr. After standing overnight, the 
solution was treated with hexane to afford 3-[(c~-bromo)butyryl]-4- 
hydroxyphenylacetic acid (XIII) (88% yield), mp 135-137'. 

Treatment of XI11 (13 g, 43 mmoles) with a solution of sodium bicar- 
bonate (13 g, 0.15 mole) in water (90 ml) gave 2-ethyl-3-oxo-2,3-dihy- 
drobenzofuran-5-ylacetic acid (XIV) (78%), mp l lb120" (cyclohex- 
ane-ethyl acetate). 

A solution of XIV (6.6 g, 33 mmoles) and sodium bicarbonate (2.8 g, 
33 mmoles) in 30 ml of water was treated slowly with sodium borohydride 
(0.8 g, 21 mmoles). After 1.5 hr at  room temperature, the reaction mixture 
was quenched with ethanol (8 ml) and chloroacetic acid (8.5 g, 90 mmoles) 
to give XV, mp 122-123" (80% yield); I R  3200,2940,1680,1625,1485, 
1415,1300,1270,1240,1210,1145,1060,1025,980,925,890,815,785,755, 
and 710 em-'; UV 232 (log c 3.850) and 286 (3.426) nm; 'H-NMR 6 
7.30-6.60 (m, 3), 4.20 (m, l), 3.42 (s,  2), 1.70 (m, 2), and 1.00 (t, 3) ppm; 
mass spectrum: m/e 189 (100%) and 222 (M+, 98). 

Anal.-Calc. for C12H1404: C, 64.85; H, 6.35. Found: C, 65.25; H, 
6.26. 

After heating in 2 N HCl for 0.5 hr, XV was dehydrated to XVI. 
2-Ethylbenzofuran-5-ylacetic Acid (XV1)-N-Bromosuccinimide 

(1.8 g, 10 mmoles) was added over 30 min to a carbon tetrachloride so- 
lution (30 ml) of I (2.05 g, 10 mmoles) and a catalytic amount of benzoyl 
peroxide. The mixture was refluxed for 1 hr, cooled, and filtered on a small 
silica gel column, from which XVI was eluted with methylene chloride- 
methanol (501, v/v). Pure XVI was obtained (60% yield) by crystalliza- 
tion from cyclohexane, mp 90-92'; IR: 2960,2900,1690,1590,1465,1410, 
1295,1265, 1235,1190,1150, and 930 crn-l; UV 249 (log e 4.129),281 

urine (10 ml) + 
add hydrochloric acid to bring to pH 2 and 

chloroform (3 X 40 ml)  

water solution 

treat with sodium acetate 
to bring to pH 4.8, add 
0-glucuronidase a t  37" over 
30 min, and add hydro- 
chloric acid to bring to p H  
2 and chloroform (3 X 40 ml) 

1 \ 

\ 
chloroform 
extract A 

chloroforin 
extract B 

water solution 

add 37% HCI t o  bring to 2 N, heat 
at 100" for 2 hr, and add chloro- 
form (3 X 40 ml) 

1 
water solution 

discard 1 chloroform 
extract C 

Scheme I 

(3.514), and 288 (3.537) nm; maw spectrum: m/e 159 (100%) and 204 (M+, 
71); 'H-NMR (d-chloroform): 6 10.86 (s, l), 7.10-7.48 (m, 3), 6.38 ( s ,  l), 
3.70 (s,2), 2.81 ( s ,  2), and 1.30 (t, 3) ppm. 

Anal.-Calc. for C12H1203: C, 70.57; H, 5.92. Found: C, 70.90; H, 
5.99. 
In Vivo Metabolism-Adult male rats (Wistar), 250 g, and male 

beagle dogs, -12 kg, were fed normally during drug administration. The 
cages were equipped with a urine-feces separator. No metabolic inducers 
were used. Tests also were performed on human volunteers in good 
health. 

Compound I was administered orally in single doses to rats (500 mghg 
in arabic gum), dogs (100 mgkg in a jelly capsule), and human volunteers 
(6.5 mg/kg in a hard jelly capsule). Individual 24-hr urine was collected 
after administration. 

Urine Extraction-The drug and metabolites were extracted from 
collected urine according to Scheme I. Each chloroform extract was dried 
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Figure 2-Gas-liquid chromatogram of I I  and XVIII.  
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Figure 3-High-pressure liquid chromatograrn of I I  and XVIII. 

Figure 4-Schematic representation of the TLC separation of IV, 
XVII,  and XVIII. Key: A, XVlI;  B, urine band with Rfequal to  that of 
V and X V  eluted from the plate and treated with diazomethane and 
then acetic anhydride; C ,  XVIII; and D,  IV. 

over sodium sulfate and concentrated to about 1 ml. The blanks were 
obtained according to the same procedure. 

TLC-The chloroform extract (0.3 ml of the concentrated solution) 
was deposited on silica gel F-254 layers using benzene-dioxane-acetic 
acid (W102, v/v/v) as the eluent and appropriate blanks and authentic 
samples for comparison. 

TLC spots other than those common to the blank were scraped off and 
extracted with methanol. A UV spectrum was recorded for each solution, 
which was evaporated subsequently to dryness and then treated with an 
ether solution of diazomethane. The methyl esters were acetylated at 40° 
over 2 hr with pyridine and acetic anhydride, the excess of which was 
destroyed with methanol. 

Derivatives IV, IX, XVII, and XVIII thus were obtained from V, X, 
XV3, and XVI, respectively. These derivatives were analyzed for homo- 
geneity by GLC, TLC, and high-pressure liquid chromatography (HPLC). 
Final identification was by mass spectrometry, with the appropriate inlet 
(direct or GLC), through comparison with the corresponding authentic 
s a m p 1 e . 

Derivatives IV, XVII, and XVIII also were separated by TLC using 
a 0.75% solution of ethanol in chloroform as the eluent. 

GLC-Compounds I1 and XVIII were separated using a steel column 
(2 rn X 2.5 mm i.d.), packed with SP-lo00 (3%) on Chromosorb HP 
(80-100 mesh) a t  190°, with nitrogen as the carrier gas (30 ml/min). An 
E-301 (3%) on Chromosorb G (80-100mesh) packing was used for IV and 
IX at 170'. 

HPLC-Separations were performed with a steel column (25 X 0.26 
cm) packed with Cyano-Sil-X-l and set at 40' with a UV detector (285 
nm). Chloroform-hexane (1:4, v/v, 1 ml/min) was the eluent. 

Mass Spectrometry-Electron-impact mass spectra at 70 ev (source 
temperature 270-290') were recorded uia direct inlet a t  room tempera- 
ture. When suitable, previous GLC separation was performed using he- 
lium as the carrier gas and a Ryhage separator a t  300'. The spectral 
characteristics were reported previously (9). 

Pharmacological and Toxicological Evaluations-The activity 
of the metabolites was tested in the carrageenan edema test (10). Mouse 
L D s  was determined according to the Spearman-Kiirber procedure (11). 
All metabolites were less active than I and had similar toxicity. 

RESULTS AND DISCUSSION 

The preliminary data obtained by examination of the thin-layer 
chromatogram of the urine of rats treated with I suggested the likely 
formation of metabolites with the same dihydrobenzofuranic structure 
as I but with higher polarity. However, the neat benzofuranic UV spec- 
trum of the spot corresponding to I was unexpected. The high reactivity 
toward acetic anhydride of the more polar metabolites and other chemical 

On methylation and acylation, XV gave rise to XVII and to small amounts of 
XVIII. 

evidence, as well as known pharmacokinetic transformations [e.g., ben- 
zylic hydroxylation (12) and w and w - 1 side-chain hydroxylations (13)], 
indicated that the more polar metabolites were hydroxylated, non- 
phenolic compounds. 

The puzzle of the benzofuranic spot was resolved upon observation of 
its variable intensity in different extraction conditions of the same urine 
pool. In particular, a nearly complete disappearance of the benzofuranic 
spot, accompanied by a slight increase in intensity of one of the polar 
spots, was observed under strictly defined extraction conditions. This 
observation suggested that it was a possible chemical artifact due to the 
decomposition of one of the actual metabolites to the benzofuranic analog 
of I. The following procedure was followed specifically for the identifi- 
cation of metabolites. 

Chloroform extract A of rat urine was resolved into three TLC spots 
(a, b, and c in Fig. 1) which were not present in the chromatograms of the 
corresponding blanks. Spot a consisted of two components that could be 
separated and identified by GLC (Fig. 2) and HPLC (Fig. 3) of the cor- 
responding methyl esters by comparison of their behavior with that of 
the analogous derivatives of authentic specimens of I and XVI. Spot b 
was resolved after the methylation-acetylation procedure into two spots 
(Fig. 4) with Rj values identical to those of independently prepared XVII 
and IV. Mass spectral analysis confirmed that spot b consisted of XV and 
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Figure 5-Gas-liquid chromatograrn of I V and IX .  
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Table I-Drug and Urinary Metabolites Separated from 
Different Animal Suecies * 

Compound Rats Dogs Humans 

I Trace + Trace 
I lucuronide - +++ +++++ 

abile acid derivative - +++++ ++++ +++ + + 
V +++ + 
X ++++ ++ - 

I f  . xv - 

a The + indicates the relative abundance of the metabolites in the species. 

V. Finally, spot c proved to be X on the basis of TLC and GLC data. The 
gas-liquid chromatogram of IV and I X  is shown in Fig. 5. 

In chloroform extracts B and C of rat urine, neither I nor compounds 
structurally related to I could be detected; a single spot with the same 
Rf as I was observed in the thin-layer chromatogram of the chloroform 
extracts B and C of both humans and dogs. 

The mass spectra of the compounds extracted from the urine samples 
were identical to those of the derivatives of I, V, X, XV, and XVI. A 
comparative examination of the results obtained by the various tech- 
niques showed that rats metabolize I to the hydroxylated Compounds 
X, V, and XV. 

Compound XVI is not a true metabolite, and its formation was due to 
a chemical artifact. In fact, it was only present in substantial amounts 
when the extraction was made in strongly acidic conditions, whereas the 
true Metabolite XV was detected in the extracts obtained in weakly acidic 
conditions. Compound XVI is formed from XV by dehydration. 

In rat urine, traces of I also were present. In contrast to the findings 
for rats, the qualitative pattern of the metabolites of I in dogs was closer 
to that found in humans. Compound I was eliminated in a form conju- 
gated with glucuronic acid, as shown by TLC of the extracts before and 
after treatment with P-glucuronidase. 

Another conjugate, which gives I when treated with acid, was found 
in the urine of dogs and humans, but its identity was not elucidated. 
Amino acid conjugation is a possibility and was observed previously in 
the metabolism of other arylacetic anti-inflammatory drugs (14,15). The 
results of the metabolism of I in different species are shown in Table 
I. 

The initial stage of many biological oxidations is believed to be the 
abstraction of a hydrogen atom from the substrate. Lowering of the ac- 

tivation barrier for the homolytic cleavage of the CH bonds in I is ex- 
pected only for the benzylic positions and the CH bond alpha to the ether 
oxygen. Interestingly, only the ring benzylic position was hydroxyl- 
ated. 

The toxicities of the metabolites were on the same order as the toxicity 
of the parent drug, and their activities in the carrageenan edema test were 
lower. Further detailed pharmacological and pharmacokinetic studies 
on I and its analogs are in progress in these laboratories. 
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Abstract The determination of a-tribenoside at concentrations down 
to 10 ng/ml and P-tribenoside at  concentrations down to 5 ng/ml in 
human plasma is described. After addition of an internal standard, a- 
and P-tribenosides are extracted at  basic pH into benzene. Both com- 
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Tribenoside’ (ethyl 3,5,6-tri-O-benzyl-D-glucofura- 
noside) is an anti-inflammatory and antiphlebotic agent. 
It is a mixture of about 33% of the a-anomer and 67% of the 
P-anomer. 

No analytical technique is available for the quantitative 
assay of the two anomers in plasma. Tribenoside metab- 
olism was studied in rats and dogs after administration of 

1 Clyvenol, Ciba-Geigy. 

the 14C-labeled drug (1); the blood concentration of the 
P-anomer remained higher than that of the a-anomer for 
the first few hours, but the situation was reversed after 20 
hr. Metabolism splits the three benzyl groups and the ethyl 
group, giving several metabolites from each anomer. 

This paper describes the GLC determination in plasma 
of a-tribenoside down to 10 ng/ml and of P-tribenoside 
down to 5 ng/ml, using P-clobenoside as the internal 
standard. 
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Table I-Precision and Reproducibility of a-Tribenoside Assay 
(n = 6) 

-a a-tribenoside: R = -CHL 

H 

H y p  
H i)H 

-0 o-tribenoside: R = --CHI 

k 6 H  
0-clobenoside: R = -C ,H7 

EXPERIMENTAL 

Reagents-The benzene*, sodium hydroxide?, and heptane3 were 
analytical grade. N-Heptafl~orobutyrylimidazole~ was stored a t  4' in 
glass ampuls under nitrogen. The methanolic internal standard solution 
contained 500 ng of /3-clobenoside5/ml. 

Materials-The glassware was washed for 30 rnin in an ultrasonic 
hath. first with water and then with methanol. 

The gas chromatographfi was equipped with a 15-mCi-6"Ni-electron- 
capture detector7. Peak areas were given by an electronic integrators. The 
column was operated a t  270'. the injector temperature was 300°, and the 
det.ector was set a t  300" with argon-methane (9O:lO) at  a 60-ml/min flow 
rate. 

Glass columns ( 2  m X 3 mm i.d.) were washed with 1 M HCI, distilled 
water, acetone, and benzene and then were silanized with a 1% (v/v) so- 
lution of' hexamethyldisilazane in benzene. The columns were washed 
again with benzene and dried at  100'. 

The column packing9 was 3% OV-17 on 100-120-mesh Gas Chrom Q .  
The filled columns were flushed with the carrier gas a t  a flow rate of 40 

Mean 
Concentration Concentration 95% Confidence Coefficient of 
Added, ndml  Found, ng/ml Interval Variation, S'D % 

10 
25 
50 
75 

100 
150 

10 
25 
49 

8.5-1 1.5 12.2 
23-27 5.9 
47-51 4.2 

77 74-80 3.2 
100 94-106 4.8 
150 145-154 2.9 

Table 11-Precision and  Reproducibility of &Tribenoside Assay 
(n = 6) 

Mean 
Concentration Concentration 95% Confidence Coefficient of 
Added, nglml Found, nglml Interval Variation, SD % 

5 
10 

4.8 4.4 - 5.3 0.9 
9.8 8.2-11.4 13.2 

25 26 25-27 
50 
75 

100 

50 
75 

100 

49-51 
74-76 
97-102 

150 150 148-152 

3.2 
2.3 
1.2 
2.3 
1.1 

ml/min and heated to 300° a t  I'/min. The column temperature was held 
overnight a t  300' and a t  270' throughout the next day. The temperature 
then was increased repeatedly from 150 to 250' for 24 hr. During these 
programmed cycles, the columns were conditioned further by the injec- 
tion of 100 pl of a silylating agent'" in portions between 150 and 220". 
After this procedure, the columns were ready for use. 

Extraction-The internal standard solution, 300 pl, was measured 
into a stoppered glass tube and dried under a nitrogen stream in a water 
hath at  37". One milliliter of the sample, 2 ml of 0.1 M NaOH, and 4 ml 
of benzene were added. The tube was shaken mechanically" for 15 min 
and centrifuged a t  5000 rpm for 10 min. 

An aliquot of the benzene phase was transferred to another tube and 
dried under a nitrogen stream in a water bath a t  37'. 

Derivatization and Chromatography-To the dry residue were 
added 100 p1 of heptane and 50 p1 of N-heptafluorobutyrylimidazole. The 
solution was mixed thoroughly'2 for 30 sec and allowed to stand for 10 
min at room temperature. Then 3 ml of water and 2 ml of heptane were 
added, and the tube was shaken thoroughIyl2 for 30 sec and centrifuged 
for 3 rnin a t  4000 rpm. 

An aliquot of the heptane phase was transferred to another tube and 
dried under a nitrogen stream in a water bath at 37"; 500 p1 of heptane 
was added, and the tube was shaken on a mixerI2. 

- 8  I I 

0 2 4 6 8 1 0  0 2 4 6 8 1 0  
MINUTES 

a b 
Figure 1-Sample chromatograms of human plasma blank (a) and the 
same plasma spiked with 150 ng of internal standardiml (A), 100 ng of 
P-tribenosidelm1 (B), and 100 ng of  cu-tribenosidelm1 (C) (b). 

Mallinckrodt. .' Mrrck. 
.I Keyis. 

Cit,a-Geigy. 2 Model 5710 A, Hewlett-Packard. 
' Model 18713 A. Hewlrtt-Packard. " Model X3HO A, Hew1et.t-Packard. 
I) Applied Scienw Lahoratories. 

Silyl 8, Pierce. 
Infors. 

'2 Vortex 
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Table IJJ-a- and &Tribenosides (Nanograms per  Milliliter) in t he  Plasma of a Human Subject Given 800 mg of Tribenoside Orally 
for  7 Days 

Time after Administration 
Anomer 0 hr 1 hr 2 hr 3 hr 4 hr 6 h r  8 hr Day 2 Day 8 

<?-Tribenoside ND” 41 53 20 10 6 6 11 14 
0-Trihenoside N D  94 92 51 36 24 24 52 47 

N1) = not  detected. 

A 2-pl portion of the heptane solution was injected into the gas chro- 
matograph by the solvent flush technique. 

The CY- and 0-tribenoside content was calculated from the ratio of the 
peak areas by reference to a calibration curve prepared from a series of 
dried methanolic N- and @-tribenoside solutions to which plasma was 
added to yield concentrations between 2 and 150 ng/ml. 

Human Subject-A healthy male subject, who had not received any 
drug for 8 days prior to the experiment and did not take any other drug 
during the study, received two 400-mg tribenoside capsules before 
breakfast for 7 days. 

Blood samples were collected on the 1st day before and 1,2,3,4,6, and 
8 hr after drug administration. Blood was collected on Days 2 and 3, just 
before the morning drug administration. 

RESULTS AND DISCUSSION 

Heaction Time-The derivatization was applied to 10, 25, and 500 
ng of (Y- and P-tribenosides, and the reaction time was varied from 1 to 
30 niin. Derivative formation was evaluated by peak areas; derivatization 
was immediate, and the yield of the a- and P-tribenosides was the same 
over 1-30 min. For convenience and safety, the suggested derivatization _. 

time is 10 min. 
Sensitivitv and  Precision-Tables I and I1 show that when the “ ~~ 
. ~~~ ~ ~~ 

concentrations of a- and P-tribenosides reached the lower limits, the 
coefficient of variation increased to -10. These lower concentrations (10 
and 5 ng/ml for (Y- and P-tribenosides, respectively) may be taken as the 
assay sensitivity limits; lower concentrations could he detected but could 
not be determined accurately. 

Plasma Interferences-Figures l a  and l b  show the chromatograms 
of a blank human plasma extract and the same plasma spiked with 100 
ng of a- and 8-tribenosides and 150 ng of 6-clobenoside, respectively. No 
interference of the normal plasma components was noted. 

Specificity-The four main metabolites (all a mixture of the corre- 
sponding a- and p-anomers) were derivatized under the same conditions 
as tribenoside. These metabolites were ethyl 3,5-di-O-benzyl-D-gIuco- 
furanoside, ethyl 3,6-di-O-benzyl-~-glucofuranoside, ethyl 5,6-di-0- 
benzyl-D-glucofuranoside, and 3,5,6-tri-O-benzyl-~-glucofuranoside. 
Their derivatives were not recorded when chromatographed under the 
same conditions as tribenoside a t  concentrations of 51 mg/ml. 

Application-The technique was used to study the elimination of N- 
and p-tribenosides after daily oral administration to humans. The plasma 
concentrations of a- and P-tribenosides are given in Table 111. The de- 
terminations were done in duplicate. 
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Abstract A quantitative study of the interaction of the methyl, ethyl, 
propyl, and butyl esters of p-hydroxybenzoic acid with polysorbate 80 
in the presence and absence of two polyols (propylene glycol and glycerol), 
which were potential competitors, was performed. The results indicate 
that neither compet.itor displaced significant amounts of the parabens 
from their binding sites on polysorbate 80. The previously observed 
synergistic antimicrobial effects of these polyols appear to be due to a 
mechanism other than the displacement of the parabens from their mi- 
cellar binding sites. 
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teraction of parabens with polysorbate 80 Propylene glycol-effect 
on interaction of parabens with polysorbate 80 Glycerol-effect on 
interaction of parabens with polysorbate 80 0 Parabens-interaction 
with polysorbate 80, effect of propylene glycol and glycerol Preserva- 
tives-parabens, interaction with polysorbate 80, effect of propylene 
glycol and glycerol 0 Polysorbate 80-interaction with paraben preser- 
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Several reports described the ability of nonionic sur- 
factants (including polysorbates) to interfere with the 
activity of phenolic preservatives such as the parabens 
(1-4). This inactivation is believed to be due to the for- 
mation of a complex between the preservative molecules 
and the surfactant micelle, based on the assumption that 
the preservative antimicrobial activity is primarily due to 
the unbound form (3). 

Previous work indicated that polyols such as propylene 
glycol or glycerol could function as preservatives or syn- 
ergists to preservatives (5-7). Since these studies were 
designed to determine only whether preservative activity 
was enhanced by polyol addition, a systematic study was 
needed to evaluate the mechanism underlying the in- 
creased preservative activity associated with the polyols. 
Thus, a model system was developed to evaluate the ability 
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Table IJJ-a- and &Tribenosides (Nanograms per  Milliliter) in t he  Plasma of a Human Subject Given 800 mg of Tribenoside Orally 
for  7 Days 

Time after Administration 
Anomer 0 hr 1 hr 2 hr 3 hr 4 hr 6 h r  8 hr Day 2 Day 8 

<?-Tribenoside ND” 41 53 20 10 6 6 11 14 
0-Trihenoside N D  94 92 51 36 24 24 52 47 

N1) = not  detected. 

A 2-pl portion of the heptane solution was injected into the gas chro- 
matograph by the solvent flush technique. 

The CY- and 0-tribenoside content was calculated from the ratio of the 
peak areas by reference to a calibration curve prepared from a series of 
dried methanolic N- and @-tribenoside solutions to which plasma was 
added to yield concentrations between 2 and 150 ng/ml. 

Human Subject-A healthy male subject, who had not received any 
drug for 8 days prior to the experiment and did not take any other drug 
during the study, received two 400-mg tribenoside capsules before 
breakfast for 7 days. 

Blood samples were collected on the 1st day before and 1,2,3,4,6, and 
8 hr after drug administration. Blood was collected on Days 2 and 3, just 
before the morning drug administration. 

RESULTS AND DISCUSSION 

Heaction Time-The derivatization was applied to 10, 25, and 500 
ng of (Y- and P-tribenosides, and the reaction time was varied from 1 to 
30 niin. Derivative formation was evaluated by peak areas; derivatization 
was immediate, and the yield of the a- and P-tribenosides was the same 
over 1-30 min. For convenience and safety, the suggested derivatization _. 

time is 10 min. 
Sensitivitv and  Precision-Tables I and I1 show that when the “ ~~ 
. ~~~ ~ ~~ 

concentrations of a- and P-tribenosides reached the lower limits, the 
coefficient of variation increased to -10. These lower concentrations (10 
and 5 ng/ml for (Y- and P-tribenosides, respectively) may be taken as the 
assay sensitivity limits; lower concentrations could he detected but could 
not be determined accurately. 

Plasma Interferences-Figures l a  and l b  show the chromatograms 
of a blank human plasma extract and the same plasma spiked with 100 
ng of a- and 8-tribenosides and 150 ng of 6-clobenoside, respectively. No 
interference of the normal plasma components was noted. 

Specificity-The four main metabolites (all a mixture of the corre- 
sponding a- and p-anomers) were derivatized under the same conditions 
as tribenoside. These metabolites were ethyl 3,5-di-O-benzyl-D-gIuco- 
furanoside, ethyl 3,6-di-O-benzyl-~-glucofuranoside, ethyl 5,6-di-0- 
benzyl-D-glucofuranoside, and 3,5,6-tri-O-benzyl-~-glucofuranoside. 
Their derivatives were not recorded when chromatographed under the 
same conditions as tribenoside a t  concentrations of 51 mg/ml. 

Application-The technique was used to study the elimination of N- 
and p-tribenosides after daily oral administration to humans. The plasma 
concentrations of a- and P-tribenosides are given in Table 111. The de- 
terminations were done in duplicate. 
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Abstract A quantitative study of the interaction of the methyl, ethyl, 
propyl, and butyl esters of p-hydroxybenzoic acid with polysorbate 80 
in the presence and absence of two polyols (propylene glycol and glycerol), 
which were potential competitors, was performed. The results indicate 
that neither compet.itor displaced significant amounts of the parabens 
from their binding sites on polysorbate 80. The previously observed 
synergistic antimicrobial effects of these polyols appear to be due to a 
mechanism other than the displacement of the parabens from their mi- 
cellar binding sites. 
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glycol and glycerol 0 Polysorbate 80-interaction with paraben preser- 
vatives, effect of propylene glycol and glycerol 

Several reports described the ability of nonionic sur- 
factants (including polysorbates) to interfere with the 
activity of phenolic preservatives such as the parabens 
(1-4). This inactivation is believed to be due to the for- 
mation of a complex between the preservative molecules 
and the surfactant micelle, based on the assumption that 
the preservative antimicrobial activity is primarily due to 
the unbound form (3). 

Previous work indicated that polyols such as propylene 
glycol or glycerol could function as preservatives or syn- 
ergists to preservatives (5-7). Since these studies were 
designed to determine only whether preservative activity 
was enhanced by polyol addition, a systematic study was 
needed to evaluate the mechanism underlying the in- 
creased preservative activity associated with the polyols. 
Thus, a model system was developed to evaluate the ability 
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Figure I-Influence of polyol on methylparaben binding to polysorbate 
80 at 23-25', Key: 0, rnethylparaben alonr: a, methylparaben plus 
prop-ylene glycol ( l o : ] ) ;  and A ,  methylparaben plus glycerol (5 : l ) .  All  
data points represent the average of duplicate determinations. 

of various polyols to inhibit the complexation of several 
paraben preservatives with polysorbate 80. 

In initial efforts (8) ,  sorbitol was the polyol chosen for 
study because of its compatibility with ingredients com- 
mon to pharmaceutical formulations. Since sorbitol proved 
to be an ineffective competitive complexing agent, pre- 
sumably because of its relatively high polarity, less polar 
polyols such as propylene glycol and glycerol were selected; 
these agents had previously been reported to act as syn- 
ergists to preservatives (6 ,7) .  

EXPERIMENTAL 

Reagents-The following were used: methylparaben' (I), mp 130'; 
ethylparabe$ (II), mp 117O; propylparaben3 (III), mp 96-97O; butylpa- 
raben4 (IV), mp 70'; polysorbate 805; propylene glycol (reagent gradeP; 
and glycerol7 (spectrophotometric grade). 

The parabens were recrystallized from distilled water (9,101 and dried 
in a desiccator for a t  least 48 hr prior to use. Polysorbate 80, propylene 
glycol, and glycerol were used without further purification. All solutions 
were prepared with double-distilled water from an all-glass apparatus. 

Procedures-The dialysis procedures and equipment were similar 
to those described previously (8). Commercially available8 acrylic plastic 
dialysis cells were employed. Nylong membranes, previously washed for 
1 hr in distilled water and heated to 80" to remove contaminants, were 
satisfactory. These membranes were previously shown to be impermeable 
to the polysorbate yet permeable to the parabens, thereby allowing 
equilibration of the latter (2 , l I ) .  

After the cells were assembled, 5 ml of distilled water was added to one 
cell compartment (the aqueous compartment) and 5 ml of a mixture of 

Lot L49260, Ruger Chemical Co., lrvington, Nd 10533. 

Lot C708922, Ruger Chemical Co., lrvington, N.J.10533. 
Lot 750543, Calbiochem, La Jolla, CA 92037. 
Lot 1546, 1CI Americas lnc., Atlas Chemicals Division, Wilmington, DE 

Mallinckrodt Chemical Works. St. Louis, MO 63160. 
' Aldrich Chemical Co.. Milwaukee, WI 53233. * Model 289, Bel-Art Products, Pequannock. N.J 07440. 

* Eastman Organic Chemicals, Rochester, NY 14650. 

19899. 

Capran 77C. 0.6-mi1, Allied Chemical Corp., Morristown, N J  07960. 
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Figure %-Influence of polyol on ethylparaben binding to polysorbate 
80 at 23-25' Key: 0, ethylparaben alone; @, ethylparaben plus pro- 
pylene glycol (10:l); and A ,  ethylparaben plus glycerol (5 : l ) .  All data 
points represent the average of duplicate determinations. 

varying volume ratios of preservative in 10% (w/v) polysorbate 80 and 
polysorbate 80 (10% w/v) was added to the other cell compartment (the 
surfactant compartment). This procedure was employed to vary the 
amount of preservative present in the surfactant compartment while 
maintaining the polysorbate concentration constant a t  10% (w/v). The 
cells were then placed on a shaker bathlo and agitated at  120 oscilla- 
tiondmin for 20 hr a t  room temperature (23-25O) to achieve equilib- 
rium. 

Samples of preservative were removed from both sides of the mem- 
brane and assayed spectrophotometrically a t  255 nm (2, 12) against 
blanks prepared identically, except for the omission of the parabens. This 
procedure was essential to compensate for any polysorbate absorption. 
Polysorbate 80 solutions stored for more than 4 weeks sometimes gave 
evidence of microbial growth. To avoid this problem, fresh polysorbate 
80-containing solutions were prepared every 3 weeks. 

In developing the spectrophotometric assay, it was noted that the 
absorption spectra of the parabens were pH dependent. As the pH was 
increased, the peak at  255 nm gradually decreased in intensity and a peak, 
centered a t  about 296 nm (13-15), increased in intensity. This second 
peak was likely due to the ionization of the weakly acidic phenolic proton 
of the parabens, which have pKa values of 8.p8.5 (14). The simultaneous 
existence of the two paraben forms ( i e . ,  ionized and unionized) was un- 
desirable in assaying the solutions accurately and in studying the binding 
of only the more active unionized form (16,17), which reportedly binds 
more avidly to polysorbate 80 than the ionic form (18). 

In addition, the parabens are reported to be relatively unstable a t  pH 
values above 6 (18, 19). Since the absorption spectra of the parabens 
should be pH independent a t  pH 6 or below (where they would be es- 
sentially 100% unionized), a study was performed to determine whether 
the paraben binding profile in a system buffered to pH 5.5 (0.1 M acetate) 
would differ significantly from that observed with an aqueous unbuffered 
system, as employed by Patel and Kostenbauder (2). The results of this 
comparison indicated that the use of unbuffered aqueous systems pro- 
vides binding data that are equivalent to data obtained using a pH 5.5 
system. Thus, in subsequent experiments, unbuffered aqueous systems 
were employed. Measurements a t  the start and completion of several 

lo Model 50, GCADrecision Scientific, Chicago. 1L 60647 

170 I Journal of Pharmaceutical Sciences 
Vol. 69, No. 2, February 1980 



0.: 

0. 

0. 

0. 

0.25 0.50 0.75 1.00 
Of,  M X lo3 

Figure 3-Influence of polyol on propylparaben binding to polysorbate 
80 at 23-25O. Key: 0, propylparaben alone; @, propylparaben plus 
propylene glycol ( 1 O : l ) ;  and A, propylparaben plus glyercol (5:l ). All 
data points represent the average of duplicate determinations. 

experimental runs indicated that the pH remained relatively constant 
(pH 5 6). 

Propylene glycol and glycerol were added as possible competitors to 
the preservative in 10% (w/v) polysorbate 80 solution such that, in any 
aliquot portion, the molar ratio of polyol to paraben was constant at  either 
1O:l (propylene glycol) or 5 1  (glycerol). The assays were identical to those 
in the experiments involving no competitor since neither polyol interfered 
with the preservative assay a t  the dilutions necessary to assay for the 
parabens. 

RESULTS AND DISCUSSION 

The degree of interaction of each paraben with polysorbate 80 was 
determined by assaying spectrophotometrically the surfactant com- 
partment of the dialysis cell to determine the total paraben concentration, 
D f ,  and then assaying the aqueous compartment to determine the free 
(unbound) paraben concentration, Of. The bound paraben concentration, 
Db, was calculated as the difference between these two values. 

T o  obtain information about the binding mechanism, the following 
mass action treatment was employed (20). It is applicable to binding 
phenomena in undersaturated systems such as those utilized here. 

For a macromolecule with rn classes of independent and equivalent 
binding sites, with each class i having nj sites with an intrinsic association 
(binding) constant K , ,  the following expression may be written: 

(Eq. 1) 

where r is the number of moles of paraben bound per mole of surfactant; 
[Db] and [Of] are the concentrations of bound and free (unbound) par- 
aben, respectively; and [ M t ]  is the concentration of macromolecule 
(surfactant). Theoretically, [ M t ]  should be the micelle concentration, 
n the number of binding sites per micelle, and K the association constant 
for the reaction with the micelles since the binding interaction reportedly 
occurs between the preservative and the surfactant micelles rather than 
the monomer surfactant molecules (11,21). From a practical standpoint, 
however, it is more convenient to express K ,  n, and M ,  in terms of the 
surfactant concentration since the micellar molecular weight is not known 
precisely. Since the critical micelle concentration of polysorbate 80 is very 
low (21,22), the monomer concentration may be neglected (11). In ana- 
lyzing the data, the molecular weight of polysorbate 80 was assumed to 
be 14701’. 

A Scatchard (23) plot results when r / [ Q ]  uersus r is plotted. By rear- 
ranging Eq. 1, it can be observed that this type of plot should be linear 

Dr. Paul Becher, ICI Americas Inc., Wilmington, DE 19897, personal com- 
munication. 
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Figure 4-Influence of polyol on butylparaben binding to polysorbate 
80 a t  23-25’, Key: 0, butylparaben alone; @, butylparaben plus pro- 
pylene glycol ( 1 O : l ) ;  and A, butylparaben plus glycerol ( 5 : l ) .  All data 
points represent the aoerage of duplicate determinations. 

with a slope of -K and ordinate and abscissa intercepts of nK and n ,  
respectively, when only one class of binding sites is present. 

This simplest of binding models is referred to as the “two-parameter 
model” (24) since only n and K need to be determined to describe the 
binding adequately. However, as noted previously (9 ,11,25) ,  Scatchard 
plots frequently exhibit curvature indicative of more than one class of 
binding sites. To describe these more complex binding processes, Eq. 1 
may be rewritten as: 

(Eq. 2) 

when one association constant becomes very small. This can occur when 
the second class of binding sites is not saturable within the experimentally 
investigated range of ligand concentrations. In such instances, IDt] << 
1/Kp, where [Dt]  = the total drug (ligand) concentration employed. The 
second term on the right-hand side of Eq. 2 is, therefore, indicative of a 
class of binding sites that possesses an “infinite” (nonsaturable) binding 
capacity but “zero” affinity, thereby producing a horizontal asymptote 
on the Scatchard plot. This binding process can be described by a 
three-parameter model, which corresponds to a value of m = 2 in Eq. 2, 
and may be written as: 

(Eq. 3) 

where C = nzK2. Often these two different classes of binding sites are 
designated as “specific” (subscript 1) and “nonspecific” (subscript 2) 
binding (26). 

As illustrated by Winkler and Hubner (26), it is often necessary to use 
other plots in conjunction with the Scatchard plot to ascertain the binding 
models correctly. For example, if it is assumed that the smallest unbound 
ligand (preservative) concentration in the experiment is large relative 
to l/K1, Eq. 3 can be rewritten as: 

r = nl + C [ D f ]  (Eq. 4)  

Equation 4 indicates that a plot of r versus [ O f ]  should produce a straight 
line of slope C and an ordinate intercept of n1. 

T o  determine the applicability of Eq. 4 in describing the binding, the 
equation was fitted to the data plotted in Figs. 1-4. These plots illustrate 
the interaction between lO%(w/v)polysorbate 80 and I-IV, alone and in 
the presence of propylene glycol or glycerol. The best-fit binding pa- 
rameters for the interaction of the various parabens with polysorbate 80 
(Table I) were calculated by least-squares linear regression. 

The linearity of these plots, as indicated by the high coefficients of 
determination for the linear regressions, is good evidence of the adherence 
of the binding data to Eq. 4. The values of C listed in Table I may be in- 
terpreted as being indicative of a weak, nonspecific (nonsaturable) type 
of binding analogous to a partitioning of the preservative between the 
micellar and aqueous phases (17, 21). In a Scatchard plot, they would 
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Table I-Binding Parameters  for the Interaction of Parabens with Polysorbate 80 (at  23-25") in the Presence and Absence of Polyols 
Preservative ComDetitor" Coefficient of Determination ( r 2 )  nt C Partition Coefficientb 

~ ~ ~~~ ~~ ~ ~ 

Methylparaben None 0.9944 0.0565 f 0.0101' 95.5 f 1.80 91.2 
Propylene glycol (1O:l) 0.9991 0.0424 f 0.0049 109.6 f 0.90 
Glycerol (5:l) 0.9973 0.0263 f 0.0078 109.4 f 1.43 

Ethylparaben None 0.9984 0.0357 f 0.0057 236.2 f 2.56 295.1 
Propylene glycol (101) 0.9969 0.0367 f 0.0081 236.2 f 3.54 
Glycerol (51) 0.9993 0.0006 f 0.0037 277.4 f 1.84 

Propylpa5aben None 0.9979 0.0093 f 0.0040 746.2 f 8.56 1096.5 
Propylene glycol (10:1) 0.9975 0.0267 f 0.0061 730.9 f 10.66 
Glycerol (5:l) 0.9933 0.0067 f 0.0075 747.1 f 15.33 

Butylparaben None 0.9989 0.0106 f 0.0048 2048.9 f 17.13 3715.4 
Propylene glycol (101) 0.9940 0.0034 f 0.0112 2221.1 f 43.13 
Glycerol (5:l) 0.9998 0.0033 f 0.0020 2345.5 f 8.60 

Molar ratio of competitor to preservative is shown in parentheses (r2, n , ,  and C are derived from r uersus D, plots). Ortanol-water partition coefficient data from 
Ref. 27. All parameter uncertainties are expressed as standard errors. 

represent a constant value of r/[D,] (i.e., a horizontal asymptote) a t  large 
r values. The partitioning phenomenon may be envisioned as a process 
whereby preservative molecules, in an attempt to lower their free energy, 
migrate from a thermodynamically less stable aqueous environment in 
the bulk phase to a more stable (less polar) micellar phase, with the degree 
of penetration and affinity being proportional to their lipophilicity. 

The data also indicate that the values of C observed for the parabens 
are in excellent agreement with their reported (27) octanol-water par- 
tition coefficients (Fig. 5), which further substantiates that  the binding 
process described by the term C is a type of partitioning phenomenon. 
The coefficient of determination for the regression of the calculated 
values of C on the partition coefficients was 0.9968. This excellent 
agreement between C and the lipophilicity of the preservative molecules 
also supports the notion that the binding sites are less polar than their 
surrounding aqueous environment. 

The values of C obtained for each of the four parabens are also illus- 
trated in Fig. 6 since the values of C plotted as the ordinate in Fig. 5 are 
equal to the slopes of the respective lines plotted in Fig. 6. This plot il- 
lustrates that  the relative binding affinities of the four parabens for 
polysorbate 80 are in the order butyl > propyl > ethyl > methyl. This 
relative binding order was previously noted by other investigators 
(28-30). 

In addition to the simple partitioning mechanism described, Higuchi 
and Lach (31) proposed that phenolic compounds that possess an acidic 
hydrogen could associate with electrophilic atoms such as oxygen, found 
in the polyether ethylene oxide chains of nonionic surfactants. They 
suggested that this type of interaction could be enhanced by the 
"squeezing together" of the hydrophobic portions of the interacting 
molecules by water molecules. This rationale provides a possible expla- 
nation for the progressive increase in binding to polysorbate 80 observed 
as the nonpolar character of the paraben was increased from the methyl 
to the butyl esters. The relative binding affinities based on the data of 
Fig. 6 (i.e., the slopes of each plot) are in the order 1:2.5:7.8:21.5, from the 
methyl to the butyl esters, respectively. 

Barr and Tice (4) and deNavarre (32) postulated that the inactivation 
of phenolics by nonionic surfactants was due to this type of complex 
formation. Other investigators, however, postulated that these interac- 
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Figure 5-Correlation of the relatiue binding affinities of parabens for 
polysorbate 80 at 23-25' with their oil-water partition coefficients. 
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Figure 6-Relatiue binding affinities ofparabens to pol.vsorbate 80 at 
23-25', Key: A, methylparaben; A, ethylparaben; 0 ,  propylparaben; 
and 0, butylparaben. All data points repwsent the average of  duplicate 
determinations. 

tions may be explained adequately in terms of solubilization within 
surfactant micelles (33). Some investigators (34,35) suggested that, be- 
cause inactivation occurs between preservatives and surfactants of ex- 
tremely diverse chemical structure, solubilization is a more probable 
explanation than specific complex formation. 

The literature indicates that a significant preservative-surfactant 
interaction requires micelles regardless of which mechanism is operative. 
In fact, micelles of nonionic surfactants probably provide an environment 
highly suited for both hydrogen bonding and micellar solubilization to 
operate simultaneously. 

The r uersus ID,] plots (Figs. 1-4) that  illustrate the binding of the 
various paraben derivatives to polysorbate 80 also indicate that neither 
propylene glycol or glycerol displaced significant amounts of bound 
preservative from the polysorbate micelle. This result is shown by the 
virtual superimposability of these plots and the close agreement of the 
binding parameters (Table I) in the presence and absence of either polyol. 
These polyols probably are too polar to partition deeply enough into the 
polysorbate 80 micelle to displace the bound preservative. The previously 
reported synergistic antimicrobial effects of these polyols with the par- 
abens apparently occur uia a mechanism other than the simple dis- 
placement of the preservative molecules from their micellar binding sites. 
The antimicrobial activity enhancement associated with these agents 
possibly may be due to an osmotic effect or to their ability to hydrogen 
bond preferentially with available water, thereby preventing micro- 
organism metabolism (5,36-38) even though the polyol concentrations 
used (<6% w/v for propylene glycol and 6% w/v for glycerol) were con- 
siderably less than the levels (20-50%) described by Barr and Tice (37). 
An alternative possibility is that  the polyol concentrations were too low 
to  produce a measurable displacement of the bound paraben species. 
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Abstract Complex formation in aqueous solutions of trans-cinnamic 
acid or trans-cinnamate ion (the substrate, S) and a-cyclodextrin (the 
ligand, L) can be described quantitatively as the 1:l and 1:2 complexes, 
SL and Sh .  The solubility, spectral, and potentiometric data over a wide 
range of ligand concentrations yielded consistent estimates of the complex 
association constants. For cinnamic acid at 25O, K11 = 2260 M-I,  AH’,l 
= -9.3 kcal/mole, and AS;l = -8 e.u.; and Klz = 60 M-l ,  AH;z = -12 
kcal/mole, and AS;, = -26 e.u. For cinnamate ion a t  25”, K11 = 110 M - l ,  
AH;l = -1.9 kcal/mole, and AS;l = +I1 e.u.; and K I Z  = 15 M-I,  MI2 
= -9 kcal/mole, and AS’,, = -15 e.u. (all entropy changes are unitary 
quantities). Thermodynamic cycles for the complexes, using solubility 
data, reveal that  complex formation in the solid phase is thermody- 
namically spontaneous but that  complex stability is greater in aqueous 

solution than in the solid phase. 

Keyphrases Complexation-trans-cinnamic acid with a-cyclodextrin, 
thermodynamic analysis, stoichiometry, stability equilibria, determined 
by spectral, solubility, and pH measurements Thermodynamics- 
complexation analysis, determined by spectral, solubility, and pH mea- 
surements, trans-cinnamic acid-a-cyclodextrin complex 0 trans- Cin- 
namic acid-analysis of complexation with a-cyclodextrin, thermody- 
namics a-Cyclodextrin-analysis of complexation with trans-cinnamic 
acid, thermodynamics Solubility measurements-complexation of 
trans-cinnamic acid with a-cyclodextrin UV spectrometry-corn - 
plexation of trans- cinnamic acid-a-cyclodextrin pH measure- 
ments-complexation of trans-cinnamic acid-a-cyclodextrin 

The chemical and physical properties of trans-cinnamic 
acid and its derivatives make these compounds highly 
useful substrates’ in studies of molecular complex for- 
mation (1-7). Preliminary studies in this laboratory on the 

trans- cinnamic acid-a-cyclodextrin (cyclohexaamylose) 
system in aqueous solution showed that simple 1:l stoi- 
chiometry in the compJex does not adequately describe the 
equilibrium system. This observation seemed to be worth 
Dursuing because cinnamic acid reDortedlv forms a 1:l - 

The substrate is the compound whose measured roperties constitute the 
dependent variable; the liiand IS the substance (a-cycldrtrin in this case) whose complex with a-cyclodextrin (8) and Ijecause*this substrate 
concentration is the independent variable. does not seem to be an atypical one in such studies; hence, 
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Abstract Complex formation in aqueous solutions of trans-cinnamic 
acid or trans-cinnamate ion (the substrate, S) and a-cyclodextrin (the 
ligand, L) can be described quantitatively as the 1:l and 1:2 complexes, 
SL and Sh .  The solubility, spectral, and potentiometric data over a wide 
range of ligand concentrations yielded consistent estimates of the complex 
association constants. For cinnamic acid at 25O, K11 = 2260 M-I,  AH’,l 
= -9.3 kcal/mole, and AS;l = -8 e.u.; and Klz = 60 M-l ,  AH;z = -12 
kcal/mole, and AS;, = -26 e.u. For cinnamate ion a t  25”, K11 = 110 M - l ,  
AH;l = -1.9 kcal/mole, and AS;l = +I1 e.u.; and K I Z  = 15 M-I,  MI2 
= -9 kcal/mole, and AS’,, = -15 e.u. (all entropy changes are unitary 
quantities). Thermodynamic cycles for the complexes, using solubility 
data, reveal that  complex formation in the solid phase is thermody- 
namically spontaneous but that  complex stability is greater in aqueous 

solution than in the solid phase. 

Keyphrases Complexation-trans-cinnamic acid with a-cyclodextrin, 
thermodynamic analysis, stoichiometry, stability equilibria, determined 
by spectral, solubility, and pH measurements Thermodynamics- 
complexation analysis, determined by spectral, solubility, and pH mea- 
surements, trans-cinnamic acid-a-cyclodextrin complex 0 trans- Cin- 
namic acid-analysis of complexation with a-cyclodextrin, thermody- 
namics a-Cyclodextrin-analysis of complexation with trans-cinnamic 
acid, thermodynamics Solubility measurements-complexation of 
trans-cinnamic acid with a-cyclodextrin UV spectrometry-corn - 
plexation of trans- cinnamic acid-a-cyclodextrin pH measure- 
ments-complexation of trans-cinnamic acid-a-cyclodextrin 

The chemical and physical properties of trans-cinnamic 
acid and its derivatives make these compounds highly 
useful substrates’ in studies of molecular complex for- 
mation (1-7). Preliminary studies in this laboratory on the 

trans- cinnamic acid-a-cyclodextrin (cyclohexaamylose) 
system in aqueous solution showed that simple 1:l stoi- 
chiometry in the compJex does not adequately describe the 
equilibrium system. This observation seemed to be worth 
Dursuing because cinnamic acid reDortedlv forms a 1:l - 

The substrate is the compound whose measured roperties constitute the 
dependent variable; the liiand IS the substance (a-cycldrtrin in this case) whose complex with a-cyclodextrin (8) and Ijecause*this substrate 
concentration is the independent variable. does not seem to be an atypical one in such studies; hence, 
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knowledge of its stoichiometric relationships may be of 
wider utility. Attempts to correlate and to explain complex 
stability or to explicate complex structures and the forces 
involved cannot be successful unless the stoichiometries 
and stabilities of the complexes are known. 

Although 1:l stoichiometric ratios commonly are found 
for cyclodextrin complexes, different ratios have been re- 
ported for some substrates. Among organic acids and acid 
anions, solid phase stoichiometries other than 1:l have 
been found for cinnamic acid (acid-P-cyclodextrin, 2: 1) 
(9), salicylic acid (acid-P-cyclddextrin, 3:l) (lo), and some 
normal aliphatic acids (11). More recently, Laufer and 
coworkers (12-14) studied some acids and acid anions and 
found 1:2 (SL2) complexes of 4-biphenylcarboxylate and 
p-methylcinnamate ions with a-cyclodextrin in aqueous 
solution. 

The present approach to sorting out stoichiometric re- 
lationships in complex systems is to use more than one 
experimental technique capable of providing estimates of 
stability constants (15). Disagreement of apparent 1:l 
stability constants evaluated by several methods is de- 
finitive evidence for the presence of a t  least one complex 
with a stoichiometry other than 1:l; quantitative agree- 
ment among several methods strengthens the argument 
for a model leading to such consistency. In this study, 
solubility (16)) spectral (17), and potentiometric (18) 
methods were used. 

EXPERIMENTAL 

Materials-a-Cyclodextrin2 was used directly. Drying to constant 
weight a t  90' indicated 9.77% water, corresponding closely to the hexa- 
hydrate3 ([a]: = 150.4 f 2.1"). trans-Cinnamic acid was recrystallized 
from water, mp 133.5-133.7' [lit. (19) mp 133-134'1. Tris(hydroxy- 
methy1)aminomethane base and hydrochloride4 were used directly. Other 
chemicals were reagent grade. Water was deionized and distilled from 
alkaline permanganate. 

Apparatus-Spectrophotometric measurements were made on 
spectrophot~meters~ fitted with jacketed cell compartments for tem- 
perature control. The pH measurements were made with a combination 
electrode6. Solubility studies were carried out in a constant-temperature 
water bath equipped to rotate the sample vessels end-over-end at 32 
rpm. 

Solubility Method-Equal amounts (50 mg) of cinnamic acid were 
weighed into each of several 10-ml glass ampuls. To each ampul were 
added 0.50 ml of 0.10 M HCl and graded measured volurhes of an aqueous 
stock solution of a-cyclodextrin. Water was added to make the total 
volume 5.0 ml. The ampuls were sealed and rotated end-over-end in a 
25.0' water bath until solubility equilibrium was reached. (Twenty-four 
hours was adequate in the initial rising portion of the phase diagram, 
whereas 10 days was necessary in the plateau regions, as determined by 
numerous trials.) 

The ampuls then were placed upright and motionless at 25" overnight 
to permit the precipitate to settle. A portion of the clear supernate was 
withdrawn with a 1-ml disposable syringe equipped with a 3.8-cm (1.5-in.) 
20-gauge needle. A 2.0-ml sample of the supernate was titrated to the 
phenolphthalein end-point with standard sodium hydroxide; a correction 
was applied to account for the hydrochloric acid present in the sample 
solution. 

The solid phases in the ampuls were collected by filtration and were 
dried; weighed samples were analyzed for cinnamic acid by titration. The 
cyclodextrin content was obtained by difference. 

Spectral Method-Unionized cinnamic acid was studied by weighing 
increasing amounts of a-cyclodextrin into each of several 10-ml volu- 
metric flasks; to each flask were added 1.0 TI of 0.1 M HCI, 5.0 ml of a 

Lot 106C-0046-1. Sigma. 
Aldrich. 
Sigma. 
Cary model 14 or 16 
Orion model 801 pH meter 

4 *I/ i 
10.3 *" 

I::: 
/ I 

Figure 1 -Solubility of the trans-cinmmic acid-a-cyclodextrin system 
a t  25". Key: 0 (left uertical a x i s ) ,  total solution phase concentration 
of substrate; and 0 (right uertical axis), mole fraction of cyclodextrin 
in the solid phase. The total added concentration of ligand (cyclodex- 
trin) is giuen on the horizontal axis. The smooth lines were calculated 
as described in the text. 

stock solution of cinnamic acid, and water to bring to volume. Reference 
solutions were prepared for each sample solution, containing the same 
concentrations of cyclodextrin and hydrochloric acid but no cinnamic 
acid. Absorbance was measured at 279 nm in a 1.0-cm cell. For studies 
at temperatures other than 25", concentrations at the experimental 
temperature were corrected from the concentrations a t  the temperature 
of preparation using the density of water. 

Cinnamate anion was studied similarly, except that the pH was brought 
to 9 with tris(hydroxymethy1)aminomethane buffer, ensuring that es- 
sentially all of the substrate (pKa 4.35) was ionized whereas essentially 
none of the a-cyclodextrin (pKa 12) (20) was in anionic form. [Separate 
potentiometric measurements showed that this buffer does not signifi- 
cantly complex with a-cyclodextrin7.] Measurements were made at 269 
nm. The ionic strength in these and all studies was constant at  0.01 M. 
Control of pH with sodium hydroxide led to essentially the same results 
as with tris(hydroxymethy1)aminomethane buffers. 

Potentiometric Method-A stock solution was prepared to contain 
equal concentrations of cinnamic acid and sodium cinnamate by exactly 
half-neutralizing a weighed sample of cinnamic acid with standard so- 
dium hydroxide. The ionic strength was brought to 0.01 M with sodium 
chloride. Increasing amounts of a-cyclodextrin were weighed into each 
of several flasks, to which equal volumes of the cinnamic acid-cinna- 
mate-ion stock solution were added. The pH of each solution, measured 
at 25", was interpreted as pKa', the apparent pKa of cinnamic acid in that 
solution. 

RESULTS 

Solubility Study-Figure 1 shows the experimental results of the 
solubility study. On the abscissa is specified Lt, the total molar concen- 
tration of ligand (a-cyclodextrin) in the system. The left-hand ordinate 
gives St, tbe total molar concentration of substrate found in the solution 
phase after equilibration. The right-hand ordinate gives the mole fraction 
of ligand in the solid phase. 

The appearance of the solution phase diagram proves that at least two 
complexes of different stoichiometry are present, and the solid phase data 
indicate that a complex is present with an L/S ratio greater than unity. 
Therefore, these observations suggest that  the simplest description of 
the system will invoke the complexes SL and SL2. This conclusion may 
seem inconsistent with the linear nature of the initial rising portion of 
the solution data, but this will be shown not to be a problem. 

T o  extract numerical estimates from Fig, 1, a quantitative description 
is required. The complex formation equilibria and stability constants are 
defined as: 

S + L = S L  
Scheme I 

SL -I- L + SL2 
Scheme I1 

(Eq. 1) 

A. B. Wong, unpublished results in these laboratories. 
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where K11 and K12 are concentration constants a t  the experimental ionic 
strength of 0.01 M. Assumptions include the constancy of activity coef- 
ficients, a negligible general medium effect, and negligible volume changes 
(this last assumption was the least well founded but was a relatively un- 
important factor). 

The following variables need to be defined: St is the total solution molar 
concentration of S, Lt is the total formal molar concentration of L, SO is 
the molar solubility of free S, s11 is the molar solubility of SL, and s12 is 
the molar solubility of SL2. Throughout the initial rising portion of the 
solution phase diagram, solid substrate is present; hence, the concen- 
tration of S is held constant at the solubility limit. The mass balance on 
S gives: 

st = IS] + [SL] + [SLZ] (Eq. 3) 

which, with the given condition and Eqs. 1 and 2, becomes: 

0.3 

0.2 

2 -  
0.1 

(Eq. 4) 

- 

- 

- 

where [L] is the free ligand Concentration. The mass balance on L 
gives: 

Lt = [L] + [SL] + 2[SLZ] (Eq. 5) 

which becomes: 

Lt = [Ll + Kllso[L] + 2KllKi2solL12 (Eq. 6) 

Eliminating [L] between Eqs. 4 and 6 yields: 
L ab b 
2 c c  

St = SO + 2 + - - - (a2 + 8K11KlzsoL~)l/~ (Eq. 7) 

where: 

a = 1 + Kllso 

Equation 7, which is valid only for finite values of K11 and K12. is the 
equation of the rising portion of the solubility curve for the SL + S h  
system before the solubility limit of either complex has been reached. The 
slope is given by dSt/dLt (Eq. 8): 

Since a and c must be positive, the curvature in the slope depends upon 
the sign of b. If b = 0, the slope is constant with the value 0.5; this implies 
that K11 = l/so. If b is negative, the slope decreases as Lt increases; if b 
is positive, the slope increases as Lt increases. Whether these cases can 
be distinguished experimentally will be determined by the magnitudes 
of the parameters and the range of Lt over which the variable St can be 
observed. The value of the slope at Lt = 0 obtained from Eq. 9 is: 

(Eq. 9) 

The discontinuity giving rise to the segment that is invariant in St (the 
first plateau) needs to be considered. As Lt increases, St rises because 
of the formation of soluble SL and SL2 complexes. Ultimately, the solu- 
bility limit of one of these complexes is reached (as long as the solid S 
phase is not exhausted first and the solubility limit of L is not reached). 
Suppose that the solubility of SL is reached before that of SL2. Then IS] 
= SO and [SL] = s11, and from Eq. 3 one gets: 

(Eq. 10) 

That is, St becomes invariant as soon as one of the complexes reaches its 
solubility limit, with the complexation equilibria ensuring that the second 
complex concentration then also is fixed. This conclusion is general for 
any number of complexes and no matter which complex reaches its sol- 
ubility first as long as solid S is present. Thus, the first plateau is ac- 
counted for. Of course, the interpretation of St in this region depends on 
which complex has reached its solubility limit. Because of the solid phase 
data, the argument leading to Eq. 10 appears to apply to Fig. 1. 

As Lt continues to increase, the solid S eventually is depleted by its 
conversion into complexes and its precipitation as solid SL. At  the point 
where solid S disappears, the constraint on St is lost (although the con- 

0.0 5 3 2 1 

-109 L,, M 
Figure 2-Spectra of the trans-cinnamic acid-a-cyclodertrin system 
at 25’. The uertical arisgiues the change in absorbance in a 1-em path 
length of cinnamic acid at 279 nm produced by a total concentration 
Ltofligand. The total substrate concentration, St ,  was 8.48 X M. 
The AA values at the two points corresponding t o  the highest Lt were 
corrected for a general medium effect based on an equiualent weight/ 
uolume concentration of a-methylglucoside; at Lt = 0.1 M, this cor- 
rection was 0.009 aufs. The smooth curue was calculated with Eqs. 15 
and 16. 

dition [SL] = s11 still applies). An equation for the dependence of St on 
Lt can be obtained (21); but since it plays no role in the quantitative in- 
terpretation of the present data, it can be overlooked. The St  value rises 
until the solubility limit of the second complex (SL2) is reached, when 
St again becomes invariant; its value, given by Eq. 11, is reached by an 
argument similar to that leading to Eq. 1 0  

St =- K12(s11)2 + s11+ ,912 (Eq. 11) 

Thus, a “second plateau” is observed. (If Lt could be made sufficiently 
large, eventually all solid SL would disappear, and St would decrease to 
a final value approximately equal to ~ 1 2 . )  

The composition of the solid phase is now considered. From Lt = 0 up 
to the discontinuity marking the beginning of the first plateau, it IS 

postulated that the complex species are soluble so that only solid sub- 
strate is present; thus, the mole fraction of cyclodextrin in the solid phase, 
XL. should be zero, as is found experimentally (Fig. 1). Throughout the 
first plateau, the essential feature is that solid S is being replaced by solid 
SL; therefore, at the beginning of the plateau, XL = 0; at the end of this 
plateau, X L  = 0.5, as is observed. At  the beginning of the second plateau, 
the value of X L  should begin to rise as solid SL is replaced by solid SL2, 
the eventual value of X L  being 0.667 (if Lt can be made large enough). 
Figure 1 shows that XL does increase in this region, reaching a value of 
0.58 at the highest ligand concentration studied. 

Equations can be derived relating XL to Lt in these regions (21), and 
the smooth line in the first plateau region was calculated with one of these 
equations, the experimental quantities, and system parameters estimated 
from the solution phase data. Some ambiguity is introduced by the 
varying solution phase and total system volumes in these calculations; 
hence, the qualitative interpretation previously given will suffice for 
present purposes. 

The solubility data were not interpreted independently of the spectral 
and potentiometric data; rather, for unionized cinnamic acid, the solu- 
bility and spectral studies were analyzed to give K11 and Kl2 values that 
best fit both sets of results. These K11 and K12 values then were imposed 
as constraints on the potentiometric results. Therefore, uncertainties 
attached to these values represent limits outside of which the quantitative 
consistency among the independent sets of data is seriously degraded. 
These results are obtained at  25O: K11 = 2260 f 50 M-l, Klz = 60 f 5 
M-I,  SO = 3.01 f 0.05 X M (the uncertainty is the standard deviation 
of 11 determinations form), s11 = 1.7 f 0.2 X M, and s12 = 5.5 f 0.5 
X M or 1.4 f 0.6 X M (because of the ambiguity in a quadratic 
solution). 

Spectral Study-The UV spectrum of cinnamic acid is altered in the 
presence of a-cyclodextrin. At low cyclodextrin concentrations, ieosbestic 
points are observed at 231 and 296 nm, but these isosbestic points are lost 
a t  ligand concentrations greater than 4 . 0 0 3  M. (At such low ligand 
concentrations, a general medium effect on the spectra cannot account 
for departure from the isosbestic behavior, as demonstrated by incor- 
poration of a-methylglucoside.) This finding is evidence for at least two 

K11~12 
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Figure 3-Spectra of the trans-cinnamate-ion-a-cyclodertrin system 
at 25” and 269 nm. The total substrate concentration was 8.56 X 
M. The smooth curue was calculated with Eqs. 25 and 16. 

complexes. Figure 2 shows the change in absorbance at a fixed wavelength 
produced by a-cyclodextrin over a wide concentration range. 

The analysis of this system assumes SL plus SL:! complexes for con- 
sistency with the solubility results. This system has been treated before 
(15, 22) hut primarily in terms of conventional double-reciprocal 
graphical analysis, which is not effective for extracting the stability 
constants. If adherence to Beer’s law is assumed for all species, the ab- 
sorbance for unit path length in a substrate solution containing nonab- 
sorbing ligand is: 

A = dsl + eii[SLl + tiz[SLz] (Eq. 12) 

In a solution without ligand, it is: 

A o  = csSt (Eq. 13) 

where c, is the molar absorptivity of species i. The total substrate con- 
centration, St, is held constant. Defining AA = Ao - A ,  At11 = 6s - €11, 
and At12 = cs - cI:! and incorporating the relationship between S and free 
S: 

St = [SIC1 + KII[L] + KIIK1:![L12) (Eq. 14) 

relates AA to the free ligand concentration: 

From the mass balance on L: 

It is not practical to express AA as an explicit function of Lt, but a nu- 
merical curve-fitting procedure is straightforward. Estimates of K11, Klz,  
Acl l ,  and he12 are obtained from preliminary trials or from supplemen- 
tary data (i.e.,  the solubility study). An arbitrary but realistic value of 
[L] is selected, and the corresponding quantities AA and Lt are calculated 
with Eqs. 15 and 16. These quantities are compared with the experimental 
values, and the parameters are adjusted until a satisfactory agreement 
is achieved. As noted earlier, K I I  and K12 were not permitted to vary 
freely hut were constrained by the condition that the final values must 
account for both the spectral and the solubility data. The smooth curve 
in Fig. 2 was calculated in this way; at  2 5 O ,  the results are K11= 2260 M-’, 
Kl:!  = 60 il4-I. AclI = 4700, and At12 = 1900. (At 279 nm, cs = 1.98 X 

Figure 3 is the plot of AA uersus log Lt for the cinnamate-ion-a-cy- 
clodextrin system at 25O. This curve has a sigmoidal shape characteristic 
of simple 1:1 complexing, and a Benesi-Hildebrand plot of l/AA 0ersu.s 
l/Lt is linear; evidently, the system can be described in terms of a 1:l 
complex. The potentiometric data, however, appear to require the 
presence of both the SL and SL:! complexes in the cinnamate-ion system; 
hence, both complexes are considered to be present in the spectral study. 
The K11 and K12 values were required to give consistent fits to both the 
spectral and the potentiometric data. The smooth curve in Fig. 3 was 
drawn with Eqs. 15 and 16 and the values K11= 110 f 3 M-’, Kl:! = 15 
f 2 M-I ,  Acll = 4300, and A612 = 3300. (At 269 nm, t~ = 2.04 X lo4.) 

Potentiometric Study-The potentiometric method for studying 
cyclodextrin complexes of weak acids was introduced in 1976 and applied 
to some 1:1 complexing systems (18). Let pKa represent the negative 
logarithm of the dissociation constant of the weak acid in the absence of 

104.) 

0.0 I I I 1 I 
0 1 2 3 4 5 6 7 8 9  

1 O’Lt, M 
Figure 4-Potentiometric study of the trans-cinnamic acid-a-cyclo- 
dextrin system at 25”. The smooth curve was calculated with Eqs. 26 
and 34. The total substrate concentration, At,’was 4.83 X 

ligand (pKa refers to the experimental conditions and is not the ther- 
modynamic constant), and let pKa’ be the corresponding quantity in the 
presence of cyclodextrin. Define ApKa = pKa’ - pKa. Figure 4 shows 
the dependence of ApKa’ on Lt for the cinnamic acid-a-cyclodextrin 
system. This curve cannot be accounted for satisfactorily in terms of only 
1:1 complexes between cyclodextrin and the unionized and ionized forms 
of the substrate. Therefore, the theory of this method for the SL t SL2 
case was developed. 

Let HA, A-, and L represent cinnamic acid, cinnamate ion, and cy- 
clodextrin, respectively. Then the three acid-base equilibria are presented 
as: 

H A = H + + A -  
Scheme III 

HAL + H+ + AL- 
Scheme IV 

M. 

HAL2 == H+ t ALI 
Scheme V 

with their acid-base dissociation constants given by: 

The four complexation equilibria are given by: 

HA + L + HAL 
Scheme VI 

A- + L=AL- 
Scheme VII 

HAL + L + HAL2 
Scheme VIII  

AL- + L + AL; 
Scheme I X  

with their corresponding stability constants: 

(Eq. 17) 

(Eq. 18) 

(Eq. 19) 

The apparent acid dissociation constant, Kb, is defined by: 
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Table I-Thermodynamic Quantities for  Cinnamic Acid-a-Cyclodextrin and Cinnamate-Ion-a-Cyclodextrin Complexes 

AS", e.u. 
Mole 

T, "K Complex" K, M-l  kcal/mole Basis Basis 

trans-Cinnamic Acid 
289 SL 3700 f 1--9.3 f 0.6 -16 f 2 -8 
298 SL 2260 f 50 
308 SL 1350 f 80 
318 SL 850 f 50 

AH", Molar Fraction 

289 
298 
308 
318 

298 
308 
318 

SL 
SL 
SL 

120 + 10 
60 f 5 
30 f 3 
17 f 2 

- 1 2 f  1 -34 f 4 - 26 

trans-Cinnamate Ion 
110 f 3 
100 f 3 

-1.9 f 0.6 

90 f 3 

+3 f 2 +11 

298 SL9 15 f 2 -9 f 3 -23 f 9 -15 
308 SL2 10f1 
318 SL2 6 f 1  

S = substrate (cinnamic acid or anion) and L = ligand (cyclodextrin). 

Substitution leads to: 

or: 

As in the spectral study, i t  is not feasible to find ApKa' as an explicit 
function of Lt, but Lt can be related to [L] to give a practical method for 
evaluating the stability constants. The mass balances on ligand and 
substrate are written as: 

(Eq. 27) Lt = [L] + [HAL] + (AL-] + 2[HAh]  + 2(All] 

At = [HA] + [A-] + [HAL] + [AL-] + [HAL?] + [AL,] (Eq. 28) 

Substitution with the equilibrium expressions yields functions of Lt and 
At in terms of the variables [L], [HA], and [H+]. Under the experimental 
conditions, [H+] = Kb, so: 

The procedure is to assign a value to [L] and, with Eqs. 26 and 34 and 
estimates of the stability constants, to calculate ApKa' and Lt for com- 
parison with the experimental results. 

Not all of the constants defined for the system are independent. From 
the definitions, one obtains: 

K1loKa11 = KaKllb (Eq. 35) 

and: 

The smooth curve in Fig. 4 was calculated with Eqs. 26 and 34. In this 
calculation, Klla and K12. were fixed a t  2260 and 60 M - l ,  respectively, 
as determined from the solubility and spectral studies; thus, only Kllb 
and K12b were treated as adjustable parameters. Even these parameters, 
however, were not completely free since they had to account for both the 
potentiometric data and the spectral study on the cinnamate ion. The 
final values, as given previously, were Kllb = 110 M-' and KlZb = 15 M-l.  
I t  was necessary to incorporate a finite value for KlBb to achieve a satis- 
factory fit a t  the higher Lt range in Fig. 4. 

Thermodynamic Quantities-Since the comparative studies dem- 
onstrated that these systems can be described in terms of SL and SL2 
complexes, any of the experimental techniques suffices to make subse- 
quent estimates of the stability constants. The spectral technique was 
applied to the cinnamic acid-a-cyclodextrin and cinnamate-ion-n-cy- 
clodextrin systems at  several temperatures to obtain enthalpy and en- 
tropy changes for the complexation equilibria. The data were analyzed 
in terms of SL and SL2 complexes (Table I). Entropy changes on a mole 
fraction basis (unitary entropy changes) (23) were obtained for Schemes 
I and I1 from: 

ASo (unitary) = AS" (molar) + 8.0 e.u. (Eq. 37) 

DISCUSSION 

Complex Stoichiometry and Stability-Several kinds of evidence 
show that the cinnamic acid-a-cyclodextrin system cannot be described 
solely in terms of 1:l complexes: 

1. The isosbestic points seen a t  low ligand concentrations are lost at  
higher concentrations. 

2. The shape of the plot of AA uersus log Lt (Fig. 2) requires some 
process in addition to 1:l complexation. 

3. Apparent 1:l stability constants, evaluated assuming only 1:l 
stoichiometry and using data a t  low ligand concentration, are 1300 M-' 
for the solubility method and 2900 M-' for the spectral method, the 
disagreement being inconsistent with the assumption. 

4. The increase of total dissolved substrate after the initial plateau 
portion of the solubility diagram cannot occur if only 1:l complexation 
occurs. 
5. The solid phase composition in the solubility study requires an L/S 

ratio greater than 1:l. 
6. The potentiometric curve cannot be fitted with the assumption of 

1:l stoichiometry. 
Few modern workers use the solubility method to study molecular 

complexes, and the technique has been criticized because it does not 
permit the estimation of stability constants unless the stoichiometry of 
the interaction is known. This criticism is correct, but the limitation 
applies equally to every other experimental technique. In the present 
investigation, the solubility method was the single most useful tool be- 
cause it not only showed that more than one type of complex must be 
present, but it also indicated the probable stoichiometric ratios. But the 
strongest evidence for the interpretation of the cinnamic acid-a-cyclo- 
dextrin system in terms of SL and SL2 complexes is the quantitative 
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Figure 5-Fractional distribution diagram for the trans-cinnamic 
acid-a-cyclodertrin system a t  2 5 O .  The total cinnarnic ocid concen- 
tration UJQS 8.5 X 10-5 M. Curves A,  I?, and Care  S, SL, and SLp, re- 
spectively. 

agreement among the three experimental techniques when analyzed 
according to this model. Such comparative study by independent tech- 
niques is one desirable feature of investigations into complex stoichi- 
ometries and stabilities; another advantage is extension of the mea- 
surements over as wide a range of ligand concentrations as is feasible, 
preferably over essentially the full binding isotherm. 

Should the small values of K l p  relative to K11 (Table I) be thought to 
render the incursion of SL2 formation negligible except a t  a high ligand 
concentration, it should be noted that the fractional distribution of 
species S, SL, and SL2 depends on the product K I I K ~ ~ .  These distribu- 
tions (e.g., for SL2) can be calculated with Eqs. 16 and 38: 

Figure 5 is a fractional distribution diagram for the cinnamic acid- 
a-cyclodextrin system at 25" with St = 8.5 X M, corresponding to 
the conditions for the spectral study. A t  the relatively low total cyclo- 
dextrin concentration of 0.01 M, about 37% of the cinnamic acid is present 
as the ternary SLp complex. Diagrams of this type should be valuable in 
selecting experimental conditions for studying complex properties. 

The evidence for a ternary SL2 complex in the cinnamate-ion system 
is less compelling, consisting of the need to include the term containing 
K 1 p b  in Eq. 26 to achieve a satisfactory fit to the potentiometric data. 

Complex Properties and Structures-The symbolism of Schemes 
VI-IX is adopted here to discuss the several complexes with brevity and 
without ambiguity. Thus, HA represents cinnamic acid and A- is cin- 
namate ion. 

Several properties of the complexes (other than the standard ther- 
modynamic quantities to be considered later) were measured in the 
present study and may be helpful in determining the complex structures. 
The complex molar absorptivities for HAL, HAL2, AL-, and AL; were 
obtained but only a t  a single wavelength. The general spectral shifts in 
the presence of cyclodextrin are not dramatic and do not seem helpful 
at  this point. 

With Eqs. 35 and 36, one calculates pKal1 = 5.66 and pKalp = 6.27, 
compared with pKa = 4.35 for uncomplexed cinnamic acid. Complexing 
between carboxylic acids and a-cyclodextrin leads to a decrease in the 
acid strength of the substrate; this is equivalent to saying that the un- 
ionized carboxylic acid complexes more strongly than does the carbox- 
ylate ion (18). Since the two statements are equivalent, a rationalization 
of one of them equally accounts for the other. Consider the acidity of HAL 
(ie., the acidity of complexed cinnamic acid) relative to that of cinnamic 
acid in water. Spectroscopic data (24) indicate that the a-cyclodextrin 
cavity is apolar. If the cinnamic acid group is included within the ligand 
cavity, it experiences an environment that is comparable (except for 
"end" effects and restricted molecular motion) to that provided by a 
solvent such as dioxane or a ketone. In such a medium, having an effective 
dielectric constant smaller than that of water, the extent of ionization 
of the carboxylic acid will be less than in water. Therefore, it is anticipated 
that K,11 < K ,  for neutral carboxylic acids, from which it follows that 

K l l a  > Kllb, as is observed for these substrates8. The same argument 
applies to the ternary complex HAL2, which also must be an inclusion 
complex9. 

M. If the sub- 
strate HA is included within the cavity, it is not surprising that HAL 
would have a solubility intermediate to that of the hydrophobic HA (so 
= 3.01 X M) and the hydrophilic L (SL = 0.125 M). The solubility 
of HAL2 is 5.5 X M ) ,  considerably smaller than that 
of L or HAL and comparable with that of HA. If HA is included in a 
channel formed by an end-to-end association of two cyclodextrins, the 
solubility of HAL2 will be determined in part by solvent interactions with 
a dimer-like specieg Lp; this species is twice as large as L or HAL and 
provides no additional sites for solvent interaction; hence, its solubility 
probably will be smaller. 

The solubility of the cinnamate-ion-a-cyclodextrin complex was not 
determined; if it is an inclusion complex with the carboxylate group 
buried in the cavity, its solubility might be as low as that of HAL. On the 
other hand, if the carboxylate function is exposed, the complex may be 
as soluble as the substrate; sodium cinnamate had a solubility of 0.505 
M. These limits will be used later. 

The picture that results from these several kinds of evidence and lines 
of reasoning is of binary (1:l) inclusion complexes, probably with the side 
chain in the cavity. The ternary (1:2) complexes may have the substrate 
in a cavity formed by two ligand molecules associated end-to-end. Al- 
though a-cyclodextrin does not form a dimer (28), the SL2 complex is 
formed in the presence of cinnamic acid or cinnamate ion. In a sense, 
cyclodextrin dimerization is promoted by the substrate molecule, the 
complex structure possibly being much like a dowel joint. Such SL2 
complexes are formed by cinnamic acid, cinnamate ion, p-methylcin- 
namate ion (13), and 4-biphenylcarboxylate ion (12) whereas benzoic acid, 
benzoate ion (141, and p-nitrophenolate ion (18,27) apparently form only 
1:l complexes. The length of the substrate molecule is possibly a factor 
determining whether an S L  complex forms (11). 

Thermodynamic Analysis-The values of free energy and entropy 
changes depend on the concentration units used in evaluating them, and 
these quantities can be corrected for the entropy of mixing if the con- 
centrations are expressed on the mole fraction scale (29). The resulting 
values are called unitary quantities. Table I gives unitary entropy changes 
(in the last column) for the process studied herelo. 

The favorable free energy changes are manifested for the HAL, HALp, 
and AL; complexes as favorable AH" and unfavorable AS" values; for 
the AL- complex, the entropy change is favorable and the enthalpy 
change is very small. Another observation is that, for each substrate, AHo 
is more favorable and ASo is less favorable for the 1:2 complexes than 
for the 1:l complex. (The AH" and ASo for the 1:2 complexes refer to the 
stepwise process, SL + L + SL2, not to the overall process, S + 2L + 

SL2.) 
The conventional interpretation of favorable enthalpy changes and 

of entropy decreases invokes the role of water structure or ordering in 
the complexation. The negative AS" may signify an increase in solvent 
ordering in the product state (complex) compared with the individual 
solvated species. Nonpolar solutes, upon association, show entropy in- 
creases, but moderately polar solutes lead to entropy decreases. Jencks 
(31) pointed out that  a favorable AHo may result from solute-solute 
interactions or from increased solvent-solvent interactions, which are 
made possible by the greater solvent order. Cyclodextrins are rather 
special solutes because the cavity contains highly ordered solvent mole- 
cules, which must be displaced upon inclusion of a substrate. Van Etten 
et al. (24) suggested that these water molecules cannot form the normal 
complement of hydrogen bonds because of steric restrictions and that 

The solubility of HAL was determined to be 1.7 X 

M (or 1.4 X 

The same argument applied to phenols may seem to lead to the same predic- 
tion. However, phenols behave differently from carboxylic acids in nonaqueous 
media. For example, in pyridine, the acid strengths of phenols are enhanced relative 
to those of carboxylic acids, with the result that, for example, nitrophenol is a 
stronger acid than is benzoic acid in this solvent (25). Similar gihavior is seen in 
acetone (26). Thus, it is likely that phenol acidity will be increased in the cyclo- 
dextrin cavity, with the consequence that K11b > K I ~ , , ,  as is seen (la, 27). 

The conclusion that HAL and HAL2 are inclusion complexes follows from the 
abnormally large equilibrium constants for their formation. (The overall constant 
for HA + 2L = HAL2 is equal to K, 1K12.) When two species interact noncovalently 
in solution in a simple stacking manner, the stability constant for the process is 
proportional to the area of contact between the molecules (6). For a molecule the 
size of cinnamic acid, the maximum value to be expected is on the order of 102 M-1. 
Since Kl1 for cinnamic acid-a-cyclodextrin is much higher that this value, some 
extraordinary stabilizing phenomenon, presumably inclusion, must be occurring. 
The ternary complex HAL2 is formed from L and the inclusion complex HAL, so 
it too is an inclusion complex. 

lo For other discussions of unitary quantities, see Refs. 23 and 30. The authors 
thank Professor P. Mukerjee, who first called their attention to unitary qum- 
tities. 
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Table 11-Thermodynamic Analysis of the Cinnamic Acid- 
a-Cyclodextrin System 

Process” AG (unitary) b, cal/mole 

1. S(s) == S(aq) +5820 f 10 
2. L(s) * L(aq) +3610 f 50 
3. SL(aq) SL(s) -4800 f 70 
4. S(aq) + L(aq) + SL(aq) -6950 f 15 
5. S(S) + L(s) F= SL(S) -2320 f 90 
6. SL(s) * SL(aq) +4800 f 70 
7. L(s) L(aq) +3610 f 50 
8. SLdaq) + SL2(s) 
9. SL(aq) + L(aq) * SLz(aq) 

-5460 f 100 (-6280 f 260) 
-4810 f 50 

-1860 f 140 (-2680 f 280) 10. SL(s) + L(s) F= SL2(S) 

a The s represents solid phase and aq represents solution. Uncertainties rep- 
resent standard deviation estimates calculated from experimental estimates of the 
uncertainties in the solubilities and stability constants. 

Table 111-Thermodynamic Analysis of the 1:l Cinnamate-Ion- 
dr-Cyclodextrin Complex 

Process AC” (unitary)=, cal/mole 

1. M+S-(s) == M+S-(aq) 
2. L(s) * L(aq) 
3. M+SL-(aq) + M+SL-(s) 
4. M+S-(aa) + L(ad  

+2790 f 120 
+3610 f 50 

-5160 f 20 
1-2790 f 120 to -4800 f 70) 

+ M+SL-(aq) 

5. M+S-(s) + L(s) + [-1550 f 200 to -2430 f 1501 
M+SL-(s) 

a Uncertainties represent standard deviation estimates calculated from ex eri 
mental estimates of the uncertainties in solubilities and stability constants. pEk 
timated limits. 

their release to bulk solvent is manifested as a favorable enthalpy change 
for complex formation. Restriction of rotational motion of an included 
substrate molecule could lead to an entropy decrease. 

Such rationalizations do not provide much predictive power. For the 
AL- complex, an entropy increase is seen, and the enthalpy change is very 
small. If the carboxylate enters the cavity, the net result may be a con- 
siderable decrease in solvent order by release of water from the cavity 
and from the carboxylate group. Presumably, the counterion remains 
outside the cyclodextrin. Komiyama and Bender (32) interpreted similar 
AHo and ASa values in complexation of 1-adamantanecarboxylate with 
a-cyclodextrin as evidence for apolar binding of the nonpolar substrate 
to the top of the cavity. This interpretation does not seem applicable to 
the cinnamate-ion system. 

The AHo and ASo values for HAL2 and AL, are similar, considering 
the uncertainties. In each case, the process may be much the same: a li- 
gand cavity is evacuated, the ligand slides over the portion of substrate 
protruding in an SL complex, S readjusts its position within the LZ ag- 
gregate, and solvent reordering occurs. 

The solubility data provide an opportunity for a different kind of 
analysis. Table I1 gives unitary free energy changes for the processes 
described in this paper. Processes 1-4 are for the formation of complex 
HAL; these processes, when added, give the net Process 5. Process 5 is 
solvent independent (if solid L is understood to represent the hydrated 
ligand); it is expected that the same value would be obtained for its AGO 
if corresponding experimental values were available for Processes 1-4 
in another solvent (such as a mixed aqueowrganic solvent). Thus, AGO 
for Process 5 can be compared with AGO for Process 4, indicating that 
the complex formation is more favorable in water than in the solid state. 
Tables I1 and I11 show a similar relationship for the HAL2 and AL- 
complexes. Formation of these complexes in the solid phase is thermo- 
dynamically favorable. 

These processes can be represented as a cycle as for the complex SL 
(Scheme X): 

S ( a d  + U a q )  == SL(aq) 

11 It It 
S(S) + Us) === SL(s) 

Scheme x 
Just as other solvents should lead to the same free energy change for the 
solid phase process, the solid phases in this cycle also could be replaced 
by liquid phases, and rather than using solubilities in the model, partition 

coefficients would be employed. This cycle suggests why, for a series of 
closely related compounds, limited correlations between complex stability 
constants and substrate solubility or partition coefficient may be ob- 
served. 

This analysis suggests new lines of experimental work. It will be nec- 
essary to establish that the free energy change for the solid phase process 
is, in fact, independent of the solvent used. It will be interesting to par- 
tition this free energy change into enthalpy and entropy changes. Since 
a long-term goal is to predict complex stability constants in aqueous so- 
lution (i.e., Process 4 in Table II), these thermodynamic cycles offer a 
promising route; after study of numerous systems, it may be easier to 
estimate the free energy change of Process 5 than of Process 4. The cycle 
then provides a path for the calculation of the free energy change of 
Process 4. 
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Abstract  0 The singlet resonance due to the two equivalent methyl 
groups of amitriptyline hydrochloride in dimethyl sulfoxide-ds solution 
changed into a doublet with the addition of chlordiazepoxide hydro- 
chloride. A spin decoupling experiment revealed that the doublet origi- 
nated because of the emergence of observable spin-spin coupling between 
the tertiary amine proton and the methyl groups. The phenomenon was 
interpreted to be due to the nature of proton transfer caused by the rel- 
ative magnitudes of the basicities of the amines in these compounds, 
which were determined by the inductive and steric effects of the sub- 
stituents, leading to the formation of hydrogen-bonded ion-pairs in the 
aprotic diluent. The enthalpy of the exchange process was 6.4 f 0.5 
kcal/mole. 

Keyphrases 0 NMR spectroscopy-proton transfer in amitriptyline 
hydrochloride-chlordiazepoxide hydrochloride mixtures, dipolar aprotic 
solvent 0 Amitriptyline hydrochloride-effect of chlordiazepoxide hy- 
drochloride on NMR spectra, proton transfer in a dipolar aprotic solvent 

Chlordiazepoxide hydrochloride-effect of amitriptyline hydrochloride 
on NMR spectra, proton transfer in a dipolar aprotic solvent 

The relative magnitudes of the basicities of amines in 
solution essentially determine the outcome of the com- 
petition between the bases for available acidic protons. In 
an analytical study with a formulation containing ami- 
triptyline hydrochloride and chlordiazepoxide free base, 
it was observed that mixtures of the hydrochloride salts 
of amitriptyline and chlordiazepoxide provide an inter- 
esting example of the proton exchange equilibrium caused 
by the relative orders of basicities of the amines in these 
compounds. However, since hydrogen bonding plays a vital 
role in acid-base behavior leading to the formation of many 
types of aggregates, which vary widely in stability, the 
protic solvents such as water and alcohols are not suitable 
for such an investigation because they are actively involved 
in hydrogen bonding and exchange reactions. 

EXPERIMENTAL 

The hydrochloride samples were prepared in NMR grade dimethyl 
sulfoxide-de (99.8 atom % D), which was shaken with molecular sieves 
type 13 X. Spectra were obtained with an NMRspectrometer' equipped 
with accessories for performing double-resonance and temperature- 
dependence experiments. 

RESULTS 

The NMR spectra of chlordiazepoxide hydrochloride and amitriptyline 
hydrochloride in dimethyl sulfoxide-d,j are presented in Figs. 1A and 1B. 
Table I contains the assignments of the NMR spectra of the hydrochlo- 
ride salts and free bases of amitriptyline and chlordiazepoxide. The NMR 
spectrum (Fig. 1C) shows that the singlet resonance due to the two 
equivalent N-methyl groups of amitriptyline hydrochloride changes 
strikingly into a doublet when chlordiazepoxide hydrochloride is added 
to the amitriptyline hydrochloride solution. The doublet is observed when 
the mole ratio of chlordiazepoxide hydrochloride to amitriptyline hy- 
drochloride is 20.1. The doublet (splitting -4.5 Hz) collapses into a 

* Varian XL-lOO/Nicolet TT-100 

Table I-Assignments a of the PMR Spectra  of Amitriptyline 
Hydrochloride and  Free Base and of Chlordiazepoxide 
Hydrochloride and  Free Base 

6, ppm (in Dimethyl Sulfoxide-d6) 
Compound Proton HCl Salt Free Base 

Amitriptyline >CH2 X 4 2.3-3.5 (m) 2.0-3.4 (m) 
-CH3 X 2 2.64 (s) 2.0 (s)  

=CH 5.82 (t, 7.5 Hz) 5.8 (t, 7.5 Hz) 

Aromatic I 6.9-7.4 (m) 6.9-7.35 (m) 
HCl 10.%11.4 (b) 

>CH? 5.0 (s) 4.4 Is) 
Chlordiazepoxide -CH3 3.28 ( s )  2.83 (d, 4.5 Hz) 

Aromaiic 6.3-7105 (m) 6.3-717 (m) 
>NH 11.4 (b) 8.08 (q,4.5 Hz) 
HCl 11.4 (b) 

Multiplicities and, where applicable, coupling constants in Hertz are noted 
within parentheses; s = singlet, d = doublet, t = triplet, m = multiplet, and b = 
broad peak. 

singlet (Fig. 2) when the tertiary amine proton resonance region (6 
-10.5-11.5 ppm) in amitriptyline hydrochloride is saturated by the 
double-resonance technique. 

This experiment conclusively proves that the doublet in the NMR 
spectrum of amitriptyline hydrochloride is caused by the protons in the 
methyl groups becoming spin-coupled to the tertiary amine proton when 
chlordiazepoxide hydrochloride is added. This finding is confirmed by 
the experiments where the doublet collapses into a singlet when the amine 
proton is deuterated by the addition of deuterium oxide. The splitting 
does not arise from nonequivalent N-methyl groups or from stereoisomers 
protonated on opposite sides of the nitrogen atom. 

The spin-spin coupling originates because of the emergence of the 
following predominant rate-determining step (Scheme I) in the acid-base 
equilibrium of amitriptyline hydrochloride in the presence of chlordi- 
azepoxide hydrochloride in dimethyl sulfoxide-d6 solvent: 

N:- - -HC1- NtH- - -C1- 
Scheme I 

where the N:- - -H bond is electrostatic with no charge transfer and the 
N+H bond is covalent with charge transfer. 

With amitriptyline hydrochloride, the proton donor and acceptor are 
both strong enough so that the proton shifts toward the nitrogen nucleus 
under the condition where slightly more than one acid is attracted 
(probably by aggregation) per amine molecule. The product, symbolized 
by N+H- - -C1-, is called a hydrogen-bonded ion-pair (1). Thus, the 
transfer of acidity between the two compounds results in the neutral 
molecule changing into a positive ion where the intermolecular distance 
between the nitrogen and the proton is smaller than in the neutral mol- 
ecule. 

Since the doublet formation indicating that protonation has occurred 
on the nitrogen atom is a reflection of ion-pair formation, the criterion 
of splitting is a qualitative indication of the covalent character of the bond 
between the nitrogen atom and proton. Since the precise character of the 
sp3  orbital occupied by the lone pair of electrons of the nitrogen atom 
depends on the groups linked to this atom, the energy of the NtH bond 
produced and the thermodynamic stability of the positive ion depend 
on the nature of these groups. 

The spin-spin coupling is an interaction that provides two magnetic 
environments for the N-methyl protons, depending on the spin state of 
the N+H proton. Whether or not the N-methyl protons of amitriptyline 
appear as a doublet depends on the lifetime of the spin states of the N+H 
protons. Development of the theory for intermediate rates of exchange 
was first published by Gutowsky et  al. (2). Later extension of the theory 
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SPECTRUM (C) 

TMS 

I 
I 1 1 1 

a 6 4 
PARTS PER MILLION, 6 

2 0 

Figure 1-PMR spectra ( A )  of chlordiazepoxide hydrochloride (50 mg) in 0.5 ml of dimethyl sulfoxide-ds soluent, (B) of amitriptyline hydrochloride 
(50 mg) in 0.5 ml of dimethyl sulfOxide-d6 soluent, and (C) of the combination of amitriptyline hydrochloride (50 mg) and chlordiazepoxide hy- 
drochloride (5 mg) in 0.5 ml of dimethyl sulfoxide-d6 soluent. The doublet is marked with a dashed rectangle. ( T M S  = tetramethylsilane.) 

(3) was not very general in that it did not account for an asymmetric pair 
of lines. Rogers and Woodbrey (4) developed a general treatment in which 
a precise measure of lifetime, T, is obtained from the line shape parameter. 
p. In the case of a doublet, the lifetime is given by the following expres- 
sion: 

(Eq. 1) 

where p is the ratio of the mean of the peak maxima to the minimum 
between them and J is the spin-spin coupling constant. 

At  the point of coalescence, the lifetime is given by: 

2*T(J( = f[2P f 2(p2 - P)''~]''~ for &~TIJI > 1 

2 ? r ~ ( J (  = \/z (Eq. 2) 
The proton exchange rates are obtained from the relation: 

(Eq. 3) 
1 r = -  
T 

The exchange process can be accelerated by raising the temperature 
(Fig. 3). Increasing the temperature increases r since a heat of activation, 
AH, is associated with it according to the Arrhenius equation: 

r a exp ( - A H / R T )  0%. 4) 

where T is the absolute temperature and R is the gas constant. 
The values of the lifetime and proton transfer rate of the positive ions 

at different temperatures, which are calculated from Eqs. 1-3, are listed 
in Table 11. The doublet collapses into a singlet when the probe tem- 
perature is raised to 50° or higher (ambient probe temperature is 32'). 
The activation energy aaaociated with the exchange process is obtained 
from the slope of the plot of: 

(Eq. 5) 

The AH value is determined to be 6.4 f 0.5 kcal/mole. In this example, 
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Figure 2-Transformation of the doublet into a singlet when the ter- 
tiary amine proton resonance is decoupled. 

the spin-spin splitting averages to zero by the transfer process having 
a mean lifetime in the various states of <0.05 sec. Incidentally, the 
chemical shifts of the singlet and doublet due to the methyl groups of 
amitriptyline in the forms of associated complex and ion-pairs, respec- 
tively, are essentially the same (2.64 ppm), probably because (5) of the 
similar wave functions of the species rather than lack of sensitivity of the 
nuclei to changes in electron densities in the two forms of the com- 
pound. 

It is also obvious from Figs. 1B and 1C that the N-methyl doublet 
splitting, which stands out as an observable effect caused by the inter- 
molecular competition for acidic protons in this experiment, is not de- 
tectable in the following combinations since the amount of available 
exchangeable acidic protons is below the necessary threshold: amitrip- 
tyline hydrochloride and chlordiazepoxide base, amitriptyline base and 
chlordiazepoxide hydrochloride, and amitriptyline base and chlordi- 
azepoxide base. This finding is confirmed by the doublet splitting in the 
competition-free model experiment where 5 p1 of 0.01 N HCI is added 
to 20 mg of amitriptyline hydrochloride in dimethyl sulfoxide-de sol- 
vent. 

32°C 
4.5 Hz 
r - i  

49oc 
2 Hz 

DISCUSSION 

The overall acid-base behavior of compounds and, therefore, the ob- 
served competitive behavior of amines for acidic protons are determined 
by the relative proton donor-acceptor affinities and the role of inter- 
molecular hydrogen bonding in dimethyl sulfoxide-&. The relative orders 
of basicities of amines, which can be considered as nucleophilic agents 
whose exact nature depends on the position of the unshared electron pair 
a t  the coordinatively active nitrogen atom, are determined (6) by the 
inductive and steric effects of the substituents attached to this atom. The 
introduction of electron donor groups with positive inductive effects into 
the tertiary amine molecule increases the basicity, and the introduction 
of electron acceptor groups with negative inductive effects lowers the 
basicity. Thus, in one direction, the increasing substitution of the nitrogen 
atom in going from the primary to tertiary amine results in an increase 
in base strength because of the electron-donating property of the alkyl 
group. In the other direction, the increasing steric hindrance due t o  the 
bulk of the alkyl groups decreases the apparent basicity. With amitrip- 
tyline, there is a fairly large amount of positive inductive effect on the 
tertiary nitrogen owing to the methylene and two methyl groups. The 
doublet splitting indicates that the steric hindrance is not large enough 
to neutralize this increase of basicity. In chlordiazepoxide, on the other 
hand, the positive inductive effect induced by the methyl group on the 
nitrogen atom of the secondary amine is reduced by the neighboring 
unsaturation in the ring. Thus, a significant difference in the electronic 
contributions to base strengths exists in the two compounds. The imines 
of chlordiazepoxide, which are expected to be comparatively weak in the 
relative order of basicity, will have a negligible influence on the com- 
petitive acid-base behavior in this study because the competition for the 
acidic protons obviously will be restricted mainly to the secondary amine 
proton of chlordiazepoxide and the tertiary amine proton of amitripty- 
line. 

At this point, it is important to remember that the dipolar aprotic 
solvents such as dimethyl sulfoxide-ds are not truly inert but show proton 
donor-acceptor behavior, thus affecting quantitative relationships (7) 
observed in studying interactions between bases and acids. The aprotic 
solvents are thus admirably suited for ascertaining differentiating kinds 
of acid-base behavior, which are masked in amphiprotic and other active 
solvents. These solvents display significant and differing hydrogen 
bonding tendencies since the interactions of principal interest in such 
solvents are the much stronger interactions between dissolved species, 
including long-range Coulomb effects caused by the general electrostatic 

4oOc 
4Hz 

I I  
r-i 45oc 

3Hz 
r - i  

Figure 3-Variation of the doublet splitting with temperature due t o  the temperature dependence of the proton transfer rates. 
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Table 11-Temperature Dependence of the  Proton Exchange 
Rate  ( r )  and Mean Lifetime ( T )  of the  Positive Ion 

Temperature  KT I J (  a T ,  sec r ,  sec-’ 

320 
40° 
45” 

2.5 
2.0 
1.6 

0.09 11 
0.07 14 
0.06 17 

49O 1.4 0.05 20 

I J (  = 4.5 Hz. 

solvation of the ammonium cation o r  the ion-pair by both the static and 
induced moments of the diluent molecules. Consequently, intermolecular 
hydrogen bonding assumes greater importance in aprotic solvents than 
in leveling solvents in the detection of competitive basic sites. 

The relative degree of dissociation exhibited by amitriptyline hydro- 
chloride and chlordiazepoxide hydrochloride in dimethyl sulfoxide-de 
results from two opposing effects: the positive inductive effect, which 
tends to increase the stability o f  the salts, and the steric influence, which 
tends to decrease the stability. The observed base strengths are deter- 
mined by the relative ease by which the respective amine hydrochlorides 
can form aggregates of ion-pairs by intermolecular hydrogen bonding (8). 
The tertiary amine hydrochlorides have one proton, which is presumably 
bonded to the chloride and unavailable for participation in aggregate 
formation. This condition delays aggregation until a higher concentration 
of acidic protons is reached by transfer of acidity caused by the migration 
of acidic protons from chlordiazepoxide molecules to amitriptyline 
molecules, particularly in a high dielectric constant solvent like dimethyl 
sulfoxide-de. When this happens, owing to the mobility of protons (9) 
within the hydrogen bonds, proton transfer can occur within the hydrogen 
bond representing the joining of the BrGnsted acid-base pair N- - -HCI 
to yield the polar form N+H- - -CI-. 

A t  this time, the tertiary amine hydrochlorides are induced to form 
aggregates of ion-pairs (7) by intermolecular hydrogen bonding in re- 
sponse to the need to stabilize the ion-pairs of the salt. Therefore, the 
proton exchange equilibrium shifts toward the direction of reduced 
proton mobility of the tertiary amine proton of the amitriptyline salt, 
which results in the covalent N+H bond being time resolved in the NMR 
spectrum. This phenomenon is reinforced by the fact that  the tertiary 
amine forms stronger N+H- - -C1- bonds than does the secondary amine 
due to the greater concentration of positive charge in the tertiary am- 
monium ion (10). The stronger the cation-anion hydrogen bonding, the 
less is the extent of the aggregation of the resulting ion-pairs by electro- 
static solvation. While the number of molecules forming an aggregate is 
not determined in this example, it is disrupted when the temperature is 
raised. The existence of a doublet splitting requires that the N-methyl 
protons with fixed orientations of the magnetic moment vector remain 

coupled with the spin state of the N+H group for a time greater than T 

(Table 11). The value ofthe heat of activation for the exchange process 
(-6.4 kcal/mole) probably leads to the suggestion of dimeric aggregates 
being the means of effecting exchange (11). 

In conclusion, NMR spectroscopy is a useful tool tor investigating 
proton exchange equilibrium hetween compounds possessing basic sites 
that compete for acidic protons, particularly in an aprotic solvent. An 
indication of the formation of ion-pairs and, hence, the covalent character 
of the nitrogen-proton bond are provided by the appropriate line split- 
ting, which also gives an estimate of the mobility of‘ protons existing in 
the exchange environment influenced by varied types of intermolecular 
hydrogen bonding and solute-solvent interactions. 
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Abstract  A rapid, simple, and accurate high-performance liquid 
chromatographic procedure using an amino-bonded microparticulate 
column is reported for the determination of chlorpromazine hydrochlo- 
ride (I) and its two oxidation products, the sulfoxide (11) and the sulfone 
(III), in commercially available pharmaceutical dosage preparations. 
Simultaneous identification and quantitation of I1 and I11 in the presence 
of a t  least 100 times the amount of parent compound were achieved with 
selective fluorometric detection. Identification and quantitation of I were 
achieved by changing the fluorescence detection mode. A typical chro- 
matographic run was completed within15 min. The described procedure 
is simpler, more sensitive, and more accurate than the USP XIX methods, 
particularly for the analysis of I1 in injectables. Quantitation of I1 and 
111 at  levels as low as 0.1 pg, representing 0.1% contamination, was 
demonstrated. 

Keyphrases Chlorpromazine hydrochloride-and oxidation products, 
high-performance liquid chromatography and fluorescence detection, 
dosage forms 0 High-performance liquid chromatography-rapid de- 
termination of chlorpromazine hydrochloride and two oxidation products, 
dosage forms Phenothiazines-chlorpromazine hydrochloride and two 
oxidation products, rapid determination by high-performance liquid 
chromatography and fluorescence detection, dosage forms 

Tricyclic antidepressants of the phenothiazine type are 
important psychopharmacological agents in modern psy- 
chotherapy and have continuously attracted interest since 
their discovery. One clinically useful member of this class 
is chlorpromazine hydrochloride (I). It readily undergoes 
sulfoxidation at  the sulfur atom in position 5 to form the 
sulfoxide (II), which may be further oxidized to the sulfone 
(111). 

BACKGROUND 

The LISP XIX monographs (1) specify limits for certain impurities and 
degradation products in various dosage formulations of chlorpromazine 
and its hydrochloride salt. For instance, a maximum of 0.5% for “other 
alkylated phenothiazines” is allowed. Although the widespread occur- 
rence of both alkylated and nonalkylated compounds was recently 
demonstrated in various tablet formulations, many of the impurities 
found are also used as therapeutic agents and thus were not considered 
as a health hazard (2). However, the presence of these artifacts deserves 
attention during manufacturing quality control procedures (2) as an index 
to adherence with recognized Current Good Manufacturing Practices. 

The USP XIX permits I1 in injectables up to a maximum of 5%, but 
the ‘I‘LC identification test used is only semiquantitative a t  best. Fur- 
thermore, this test. lacks the specificity desired since the comparison is 
made with the TLC spot of the USP chlorpromazine hydrochloride ref- 
erence standard and not with that of the sulfoxide reference material. 
Similar TIX identification tests are also used for the other alkylated 
phenothiazines. One is never certain whether 11,111, the other alkylated 
o r  nonalkylated phenothiazines, or other degradation products are being 
determined. 

The quantitative determination of chlorpromazine and its hydro- 
chloride salt in dosage preparations is based on the differential UV ab- 
sorption of the drug using two absorption maxima (254 and 277 nm). Pure 
drug substances are assayed by perchloric acid titration. 

In general, it is inherently more desirable to use simpler and more ac- 
crirat.e techniques and to avoid complex and nonspecific analytical 

0 
t 

N(CH3), 

I 

(CH ) 
I 

N(CH,): 
I1 

111 
methods. Thus, there is a need for developing a suitable analytical method 
to identify and quantitate I and its degradation products rapidly (espe- 
cially 11). 

Many procedures have been reported for the determination of I and 
its metabolites. Previously reported fluorescence properties of pheno- 
thiazine drugs (3-6) indicate spectrofluorometry to be useful for quali- 
tative and quantitative analyses of these compounds. The differences 
in the fluorescence spectra of I and its S-oxidation products may be 
particularly useful in the development of a rapid and simultaneous de- 
termination. However, it has been virtually impossible to differentiate 
between I1 and I11 by conventional spectrofluorornetry when present in 
a mixture (6). 

In recent years, high-performance liquid chromatography (HPLC) has 
been employed in the determination of I and its derivatives (7-11). In 
general, UV detection has been used. However, a method for the simul- 
taneous determination of 1-111 has not been previously reported. This 
article describes the development of such a method, combining both the 
HPLC separation and fluorescence detection techniques for determining 
these three compounds in mixtures with other constituents normally 
present in commercial pharmaceutical preparations. 

EXPERIMENTAL 

Reagents and Chemicals-Compounds I’, 112, and 1112 were used as 
received. All other reagents were analytical reagent grade except d-ara- 
boascorbic acid3. All solvents were glass distilled4. 

Apparatus-The liquid chromatograph5 was equipped with recip- 
rocating dual-piston constant-flow rate pumps, a rotary valve injector6, 

1 United States Pharmacopeial Convention, Rockville. Md. * Smith Kline and French Laboratories, Philadelphia, Pa. 
Eastman Kodak Co., Rochester, N.Y. 
Burdick & Jackson Laboratories, Muskegon. Mich. 
Model 35008, Spectra-Physics, Santa Clara, Calif. 
Six-port rotary valve (7OOO-psi capacity) with a 1OO-pl external loop, Valco 

Instrument Co., Houston, Tex. 
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a filter fluorescence detector7, a variable-wavelength UV detectors, a 
computing integrators, and a recorderlo. The HPLC columns were: ( a )  
a 25-cm X 4.6-mm i.d. stainless steel column commercially packed with 
10-pm amino-bonded microparticle packing" and ( b )  a 30-cm X 4-mm 
i.d. stainless steel column commercially packed with 10-pm amino- 
bonded microparticle packing12. Ambient temperature was used 
throughout these experiments. 

Mobile Phase-The mobile phase consisted of acetonitrile-ben- 
zene-water (16:41), with the water containing 0.01% each of sodium 
metabisulfite and d-araboascorbic acid as antioxidants. The prepared 
mobile phase was filtered13, degassed, and stored in the solvent reservoir 
of the instrument. 

Standard Solutions-All standard materials were dissolved in and 
made to volume with acetonitrile. All solutions were protected from 
light. 

Linearity Standards-Five standard solutions, ranging in concen- 
tration from 1.00 to 50.0 pg/ml, were individually prepared in acetonitrile 
for I1 or 111. The I standard solutions (10.06oO pg/ml) also were prepared 
in acetonitrile. Duplicate 100-pl aliquots of each solution were chroma- 
tographed. 

Daily Calibration Standard Mixture-A mixture of the three standard 
materials in acetonitrile was made fresh each day and contained 10.0 
pg/ml each of I1 and IIX and 1000 pg/ml of I. 

Analysis of Pharmaceutical  Dosage Preparations-For I1 or I11 
determination, sample solutions were accurately prepared as indicated 
so that the final concentration of I, based on the declared potency, was 
1 mg/ml. For I determination, sample solutions were accurately prepared 
so that the final comentration of I, based on the declared potency, was 
100-250 pg/ml. 

Injectables-A sample aliquot was diluted and made to volume with 
acetonitrile. 

Tablets-Tablets were powdered, weighed, warmed over a steam bath 
in acetonitrile, and shaken vigorously for 1 min. The solution was allowed 
to cool and then was filtered and made to volume with acetonitrile. 

Concentrates-An aliquot was diluted and made to volume with ac- 
etonitrile. 

Syrup-An aliquot was mixed with acetonitrile, warmed over a steam 
bath, and shaken vigorously for 1 min. The solution was allowed to cool 
and then was filtered and concentrated under nitrogen to volume before 
injection. 

Suppositories-A sample was warmed over a steam bath in acetonitrile 
until dissolution was complete. After cooling, the sample solution was 
filtered and made to volume with acetonitrile. 

Detection-The HPLC eluates were monitored by the UV absorption 
a t  345 nm and by fluorometry with excitation at 280 nm and emission at 
385 nm for I1 and 111 or at 450 nm for I. All three compounds in ap- 
proximately equal amounts can be simultaneously detected by fluo- 
rometry if the emission detection is set a t  400 nm. Peak height was used 
for quantitation. 

RESULTS AND DISCUSSION 

HPLC Column-Polar bonded phases used in the normal mode fre- 
quently produce separations similar, but often more efficient, to those 
obtained on silica.ge1 packings. One highly polar hydrogen bonded phase 
that is readily available commercially is a chemically bonded aminosilane. 
I t  is stable toward hydrolysis, can be used for normal or reversed-phase 
chromatography, and is less sensitive to water adsorption than is silica 
gel. 

This material performed well in the normal phase HPLC separation 
of I and its two oxidation products, I1 and 111 (Fig. 1). Its unique selec- 
tivity and speed were amply demonstrated. Since these materials eluted 
rapidly, the expenditure of time and expensive organic solvents was 
greatly minimized. 

HPLC Mobile Phase-Various isocratic and gradient mobile phase 
systems were tried before acetonitrile-benzene-water (16:4:1) was se- 
lected. Water-free mobile phases were undesirable since the elution of 
I1 was delayed considerably. They also resulted in a badly tailing peak. 
With the addition of water to the mobile phase, I1 rapidly eluted in a 

Fluorichrom with deuterium lamp source, Varian Associates, Palo Alto, 

Model 837 spectrophotorneter, DuPont Instruments, Wilmington, Del. 
Model 3385A. Hewlett-Packard Co., Palo Alto, Calif. 

lo Model 285, Linear Instrument Corp., Irvine, Calif. 
l1 Lichrosorb NH2, Altex Scientific, Berkeley, Calif. 
l2 pBondapak NH2, Waters Associates, Milford, Mass. 
l3 A 5.0-pm type LS filter, Millipore Corp., Bedford, Mass. 

Calif. 

F450"m 

0 5 i o  i 5  
MINUTES 

Figure 1-Chromatograms of standard mixtures of chlorpromazine 
hydrochloride (I) and its two S-oxidation products, sulforide (11) and 
sulfone (III) (5 pg each). UV absorption was a t  345 nm (A)  and fluo- 
rescence emission was a t  400 (B), 385 ( C ) ,  or 450 (D) nm. The HPLC 
column was pBondapak NH2, the pressure was 140psi, and the flow rate 
was 1.0 mllmin. 

sharp and symmetrical peak. The amount of water added was carefully 
controlled as soon as it was optimized since varying the amount of water 
produced changes in the retention time of 11. However, unlike silica gel, 
the amino-bonded packing was less sensitive to water adsorption, and 
lengthy equilibration was not required as the water content of the mobile 
phase was varied. 

The inclusion of benzene in the mobile phase also was desirable to 
stabilize the retention time of 11. Without benzene, I1 always eluted a little 
slower when injected in a mixture with I (a 1OO:l ratio) and 111. When the 
amount of benzene in the mobile phase was increased, the resolution of 
the three compounds greatly improved, although it took longer for a 
complete chromatographic run (e.g., 12 uersus 30 min). However, an 
increase in the amount of benzene limited the amount of water that could 
be mixed into the mobile phase. For instance, when benzene was increased 
from 20 to 50%, water had to be reduced to -1% to keep the mobile phase 
homogeneous. 

Selection of Fluorescence Detection Mode-Compound I displayed 
three UV maxima while I1 and I11 each had four UV maxima (12, 13). 
Since benzene was used as a component of the HPLC system, the ab- 
sorbance below 280 nm of these phenothiazine derivatives was lost. 
However, this loss did not present problems since the compounds were 
monitored a t  wavelengths longer than 280 nm. 

Simultaneous quantitation of I and its two oxidation products was 
possible with the aid of a UV detector only when all three compounds 
were present in approximately equal amounts and were completely free 
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Table I-Analysis of Pharmaceutical  Dosage Preparat ions 

Dosage 
Preparation 

Declared Number Chlorpromazine 
Potency of of Hydrochloride Chlorpromazine 

Chlorpromazine Samples Content Sulfoxide 
Hydrochloride Analyzed (Average), % Content, 70 

Tablet 10 mg/tablet 
SuppositoryC 25 mg/suppository 
syrup, 10 mg/5 ml 
Injection, single dose (1 ml) 25 mg/ml 
Injection, multiple dose (10 ml) 25 mg/ml 
Concentrate (120 mi) 30 mg/ml 

2 
4 
4 

10 
2 
4 

100 
99 
95 

103 
102 
102 

ND * 
ND 
ND 
ND 
ND 
1.03,0.69, 

0.73.0.90 

a Chlorpromazine sulfone was not detected in any pharmaceutical dosage preparation tested. ND = none detected. Contained chlorpromazine. 

from other UV-absorbing ihterferences. When I was present in a 100-fold 
excess, I11 was completely obscured by I. Furthermore, when such a large 
amount of I was chromatographed, other strong UV-absorbing impurities, 
although present in small amounts relative to the parent compound, 
hecame detectable and interfered with the determination of 11. 

Fluorescence detection is more selective and, therefore, better suited 
for this type of analysis. The differences in the fluorescence character. 
istics of I, 11, and 111 were useful in developing this rapid HPLC procedure 
for their determination. To determine I1 and 111, the fluorescence emis- 

1 I 

""345nm 

Fluorescence 

L 
385nm emission 

Figure 2-Typical chromatograms of chlorpromazine hydrochloride 
( I )  concentrate Key: A ,  sample spiked with sulfoxide (11)  and sulfone 
(111) at 1 'b  (Zpg) level; and H, icnspiked sample. The HPLC column was 
Lichrosorb N H z .  the pressure was 110 psi, and the flow rate was 1.0 
rn llmin. 

sion signal of I was completely eliminated by selectively choosing the 
emission signals of the oxidation products at 385 nm while I was similarly 
determined by switching to an emission wavelength of 450 nm. The im- 
purities in I observed in its UV chromatogram were completely eliminated 
in its fluorescence chromatogram when the emission signal was set a t  385 
nm. 

An alternative means of quickly and simultaneously identifying these 
three compounds was to determine selectively their fluorescence emission 
at 400 nm. At this wavelength, all three compounds could be detected if 
they were present in approximately equal amounts. 

One problem encountered in the quantitative fluorescence determi- 
nation of very low concentrations of phenothiazines is the interference 
from Raman scattering (3). This interference becomes particularly critical 
in the determination of I1 (6) or 111. In the HPLC procedure described, 
a deuterium lamp source was used a t  280 nm to lessen the Raman scatter 
influence. I t  also provided the stronger energy available a t  this wave- 
length. 

The detection limit for UV and fluorescence modes remained about 
the same for I. For I1 and 111, fluorescence was relatively more sensitive. 
However, unlike UV photometric detection, fluorescence detection is 
generally free from interferences caused by pump pulses and changes in 
the refractive index due to solvent peaks. Fluorescence detection also 
provides a convenient option of selectively eliminating all unwanted 
signals. All peaks obtained were well defined, sharp, and symmetrical and 
eluted within 15 min. 

Linearity, Reproducibility, and Sensitivity-Fluorescence response 
curves of 1-111 were all linear in the ranges examined (1-50 pg for I and 
0.1-5 pg for both I1 and 111). 

Good reproducibility of the described HPLC procedure using fluo- 
rescence detection was demonstrated when six 100-pl aliquots of a 
standard mixture containing 1.0 pg each of I1 and 111 in the presence of 
100 pg of I were chromatographed. The relative standard deviations were 
1.5 and 2.1% for I1 and 111, respectively. This standard mixture was then 
diluted with acetonitrile so that each 100-pl injection represented 25 pg 
of I. The reproducibility of the method for I was determined by chro- 
matographing six 1oO-pl diluted aliquots. The relative standard deviation 
was 1.2%. 

The minimum detectable limit of 1-111 under the fluorescence condi- 
tions described was 0.05 pg for all three compounds. Under the sample 
conditions described, this limit represents, in most cases, a minimum 
detectable contamination level of 0.05% for I1 and I11 with resDect to the 
parent compound. 

Samule Analvsis and  Hecoverv-Various I formulations (Table I) 
were analyzed by this HPLC procedure using fluorescence detection. The 
UV detection mode was useless for 111 since it was completely obscured 
by the 100-fold amount of the parent drug. Furthermore, UV-absorbing 
impurities of the parent drug interfered with the determination of 11. In 
addition, the UV detection mode was sensitive to changes in the refractive 
index of the solvent passing through it. 

Table 1 indicates that, in almost all samples analyzed, neither I1 nor 
111 was detected a t  the detection limit of 0.05%, even though the samples 
assayed were a few years old and were not representative of current for- 
mulations. (All samples were obtained during December 1975 and stored 
intact in the dark a t  room temperature. Samples were analyzed during 
November 1977.) The notable exceptions were the four samples of I 
concentrate that contained 0.7-1.070 of 11. Figure 2 shows a typical 
chromatogram of I concentrate containing a low level of 11. 

All samples were also analyzed for I; the diluted aliquots of the sample 
solutions prepared for I1 and 111 assays were used. The same HPLC pa- 
rameter was used throughout, except that the fluoronietric detection was 
monitored a t  the 450-nm emission. All pharmacopeial samples were 
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within the LISP S I X  monograph limits. The I content of nonpharma- 
copeial concentrate was also satisfactory. 

For a recovery study, five samples (tablet, concentrate, suppository, 
single-dose injectable, and multiple-dose injectable) were each spiked 
at 1%) levels of II and I11 and analyzed. The mean recoveries ( n  = 5) were 
98.3 and 97.5% with relative standard deviations of 1.8 and 2.4% for I I  and 
111, respectively. A syrup sample was spiked at  5% levels of11 and 111; 104 
and 103% recoveries were obtained, respectively. 

USP Reference Standard-Analysis of' freshly obtained USP I ref- 
erence standard (200 pg) by the UV absorption mode revealed 0.18% ot' 
"apparent" 11. However, this peak was totally absent in the fluorescence 
chromatogram, proving that no I1 was present in the reference standard. 
The minimum detection level in this case was a t  0.025%. When this 
standard solution was again analyzed 10 days later, its fluorescence 
chromatogram demonstrated the presence of  I 1  (0.03%). This change 
appeared to he due to the autoxidation of I. Although the solution was 
stored in the dark when not in use, dissolved oxygen was not purged and 
the solution was under a normal atmosphere at  room temperature during 
its storage. 

CONCLUSIONS 

A novel approach of using an amino-honded HPLC packing for the 
rapid and quantitative determination of  I and two of its oxidation 
products was presented. Unlike the UV photometric determination, the 
selective fluorescence detection approach permitted a fast, qualitative, 
and quantitative determination of a mixture of trace components, I 1  and 
111, in the presence of a t  least a 100-fold excess of parent drug. It also 
permitted a fast and selective determination of the major component, 
1. Interferences from other impurities were not encountered. A typical 
HPLC analysis was completed within 15 min. For all three compounds, 
the fluorescence response was linear i n  the ranges tested, and the mini- 
mum det.ectable amount was 0.05 pg. 

The described HPLC procedure allows the injection of  diluted raw 
samples directly into the HPLC system. The recoveries of11 and 111 from 

commercial samples at  1% contamination levels were satisfactory. The 
described method is also simpler, more sensitive, and more accurate than 
the USP XIX methods for determining I o r  11. 
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Abstract  o One lot of indomethacin raw material, five lots capsule 
preparations, and three lots of suppository formulations were screened 
for impurities by TLC. Only the suppository products exhibited im- 
purities above trace levels. The two main impurities were present at  levels 
estimated a t  -0.5 and 2%. After isolation from preparative TLC plates, 
they were identified by NMR, IR, and mass spectroscopy as the cu-suh- 
stituted monoglyceryl esters of 4-chlorobenzoic acid and indomethacin, 
respectively. 
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Omrrence in commercial preparations. Indomethacin may 
be synthesized by several routes (3-7). However, these 
methods are generally modifications of the original pro- 
cedure described by Shen et al, (3). 

This paper deals with impurities observed i n  a routine 
TLC screening program of indomethacin drug substances 
and formulations. The main impurities found in supposi- 
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Table I-TLC Characterist ics of Indomethacin a n d  Its 
Impurit ies 

Compound 

Detection 
Limit, 

4" R f b  L(g 

Indomethacin (I) 0.80 0.40 0.1 
4-Chlorobenzoic acid (11) 0.90 0.50 0.2 
5-Methoxy-2-methyl-3-indoleacetic acid (111) 0.75 0.38 0.1 
Indomethacin-a-monoglyceride (IV) 0.24 0.33 0.1 
4-Chlorobenzoic acid-a-monoglyceride (V) 0.35 0.28 0.2 
VI 0.64 0.53 - 

VII 0.70 0.55 - 

a In ether-acetic acid (100:3). In benzene-methanol-acetic acid (90:10:3). 

methyl-3-indoleacetic acid, (III), glycerin' (ACS grade), pyridine' (ACS 
grade), ether2 (USP grade), acetic acid3 (ACS grade), benzene4 (ACS 
grade), methanol4 (ACS grade), anhydrous sodium sulfate4 (ACS grade), 
and sodium hydrogen carbonate4 (analytical reagent) were obtained 
commercially. 

TLC plates were precoated with silica gel 60 F-254 (20 X 20 cm, 0.25 
mm) or silica gel GF5 (20 X 20 cm, 1.0 mm). 

Standard Solutions-Ether solutions of the following were prepared: 
I, 20 mg/ml; II,0.25 mg/ml; and III,0.25 mg/ml. 

TLC Systems-Two developing systems were used: A, ether-acetic 
acid (1W3); and B, benzene-methanol-acetic acid (90:103). Both solu- 
tions were placed in filter paper-lined chromatographic tanks and allowed 
to equilibrate for 1 hr prior to use. Spots were visualized with UV light 
a t  254 nm. 

Drug Substance, Capsule, and Suppository Extraction-About 
100 mg of indomethacin drug substance, accurately weighed, was dis- 
solved in 6 ml of ether. The solution was analyzed by TLC. 

The contents of 10 capsules were emptied and weighed. An amount 
of powder equivalent to about 100 mg of indomethacin was accurately 
weighed into a screw-capped tube, 10 ml of ether-water (1:l) was added, 
and the mixture was shaken vigorously for 15 min and then centrifuged. 
A portion of the ether layer was used for TLC analysis. 

Five suppositories, equivalent to 500 mg of drug, were stirred vigorously 
in a stoppered flask for 30 min in 50 ml of ether-water (1:l). The heter- 
ogeneous solution was transferred to a screw-capped tube and centri- 
fuged. The ether layer was used for TLC analysis. 

Screening for  Impurities-The Rf  values of the drug and each im- 
purity were determined in both TLC systems, and the lower limits of 
detectability of I, 11, 111, IV (indomethacin-a-monoglyceride), and V 
(4-chlorobenzoic acid-a-monoglyceride) were established (Table I). Al- 
iquots of l ,  10, and 25 rl(20,200, and 500 pg of I) of the ether extracts 
of each formulation and drug substance were spotted (0.25-mm plate) 
beside 1-, lo-, and 25-pl(20-, ZOO-, and 5OO-pg) aliquots of the standard 
solution of I and 1-, 5-, lo-, and 20-4 (0.25-, 1.25-, 2.5-, and 5-wg) portions 
of each standard solution of I1 and 111. 

The concentrations of impurities in the formulations (Table 11) were 
estimated by comparison of the spot diameters and intensities with the 
corresponding spots of the standard solutions. 

Isolation of Impurities-Impurities IV and V (Tables I and 11) were 
isolated from Suppository Formulation A using the following procedure. 
Ten suppositories were shaken vigorously for 30 min in 100 ml of ether- 
water (1:l) in a separator. The ether layer was transferred to an erlen- 
meyer flask and dried over anhydrous sodium sulfate for 15 min. The 
mixture was filtered, and 1 ml of the filtrate was applied to a silica gel GF 
(1.0-mm) plate using a commercial TLC sample streake$. The streaking 
operation was repeated on several plates. Each plate was developed in 
System A until the solvent front reached the top of the plate. 

After development and hot air drying of each plate, the bands cqrre- 
sponding to IV and V were scraped off the plate into separate flasks; the 
total scrapings of each of these impurities were stirred in 75 ml of ether 
for 2 hr. The mixtures were filtered, and the filtrates were dried over 
anhydrous sodium sulfate and filtered again. The plate extract solutions 
of impurities IV and V were brought to dryness under a stream of pure 
dry nitrogen, and the separate residues were dried in uacuo a t  60' over- 
night. Pale-yellow oils were obtained. The purity of each compound as 
isolated was checked by TLC in both solvent systems. 

III (mol. wt. 219.2) 
+ 

61 
I (mol. wt. 357.81) 

C1 
II (mol. wt. 156.6) 

CH,O wCH&KXXH.$HCHOH t -+ 

I Q 4 COOCH,CHCH,OH 
I 

OH 
CH, 

c1 
V (mol. wt. 230.7) 

c1 
IV (mol. wt. 431.9) 

Scheme f 
Synthesis of 4-Chlorobenzoic Acid-a-monoglyceride (V in 

Scheme 1)4-Chlorobenzoyl chloride (3.5 g, 0.02 mole) was slowly added 
dropwise with constant stirring to a solution of glycerin (4.0 g, 0.04 mole) 
in dry pyridine (10 ml) a t  Oo. Then the solution was allowed to warm to 
ambient temperature for 2 hr. The reaction mixture was diluted to 30 ml 
with water and extracted with three 25-1111 portions of ether. The ether 
extracts were combined and shaken with four 15-ml portions of 5% 
aqueous sodium bicarbonate solution followed by two 10-ml portions of 
water. The ether layer was dried for 30 min over anhydrous sodium sul- 
fate, the mixture was filtered, and the filtrate was evaporated to dryness 
under a stream of pure dry nitrogen. The oily residue was dried overnight 
in U ~ C U O  over phosphorus pentoxide at 50'. Recrystallization from 
benzene afforded white crystals (mp 88-89'). 

The product was checked by TLC in both solvent systems against 
impurity V isolated from the plates and was subjected to NMR7, IRs, and 
mass spectral9 analyses. 

Characterization and  Elucidation of IV and V Structures-In- 
domethacin-a-monoglyceride (1V)-IR (liquid film): 3200 (OH, br), 1725 
(ester carbonyl), 1670 (amide carbonyl), and 1500 cm-'; NMR'O (CDC13): 
6 7.69 [d,2H,ArH (2',6'),J = -9 Hz],7.47 [d,2H,ArH (3',5'),J = -9 Hz], 
6.97 [d, IH, ArH (4), J = -2.5 Hz], 6.90 [d, lH,  ArH (7), J = -9 Hz], 6.67 
[d, d, lH,  ArH (6), J = -9 and 2.5 Hz], 4.22 (d, 2H, COOCH2, J = -5 Hz), 
3.M (s,3H,OCH3),3.72 (~,2H,CH&OO),3.62-3.53 (m,3H,OCHCH20), 
2.39 (s, 3H, CH3), and 2.05 (s,2H, OH, disappears on D20 exchange) ppm; 

' Briiker WP80 Fourier transform spectrometer. 
8 Perkin-Elmer model 621 grating IR spectrophotometer. 

Hewlett-Packard GLC-MS system 5985 with ionization potential of 70 ev. 
' 0  The aromatic protons on the indole ring are designated as 4,6, and 7 while the 

aromatic protons on the 4-chlorobenzoyl ring are designated as ortho (2' and 6') 
and meta (3' and 5') to the carbonyl group. 

Mallinckrodt Canada Lt.d., Toronto, Ontario, Canada. 
d. T. Baker Chemical Co., Phillipsburg, N.J. 
BDH Chemicals Ltd., Toronto, Ontario, Canada. 
Uniplates, Mandel Scientifir Co. Ltd., Ville St-Pierre, Quebec, Canada. 

ti Applied Science Laboratories, State College, Pa. 
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OH I l+ 

m/e 431 1433 m/e 174 

m/e 293 
I-[CH,-GKCH,OH] 

m/e 219 

-[HCHO] 

C H , C O O H ~ ~  
l ox H CHJ 

m/e 189 
Scheme 11 

mass spectrum: electron-impact mode, mle 431/433 (Mt, 100/36%), 293 
(16), 219 (M) ,  189 (23), 174 (35). and 139/141 (82/33). The fragmentation 
pattern of this impurity is illustrated in Scheme 11. 

4-Chlorobenzoic Acid-a-monoglyceride (V) (TLC Isolate and Syn- 
thesized Product)-IR (liquid film): 3200 (OH, br) and 1725 (ester car- 
bony]) cm-1; NMR” (CDC13): 6 8.01 [d, 2H, ArH (2,6), J = -9 Hz], 7.43 
[d, 2H, ArH (3, 5), J = -9 Hz], 4.44 (d, 2H, COOCHz, J = -5 Hz), 
4.09-3.48 (m, 3H, OCHCH?O), and 2.05 (s,2H, OH, disappears on DzO 
exchange) ppm; mass spectrum: chemical-ionization mode (CH4), m/e 
231/233 (M+ + 1,100/35%) and 213/215 (M+ + 1 - HzO, 93/31). 

RESULTS AND DISCUSSION 

The ethereal indomethacin solutions used were saturated and, as such, 
were prone to precipitation if not kept well capped. Alternatively, more 
dilute solutions could be prepared by increasing the amount of ether for 

’1 The aromatic protons are designated as ortho (2 and 6) and meta (3 and 5) to 
the carbonyl group. 

Table 11-Impurity Levels i n  Indomethacin Drug Substance and 
Formulations 

Dosage Level, Impuritiesa, % 
Form mdunit  I1 111 IV v VI VII 

Bulk drug - T r b  Tr  ND‘ ND ND ND 
Capsule 40 Tr  Tr  ND ND ND ND 
Cansule 25 Tr  Tr  ND ND ND ND 

26 Tr  Tr  ND ND ND ND ~~ ~~ -_ 
25 T r  Tr  ND ND ND ND 
50 Tr  Tr  ND ND ND ND 

Suppository 100 Tr  Tr  2 0.5 Tr  T r  
Suppository 100 T r  T r  2 0.5 T r  Tr 
Suppository 100 Tr  T r  2 0.5 Tr  Tr  

a Estimated by TLC and expressed as a percentage of the label claim of drug. 
b Trace (<0.05%). None detected. 

dissolution or extraction by 50%. However, for application of the same 
amounts of drug to the TLC plates, the larger sample volumes required 
resulted in somewhat more diffuse spots and bands. 

The data given in Table I1 indicate that only the suppository products 
exhibited impurities (IV and V) above trace levels. Compounds IV and 
V were estimated by TLC to be present a t  levels of -2 and 0.5%. respec- 
tively. Both impurities are formed through chemical interaction of the 
drug with glycerin present in the suppository. Indomethacin produced 
these materials in significant amounts when heated with glycerin in the 
presence of trace mineral acid a t  80’ for 24 hr. Moreover, when reacted 
with glycerin under the same conditions, 4-chlorobenzoic acid gave ap- 
preciable amounts of V. Reaction of I11 with glycerin gave rise to an oily 
product (Rf  0.19, System A), which did not correspond to any of the ob- 
served impurities but which was consistent (NMR and IR) with an 
a-monoglyceride structure. In addition to IV and V and trace levels of 
I1 and 111, two other impurities (VI and VII) were observed in the sup- 
positories. Since only traces of these impurities appeared to be present, 
they were not investigated further. 

The bulk drug sample and the capsule formulations gave traces of I1 
and 111, confirmed by comparison of Rf values in the two solvent systems 
with authentic specimens of these compounds. No other impurities were 
observed in the bulk drug and capsule preparations. 
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Abstract  0 A nitrogen mustard analog of propranolol was synthe- 
sized as a potential lung-specific antitumor agent. Since dl-propranolol 
concentrates in lung tissue and P-blocking activity resides only with the 
I-enantiomer, the d-modification could serve as a lung-directed carrier 
for a cytotoxic group. Reaction of l-(l-naphthyloxy)-3-[bis(2-hydroxy- 
ethyl)amino]-2-propanol with thionyl chloride resulted in replacement 
of all three hydroxyl groups with chlorine. The necessary chlorination 
selectivity was achieved with p-toluenesulfonyl chloride in dimethyl- 
formamide solution to provide propranolol mustard, 1-(1-naph- 
thyloxy)-3-[his(2-chloroethyl)amino]-2-propanol. Both the trichloro 
compound and propranolol mustard showed reproducible activity against 
P-388 leukemia. Neither compound was active against the B16 tumor 
or Lewis lung carcinoma. 

Keyphrases Propranolol-nitrogen mustard analog, synthesis, po- 
tential lung-specific antitumor activity Antitumor agents, poten- 
tial-lung specific, propranolol mustard, synthesis 0 Alkylating 
agents-propranolol mustard, synthesis, potential lung-specific anti- 
tumor activity 

Alkylating agents, especially the nitrogen mustards, 
continue to be an important class of drugs in the man- 
agement of clinical cancer. Although early analogs involved 
the attachment of the mustard group to carriers seemingly 
randomly selected (I), cancer chemotherapists of the last 
decade have attempted to design new mustard derivatives 
based on exploitable differences between cell types and 
with the best attainable cytotoxic specificity toward neo- 
plastic tissue (2). 

A carrier moiety that has potential for selectively di- 
recting a mustard group to lung tissue was suggested re- 
cently (3) as having possible utility in the treatment of 
pulmonary carcinoma. It was reported (4) that high levels 
of dI-propranolol (I) concentrate in the lungs. Although 
the I-enantiomer produces a 0-adrenergic blockade, the 
antipode is inactive as a 0-blocker. Therefore, d-pro- 
pranolol might serve effectively as a carrier for lung-di- 
rected alkylating agents that would be devoid of undesired 
effeck on the peripheral autonomic nervous system. For 
example, replacement of the isopropylamino substituent 
of I with a bis( 2-chloroethy1)amino group would result in 
mustard V shown in Scheme 1. 

As a continuation of the development of drugs for the 
treatment of lung cancer (5), the synthesis of a propranolol 
mustard (V) was initiated. Although the preliminary plan 
called for working with racemic synthetic intermediates 
leading to racemic V, the synthetic sequence (Scheme I) 
provided the option of resolution of optical isomers if bi- 

I 

ological test data of the racemic mixtures were encour- 
aging. 

RESULTS AND DISCUSSION 

Chemistry-Condensation of (1-naphthy1oxy)methyloxirane (11) with 
diethanolamine (Scheme I) gave a trio1 (III), which was isolated in ex- 
cellent yield as the hydrochloride salt. Conversion of I11 to V necessitated 
a regioselective chlorination of the two primary hydroxyl groups to gen- 
erate the mustard functionality. Chlorination of 111 with thionyl chloride, 
using a procedure (6) that was utilized successfully in the preparation 
of a similar nitrogen mustard, nonspecifically gave the trichloro com- 
pound IV as the only isolated product. 

The '3C-NMR spectrum' of IV showed chemical shifts at  42.0 and 57.2 
ppm due to the carbon atoms bearing the chlorine suhstituents and the 
carbon atoms bonded to the nitrogen atom of the mustard group, re- 
spectively. These assignments compare well with those reported (7) for 
the bis(2-chloroethy1)amino group of cyclophosphamide. The remaining 
aliphatic carbon atoms gave resonance signals at 69.2 (OCHz), 58.6 
(CICH), and 57.5 (CH2N) ppm. These assignments were verified by ob- 
serving the chemical shift multiplicities in a spectrum obtained in the 
partially decoupled mode. The shifts recorded for the carbon atoms of 
the aromatic nucleus were in line with those reported (8) for I. 

The necessary regiospecific chlorination of 111 was obtained using 
p-toluenesulfonyl chloride in dimethylformamide solution to provide 
the targeted compound, propranolol mustard (V). The poor water solu- 
bility of the hydrochloride salt of V allowed it to be separated easily in 
a 44% yield from other reaction products. Although used to advantage 
in the present work, the formation of alkyl chlorides first was reported 
(9) as a side reaction occurring with the tosylation of primary alcohols 
with p-toluenesulfonyl chloride in dimethylformamide solution. 

The mass spectra of mustards IV and V showed molecular ions a t  mle 
359 and 341, respectively, and both gave their base peaks at m/e 154 due 
to the [ C H F N ( C H ~ C H ~ C ~ ) ~ ] +  ion, which resulted from cleavage of the 

OH 

NH(CH,CH,OH) @gH - OH 

I1 / III 

SOCl, / 
C1 
/ 

p-toluene- 
sulfonyl 
chloride1 
dimethyl- 
formamide I 

V 
Scheme 1 

Determined in deuterochloroform solution (0.3 M )  by R. J.  Highet, National 
Heart, Lung, and Blood Institute, National Institutes of Health, with a JEOL FX-60 
spectrometer. 
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Table I-Antitumor Evaluations 
~ ~ 

Doseb, 
Compound mglkglday 

~ ~~ ~~ 

IV 40 
20 
10 

V 

5 
2.5 
1.25 

40 
20 
10 
5 
2.5 
1.25 

Percentage Increase of Lifespano - 
Lewis Lung Lewis Lung 

P-388 Leukemia B16 Melanoma Carcinoma (Subcutaneous) 
Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 

33 39 2 30 -3 T C  

34 41 22 24 6 -4 
19 27 12 15 10 -8 
27 20 2 11 1 -3 

3 13 -4 3 
9 3 -8 

T T T T T T 
-9 -9 T T T T 
49 44 12 6 T T 
46 40 17 17 3 3 
40 31 19 15 1 0 
30 22 13 11 4 -6 

~ 

Carcinoma (Intraienous) 
Trial 1 Trial 2 

13 -2 
5 -2 

-3 0 
-2 -10 
-3 
-8 -9 
T T 
T T 

-8 12 
-4 -5 
-6 -2 

5 -11 

~~ ~ ~- 

0 The percentage increase (decrease) of the median lifespan of test animals beyond the median survival time of untreated control animals was used to evaluate antitumor 
activity. Activity is defined as a percenta e increase of lifespan of ?25%. * Drugs were suspended in 0.9% saline with hydroxypropylcellulose and administered daily for 
9 days after tumor implantation. The #indicates that deaths occurred due to drug-related toxicity. 

carbon-carbon bond located a,/3 to the nitrogen atom. The 'H-NMR 
spectra of IV and V were consistent with the structures assigned. 

Antitumor Evaluation-Propranolol mustard (V) as well as the tri- 
chloro Compound IV was evaluated extensively in uiuo for antitumor 
activity using three transplantable murine tumors: P-388 leukemia (PS), 
B16 melanoma (B16), and Lewis lung carcinoma (LL). The last tumor 
was employed in one system (10) where Lewis lung carcinoma tumor cells 
were given intravenously and in another system (11) where the Lewis lung 
carcinoma tumor inoculum was implanted subcutaneously. The P-388 
and B16 test systems were used according to established protocols (12). 
In each of the four test systems, test compounds were administered in- 
traperitoneally daily for 9 days beginning 24 hr after tumor implantation. 
Dose-response data for IV and V against each test system are recorded 
in Table I; duplicate determinations were carried out for each system. 

Both IV and V prolonged the lifespan of mice bearing P-388 leukemia 
beyond that of untreated control animals. The percentage increase of 
lifespan achieved in leukemic mice by IV was between 34 and 41% at a 
dosage of 20 mgAcg/day. Propranolol mustard (V) gave a somewhat more 
potent antileukemic effect than IV since just 10 mg/kg/day was sufficient 
to produce a similar range increase (44-49'70). That the his(2-chlo- 
roethy1)amino group is necessary for activity was supported by the lack 
of activity observed with trio1 111 against P-388 leukemia over a dose range 
of 400-12.5 mg/kg/day. 

Neither .IV nor V gave significant activity indications against B16 
melanoma, a test system model for solid tumors (Table I). Table I also 
indicates that  neither IV nor V was active in the lung tumor models. The 
Lewis lung tumor, both in the subcutaneous and intravenous implanta- 
tion procedures, was completely unaffected by mustards IV and V. 

The absence of activity shown by propranolol mustard in the Lewis 
lung system could be attributed to the net increase in the partition 
coefficient (log P )  resulting from replacement of the NHCH(CH3)z group 
in propranolol with the more lipophilic N(CHzCH2Cl)z group. However, 
the lack of activity also could be ascribed to an inappropriate utilization 
of propranolol as a carrier moiety. If the aliphatic portion of I is the es- 
sential element in the molecule to effect preferential concentration in 
lung tissue, then a rational design of a lung-specific antitumor agent 
would suggest attachment of the cytotoxic mustard group a t  a point 
distant from the side chain. Future work also might consider the use of 
a nitrosourea substituent as the cytotoxic functionality since members 
of the nitrosourea series have greater incidence of activity against the 
Lewis lung tumor than do the nitrogen mustards (13). 

EXPERIMENTAL2 

(1-Naphthy1oxy)methyloxirane (11)-A literature method (14) was 

PMR spectra were determined with a Varian T-60 or HAlOO spectrometer in 
deuterochloroform solution. Chemical shifts are reported in parts per million (6) 
downfield from tetramethylsilane, which was used as an internal standard. IR 
spectra were recorded in chloroform solution with a Perkin-Elmer model 621 
spectrophotometer. Mass spectra were obtained by direct probe insertion with a 
DuPont 21-492 spectrometer operated with a 75-ev ionizing voltage. Melting points 
were measured on a Thomas-Hoover capillary melting-point apparatus and are 
uncorrected. Elemental analyses were performed by the Section on Microanalytical 
Services and Instrumentation, National Institute of Arthritis, Metabolism, and 
Digestive Disease, National Institutes of Health. 

used to convert 110 g (0.76 mole) of 1-naphthol into 11. It was obtained 
as a pale-yellow oil in a 21% yield after distillation, bp 141-144" (0.07 mm) 
[lit. (15) bp 140' (2 mm)]. The integrated NMR spectrum (60 Hz) was 
consistent with the assigned structure. 

1-( l-Naphthyloxy)-3-[ bis(2-hydroxyethyl)amino] - 2 - propanol 
(111)-A solution of 16.0 g (0.08 mole) of I1 and 10.1 g (0.096 mole) of 
diethanolamine in 200 ml of 1-propanol was refluxed for 2 hr. The reac- 
tion solution was concentrated under vacuum at 40°, and the residue was 
treated with excess methanolic hydrogen chloride. Four volumes of ether 
were added, and the mixture was allowed to stand overnight at 4", giving 
24.8 g (91% yield) of 111 as the crystalline hydrochloride salt, mp 140-142'. 
The melting point was raised to 142-142.5' after recrystallization from 
methanol-ether (1 : 2). 

AnaL-Calc. for C17H23NOcHCl: C, 59.73; H, 7.08; CI, 10.37; N, 4.10. 
Found C, 59.71; H, 6.88; C1, 10.13; N, 4.13. 

The free base was extracted with chloroform from an aqueous solution 
of 111-HCI, which was made basic with dilute sodium hydroxide solution. 
Evaporation of the dried extracts gave the liberated base (111) as a pale- 
yellow syrup. This syrup could not be induced to crystallize but was ho- 
mogeneous by TLC; I R  3360, 1627,1596,1579, 1458, 1397,1262,1100, 
1066, and 1033 cm-I; NMR (60 MHz): 6 2.68 (t, J = 5.5 Hz, 4H, 
NCH2CH2) and 3.52 (t, J = 5.5 Hz, 4H, CH20H). 

The picrate of 111 was formed from ethanol and gave a melting point 
of 161-162' after recrystallization from ethanol [lit. (16) mp 161- 
163'1. 

1-( l-Naphthyloxy)-2-chloro-3-[ bis(2-~hloroethyI)amino]propane 
(1V)-To a solution of purified (17) thionyl chlbride (16.3 g, 0.137 mole) 
in 60 ml of dry (sodium) benzene, which was stirred and cooled to 2', was 
added dropwise a solution of I1 (10.45 g, 0.0342 mole) in 60 ml of dry 
benzene at a rate such that the solution temperature did not exceed 5'. 
After the addition was complete, the reaction solution was refluxed and 
stirred for 2.5 hr and then evaporated under reduced pressure at room 
temperature. Thionyl chloride traces were removed by codistillation with 
two 100-ml portions of dry benzene. 

The residue was partitioned between 100 ml of benzene and 100 ml of 
2 N aqueous NaOH solution. The layers were separated, and the aqueous 
layer was saturated with sodium chloride and extracted twice with ben- 
zene. The combined benzene solutions were washed twice with water, 
dried with anhydrous sodium sulfate, treated with activated charcoal, 
and evaporated to give 9.5 g of an oil. The oil was distilled in a short-path 
apparatus (150-170°, 0.2 mm) in 0.5-1.7-g portions to give a combined 
distillate of 7.0 gas  a pale-yellow oil. The oil was extracted with hot pe- 
troleum ether. 

Storage of the extract overnight a t  --15' gave 4.72 g (38%) of white 
crystals (IV), mp 45-46'; IR  1583,1510,1460,1404,1267,1240, and 1103 
cm-'; NMR (100 MHz): 6 2.96 (t, J = 6 Hz, 4H, NCHzCHz), 3.08-3.26 
(m, 2H, CHCHzN), 3.48 ( t , J  = 6 Hz,4H,CHzCI),4.23-4.56 (m, 3H, Ar- 
OCH&H), and 6.78-8.30 (m, 7H, aromatic); mass spectrum: mle 359 
(M', 4.4%), 323 (M - HCI, 1.2), 310 (M - CHzCI, 8.8),216 (8.2), 202 (M 
- C H ~ O C I O H ~ , ~ . ~ ) ,  183 (13). 154 [CH~=N(CH~CH~CI)Z, 1001,144 (20), 
127 (9.8), and 115 (32). 

Found: C, 56.71; H, 5.62; CI, 29.44; N, 4.02. 

of 123-124' after recrystallization from ethanol. 

Anal.-calc. for C17H20C13NO: C, 56.61; H, 5.59; CI, 29.49; N, 3.88. 

The picrate of IV was formed from chloroform and gave a melting pomt 
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Anal.-Calc. for C , ~ H Z ~ C I ~ N O . C ~ H ~ N ~ O ~ :  C, 46.84; H, 3.93; CI, 18.03; 
N, 9.50. Found: C, 46.87; H, 4.09; CI, 17.83; N, 9.45. 

I - (  l-Naphthyloxy)-3-[bis(2-chloroethyl)amino] -2- propanol 
(V)-p-Toluenesulfonyl chloride (6.25 g, 0.0328 mole) was added to a 
solution of 111 (5.0 g, 0.0164 mole) in 50 ml of dry (molecular sieves) di- 
methylformamide. The reaction mixture was stirred and heated for 2 hr 
a t  55-65’. The solvent was removed under reduced pressure at  40° with 
a rotary evaporator, and the residual syrup was partitioned between 250 
ml of benzene and 100 ml of 1 N aqueous NaOH solution. The benzene 
layer was separated, washed with water, and dried over anhydrous sodium 
sulfate. 

Under vigorous stirring, 250 ml of 2 N HCI was added dropwise over 
30 min to the benzene solution. The stirring was continued for an addi- 
tional hour after the addition was completed. The white crystals that  
formed were removed by filtration and washed with 2 N HCL, benzene, 
and ether to give 2.71 g (44% yield) of V as the hydrochloride salt, mp 
149-153’. Analytically pure hydrochloride was obtained by chromato- 
graphing the free base and by converting the purified base back to the 
hydrochloride. Accordingly, the base was liberated by benzene extraction 
from 1 N NaOH. 

After evaporation of the dried extracts, the residue was chromato- 
graphed over silica3. Elution of the column with chloroform gave V as a 
noncrystallizable oil, which was treated with ethanol saturated with 
hydrogen chloride. The resulting crystalline hydrochloride was recrys- 
tallized from the same solvent, mp 155..5-157’; IR (mineral oil mull): 3260 
(br), 2580 (br), 1580,1400,1391,1270,1239,1126, and 1100 cm-I. 

Anal.-Calc. for C17H21C12NOyHCI: C, 53.91; H, 5.86, CI (total), 28.08; 
CI (ionic), 9.36; N, 3.70. Found: C, 53.80; H, 5.83; CI (total), 27.98; CI 
(ionic), 9.50; N, 3.70. 

The free base appeared as one spot when analyzed by TLC (silica, 
chloroform); NMR (100 MHz): 6 2.78 ( d , J  = 7 Hz, 2H, CHCHzN), 2.95 
(t, J = 6 Hz, 4H, NCH2CHz), 3.55 (t, J = 6 Hz, 4H, CHzCI), 4.024.32 (m, 
3H, ArOCHZCH), and 6.76-8.26 (m, 7H, aromatic); mass spectrum: 
m / e  341 (M+, 2.3%), 305 (M - HCI, 2.1), 292 (M - CH2C1, 1.71, 256 
(M - CH2C1 - HCI, 3.3). 198 ( l . l ) ,  186 (2.3), 183 (2.9), 154 
[CH~=N(CH~CH~CI)Z ,  1001, 144 (13), and 115 (17). 
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Abstract 0 The known central nervous system activity of 3,4-methy- 
lenedioxyphenylisopropylamine and its N-methyl homolog prompted 
the synthesis of a series of analogs with substituents on the nitrogen atom. 
Most of these analogs (R = alkyl, alkenyl, hydroxy, alkoxy, and alkoxy- 
alkyl) were prepared by the reductive alkylation of 3,4-methylenediox- 
yphenylacetone with the appropriate amine and sodium cyanoborohy- 
dride. Hindered isomers were synthesized indirectly. Measurements of 
their pharmacological activity in several animal assays and in human 

subjects indicated that the central activity decreased with the increasing 
bulk of the N-substituent. 

Keyphrases Amines, phenylalkyl, substituted-N-substituted ana- 
logs of psychotomimetic agents Psychotomimetic agents-N-substi- 
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Anal.-Calc. for C , ~ H Z ~ C I ~ N O . C ~ H ~ N ~ O ~ :  C, 46.84; H, 3.93; CI, 18.03; 
N, 9.50. Found: C, 46.87; H, 4.09; CI, 17.83; N, 9.45. 

I - (  l-Naphthyloxy)-3-[bis(2-chloroethyl)amino] -2- propanol 
(V)-p-Toluenesulfonyl chloride (6.25 g, 0.0328 mole) was added to a 
solution of 111 (5.0 g, 0.0164 mole) in 50 ml of dry (molecular sieves) di- 
methylformamide. The reaction mixture was stirred and heated for 2 hr 
a t  55-65’. The solvent was removed under reduced pressure at  40° with 
a rotary evaporator, and the residual syrup was partitioned between 250 
ml of benzene and 100 ml of 1 N aqueous NaOH solution. The benzene 
layer was separated, washed with water, and dried over anhydrous sodium 
sulfate. 

Under vigorous stirring, 250 ml of 2 N HCI was added dropwise over 
30 min to the benzene solution. The stirring was continued for an addi- 
tional hour after the addition was completed. The white crystals that  
formed were removed by filtration and washed with 2 N HCL, benzene, 
and ether to give 2.71 g (44% yield) of V as the hydrochloride salt, mp 
149-153’. Analytically pure hydrochloride was obtained by chromato- 
graphing the free base and by converting the purified base back to the 
hydrochloride. Accordingly, the base was liberated by benzene extraction 
from 1 N NaOH. 

After evaporation of the dried extracts, the residue was chromato- 
graphed over silica3. Elution of the column with chloroform gave V as a 
noncrystallizable oil, which was treated with ethanol saturated with 
hydrogen chloride. The resulting crystalline hydrochloride was recrys- 
tallized from the same solvent, mp 155..5-157’; IR (mineral oil mull): 3260 
(br), 2580 (br), 1580,1400,1391,1270,1239,1126, and 1100 cm-I. 

Anal.-Calc. for C17H21C12NOyHCI: C, 53.91; H, 5.86, CI (total), 28.08; 
CI (ionic), 9.36; N, 3.70. Found: C, 53.80; H, 5.83; CI (total), 27.98; CI 
(ionic), 9.50; N, 3.70. 

The free base appeared as one spot when analyzed by TLC (silica, 
chloroform); NMR (100 MHz): 6 2.78 ( d , J  = 7 Hz, 2H, CHCHzN), 2.95 
(t, J = 6 Hz, 4H, NCH2CHz), 3.55 (t, J = 6 Hz, 4H, CHzCI), 4.024.32 (m, 
3H, ArOCHZCH), and 6.76-8.26 (m, 7H, aromatic); mass spectrum: 
m / e  341 (M+, 2.3%), 305 (M - HCI, 2.1), 292 (M - CH2C1, 1.71, 256 
(M - CH2C1 - HCI, 3.3). 198 ( l . l ) ,  186 (2.3), 183 (2.9), 154 
[CH~=N(CH~CH~CI)Z ,  1001, 144 (13), and 115 (17). 
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Abstract 0 The known central nervous system activity of 3,4-methy- 
lenedioxyphenylisopropylamine and its N-methyl homolog prompted 
the synthesis of a series of analogs with substituents on the nitrogen atom. 
Most of these analogs (R = alkyl, alkenyl, hydroxy, alkoxy, and alkoxy- 
alkyl) were prepared by the reductive alkylation of 3,4-methylenediox- 
yphenylacetone with the appropriate amine and sodium cyanoborohy- 
dride. Hindered isomers were synthesized indirectly. Measurements of 
their pharmacological activity in several animal assays and in human 

subjects indicated that the central activity decreased with the increasing 
bulk of the N-substituent. 

Keyphrases Amines, phenylalkyl, substituted-N-substituted ana- 
logs of psychotomimetic agents Psychotomimetic agents-N-substi- 
tuted analogs of known centrally active agents 3,4-Methylenedioxy- 
phenylisopropylamine-synthesis of centrally active N-substituted 
analogs 

The structural nucleus of amphetamine has served as 
the basis of numerous compounds of pharmacological in- 
terest.. Amphetamine itself is a sympathomimetic stimu- 
lant a t  nominal dosages and leads to a psychotomimetic 

syndrome only a t  high dose levels (1). Nuclear alkyl sub- 
stitution maintains the stimulant properties of the parent 
compound (2 ,3) ,  but the substitution of methoxyl groups 
leads to  compounds that  are primarily psychotomimetic 
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NaBH ,CN 

hydride 

CH,R 
/ 

Scheme I 

(4); this property is enhanced by the additional inclusion 
of alkyl ( 5 ) ,  halo (6), or alkylmercapto (7) groups. A 
methylenedioxy group on the aromatic nucleus, either 
without (8,9) or with (10) methoxyl groups, maintains this 
latter pharmacological property. Removal of the a-methyl 
group of these substituted amphetamine analogs inevitably 
decreases potency but leaves their qualitative nature intact 
(11). 

Less is known about the effects of N-substitution. With 
amphetamine itself, N-methylation provides metham- 
phetamine, which is similar to amphetamine in both po- 
tency and action (12), but only sparse information exists 
concerning the human pharmacology of higher homologs 
(13). One psychotomimetic (methylenedioxyphenyliso- 
propylamine, IIa) is known to maintain its central action 
in humans with both N-methylation (7) and N-ethylation 
(14). 

This report describes the preparation of some related 
N-substituted analogs of IIa and outlines their pharma- 
cological properties with respect to motor activity and 
analgesia in animals and central activity in humans. 

RESULTS AND DISCUSSION 

Several bases were prepared by one or more of the three general pro- 
cedures shown in Scheme I. Procedure I, employing the reductive ami- 
nation of a ketone with amines in the presence of sodium cyanoborohy- 
dride (15), gave acceptable yields with piperonylacetone (I) and most 
primary amines as their hydrochloride salts in methanol. The products 
were isolated conventionally except for the long chain homologs which, 
as salts, were extremely water insoluble but soluble in methylene chloride. 
This procedure was unsatisfactory with hindered primary amines 
( t e r t  -butylamine and 4-aminoheptane); with the secondary amines 
studied, it was effective only with dimethylamine. 

The simpler homologs could be prepared by acylation of IIa itself, 
followed by reduction of the resulting amide with lithium aluminum 
hydride (Procedure 11). The N.N-diethyl homolog IIu could not he 
formed from I and diethylamine, and it was prepared by the reductive 
alkylation of IIa with an excess of acetaldehyde and with sodium cya- 
noborohydride (Procedure 111). Compound IIr formed readily from I and 
hydroxylamine, but attempts to distill the isolated product led to an er- 
ratic degree of decomposition by disproportionation, in part, to IIa. An 
alternative procedure leading to IIr was the reduction of the I oxime. The 
product amines and their physical properties are shown in Table I. 
Representative synthetic procedures are outlined under Experi- 
mental. 

Several bases were evaluated as centrally active drugs in assays that 
measured analgesia or motor stimulation. Analgesia studies included 
hot-plate and light-warmth stimuli, as well as diminished response to 
injected acetic acid as determined by the loss of the stretch reflex re- 
sponse. Motor stimulation was determined in automated activity cages. 

Human psychotomimetic efficacy was determined for several of these 
materials by standard procedures (4). 

In all animal assays, IIa was significantly more active as an analgesic 
than control saline. The results (Table 11) were normalized with IIa as 
a standard, with increasing values indicating increased effectiveness. The 
motor stimulation observed in mice and the effective psychotomimetic 
levels found in humans are given in Table 111. A full report of the phar- 
macological procedures and related experimental details was published 
separately (19). 

The direct determination of central activity of these materials in animal 
studies is compromised by the use of dosages close to the LDm values and 
may represent a more generalized somatic challenge than simple analgesia 
or stimulation. This problem was apparent for higher dosages of IIa and 
IIb hut not for IIm and 110 where there was little stimulation despite high 
LDso levels. Throughout these assays, it was apparent that the simplest 
homologs of IIa (IIb, IIc, and IIr) were somewhat similar in action and 
efficacy. The two simplest compounds (Ila and IIb) have been studied 
most frequently, and the reported facts are compared with the results 
of this study in Table IV. Generally, both the toxicity (and the risk) of 
a drug and its central activity decrease with homologation, maintaining 
a constant therapeutic index. The metabolic explanation that the activity 
of IIb in humans is due to its conversion to IIa is contradicted by the 
qualitative differences of their actions and by the fact that opposite op- 
tical isomers are responsible for their actions (22). Compound IIr, a po- 
tential metabolite of Ira, has been studied only as the racemate. 

EXPERIMENTAL 

Melting points were determined in open capillaries and are uncor- 
rected. Boiling points were recorded from bulb-to-bulb distillation. Mi- 
croanalyses of all new compounds are included in Table I. All new com- 
pounds had IR and NMR spectra consistent with the assigned struc- 
tures'. 
N-Ethyl-3,4-methylenedioxyphenylisopropylamine (IIc)-- 

Procedure I-To a solution of 31.0 g of ethylamine hydrochloride in 110 
ml of methanol were added 6.6 g of piperonylacetone (I, 37 mmoles) and 
then 3 g of sodium cyanoborohydride. The mixture was stirred at  ambient 
temperature, and 12 N HCI was added as required to maintain the pH 
at neutrality (determined by the use of external damp universal pH 
paper). The reaction was complete in 36 hr. Following addition to 1 liter 
of water containing 5 ml of 12 N HCI, the reaction mixture was extracted 
twice with 150 ml of methylene chloride (discarded), made basic with 25% 
NaOH, and reextracted with 3 X 150 ml of methylene chloride. The ex- 
tracts were pooled, and the solvent was removed in uacuo. 

Distillation of the residual oil (8.3 g) a t  0.20 mm Hg yielded 6.0 g of 
product as a viscous colorless oil, bp 85-95'. This product was dissolved 
in 60 ml of isopropanol and acidified with 12 N HCI (titration end-point 
determined with external damp universal pH paper), and an equal vol- 
ume of ether was added. There was a spontaneous crystallization of the 
product as a white solid. It was removed by filtration and washed first 

IR spectra were obtained on a Perkin-Elmer Infracord spectrophotometer. and 
NMR spectra were obtained on a Perkin-Elmer 60-mHz permanent magnet NMR 
spectrometer. Microanalyses were performed by Galbraith Laboratories, Knoxville, 
T N  37921. 

Journal of Pharmaceutical Sciences I 193 
VoL 69, No. 2. February 1980 



8lQp 0 
Table I-N-Substituted 3,4-Methylenedioxyphenylisopropylamines 

Analysis of Nitrogen, 
Proce- Boiling Point Melting Point Yield, % 

Compound Ri R2 dure of Base of Hydrochloride % Calc. Found 

IIa" -H 
IIb" -CH3 

IIC -CH2CH3 

IId 
IIe 
I I f  

;t"h 
IIi, 
111 
IR 
I11 
IIm 
IIn 
I10 
IIP 
119 
IIr 
11s 
IIt 

IIU -CH3 
IIU -CH&HJ 

H 
H 

H 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

-CHq 

I* 80-90'/0.2 mm 
I 100-110'/0.4 mm 

I1 100-110'/0.4 mm 
I 85-95'/0.2 mm 

I1 90-100'/0.2 mm 
I 90-100°/0.3 mm 
I 95-110'/0.3 mm 
I 90-100'/0.15 mm 
I 95-105'/0.15 mm 
I 90-100'/0.1 mm 
I 11O-12Oo/0.2 mm 
I 135-145'/0.3 mm 
I 130-135'/0.2 mm 
I 150-160'/0.3 mm 
I 155-160'/0.15 mm 
I 100-120'/0.2 mm 
I 90-95'/0.2 mm 
I 105-110'/0.2 mm 

135-145'/0.2 mm I 
I 
I 90-95'/0.5 m p  
I 95-105'/0.1 mm 

I 85-90'/0.5 mm 

- I 

187-188' 
152-153' 
151-152' 
201-202" 
198-1990 
194-195' 
186-186.5" 
200-200.5" 
179-180' 
218-220' 
164-166' 
188-1 89' 
206-208' 
156- 158" 
147-148" 
182.5-183" 
174-176' 

170-171 ' 
149-150' 
143-146" 
220-222' dec. 

172-173O 

189-190' 

3lC - d  
- e 74 

46f -. 

68 5.75 
379 - 
52 5.43 
25 5.43 
26 5.15 
64 5.15 
15 5.19 
7 4.90 ~ . .  ~ 

38 4.67 
61 4.27 
21h 11.00 
35 5.39 
72 5.12 . ~~ 

39 5.48 
39 5.52 
13 4.58 
31 6.05 
28 5.70 
3 9.77 

27 5.75 
62 5.15 

- 
- 
- 

5.74 

5.43 
5.40 
5.21 
5.13 
5.20 
4.86 
4.59 
4.22 

11.01 
5.48 
5.10 
5.37 
5.57 
4.77 
6.04 
5.71 

10.67 
10.84 
5.70 
5.13 

- 

-~~ 
-CHiCH3 111 85-88'/0.15 mm 177-178' 

Compound IIa has been referred to in the literature as MDA and EA-1299. Compound IIb has been referred to in the literature as MDM, MDMA. and EA-1475. The 
EA coda  are from the Edgewood Arsenal, US. Army Chemical Warfare Service. The conventional preparation of IIa 
by the lithium aluminum hydride reduction of 1-(3,4-methylenedioxyphenyl)-2-nitropropene gave a yieldlof 87%. Lit. (16) mp 186187". Lit. (17) mp 148-149O and 
mp 147-148O (18). Overall ield from Ira, with isolation and purification of the intermediate formamide. g Overall yield from IIa, with isolation and purification of the 
intermediate acetamide. h Jhe  major roduct was IIa from ammonia formed by the in situ decomposition of cyanomethylamine. I Unstable to distillation (see text). 
Free base from isopropanol, mp 94-95 . Nitrogen analysis was: calc., 7.08; found, 7.09. 

Ammonia was emplo ed as the acetate salt. 

F '  

with isopropanol-ether and finally with ether alone, giving 6.1 g of the 
air-dried product (68% yield), mp 201-202O. 

Procedure II-A solution of 3.6 g of IIa as the free base (20 mmoles) 
in 20 ml of pyridine was treated with 2.4 ml of acetic anhydride and stirred 
a t  ambient temperature for 18 hr. The reaction mixture was added to 200 
ml of water, stirred several hours, acidified with hydrochloric acid, and 
extracted with 2 X 80 ml of methylene chloride. The extracts were pooled, 
and the solvent was removed in uacuo to yield an off-white solid (mp 
89-90'), which crystallized from 80 ml of ethyl acetate-hexane (1:l). The 
acetamide was obtained as white crystals (2.6 g, 58% yield, mp 92- 
93'). 

A solution of 1.7 g of the acetamide (7.7 mmoles) in 8 ml of dry tetra- 
hydrofuran was added to a solution of 1.6 g of lithium aluminum hydride 
in 150 ml of tetrahydrofuran and stirred at reflux temperature. After 
being held at reflux with stirring for 72 hr, the reaction mixture was cooled 
(external ice water), and treated sequentially with 1.6 ml of water in 

Table 11-Central Analgesia 
~ 

Hot Tail Stretch 
Compound Plateb FlickC Reflexd 

IIa 
IIb 
IIr 

1 
1.09 
1.04 
1.50 
1.00 
0.75 
1.18 
0.77 

1 
1.25 
0.66 

1 
5.33 
0.71 

0.78 0.30 
0.90 0.22 
0.87 0.37 
0.87 0.45 
0.84 0.61 

IIm 1.99 1.08 0.26 
IIn 0.83 0.87 0.32 
I10 1.67 1.06 0.29 

0.87 0.92 0.37 
0.36 I Is 1.34 0.86 

IIU 1.53 0.91 0.35 

0 Values obtained in mice, with oral administration, and normalized to IIa = 1. * With 20 mg/kg IIa = 133% of saline control. With 100 mg/k ; IIa = 119% of 
saline control. With 20 mg/kg; IIa gave a 47% response of the sa8ne control at 10 
mg/kg, a 32% response at 20 mg/kg, and aO% response (complete analgesia) at 100 
mg/kg. 

IIP 

several milliliters of tetrahydrofuran, 1.6 ml of 15% NaOH, and finally 
with 4.8 ml of additional water. The white solids were removed by fil- 
tration and washed with tetrahydrofuran. The filtrate and washes were 
combined, and the solvent was removed in uacuo. 

The residual oil was distilled (90-100' at 0.2 mm Hg), dissolved in 8 
ml of isopropanol, acidified with 12 N HCl (external damp pH paper), 
and diluted with ether. Resulting white solids were filtered, washed with 
isopropanol-ether and then with ether, and air dried. The product 
weighed 1.0 g, mp 198-199' (mixed melting point with the product from 
Procedure I, 198-199"); the yield was 53% from the acetamide and 31% 
overall from IIa. 

N - Cyanomethyl - 3,4 - metbylenedioxyphenylisopropylamine 
(111)-The crude reaction product (following Procedure I) obtained from 
I (2.67 g, 15 mmoles), cyanomethylamine sulfate (20 g, 130 mmoles) in 
100 ml of methanol adjusted to neutral pH with 25% NaOH, and 1.3 g of 
sodium cyanoborohydride was a mixture of I11 and 1Ia. The latter was 
undoubtedly formed by the in situ decomposition of free cyanometh- 

Table  111-Central Stimulation 

Psychotomimetic 
Motor Activity Activity 

Compound (Mice) a (Humans) 

IIa 
IIb 
I I C  
IId 
IIe 
IIn 
I10 
IIP 
IIq 
IIr 
11s 
IIU 
Saline 

640 
1530 
1780 

910 
176 
153 

- 

- 
- 
- 

149 
40 

160 

60-120 
100-160 
140-200 

>160 
>160 
> 160 
> 160 
> 160 
>160 

80-120 
>I60 
>160 

a Averaged activity responses (events per hour) 1-4 hr following drug adminis- 
tration (20 mg/kg PO). Range of effective dosages, in milligrams, orally. Values 
given as greater than (>) represent the absence of significant activity at this max- 
imum dosage. 
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Table IV-Comparison of Pharmacological Properties of IIa 
and I1 b 

Assav SDecies IIa IIb 
Refer- 
encea 

Toxicity, Mouse (intraperitoneal) 68 
LDm, Rat (intraperitoneal) 27 
mg/kg Guinea pig 60 

Monkey (intravenous) 6 

anal- at stated dosages 
gesia hot plate (20 mg/kg) 1 

tail flick (100 mg/kg) 1 
stretch reflex (20 mg/ 1 

(intraperitoneal) 
Dog (intravenous) 7 

Central Mouse, relative potency 

97 
49 
98 

14 
22 

20 
20 
20 

20 
20 

1.09 
1.38 
5.34 

2.4 - 
kg) 

Central Mouse, relative potency 1 
stimu- at  20 mg/kg 
lation Dog, mg/kg 0.5-15 5-50 20 

Monkey, mg/kg 1-20 10-75 20 
Human Man 

activity active dosage, mg 60-120 100-160 8,9,21 

oualitative feature Moderately Simple 7,9,23 
active isomer R b  Sb  22 

complex 

a Published literature data have been commingled with results from this study 
for comparison. b R and S represents the absolute configurations of the pharma- 
cologically active isomers, and are the levo- and dextrorotatory forms, respec- 
tively. 

ylamine to ammonia. Upon distillation, the first fraction (1.3 g, bp 90- 
110’ at  0.4 mm Hg) was substantially free of the cyanomethylene group 
(by NMR), but the second fraction (0.8 g, bp 150-160’ at 0.3 mm Hg) had 
the proper NMR spectrum in deuterium oxide as the hydrochloride salt: 
6 1.30 and 1.42 (2s, 3H, CHJ), 3.00 (m, 2H, aromatic CH2), -3.6 (m, lH,  
CH),4.38 (s,2H,CH2CN),4.75(s,NH and DOH),6.05 (s,2H,0CH20), 
and 6.95 (9, 3H, aromatic H). The analytical sample was recrystallized 
from boiling isopropanol (50 ml/g). 

N-Hydroxy-3,4-methylenedioxyphenylisopropylamine ‘(IIr) 
-The crude reaction product (uia Procedure I) obtained from I (7.2 g, 
40 mmoles), hydroxylamine hydrochloride in methanol (29.6 g in 240 ml), 
and sodium cyanoborohydride (2 g) gave evidence, on attempted distil- 
lation, of the generation of water by pyrolytic disproportionation. At bath 
temperatures pf GO’, the distillate was mainly IIt; but above 100’, there 
was extensive decomposition to IIa, which was the major product isolated 
(verified by IR spectral comparison of the hydrochloride salt with ref- 
erence IIaeHCl). The free base could be obtained as a solid and was best 
purified by recrystallization as described below. 

Compound IIr also could be prepared uia the I oxime. A solution of 10 
g of I (56 mmoles) and 10 g of hydroxylamine hydrochloride in 50 ml of 
pyridine and 50 ml of ethanol was held at  reflux for 2 hr. Removal of the 
solvents in uacuo left an oil, which crystallized upon trituration under 
water. The crude oxime was removed by filtration and recrystallized from 
ethanol-water to yield 5.5 g (51% yield) of a white crystalline product, 
mp 84-87’. The oxime was dissolved in 50 ml of methanol and treated 
with 2.5 g of sodium cyanoborohydride. While being stirred at  ambient 
temperature, 12 N HCl was added dropwise (about 10 drops every 12 hr) 
over 3 days. The methanol was removed in uacuo, and the residue was 
suspended in acidified water (5 ml of 12 N HCl in 500 ml). The reaction 
mixture was extracted with 3 X 100 ml of methylene chloride (unreacted 
oxime was discarded), made basic with sodium hydroxide, and reex- 
tracted with 3 X 100 ml of methylene chloride. The extracts were pooled, 
and the solvent was removed in U ~ C U O  to provide IIr (free base) as a white 
solid (1.4-g crude yield after vacuum drying at 0.2 mm Hg). 

After recrystallization from isopropanol (6 ml/g), the product had a 
melting point of 92-94’ (mixed melting point with the oxime, 56-62’). 
In the IR spectrum, both the NH and the OH stretch vibration absorp- 
tions were visible at 3040 (broad) and 3135 (sharp) cm-’ (in mineral oil). 
The free base was converted to the hydrochloride salt by dissolution in 
20 ml of warm isopropanol, acidification with 12 N HCl (external damp 
pH paper), and the addition of 200 ml of ether. The clear solution slowly 
deposited white crystals of IIraHCl, 0.8 g (12% yield from the oxime, 

overall yield of 6%), mp 149-150’ (mixed melting point with IIa-HCI was 
128-138’). 
N,N-Diethyl-3,4-methylenedioxyphenylisopropylamine (IIv) 

(Procedure 111)-A stirred solution of 1.4 g of IIa-HCl(6.5 mmoles) in 
30 ml of methanol was treated with 7.0 g of acetaldehyde and 1.5 g of 
sodium cyanoborohydride. Then 12 N HCl was added dropwise as needed 
to maintain the pH at  neutrality (as determined by external damp uni- 
versal pH paper). After 48 hr, the reaction mixture was added to 600 ml 
of water, acidified with hydrochloric acid (5 ml), and extracted with 2 X 
100 ml of methylene chloride. The residual aqueous phase was made basic 
with 25% NaOH and reextracted with 3 X 100 mi of methylene chlo- 
ride. The extracts were combined and the solvent was removed in uacuo. 
The residual pale-yellow oil (1.1 g of crude weight) was distilled (85-88’ 
at 0.15 mm Hg) to yield 1.0 g of a colorless oil. This oil was dissolved in 
8 ml of isopropanol, acidified with 12 N HCl, and diluted with 30 ml of 
ether. After the product had crystallized completely, it was removed by 
filtration and washed first with 75% ether (with isopropanol) and finally 
with ether. Air drying yielded 1.1 g of IIwHCl as white crystals (62% of 
theory), mp 177-178’. 
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Abstract 0 Numerous cyclic analogs of lactic acid were synthesized to  
ascertain whether they might act as agonists or antagonists of lactic acid, 
a known attractant for mosquitoes. These compounds were evaluated 
with an in uitro blood-feeding test system and an in uiuo cloth test. Two 
of the compounds in the blood-feeding test system showed biphasic re- 
sults, acting as attractants a t  low concentrations and as repellents at 
higher concentrations. Several compounds (111, V, VII, and X) repelled 
Aedes aegypti mosquitoes in the blood-feeding test system. However, 
in the in uiuo cloth test system, only 111 repelled the mosquitoes signifi- 
cantly. 

Keyphrases 0 Lactic acid cyclic analogs-topical mosquito repellents, 
in uiuo testing, humans Mosquitoes-topical repellents, lactic acid 
cyclic analogs, in uiuo testing, humans 0 Repellents, mosquito-topical 
use in humans, lactic acid cyclic analogs 

Numerous cyclic analogs of lactic acid have been syn- 
thesized and evaluated as mosquito repellents using an in 
oitro blood-feeding test system (1). Some of these com- 
pounds also were evaluated by an in uiuo cloth test1. 

In addition to L-lactic acid, several compounds related 
to lactic acid attract Aedes aegypti mosquitoes (2). Certain 
receptors on the antennae of the female A. aegypti mos- 
quito respond to lactic acid, but N,N-diethyl-rn-toluamide 
blocks this response (3). Thus, an antagonist to lactic acid 
may exhibit repellent activity and an agonist may attract 
the mosquitoes. 

A survey of chemical classes with repellent behavior (4, 
5 )  indicated that a-keto and a-hydroxy carbonyl com- 
pounds were among those showing increased frequency of 
repellent activity. 

The structure-activity relationships of these compounds 
were investigated in structures that varied in the separa- 
tion of the oxygen functions (hydroxyl or RO) from the 
carbonyl functions. The alkyl substituents were varied to 
give a boiling-point range since volatility is an important 
variable affecting the duration of topical repellency. Table 
I indicates the structures, boiling points or melting points, 
and repellency data for compounds used against A. aegypti 
(yellow fever) mosquitoes. 

EXPERIMENTAL* 

Chemistry-Ethyl 2-Rutyl-l-hy+roxycyclopentanecarboxylate ( 6 )  
(IV)-2-n-Rutyl-l-hydroxycyclopentanecarbonitrile (7) (5.0 g, 29.9 
mmoles), anhydrous ethanol (1.38 g, 29.9 mmoles), p-toluenesulfonic acid 

The in  uioo cloth test system was developed by the Agricultural Research 
Laboratories, US. Department of Agriculture, Gainesville, Fla. * Melting points were determined on a capillary melting-point apparatus and 
are uncorrected. Boiling points were determined using a short-path distillation 
apparatus and are uncorrected. IR (Perkin-Elmer 7358) and NMR (Varian Asso- 
ciates T-60 or EM-390) spectra were taken of all compounds and were completely 
consistent with the assigned structures. Elemental analyses were performed by the 
Microanalytical Laboratory, Department of Chemistry, Stanford University, 
Stanford, Calif. 

monohydrate (5.69 g, 29.9 mmoles), and 5 ml of anhydrous benzene were 
stirred overnight a t  90". Water and benzene were added, the organic layer 
was washed with 20% NazC03 and water and then dried over sodium 
sulfate, and the solvent was evaporated. Distillation of the residue af- 
forded IV (bp 71-72'/0.5 mm Hg) as a colorless liquid, 1.0 g (16% yield); 
IR (film): 3460, 2900, 2830, 1720, 1430, 1370, 1230,1050,880, and 760 
cm-'; NMR (CDC13): 6 4.27 (q,2H), 3.1 (s, lH) ,  1.62.2 (m, 7H), 1.27 (t, 
3H), 1.05-1.4 (m, 6H), and 0.87 (t, 3H) ppm. 

Anal.-Calc. for C12H2203: C, 67.25; H, 10.35. Found: C, 67.70 H, 
10.60. 

Methyl 2-Butyl-l-hydroxycyclohexanecarboxyla~e ( V ) - 2 - n -  
Butyl-I-hydroxycyclohexanecarbonitrile (7) (7.2 g, 39.7 mmoles) and 20 
volume % H2SO4 (26 ml) in acetic acid (35 ml) were stirred at 110" for 27 
hr. After cooling, the reaction mixture was poured into cold water and 
extracted with ether. The carboxylic acid was extracted with dilute so- 
dium hydroxide, the aqueous alkaline solution was acidified with con- 
centrated hydrochloric acid, and the solution was extracted with ether. 
The combined ether layers were dried over sodium sulfate-charcoal and 
were concentrated to yield 0.91 g of a yellow oil. 

A solution of diazomethane in ether was added slowly a t  0' to a stirred 
solution of 2-n-butyl-1-hydroxycyclohexanecarboxylic acid (0.91 g, 4.54 
mmoles) in 10 ml of ether until nitrogen evolution ceased. The reaction 
mixture was stirred for 40 min a t  Oo and for 30 min a t  room temperature. 
After the addition of 1 ml of 3 N acetic acid, the solution was extracted 
with sodium bicarbonate and water, and the extract was dried over 
magnesium sulfate and concentrated. Distillation afforded V (bp 85- 
86O/0.5 mm Hg) as a colorless liquid, 0.90 g (93% yield); IR (film): 3480, 
2920, 2850, 1730, 1460, 1390, 1240,-1160, 1100, and 1020 cm-l; NMR 
(CDC13): 6 3.76 (s) and 3.64 (s,3H), 3.36 (s, IH),  2.2-2.5 (m, 3H), 1.0-1.9 
(m, 12H), and 0.86 (t, 3H) ppm. 

Anal.-Calc. for C12H2203: C, 67.26; H, 10.35. Found: C, 67.20; H, 
10.22. 

(I-Acetoxy-2-heptylcyclohexyl )carbonitrile-Five grams (0.022 mole) 
of (2-heptyl-I-hydroxycyclohexyl)carbonitrile was dissolved in 50 ml of 
acetic anhydride. After addition of 0.1 g of 4-dimethylaminopyridine as 
a catalyst, the mixture was allowed to stand a t  room temperature for 2 
days. The excess acetic anhydride was removed in uacuo. The residue 
was taken up with saturated sodium bicarbonate and extracted three 
times with ether. After drying with anhydrous magnesium sulfate and 

U 
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Table I-Physical and  Biological Properties of Cyclic Analogs of Lactic Acid 

Minimum Effective 

Boiling Poing Refer- (Membrane Feeder Test) (Cloth Test), mg/cm2 - 
Repellent Activity Repellent Activity Dose, 

ComDound R or Meltinc Point ence EDm EDw r days 15min 24 hr 

72-75' 
- 
- 

- - - 8 No effect 
- a 0.10 0.64 -0.77 0 0.25 >1.0 
- 0.035 0.094 -0.93 6 0.063 0.25 

C - (CH2)iCH; 71-72'/0.5 mm Hg - No effect - - 
- 0.0060 0.31 -0.87 >1 0.125 >1.0 

r -0.95 >1 0.5 >1.0 
IV 
V (CH213CH3 85-86"/0.5 mm Hg 

VI (CHzhC 
VII 

:H3 92-93"/0.5 mm Hg - 0.096 0.27 
( C H U H ~  130°/0.5 mm He - ' 0.0073 0.064 -0.93 0 >1.0 - 

e 
e 

- - - - No effect 
Bimodal effect 0 >1.0 - 

- 0.058 13 -0.33 0 >1.0 - 
IX (CHd4CH3 

-f - - - - X (CHzhCH3 
Bimodal effect - - - XI1 (CHz)3CH3 

No effect 0 >1.0 - XI11 (CHz)5CH3 
XIV 

XVI (CHzI3CH3 85-88'/0.5 mm Hg 9 No effect 0 0.25 >1.0 
XVII 

VIII (CH&CHi 74-75'/0.5 mm H i  

124'/0.5 mm Hg 
88'/0.5 mm Hg - 

56-66' 
63-64' - 

62.5' 
C 

XI CHzCH3 

2 - - - - 
c - - 

- xv CH2&3 52-55'/0.5 mm Hg 9 0.31 12 -0.80 - - 

(CH2)4CH3 90-92'/0.5 mm Hg, 48-49' -h - - - - 
XVIII (CH&CH3 100-102'/0.5 mm Hg, 47-49' -i - - - - 

XIX (CH&CH3 111-113'/0.5 mm Hg, 60-62' 1' - - - - 

Diethyl 100°/0.5 mm Hg - 0.031 0.10 -0.81 6 0.016 0.25 

0 Compound 11 was prepared as described previously for 1 (8). 1R (CDC13): 3400, 2950,2880,1705,1475.1430,1390,1280, and 1190 em-,'; NMR (CDC13): 8 5.6-6.1 (m, 
lH),  4.4 (t, 2H), 2.05-2.65 (m, 4H), and 1.07 (t, 3H) ppm. And-Calc. for C7HI0O3: C, 59.14; H. 7.09. Found: C, 57.42; H, 7.21 (hygroscopic because a part of the lactone 
always is h drol zed). b Compound 111 was prepared as described previously for I (8). IR (CDC13): 3450,2940,2860,1710,1480,1430,1390,1295,1200, and 1100 an-';  
NMR (CD613): l5.6-6.1 (m, lH),  4.37 (t, 2H), 2.05-2.65 (m, 4H), 1.03-1.7 (m, 6H), and 0.9 (t, 3H) ppm. Anal.-Calc. for C10H1603: C, 65.19; H, 8.75. Found: C, 63.98; 
H, 8.53 (hygroscopic because a part of the lactone always is hydrolyzed). c See Experimental Compound VI was prepared as descrlbed under Expertmental for V. 
IR (CDC13): 3500, 2920, 2850, 1720, 1460, 1390, 1245, 1160, 1095, and 1010 cm-'; NMR (CDC13): 6 3.76 ( 8 ,  3H), 3.38 ( s ,  lH),  1.05-2.5 (m, 17H). and 0.86 (t, 3H) ppm. 
Anal.-Calc. for C13H2403: C, 68.38; H, 10.59. Found: C, 68.60. H 10 74. Compound IX was prepared as described under Experimental for X. IR (film): 2900, 2840, 
1710, 1645, 1460, 1440, 1390, 1360, 1250, 1090, and 770 cm-1; NMR (C'Dc13): 8 6.86 (t, lH), 3.7 (9, 3H). 2.4-2.7 (m, lH),  2.0-2.3 (m, 2H!, 1.5-1.7 (m, 4H),1.1-1.5 (m, 8H), 
and 0.87 (t. 3H) ppm. Anal.-Calc. for CL3H2202: C. 74.24; H, 10.54. Found: C, 74.13; H. 10.47. 'Compound XI was prepared as descrlbed under Experimental for XII. 
IR (film): 2960,2930,2870,1760,1680,1490,1450,1375,1325,1200,1080,1030,460,890. and 820 em-'; NMR (CDC13): 8 4.58 (t, 2H), 3.2-3.9 (m, 4H), and 1.2 (t, 3H) pin. 
8 Compound XI11 was prepared as described under Experimental for XII. IR (film): 2900,2830,1750,1675,1460,1370,1325,1190, and 1075 cm-I; NMR (CDC13): !4.!53 
(t, 2H), 3.70 (t, 2H), 3.50 (t, 2H), 1.1-1.8 (m, 8H), and 0.87 (t, 3H) ppm. And-Calc. for C~OHI~NO~:  C, 60.28; H, 8.60; N, 7.03. Found C, 60.00; H, 8.51; N, 6.93. Compound 
XVII was prepared as described previously (9). IR (film): 2920,2840,1745,1470,1415,1385,1350,1290,1225,1205.1140,1125,1090, and 940 cm-I; NMR (CDC13): 8 4.174.60 
(m, 3H), 3.74-4.10 (m, 2H), 1.7-2.2 (m, 2H), 1.1-1.7 (m, 6H), and 0.9 (t, 3H) ppm. And-Calc. for CgH1603: C, 62.77; H, 9.36. Found C, 62.89; H, 9.32. Compound XVIII 
was prepared as described previously (9). IR (film): 2900,2820,1720,1465,1410,1380,1340,1300,1280,1210,1180,1120,1070,1005,940,880, and 740 cm-'; NMR (CDC1:i): 
6 4.24.6 (m, 3H), 3.74.1 (m, 2H), 1.7-2.2 (m, 2H), 1.1-1.7 (m, 8H), and 0.9 (t, 3H) ppm. Anal.-Calc. for C10H1803: C, 64.49; H, 9.74. Found C, 64.40; H, 9.80. J Compound 
XIX was prepared as described previously (9). IR (mineral oil): 2900,2820,1740, 1460,1420,1380.1310,1230,1150,1080,960,905,860, and 740 cm-l; NMR (CDCI:,): 
6 4.2-4.65 (m. 3H), 3.75-4.1 (m, 2H), 1.7-2.2 (m. ZH), 1.1-1.7 (m, lOH), and 0.9 (t. 3H) ppm. Anal.-Calc. for CllH.2003: C. 65.97; H. 10.07. Found: C; 66.22; H, 9.94. 

toluamide 

evaporating, 5.3 g of a yellow oil was obtained and was sufficiently pure 
for the following reaction. 

(2-Heptyl- I -hydrorycyclohexyl)carbonitrile-A mixture of 15 g (0.076 
mole) of 2-heptylcyclohexanone, 19 g (0.22 mole) of acetone cyanohydrin, 
and 0.3 g of triethylamine was allowed to stand at  room temperature for 
2 hr. After acidification with sulfuric acid in acetone, the excess acetone 
cyanohydrin was distilled in uacuo (60'/1.0 mm Hg). The residue was 
taken up in ether and washed with water. After drying over sodium sulfate 
and evaporating, 15 g of a reddish oil was obtained and was sufficiently 
pure for further reactions. 

Methyl (2-Heptyl-I-hydroxycycloheryl)carboxylate (VII)-Five 
grams (0.0187 mole) of (1-acetoxy-2-heptylcyclohexyl)carbonitrile was 
dissolved in a mixture of 19 ml of acetic acid, 1 ml of acetic anhydride, 
and 4 ml of sulfuric acid. After standing a t  room temperature for 4 hr, 
3 ml of water was added. Three grams (0.0435 mole) of granular sodium 
nitrite was added slowly to the cooled and stirred mixture. The suspension 
was stirred under cooling for 30 min and a t  room temperature for 1 hr. 
The mixture was poured into ice water and extracted three times with 
ether. 

The combined extracts were evaporated in uacuo, and the residue was 
taken up with 20 ml of methanol. After addition of 10 ml of 40% KOH, 
the mixture was refluxed for 1 hr, poured into water, and extracted three 
times with ether. The aqueous phase was acidified with 10% HzS04 and 
extracted three times with dichloromethane. After drying with anhydrous 
magnesium sulfate, an ethereal solution of diazomethane was added 
slowly to the stirred and cooled acid solution. After decolorization with 
activated charcoal and evaporation, the crude product was distilled in 
uacuo to give 2.5 g of a colorless oil (130" air bath temperature/0.35 mm 
Hg). A second distillation gave 2.4 g (50% yield) of pure product, bp 
118'/0.3 mm Hg. 

And-Calc. for C15H2803: C, 70.27; H, 11.01. Found: C, 69.42; H, 
10.70. 

Ethyl 2-Butyl-I -cyclopentene-f -carboxylate (VIII)-Compound IV 
(2.3 g, 10.73 mmoles) in 2.5 ml of pyridine was treated dropwise at  0' with 
1.4 ml of thionyl chloride, heated for 1 hr at 140' (oil bath temperature), 
and poured after cooling into ice water. The ester was extracted with 

ether, and the extract was dried over sodium sulfate-charcoal and con- 
centrated in uacuo. Distillation (bp 74-75'/0.5 mm Hg) afforded VILI 
as a colorless liquid, 1.8 g (86% yield); IR (film): 2940,2850, 1700, 1640, 
1470,1380,1270,1210,1105, and 1045 cm-'; NMR (CDCl3): 6 4.18 (q,2H), 
1.6-2.8 (m, 8H), 1.26 (t, 3H), 1.1-1.16 (m, 4H), and 0.9 (t, 3H) ppm. 

Anal.-Calc. for C12Hm02: C, 73.43; H, 10.27. Found: C, 73.03; H, 
10.03. 

Methyl 6-Heptyl-I-cyclohexene-Z-carboxylate (X)-2-n-Heptyl- 
1-hydroxycyclohexanecarbonitrile (7) (2.0 g, 8.95 mmoles) in 2.2 ml of 
pyridine was treated dropwise a t  0' with 1.2 ml of thionyl chloride, and 
the mixture was heated for 1 hr a t  140" (oil bath temperature) and poured 
after cooling into ice water. The desired product was extracted with ether, 
and the extract was dried over sodium sulfate-charcoal and concentrated 
in uacuo to yield 1.6 g of a light-yellow oil. 

A solution of 6-n-heptylcyclohex-1-enecarbonitrile (1.3 g, 6.33 mmoles) 
in 2.6 ml of 50 volume % H2SO4 and 6.5 ml of acetic acid was stirred at  
110" for 18 hr. To this ice-cooled and well-stirred reaction mixture, a 
solution of sodium nitrite (0.52 g, 7.6 mmoles) in 2 ml of water was added 
slowly. After stirring for 20 min a t  room temperature and 1.5 hr a t  80', 
the reaction mixture was poured into water and extracted with ether. The 
ether solution was extracted several times with dilute sodium hydroxide, 
and the combined alkaline layers were acidified with concentrated hy- 
drochloric acid and extracted with ether. The ether layers were dried over 
sodium sulfate-charcoal and concentrated to yield 0.93 g of a yellow 
oil. 

Esterification of 6-n-heptylcyclohex-1-enecarboxylic acid (0.93 g, 4.14 
mmoles) with diazomethane (as described for V) afforded X after dis- 
tillation (bp 124'/0.5 mm Hg) as a light-yellow oil, 0.84 g (95% yield); IR 
(film): 2900,2840,1715,1645,1440,1390,1360,1250,1090, and 770 cm-'; 
NMR (CDC13): 6 6.84 (t, lH) ,  3.7 (s, 3H), 2.4-2.65 (m, lH), 2.0-2.3 (ni, 
2H), 1.1-1.7 (m, 16H), and 0.87 (t, 3H) ppm. 

Anal.-Calc. for C13H2602: C, 75.58 H, 10.99. Found C, 75.34; H, 
10.82. 
4-Butyl-2,3-morpholinedione (XII)-A mixture of diethyl oxalate 

(6.24 g, 42.7 mmoles), 2-(butylamino)ethanol (5.0 g, 42.7 mmoles), and 
potassium hydroxide (0.1 g) was heated at  110' for 2 hr, and the ethanol 
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.that formed was distilled off. To remove all of the ethanol, the reaction 
mixture was heated for another 2 hr a t  looo under reduced pressure (40 
mm). After cooling to room temperature, the partially crystallized residue 
was acidified by the addition of 0.2 ml of concentrated sulfuric acid and 
dissolved in methylene chloride. The solution was washed several times 
with water, dried over sodium sulfate, and concentrated in uacuo. Re- 
crystallization from ether afforded XI1 as colorless flakes, 5.5 g (75% 
yield); IR (KBr): 2920, 2840, 1745, 1670, 1480, 1440, 1360, 1180, 1070, 
1030, and 940 cm-*; NMR (CDC13): 6 4.53 (t, 2H), 3.70 (t, 2H), 3.50 (t, 
2H), 1.14-1.8 (m, 4H), and 0.93 (t, 3H) ppm. 

Anal.-Calc. for CaH13NO3: C, 56.13; H, 7.65. Found: C, 56.39; H, 
7.77. 

Ethyl [(I-(Hydroxymethyl)propyl]amino]oxoacetate (XIV)-2- 
Amino-1-butanol(5.0 g, 56.1 mmoles) in 70 ml of anhydrous ethanol was 
added over 2.5 hr to a stirred solution of diethyl oxalate (8.2 g, 56.1 
mmoles) in 50 ml of anhydrous ethanol a t  50°. After cooling, some crys- 
talline by-product was filtered off, and the solution was concentrated in 
UQCUO. The residue was purified by low-pressure liquid chromatography 
(8% ethanol in dichloromethane) to give XIV as a light-yellow oil, 5.2 g 
(49% yield); IR (CDCl3): 3370,2960, 2880,1740,1690,1540,1470,1385, 
1320,1280,1220, and 1040 cm-'; NMR (CDClS): 6 7.7 (d, lH),  4.4 (q, 2H), 
3.5-4.2 (m, 4H), 1.35 (t, 3H), 1.2-1.8 (m, 2H), and 0.93 (t, 3H) ppm. 

Anal.-Calc. for CsHlsNO,: C, 50.78; H, 7.99; N, 7.40. Found: C, 50.65; 
H, 8.01; N, 7.30. 
In Vivo Testing Cloth Test-The cloth test screens limited quantities 

of chemicals as mosquito repellents. The test compound (50 mg) was 
placed in a 2-dram vial to which 0.75 ml of acetone or other solvent was 
added. When the chemical was thoroughly dissolved, a 50-cm2 (5 X 10- 
cm) piece of muslin bandage was rolled, placed in the vial, and mixed with 
the solution, and the vial was sealed until the chemicals were tested. The 
rate of cloth treatment was 1.0 mg/cm2. After treatment, the cloths were 
kept refrigerated in the vials for at least 24 hr. 

A t  the start of a test, vials were removed from the refrigerator and al- 
lowed to warm to room temperature. The cloth then was removed from 
the vial, stapled over a 4 X 9-cm opening cut into a 12.7 X 20.3-cm file 
card, and allowed to dry for 15 min before testing. 

The subject testing the compounds covered his or her arm with a nylon 
stocking and wore a rubber glove over the hand and wrist to protect 
against bites. The card and attached cloth patch were then taped over 
the nylon-covered forearm so that only the treated cloth allowed access 
to the skin by the mosquitoes. The arm was then exposed to a stock cage 
of A. aegypti mosquitoes (-1500) for 1 min. More than three bites 
through the treated cloth in 1 min denoted failure of the chemical. If the 
chemical did not fail, it was stored a t  room temperature and retested in 
24 hr and daily thereafter until it failed. Two standard repellents, 
diethyltoluamide and dimethyl phthalate, were tested concurrently. 

When a sufficient quantity of the candidate material was available, 
the minimum effective dose (MED) was determined. The testing method 
was the same, but the treatment rate was reduced by one-half until more 

than three bites per minute were received at the lowest dose. The mini- 
mum effective doses were determined only on the fresh (air dried for 15 
min) and 1-day-old treatments. 

RESULTS AND DISCUSSION 

Several of the synthesized compounds were solids; and although two 
compounds (I and XII) were evaluated in the membrane feeder test (l) ,  
the others (XI, XIII, and XVII-XIX) were not evaluated since solids with 
melting points greater than 40' do not repel significantly. 

Two compounds (IX and XII) showed weak repellent activity a t  high 
concentrations and attracted the mosquitoes a t  lower concentrations in 
the membrane feeder test. These compounds are under study in these 
laboratories for their effects on the lactic acid receptor of A. aegypti 
mosquitoes. 

There is not always good agreement between the in uitro membrane 
feeder test and the in uiuo cloth test. However, the membrane feeder test 
is useful as a rapid screening method when many compounds are 
studied. 

The most interesting compounds from this series were 111 and VII, 
which will be studied further on mice and Mexican hairless dogs prior 
to any human skin tests. From the cloth test results, I11 seems to be the 
most promising. 
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Abstract  0 Polymethylcyanoacrylate nanoparticles, polyethylcy- 
anoacrylate nanoparticles, and free 3H-dactinomycin and 3H-vinblastine 
were studied with emphasis on their distribution pattern in rat tissues 
after intravenous administration. The adsorption of cytostatic drugs to 
polyalkylcyanoacrylate nanoparticles can modify drug distribution in 
tissues. Particularly with vinblastine, modification of drug disposition 
is important. Data are given concerning the formation and stability of 
nanoparticle-drug complexes. Polyalkylcyanoacrylate nanoparticles seem 
to be an interesting drug carrier owing to their size, structure, degrada- 
bility, and drug sorptive properties. 

Keyphrases Polymethylcyanoacrylate nanoparticles-with adsorbed 
dactinomycin and vinblastine, distribution patterns in rats, compared 
to polyethylcyanoacrylate nanoparticles 0 Polyethylcyanoacrylate na- 
noparticles-with adsorbed dactinomycin and vinblastine, distribution 
patterns in rats, compared to polymethylcyanoacrylate nanoparticles 
0 Dactinomycin-on polymethylcyanoacrylate and polyethylcyanoac- 
rylate nanoparticles, distribution patterns in rats Vinblastine-on 
polymethylcyanoacrylate and polyethylcyanoacrylate nanoparticles, 
distribution patterns in rats D Drug carriers-polymethylcyanoacry- 
late and polyethylcyanoacrylate nanoparticles, distribution patterns of 
adsorbed dactinomycin and vinblastine in rats 

The problem of directing a cytostatic agent to specific 
sites is a current topic of research. Specific targeting of 
drug carriers may improve the anticancer activity and 
lower the general toxicity. 

The use of endocytizable and lysosomotropic carriers 
such as liposomes (1-3) and DNA complexes (4,5) appears 
promising, and new lysosomotropic carriers like albumin 
microspherules (6) and acrylic nanocapsules (7, 8) have 
been developed. Entrapment of fluorescein in such poly- 
acrylamide nanocapsules significantly increases dye up- 
take by cultured fibroblasts and allows its accumulation 
into lysosomes, which are cell compartments in which 
fluorescein does not spontaneously accumulate (9, 10). 
However, the polymer used to prepare nanocapsules is 
unlikely to be digested by lysosomal enzyme, which might 
restrict its clinical use. 

It has been demonstrated that polyalkylcyanoacrylate 
nanoparticles are potential lysosomotropic carriers because 
of their size, structure, and sorptive properties (11, 12). 
Such degradable nanoparticles are able to adsorb various 
molecules, including antimitotic drugs, reproducibly (11, 
13,141. The hydrolysis rate is dependent on the alkyl chain 
length of the cyanoacrylic monomer, which allows the drug 
release kinetics to be selected (13). 

This study compared the tissue distribution of free 
dactinomycin and vinblastine with that of the adsorbed 
drugs on polymethylcyanoacrylate and polyethylcyano- 
acrylate nanoparticles after intravenous administration 
to rats. 

EXPERIMENTAL 

Preparat ion of 3H-Dactinomycin and 3H-Vinblastine Nano- 

particles-Either 3H-dactinomycin1 (40 pl) or 3H-vinblastine1 (75 pl) 
was added to 1.5 ml of an aqueous solution containing 0.5% polysorbate* 
20 in 0.01 M HCI. Then 17 pl of monomer3 (methyl- or ethylcyanoacry- 
late) was dispersed under mechanical stirring. 

After polymerization (30 m i d ,  the milky suspensions obtained were 
buffered to pH 7 using 0.05 ml of 1.0 M NaOH and 2.0 ml of phosphate 
buffer [containing 25% (v/v) of 0.2 M KHzP04 and 15% (v/v) of 0.2 M 
NaOH]. The colloidal suspension obtained after filtration through a 
0.8-pm filter4 was diluted with an equal volume of the phosphate 
buffer. 

The solutions of free 3H-dactinomycin and 3H-vinblastine were pre- 
pared as described for the nanoparticles but without monomer addi- 
tion. 

Determination of Drug Adsorbed on Nanoparticles-Dactino- 
mycin-Dactinomycin (3.3 mg) and 3H-dactinomycin (20 pl) were dis- 
solved in 50 ml of acid containing polysorbate 20. Monomers were then 
added and polymerized as already described. 

The nanospherule suspensions (10 ml) were centrifuged at 20,000 rpm. 
After separation and dissolution of the sediment in dimethylformamide, 
the 3H-dactinomycin was measured in both the sediment and the su- 
pernate by scintillation counting as described. 

Vinblastine-Vinblastine (17.5 mg) and 3H-vinblastine (20 pl) were 
dissolved in 50 ml of acid containing polysorbate 20. The determination 
of the amount of vinblastine adsorbed on polymethyl- and polyethylcy- 
anoacrylate nanoparticles was made in the same manner as for 3H- 
dactinomycin. 

Sample Preparation for Scintillation Counting-One milliliter of the 
supernatant and sediment solutions was pretreated with 0.5 N quaternary 
ammonium hydroxide in toluene5 (0.75 ml). Isopropanol (0.75 ml) and 
30% Hz02 (0.5 ml) were added to decolorize the samples. After 60 min, 
xylol-0.5 M HC16 (91) (15 ml) was added, and counting was performed 
in a liquid scintillation counter'. Quench correction was obtained using 
a channels ratio method. The results are expressed in percent of the drug 
adsorbed on the nanospherules. 

Injection of 3H-Dactinomycin and 3H-Vinblastine in Free Form 
and Nanoparticle-Associated Forms-Three groups of 20 male Wistar 
rats (180-220 g), anesthetized with ether, were injected by puncture in 
femoral vena. Each group received one of the following forms of 3H- 
dactinomycin in a single injection of 0.80 ml: free drug and polymethyl- 
and polyethylcyanoacrylate nanoparticles. At 0.5,3, and 24 hr, six, eight, 
and six rats, respectively, were killed by decapitation in each of the three 
groups. Samples of blood and various tissues were removed for 3H- 
analysis. 

The differential tissue distribution of 3H-vinblastine was determined 
in the same manner on two groups of 18 rats. Each group received free 
or adsorbed 3H-vinblastine, and six rats were killed in each of the two 
groups at the same time intervals. 

Preparation of Rat Tissues for 3H-Analysis--Samples of fresh 
tissues including spleen, small intestine, muscle, kidneys, liver, and lungs 
were taken. For each organ except the spleen, three samples weighing 
45-55 mg were each solubilized in 1 ml of 0.5 N quaternary ammonium 
hydroxide. For the spleen, 20-mg samples were used. After solubilization 
(about 4 hr), samples were decolorized using 0.2 ml of 30%0 H202, followed 
by warming a t  40° for 30 min. 

For the blood analysis, 200 pl was solubilized in 1.5 ml of quaternary 

M.B.L.E., Radiochemical Centre, Amersham, England. 
2 Tween 20, I.C.I., Atlas International Division, Everberg, Belgium. 
3 Loctite. Dublin, Ireland. ' Millipore, Buc, France. 
5 Soluene, Packard Instruments S.A.. Brussels, Belgium. 
6 Instagel, Packard Instruments S.A., Brussels, Belgium. 
7 Computer Philips PW 4510, M.B.L.E., Brussels, Belgium. 
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T a b l e  I-Efficiency of D r u g  Sorp t ion  o n  Nanopar t ic les  

Concentration of Sorption, % 
Suspension, Polymethyl- Polyethyl- 

Drug P d m I  cyanoacrylate cyanoacrylate 

Dactinomycin 55 92.8 86.5 
Vinblastine 350 35.8 80.0 
Vinblastine 45 67.2 85.0 

ammonium hydroxide in toluene--isopropan(il (1: l )  and decolorized with 
0.5 ml of 30% H&. 

After cooling a t  room temperaturr. 15 ml of the  sc~ntillation fluid was 
added to each sample, and counting was performed in the  liquid scintil- 
lation analyzer. 

For each form of :3H-dactinomyrin o r  :Wvinblastine used, the amount 
o f  radioactivity injected was calculated on the hasis of analysis of tripli- 
cate samples ol'O.2 ml measured with the same syringe used for injection. 
These samples were treated as  desrrihed for the t.issues. 

Drug concentration in each tissue analyzed was expressed in micro- 
curies X per gram of tissue and per microcurie injected in the whole 
animal. 

R E S U L T S  A N D  DISCUSSION 

Format ion  a n d  Stab i l i ty  of Nanopart ic le-Drug Complexes- 
Dactinomycin and vinblastine were adsorbed on the  nanoparticles with 
high efficiency (Table I) .  Although the percentage of adsorbed drug de-  
clined with increasing amounts. suhstantial amounts of dactinomycin 
and vinblastine can be sorhed. T h e  percentages of  drug adsorbed to the 
nanoparticles were in all cases higher than those ohtained with entrap-  
ment in liposomes (15, 16). Furthermore. the  amounts of drug adsorbed 
on nanoparticles were reproducihle. 

For a 5 5 - ~ g / m l  suspension of dactinomycin, 92.8 and 86.5% of the drug 
were adsorbed on polymethyl- and polyethylc~aiioacrylate nanoparticles, 
respectively, when the drug was incorporated before polymerization. In  
contrast, when a suspension of prepared nanopart.icles was mixed with 
a n  aqueous solution of' free dartinomycin, the percentage of the drug 
adsorbed on the particles decreased to  66.0 and 64.5%, for polymethyl- 
and polyet hylcyanoacrylnte nanoparticle forms, respectively. These re- 
sults are in agreement with the porous structure of particles observed 
aft.er cryofracture by electron microscopy (1  I ) .  Indeed, when the  drug 

F i g u r e  1-Morphological apprarance  of dactinomycin associated to 
po/vnieth~lcyan,Jncr,y~ate  nunoparticles a t  the  scanning e/ectron mi- 
croscope. Thickness of the  gold layer was 100 nm. 

20 

10 

HOURS AFTER INJECTION 

Figure 2-Tissue concentrations [small intestine (left), liver (center), 
a n d  lungs (right)] in rats a t  carious times af ter  administration of 3H- 
dactinomycin. A single intraoenous injection of pol.ymethyl- I - . - )  or 
polyethyl- (- -) cyanoacrylate nanopnrticles or free (-) dactinomycin 
was given t o  each rat .  Each point is the mean value from at least six 
animals. 

is added after the  nanoparticles are formed, the  inner surface of the  
carrier probably is no longer available for adsorption. 

A scanning electron microscopic8 study showed tha t  drug adsorption 
a t  the surface of the particles induces no morphological modification of 
these nanoparticles. Figure 1 shows spherical dactinomycin-poly- 
methylcyanoacrylate nanoparticles with a diameter of -200-300 nm, 
considering the  thickness of the gold layer (100 nm) used for sample 
preparation. 

Dact inomycin Dis t r ibu t ion  in  R a t  Tissues-Tahle 11 shows the 
concentrations of 3HHdactinomycin found in the  blood, spleen, small 
intestine, muscle, kidney, liver, and lung samples after administration 
of either free dactinomycin or nanoparticle-adsorbed forms. Each value 
a t  various t,imes after the injection represents a mean result obtained with 
six or eight animals and with three pretreatment levels from each tissue 
analyzed. A statistical analysis (Student t test) was carried out  to  de- 
termine, with a probability of 0.975, the  significant differences in the 
tissue distributions induced by adsorption. 

Significant increases of 3HH-dactinomycin uptake were ohtained for the 
small intestine and lungs of polymethylcyanoacrylate nanoparticle-in- 
jected rats a t  0.5 hr  (Fig. 2 ) .  Three hours after the  inject.ion, the  :jH- 
dactinomycin content in both o f  these t.wo tissues decreased, bu t  the 
radioactivity levels remained higher than t.hose found in the  small in- 

201 I20 

20 
15 
10 
5 

0.5 3 24 
HOURS AFTER INJECTION 

Figure 3-Tissue conrentrations (blood, spleen, intestine, muscle, 
kidneys, h e r ,  a n d  lungs) of free (-) and polyethylcyanoacrylate 
nonoparticle f -  -1 3H-oinblastine forms at oarious times af ter  intra- 
uenous administration. Each point is the mean oalue from a minimum 
of six animals. The Ro5 represents the  relation between uinblastine 
adsorbed on polyethylcvanoarrylatc nanoparticles a n d  free uinblastine 
tissue concentration at 30 min af ter  injection (R0.5 = PEN0 s l F 0 . J .  

8 "Super Mini SM," International Scientil'ir Instruments, Mountain View, 
Calif. 
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Table 11-Tissue Distribution of Drug at 3 h r  Postinjection 

PNM or PEN 
F 

Organ F" PMN" PEN" PMN PEN PMN PEN 

Spleen 15.0 15.3 17.5 0.16 1.51 1.02 1.17 
Small intestine 9.8 15.3 16.8 2.70 3.76 1.56 1.71 

Kidneys 9.6 14.1 12.8 1.79 3.29 1.47 1.33 
Liver 4.9 5.6 6.9 0.93 m 1.14 1.41 
Lungs 6.8 14.3 10.5 3.85 z 2.10 1.54 

a Units are microcuries X 10-3 per gram per microcurie injected. tarud ( p  = 0.975) represents the results of the statistical analysis (Student test) for a probability of 
0.975. Underlined numbers correspond to a significant difference between free ( F ) ,  polymethyl- (PMN), and polyethyl- (PEN) cyanoacrylate nanopart~cle forms for 
the chosen probability. 

Blood 1.2 0.5 1.2 4.17 0.37 0.42 1.00 

Muscle 2.2 3.1 2.2 m m 1.41 1 .oo 

- 

testine and lungs of rats injected with the free drug. No significant dif- 
ference was found 24 hr after injection. 

Similar observations were made for polyethylcyanoacrylate nano- 
particles. Thus, the small intestine and lungs of the injected'rats showed 
significantly higher contents of "H-dactinomycin a t  3 hr in comparison 
with free drug. Furthermore, the 3H-dactinomycin concentration in the 
liver was higher for the polyethylcyanoacrylate nanoparticle form; this 
observed difference was slight but significant (Table 11). 

In both the spleen and kidneys, the decrease of radioactivity remained 
similar for all three forms of 3H-dactinomycin during the experiment. 
Except for the lungs and small intestine, the tissue distribution of :3H- 
dactinomycin was poorly modified by adsorbing it on nanoparticles, in 
spite of generally higher drug levels in tissues of rats injected with nan- 
oparticles. Previous studies on dactinomycin tissue distribution in mice 
showed that the small intestine retains high dactinomycin concentrations 
(17, 18). The present results are similar to these observations, but it was 
surprising to find still higher concentrations of radioactivity in the in- 
testinal wall of rats injected with 3H-dactinomycin adsorbed on nano- 
particles. Likewise, the poor accumulation of the nanoparticle forms in 
the liver and the spleen is difficult to explain. The tissue distribution of 
dactinomycin nanoparticles was comparable to that observed when the 
drug was incorporated into the aqueous phase of multilamellar liposomes 
(18). 

3H-Vinblastine in Rat Tissues-Table 111 lists the 3H-concentration 
after the injection of free drug or polyethylcyanoacrylate nanoparticle- 
3H-vinblastine. Concentrations of 3H-vinblastine found in tissues after 
administration of nanoparticles were generally higher than those obtained 
with the free form. This result was particularly remarkable a t  0.5 hr after 
the injection and for tissues rich in reticuloendothelial macrophage cells 
such as the liver, spleen, and lungs (Fig. 3). Thus, 0.5 hr after injection, 
the spleen accumulated 21 -fold more nanoparticles with adsorbed 
3H-vinblastine than free drug. Likewise, after the same time, the drug 
concentrations observed with nanoparticles were 1.7-fold higher in the 
liver, fourfold higher in the lungs, and 2.3-fold higher in the kidneys 
compared to levels with free vinblastine. 

More surprising was the higher concentration of the nanoparticles 
compared to the free form in the muscle. Indeed, the muscle retained 
2.7-fold more vinblastine when the drug was adsorbed on polyethylcy- 
anoacrylate nanoparticles. At 30 min after injection, the tissue concen- 
trations observed with nanoparticles were generally two- to 20-fold higher 
than with the free drug (Table 111). Thus, the kinetics of tissue uptake 
of the nanoparticles were quite different compared to those of the free 
form (Fig. 3). Maximum levels were observed after 0.5 hr for the nano- 
particle formulation and after 3 hr for the free form, except for the liver 

Table  111-Tissue Accumulation of Drug  at 0.5 hr Postinjection 

tstud PEN 
Organ Fa PENn ( p  = 0.975) F 

Blood 2.2 1.5 1.54 0.7 
Spleen 0.4 8.4 6.17 21.0 
Small intestine 13.8 14.9 m 1.1 
Muscle 0.8 2.2 4.69 2.7 
Kidneys 5.5 12.8 8.34 2.3 
Liver 11.6 20.0 m 1.7 
Lunas 5.6 22.7 m 4.0 

0 Units are microcuries x 10-3 per gram per microcurie injected. t.tud ( p  = 0.975) 
represents the results of the statistical analysis (Student test). Underlined numbers 
correspond to a significant difference between free ( F )  and polyethylcyanoacrylate 
nanoparticle (PEN) forms for a probability of 0.975. 

and blood. Differences in the tissue drug concentrat ions were more 
marked a short time after injection. 

Earlier studies with liposomes (19, 20) showed preferential cellular 
capture by the liver and spleen. The present results show that the 3HH- 
vinblastine nanoparticles have a broader tissue distribution than lipo- 
somes and provide evidence that nanoparticles can be used to modify 
tissue distribution of vinblastine. The significant difference in the ac- 
cumulation in the muscle between free and nanoparticle-adsorbed vin- 
blastine cannot now he explained, hut it is interesting to note that cul- 
tured fibroblasts, which have a moderate endocytic capacity, accumulate 
polyacrylamide nanoparticles (9). 

These results agree qualitatively with previous reports in that the fa- 
vored sites for free vinblastine include the spleen, intestine, lungs, and 
liver (19.21). 

CONCLUSIONS 
The present study provides evidence that the adsorption of cytotoxic 

drugs to polyalkylcyanoacrylate nanoparticles can modify the drug dis- 
tribution pattern in tissues. This effect was particularly marked for the 
vinblastine nanoparticles. Furthermore, the results obtained with dac- 
tinomycin and vinblastine show that the differential tissue distribution 
(between free and adsorbed forms) was not only related to the carrier but 
also depended on the active molecule. For example, both free vinblastine 
and dactinomycin had a marked affinity for the small intestine, which 
was enhanced with dactinomycin adsorbed on nanoparticles hut un- 
changed with vinblastine nanoparticles. In contrast, the increase of the 
uptake of nanoparticle-adsorbed drugs by the liver and spleen was more 
marked, comparatively, for vinblastine than for dactinomycin. 

Such results are in agreement with the observations reported for  li- 
posomes (22,23) .  Indeed, 3 hr after injection of radiolabeled free drug 
or the liposome-encapsulated form, the tissue distribution was quite 
different for dactinomycin, cytosine arabinose, vinblastine, s6Rh+, or 
ethylenediaminetetraacetate. 

All modifications of distribution patterns of the examined drugs were 
observed a t  the earlier times after administration (0.5 or 3 hr). Thus, the 
effect of the carrier seems rapid, especially with vinblastine nanoparticles. 
Such observations are compatible with the rapidity of endocytosis, which 
may be carried out in minutes (24). 

Moreover, these results show that there is a general increased uptake 
of cytostatic drugs when they are adsorbed on nanoparticles. But this 
increase is not uniform for all tissues. Differential and selective increases 
in tissue uptake of cytotoxic drugs will be of interest in cancer chemo- 
therapy. Polyalkylcyanoacrylate nanoparticles could be useful in this 
area. The action of nanoparticles associated with cytostatic agents on 
tumor-hearing animals and the selective uptake by different cell types 
will be investigated. 
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Abstract 0 Carnitine analogs with various substituents on the nitrogen 
were tested for their effect on carnitine acetyltransferase from rat sperm 
and pigeon breast. A radiometric assay was used to measure the formation 
of acetylcarnitine in the presence of other enzymes that competed for 
acetyl coenzyme A in the sperm preparation. The apparent enzyme in- 
hibition caused by the analogs was explained by the analogs serving as 
alternative substrates with higher K,,, and lower V,, values. The analogs 
had no effect on whole sperm. 
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The primary importance of carnitine acetyltransferase 
(EC 2.3.1.7) in mitochondria is not known. Since the en- 
zyme is found in high levels in cells that derive much of 
their energy requirements from lipid metabolism, it was 
thought that i ts  major function was in lipid metabolism (1). 
For example, pigeon breast and heart muscle are common 
sources of the enzyme. The enzyme also is abundant in 
sperm (2), where the acetylation of carnitine may serve as 
an important regulator of both lipid and carbohydrate 
metabolism (3 ,4) .  

Carnitine analogs that inhibit the enzyme may alter the 
path of energy metabolism (5). Rat and mouse sperm offer 
a convenient means of testing the biological activity of 
carnitine analogs. Carnitine appears to be important for 
sperm metabolism. Not only are carnitine acetyltrans- 
ferase levels high in sperm, but carnitine is also in high 
concentration in epididymal fluid (6). The sperm can be 
isolated easily with little contamination by other cells, and 

they can be checked easily for viability by examining their 
motility under a microscope. 

Unfortunately, the most commonly used spectropho- 
tometric assay for carnitine acetyltransferase cannot be 
used with crude sperm enzyme; this assay measures the 
disappearance of the thiol ester bond of acetyl coenzyme 
A, and competing reactions using acetyl coenzyme A in- 
terfere with this measurement unless the enzyme is puri- 
fied. However, crude enzyme can be assayed by measuring 
the transfer of labeled acetate to acetylcarnitine, which can 
be precipitated as the periodide (7). Since carnitine acet- 
yltransferase probably is essential for sperm function, any 
inhibitor also should be detected with whole sperm by 
changes in the fertilization rate. 

In this study, carnitine analogs were examined for their 
effect on the enzyme in both crude sperm preparations and 
crystalline pigeon breast enzyme. In addition, selected 
analogs were examined in various test systems to deter- 
mine the cellular effects of the analogs. 

EXPERIMENTAL 

Carnitine Analogs-The dl-carnitine analogs (I-VII) were prepared 
as described previously (5). 

Spectrophotometric Assay-The spectrophotometric assay of car- 
nitine acetyltransferase activity measured the decrease in absorbance’ 
of the thiol ester bond of acetyl coenzyme A a t  232 nm (8). The reaction 
mixture in each cell contained 1.0 mM L-carnitine2, 0.1 mM acetyl 
coenzyme A2, and the carnitine analog of the desired concentration. The 
reaction was carried out a t  25” in 100 mM tromethamine buffer, pH 8.0, 
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The primary importance of carnitine acetyltransferase 
(EC 2.3.1.7) in mitochondria is not known. Since the en- 
zyme is found in high levels in cells that derive much of 
their energy requirements from lipid metabolism, it was 
thought that i ts  major function was in lipid metabolism (1). 
For example, pigeon breast and heart muscle are common 
sources of the enzyme. The enzyme also is abundant in 
sperm (2), where the acetylation of carnitine may serve as 
an important regulator of both lipid and carbohydrate 
metabolism (3 ,4) .  

Carnitine analogs that inhibit the enzyme may alter the 
path of energy metabolism (5). Rat and mouse sperm offer 
a convenient means of testing the biological activity of 
carnitine analogs. Carnitine appears to be important for 
sperm metabolism. Not only are carnitine acetyltrans- 
ferase levels high in sperm, but carnitine is also in high 
concentration in epididymal fluid (6). The sperm can be 
isolated easily with little contamination by other cells, and 

they can be checked easily for viability by examining their 
motility under a microscope. 

Unfortunately, the most commonly used spectropho- 
tometric assay for carnitine acetyltransferase cannot be 
used with crude sperm enzyme; this assay measures the 
disappearance of the thiol ester bond of acetyl coenzyme 
A, and competing reactions using acetyl coenzyme A in- 
terfere with this measurement unless the enzyme is puri- 
fied. However, crude enzyme can be assayed by measuring 
the transfer of labeled acetate to acetylcarnitine, which can 
be precipitated as the periodide (7). Since carnitine acet- 
yltransferase probably is essential for sperm function, any 
inhibitor also should be detected with whole sperm by 
changes in the fertilization rate. 

In this study, carnitine analogs were examined for their 
effect on the enzyme in both crude sperm preparations and 
crystalline pigeon breast enzyme. In addition, selected 
analogs were examined in various test systems to deter- 
mine the cellular effects of the analogs. 

EXPERIMENTAL 

Carnitine Analogs-The dl-carnitine analogs (I-VII) were prepared 
as described previously (5). 

Spectrophotometric Assay-The spectrophotometric assay of car- 
nitine acetyltransferase activity measured the decrease in absorbance’ 
of the thiol ester bond of acetyl coenzyme A a t  232 nm (8). The reaction 
mixture in each cell contained 1.0 mM L-carnitine2, 0.1 mM acetyl 
coenzyme A2, and the carnitine analog of the desired concentration. The 
reaction was carried out a t  25” in 100 mM tromethamine buffer, pH 8.0, 
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Table I-Radiometric Precipitation Assay of Carnitine 
Acetyltransferase Inhibition 

~~ 

Inhibitors, mg/ml 
Compound 1 2 4 1 2 4 

Inhibition of Inhibition of 
Sperm Enzyme, % Pigeon Breast Enzyme, % 

I 15 24 50 12 25 45 
I1 25 38 45 30 45 50 

111 28 38 42 30 45 45 
IV 12 20 35 10 18 25 
V 0 3 10 10 18 - 

V I  5 12 38 10 20 30 
VII 0 5 12 5 12 25 

after addition of -20 microunits (80 units/mg of protein) of pigeon breast 
enzyme3. 

Radiometric Assay-The assay using precipitation of labeled 
acetylcarnitine was a modification of the semimicro method described 
by McCaman et al. (7). The 0.25-ml reaction mixture contained 24 mM 
DL-carnitine (4.8 mg/ml), 0.5 mM "-acetyl coenzyme A4 tritium-labeled 
to -1 mCi/mmole, the carnitine analog at  various concentrations, and 
0.1 M phosphate buffer, pH 7.5, with 0.5 mM ethylenediaminetetra- 
acetate. The exact amount of sperm or pigeon breast enzyme was adjusted 
to stay within the linear portion of the standard curve. 

After 30 min at  37", the reaction was stopped, and the solution was 
deproteinized with 10 pl of cold 50% (w/v) trichloroacetic acid. After 
centrifugation, 0.20 ml of the supernate was transferred to another small 
centrifuge tube, and 0.30 ml of potassium iodide-iodine solution was 
added to precipitate the carnitine, labeled acetylcarnitine, and carnitine 
analogs as the periodides. The precipitate usually was allowed to stand 
overnight at 4' to ensure precipitation when the analogs were present. 
The precipitate was washed with 0.6 ml of cold 2 N H2SO4, dissolved in 
10 ml of scintillator solution5, and decolorized with 0.3 ml of an organic 
base6. 

Enzymes-Crystalline pigeon breast carnitine acetyltransferase was 
purchased3. The sperm enzyme was obtained from the mitochondria of 
rat or mouse epididymal sperm using a differential centrifugation pro- 
cedure similar to that described previously (2). Fat-free epididymal tissue 
was homogenized in 0.25 M sucrose (5 ml/rat) and centrifuged for 10 min 
at 1OOOXg. The pellet was rehomogenized, and the combined supernate 
was centrifuged for 15 min at 10,OOOXg to sediment the mitochondria. 

The mitochondria were homogenized twice at 20-min intervals with 
pH 8.0 phosphate buffer-ethylenediaminetetraacetate solution con- 
taining 0.1% deoxycholate (2), using 2 ml of bufferhat. The homogenate 
was centrifuged at 10,OOOXg for 20 min. The enzyme was in the supernate, 
and the protein concentration was -10 mg/ml. The preparation was 
stable in the frozen state. 

Kinetic Measurements-Kinetic parameters for the camitine analogs 
were determined spectrophotometrically using substrate concentrations 
less than or equal to 1 mM. Both K, and VmnX values were determined 
graphically from Lineweaver-Burk plots. 

Whole Sperm Effects-Epididymal sperm from mice were expressed 
and washed twice in Tyrode's solution containing 0.1% glucose and 0.1% 
bovine serum albumin. The sperm were resuspended in the modified 
Tyrode's solution. To this suspension was added, in the desired concen- 
tration, the analog adjusted to neutral pH. 

After 15 rnin at 37O, the sperm were washed again, and the enzyme was 
extracted for assay as already described. Comparison was made with 
control sperm without analog. 
In Vitro Fertilization and Egg Culture-Some analogs were tested 

in an assay designed to detect substances that interfered with sperm 
function, egg fertilization, or early embryo development. The system 
contained a measured number of mouse sperm and mouse eggs in an 
appropriate medium cultured under normal conditions (9). In the absence 
of test substances, the eggs were fertilized and developed to the morula 
stage at a known rate. Compounds that interfered with any part of the 
process, i.e., from sperm viability to early egg metabolism, could be de- 
tected by an analysis of the cell types present a t  the end of the culture 
period. At 1 pg of the test substancdml, -14% of 1000 randomly selected 

3 Sigma Chemical Co. ' New England Nuclear. 
5 The liquid scintillation fluid consisted of 2-ethoxyethanol-toluene (1:l) with 

0.1 g of 1,4-bis(2-(5-phenyloxazolyl)]benzene and 5 g of 2,5-diphenyloxazole/ 
liter. 

ti Soluene, Packard Instruments. 

Table 11-Kinetic Parameters for  Carnitine Analogs as 
Substrates for Carnitine Acetyltransferase a 

R, 
'~CH&HCH&O~H ci- 

&'I I 
R3 OH 

Vmnn 
K,, nmolesl 

Compound €21 Rz R3 mM min/mg 

CH3 0.3 11 
CHI 0.4 8.6 

Carnitine CH3 CH3 
I CHICH? CH? -~~ . ~~ ... _. 

I1 CHjCH; C H ~ C H ~  CH3 0.6 6.0 
I11 CHdCHd3 CH3 CH3 0.6 6.2 
IV CH3CH2 CH3CH2 H 1.0 3.2 
V CH&H,OCH&Hv H 1.0 <1 

VI CH;CH;CH~CHZCH~ H 1.0 <1 
VII CH2CH2CH2CH2 H 2.0 <1 

a Data was obtained uia the spectrophotometric assay using crystalline pigeon 
breast enzyme. 

organic compounds showed some activity. A t  10 mg/ml, -40% of the 
tested compounds interfered with some aspect of egg development. 

RESULTS 

The radiometric assay for carnitine acetyltransferase, based on pre- 
cipitation of acetylcamitine, was linear with the amount of sperm enzyme 
until -40% of the labeled acetyl coenzyme A was consumed. It also was 
linear with time until the same amount of acetyl coenzyme A was con- 
sumed. Acetyl coenzyme A was limiting under the assay conditions since 
excess carnitine was needed to get complete precipitation. The amount 
of enzyme used for assaying the inhibitory properties of the analogs was 
adjusted to give 25-30% conversion of acetyl coenzyme A (corresponding 
to approximately 3 milliunits of the commercial pigeon breast enzyme). 
Addition of the analogs to the reaction mixture appeared to inhibit the 
sperm enzyme (Table I). The same inhibition patterns were seen with 
purified pigeon breast enzyme using the precipitation assay (Table I): 
1-111 were better inhibitors than V-VII. 

When the analogs were tested as substrates for the enzyme in the ab- 
sence of carnitine, they served as substrates to varying degrees. The 
precipitation of the acetyl analog as the periodide was more variable, 
however, and K, and Vma, values for each analog were determined 
spectrophotometrically using concentrations up to 1 mM (Table 11). 

Whole Sperm Enzyme Effects-Analogs IV and V were tested for 
their effect on carnitine acetyltransferase levels in whole sperm. Enzyme 
levels were unchanged in sperm incubated for 15 rnin with the analogs 
and then washed. Compound V was tested at 1 pM and IV was tested at  
concentrations as high as 100 m M  without effect on the enzyme extracted 
from treated sperm. 

Effect on In Vitro Sperm and Egg Culture-Compounds 111-V and 
VII were tested at 0.1,1.0, and 10 pg/ml of media. The fertilization rate 
in the presence of the analogs was indistinguishable from controls. 

DISCUSSION 

The radiometric assay permitted the measurement of small amounts 
of sperm carnitine acetyltransferase without extensive purification. 
Enzyme levels in the epididymal sperm of one mouse could be measured, 
and numerous assays could be made without large numbers of ani- 
mals. 

Under the usual assay procedures, the analogs first appeared to be 
typical competitive inhibitors except that inhibition leveled off a t  high 
levels. When examined as substrates, the apparent inhibition occurred 
because they were poorer substrates than carnitine. The 4-mg/ml analog 
concentration was about twice the concentration of L-carnitine in the 
radiometric assay. Exact kinetics of the radiometric assay were obscured 
by the presence of D-carnitine (also an inhibitor) and the variables in- 
troduced by the precipitation of the acetyl analog periodides. The spec- 
trophotometric system was used to measure K,,, and V,,, of the analogs 
with the purified pigeon breast enzyme. The similarity of the enzymes 
toward the analog effects in the radiometric assay suggested that the data 
obtained spectrophotometrically with the crystalline enzyme were ap- 
plicable to the crude sperm enzyme. 

The K,,, value generally increased and the V,, value decreased with 
increasing bulk and rigidity of the nitrogen substituents. Analogs I-IV 
accepted the transfer of the acetyl group to the @-hydroxyl if the posi- 
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tively charged nitrogen atom of the analog fit the binding site on the 
enzyme. Attempts to isolate the labeled, acetylated analog from the re- 
action mixture were unsuccessful. The label trailed badly in all separation 
systems tried. 

Although the analogs acted as enzyme inhibitors, they had no effect 
on the sperm. Whether the analogs were excluded from the cells or en- 
tered the cell and were ineffective in altering the enzyme activity cannot 
be discerned from the available data. These studies confirmed previous 
work that showed that the analogs had no biological activity (5). 
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Abstract 0 Two cyclic linear compartment models are proposed to in- 
vestigate the reabsorption mechanism of doxycycline. In one model, 
reabsorption is considered to be continuous; in the other model, it is 
discontinuous. The continuous model, when fitted, leads to one real and 
two complex conjugate eigenvalues, corresponding to a regression 
equation consisting of a regular exponential term and an exponentially 
damped trigonometric expression. In spite of the apparent oscillatory 
nature of this regression equation, the fitted curves show no secondary 
peaks or humps apparent in the data. Simulation studies indicate that 
it may not be possible to get response profiles showing secondary peaks 
or humps that are experimentally detectable with linear compartment 
systems with cyclic pathways and continuous transfer. The model with 
discontinuous cyclic transfer was more flexible in describing the dis- 
crepancies in the data and appeared to be preferable to the continuous 
cyclic transfer model judged by the Akaike information criterion. 

Keyphrases Doxycycline-pharmacokinetics of reabsorption, two 
cyclic linear compartment models proposed Pharmacokinetics- 
doxycycline reabsorption, two cyclic linear compartment models pro- 
posed 0 Models-pbarmacokinetics of doxycycline reabsorption 

There does not appear to be general agreement about 
the pharmacokinetic behavior of doxycycline in humans. 
Gibaldi (1) claimed that the persistence of serum doxy- 
cycline levels is due to a relatively slow absorption com- 
pounded by enterohepatic cycling, while other authors 
proposed that it is due to an intrinsically slow rate of 
elimination (2, 3). The pharmacokinetic parameters for 
doxycycline were calculated from the data of Fabre et al. 
(3), assuming a single-compartment model (1). The elim- 
ination rate was calculated using the data points from 35 
to 72 hr after administration; these values were assumed 
to be true postabsorptive data (1). The mean half-life for 
doxycycline of 9.8 hr obtained in this way does not differ 
greatly from the half-life of other tetracyclines. An ap- 
parent absorption half-life of 5.3 hr was calculated by the 
method of residuals. It was suggested (1) that the persis- 
tence of appreciable serum concentrations of doxycycline 
relative to other tetracyclines is a function of absorption 
kinetics rather than elimination kinetics. 

Using the same data, a subsequent investigator (2) cal- 
culated a substantially different absorption half-life of 50 

min and a quite different elimination half-life of 22-24 hr 
and suggested that the persistent serum levels are pri- 
marily due to slow elimination. Schach von Witteman (2) 
pointed out that the low values found 72 hr after dosing are 
not very accurate and that the emphasis placed on this 
limited segment of the data is not justified. However, this 
investigator ignored the last two data points entirely in 
calculating the elimination rate constant. Inclusion of these 
two data points results in a considerably shorter half- 
life. 

Although it is difficult to resolve properly the absorption 
and elimination kinetics from oral data alone, the data (3) 
show signs of secondary peaks, which support the hy- 
pothesis of reabsorption. This hypothesis is further sup- 
ported by a high affinity to the bile reported for doxycy- 
cline and other tetracyclines (4). If reabsorption occurs, 
then the calculation of intrinsic absorption and elimination 
half-lives using classical pharmacokinetic approaches as 
discussed may not apply. It is not valid to assume a post- 
absorptive phase in a pharmacokinetic system with sig- 
nificant reabsorption. 

Therefore, it is of interest to investigate the kinetic be- 
havior of doxycycline using kinetic models that do consider 
the drug’s reabsorption. It is also valuable to investigate 
whether the reabsorption occurs through a continuous 
process as suggested previously (4) or whether it is of a 
discontinuous nature, possibly related to biliary intestinal 
secretion that occurs primarily in the form of squirts of bile 
into the intestine (5). This work proposes two simple 
pharmacokinetic models to investigate these matters using 
the data of Fabre et al. (3). 

THEORY 

The two linear pharmacokinetic models proposed represent simple 
forms of drug reabsorption. Both models contain a cyclic disposition and 
do not belong to the categories of models (mammillary, catenary, and 
other noncyclic systems) proposed most frequently in pharmacoki- 
netics. 

Model 1-This linear model proposes first-order absorption, central 
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tively charged nitrogen atom of the analog fit the binding site on the 
enzyme. Attempts to isolate the labeled, acetylated analog from the re- 
action mixture were unsuccessful. The label trailed badly in all separation 
systems tried. 

Although the analogs acted as enzyme inhibitors, they had no effect 
on the sperm. Whether the analogs were excluded from the cells or en- 
tered the cell and were ineffective in altering the enzyme activity cannot 
be discerned from the available data. These studies confirmed previous 
work that showed that the analogs had no biological activity (5). 
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There does not appear to be general agreement about 
the pharmacokinetic behavior of doxycycline in humans. 
Gibaldi (1) claimed that the persistence of serum doxy- 
cycline levels is due to a relatively slow absorption com- 
pounded by enterohepatic cycling, while other authors 
proposed that it is due to an intrinsically slow rate of 
elimination (2, 3). The pharmacokinetic parameters for 
doxycycline were calculated from the data of Fabre et al. 
(3), assuming a single-compartment model (1). The elim- 
ination rate was calculated using the data points from 35 
to 72 hr after administration; these values were assumed 
to be true postabsorptive data (1). The mean half-life for 
doxycycline of 9.8 hr obtained in this way does not differ 
greatly from the half-life of other tetracyclines. An ap- 
parent absorption half-life of 5.3 hr was calculated by the 
method of residuals. It was suggested (1) that the persis- 
tence of appreciable serum concentrations of doxycycline 
relative to other tetracyclines is a function of absorption 
kinetics rather than elimination kinetics. 

Using the same data, a subsequent investigator (2) cal- 
culated a substantially different absorption half-life of 50 

min and a quite different elimination half-life of 22-24 hr 
and suggested that the persistent serum levels are pri- 
marily due to slow elimination. Schach von Witteman (2) 
pointed out that the low values found 72 hr after dosing are 
not very accurate and that the emphasis placed on this 
limited segment of the data is not justified. However, this 
investigator ignored the last two data points entirely in 
calculating the elimination rate constant. Inclusion of these 
two data points results in a considerably shorter half- 
life. 

Although it is difficult to resolve properly the absorption 
and elimination kinetics from oral data alone, the data (3) 
show signs of secondary peaks, which support the hy- 
pothesis of reabsorption. This hypothesis is further sup- 
ported by a high affinity to the bile reported for doxycy- 
cline and other tetracyclines (4). If reabsorption occurs, 
then the calculation of intrinsic absorption and elimination 
half-lives using classical pharmacokinetic approaches as 
discussed may not apply. It is not valid to assume a post- 
absorptive phase in a pharmacokinetic system with sig- 
nificant reabsorption. 

Therefore, it is of interest to investigate the kinetic be- 
havior of doxycycline using kinetic models that do consider 
the drug’s reabsorption. It is also valuable to investigate 
whether the reabsorption occurs through a continuous 
process as suggested previously (4) or whether it is of a 
discontinuous nature, possibly related to biliary intestinal 
secretion that occurs primarily in the form of squirts of bile 
into the intestine (5). This work proposes two simple 
pharmacokinetic models to investigate these matters using 
the data of Fabre et al. (3). 

THEORY 

The two linear pharmacokinetic models proposed represent simple 
forms of drug reabsorption. Both models contain a cyclic disposition and 
do not belong to the categories of models (mammillary, catenary, and 
other noncyclic systems) proposed most frequently in pharmacoki- 
netics. 

Model 1-This linear model proposes first-order absorption, central 
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elimination, and drug distribution into an intermediate compartment. 
The intermediate compartment can be considered to be either the bile 
or a virtual compartment representing a secreted nonabsorbable com- 
pound or complex that releases the drug to the “absorption compart- 
ment” where i t  is subject to reabsorption. 

The equation for this model is readily derived by the Veng Pedersen 
approach’ (6). Equation 12 from Ref. 6 gives: 

Using Heaviside’s expansion theorem and c = xl/V, Eq. 1 becomes: 
DF 3 

v ,=1 
c = - z P(Xj) exp X j ( t  - TL)+ (Eq. 2) 

where: 

P ( s )  = IS(S)l13/1S(S)I (Eq. 3) 

(Eq. 4) 

(Eq. 5) 

(Eq. 6) 

IS(s)l = s3 + a2s2 + als + QO = (s - Xd(s - XZ)(S - XI) 
IS’(s)l = 3s2 + 2a2s + a1 

Q Z  = El + E l  + E3 

a i  = EiEz + EiE3 + E2E3 - (kzikiz + k3iki3 + k23k3z) (Eq. 7) 

a0 = ElE2E3 - k23k32E1 - k21k12E3 - k31k182 
- k31klzkz3 - k13k3zk21 (Eq. 8)  

Is113 = k31(S + E2) (Eq. 9) 

If the system shows significant reabsorption, then two of the eigenvalues 
of the linear system will be complex conjugate while the third will be real; 
otherwise, all eigenvalues will be real. In any case, the real part of any 
eigenvalue is negative. In the complex case, Eq. 2 can also be written: 

exp b e ( t  - TL)+ +P(Xd exp X l ( t  - TL)+I (Eq. 10) 

where X1 is the real eigenvalue and XI, and X R ~  are the imaginary and 
real parts, respectively, of a complex eigenvalue X satisfying IS(X)l = 
0. 

Although explicit formulas exist for finding the complex and/or real 
roots of the characteristic polynomial (S(s)l, it is not advisable to use 
them because of the possibility of severe numerical instability (10). In- 
stead, the eigenvalues were determined to the proper degree of accuracy 
using Laguerre’s method (11) and the interactive nonlinear regression 
program FUNFIT (12), which was used for all curve fittings. Equation 
2 was programmed to accommodate both the real and complex cases. 
Therefore, the microparameters and the form of the response function 
are not constrained but lead to a convergence to either a real or complex 
case, depending on the data. 

Model 2-This model is identical to Model 1, except that drug transfer 
between Compartments 2 and 3 is not a continuous first-order process 
but a bolus impulse. At some time, t = Tb, some fraction, Fb, of the drug 
cumulated in the bile is spontaneously released to the intestine by a bile 
squirt. The equation describing this process is readily derived by standard 
means (6): 

where: 

RESULTS AND DISCUSSION 

In the real case with real eigenvalues, the response function for Model 

The model contains a cyclic pathway. Thus, neither the Benet approach (7) nor 
the Vaughan et al. approach (8,9) can be used for this reabsorption model. 

4 r  
SUBJECT M F 

10 20 30 40 50 60 70 
HOURS 

Figure 1-Least-squares f i t  of Model 1 (Eq. 2 )  to plasma doxycycline 
leoel data. The fitting resulted in complex eigenualues, with an esti- 
mated response junction QS giuen by Eq. 10. 

1 consists of three regular exponential terms. However, in the complex 
case (Eq. lo), the function consists of two terms: an exponentially 
damped, oscillating trigonometric term superimposed on a regular ex- 
ponential term. Thus, for a linear system behaving according to Model 
1 and showing significant reabsorption, one may believe that the response 
function will show secondary peaks or humps judged from the functional 
form of Eq. 10. However, this does not appear to be the case. Although 
the curve fittings for all subjects using Eq. 2 lead to aconvergence witb 
complex eigenvalues (Eq. lo), no secondary peaks or humps were ob- 
served in the fitted curves (Fig. 1). 

Extensive simulation studies were done on an interactive computer 
graphic system to investigate whether any perturbation of the micro- 
parameters of the model may result in secondary peaks or humps in the 
regression curve. Apparently, this effect does not occur even for systems 
with a substantial degree of reabsorption or for systems constructed 
numerically by maximizing the “degree of complexity” on the basis of 
the discriminant of the characteristic polynomial. 

From a purely theoretical point of view, some support apparently exists 
for the claim that linear systems with cyclic pathways and continuous 
transfer do not give rise to secondary peaks and that humps may be dif- 
ficult to detect, but there is no formal proof (13). This behavior is related 
to a relatively long period of the trigonometric expression and a relatively 
strong exponential damping term inherent in such systems. 

When dealing with cyclic models with complex eigenvalues, as opposed 
to noncyclic systems, it is improper to fit the macroparametric form in- 
stead of the microparametric form of the response function. For example, 
if Eq. 10 is fitted in its macroparametric form, the curve may approximate 
an extra peak or a hump in the data. However, if the macroparameters 
are used to calculate the microparameters, then some of them may turn 
out to be complex or negative, in disagreement with the model pro- 
posed. 

Table I shows that the reabsorption rate constant k23 is relatively large 
compared to the elimination rate constant k,l and k l z  for all subjects, 
indicating substantial reabsorption. In spite of this significant reab- 
sorption, the fitted curves do not appear distinguishable from ordinary 
absorption curves for noncyclic linear systems (Fig. 1). Reabsorption and 
cyclic transport processes in pharmacokinetics have usually been con- 
sidered only when dealing with data containing secondary peaks or an 
extra hump. These results show that a “typical” drug level profile may 
be associated with a strong degree of reabsorption. Therefore, a greater 
number of drugs could be subject to reabsorption than currently 
known. 

The average absorption half-life estimated using Model 1 is 0.5 hr 
(Table I), which is considerably shorter than the 5.3 hr determined by 
the method of residuals by Gibaldi (1) but comparable to  the half-life of 
50 min determined by Schach von Witteman (2). The average elimination 
half-life of 13 hr is larger than the 9-8 hr determined by Gibaldi (1) but 
considerably shorter than that determined by Schach von Witteman (2). 
These differences are mainly due to the different models used. Gibaldi 
(1) suggested that the slow decline of plasma doxycycline levels relative 
to other tetracyclines is due to relatively slow absorption compounded 
by enterohepatic cycling. However, the absorption and elimination 
half-lives were calculated assuming a one-compartment model without 
considering reabsorption (1,2). 
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Table I-Least-Squares Parameter  Estimates for Model 1 

Subject 
Parameter J N  cs RV MF FF  GP Mean CV, % 

- 

~~ 

k, a ,  hr-' 3.27 1.82 1.52 1.03 0.678 2.79 1.85 54.4 
tu%(abs),. hr-' 0.212 0.381 0.456 0.673 1.02 0.248 0.499 61.2 
k,l , hr- 0.0446 0.0632 0.0473 0.0548 0.0770 0.0502 0.0562 21.6 

15.5 11.0 14.7 12.6 9.00 13.8 12.8 19.1 t 112 el, hr 
TL.  hr 2.15 0.7 19 0.108 0.131 1.13 0.122 0.727 
k 12, hr-' 0.546 0.590 0.355 0.245 0.217 0.392 0.391 39.1 
b,, hr-1 1 1 3  2.09 1.31 1.19 0.643 1.76 1.354 37.5 

111 

. _ _  ~ .. .LO.  -._ 
DF/v, g/ml 4.20 4.62 4.71 5.77 4.79 4.13 4.70 12.5 
RSS,' 0.393 0.322 1.22 1.83 0.298 0.242 0.718 91.5 
AIC 2.67 0.679 14.0 18.0 -0.091 -2.21 

___ ~~~ 

k ,  = k31 ' k,l = k12 + k l o  c RSS = residual sum of squares. Akaike's information criterion 

Table 11-Least-Squares Parameter  Estimates for Model 2 

Subject 
Parameter J N  cs RV MF FF  GP Mean cv, o/o 

hr-1 1 n4 li 24 5.29 3.67 0.619 2.89 3.31 68.7 ..U , ... - 
t (abs), hr 0.666 0.109 0.131 0 . i ~ ~  1.12 0.240 0.409 98.7 
k, lh ,  hr-' 0.499 0.553 0.0407 0.050 0.067 0.044 0.051 1 18.2 
t 112 el, hr 13.9 12.5 17.0 13.9 10.3 15.8 13.9 16.9 
T, hr 1.99 0.904 0.711 0.737 0.915 0.024 0.880 72.1 - - ,  - 
Tb, hr 23.8 16.4 9.27 10.8 24.1 5.91 15.2 51.7 

0.570 0.488 0.436 0.952 0.368 0.338 0.525 42.8 
k12, hr-I 0.0568 0.0624 0.0777 0.0412 0.0743 0.103 0.0692 30.5 
F b  

L)F/v. g/ml 2.94 3.00 3.07 3.97 3.12 2.92 3.17 12.6 
RSS; 0.0898 0.139 0.866 1.24 0.136 0.0875 0.426 117.3 
AIC -10.1 -5.71 12.6 16.2 -6.0 -10.4 

k ,  = k 3 ,  ' k,l = k I 2  + k lo  RSS = residual sum of squares. Akaike's information criterion. 

It appears that plasma level data showing secondary peaks or extra 
humps are not well approximated by linear compartment models with 
continuous first-order intercompartment drug transfer. However, such 
behavior may be related to discontinuous transfer processes. The doxy- 
cycline data appear to show secondary peaks that are not described by 
Model 1. Model 2 is identical to Model 1 except that  drug transfer back 
into the intestine is a discontinuous bolus transfer uia the bile. This model 
appears physiologically more meaningful than Model 1, considering the 
discontinuous nature of biliary secretion (5). 

The average absorption half-life of 0.4 hr is somewhat smaller than that 
obtained using Model 1 (0.5 hr) while the average elimination half-life 
of 14 hr is greater than the 13 hr previously determined (Tables I and 11). 
Although the average absorption and elimination half-lhes are not very 
different from those determined using Model 1, Model 2 fits the data 

Model 1-1 = sampling compartment (blood); 2 = intermediate com- 
partment, either a bile compartment or a virtual compartment repre- 
senting a secreted nonabsorbable compound or complex from which an 
absorbable form of the drug I S  released; and 3 = compartment from 

which absorption takes place. 

consistently better than Model 1 judged from the residual sum of squares 
and the Akaike information criterion values (Table 11 and Fig. 2). 

Almost complete absorption takes place from the upper intestine fol- 
lowing oral doxycycline administration (4). To account for the 70-80'70 
doxycycline eventually recovered in the feces (14), intestinal secretion 
has been proposed as primarily responsible with biliary secretion playing 
a minor role (14, 15). It was proposed that after essentially complete 
absorption, the drug in the blood diffuses into the alkaline medium of 
the intestinal lumen where cationic chelation occurs, in which form 
doxycycline cannot be reabsorbed and is ultimately eliminated in the 
feces (16). Some investigations indicated that average concentrations of 
doxycycline are about five times greater than serum concentrations and 
that bile concentrations of the gallbladder are 10-15 times greater than 
serum concentrations (4). I t  was estimated that 10-15% of a 200-mg dose 

U 
Model 2-1 = sampling compartment (blood); 2 = bile compartment 
from which bile containing drug is released spontaneously as a bolus 
squirt to the absorption compartment; and 3 = compartment from which 

absorption takes place. 
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Figure 2-Least-squares fit of Model 2 (Eq.  11) to plasma doxycycline 
level data. 

would be eliminated in the bile per  day if an average of 500 ml of bile was 
secreted (4). If doxycycline’s metabolism rate, urinary excretion rate, and 
excretion rate of chelate complex are first-order processes, or if the 
combined elimination rate by these processes is approximately first order 
( k  ID), then Model 2 may be physiologically meaningful if the absorption 
rate is first order. 

In humans, bile is retained in the gallbladder until i t  is spontaneously 
released, usually after a meal (5). The estimated times of bile release, Tb,  
in six subjects varied from 5 to 24 hr. Food and especially fats promote 
contraction of the gallbladder so that the timing and fat content of the 
meal play a role in the estimated time and magnitude of bile release. 

I t  is difficult to speculate about the feasibility of these times and the 
degree of reabsorption because of the limited data and the inaccuracy 
of the assay methodology and because no specific information is available 
about the food intake of the subjects after drug administration. However, 
the data appear to show a consistent trend of reabsorption, and the Ak- 
aike information criterion (17, 18) seems to indicate, in comparing the 
two linear compartment models (Tables I and II), that the reabsorption 
mechanism is discontinuous rather than continuous. 

NOTATIONS 

c = drug concentration in sampleable compartment (blood 

DF = amount of dose available in the compartment where ab- 
plasma) a t  time t 

sorption takes place 
” 

Ei = z ki,, where n = 3 
j = O  

f i  = Laplace transform of input rate into the i th compart- 
ment 

Fb = fraction of the amount of drug cumulated in the bile that 
is released by a squirt of bile a t  time t = Tb 

Im(z)  = imaginary part of complex number z 
kij = first-order rate constant for drug transfer from compart- 

ment i to compartment j 
L-’ = inverse Laplace transform operator 

X = eigenvalue of linear pharmacokinetic system (real or com- 
plex) 

Re(z) = real part of complex number z 
s = Laplace transform variable 

JSJ = 1S(s)J, determinant of S matrix defined in Ref. 6. 
ISI,, = IS(s)li, cofactor corresponding to the i,jth position of S 

matrix 
Tb = time when bile containing drug is released to absorption 

compartment 
TL = absorption lag time 

V = volume of distribution of sampleable compartment 
x i  = amount in ith compartment at  time t 

(y)+ = max(O,y), the “truncation function” 
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Abstract  0 The ditfusive permeahility of insulin in polyhydroxyethyl 
methacrylate (37.19k wat,er), polyhydroxyethyl acrylate (51.8% water), 
polymetharrylic acid (67.5% water), and crrprophane PT-150 membranes 
was determined and correlated with the weight fract.ion of water in the 
memhrane. Insulin diffusivity in the memhranes was determined to he 
1.0 X cm'/sec, which is i n  reasonable agreement with literature 
values for insulin diffusivity in water. 

Keyphrases 0 Polyacrylate memhrane--effect on insulin diffusivity, 
extent of cross-linkage, hydration effect 0 Insulin diffusivity-perme- 
ahility through hydrophilic polyacrylate memhranes 0 Membrane per- 
meability-hydrophilic polyacrylate memhranes, effect on insulin dif- 
fusivity, extent of cross-linkage, hydration effect 

Controlled-release insulin is desirable because of the 
recognized relationship between poor glycemia control 
associated with conventional insulin therapy and the de- 
generative sequelae of juvenile diabetes (1). Specifically, 
the development of a micropump for controlled-release 
delivery of insulin a t  variable rates (2) necessitated the 
investigation of the insulin permeability of a series of 
highly swollen polyacrylate membranes. In this device, 
basal delivery of insulin occurs through a polymeric 
membrane under a concentration and/or small pressure 
gradient while augmented delivery results when the 
membrane is repeatedly squeezed between the moving core 
of a solenoid and the membrane support. Augmentations 
as high as 50 times basal can be achieved to match insulin 
delivery to the postprandial insulin needs of a diabetic 
patient. 

BACKGROUND 

The diffusive permeahility o f  solutes in hydrophilic membranes has 
been thoroughly studied (:lLlO). The  effects of membrane hydration (3, 
41, solute size (5-X), and cross-linker content (9, 10) were investigated. 
Various models were considered in analyzing the data. According to 
Yasuda t.t a / .  (.'3-5), the diffusive permeability, P, is related to t.he 
memhrane dift'usivity, D. by: 

P = K D  = tvHD 

where H is the hydration o r  volume fraction of'solvent in the memhrane 
and h' is the solute partition coefficient in  the mernhrane. The parameter 
(Y reflects the proportionality hetween the partition coefficient and hy- 
dration and is unity for high hydration values (4). The solute diffusivity 
i n  the membrane generally is less t,han that in free solution because of 
the lower free volume (3) and the sieve effect (5) of the memhrane. Yasuda 
et 01. (5) found that the sieve effect was not evident for cellulose-based 
memhranes with solutes up  to the size of albumin (mol. wt. 66,000). 

This study c:oncerned the insulin permeability of highly swollen ac- 
rylat,r-based memhranes and th r  membrane hydrat.ion effect 'on insulin 
permeahility. 

(Eq. 1)  

EXPERIMENTAL 

Materials and  Methods-Hydroxyethyl acrvlate ( I ) ,  hydroxyethyl 
mrthacrvlate (II) ,  and methacrvlic acid (111) were polymerized 1 n  srtu 

between two shim-separated glass plates over 24 hr. Triethylene glycol 
dimethacrylate was the cross-linking agent. Formulations are presented 
in Table I. The membranes were equilibrated in 0.9% saline prior to  
testing. A sample of cuprophane PT-150 was obtained from a Kolff 
twin-coil dialyzer'. 

The hydration, H ,  was assumed to he proportional to the weight frac- 
tion of water since the membrane densities were all 1.25 f 0.05 g/cm3. 
The  water fraction was determined by weighing the swollen membrane 
samples before and after drying i n  uacuo. The swollen membrane 
thickness was determined with a micrometer. 

The membrane was supported by rubber gaskets between two Lucite 
chambers for permeability testing. It was tested in the horizontal position. 
The lower chamber, containing 65 ml of a radiolaheled insulin solution, 
was stirred by a magnetic stirrer. Initially, the upper chamber contained 
insulin-free saline and was agitated by an overhead stirrer, which was 
closely controlled because of frothing. The lower chamber was sealed to 
prevent hulk flow so that samples could be taken from this chamber only 
at  the beginning and end of each run. The concentrations in this chamber 
were calculated by mass balance. The  effective membrane area was 5.07 
cm2. The initial insulin solution was pH 7.4 phosphate-buffered saline 
containing 0.4 unit of insulin/ml* and 0.S nCi of 1-125 insulin/m13. All 
experiments were conducted a t  22 f lo. 

Samples (1.3 ml) were removed a t  regular intervals from the upper 
chamber and were replaced by an equal volume of 0.9% saline. These 
samples, the two samples from the lower reservoir, and a background 
sample were each mixed with 10 ml of liquid scintillation cocktail4 in 

Table  I-Formulations and  Proper t ies  of Highly Swollen 
Polyacrylate Membranes 

Primary Monomer 
Metha- Hydroxy- 
crylic ethyl Hydroxyethyl 
Acid Acrylate Methacrylate 
(111) (1) (11) 

Formulation (by volume) 
Monomer 
Water 
Triethylene glycol 

10.0 10.0 10.0 
2.0 2.0 2.0 
0.8 0.2 0.04 

dimethacrylate 

ml of HzO) 

Ethylene glycol 3.0 3.0 3.0 
Ammonium persulfate (40 g/100 0.3 1.0 1.0 

Sodium metabisulfite (15 g/100 0.3 1 .o 1.0 
ml of HzO) 

Reaction temDeratures 20-25' 40-50' 20-25" 
Properties 

Weight percent watern,b 6'7.5 51.8 37.1 
Insulin permeahilit 4.8 3.9 1 .o 

- 2.26 5.28 Com ression modulus, 

M c ,  molecular weight hetween - 41,400 17,600 

cmz/sec x 10- F 
NPm' x 10" 

cross-links, g/mole 

Swollen in 0.9% saline. Weight percent water for cuprophane PT-150 mem- 
Insulin permeability through cuprophane PT-150 membrane was brane was 44.7. 

1.4 x 10-7 cm?/sec. 

Ultra-Flow 145, 'I'ravenol Laboratories, Toronto, Ontario, Canada. 
2 Toronto Insulin. 
3 Amersham-Searle, Toronto, Ontario, Canada. 

ReadySolv C.P. Beckman Instruments, Fullerton. Calif. 

208 I Journal of Pharmaceutical Sciences 
Vol. 69, No. 2, February 1980 

0022-35491 801 0200-0208$0 7.001 0 
@ 1980. American Pharmaceutical Association 



X 

>- 4 . 
h :i J 

1 

O l  I I I I 
0.3 0.  0.5 0.6. 0.7 

WEIGHT FRACTION WATER IN MEMBRANE 

Figure I-Effect of weight fraction of water on insulin permeability 
of highly swollen polyacrylate membranes. Permeability of inulin in 
cuprophane PT-Z50(6) (H) is shown for comparison. 

polyethylene vials and counted using a liquid scintillation spectrom- 
eter. 

Calculation of Membrane Permeability-Permeability was cal- 
culated using the following equations (6): 

c;,, = (1 - V,/V2)CZ,I (Eq. 3 )  

where: 
Cl,, = concentration of i th  sample in lower (concentrated) reservoir, 

Cp,, = concentration of i th sample in upper (dilute) reservoir 
Ci,i = concentration in upper reservoir corrected for dilution 

calculated by mass balance 

V1 = volume of lower reservoir 
Vp = volume of upper reservoir 
V, = sample volume (1.3 ml) 
A = effective membrane area 

t ,  = membrane thickness 
0, = time for sample n 

The left side of Eq. 2 was plotted against time to determine the slope 
for calculating the membrane permeability, P. T o  compensate for mass 
balance errors, the lower reservoir concentration, C1, was calculated 
forward from the initial concentration and backward from the final 
concentration. These two permeability values rarely differed by more 
than 10%; this variation was less than the intrasample variation. The 
averaged results are presented in Table I and were plotted against the 
weight fraction of water (Fig. 1). At least two experiments were performed 
for each membrane. 

The compression moduli of 2-mm thick samples of I and I1 water- 
swollen hydrogels were determined a t  10% strain on a tensile testing 

machine5 having a crosshead speed of 0.1 cm/min. The hydrogels were 
prepared as given in Table I in 7-mm 0.d. glass tubes a t  loo. The molec- 
ular weight between cross-links, Mc, was determined (Table I) from these 
moduli and the hydrogel densities (11). 

DISCUSSION 

Despite the differences in membrane chemical structure, insulin per- 
meability correlated well with the weight fraction of water in the mem- 
brane. Specific interactions between membrane chemical structure and 
solute were apparently negligible (within experimental error). With the 
assumption that a (Eq. 1) was unity, the membrane diffusivity of insulin 
was proportional to the slope of the line (Fig. 1) and was 1.0 X 
cm2/sec. This value agrees with the literature values of 0.73 X and 
1.6 X cm2/sec for insulin diffusivity in water a t  infinite dilution a t  
20’ measured by ultracentrifugation techniques (12). The differences 
in the free volume and the molecular state within the membrane relative 
to that in free solution should account for this deviation. 

The effeot of cross-linking is as expected. A t  a higher M ,  value (lower 
extent of cross-linking), the permeability is higher since the membrane 
swells more. Although the hydrogels absorbed more water than saline, 
the M, values should not be different in saline. However, the differences 
in reaction conditions (temperature and geometry) may be significant 
despite the longer reaction times; for example, the number of free chain 
ends was ignored in this calculation. The dramatic increase in perme- 
ability a t  a low extent of cross-linking noted by others (9, 10) was not 
detected since the extent of cross-linking was greater in this work. 
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Abstract  0 Passive drug transport across a membrane involves the re- 
sistances in series offered by the membrane and the liquid layer imme- 
diately adjacent to it. The liquid layers generally are referred to as un- 
stirred aqueous diffusion layers, suggesting that solute transport across 
these layers occurs solely by molecular diffusion. In accord with con- 
vective diffusion theory, recent studies showed that the transport from 
either a dissolving surface or a membrane surface depends not only on 
molecular diffusion but also on fluid convection in the liquid adjacent 
to the membrane. Membrane permeation rates were determined for a 
series of alkyl p-aminobenzoates, and the results correlated with a model 
comprised of membrane diffusion and convective diffusion in the adjacent 
liquid region. 

Keyphrases 0 Drug transport-alkyl p-aminobenzoates, membrane 
permeation, fluid flow in aqueous diffusion region CI p-Aminoben- 
zoates-membrane permeation, fluid flow in aqueous diffusion region 

Permeation-p-aminobenzoates, membrane transport, fluid flow in 
aqueous diffusion region 

Passive drug transport across a membrane involves the 
resistance offered by the membrane itself as well as by the 
passage through the liquid immediately adjacent to the 
membrane. At  steady state, the two processes occur si- 
multaneously; because they are in series, limiting cases 
exist in which one process or the other may be rate limiting. 
Recent studies demonstrated that under conditions of 
aqueous boundary layer control, the permeation rate of 
butamben through a dimethicone membrane was de- 
scribed accurately by a mathematical model based on 
convective diffusion theory (1). 

Models for steady-state transport across membranes 
generally have been based on the assumption of unstirred 
solvent layers adjacent to the membrane (2). Such layers 
are included as a resistance in series with the membrane. 
However, this concept of a static liquid layer adjacent to 
a solid and continuous with a moving liquid has been 
criticized (3) on the basis of empircal evidence as well as 
hydrodynamic theory. 

The purposes of this work were to study the membrane 
permeation of a series of alkyl p-aminobenzoates and to 
evaluate the data in terms of a model comprised of mem- 
brane diffusion and convective diffusion in the adjacent 
liquid. 

EXPERIMENTAL 

The permeation studies for the methyl through pentyl p-aminoben- 
zoates were carried out using a dimethicone membrane (thickness of 
0.0254 cm) in a laminar flowcell (1,4). On the donor side of the membrane, 
a well-stirred aqueous suspension of the permeant provided the source 
a t  a constant concentration. On the other side, water flowing under 
laminar conditions removed the solute from the vicinity of the membrane 
and also served as the means to monitor the permeation rate spectro- 
photometrically. 

Table I gives the aqueous solubilities and partition coefficients for the 
compounds studied. The aqueous solubilities a t  25' were determined 
previously (4). The partition coefficients were obtained by equilibrating 
dimethicone membranes with aqueous suspensions of the esters for 48 

hr a t  25O, extracting the ester from the membrane by successive equili- 
bration with water, and analyzing the extract spectrophotometrically 
(A,,, 285 nm) to determine the ester concentration in the membrane. 
Partition coefficients were taken as the ratio of the concentration in the 
membrane to the aqueous solubility. 

THEORETICAL 

The diffusional resistance, R,, of the circular membrane is given 
by: 

h 
D,K?rr2 

R,  = ___ (Eq. 1) 

where h is the membrane thickness, D, is the solute diffusivity in the 
membrane, K is the partition coefficient of the solute in the membrane 
relative to water, and r is the membrane radius. The analogous resistance 
term, R,, for the convective diffusion transport through the liquid ad- 
jacent to the membrane may be expressed as: 

1 
2.16r 5/3D i3a 113 

R,, = (Eq. 2) 

where D, is the aqueous diffusivity of the solute and a is the rate of shear 
adjacent to the membrane which is directly proportional to the fluid flow 
rate (4). The steady-state permeation rate is given by the concentration 
difference across the membrane divided by the resistance, which is the 
sum of the individual layer resistances for a classical composite membrane 
(5). If it is assumed that the resistances as given in Eqs. 1 and 2 are ad- 
ditive, the steady-state permeation rate, J ,  may be written as: 

2.16nr 1113D :I3n '13D,KC J =  
Tr 2D, K + 2.16hr 5/3DL13a (Eq. 3) 

where C is the constant solute concentration on the donor side of the 
membrane. 

Two limiting cases of Eq. 3 are represented schematically in Fig. 1. In 
one case, diffusion across the membrane becomes rate controlling under 
conditions that favor minimizing Eq. 2 relative to Eq. 1, e.g., a very large 
a or h ,  so that  Eq. 3 becomes: 

?rr2D,KC 
h (Eq. 4) 

Alternatively, if the resistance in the membrane (Eq. 1) is minimized with 
respect to that in the liquid (Eq. 2) by such factors as a small h or a large 
K ,  then: 

J = 2.16r5/3DE/3a1/3C 0%. 5) 

This limiting case was discussed previously (1) and is the same expression 
as for the dissolution from a solid solute surface in the cell. Equation 3 
in effect is an interpolation formula; it combines the two limiting cases 
to describe permeation for conditions in which the two resistances are 
comparable in magnitude. 

Figure 1 was drawn ignoring the partitioning effect ( K  = 1). In Case 
11, the profile in the liquid is dependent on the distance along the mem- 

J =  

Table I-Aqueous Solubilities and  Partition Coefficients of p -  
Aminobenzoate Esters at 25" 

Aqueous Solubility, 
Ester moles/liter Partition Coefficient 

Methyl 1.04 X 
Ethyl 6.19 x 10-3 
Propyl 2.78 x 10-3 
Butyl 9.39 x 10-4 
Pentyl 2.72 x 10-4 

0.26 
0.78 
2.59 
9.61 

38.11 
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Figure 1-Concentration profile for the  two limiting cases of perme- 
ation according t o  Eq. 4 (Case I )  and Eq. 5 (Case 11). Arrows indicate 
the velocity of laminar liquid flow within the aqueous boundary 
layer. 

brane. Thus, the gradient would be steeper and the extent of penetration 
into the liquid would be less near the upstream edge of the membrane 
than a t  points along the membrane further downstream. 

RESULTS AND DISCUSSION 

The steady-state permeation rates of the methyl through pentyl p- 
aminobenzoates were determined as a function of the fluid flow rate under 
laminar conditions. These rates are shown in Fig. 2 as the data points. 
Because the parameters on the right side of Eq. 3 are known indepen- 
dently, the rates predicted by Eq. 3 also are included in Fig. 2 as the solid 
lines. The experimental results are in reasonably good agreement with 
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-3.5 -2.5 -1.5 -0.5 
LOG (FLOW RATE), l i tershin 

Figure 2-Permeation rates of C I - C ~  alkyl homologs of p-arninoben- 
zoates determined as a function of the fluid flow rate. Curves represent 
relationships predicted b y  Eq. 3. 
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Figure 3-Permeation rates of C1-C5 alkyl homologs of p-aminoben- 
zoates estimated by Eq. 3 over a wide range of fluid flow rates. 
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Eq. 3, especially for the butyl and pentyl esters. For the others, predicted 
trends exist in the rates of the various esters relative to each other. 

To demonstrate the ramifications of Eq. 3, predicted rates are shown 
in Fig. 3 for a much wider range of fluid flow rates. At low flow rates, the 
lines became parallel with a slope of one-third because the solute trans- 
port rate was controlled by the simultaneous diffusion and convection 
in the liquid adjacent to the membrane, which is commonly termed the 
aqueous boundary layer control. This limiting case is given by Eq. 5. The 
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Figure 4-Permeation rates of Cl-CS alkyl homologs of p-aminoben- 
zoates as a function of solubility and three fluid flow rates. Key: A, 1 
literlmin; B. 1 X literlrnin; and C ,  1 X literlmin. 
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vertical spacing is governed by the solubilities of the various esters. 
At high flow rates, the permeation rates leveled off and became inde- 

pendent of flow in accordance with Eq. 4, wherein the permeation rate 
becomes only a function of the transport across the membrane. Thus, K 
and C determined the relative positions of the plateaus in Fig. 3. 

In the permeation simulations calculated with Eq. 3, values of D, and 
D, reported previously (2,4) were assumed to be the same (D, = 2.72 
X cm2/sec) for all members of the series 
because the change in molecular weight would change the diffusivity 
insignificantly (6) compared with the order-of-magnitude changes in the 
other parameters, e.g., solubility and flow rate. Although the diffusivity 
was not evaluated as an independent parameter in the present work, it 
has been observed experimentally (7) that the resistance in the aqueous 
boundary layer film adjacent to a membrane is proportional to the dif- 
fusivity raised to the power -0.6. This observation is in reasonably good 
agreement with Eq. 2. 

Equation 3 arises from an assumption that the resistances in the 
membrane and in the adjacent liquid are additive. This combination 
permits calculation of the permeation rate under conditions of membrane 
control or aqueous convective diffusion control or a t  intermediate points. 
It is apparent from the permeation data that the predictions were rea- 
sonably good. However, in the intermediate region, Eq. 3 should be 
considered as an interpolation formula rather than as an expression 
arising directly from basic theory because the instantaneous transport 
rate decreases somewhat with increasing distance along the membrane 
in the direction of flow. This decrease is a characteristic of convective 
diffusion theory. With intermediate cases, there would be a concentration 
gradient within the membrane in the direction of flow. This gradient is 
not accounted for in Eq. 3. However, such a gradient would be much 
smaller than the gradient normal to the membrane because of the relative 

cm2/sec and D, = 6 X 

distances involved and, therefore, may be ignored. 
If the data in Fig. 3 are replotted as log permeation rate versus log 

solubility, the curves obtained a t  different flow rates appear as in Fig. 
4. The maximum permeation rate is shifted to the left, i.e., to permeants 
having a lower solubility, with an increase in flow rate. This is similar to 
the concepts of Flynn and Yalkowsky (2), who evaluated the effect of fluid 
flow agitation in terms of a change in the thickness of the stagnant or 
unstirred layer. The thickness of the unstirred layer is a model-dependent 
parameter; it cannot be measured independently of permeation experi- 
ments. In the present work, the effect of fluid flow is incorporated as the 
rate of shear adjacent to the membrane. Because hydrodynamic theory 
permits one to determine the shear rate from the fluid flow rate and the 
geometry of the cell, the effect of fluid flow on permeation and the posi- 
tion of maximum permeation can be calculated readily a priori for a given 
membrane thickness using Eq. 3. 
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Abstract 0 Acetaminophen (I), guaifenesin (II), and dextromethorphan 
hydrobromide (111) were separated and quantitated simultaneously in 
cough syrup by high-pressure liquid chromatography. A chemically 
bonded octadecylsilane stationary phase was used with a mobile phase 
of 45% (v/v) aqueous methanol. The mobile phase pH was stabilized to 
4.2 by adding formic acid-ammonium formate buffer (4 .4%).  The in- 
ternal standard was o-dinitrobenzene. Retention volumes were 4 ml for 
I, 6 ml for II,11 ml for the internal standard, and 20 ml for 111. Inactive 
syrup components did not interfere, permitting direct diluted sample 
injection. Results on active ingredients were essentially 100% of the claim, 
with standard deviations of f1.5,1.2, and 2.1% for I, 11, and 111, respec- 
tively. 

Keyphrases High-pressure liquid chromatography-simultaneous 
determination of acetaminophen, guaifenesin, and dextromethorphan 
hydrobromide, analysis of cough syrup active ingredients 0 Pharma- 
ceutical preparations-simultaneous determination of cough syrup active 
ingredients by high-pressure liquid chromatography 0 Acetamino- 
phen-simultaneous determination with guaifenesin and dextrometh- 
orphan hydrobromide, high-pressure liquid chromatography 0 Guai- 
fenesin-simultaneous determination with acetaminophen and dex- 
tromethorphan hydrobromide, high-pressure liquid chromatography 0 
Dextromethorphan hydrobromide-simultaneous determination with 
acetaminophen and guaifenesin, high-pressure liquid chromatography 

Characterization of numerous drugs (14) and analyses 
of specific dosage forms have been conducted through the 
use of high-pressure liquid chromatography (HPLC). 
Recent investigations of pharmaceutical preparations 
included acetaminophen (paracetamol)-chlorpheniramine 
maleate-dextromethorphan hydrobromide (5) and codeine 
phosphate-guaifenesin (glyceryl guaiaco1ate)-phenira- 
mine maleate-phenylpropanolamine hydrochloride- 
pyrilamine maleate (6). A liquid chromatographic analysis 
of 29 drug compounds in acidic, neutral, and alkaline 

media included syrups containing phenylephrine hydro- 
chloride, acetaminophen, guaifenesin, and dextrometh- 
orphan hydrobromide (4). However, it was not clear if the 
last three compounds could be analyzed using a single 
mobile phase. 

Simultaneous determination of acetaminophan (I) ,  
guaifenesin (XI), and dextromethorphan hydrobromide 
(111) in a liquid preparation has not been reported. Routine 
analysis of a cough syrup was required, and HPLC was the 
method of choice. A chemically bonded nonpolar-sta- 
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flow agitation in terms of a change in the thickness of the stagnant or 
unstirred layer. The thickness of the unstirred layer is a model-dependent 
parameter; it cannot be measured independently of permeation experi- 
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rate of shear adjacent to the membrane. Because hydrodynamic theory 
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Characterization of numerous drugs (14) and analyses 
of specific dosage forms have been conducted through the 
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Recent investigations of pharmaceutical preparations 
included acetaminophen (paracetamol)-chlorpheniramine 
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pyrilamine maleate (6). A liquid chromatographic analysis 
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media included syrups containing phenylephrine hydro- 
chloride, acetaminophen, guaifenesin, and dextrometh- 
orphan hydrobromide (4). However, it was not clear if the 
last three compounds could be analyzed using a single 
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Table I-Typical Results and Precision 
Dextromethorphan 

Acetaminophen Guaifenesin Hydrobromide 
Sample (1) (11) (111) 

1" 100.1 99.8 98.3 
2" 102.1 101.2 101.3 
3" 100.4 99.7 100.0 
Response ratio 11.3 f1.3 f1.7 

Overall f1.5 f1.2 f 2 . 1  
only, % 

procedure, 
%b 

~~ 

Expressed as percent of claim. Standard deviation of a single determination 
calculated from six replicates. 

tionary phase was chosen because it is not adversely af- 
fected by the polar components of the syrup, making prior 
separation unnecessary. The aim was to develop a proce- 
dure in which all three components could be determined 
simultaneously in a single injection. 

EXPERIMENTAL 

Reagents-Acetaminophen (paracetamol) BP' (I), guaifenesin 
(glyceryl guaiacolate) BPC' (II), dextromethorphan hydrobromide* (III), 
and o-dinitr~benzene~ (the internal standard) were used as supplied. 

Mobile Phase Preparation-Thirty-four milliliters of 28-3070 am- 
monia4 was diluted with 30 ml of water. Then 30 ml of formic acid4 
(minimum 98%) was added slowly with stirring. When cool, the solution 
(pH - 3.9) was diluted to 100 ml with water (ammonium formate 
buffer). 

Ammonium formate buffer (10 ml) was added to 450 ml of methanol' 
(ACS grade) and diluted with water to make 1 liter (pH - 4.2) a t  room 
temperature. The mobile phase was filtered with vacuum. 

Standard Solutions-Internal Standard Solution Preparation- 
o-Dinitrobenzene, 50 mg, was dissolved in 125 ml of methanol and diluted 
to 250 ml. 

Standard Solution Preparation-Separate standard stock solutions 
were prepared in 50% (v/v) methanol in water containing 4.0 mg of I/ml, 
3.7 mg of II/ml, or 0.4 mg of III/ml. A standard solution of all three 
components was prepared by pipetting 10.0 ml of I solution, 10.0 ml of 
I1 solution, 15.0 ml of I11 solution, and 5.0 ml of internal standard solution 
into a 50-ml volumetric flask and diluting to volume with 50% (v/v) 
methanol in water. 

Sample Preparation-A 3-ml sample was transferred to a 50-ml 
volumetric flask and weighed. Then 5 ml of internal standard solution 
was added, and the mixture was diluted to volume with 50% (v/v) 
methanol in water. 

Instrumentation-The liquid chromatograph consisted of a con- 
stant-flow pump5, a low pressure injector6, a 30-cm X 4-mm i.d. octade- 
cylsilane column7, and an absorbance detectoreat 280 nm. The flow rate 
was 2.0 ml/min, and the injection volume was 15 r l .  Peak heights were 
monitored with a strip-chart recorders adjusted for maximum on-scale 
deflection for the internal standard and 111. An electronic integratorlo 
was used to monitor peak areas. Settings on the integrator were chosen 
to minimize noise. 

Calculations-Results for I and I1 were calculated from the integrated 
area relative to the internal standard area. Results for 111 were calculated 
from the peak height relative to the height of the internal standard 
peak. 

RESULTS AND DISCUSSION 

The simultaneous analysis of all three components in this cough syrup 
was difficult for two reasons. First, the wide response range between I 

Rhone-Poulenc Industries, Paris, France. 
F. Hoffmann-La Roche, Basel, Switzerland. 
British Drug Houses, Poole, England. ' Ajax Chemicals. Sydney, Australia. 
Model 6000 A, Waters Associates, Milford, Mass. 

6 Model U6K, Waters Associates, Milford, Mass. 
pBondapak CIS, Waters Associates, Milford, Mass. 
Model 440, Waters Associates, Milford, Mass. 
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lo Model CRS-204, Infotronics. 
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Figure 1-High-pressure liquid chromatogram of a cough syrup 
preparation. Peaks 1,  2, and 4 are acetaminophen, guaifenesin, and 
dextromethorphan hydrobromide, respectively. Peak 3 is the internal 
standard (o-dinitrobenzene). Other peaks are unidentified components 
of the syrup. Absorbance units a t  full scale (aufs) are shown at  the 
top. 

and 111 limited the amount of sample that could be injected without either 
overloading the detector or losing precision in the smaller component 
measurement. Second, the wide difference in polarity between I and I11 
made it difficult to separate I and I1 from interfering impurities while 
eluting I11 in a reasonable time. 

Heptanesulfonic acid and pentanesulfonic acid were tried as ion- 
pairing agents but retained I11 at  methanol concentrations sufficiently 
low to separate I and 11. Ammonium acetate buffer significantly reduced 
I11 retention without affecting I and 11. Ammonium formate finally was 
chosen because it further reduced 111 retention, again without affecting 
I and 11. 

In all mobile phases tried, I11 tailed badly. Due to the tailing and low 
concentration of 111, electronic integration was not reproducible (coef- 
ficient of variation f5%). Therefore, peak height measurement was used. 
The possibility of interfering peaks was checked by injecting: a blank 
syrup preparation containing all ingredients except I, 11, and III; a syrup 
preparation with no internal standard added; and the internal standard 
only, at a concentration 10 times that used in the analysis. 

None of the inactive syrup components coeluted with the active in- 
gredients or internal standard, nor did the internal standard contain any 
impurities that coeluted with the active ingredients (Fig. 1). Separation 
of I from its potential hydrolysis product, p-aminophenol, was confirmed 
by injecting a freshly prepared solution of p-aminophenol, which eluted 
separately from I. Detector response was linear within f 2 %  for all com- 
ponents between 80 and 110% of the claim. 

Altogether nine samples were analyzed (Table I). Method precision 
was evaluated in two ways. The precision of the response ratio mea- 
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surement was determined by making six replicate injections of a single 
standard preparation. The overall precision was evaluated by making 
one injection for each of six separate sample preparations and calculating 
the result by comparison with the six replicate single injections. Most of 
fhe error resulted from the response ratio measurement (Table I), whjch 
can he reduced by replicate injections. 

Instrument setup and preparation of the standard required -2 br. 
Individual analyses, including calculations, can be carried out a t  a rate 
of more than one sample per hour. 
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Abstract 0 This study showed that the LDw values for morphine sulfate, 
cobalt chloride, and phenytoin sodium did not vary significantly on Day 
9 of gestation in CF-1 mice when compared to values of nongravid ani- 
mals. 
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The LD50 value is the dose of a drug that  proves lethal 
to 50% of a population. Despite the frequent use of this 
parameter to determine dosage schedules in teratological 
studies, it is often utilized with reservation due to its 
variance in gravid mice. 

Therefore, to determine the LDm variance in gravid and 
nongravid mice, it was decided to  utilize drugs from dif- 
ferent classes (morphine sulfate, cobalt chloride, and 
phenytoin sodium) and to subject the mice to  a typical 
LD50 screen. Gravid mice were challenged on Day 9 of 
gestation, which corresponds to the midpoint in mouse 
pregnancy and also with the appearance of overt birth 
defects (1). 

EXPERIMENTAL 

Male and female CF-1 mice', 225 g, were utilized. Males were caged 
individually, and females were maintained in groups of 10 in large ag- 
gregate cages until exposure to the males. All mice were allowed water 
and food2 ad libitum. 

For morphine sulfate3 and cobalt chloride4 testing, 40 nongravid fe- 
males were assigned to one of five groups of eight using a table of random 

1 Charles River Breeding Laboratories, Wilmington, Mass. 
2 Purina Laboratory Chow. 

USP, Merck & Co., Rahway, N.J. 
Lot 713262, Fisher Scientific, Fair Lawn. N.J. 

Table I-Observed Deaths' with Morphine Sulfate a f t e r  24 h r  

Dosage, mglkg 
Mice 250 400 450 500 750 

Nongravid 018 218 218 518 818 
Gravid 018 1 I8 218 518 718 

~~ 

0 Deaths per number of mice tested. 

Table 11-Observed Deaths ' with Cobalt Chloride af ter  24 h r  

Mice 
Dosage, mglkg 

100 125 150 200 300 

Nongravid 018 218 418 618 818 
Gravid 018 1 I8 318 518 818 

Deaths per number of mice tested. 

Table 111-Observed Deaths. with Phenytoin Sodium a f t e r  24 
hr  

Mice 
Dosage, mglkg 

200 250 300 325 400 

Nongravid 011 1 311 1 711 1 10111 11/11 
Gravid 011 1 611 1 911 1 9/11 11/11 

0 Deaths per number of mice tested 

numbers. Fifty-five animals, 11 per group, were used for phenytoin so- 
dium testing5 in the same manner. Dosage levels then were assigned to 
the groups (Tables 1-111). Each mouse was weighed to the closest 0.1 g, 
caged individually, and administered the respective drug subcutaneously 
on the medial side of the right inguinal region. 

Morphine sulfate (2%) and cobalt chloride (1 or 270) were prepared 
daily in double-distilled water; phenytoin sodium (1%) was prepared in 
70% propylene glycol in 0.9% NaCl. If the injected volume exceeded 1 ml, 
it was divided into two equal portions and was injected in separate in- 
guinal regions. After injection, each mouse was observed for 24 hr, a t  
which time the fatalities were observed (Tables 1-111). 

Breeding was accomplished as follows. Two females were placed 

Lot PE338, Parke-Davis Co., Detroit, Mich. 
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surement was determined by making six replicate injections of a single 
standard preparation. The overall precision was evaluated by making 
one injection for each of six separate sample preparations and calculating 
the result by comparison with the six replicate single injections. Most of 
fhe error resulted from the response ratio measurement (Table I), whjch 
can he reduced by replicate injections. 

Instrument setup and preparation of the standard required -2 br. 
Individual analyses, including calculations, can be carried out a t  a rate 
of more than one sample per hour. 
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Abstract 0 This study showed that the LDw values for morphine sulfate, 
cobalt chloride, and phenytoin sodium did not vary significantly on Day 
9 of gestation in CF-1 mice when compared to values of nongravid ani- 
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The LD50 value is the dose of a drug that  proves lethal 
to 50% of a population. Despite the frequent use of this 
parameter to determine dosage schedules in teratological 
studies, it is often utilized with reservation due to its 
variance in gravid mice. 

Therefore, to determine the LDm variance in gravid and 
nongravid mice, it was decided to  utilize drugs from dif- 
ferent classes (morphine sulfate, cobalt chloride, and 
phenytoin sodium) and to subject the mice to  a typical 
LD50 screen. Gravid mice were challenged on Day 9 of 
gestation, which corresponds to the midpoint in mouse 
pregnancy and also with the appearance of overt birth 
defects (1). 

EXPERIMENTAL 

Male and female CF-1 mice', 225 g, were utilized. Males were caged 
individually, and females were maintained in groups of 10 in large ag- 
gregate cages until exposure to the males. All mice were allowed water 
and food2 ad libitum. 

For morphine sulfate3 and cobalt chloride4 testing, 40 nongravid fe- 
males were assigned to one of five groups of eight using a table of random 

1 Charles River Breeding Laboratories, Wilmington, Mass. 
2 Purina Laboratory Chow. 

USP, Merck & Co., Rahway, N.J. 
Lot 713262, Fisher Scientific, Fair Lawn. N.J. 

Table I-Observed Deaths' with Morphine Sulfate a f t e r  24 h r  

Dosage, mglkg 
Mice 250 400 450 500 750 

Nongravid 018 218 218 518 818 
Gravid 018 1 I8 218 518 718 

~~ 

0 Deaths per number of mice tested. 

Table 11-Observed Deaths ' with Cobalt Chloride af ter  24 h r  

Mice 
Dosage, mglkg 

100 125 150 200 300 

Nongravid 018 218 418 618 818 
Gravid 018 1 I8 318 518 818 

Deaths per number of mice tested. 

Table 111-Observed Deaths. with Phenytoin Sodium a f t e r  24 
hr  

Mice 
Dosage, mglkg 

200 250 300 325 400 

Nongravid 011 1 311 1 711 1 10111 11/11 
Gravid 011 1 611 1 911 1 9/11 11/11 

0 Deaths per number of mice tested 

numbers. Fifty-five animals, 11 per group, were used for phenytoin so- 
dium testing5 in the same manner. Dosage levels then were assigned to 
the groups (Tables 1-111). Each mouse was weighed to the closest 0.1 g, 
caged individually, and administered the respective drug subcutaneously 
on the medial side of the right inguinal region. 

Morphine sulfate (2%) and cobalt chloride (1 or 270) were prepared 
daily in double-distilled water; phenytoin sodium (1%) was prepared in 
70% propylene glycol in 0.9% NaCl. If the injected volume exceeded 1 ml, 
it was divided into two equal portions and was injected in separate in- 
guinal regions. After injection, each mouse was observed for 24 hr, a t  
which time the fatalities were observed (Tables 1-111). 

Breeding was accomplished as follows. Two females were placed 
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Table IV-Statistical Comparison of Drugs Tested in  Gravid and Nongravid CF-1 Mice 
LD50r Slope Slope Ratio Potency Potency Ratio 

Test Group mgflrg Slope Ratio Function Ratio Function 

Nongravid mice 480 (428-538) 1.17 
Gravid mice 520 (488-603) 1.30 

Nongravid mice 157 (138-179) 1.33 
Gravid mice 174 (144-210) 1.28 

Nongravid mice 273 (25@298) 1.16 
Gravid mice 246 (214-283) 1.26 

a Values calculated by the method of Litchfield and Wilcoxon (2). 

Morphine sulfate 1.11 1.20 1.08 1.22 

Cobalt chloride 1.04 1.60 1.11 1.26 

Phenytoin sodium 1.09 1.33 1.11 1.19 

overnight in cages containing one male. On the next morning (Day 01, all 
females were observed for the presence of coagulated intravaginal semen, 
which was the criterion used for determining pregnancy. Then all those 
deemed pregnant were weighed and placed in individual cages. All of 
the nonpregnant mice were returned to the aggregate cages for later 
use. 

On Day 9, gravid mice were randomly assigned to one of the appro- 
priate dosage groups, and the respective solutions were administered 
subcutaneously; the same number of animals were used as for the 
nongravid groups. After 24 hr, fatalities were recorded. All gravid mice 
then were cervically dislocated and laparotomized to confirm pregnancy 
by the presence of fetal swellings. 

RESULTS AND DISCUSSION 

The teratogenic effects of morphine sulfate, cobalt chloride, and 
phenytoin sodium were reported previously (1,3,4). The determination 
of dosage schedules in these studies was made under the assumption that 
the LD50 of each drug did not vary between gravid and nongravid 
mice. 

The data in Tables 1-111 were subjected to probit analysis according 
to the method of Litchfield and Wilcoxon (2). Because the slope ratios 
were less than the slope ratio functions, it can be concluded, with 95% 

confidence, that the dose-response curves did not deviate significantly 
from parallelism (Table IV). Furthermore, because the potency ratios 
were calculated to be less than the potency ratio functions, it can be 
concluded, with 95% confidence, that the LD50 of the respective drugs 
did not change significantly on Day 9 of gestation in CF-1 mice. 

The range of the conclusions in this study is limited by the strain of 
mouse and the peculiarities of the drugs. However, because the drugs from 
three different-classes did not vary in gravid and nongravid mice with 
respect to their LDw curves, these results possibly can be extrapolated 
to other drugs. Hence, one LDm curve obtained from nongravid mice may 
serve as a valid reference to determine the dose of an agent to be tested 
for teratogenicity. 

REFERENCES 

(1) H. S. Harpel, Jr., and R. F. Gautieri, J. Pharm. Sci., 57. 1590 

(2) J. T. Litchfield and F. Wilcoxon. J. Pharmacol. Exp.  Ther., 96, 
( 1968). 

99 (1949). 

J.  Pharrn. Sci.. 58.766 (1969). 
(3) G. Kasirsky, W. T. Sherman, R. F. Gautieri, and D. E. Mann, Jr., 

(4) J. J. MiLla; D. E. Mann, Jr., and R. F. Gautieri, ibid., 67, 377 
(1978). 

Rapid Colorimetric Analysis of Chlorhexidine in 
Pharmaceutical Preparations 

G. ANDERMANNq M. 0. BUHLER, and M. ERHART 
Received April 30,1979, from the Analytical Research and Development Department, P.O.S. Laboratories, 68240 Kaysersberg, 
France. Accepted for publication August 21,1979. 

Abstract A colorimetric determination of chlorhexidine is described. 
The method is based on the formation of a yellow complex between the 
drug and bromcresol green. The absorption peak of this complex, ex- 
tracted by chloroform, is at 410 nm, and linear response is obtained from 
2.5 to 30 fig of chlorhexidine/ml. The accuracy and reproducibility of this 
rapid method make it useful for chlorhexidine determination in the 
manufacturing control of pharmaceutical mixtures. 

Keyphrases 0 Chlorhexidine-analysis, colorimetric determination 
in commercial dosage forms 0 Antimicrobial agents-chlorhexidine, 
colorimetric determination in commercial dosage forms Colorime- 
try-analysis of chlorhexidine in commercial dosage forms 

Chlorhexidine (I), an antimicrobial agent, is a common 
ingredient in antiseptic preparations. The presence of 
chlorhexidine as a preservative in other pharmaceutical 
dosage forms (eye drops) and cosmetics necessitated a 
rapid, economical, and sensitive determination. 

BACKGROUND 

The primary method available previously was a colorimetric procedure 
(l), but several components in phhrmaceutical formulations interfere 

in the determination. Another colorimetric assay using N-(1-naphthy1)- 
ethylenediamine was reported for the determination of chlorhexidine 
in biological fluids (2), but it is time consuming and has background in- 
terference. A direct spectrophotometric assay of chlorhexidine using 
bromthymol blue was reported recently (3). Chlorhexidine is estimated 
based on differences in the absorbance before and after complexation 
with the acid dye. These techniques yield rather large errors. 

Polarographic estimation (4) and an automated liquid chromatographic 
determination (5 )  also were reported recently. Chlorhexidine also has 
been determined successfully by GLC after hydrolysis to p-chloroaniline 
and suitable derivatization to p-chloroiodobenzene (6, 7), but this 
technique is time consuming and unsuitable for multiple analyses. 

This paper describes a rapid colorimetric method that is based on the 
solvent extraction of a dye complex and is suitable for chlorhexidine 
analysis in pharmaceutical mixtures and cosmetics. 

EXPERIMENTAL 

Instrumentation-A double-beam spectrophotometer' and a shaker2 

* Perkin-Elmer model 554. 
2 Lab-Line. 
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Table IV-Statistical Comparison of Drugs Tested in  Gravid and Nongravid CF-1 Mice 
LD50r Slope Slope Ratio Potency Potency Ratio 

Test Group mgflrg Slope Ratio Function Ratio Function 

Nongravid mice 480 (428-538) 1.17 
Gravid mice 520 (488-603) 1.30 

Nongravid mice 157 (138-179) 1.33 
Gravid mice 174 (144-210) 1.28 

Nongravid mice 273 (25@298) 1.16 
Gravid mice 246 (214-283) 1.26 

a Values calculated by the method of Litchfield and Wilcoxon (2). 

Morphine sulfate 1.11 1.20 1.08 1.22 

Cobalt chloride 1.04 1.60 1.11 1.26 

Phenytoin sodium 1.09 1.33 1.11 1.19 

overnight in cages containing one male. On the next morning (Day 01, all 
females were observed for the presence of coagulated intravaginal semen, 
which was the criterion used for determining pregnancy. Then all those 
deemed pregnant were weighed and placed in individual cages. All of 
the nonpregnant mice were returned to the aggregate cages for later 
use. 

On Day 9, gravid mice were randomly assigned to one of the appro- 
priate dosage groups, and the respective solutions were administered 
subcutaneously; the same number of animals were used as for the 
nongravid groups. After 24 hr, fatalities were recorded. All gravid mice 
then were cervically dislocated and laparotomized to confirm pregnancy 
by the presence of fetal swellings. 

RESULTS AND DISCUSSION 

The teratogenic effects of morphine sulfate, cobalt chloride, and 
phenytoin sodium were reported previously (1,3,4). The determination 
of dosage schedules in these studies was made under the assumption that 
the LD50 of each drug did not vary between gravid and nongravid 
mice. 

The data in Tables 1-111 were subjected to probit analysis according 
to the method of Litchfield and Wilcoxon (2). Because the slope ratios 
were less than the slope ratio functions, it can be concluded, with 95% 

confidence, that the dose-response curves did not deviate significantly 
from parallelism (Table IV). Furthermore, because the potency ratios 
were calculated to be less than the potency ratio functions, it can be 
concluded, with 95% confidence, that the LD50 of the respective drugs 
did not change significantly on Day 9 of gestation in CF-1 mice. 

The range of the conclusions in this study is limited by the strain of 
mouse and the peculiarities of the drugs. However, because the drugs from 
three different-classes did not vary in gravid and nongravid mice with 
respect to their LDw curves, these results possibly can be extrapolated 
to other drugs. Hence, one LDm curve obtained from nongravid mice may 
serve as a valid reference to determine the dose of an agent to be tested 
for teratogenicity. 
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Chlorhexidine (I), an antimicrobial agent, is a common 
ingredient in antiseptic preparations. The presence of 
chlorhexidine as a preservative in other pharmaceutical 
dosage forms (eye drops) and cosmetics necessitated a 
rapid, economical, and sensitive determination. 

BACKGROUND 

The primary method available previously was a colorimetric procedure 
(l), but several components in phhrmaceutical formulations interfere 

in the determination. Another colorimetric assay using N-(1-naphthy1)- 
ethylenediamine was reported for the determination of chlorhexidine 
in biological fluids (2), but it is time consuming and has background in- 
terference. A direct spectrophotometric assay of chlorhexidine using 
bromthymol blue was reported recently (3). Chlorhexidine is estimated 
based on differences in the absorbance before and after complexation 
with the acid dye. These techniques yield rather large errors. 

Polarographic estimation (4) and an automated liquid chromatographic 
determination (5 )  also were reported recently. Chlorhexidine also has 
been determined successfully by GLC after hydrolysis to p-chloroaniline 
and suitable derivatization to p-chloroiodobenzene (6, 7), but this 
technique is time consuming and unsuitable for multiple analyses. 

This paper describes a rapid colorimetric method that is based on the 
solvent extraction of a dye complex and is suitable for chlorhexidine 
analysis in pharmaceutical mixtures and cosmetics. 
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Table I-Chlorhexidine Digluconate Absorbance-Concentration 
Relationship 

Concentration, Absorbance at  410 nm RSD, 
/*g/ml (Average f SD, n = 4) % 

2.5 0.0380 f 0.0005 I ..? 
5 

1 0  .~ 

15 
20 
25 
30 

0.0740 * 0.0021 
0.192 f 0.001 

0.1880 f 0.0066 
0.225 f 0.012 
0.285 f 0.006 
0.343 f 0.002 

3.2 
0.7 
3.5 
5.5 
2.1 
0.6 

Table 11-Assay of Solutions of Known Chlorhexidine 
Digluconate Concentrations 

Amount, Concentration, Am_ount Found, mg Amount 
mg Pdml  ( X  f SD, n = 4) Found, % 

5 10 5.3 f 0.2 106 
10 10 10.4 f 0.4 104 
40 10 39.2 f 2.1 98 
50 10 50 f 1.7 100 

Table 111-Assay of Commercially Available Chlorhexidine 
Digluconate Formulations 

Amount Claimed, Amount Found, Average 
Formulation mg/100 ml mg/100 ml Label Claim, % 

Eye drops” 5 5.3 106 
5.2 104 
4.9 98 

Viscous 5 5.3 106 
solutions 5.15 103 

5.24 105 
Shampoos 20 19.4 97 

” Contains niacinamide, inosine monophosphate. and sodium glycerophosphate. 
Contains thimerosal, hydroxyethylcellulose, sodium phosphate, and potassium 

Contains saponins, hydroxyethylcellulose, and bronidox. phosphate. 

Table IV-Within-Day Reproducibility of Color Extract ion of 
Replicate IO-udml Samples of Chlorhexidine Dialuconate 

Sample Absorbance a t  410 nm 

0.128 
0.129 
0.128 

4 0.121 
6 
6 
7 
8 
9 

10 
11 
12 
Average 
SD 
RSD. 70 

0.123 
0.123 
0.124 
0.126 
0.128 
0.132 
0.127 
0.127 
0.126 
0.003 
2.37 

were used. To prevent adsorption of the drug-dye complex onto the glass, 
screw-top plastic tubes were required (8). 

Reagents-A pH 5.70 buffer was prepared by mixing 100 ml of 0.1 M 
citric acid with 140 ml of 0.2 M anhydrous Na2HP04. The bromcresol 
green solution was prepared by dissolving 30 mg of bromcresol green3 in 
100 ml of the pH 5.70 buffer and filtering. The solution was stable for 1 
week. A 1:100 dilution had an absorbance of 0.154 f 0.003 a t  617 nm. 

Chlorhexidine digluconate4, 5 mg, was dissolved in 100 ml of distilled 
water. This stock solution was diluted to give 2.5-30-pg/ml working 
standards, which were prepared fresh for each run. 

Procedure for  Chlorhexidine Standard Solutions-One milliliter 
of standard solution was transferred to a screw-top plastic tube, and 3 

Table  V-Between-Day Reproducibility of Samples Containing 
10 p g  of Chlorhexidine Digluconate/ml 

Sample Day 1 Day 2 Day 3 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

0.128 
n. 129 
0.128 
0.121 
0.123 
0.123 
0.124 ~ ~~~ 

0.126 
0.128 
0.132 

0.120 0.122 
0.126 0.123 
0.129 0.123 
0.128 0.122 
0.132 0.124 
0.128 0.120 
0.132 0.122 
0.134 0.120 
0.131 0.139 
0.132 0.120 

Average 0.126 0.127 0.123 
SD 0.003 0.006 0.005 
RSD, 70 2.4 4.7 4.0 

ml of the bromcresol green reagent and 2.5 ml of chloroform were added. 
The tubes were stoppered, shaken for 3 min, and centrifuged at 3000 rpm 
for 3 min. The aqueous supernate was discarded. The chloroform layer 
was transferred carefully with an automatic pipet5 to a 1-cm light path 
cell, and the absorbance was measured against a blank (1 ml of distilled 
water instead of the chlorhexidine solution) a t  410 nm. 

Procedure fo r  Chlorhexidine Viscous Solutions, Shampoos, and  
Lotions-The chlorhexidine base was extracted from -10-25 mg of 
chlorhexidine digluconate-containing samples by adding 50 p l  of 10 N 
NaOH and shaking the solution for 15 min with 5 ml of chloroform. After 
centrifugation for 3 min a t  3000 rpm, 2.5 ml of the chloroform layer was 
transferred to a screw-top plastic tube, 3 ml of bromcresol green reagent 
was added, and the procedure was followed as described for the standard 
solutions beginning with: “The tubes were stoppered . . . .” 

RESULTS AND DISCUSSION 

Color Stability-The yellow color was monitored with a recording 
spectrophotometer and was stable for 8 hr. 

Linearity-The absorption peak of the bromcresol green-chlorhex- 
idine complex was a t  -410 nm. At this wavelength, the reaction followed 
Beer’s law to an absorbance of 1.0, and linear response was obtained for 
2.5-30 pg of chlorhexidine/ml (Table I). 

whereA410 
is the absorbance a t  410 nm and C is the concentration expressed in mi- 
crograms per milliliter. The calculated molar absorptivity, t ,  was 11,302 
f 270. The correlation coefficient was 0.998. 

Accuracy-The mean recoveries of known chlorhexidine amounts 
added to the formulations are shown in Table 11. The precision was cal- 
culated by a literature method (9) as -3.8% and was similar for viscous 
solutions and formulated products. 

Table I11 shows the method to be fairly precise for chlorhexidine in eye 
drops, contact lens cleaning solutions,’and shampoos, so the method can 
be used for manufacturing controls. No interference was observed with 
formulations of alcoholic solutions, eye drops, viscous solutions, and 
gels. 

Detection Limits-The detection limit, as determined on 20 samples 
a t  the 95% confidence level, was 2.5 pg of chlorhexidine digluconatd 
ml. 

Reproducibility-To show the within-batch variation, the chlor- 
hexidine digluconate content of a IO-pg/ml standard solution was de- 
termined 12 times (Table IV). To show the between-batch variation, 
duplicate determinations were carried out on several days. The results 
were highly reproducible (Table V). Interanalyst variations of five 
chemists were determined a t  five levels by the proposed method, and 
rectilinear results were obtained (Table VI). 

Method Limitations-Attempts to extend the method to chlorhexi- 
dine creams were unsuccessful due to coextraction of the formulation 
excipients that  complex with bromcresol green. Emulsions also can be 
formed with the solvent and the chlorhexidine-containing creams. 

This colorimetric determination of chlorhexidine salts offers improved 
precision, convenience, and speed over the previously reported methods. 
The high color stability offers an advantage over the colorimetric pro- 
cedure of Holbrook (1). These considerations make the method suitable 
for the automated analysis of chlorhexidine salt formulations. 

Thelinear regression line was A410 = (11.1C + 17.1) 

Gilson. 
,i Perhinry Uginr-Kuhlmann 
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Table VI-Results (Mean f SD) of Intralaboratory Collaborative Study on Chlorhexidine Digluconate (n = 4) 

Concentration, 
P d m l  Chemist A Chemist B Chemist C Chemist D Chemist E 

3.5 0.057 f 0.001 0.050 f 0.001 0.044 f 0.002 0.045 f 0.002 0.036 f 0.002 
8.5 0.118 f 0.005 0.115 f 0.002 0.107 f 0.002 0.109 f 0.001 0.096 f 0.001 

16 0.236 f 0.003 0.216 f 0.002 0.208 f 0.004 0.220 f 0.003 0.215 f 0.003 
23 0.313 f 0.005 0.299 f 0.017 0.300 f 0.010 0.320 f 0.002 0.306 f 0.001 

0.367 f 0.008 0.376 f 0.013 0.420 f 0.012 0.380 f 0.005 28 0.392 f 0.008 
Correlation 0.997 0.974 0.997 0.996 0.998 

coefficient 

REFERENCES 109,305 (1975). 
(6) K. Siefert, D. Casagrande, and H. Silberman, ibid., 109, 193 

(7) E. Cropper, R. Platt, and A. Puttnam, J.  SOC. C o m e t .  Chem., 26, 

(8) C. MacMartin, P. Simpson, and N. Thorpe, J .  Chrornatogr., 43, 

(9) R. B. Dean and W. B. Dixon, Anal. Chem., 23,636 (1951). 

(1) A. Holbrook, J .  Pharm. Pharrnacol., 10,370 (1958). 
(2) W. T. Robinson, L. Cosyns, and M. Kraml, Clin. Biochem., 10,197 

(3) J. B. Lowry, J .  Pharm. Sci., 68,110 (1979). 
(4) E. Jacobsen and B. Glyseth, Talanta, 22,1001 (1975). 
(5) F. Bailey, P. N. Brittain, and B. F. Williamson, J .  Chromtogr. ,  

(1975). 

(1977). 355 (1975). 

72 (1969). 
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Abstract  Mepivacaine hydrochloride, 25 and 50 mg/kg sc (with sac- 
rifice a t  15 min) produced higher (p < 0.005) drug levels in neonate 
(24-36-hr-old) rat brain and blood than in adult rat brain and blood; 
however, there was no significant difference in the brain-to-blood ratio 
of the drug between neonates and adults a t  either dose level. Intraarterial 
infusion of mepivacaine hydrochloride (20 pg/min) in adult rats resulted 
in measurable (GLC) mepivacaine base levels in pilocarpine-induced 
parotid salivary secretions collected throughout 30- and 45-min infusion 
periods. The saliva-to-blood ratios ( G E M )  of mepivacaine base were 
0.64 f 0.13 after a 30-min infusion and 2.13 f 0.48 after a 45-min infu- 
sion. 

Keyphrases Mepivacaine-brain-to-blood and saliva-to-blood ratios, 
rats Anesthetics-mepivacaine, brain-to-blood and saliva-to-blood 
ratios, rats Models, animal-mepivacaine, brain-to-blood and saliva- 
to-blood ratios, rats 

Several clinical studies demonstrated behavioral defi- 
ciencies and toxic manifestations in newborn infants whose 
mothers received local anesthesia during labor (1-8). 
Mepivacaine, widely used for such anesthesia, has been 
implicated in neonatal bradycardia, depression, apnea, 
convulsions, and death (1-4,9, 10). 

Because critical determinations of drug levels in the 
blood and tissues of healthy infants rarely are feasible, an 
animal model was employed to explore quantitative as- 
pects of mepivacaine-related neural toxicity in neonates. 
Brain-to-blood ratios of mepivacaine base were deter- 
mined for both neonate (24-36-hr-old) and adult rats after 
subcutaneous administration (25 and 50 mg/kg) of me- 
pivacaine hydrochloride. Mepivacaine levels in adult rat 
whole blood and parotid saliva were compared to deter- 
mine whether the salivary mepivacaine level could serve 
as an index of the blood drug concentration. 

EXPERIMENTAL 

Female Sprague-Dawley rats were supplied with food and water ad 
libitum. One group consisted of nonpregnant adult rats (250-300 9). 
Another group contained newborn rats (6-9 g) which remained with their 
mothers and nursed freely until drug or saline administration 24-36 hr 
postpartum. 

Adult rats were prepared for saliva collection by anesthetization with 
urethan (1.2 mg/kg ip) followed by tracheotomy and cannulation of the 
parotid ducts according to a literature method (11). Tapered polyethylene 
tubing (PE 50) was inserted into each duct with the aid of a binocular 
dissecting microscope. Pilocarpine hydrochloride', 0.25 mg/ml, was in- 
fused at  0.2 ml/min into the right brachial artery to stimulate parotid 
salivary secretion. Mepivacaine hydrochloride*, 1 mg/ml, was infused 
intraarterially (0.2 ml/min) concomitantly with the pilocarpine solution. 
Saliva was collected continuously throughout either a 30- or 45-min pi- 
locarpine-mepivacaine infusion period, immediately after which 2-4 ml 
of blocid was withdrawn uia cardiac puncture into a heparinized vacu- 
tainer. 

In another study, nonpregnant adult female rats were injected sub- 
cutaneously with 25 or 50 mg of mepivacaine hydrochloride/kg in 1.0 ml 
of saline; after 15 min, blood was collected uia cardiac puncture into a 
heparinized vacutainer. The animals then were decapitated, and the brain 
was removed. 

Two neonates were selected randomly from each of 15 litters and were 
injected subcutaneously with mepivacaine hydrochloride; one littermate 
received 25 mg/kg and the other received 50 mg/kg in 0.1 ml of saline. 
Animals were saciificed 15 min after drug administration. Procedures 
for blood collection from neonates combined two techniques (12, 13). 
Brain tissue was removed after the spinal cord was severed at the 
neck. 

Newborn and adult rat tissue and fluid samples also were collected 
from saline-injected animals, spiked with mepivacaine, and extracted 
for standard curves constructed each day for each tissue type. Mepiva- 

~~ 
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Table VI-Results (Mean f SD) of Intralaboratory Collaborative Study on Chlorhexidine Digluconate (n = 4) 

Concentration, 
P d m l  Chemist A Chemist B Chemist C Chemist D Chemist E 

3.5 0.057 f 0.001 0.050 f 0.001 0.044 f 0.002 0.045 f 0.002 0.036 f 0.002 
8.5 0.118 f 0.005 0.115 f 0.002 0.107 f 0.002 0.109 f 0.001 0.096 f 0.001 

16 0.236 f 0.003 0.216 f 0.002 0.208 f 0.004 0.220 f 0.003 0.215 f 0.003 
23 0.313 f 0.005 0.299 f 0.017 0.300 f 0.010 0.320 f 0.002 0.306 f 0.001 

0.367 f 0.008 0.376 f 0.013 0.420 f 0.012 0.380 f 0.005 28 0.392 f 0.008 
Correlation 0.997 0.974 0.997 0.996 0.998 

coefficient 
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Abstract  Mepivacaine hydrochloride, 25 and 50 mg/kg sc (with sac- 
rifice a t  15 min) produced higher (p < 0.005) drug levels in neonate 
(24-36-hr-old) rat brain and blood than in adult rat brain and blood; 
however, there was no significant difference in the brain-to-blood ratio 
of the drug between neonates and adults a t  either dose level. Intraarterial 
infusion of mepivacaine hydrochloride (20 pg/min) in adult rats resulted 
in measurable (GLC) mepivacaine base levels in pilocarpine-induced 
parotid salivary secretions collected throughout 30- and 45-min infusion 
periods. The saliva-to-blood ratios ( G E M )  of mepivacaine base were 
0.64 f 0.13 after a 30-min infusion and 2.13 f 0.48 after a 45-min infu- 
sion. 
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Several clinical studies demonstrated behavioral defi- 
ciencies and toxic manifestations in newborn infants whose 
mothers received local anesthesia during labor (1-8). 
Mepivacaine, widely used for such anesthesia, has been 
implicated in neonatal bradycardia, depression, apnea, 
convulsions, and death (1-4,9, 10). 

Because critical determinations of drug levels in the 
blood and tissues of healthy infants rarely are feasible, an 
animal model was employed to explore quantitative as- 
pects of mepivacaine-related neural toxicity in neonates. 
Brain-to-blood ratios of mepivacaine base were deter- 
mined for both neonate (24-36-hr-old) and adult rats after 
subcutaneous administration (25 and 50 mg/kg) of me- 
pivacaine hydrochloride. Mepivacaine levels in adult rat 
whole blood and parotid saliva were compared to deter- 
mine whether the salivary mepivacaine level could serve 
as an index of the blood drug concentration. 

EXPERIMENTAL 

Female Sprague-Dawley rats were supplied with food and water ad 
libitum. One group consisted of nonpregnant adult rats (250-300 9). 
Another group contained newborn rats (6-9 g) which remained with their 
mothers and nursed freely until drug or saline administration 24-36 hr 
postpartum. 

Adult rats were prepared for saliva collection by anesthetization with 
urethan (1.2 mg/kg ip) followed by tracheotomy and cannulation of the 
parotid ducts according to a literature method (11). Tapered polyethylene 
tubing (PE 50) was inserted into each duct with the aid of a binocular 
dissecting microscope. Pilocarpine hydrochloride', 0.25 mg/ml, was in- 
fused at  0.2 ml/min into the right brachial artery to stimulate parotid 
salivary secretion. Mepivacaine hydrochloride*, 1 mg/ml, was infused 
intraarterially (0.2 ml/min) concomitantly with the pilocarpine solution. 
Saliva was collected continuously throughout either a 30- or 45-min pi- 
locarpine-mepivacaine infusion period, immediately after which 2-4 ml 
of blocid was withdrawn uia cardiac puncture into a heparinized vacu- 
tainer. 

In another study, nonpregnant adult female rats were injected sub- 
cutaneously with 25 or 50 mg of mepivacaine hydrochloride/kg in 1.0 ml 
of saline; after 15 min, blood was collected uia cardiac puncture into a 
heparinized vacutainer. The animals then were decapitated, and the brain 
was removed. 

Two neonates were selected randomly from each of 15 litters and were 
injected subcutaneously with mepivacaine hydrochloride; one littermate 
received 25 mg/kg and the other received 50 mg/kg in 0.1 ml of saline. 
Animals were saciificed 15 min after drug administration. Procedures 
for blood collection from neonates combined two techniques (12, 13). 
Brain tissue was removed after the spinal cord was severed at the 
neck. 

Newborn and adult rat tissue and fluid samples also were collected 
from saline-injected animals, spiked with mepivacaine, and extracted 
for standard curves constructed each day for each tissue type. Mepiva- 
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Table I-Mepivacaine Base Concentration in Adult and  Neonate Rat Whole Brain and Blood 

Meaivacaine Brain Mepivacaine, Blood Mepivacaine, 
Mepivacaine 

Brain-to-Blood 
H yd;ochloride" pglg SEM pg/g f SEM Ratio 
Dnse. me/ke sc Adult Neonate ' Adult Neonate Adult Neonate 
- - - - I  0. u 

25 5.16 f 0.54 15.50 f 2.2b 2.61 f 0.30 8.76 f 1.5b 2.58 f 0.39 2.01 f 0.26 

50 5.31 f 0.52 21.98 f 2.2b 2.73 f 0.38 11.26 f 1.3b 3.84 f 1.6 2.54 f 0.44 
n = 18c 

n = 17 

n = 14 

n = 15 

0 Animals sacrificed 15 rnin after mepivacaine hydrochloride administration. * p < 0.005. n = number of animals. 

Table 11-Concentration of Mepivacaine Base in Adult Ra t  
Parotid Saliva and Blood a 

Infusion Saliva Blood Mepivacaine 

min n b  p g l g f  SEM pglg f SEM Ratio 
Time, Mepivacaine, Mepivacaine, Saliva-to-Blood 

30 17 4.79 f 0.84 8.57 f 1.07 0.64 f 0.13 
45 12 14.30 f 4.64 8.10 f 0.85 2.13 f 0.48 

0 Mepivacaine hydrochloride was infused intraarterially at 200 pgjmin. Pilo- 
carpine hydrochloride (50 pg/min) was infused intraarterially concomitantly to 
stimulate parotid secretion. Number of animals. 

caine hydrochloride concentrations added to control samples ranged from 
0.5 to 20 mg/g. 

Immediately after collection, the blood, brain, and saliva samples were 
weighed and frozen (-15'). Because significant deterioration of me- 
pivacaine in biological fluids stored for more than 72 hr was reported (14), 
extraction was performed within 3 days of tissue collection. 

Published procedures were used for mepivacaine extraction from blood 
and saliva and for GLC analysis (14). Brain samples were homogenized 
with 1 ml of phosphate buffer (pH 7.4) in ground-glass tubes using a 
homogenizer3. An additional 2 ml of buffer was used to wash tissue from 
the homogenizing vessel into conical extraction tubes. After centrifuga- 
tion a t  2000 rpm for 10 min, ether was added to the supernate and the 
standard extraction protocol (14) was commenced. 

Following evaporation of the final ether extract, the residue of each 
sample was reconstituted with 20 pl of chloroform. One microliter of the 
reconstituted sample was injected into a gas-liquid chromatograph4 
equipped with a hydrogen detector and preset to optimum conditions 
for detection of mepivacaine and procainamide (internal standard). The 
free (unbound) mepivacaine concentration (micrograms per gram of 
tissue) in each sample was determined via the method of internal stan- 
dards with the use of standard curves constructed for each sample species. 
Relative ratios of brain-to-blood and parotid saliva-to-blood mepivacaine 
concentrations were calculated. 

RESULTS AND DISCUSSION 

Acute Mepivacaine Hydrochloride Toxicity-Dose studies 
(12.5-400 mglkg) indicated that the approximate subcutaneous LDm of 
mepivacaine hydrochloride in 24-36-hr-old neonate rats was 150 mg/kg. 
The subcutaneous LDso of mepivacaine in rats weighing 65-75 g was re- 
ported to be 500 f 53 mg/kg (15). None of the neonates that received 25 
mg of mepivacaine hydrochloridelkg sc manifested gross toxic symptoms, 
but four of the 14 newborns injected with 50 mg/kgexhibited decreased 
spontaneous motor activity. Subcutaneous doses of 25 and 50 mg/kg 
produced no remarkable symptomatology in adult female rats. These 
subtoxic doses resulted in quantifiable mepivacaine levels in neonate and 
adult rat tissues. 

Adult and Neonate Blood Mepivacaine Levels-Concentrations 
of mepivacaine base in adult and neonate rat whole brain and blood and 
calculated brain-to-blood ratios of mepivacaine appear in Table I. Fol- 
lowing subcutaneous administration of 25- and 50-mg/kg mepivacaine 
hydrochloride doses, the mepivacaine levels were significantly higher in 
neonate rat brain and blood than in the corresponding adult female rat 
tissues. However, there was no significant difference between the 
brain-to-blood mepivacaine concentration ratios calculated for adults 
and for neonates a t  either of the two doses of local anesthetic agent. 

Other investigators reported that a significantly greater fraction of 
bupivacaine, an anesthetic structurally related to mepivacaine, is bound 

Dorenmeyer. 
(:OW-MAC model 750, Bound Brook. N.J. 

to human maternal plasma proteins than is bound to fetal plasma pro- 
teins over a wide drug concentration range (16, 17). Although protein 
binding determinations were not performed, the slope of standard GLC 
curves (as determined by linear regression analysis) constructed with 
mepivacaine-spiked neonate rat brain and blood were consistently steeper 
than those obtained with adult rat tissue. 

Acute neonatal intoxication without concomitant signs of local anes- 
thetic intoxication in the mother was observed in humans born to mothers 
who received epidural or paracervical block anesthesia with mepivacaine 
hydrochloride during labor (1,4,7,9,18). The neurological deficiencies 
observed in the newborn might be related to incomplete development 
of the neonatal blood-brain barrier; however, this study revealed no 
significant differences in the brain-to-blood ratios of mepivacaine be- 
tween neonate and adult rats. The study did demonstrate considerably 
higher levels of unbound mepivacaine in the brain tissue and blood of 
24-36-hr-old rats than in these tissues of adult female rats 15 min after 
subcutaneous injection of equivalent body weight doses of the local an- 
esthetic. 

Mepivacaine in Adult R a t  Blood and  Saliva-The saliva-to-blood 
ratio of mepivacaine was explored to evaluate the sensitivity and repro- 
ducibility of this salivary assay as a noninvasive technique relevant to 
clinical monitoring of the blood level of a local anesthetic in the newborn. 
Intravenous infusion of mepivacaine hydrochloride (200 pglmin) in adult 
rats established blood and salivary drug levels well wit.hin the quantita- 
tion range by the GLC assay (14). The mepivacaine base concentrations 
in blood and pilocarpine-stimulated parotid saliva collected throughout 
30- and 45-min intraarterial mepivacaine hydrochloride infusions and 
the saliva-to-blood mepivacaine ratio for each collection period are 
summarized in Table 11. 

Although the salivary drug concentration data were reasonably con- 
sistent within any collection period (k, 30 or 45 min), the saliva-to-blood 
mepivacaine ratio differed considerably, depending on the infusion time 
and the total dose of local anesthetic. Thus, this study failed to demon- 
strate a consistent relationship between the mepivacaine level in these 
two body fluid compartments that  would support saliva sampling and 
analysis as a means of estimating the blood drug level. The salivary se- 
cretion rate in the rat necessitated collection of a 20-30-min sample for 
drug extraction; a larger animal model, permitting simultaneous sampling 
of saliva and blood, would be advantageous to explore the relative com- 
partmentalization of mepivacaine. 

REFERENCES 

(1) W. E. Dodson, R. E. Hillman, and L. S. Hillman, J. Pediatr., 86. 

(2) H. R. Gordon, N. Engl. J .  Med., 279,910 (1968). 
(3) I. Nyirjesy, B. L. Hawks, J. Herbert, J. Hopwood, Jr., and H. Falis, 

(4) J. C. Sinclair, H. A. Fox, J. F. Lentz, G. L. Fuld, and J. Murphy, 

(5) H. 0. Morishima, S. S. Daniel, M. Finster, P. J. Poppers, and L. 

(6) K. Standley, A. B. Soule, S. A. Copans, and M. S. Duchowny, 

(7) J .  W. Scanlon, W. V. Brown, J .  P. Weiss, and M. H. Alper, An-  

(8) B. T.  Brazelton, Am.  J. Psychol., 126.95 (1970). 
(9) J. B. Rosefsky, and M. E. Petersiel, N. EngI. J. Med., 278,530 

(10) M. Finster, H. 0. Morishima, R. N. Boyes, and B. G. Covino, 

(11) W. S. Chernick, E. Bobyock, and G .  J. DiGregorio, J. Dent. Res., 

624 (1975). 

Am. J .  Obstet. Gynecol., 87,231 (1963). 

N .  Engl. J. Med., 273,1173 (1965). 

S.  James, Anesthesiology, 27,147 (1966). 

Science, 186,634 (1974). 

esthesiology, 40, 121 (1974). 

(1968). 

Anesthesiology, 36.159 (1972). 

50,165 (1971). 

218 I Journal of Pharmaceutical Sciences 
Vol. 69, No. 2, February 1980 



(12) C. C. Korenbrot, D. C. Paup, and R. A. Gorski, Endocrinology, 

(13) C. J. Dunn and D. A. Willoughby, J .  Pathol., 116,167 (1975). 
(14) J. H. Asling, S. M. Shnider, G. Wilkenson, and E. L. Way, Anes- 

(15) G. Aberg, Acta Pharmacol. Toxicol., 31,273 (1972). 
(16) L. E. Mather, G. J. Long, and J. Thomas, J. Pharm. Pharmacol., 

(17) J. Thomas, G. Long, G. Moore, and D. Morgan, Clin. Pharmacol. 

97,709 (1975). 

thesiology, 31,458 (1969). 

23,359 (1971). 

Ther., 19,426 (1976). 

(18) L. J. Graziani, B. H. Korberly, and G. D’Amato, in “Topics in 
Pediatric Neurology,” M. Blau, I. Rapin, and M. Kinsbourne, Eds., 
Spectrum, Jamaica, N.Y., 1977, pp. 11-41. 

ACKNOWLEDGMENTS 

The authors acknowledge the clinical observations of neurological 
deficiencies in the newborn by L. J. Graziani, Thomas Jefferson Uni- 
versity School of Medicine, and Barbara H. Korberly, Philadelphia 
College of Pharmacy and Science, which prompted this investigation. 

GLC Microdetermination of Indomethacin in Plasma 

MICHAEL A. EVANS 
Received May 18,1979, from the Department of Pharmacology, University of Illinois a t  the Medical Center, Chicago, IL 60680. 
for publication August 27, 1979. 

Accepted 

Abstract  EI A GLC method utilizing an electron-capture detector is 
described for analysis of indomethacin in blood plasma. Indomethacin 
is extracted with ethyl acetate from plasma buffered to pH 5.0. The ethyl 
acetate is evaporated to dryness, and indomethacin is derivatized to a 
pentafluoropropionyl ester prior to chromatography. A GLC standard 
is used for peak height quantitation of indomethacin. The extraction 
efficiency from plasma is 92 f 3%, and as little as 1 dg of indomethacin 
can be quantitatively determined. 
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Indomethacin’ is an extensively used anti-inflammatory 
drug with potent inhibitory action on prostaglandin syn- 
thesis. Recent studies demonstrated that the drug is also 
successful in the management of patent ductus arteriosus 
in the premature infant (1). Since complications of in- 
domethacin therapy in the premature infant are associated 
with high plasma levels, a rapid and sensitive assay was 
needed for monitoring therapeutic plasma drug levels 
utilizing small samples. Several investigators recently re- 
ported sensitive analytical procedures for indomethacin 
in biological fluid; however, these procedures require 
several extractions (2,3), lack an internal standard (41, and 
require an initial plasma sample of 0.5 ml(5). Therefore, 
an electron-capture GLC method was developed for 
monitoring therapeutic indomethacin levels in limited 
plasma samples (0.1 ml) utilizing a GLC standard for 
quantitation. 

EXPERIMENTAL 

Apparatus-A gas chromatograph2 equipped with a 63Ni-electron- 
capture detector was maintained with a high purity nitrogen column gas 
flow of 70 ml/min. The column oven temperature was 295’; the injection 
port and detector temperatures were maintained at 310’. 

Column-A glass column, 2 m X 2 mm, was packed with 10% SP 2250 
on 100-120-mesh Supelcoport3. The column was rinsed before packing 
with methanol and acetone; it was then dried and conditioned for 2 hr 
with a 20% solution of dimethyldichlorosilane4 in toluene. Following si- 

Indocin, Merck & Co. 
2 Varian model 3700. 
3 Supelco, Inc., Bellefonte. Pa. ‘ Applied Science Laboratories, State College, Pa 

lylation, the column was rinsed with acetone and dried under nitrogen 
before packing. 

Procedures-Plasma (0.1 ml) was transferred to 1.5-1111 polypropylene 
disposable micro test tubes5, buffered to pH 5.0 with 0.1 ml of 0.2 Mac- 
etate buffer, and extracted with 1.0 ml of ethyl acetate. The ethyl acetate 
(0.9 ml) was transferred by disposable pipet t oa  dry, clean 1.5-ml micro 
test tube and evaporated to dryness using a vacuum centrifuge6. The 
residue was mixed with 10 HI of a mixture of 2,2,3,3,3-pentafluoro-l- 
propanol in pentafluoropropionic anhydride7 (1:4, v/v) and heated to 75’ 
for 20 min. Following derivatization, the sample was evaporated to dry- 
ness using the vacuum centrifuge; the residue was redissolved in 10 p1 
of ethyl acetate containing 2.5 pg of p-bromobenzaldehyde isonicotin- 
oylhydrazone/ml as the internal standard. 

One-microliter samples were injected into the gas chromatograph for 
analysis. The internal standard was prepared according to Timbrel1 et 
al. (6) by mixing equimolar amounts of isoniazid and p-bromobenzal- 
dehyde in methanol and refluxing for 1 hr at 60’. After cooling for 24 hr 
a t  -2O0, the crystalline product was filtered, washed twice with warm 
methanol, and recrystallized. The final product, p -bromobenzaldehyde 
isonicotinoylhydrazone, was found to be better than 98% pure by GLC 
and TLC. 

A standard calibration curve was prepared by adding 0.1 ml of plasma 
to known amounts of indomethacin to give final indomethacin concen- 
trations ranging from 0.01 to 1 pg/ml. Thirty samples, five per concen- 
tration, were analyzed to prepare the standard curve. Each sample was 
injected in duplicate, and the determination of the entire standard curve 
was replicated at once. 2-14C-Indomethacina was used to estimate the 
extraction efficiency of indomethacin from plasma by measurement of 
the total radioactivity in the extract. 

RESULTS AND DISCUSSION 

The electron-capture GLC retention times for derivatized indo- 
methacin and the internal standard were 5.2 and 6.8 min, respectively. 
Chromatograms from a control human plasma and a plasma sample 
containing 31 ng of indomethacin, both with the internal standard, are 
shown in Fig. 1. Since peaks for both agents were symmetrical, quanti- 
tation was made by comparison of peak heights. Detector response and 
the calibration curve were linear over 0.01-1.0-pg/ml range. Blanks were 
prepared from plasma of drug-free subjects, and no peaks were observed 
that would interfere with the measurement of indomethacin or the in- 
ternal standard. Plasma samples containing 5 pg/ml of salicylate or fu- 
rosemide also did not interfere with indomethacin quantitation. 

Linear regression analysis of the individual data points (n = 60) from 
the standards plotted as the ratio of the peak height of derivatized in- 

6 Bio-Rad Laboratories, Richmond, Calif. 
6 Savant Instruments, Hicksville, N.Y. 

Regis Chemical, Morton Grove, Ill. 
8 New England Nuclear, Boston, Mass. 
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domethacin divided by the peak height of the internal standard uersus 
the plasma indomethacin concentration gave a computed slope of 42.81ng 
of derivatized indomethacin and a coefficient of determination ( r 2 ) ,  a 
measure of accuracy, of 0.994. Extraction efficiency based on results from 
10 samples using 14C-indomethacin was estimated a t  92 f 3%. 

Results of indomethacin analysis in a premature infant with patent 
ductus arteriosus following therapeutic intravenous administration of 
a 0.2-mgkg dose of indomethacin sodium trihydrate are shown in Fig. 
2. The pharmacokinetic parameters for the intravenous study were 
evaluated using a modified IGPHARM program (7). The calculated 
half-life was 15.5 hr, but further study is needed before any definitive 
statements can be made concerning the indomethacin half-life in the 
premature infant. Alvan et at. (8) demonstrated that the half-life of the 
@-phase of indomethacin in adults ranged from 2.6 to 11.2 hr. This rapid 
and sensitive method for indomethacin analysis has been useful in the 
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therapeutic monitoring of plasma drug levels when the sample volume 
is necessarily limited. 
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Abstract By utilizing a previously established correlation concept, 
the relative in uiuo performance in humans of seven unknown prednisone 
tablets was predicted accurately from peristaltic dissolution rate data. 
A general discussion is presented on the role of the peristaltic apparatus 
in  selecting a suitable dosage form a t  the developmental stage. 
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In 1975, a peristaltic dissolution rate apparatus was 
developed that was capable of predicting the in vivo per- 
formance of tolbutamide tablets in beagle dogs (1). This 

work was extended later to include meprobamate tablets 
(2) and tolbutamide tablets marketed in Canada (3). De- 
spite the excellent in uitro-in uivo correlations obtained, 
a prime concern was the reliance on beagles as an in uivo 
model and the absence of human data in the correla- 
tions. 

The  performance of the apparatus on tablets that had 
been evaluated in a human bioavailability study was tested 
in this study. Seven prednisone tablets commercially 
available in the United States, each containing 5 mg of 
prednisone, were submitted in coded form by the Food and 
Drug Administration (FDA). Based on the peristaltic 
dissolution data, the relative in uivo performance of the 
tablets was predicted accurately. 
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Figure 1-Peristaltic dissolution plots of prednisone tablets (a) andprednisolone concentration-time plots of tablets (b). Key: See Table I. Dotted 
uertical lines a t  20 and 60 min represent the maximum time intervals for in vitro-in vivo correlation. Relative performances of tablets from 0 to 
these times are categorized by solid, broken, and dotted lines. 

EXPERIMENTAL 

Dissolution Rate Determinations-Dissolution rate profiles (Fig. 
la)  for the prednisone tablets (5 mg) were obtained from the peristaltic 
dissolution rate assembly according to the conditions described previously 
(1). Aliquots (20 ml) of the dissolution medium, pH 7.6 tromethamine 
buffer, were removed at  10,20, and 40 min and replenished with fresh 
buffer. Duplicate filtered aliquots (9 ml) were extracted separately with 
chloroform (3 X 5 ml), and the combined extracts from each sample were 
evaporated to dryness under nitrogen on a water bath. 

The residues were dissolved in alcohol-chloroform (l:l, 0.5 ml) con- 
taining cholesteryl acetate' as an internal standard and were assayed for 
prednisone by GLC. The standard curve was obtained by spiking disso- 
lution medium aliquots with known prednisone2 quantities and per- 
forming the workup as described. 

Chromatographic Conditions-The gas-liquid chromatograph3 was 
equipped with a flame-ionization detector and a glass column (1.8 m X 
6.2 mm 0.d.) packed with 3% OV-17 on 80-100-mesh Gas Chrom Q. The 
column, detector, and injection port temperatures were 265, 295, and 
278O, respectively. The carrier gas (nitrogen) flow rate was 48 ml/min. 
Air and hydrogen flow rates were adjusted for maximum sensitivity. The 
retention times for prednisone and cholesteryl acetate were 6.1 and 8.4 
min, respectively. 

RESULTS 

In previous in uitro-in uiuo correlation experiments (1-3) conducted 
with the peristaltic dissolution rate apparatus and blood drug level studies 
in beagles during the initial absorption phase, a direct relationship was 

1 Cholesteryl acetate, mp 113-116O (lot mp 115-116') prepared by treating 

2 Courtesy of Merck-Frosst Laboratories, Montreal. Canada. 
cholesterol with acetyl chloride and acetic acid. 

Mikrotek MT 220, Tracor Inc., Austin, Tex. 

established between in uitro data at t min and in viuo data at 3t min. By 
determining the dissolution rate profiles for the tablets during a 40-min 
period, their relative in uiuo performance during a corresponding 120-min 
period was predicted accurately. 

In this study, the average percent dissolved values also were obtained 
during the same in uitro period at 10,20, and 40 min on the seven coded 
FDA prednisone tablets using the peristaltic dissolution assembly. These 
values are depicted graphically in Fig. la .  Tablets 1,3,5, and 6 demon- 
strated comparable and excellent dissolution characteristics. Tablets 2 
and 4 displayed mediocre dissolution profiles. Tablet 7 provided ex- 
tremely poor initial performance and showed different intertablet dis- 
integration characteristics, e.g., two tablets in 23 min and one tablet in 
32 min. 

According to the correlation concept, these dissolution profiles were 
expected to reflect the relative in viuo performance of the tablets during 
a corresponding 120-min period. Tablets 1,3,5, and 6 were expected to 
exhibit identical drug absorption profiles. Conversely, Tablets 2,4, and 
7 were expected to display delayed drug absorption patterns, with a 
pronounced difference for Tablet 7. 

This information was submitted to the FDA, which subsequently de- 
ciphered the code and confirmed that these prednisone tablets were from 
the same manufacturers and same lot numbers as those utilized in a 
comparative bioavailability study in human volunteers (4,5). Figure l b  
is a plot of the actual plasma prednisolone concentration versus time up 
to 120 min for 12 volunteers administered two 5-mg prednisone tablets. 
The data revealed that prednisone was absorbed and metabolized rapidly 
from Tablets 1,3,5, and 6 with a peak plasma prednisolone concentration 
of 222-244 ng/ml at 60 min. Tablets 2,4, and 7 exhibited delayed drug 
absorption profiles. An examination of the two profiles in Figs. l a  and 
l b  demonstrates the ability of the peristaltic dissolution rate apparatus 
to simulate effectively the relative in uiuo performance of the tablets. 

Statistical treatment by regression analysis of the percent dissolved 
values for the tablets a t  10 and 20 min uersus plasma prednisolone con- 
centrations at 30 and 60 min (Table I) revealed an extremely good fit with 
correlation coefficients of 0.995 and 0.923, respectively. 
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Table I-Comparison of In Vitro and In Vivo Data a 

Percent 
Plasma 

Prednisolone‘, 
Dissolved * ng/ml 

Tablet 10 rnin 20 min 30 min 60 min 

1 83.3 91.5 162 231 
2 54.1 64.9 108 186 
3 89.6 92.4 162 225 
4 56.4 67.4 113 172 
5 87.7 94.5 162 244 
6 87.2 95.5 164 222 
7 14.1 51.2 22 79.7 

a Manufacturers and lot numbers of the tablets were: 1, Nysco Laboratories, 
49571; 2, Barr Laboratories, 4126111; 3, McKesson Laboratories, 3K668; 4, Rexall 
Drug Co., E11499; 5, Lemmon Pharmacal, 1382; 6, The Upjohn Co.. 786AEFI; and 
7, Danbury Pharmacal Inc., 4539. The products were submitted by the FDA Na- 
tional Celrter for Drug Analysis, St. Louis, Mo. b Average of three runs. From Ref. 
4, Table IV, p. 163, and Table IX, p. 170. 

DISC[ JSSION 
The peristaltic dissolution apparatus has provided the authors with 

complete assurance that a new product launched on the market is bio- 
equivalent to an originator’s product or formulated to present optimum 
drug release characteristics. This assurance has been demonstrated by 
the excellent in oitro-in viva correlations obtained in beagle dog studies, 
comparative bioavailability evaluations in humans, and results from 
clinical studies. 

The utility of the peristaltic apparatus in drug product design can be 
exemplified in the following manner. If the drug substance (e.g., pred- 
nisone) has limited water solubility, a drug suspension is screened for 
dissolution characteristics in dilute hydrochloric acid solutions (0.1-0.001 
N ) ,  distilled water, and pH 7.6 tromethamine buffer. This procedure is 
followed in the event that  the drug exhibits polymorphism or possesses 

amphoteric characteristics and because of pH variations observed in 
gastric fluids (6). If the drug is available commercially, a minimum of six 
lots of the originator’s product is subjected to the same dissolution 
treatment. Any tablet or capsule formulation developed in the labora- 
tories then must comply with the dissolution profiles exhibited by the 
originator’s product. This routine is followed through to production 
scaleup, and the first six production batches of a new product are moni- 
tored carefully by the peristaltic apparatus. Any formulation change 
including an increase in batch size is investigated for possible changes 
in drug release characteristics before the product is released for sale. 

Additional i n  uitro-in viva correlations obtained with the peristaltic 
dissolution apparatus and initial drug absorption profiles in beagles are 
under investigation. 
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Abstract 0 A high-performance liquid chromatographic procedure is 
presented for the simultaneous determination of isoniazid and l-isoni- 
cotinyl-2-lactosylhydrazine (I) in isoniazid tablet formulations. An aliquot 
of a diluted aqueous tablet extract is introduced onto a microparticulate 
cyanopropyl bonded-phase column using a valve-loop injector and 
chromatographed using a mobile phase of acetonitrile-0.01 M, pH 3.5 
aqueous acetate buffer (5:95). Compound I can be determined at levels 
as low as 0.5% of the isoniazid label claim. The relative standard devia- 
tions are 0.4 and 0.7% for the simultaneous determination of isoniazid 
and I, respectively. Seven commercial tablet formulations contained 
93.b97.0% of the labeled isoniazid amounts and 0.3-5.8% of I, expressed 
as equivalent isoniazid relative to the labeled .isoniazid level. 
Keyphrases High-performance liquid chromatography-simulta- 
neous determination of isoniazid and l-isonicotinyl-2-lactosylhydrazine, 
isoniazid tablet formulation analysis 0 Isoniazid-high-performance 
liquid chromatography, isoniazid tablet formulation analysis, simulta- 
neous determination with 1-isonicotinyl-2-lactosylhydrazine 1-Iso- 
nicotinyl-2-lactosylhydrazine-high-performance liquid chromatogra- 
phy, isoniazid tablet analysis, simultaneous determination with isoni- 
azid 

1-Isonicotinyl-2-lactosylhydrazine (I) has been reported 
in isoniazid tablets formulated with lactose (1, 2). The 
formation of I from the interaction of isoniazid and lactose 

is marked a t  high humidity andlor elevated temperatures 
(3). TLC of various isoniazid tablet formulations available 
in Canada showed appreciable levels of I. The USP XIX 
(4) nitrite titration assay for isoniazid responds quanti- 
tatively to the isoniazid moiety of I (5); therefore, an al- 
ternative procedure was required to monitor isoniazid 
formulations for I. Several colorimetric procedures (2 ,6)  
are specific for isoniazid in the presence of I but cannot 
directly measure I. 

A chromatographic method would be applicable to the 
rapid, simultaneous determination of isoniazid and I. TLC 
was unsuitable because of the difficulty in obtaining 
quantitative data, and GLC was rejected because of 
chromatographic difficulties with I. High-performance 
liquid chromatography (HPLC) has been used for isoniazid 
analysis in single- (1) and dual- (7) component formula- 
tions but has not been applied to the analysis of I except 
(1) to show that such compounds do not interfere with the 
isoniazid peak. A forward-phase HPLC system was de- 
veloped recently for the simultaneous analysis of isoniazid 
and a- and ~-l-glucopyranosyl-2-isonicotinylhydrazine 
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Table I-Comparison of In Vitro and In Vivo Data a 

Percent 
Plasma 

Prednisolone‘, 
Dissolved * ng/ml 

Tablet 10 rnin 20 min 30 min 60 min 

1 83.3 91.5 162 231 
2 54.1 64.9 108 186 
3 89.6 92.4 162 225 
4 56.4 67.4 113 172 
5 87.7 94.5 162 244 
6 87.2 95.5 164 222 
7 14.1 51.2 22 79.7 

a Manufacturers and lot numbers of the tablets were: 1, Nysco Laboratories, 
49571; 2, Barr Laboratories, 4126111; 3, McKesson Laboratories, 3K668; 4, Rexall 
Drug Co., E11499; 5, Lemmon Pharmacal, 1382; 6, The Upjohn Co.. 786AEFI; and 
7, Danbury Pharmacal Inc., 4539. The products were submitted by the FDA Na- 
tional Celrter for Drug Analysis, St. Louis, Mo. b Average of three runs. From Ref. 
4, Table IV, p. 163, and Table IX, p. 170. 

DISC[ JSSION 
The peristaltic dissolution apparatus has provided the authors with 

complete assurance that a new product launched on the market is bio- 
equivalent to an originator’s product or formulated to present optimum 
drug release characteristics. This assurance has been demonstrated by 
the excellent in oitro-in viva correlations obtained in beagle dog studies, 
comparative bioavailability evaluations in humans, and results from 
clinical studies. 

The utility of the peristaltic apparatus in drug product design can be 
exemplified in the following manner. If the drug substance (e.g., pred- 
nisone) has limited water solubility, a drug suspension is screened for 
dissolution characteristics in dilute hydrochloric acid solutions (0.1-0.001 
N ) ,  distilled water, and pH 7.6 tromethamine buffer. This procedure is 
followed in the event that  the drug exhibits polymorphism or possesses 

amphoteric characteristics and because of pH variations observed in 
gastric fluids (6). If the drug is available commercially, a minimum of six 
lots of the originator’s product is subjected to the same dissolution 
treatment. Any tablet or capsule formulation developed in the labora- 
tories then must comply with the dissolution profiles exhibited by the 
originator’s product. This routine is followed through to production 
scaleup, and the first six production batches of a new product are moni- 
tored carefully by the peristaltic apparatus. Any formulation change 
including an increase in batch size is investigated for possible changes 
in drug release characteristics before the product is released for sale. 

Additional i n  uitro-in viva correlations obtained with the peristaltic 
dissolution apparatus and initial drug absorption profiles in beagles are 
under investigation. 

REFERENCES 

(1) D. L. Simmons, A. A. Legore, P. Picotte, K. S. Lee, and N. N. Joshi, 
J. Pharrnacokinet. Biopharm., 3,39 (1975). 

( 2 )  D. L. Simmons, A. A. Legore, P. Picotte, K. S. Lee, and R. Jasmin, 
Can. J .  Pharm. sci., 12, l(1977). 
(3) D. L. Simmons, A. A. Legore, P. Picotte, M. Chenier, and R. Jas- 

min, ihid., 12,85 (1977). 
(4) T. J. Sullivan, M. R. Hallmark, E. Sakmar, D. J. Weidler, R. H. 

Earhart, and J .  G. Wagner, J. Pharrnacokinet. Biopharrn., 4, 157 
(1976). 
(5) T. J. Sullivan, E. Sakmar, and J. G. Wagner, hid., 4.173 (1976). 
(6) S. Kuna, Arch. In t .  Pharmacodyn. Ther., 151,79 (1964). 

ACKNOWLEDGMENTS 

The authors acknowledge the collaboration of Dr. B. E. Cabana and 
Dr. V. K. Prasad, Food and Drug Administration, Washington, D.C., and 
Dr. John G. Wagner, University of Michigan, for permission to reproduce 
his data. 

High-Performance Liquid Chromatographic Determination of 
Isoniazid and 1 -1sonicotinyl-2 -1actosylhydrazine in 
Isoniazid Tablet Formulations 

A. G. BUTTERFIELDX, E. G. LOVERING, and R. W. SEARS 
Received August 6,1979, from the Drug Research Laboratories, Health Protection Branch, Tunney’s Pasture, Ottawa, Ontario K1A OL2, 
Canada. Accepted for publication August 30, 1979. 

Abstract 0 A high-performance liquid chromatographic procedure is 
presented for the simultaneous determination of isoniazid and l-isoni- 
cotinyl-2-lactosylhydrazine (I) in isoniazid tablet formulations. An aliquot 
of a diluted aqueous tablet extract is introduced onto a microparticulate 
cyanopropyl bonded-phase column using a valve-loop injector and 
chromatographed using a mobile phase of acetonitrile-0.01 M, pH 3.5 
aqueous acetate buffer (5:95). Compound I can be determined at levels 
as low as 0.5% of the isoniazid label claim. The relative standard devia- 
tions are 0.4 and 0.7% for the simultaneous determination of isoniazid 
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1-Isonicotinyl-2-lactosylhydrazine (I) has been reported 
in isoniazid tablets formulated with lactose (1, 2). The 
formation of I from the interaction of isoniazid and lactose 

is marked a t  high humidity andlor elevated temperatures 
(3). TLC of various isoniazid tablet formulations available 
in Canada showed appreciable levels of I. The USP XIX 
(4) nitrite titration assay for isoniazid responds quanti- 
tatively to the isoniazid moiety of I (5); therefore, an al- 
ternative procedure was required to monitor isoniazid 
formulations for I. Several colorimetric procedures (2 ,6)  
are specific for isoniazid in the presence of I but cannot 
directly measure I. 

A chromatographic method would be applicable to the 
rapid, simultaneous determination of isoniazid and I. TLC 
was unsuitable because of the difficulty in obtaining 
quantitative data, and GLC was rejected because of 
chromatographic difficulties with I. High-performance 
liquid chromatography (HPLC) has been used for isoniazid 
analysis in single- (1) and dual- (7) component formula- 
tions but has not been applied to the analysis of I except 
(1) to show that such compounds do not interfere with the 
isoniazid peak. A forward-phase HPLC system was de- 
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in isoniazid sugar syrup formulations'. However, this 
system is not applicable to the determination of I in iso- 
niazid tablet formulations because of the late elution of and 
low sensitivity for I. 

This article describes the HPLC system developed for 
the quantitation of low levels of I and isoniazid in isoniazid 
tablet formulations. 

EXPERIMENTAL 

Reagents and Chemicals-Isoniazid2 raw material was assayed be- 
fore use by the USP (4) procedure (100.5%), and its purity was confirmed 
by HPLC. Compound I was synthesized from 0.2 mole of isoniazid and 
0.2 mole of lactose3 in 200 ml of water a t  room temperature (23 f lo). 
After 7 days, a white, crystalline product was precipitated by the addition 
of a small amount of methanol and cooling to 4O. The product was filtered, 
washed with acetone, and recrystallized from water-methanol until the 
HPLC4 and TLC5 tests for residual isoniazid and lactose, respectively, 
were negative. The product purity, mp 214-216' (uncorr.) [lit. (8) mp 
202'1, was determined by the isoniazid moiety titration using the USP 
XIX (4) nitrite titration procedure. 

All other reagents and chemicals were commercial analytical reagent 
grade except for the distilled water, which was double distilled and fil- 
tered through a 0.2-fim filter6 before use. 

Chromatography-The liquid chromatograph consisted of a sin- 
gle-piston metering pump7, a valve-loop injectors equipped with a 10-pl 
loop, a fixed-wavelength UV detectorg [254 nm, 0.02 absorbance unit full 
scale (aufs)], a 10-mv strip-chart recorderi0 connected to the recorder 
output, and an electronic-computing integrator" connected to the de- 
tector absorbance terminals. 

The mobile phase, aqueous 0.01 M acetate buffer (pH 3.5)bacetonitrile 
(95:5 v/v), was pumped through a 3.2 X 250-mm cyanopropyl bonded- 
phase column12 at 1.5 ml/min (80 bar). 

Calibration Curves-Aqueous stock solutions of isoniazid, 5.0 mg/ml, 
and of I, 0.125 mg/ml, were prepared. Standard solutions were prepared 
by pipetting 1,2,3,  5, or 10 ml of the isoniazid stock solution into each 
of five 50-ml volumetric flasks along with 1,2,5,10, or 20 ml of the I stock 
solution. Each standard solution was diluted to volume with water, and 
duplicate IO-fll aliquots of each were chromatographed. 

Calibration Standard Solutions-Compound I, -5 mg, and isonia- 
zid, 50 mg, were weighed accurately, transferred to a 100-ml volumetric 
flask, dissolved, and diluted to volume with distilled water (Solution A). 
A second calibration standard was prepared by diluting 5.0 ml of Solution 
A to 25.0 ml with water (Solution B). Duplicate 10-jd aliquots of each 
calibration standard were chromatographed periodically to check the 
slopes of the calibration curves. 

Analysis of Pharmaceuticals-Single- Tablet Assay-A tablet was 
placed in a 20 X 150-mm screw-capped culture tube13 and finely pow- 
dered with a glass rod. Sufficient distilled water was added to give a 
theoretical isoniazid concentration of 5.0 mg/ml, e.g., 20.0 ml of water 
for a 100-mg tablet. The tightly capped tube was rotated14 a t  30 rpm for 
15 min and then centrifuged15 briefly at 1000 rpm. Five milliliters of the 
clear aqueous supernate was transferred to a 50-ml volumetric flask and 
diluted to volume with distilled water. Duplicate 1O-ji1 aliquots of the 
resulting solution were chromatographed. 

Tablet Composite Assay-A tablet composite was prepared by 
grinding 20 tablets in a mechanical rnil116..A quantity of powdered tablet 

To be published. 
Sigma Chemical Co., St .  Louis, Mo. 
British Drug Houses, Toronto, Ontario, Canada. 
Conditions as descrihed under Experimental 
TLC conditions were silica gel GF 60 (Merck), 0.25 mm with a developing 

solvent of acetone-methanol-acetic acid (50:SO:lO). The R, values were: lactose, 
0.31; isoniazid, 0.42; and l-isonicotinyl-2-lactosylhydrazine, 0.20. UV visualiza- 
tion was at 254 nm after spraying with p-metnoxyDenzalaehyde-ethanol-sultu- 
ric acid (1:18:1) and heating at 100° to show the lactose spot. 

fi FGLP 04700, Millipore Ltd., Mississauga, Ontario, Canada. 
Model llOA, Altex Scientific, Berkeley, Calif. * Model CV-6-UHPa-NG0, Valco Instruments Co., Houston, Tex. 
Model 440, Waters Associates, Milford, Mass. 

lo Model 56, Perkin-Elmer Corp, Norwalk. Conn. 
l 1  System I, Spectra-Physics, Santa Clara, Calif. 
l2 Spherisorb CN (5 pm), Altex Express Series, Altex Scientific, Berkeley, 

l3 Canadian Laboratory Supplies, Montreal, Canada. 
I4 Multipurpose rotator. Scientific Industries, Springfield, Mass. 

lfi Micro mill, Chemical Rubber Co.. Cleveland, Ohio. 

Calif. 

Model K,  International Equipment Co., Needham Heights, Mass 

7- 
f 

0.002 AU 

+ I S O N I A Z I D  

I -  ISONICOTINYL- 
2- LACTOSYLHYDRAZINE t 

0 4 8 12 
MINUTES 

Figure 1-High-performance liquid chromatogram of a typical isoni- 
azid tablet extract. 

material equivalent to 50 mg of isoniaaid was transferred to a 20 X 
150-mm screw-capped culture tube, 10 ml of water was added, and the 
sample was centrifuged and chromatographed as described under Sin- 
gle-Tablet Assay. 

Quantitation-Quantitation was by comparison of the peak height 
for I and the peak area for isoniazid to the calibration standards and was 
based on absolute injection of 10-pl samples. 

RESULTS AND DISCUSSION 

Chromatographic System-Previous reports of HPLC systems for 
isoniazid analysis either did not describe the chromatographic behavior 
of I (7) or indicated a long retention time and, therefore, poor sensitivity 
(1). To achieve maximum sensitivity, reversed-phase HPLC was neces- 
sary to elute I ahead of isoniazid. Octadecyl bonded-phase columns17 
provided the desired elution order but gave retention times that de- 
creased over a few days until both I and isoniazid eluted a t  the solvent 
front. 

A cyanopropyl bonded-phase column" gave comparatively good results 
with the mobile phase described under Experimental. Satisfactory 
separations were obtained on three replicate cyanopropyl columns, each 
requiring somewhat different mobile phases. A simple water-acetonitrile 

l 7  RP18, E. Merck. Went Germany (through British Drug Houses, Toronto, 
Canada). 
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Table I-Retention Times for Isoniazid and  Various Related 
Compounds 

Compound 
Retention 
Time“, sec 

Isoniazid 258 
1-Isonicotinyl-2-lactosylhydrazine (I) 133 
Isonicotinic acid 75b 
Isonicotinamide 184 
1-Isonicotinyl-2-glucosylhydrazine (11) 128 
1-Isonicotinyl-2-galactosylhydrazine (111) 130 
4-Aminosalicylic acid 79 
Pyridoxine hydrochloride >goo 

The column was a 3.2 X 250-mm Spherisorb CN (5 pm), the flow rate was 1.5 
ml/min, and the mobile phase was 5% acetonitrile in aqueous 0.01 M sodium acetate 
buffer (pH 3.5). * Solvent front ( to ) .  

(95:5) mobile phase initially eluted isoniazid as a retained peak, but re- 
tention decreased to zero over a few days. Substitution of a dilute aqueous 
acetate buffer for water in the mobile phase stabilized the retention time 
a t  a value dependent on the buffer pH and concentration. Increased re- 
tention times were obtained as the pH or ionic strength was decreased. 
Since retention times also increased as the acetonitrile proportion in the 
mobile phase was reduced, the separation mode can be described as re- 
verse phase. 

After several weeks, the retention times for isoniazid and I decreased 
to an unacceptable degree. The column was regenerated by pumping 1% 
aqueous HCI a t  1.5 ml/min for 1 hr. On returning to the original mobile 
phase conditions, this procedure initially led to much longer retention 
times followed by a slow return to the original separation. 

Figure 1 shows a chromatogram obtained when a representative tablet 
formulation was analyzed. The compounds were eluted in less than 12 
min, a major portion of this time being necessary for the elution of the 
long tail on the isoniazid peak. 

Various isoniazid-related compounds were chromatographed (Table 
I) ,  either because of their possible occurrence as impurities or because 
they are sometimes formulated with isoniazid in two-component tablets. 
1-Isonicotinyl-2-glucosylhydrazine (11) and 1-isonicotinyl-2-galacto- 
sylhydrazine (111) may be present in tablet formulations through isoniazid 
interaction with lactose hydrolysis products, glucose and galactose. Since 
1-111 are not resolved, the procedure is not specific for I in the presence 
of’ these impurities. However, since the three compounds exhibited the 
same molar detector response, due entirely to the isoniazid moiety, total 
isoniazid in the form of sugar hydrazones may be determined by quan- 
tifying the peak a t  the retention time of I. 

Linearity and  Standard Curves-The isoniazid standard curve 
(peak area uersus amount injected) was linear with a negligible intercept 
(y = mx)  over 1.0-10.1 pghnjection (0.1-1.10 mg/ml). Similarly, the I 
standard curve (peak height uersus amount injected) was linear with a 
negligible intercept ( y  = mx)  over 25-500 nghnjection (2.5-50 pgtml). 
Therefore, the standard curves are applicable to tablets containing 
20-200% of the isoniazid label claim level and 0.5-10% of I (or 0.15-3.0% 
of I expressed as equivalent isoniazid). 

Response factors were determined by two or more injections of two 
calibration solutions at the start of each day or whenever the mobile phase 
was replenished. Agreement of the response factors within 3% at the two 
levels was considered adequate but was typically better than 2%. After 
checking the response a t  two levels to show linearity, a single calibration 
standard was chromatographed periodically to check for response 
changes. Due to gradual hydrolysis of I, calibration standards must be 
prepared daily. 

Sample Preparation-The time required for constant extraction of 

Table  11-HPLC Analysis of Isoniazid Tablet  Formulations 
~ 

Isoniazid, Label 
Formu- Claim, Compound % label 
lation mg Ib.C, ?& claimb 

0.39 
NDd 
0.35 
0.31 

93.9 
95.9 
96.8 
94.4 

E 100 5.81 93.8 
F 100 0.29 96.3 
G 100 0.96 97.0 

Tablet composite assay. * Mean of duplicate assays. Based on the isoniazid 
moiety of I, it-., isoniazid equivalent. None detected. 

isoniazid and I from the tablet mass was determined by tumbling crushed 
single tablets of a representative formulation, 100 mg, for 5,10, 15.20, 
and 30 min in 20 ml of water. Each sample was centrifuged briefly at loo0 
rpm, and 1.0 ml was diluted to 10.0 ml with water. Duplicate 10-jd ali- 
quots of each diluted sample were chromatographed. The peak heights 
for I and the peak areas for isoniazid were the same in all samples, indi- 
cating constant extraction of both compounds in less than 5 min. Based 
on response factor data and the label claim for the formulation used, 
extraction also appeared to be complete, and a geometric dilution pro- 
cedure substantiated this finding. When tablet composite samples 
equivalent to one-half, one, and two tablets were analyzed (15-min 
tumbling time), the I and isoniazid concentrations were both in the ratio 
1:2:4, showing that complete extraction took <15 min. 

Quantitation-Samples, 10 pl ,  were introduced U ~ Q  a valve-loop in- 
jector using the loop-fill mode. This absolute injection technique gave 
precise, accurate results and eliminated the need for an internal standard. 
Initially, peak area was used for both compounds; but during the proce- 
dure testing, the separation of isoniazid and I on different columns was 
usable over a wider resolution range when peak height was used for 
quantitation of 1. Ten injections of a representative formulation extract 
gave relative standard deviations of 0.7 and 0.4% for I and isoniazid, re- 
spectively. 

Analysis of five replicate composite samples of a representative iso- 
niazid tablet formulation containing 3.3% of I (0.96% expressed as 
equivalent isoniazid) and 97.0% of the isoniazid label claim level gave 
relative standard deviations of 1.8 and 0.9’70, respectively. 

Seven commercial formulations were analyzed in duplicate (Table 11). 
In tablets formulated with lactose, the I levels varied between 0.3 and 
5.8%, expressed as equivalent isoniazid, while isoniazid levels varied 
between 93.8 and 97.0% of the label claim. 
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Abstract 0 Theanalgesicactivityof O-(4-methoxylphenylcarbamoyl)- 
3-diethylaminopropiophenone oxime hydrochloride was investigated 
in Swiss-Webster mice using an electroshock technique in which the pain 
threshold was the minimum voltage producing tonic extension of the 
hindlimbs in response to an electroshock delivered to the feet. The an- 
algesic potency of O-(4-methoxylphenylcarbamoyl)-3-diethylamino- 
propiophenone oxime hydrochloride was equal to, or greater than, that  
of morphine. Neither nalorphine nor withdrawal produced visible be- 
havioral effects in rats treated with 0-(4-methoxylphenylcarbamoyl)- 
3-diethylaminopropiophenone oxime hydrochloride for 21 days, 
suggesting that the physical dependency liability of the compound may 
be less than that of morphine. 

Keyphrases 0 Morphine sulfate-comparative effects with 0-(4- 
methoxylphenylcarbamoyl)-3-diethylaminopropiophenone oxime hy- 
drochloride in rodents, pain threshold, physical dependency, tolerance, 
analgesic, withdrawal syndrome 0-(4-Methoxylphenylcarbamoyl)- 
3-diethylaminopropiophenone oxime hydrochloride-analgesic, be- 
havioral, and dependence properties, compared to morphine sulfate 0 
Analgesics-morphine sulfate, 0-(4-methoxylphenylcarbamoy1)-3-dieth- 
ylaminopropiophenone oxime hydrochloride, comparative studies in 
rodents 

The clinical use of morphine has been limited by its 
undesirable capacity to induce tolerance and physical and 
psychogenic dependence. The synthesis of meperidinel (1) 
gave impetus to the search for new chemical molecules 
possessing the same pharmacological properties as mor- 
phine without the undesirable characteristics. Compounds 
such as methadone2, unlike morphine in chemical struc- 
ture, have been reported to possess the same or greater 
analgesic effects as morphine (2); unfortunately, they also 
possess the undesirable ability to produce the same three 
adaptive processes. 

The present study investigated the analgesic activity of 
0 - (4-methoxylphenylcarbamoyl)-3-diethylaminopropi- 
ophenone oxime hydrochloride (I) in rodents. 

EXPERIMENTAL 

Pain sensitivity was determined in 48 male albino mice3 utilizing a 

HCI 

CCH,CH,N(C,H,), 

0 
I 

I Demerol. Winthrop Laboratories, New York, N.Y. 
Dolophine, Eli Lilly & Co., Indianapolis, Ind. 
Swiss-Webster, Hilltop Caviary, Scottdale, Pa. 

modified flinch jump method (3). The aluminum test chamber contained 
four (10.2 X 10.2 X 10.2-cm) compartments with a grid floor designed so 
that 2-sec shocks of increasing intensity were delivered to the feet every 
8 sec; timers and a grid scramble+ with a 1.5-megaohm resistor were used. 
Beginning with 143 v (0.1 mamp), the current was increased progressively 
until the pain threshold was reached or a maximum of 385 v (0.25 mamp) 
was applied without the pain response. The threshold was designed as 
the minimum voltage that produced tonic extension of the hindlimbs and 
jumping in response to three successive shocks applied a t  each voltage 
level. Four of the eight groups (six animals each) received placebo (0.9% 
saline, 0.1 m1/10 g body weight) or one of three doses of morphine sulfate 
(2,5, or 10 mg/kg sc) 30 min before testing; the four other groups received 
placebo treatment or one of three doses of I identical tomorphine. 

T o  observe the chronic effects of the two test compounds as well as to 
monitor the morphine tolerance behavior, male Sprague-Dawley rats 
were administered the test compounds for 3 weeks in doses regarded as 
sufficient to produce addiction. Both compounds were administered 
subcutaneously according to the following dose schedule: 5,10, and 20 
mgfkg twice daily during the lst ,  2nd, and 3rd weeks, respectively. When 
20 mg of I/kg was administered on the 15th day (Day 1 of the 3rd week), 
convulsions and death occurred in three of six animals. A similar mor- 
phine sulfate dose did not produce any marked changes. 

Based on preliminary trials, 18 male Sprague-Dawley rats were divided 
into three equal treatment groups. Each group received, subcutaneously, 
I, morphine sulfate, or normal saline twice daily for 21 consecutive days 
according to the following morphine dosage schedule utilized by Gunne 
(4). For I, the initial dose (2.5 mg/kg/iniection) was doubled every 7th 

that the dose level for each of  the 3 weeks was 2.5,5.0, and 10 

250 

0 I I I I I I I I I I I I I  
0 1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3  

DAYS 

Figure 1-Comparatiue effects of morphine sulfate and I on the weight 
gain of rats. Ke.y: 0,  saline; A, I ;  and 0, morphine sulfate. 

Lehigh Valley Electronics. Fogelsville, Pa. 
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Table I-ComDarative Effects of Subcutaneouslv Administered MorDhine Sulfate and I on the Pain Threshold of Mice 

Volts Delivered 

Group I, Morphine, Morphine, Morphine, Group V, Group VI, Group VII, Group V1I1, 
Mouse Saline 2 mg/kg 5 mg/kg 10 mg/kg Saline I,  2 mg/kg I,  5 mg/kg I, 10 mg/kg 

Group 11, Group 111, Group IV, 

1 231 242 
2 220 23 1 
R 220 319 

330 385” 220 231 
34 1 330 220 297 
319 374 231 308 

308 385“ 
319 374 
330 385 

4 220 286 319 319 242 242 3.5’2 385” __. __. 

5 187 297 
6 - 242 297 

1320 1672 

~ ~- ~~ 

319 165 187 220 
- 275 - 385 187 - 275 
1903 1958” 1287 1573 

374 374 
253 - 385” 
1936 2288” 

381“ 
- 
X 220 279 317 326” 214 262 323 

Maximum voltage tested threshold not achieved. 

mg/kg/injection, respectively. For morphine sulfate, the initial dose (20 
mg/kg/mjection) was tripled every 7th day so that the dose level for each 
of the 3 weeks was 20,60, and 180 mg/kg/injection, respectively. 

One animal died from the initial morphine dose. On the 22nd day (Day 
1 of drug withdrawal), half of the animals of each group (two of the 
morphine-treated animals) were administered a single lO-mg/kg sc dose 
of the narcotic antagonist nalorphine5 to precipitate withdrawal symp- 
toms. The other half of the groups (three animals each) received no drugs. 
All animals were observed for 1 week in their individual observation cages 
and home cages. 

RESULTS 

Table I shows the response threshold to electrical shock for each of the 
48 mice and the average threshold for each drug dosage. The thresholds 
for the two saline control groups were similar, and the effects of the 
compounds did not differ statistically in thresholds p’roduced a t  the  two^ 
lowest doses (2 and 5 mg/kg). However, I produced a greater increase in 
pain threshold than did morphine at the highest dose level (10 mg/kg). 
Three of six animals receiving the highest dose of I did not reach the re- 
sponse criteria, whereas only one of six animals treated with the same dose 
of morphine failed to reach the criteria. 

The early stages of chronic morphine administration initially produced 
hyperactivity and headbobbing, with the head carried close to the ground. 
After 10 min, the hyperactivity was replaced by a cataleptic-like state 
in which the animals remained in peculiar postures with a fixed stare. By 
the 16th day (Day 2 of 180-mg/kg dose), the animals were sedated but 
their bodies were stiff when handled, indicating an increase in muscular 
tone and stimulation of the spinal cord. Water and food intake decreased 
with time, and the animals became increasingly more difficult to handle. 
They were hyperactive only immediately after injection, jumping onto 
the back of the cage and over each other, and then they assumed 
trance-like postures similar to the description by Gunne (4). No behav- 
ioral effects were noted at  any I dose level. Manifestations of central 
nervous system depression (ataxia, etc.) as well as autonomic effects were 
reported (5) in rhesus monkeys chronically administered I for 40 days. 

Figure 1 shows the weight gains for each drug group. Compound I- 
treated animals and the saline controls had similar weight gains, and their 
fur appeared normal throughout the study. However, the weight gain of 
the morphine-treated animals was far below that of the other two groups, 
and their fur was off-white or brownish. On the last weighing day (19th 
day), the mean weights f SE for the saline-, I-, and morphine-treated 
groups were 383 f 11.9,341 f 11.1, and 310 f 5,l  g, respectively. These 
data were statistically different ( p  < 0.05) by the Student t test. There 
were no visible physical effects among the saline control animals. 

A single nalorphine injection to the morphine-treated rats on the 1st 
withdrawal day produced extreme sedation, ptosis, and increased defe- 
cation with diarrhea, reflecting the expected precipitation of the with- 
drawal syndrome (6). These symptoms, except the diarrhea, disappeared 
by Day 5 of withdrawal. Withdrawn morphine-treated animals (no nal- 

Nalline. Merck Sharp & Dohme, West Point, Pa. 

orphine) also showed sedation, ptosis, and diarrhea and they returned 
to normal by Day 5 of withdrawal. Compound I- and saline-treated ani- 
mals were not affected visibly by nalorphine, and I did not demonstrate 
withdrawal-like symptoms. Compound I partially suppressed morphine 
abstinence in morphine-dependent rhesus monkeys, reflecting some 
morphine antagonist properties of its own (7). 

DISCUSSION 

Data from the pain threshold study indicate that I has analgesic po- 
tency equal to or greater than morphine. Although the compounds did 
not differ in the pain thresholds produced a t  the two lowest doses, I in- 
duced a greater threshold increase a t  the highest dose (10 mg/kg). The 
differences in potency between the two compounds would have been 
greater had the trials continued beyond the maximum experimental 
voltage (385 v) and every animal reached criteria. Three of the six I- 
treated animals did not reach criteria compared to only one of the six in 
the morphine group. 

The basic behavior elicited by chronic morphine administration to rats 
was an initial hyperactivity followed by a cataleptic-like immobile state 
with fixed stare. As the program progressed, the initial hyperactivity 
increased and the animals became more difficult to handle. The major 
effects of morphine withdrawal and nalorphine in morphine-treated rats 
were sedation, ptosis, and increased defecation with diarrhea. No such 
behavioral effects were produced by chronic I administration. 

There were no qualitative differences between the morphine-nalor- 
phine-treated animals and the morphine-withdrawn animals, except that 
diarrhea persisted longer in the former group. Thus, nalorphine appar- 
ently precipitated withdrawal-like symptoms. Neither nalorphine- 
administered I animals nor withdrawal from I produced any visible be- 
havioral effects. The marked difference between the doses of I and 
morphine sulfate should not negate the results since, within experimental 
design limits, the animals did not develop a tolerance to the experimental 
compounds. Therefore, the data suggest that I does not produce the same 
autonomic and behavioral effects as morphine, nor do I-treated animals 
display the same syndrome of effects when withdrawn from the drug. 
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Abstract Chloral hydrate and its betaine complex were administered 
orally and rectally to nine healthy male subjects. The urinary excretion, 
which was a reflection of absorption, of a metabolite, trichloroacetic acid, 
was determined. No statistically significant difference was found between 
the oral absorption of chloral hydrate and its betaine complex and be- 
tween the rectal absorption of chloral hydrate and its betaine complex. 
A statistical difference was found between the oral and rectal absorption 
of chloral hydrate and between the oral and rectal absorption of chloral 
betaine. 

Keyphrases 0 Chloral hydrate-oral and rectal absorption, compared 
to chloral betaine Chloral betaine-oral and rectal absorption, com- 
pared to chloral hydrate Absorption-oral and rectal, comparison of 
chloral hydrate and chloral betaine 

The solubility, diffusivity, and lipid-water partition 
coefficient of drug complexes can differ significantly from 
these properties of the respective free drug. Therefore, 
some drug complexes may not penetrate biological mem- 
branes and thus have no biological activity (1). Conversely, 
if a complex is highly dissociated when diluted in biological 
fluids, complexation has little effect on absorption. 

Several derivatives of chloral hydrate have been pre- 
pared and tried clinically to reduce or eliminate its bitter 
taste and gastric irritation (2, 3). Chloral betaine is a 1:l 
complex of chloral hydrate and betaine (4). The purpose 
of this study was to determine if complexation influenced 
the absorption of an equivalent weight of chloral hydrate 
and chloral betaine by the oral and rectal routes. The 
availability of chloral hydrate and chloral betaine from 
rectal and oral administrations also was compared. 

EXPERIMENTAL 

Preparation-Chloral betaine was prepared by mixing 135.2 g of 
betaine monohydrate' with 200.2 g of chloral hydrate2 and warming the 
mixture on a water bath at  60° (4). The pasty mixture was stirred con- 
tinuously at 60' for 30 min. The solid residue was crystallized three times 
from a minimum of distilled water and was stored in a desiccator. 

The crystals were compared to the NF  reference standard3 and to NF  
specifications (5). The melting point of the chloral betaine was deter- 
mined4 to be 121.5-123'. With sodium hydroxide TS, the chloral betaine 
produced chloroform, which was recognized by its odor (5). Measurement5 
of the IR spectra showed that the NF  reference standard and the chloral 
betaine were similar. Differential thermal analysis6 of the NF reference 
standard and the chloral betaine showed a single melting point a t  the 
same temperature. 

The chloral betaine contained 7.97% of moisture by Karl Fischer ti- 
tration; the NF  specification is 5.9-7.5% (5). The excessive moisture was 
considered in the dose administered, so 881.5 mg of chloral betaine was 
equivalent to 500 mg of chloral hydrate in this study. The content of 
chloral hydrate in the chloral betaine assayed as 57.7196, within the NF  
specification of 56&59.5% (5). The amount of betaine was 41.54%, within 
the NF specification of 40-44% (5). 

Lot 26C-0292, Sigma Chemical Co. 
USP, lot AAZ50, City Chemical Co. 
Lot 69140. 

Model 267 IR spectrophotometer, Perkin-Elmer. 
4 Thomas-Hoover melting-point apparatus, A. H. Thomas. 

6 Model 900, DuPont Instruments. 

In the preparation of capsules, each compound was passed through a 
60-mesh screen; then 500 mg of chloral hydrate and 881 mg of chloral 
betaine were placed in 00 and 000 hard gelatin capsules, respectively. 
Each capsule was stored in a coded, amber, screw-capped bottle. 

The suppository base consisted of 24% beeswax? in cocoa butter* 
prepared by the fusion method. The base was stored in a cool room for 
4 weeks prior to use. In the preparation of suppositories, each compound 
was passed through a 60-mesh screen; then equivalent weights of chloral 
hydrate and chloral betaine were manually incorporated in 2.5 g of the 
base. Each suppository was wrapped in aluminum foil with an inner lining 
of Parafilm and stored in a screw-capped bottle in a refrigerator until 
10-15 min before insertion. 

Protocol-All dosage forms were coded and were distributed by a 
crossover design with overnight fasting; 2 weeks elapsed between the 
administration of each dosage form. Three subjects did not continue the 
study after the first dose so the study was completed utilizing nine male 
subjects from 23 to 39 years of age and weighing 60-73 kg. 

Upon arising, the bladder was voided, and a capsule was ingested with 
300 ml of water. With rectal administration, the bladder was voided upon 
arising, the bowel was evacuated, a suppository was inserted high in the 
rectum, and 300 ml of water was ingested. At least 2 hr was allowed to 
elapse before food was eaten. Subjects were instructed not to ingest al- 
coholic beverages and coffee and not to operate machinery during the 
day. 

Urine samples were collected at 2,4,6,8,10,12,16, and 24 hr after drug 
administration. Volumes were measured, and aliquots were retained in 
amber vials for analysis. No attempt was made to control the urinary pH. 
The urinary pH was determined at  the time of each sample collection; 
for a given subject, the fluctuation of pH did not exceed 1.2 pH units. 

Analytical Method-Since chloral hydrate has a very short half-life 
in the body and is not excreted as such, the urine was analyzed for tri- 
chloroacetic acid, one of the metabolites. The trichloroacetic acid excreted 
in the urine was determined by the method of Cabana and Gessner 
(6). 

Statistics-The significance of the difference between the means was 
calculated using the Student t test, two tail (p = 0.05). 

RESULTS AND DISCUSSION 

Chloral hydrate is rapidly and completely absorbed after oral admin- 
istration (7,8), and relatively high concentrations of trichloroacetic acid 
are found in the blood coincident with the appearance of trichloroethanol 
after oral administration (9). After rectal administration, chloral hydrate 
is also converted to trichloroacetic acid and trichloroethanol(10). It ap- 
pears that chloral hydrate is converted to its metabolites during the first 
pass through the liver (lo), and chloral hydrate is not detectable in the 
blood at levels as low as 0.5 fig/ml 10 min after administration (10,11). 
Chloral hydrate is biotransformed and is excreted as trichloroacetic acid, 
trichloroethanol, and trichloroethanol glucuronide. Trichloroacetic acid 
is also formed from trichloroethanol and is excreted in the urine (8,10, 
12). 

Since the biotransformation of chloral hydrate is complex with a wide 
biological variation, a comparative study of chloral hydrate and chloral 
betaine administered by oral and rectal routes was based on the urinary 
excretion of trichloroacetic acid with the assumption that in a given 
subject this biotransformation would be essentially the same. In the 
crossover study, 500 mg of chloral hydrate or an equivalent weight of 
chloral betaine was administered in a hard gelatin capsule and in a cocoa 
butter suppository to nine male subjects. Plots of the milligrams excreted 
against time to each subject are not given; however, the individual plots 

White wax USP, Fisher. 
8 USP, Ruger. 
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Figure 1-Mean cumulative milligrams of trichloroacetic acid excreted 
by nine subjects in 24 hr after administration of500 mg equivalent of 
chloral hydrate and chloral betaine in a capsule and in a suppository. 
Key: -, capsule; - -, suppository; 0, chloral hydrate; and 0, chloral 
betaine. 

follow the general pattern shown in Fig. 1 for the mean cumulative 
amount of trichloroacetic acid for nine subjects as given in Table I. 

It has been observed that complexes may alter absorption (1). Perhaps 
the most often observed complex formation is between various drugs and 
macromolecules such as gums, cellulose derivatives, and high molecular 
weight polyols. The nonabsorbable nature of this type of interaction 
(amphetamine with carboxymethylcellulose sodium; phenobarbital with 
polyethylene glycol 4000) provides ample explanation for the nonab- 
sorbable character of the drug complex. With other types of complexes, 
the dilution of the drug complex in the biological fluids after adminis- 
tration may result in its complete dissociation so that the complexation 
has little or no effect on absorption. Soci and Parrott (13) noted that 
methylcellulose and carbomer complexed with nitrofurantoin in vitro 
but that this complexation did not interfere with GI absorption in hu- 
mans. It was of interest to consider the influence of complexation by 
comparing the excretion of trichloroacetic acid after the administration 
of chloral hydrate and its betaine complex. 

The significance of the difference between the means in Table I was 
calculated using the Student t test. There was no significant difference 
between the oral administration of an equivalent weight of chloral hy- 
drate and chloral betaine. Likewise, there was no statistically significant 
difference between the rectal administration of an equivalent weight of 
chloral hydrate and chloral betaine (Fig. 1). 

Table I-Mean Cumulative Milligrams (&SO) of Trichloroacetic 
Acid Excreted in 24 h r  after Oral and Rectal Administration of 
500 mg Equivalent of Chloral Hydrate and Chloral Betaine 

Oral Rectal 
Chloral Chloral Chloral Chloral 

Betaine Hours Hydrate Betaine Hydrate 

2 0.63 f 0 . 5 2  0.69 f 0 . 3 9  0 .29 f  0.20 0.18 f 0 . 1 7  
4 1.52 f 0.87 1.65 f 0.63 0.86% 0.51 0.51 f 0.38 
6 2.87 f 0.97 4.442~ 1.61 1 .65 f  0.81 1.07 f 0 . 8 6  
8 4.28 f 1.74 5.06 f 1.87 - 1.87 f 1.45 

10 6.01 f 2.16 7.17 f 2.55 3.76 f 1.67 3.04 f 2.34 
12 7.41 f 2.91 9.31 f 3.48 4.92 f 2.08 4.16 f 3.20 
16 11.49 f 4.58 13.76 f 4.92 7.84 f 4.18 6.31 f 4.53 
24 17.17 f 7.67 19.48 f 7.15 11.62 f 6.30 10.04 f 7.17 

Chloral hydrate may be administered rectally, especially in infants and 
children, to avoid bad taste and gastric irritation (14); however, it may 
be irritating to the rectal mucosa. The Student t test and the data in 
Table I indicated a significant difference between the oral and rectal 
administration of chloral hydrate. As shown in Fig. 1, more trichloroacetic 
acid was excreted after the oral administration of 500 mg of chloral hy- 
drate than after rectal administration by means of a suppository. 

There was also a significant difference between the oral and rectal 
administration of chloral betaine. As shown in Fig. 1, more trichloroacetic 
acid was excreted after oral administration than after rectal adminis- 
tration. Thus, although the chloral betaine complex is absorbed rectally, 
it appears that the rectal dose required is somewhat greater than the oral 
dose. 
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Abstract 0 I3C-NMR data and spectral assignments are presented for 
tetracycline antibiotics minocycline hydrochloride, meclocycline. and 
rolitetracycline. 

Keyphrases 0 Tetra~yclines-~~C-NMR spectra, chemical shifts as- 
signed 0 'V-NMR spectroscopy-tetracyclines, chemical shifts assigned 

Antibacterials-tetracyclines, I3C-NMR spectra, chemical shifts as- 
signed 

PMR and, recently, 13C-NMR spectroscopy have been 
widely applied to the characterization of tetracycline an- 
tibiotics (1-11). I3C-NMR spectral analyses have been 
reported for tetracycline hydrochloride (I) and base (11) 
and the following related hydrochloride salts: chlortetra- 
cycline (111), methacycline (IV) (6-methyleneoxytetra- 
cycline), oxytetracycline, doxycycline (6-deoxyoxytetra- 
cycline), and demeclocycline (demethylchlortetracycline) 
(12). 

This paper reports the 13C-NMR data and spectral as- 
signments for rolitetracycline (V) (N-pyrrolidinometh- 
yltetracycline), minocycline hydrochloride (VI) (7-di- 
methylamino-6-demethyldeoxytetracycline hydrochlo- 
ride), and meclocycline (VII) (7-chloro-6-methyleneoxy- 
tetracycline). These three tetracyclines gave rise to 13C- 
NMR signals that could be tentatively assigned by virtue 
of their similarity to those of the six tetracycline antibiotics 
examined by Asleson and Frank (12). However, because 
several groups of resonance lines in the three tetracyclines 
were sufficiently closely spaced and different from those 
of the previously characterized tetracyclines, further study 
was necessary to clarify the assignments. 

EXPERIMENTAL 

NMR Spectra-I3C-NMR spectra, described by 4096 data points, 
were obtained at 20 MHz'. Pulse widths of 10 psec were used, which 
correspond to tip angles of 45O with 10-mm sample tubes. Single-fre- 
quency off-resonance decoupled (SFORD) 13C-NMR spectra were ob- 
tained with proton-decoupling frequencies about 600 Hz upfield from 
tetramethylsilane and at  full decoupling power levels. Spin-lattice re- 
laxation times, TI, were determined for two particular 13C-nuclei of VII 
using the inversion-recovery method (13,14). 

The delay time, T, between sequences was 15 sec; the intervals between 
the180and900pulses,~,were0.1,0.2,0.6,0.8,1.2,1.4,1.8,2.2,2.8,and 
4.0 sec. Approximately 0.2 M solutions of these tetracyclines were pre- 
pared in dimethyl sulfoxide-de, and 4 .1  M solutions were prepared in 
deuterium oxide. The latter were used to locate carbon signals obscured 
by the dimethyl sulfoxide-de solvent. 

Compounds-Minocycline hydrochloride, meclocyline, and roli- 
tetracycline official and proposed FDA working standards were obtained 
from the National Center for Antibiotics Analysis. 

RESULTS AND DISCUSSION 

The '%-NMR spectrum of V (Table I), as expected, closely resembled 

Varian CFT-20 spectrometer. 

CONHR, 

OH 
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CH3 OH H 

=CHz Cl 
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that of II,m assignment of most resonance lines was straightforward. One 
notable exception in terms of chemical shift value was the amide carbon 
which, at 168.3 ppm, was more shielded than that of I1 at 172.6 ppm. Such 
a change in shielding for amide carbons is, however, expected upon 
conversion of a primary to a secondary amide (15). Four triplet signals 
a t  22.5, 23.6,50.1, and 56.6 ppm in an SFORD spectrum corresponded 
to the pyrrolidine a- and &carbons, C-5, and the pyrrolidino N-meth- 
ylene carbon. The pyrrolidine carbons at  23.6 and 50.1 ppm were readily 
distinguished from C-5 (22.5 ppm) and the pyrrolidino N-methylene 
carbon (56.6 ppm) on the basis of their double intensities, due to sym- 
metry, in the nuclear Overhauser effect-suppressed proton noise-de- 
coupled spectrum used to count carbon atoms (16). Moreover, the signals 
a t  50.1 and 56.6 ppm were in the range expected for methylene carbons 
bonded to nitrogen and were so assigned (16). 

The carbon spectrum of VI was somewhat different from the spectra 
of the other tetracyclines (12) partly because VI is the only member of 
this family possessing methylene carbons in both the B- and C-rings- 
uiz., C-5 and C-6, and a dimethylamino group attached to the D-ring. 
With respect to the D-ring, the signals a t  136.6 and 157.4 ppm are char- 
acteristic of quaternary carbons bonded to nitrogen and oxygen, re- 
spectively (16), and were assigned to C-7 and C-10, respectively. The two 
methine carbons in the D-ring, C-8 and C-9, were easily identified in an 
SFORD spectrum as the doublets a t  115.6 and 128.5 ppm. The former 
was assigned to C-9 by comparison with C-9 signals of the other tetra- 
cyclines (16). The latter (C-8) was shielded by the o-dimethylamiio group 
relative to the other tetracyclines, as is C-6a, to which the signal at 142.2 
ppm was assigned (16). 

Assignment of the triplets due to C-5 and C-6 and of the close-lying 
doublets due to C-4a and C-5a in the SFORD spectrum was developed 
in the following manner. The triplet a t  33.8 ppm was assigned to C-6 
because this carbon is benzylic and is expected to be more deshielded than 
the other methylene carbon, C-5, which appears a t  29.6 ppm (16). The 
doublet a t  35.1 ppm was assigned to C-4a by comparison with C-4a signals 
of the other tetracyclines (12), leaving C-5a at  31.6 ppm. With I as a 
model, removal of the methyl and hydroxyl groups from C-6 to produce 
a structure like VI is expected to have a much greater effect on C-5a, 
which is shielded by about 10 ppm, than on C-4a, which is essentially 
unchanged. The quartet at 4 . 2  ppm was assigned to the carbons of the 
D-ring dimethylamino group, and that a t  44.4 ppm was assigned to those 
of the A-ring dimethylammonium group. The carbons of the lattergroup 
are expected to be more deshielded because of the positively charged 
nitrogen atom. 
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Table I-I3C-NMR Data * and Spectral  Assignments for Several  Tetracyclines 

Position I‘ 11‘ 111‘ IV‘ Vd VI VII 

1 
2 
3 
4 
4a 
5 
5a 
6 
6a 
7 
8 
9 

10 
10a 
11 
1 l a  
12 
12a 
N(CHd2 
CONHR 
CH3 

193.0 
95.5 

187.3 
67.9 d 
34.8 d 
27.0 t 
41 d 
67.8 

148.0 
116.9 d 
136.5 d 
115.2 d 
161.4 
114.4 
193.5 
106.9 
175.1 
73.1 
41 q 

172.1 
22.5 q 

192.4 
98.3 

192.4 
69.4 d 
37 d 
22.4 t 
40 d 
68.1 

148.0 
116.8 d 
136.4 d 
115.4 d 
161.4 
114.4 
192.9 
105.8 
176.8 
74.3 
42 9 

172.6 
22.9 q 

192.0 
95.6 

187.3 
68.1 d 
34.9 d 
27.1 t 
42 d 
70.4 

143.6 
121.2 
139.7 d 
118.9 d 
160.7 
117.0 
193.4 
106.1 
175.7 
73.2 
41 q 

172.1 
25.0 q 

192.1 
94.8 

187.3 
65.1 d 
41 d 

63.9 d 
44.0 d 

140.6 
142.6 
117.2 d 
137.0 d 
116.4 d 
160.7 
114.4 
193.5 
105.1 
173.6 
73.5 
41 q 

171.6 
113.7 te 

191.8 
101.2 
189.6 
72.5 d 
38.6 d 
22.5 t 
41.6 d 
68.0 

148.0 
116.7 d 
135.9 d 
115.1 d 
161.4 
114.5 
192.0 
105.3 
180.1 
74.8 
42.3 q 

168.3 
22.9 q 

193.0 
95.6 

187.5 
68.0 d 
35.1 d 
29.6 t 
31.6 d 
33.8 t 

142.2 
136.6 
128.5 d 
115.6 d 
157.4 
116.0 
193.7 
108.3 
174.3 
73.9 
44.4 q 

171.9 
41.2 q f  

190.3 
98.8 

187.1 
64.9 d 
40.0 d 
65.5 d 
45.4 d 

136.9 
138.6 
119.6 
137.8 d 
118.3 d 
159.8 
116.6 
191.3 
105.4 
178.2 
75.4 
41.7 q 

170.5 
117.7 t‘ 

0 In dimethyl snlfoxide-ds; parts per million from tetramethylsilane. 
carbons; 50.1 (t), n-pyrrolidine carbons; 56.6 (t), CHzN-pyrrolidine group. 

See text for numerical designation of compounds. From Ref. 12. Also 23.6 (t), 0-pyrrolidine 
=CH2. N(CH& 

As anticipated, the carbon spectrum of VII was similar to spectra of 
111 and IV. Like VI, the methine carbons, C-8 and C-9, were readily 
identified in an SFORD spectrum and assigned to the doublets a t  137.8 
and 118.3 ppm, respectively, by comparison with corresponding carbon 
signals of 111. Further examination permitted differentiation of the 
doublet due to C-4 from that of C-5, these two signals being observed a t  
64.9 and 65.5 ppm, respectively. However, the components of the low-field 
doublet were relatively sharp while those of the high-field doublet ex- 
hibited considerable splitting due to long-range coupling, i.e., two bonds 
or more. Since C-4 should be coupled to the six methyl protons of the 
4-dimethylamino group and C-5 does not appear to have as extensive 
coupling possibilities, the signal at 64.9 ppm was assigned to C-4. More- 
over, the doublets assigned to C-4 in I, 111, IV, and VI all displayed similar 
long-range coupling compared with other doublet signals. 

Examination of a fully coupled spectrum of nieclocycline allowed the 
signal of C-7 to be distinguished from that of C-1Oa. Two singlet signals 
were observed a t  116.6 and 119.6 ppm in the SFORD spectrum and were 
ascribed to the quaternary carbons C-7 and C-1Oa. In the fully coupled 
spectrum, however, the low-field signal appeared as a doublet of doublets, 
with coupling constants of 4 and 7 Hz, while the high-field signal was 
observed as a 7-Hz doublet. Since both carbons should exhibit trans- 
oriented three-bond couplings to H-9 and since C-7 should be coupled 
to H-8 as well, the four-line signal a t  119.6 ppm was assigned to C-7 and 
the doublet a t  116.6 ppm was assigned to C-lOa. The remaining doublets 
a t  40 and 45.4 ppm were assigned to C-4a and C-58, respectively, by 
comparison with analogous carbon signals of the other tetracyclines (12). 
In these compounds, C-4a resonances were consistently -5 ppm upfield 
from those attributed to C-5a carbons; in IV, these two carbons appeared 
a t  41 and 44 ppm, respectively. 

Several lines of reasoning led to the assignment of signals a t  136.9 and 
138.6 ppm to C-6 and C-6a, respectively. First, in the SFORD spectrum 
the low-field signal was considerably broader than the high-field one, 
which was only 1 Hz wider than the corresponding resonance line in the 
proton noise-decoupled spectrum. Inspection of VII revealed that C-6a 
should be trans-coupled to one exocyclic methylene proton and cis- 
coupled to the other and should exhibit a trans-oriented three-bond 
coupling to H-8. While C-6 ought, in principle, to be coupled to these same 
exocyclic methylene protons, the olefinic cis and trans three-bond cou- 
plings of C-6a should be larger and result in a wider signal for this carbon 
in the SFORD spectrum (17-19). Therefore, the low-field signal was 
tentatively assigned to C-6a. 

Second, a selective heteronuclear decoupling experiment was carried 
out in which H-8, a t  7.67 ppm, was irradiated while an otherwise fully 
coupled spectrum of VII was obtained. The signal a t  138.6 ppm (tenta- 
tively assigned to C-6a) appeared to sharpen compared with the corre- 
sponding signal in a control, fully coupled spectrum, while that at 136.9 
ppm apparently remained unchanged. Since C-6a is expected to show 
a larger coupling to H-8 than is C-6 (trans-oriented three-bond coupling 
uersus allylic-type four-bond coupling) (17-19), the low-field signal was 
assigned to C-6a, consistent with the first results. 

Third, spin-lattice relaxation times, 2’1, were determined for the two 

signals. The resonance a t  136.9 ppm had a 2’1 value of 0.7 sec while that  
of the 138.6-ppm signal was 2.5 sec. Examination of a Dreiding model of 
VII demonstrated that C-6 is situated approximately 2 A from both the 
two exocyclic methylene protons and H-5a while C-6a is located about 
2.5 A from the nearer exocyclic methylene proton and about 3 A, or 
greater, from H19, H-5a, and the further exocyclic methylene proton. Due 
to the substantial decrease in effectiveness of the dipole4ipole relaxation 
mechanism with increasing internuclear distance (13). C-6 would be 
expected to have a shorter 2’1 value than C-6a. Therefore, the signal at 
136.9 ppm was assigned to C-6, again consistent with the initial assign- 
ment. 
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Abstract The synthesis and characterization of l-O-(2'-acetoxy)- 
benzoyl-a-D-2-deoxyglucopyranose, a novel aspirin prodrug, are de- 
scribed. 3,4,6-Tri-O-benzyl-au-D-2-deoxyglucopyranose was synthesized 
by methylating the anomeric hydroxyl group of 2-deoxyglucose, benzy- 
lating the 3-, 4-, and 6-hydroxy functional groups, and cleaving hydro- 
lytically the anomeric methyl group. Reaction of the tribenzylated sugar 
with the acid chloride of aspirin and subsequent hydrogenolysis of the 
benzyl groups resulted in the prodrug, mp 128". The compound was 
further characterized by elemental analysis and PMR and 13C-NMR 
spectroscopy. In uitro, the compound cleaved to aspirin with a half-life 
of 7 min at 37'. Prodrug cleavage was independent of pH over the pH 3-9 
range. 

Keyphrases 0 l-0-(2'-Acetoxy)benzoyl -a-D- 2-deoxyglucopyranose 
-aspirin prodrug, synthesis 0 Aspirin prodrhgs-synthesis of 1-0-(2'- 
acetoxy)benzoyl-a-D-2-deoxyglucopyranose 0 Prodrugs-aspirin, 
synthesis of 1 -O-(2'-acetoxy)benzoyl-a-D-2-deoxyglucopyranose 

Aspirin, probably the most widely used drug in the 
world, is a potent, effective, and low cost medicament. 
However, it produces occult GI blood loss in a large per- 
centage of patients (1-6). Studies have also shown that 
gastric irritation is a local effect (6) of contact of the mu- 
cosa with the highly acidic aspirin particles or the satu- 
rated solution surrounding those particles. Although GI 
bleeding can be prevented by administration of aspirin in 
a highly buffered solution (7), the high sodium content of 
such buffered products makes their chronic use impractical 
(6). 

Previous communications showed that the acylal de- 
rivative 1 -ethoxy(ethyl-2-acetoxy)benzoate is an oily, in- 
soluble compound which cleaves very rapidly, generating 
aspirin (8), and that the acylal l-O-(2'-acetoxy)benzoyl- 
a-D-glucopyranose is a more soluble, crystalline compound 
which only slowly generates aspirin in solution (9). 

The present report describes the synthesis of the pro- 
drug l-O-(2'-acetoxy)benzoyl-a-D-2-deoxyglucopyranose 
(V), a crystalline compound that cleaves to aspirin in uitro 
in a reaction that is independent of pH; it has a half-life of 
7 min at  37" (10). The prodrug, a neutral compound, 
should generate a nonirritating aspirin solution upon 
contact with the gastric milieu. 

EXPERIMENTAL 

Materials-The following materials were reagent grade or equivalent 
methanol, sodium carbonate, acetone, absolute ethanol, ethyl acetate, 
potassium hydroxide, dry dioxane, dry pyridine, ethyl ether, sodium 
sulfate, acetic acid, sulfuric acid, dichloromethane, sodium bicarbonate. 
palladium-on-carbon, petroleum ether, and chloroform. 2-Deoxyglucose' 
and o-acetylsalicyloyl chloride2 were used as received. Benzyl chloride2 
was redistilled at  175 f 0.5". 

Synthesis-The general procedure for the synthesis of the prodrug 
(V) was a modification of that of Glaudemans and Fletcher (11). 
a-Methyl-2-deoxyglucopyranose (I)-A solution of the starting ma- 

' Sigma Chemical Co., St. Louis, Mo. 
* Aldrich Chemical Co. 

* ' , h  11111 0 

I C  I 

I 1 
20% 100 0 

PARTS PER'MILLION 

Figure l-13C-NMR spectrum of 1-0- (2'-acetoxy)benzoyl-a-D-2-de- 
oxyglucopyranose in acetone-ds. 

terial, 2-deoxyglucose (15 g, 0.09 mole), in 2% methanolic hydrochloric 
acid (540 ml) was warmed to 40" and shaken for 1 hr. After cooling to 20°, 
the mixture was stirred with excess sodium carbonate (32 g) for 15 min. 
After filtration, the solvent was removed under reduced pressure to give 
an oil containing a small amount of white solid. 

The oil was dissolved in acetone (750 ml) and, after filtration and sol- 
vent removal, crystallized from 5 ml of ethanol a t  -5'. The crystalline 
material (I) was recovered by filtration and washed with cold (-5') ethyl 
acetate. The yield was 10 g (61%), mp 91-9203 [lit. (12) mp 91-92']; NMR4 
(dimethyl sulfoxide-ds): 6 4.1-4.8 (m, 3H, OH), 3.1-4.1 (m, 9H, 3-6-H's, 
1-H, OCH3), and 1.1-2.3 (m, 2H, 2-H's). 
a-Methyl-3,4,6-tri-0-benzyl-2-deoxy-~-glucopyranose (11)-Nine 

grams (0.05 mole) of I was added to a suspension of finely powdered po- 
tassium hydroxide (44.8 g) in dry dioxane (110 ml), and the mixture was 
warmed to reflux. As soon as reflux was smooth, colorless benzyl chloride 
(62 ml) was added dropwise over 45 min. After an additional 40 min of 
refluxing, the dioxane was distilled off during 3 hr. After cooling, the 
residue was diluted to 350 ml with water and extracted with ether. 

The ether portions were dried and, after filtration, evaporated at  re- 
duced pressure to give an oil. The oil was subjected to vacuum distillation 
(bath temperature of 200", 0.4 mm Hg). The oily product (11) remained 
in the distillation vessel in -100% yield; NMR (CDCla): 6 6.7-7.7 (m, 15H, 
ArH), 4.2-5.0 (m, 7H, ring-CHT, 1-H), 3.3-4.2 (m, 5H, 3-6-H's), 3.2 (s, 
3H,0CH3),and 1.4-2.5 (m,2H, 2-H's). 
3,4,6-Tri-O-benzyl-a-~-2-deoryglucopyranose (III)-Compound 

I1 (22.3 g, 0.05 mole) was dissolved in hot (70') acetic acid, slowly treated 
with hot (70O) 1 M H2S04, and stirred at  70" for 1 hr. The reaction mix- 
ture was slowly added to cold water (3 liters, lo'), stirred for 2 hr, and 
kept at 10" for 24 hr. The product (111) was recovered by filtration and 
washed with methanol. The yield was 14 g (65%), mp 9G97O; NMR 
(CDC13): 6 6.7-7.7 (m, 15H, ArH), 5.1-5.4 (s,  lH, 1-H), 4.2-5.1 (m, 6, H 
ring-CHT), 3.24.2 (m, 6H, 3-6-H's, 1-OH), and 1.4-2.5 (m, 2H, 2- 
H's). 

l-O-(2'-Acetaxy)benzoyl -3,4,6- tri-0-benzyl-a-D-2-deoxygluco- 
pyranose (IV)-A solution of 111 (13.7 g, 0.032 mole) indichloromethane 
(130 ml) was treated with a solution of 0-acetylsalicyloyl chloride (6.93 
g, 0.035 mole) and pyridine (2.8 ml) in dichloromethane (50 ml) and 

All melting points were obtained using a Hoover Uni-melt capillary apparatus 

4 PMR spectra were obtained using a Varian EM-360 apectrophotometer with 
and are uncorrected. 

tetramethylailane as the internal reference. 
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stirred a t  20O for 23 hr. Then 100 g of ice was added, and the mixture was 
left for an additional 1 hr. The dichloromethane layer was separated and 
washed with water, 3 N H2S04, water, and a saturated solution of sodium 
bicarbonate, I t  then was dried and evaporated under reduced pressure 
to yield an oil. 

The crude product separated as a waxy solid from a solution of the oil 
in methanol (200 ml). Recrystallization from ethanol gave IV (4.7 g, 25%); 
NMR (CDC13): 86.7-8.0 (m, 19H, ArH), 5.8 (d, lH,  1-H), 4.4-4.9 (m, 6H, 
ring-CHZ-), 3.4-3.9 (m, 5H, 3-6-H’s), and 1.0-2.5 (m, 5H, 2-H, 
-0COCH3). The I3C-NMR5 (deuterochloroform) was also consistent with 
the structure of IV. 

1-0- (2’-Acetoxy)benroyl-  cu-D-2-deoryfilucopyranose ( V)-com- 
pound IV (1 g, 0.002 mole) was dissolved in ethanol (150 ml), and 10% 
palladium-on-carbon (0.6 g) was added. Hydrogenolysis a t  60 psig for 12 
hr, filtration, and solvent evaporation a t  reduced pressure gave an oil. 
The oil was washed with petroleum ether (50 ml), and it crystallized 
spontaneously upon the addition of chloroform (15 ml). The yield was 
0.52 g (95%), mp 128-129”; NMR (acetone-de): 6 7.0-8.2 (m, 4H, ArH), 
5.8-5.9 (d, l H ,  1-H), 3.0-4.1 (m, 8H, 3-6-H’s, OH’S), 2.3 (s, 3H, 
-OCOCHs), and 1.0-2.3 (m, 2H, 2-H’s). The I3C-NMR (acetone-&) was 
also consistent with the structure of V (Fig. 1). 

Anal.6-Calc. for C15H1808: C, 55.20; H, 5.57. Found: C, 55.35; H, 
5.59. 

DISCUSSION 

The method described here for Compound V provides a synthetic route 
for the preparation of acylal prodrugs of aspirin in which the acidic car- 

The ‘“C-NMR spectra were obtained using a Varian CFT-PO NMR spectrom- 

6 Elemental analysis was performed by Micro-Analysis, Inc., Wilmington, Del. 
eter. 

boxyl function is masked by a sugar molecule. Compound V was char- 
acterized by elemental analysis and PMR and ‘T-NMR spectroscopy. 
The 13C-NMR spectrum shown in Fig. 1 is consistent with the assigned 
structure (V). 

Since the regeneration rate of the parent compound from V occurs in 
uitro with a half-life of 7 min a t  37’ (10) and since preliminary data (9) 
indicate that the glucose analog hydrolyzes much more slowly, application 
of the method to other sugars (or other parent drugs) mag provide ad- 
ditional useful drug substances. 
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Abstract 2-Chloromethylbenzo[b]furans were prepared in high overall 
yield from the corresponding chloroethylphenyl ethers through chlo- 
roepoxide and cu-chlorophenylacetone intermediates. 

Keyphrases 0 Benzo[b]furans-synthesis of 2-chloromethyl compounds 
2-Chloromethylbenzo[b]furans-synthesis 0 Heterocycles-synthesis 

of 2-chloromethylbenzo[ blfurans 

The benzo[b]furan ring system has provided a focus for 
the development of new agents in several classes, and new 
synthetic approaches to this heterocyclic system continue 
ti) be significant. The synthesis of 2-methylbenzo[b]furans 
from aryl2-chloroprop-2-enyl ethers was described (l), but 
low yields were obtained when the starting phenol con- 
tained an o-chlorine substituent. This report describes an 
alternative procedure which circumvents this problem and 
gives a reactive chloromethyl group in the 2-position of the 
benzo[ b]  furan. 

DISCUSSION 

The starting phenol was added to a solution of sodium in absolute 
ethanol. 2,4-Dichloropropene was added, and the mixture was heated 
under reflux for 24 hr to give the aryl2-chloroprop-2-enyl ethers (I) in 
almost quantitative yield. Rearrangement of I to I1 as described previ- 
ously (1,2) and acetylation of I1 gave 111. This acetylation was necessary 
since the next step, epoxidation, yielded only decomposed material in 

H 

I11 IV V 

v1 
Scheme I 

the presence of the free phenol. Epoxidation of 111 gave chloroepoxides 
( IV) .  usually incrude yields greater than 90%, which were converted di- 
rectly to the chloroketone (V). 

The rearrangement of IV occurred when the chloroepoxide was allowed 
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stirred a t  20O for 23 hr. Then 100 g of ice was added, and the mixture was 
left for an additional 1 hr. The dichloromethane layer was separated and 
washed with water, 3 N H2S04, water, and a saturated solution of sodium 
bicarbonate, I t  then was dried and evaporated under reduced pressure 
to yield an oil. 

The crude product separated as a waxy solid from a solution of the oil 
in methanol (200 ml). Recrystallization from ethanol gave IV (4.7 g, 25%); 
NMR (CDC13): 86.7-8.0 (m, 19H, ArH), 5.8 (d, lH,  1-H), 4.4-4.9 (m, 6H, 
ring-CHZ-), 3.4-3.9 (m, 5H, 3-6-H’s), and 1.0-2.5 (m, 5H, 2-H, 
-0COCH3). The I3C-NMR5 (deuterochloroform) was also consistent with 
the structure of IV. 

1-0- (2’-Acetoxy)benroyl-  cu-D-2-deoryfilucopyranose ( V)-com- 
pound IV (1 g, 0.002 mole) was dissolved in ethanol (150 ml), and 10% 
palladium-on-carbon (0.6 g) was added. Hydrogenolysis a t  60 psig for 12 
hr, filtration, and solvent evaporation a t  reduced pressure gave an oil. 
The oil was washed with petroleum ether (50 ml), and it crystallized 
spontaneously upon the addition of chloroform (15 ml). The yield was 
0.52 g (95%), mp 128-129”; NMR (acetone-de): 6 7.0-8.2 (m, 4H, ArH), 
5.8-5.9 (d, l H ,  1-H), 3.0-4.1 (m, 8H, 3-6-H’s, OH’S), 2.3 (s, 3H, 
-OCOCHs), and 1.0-2.3 (m, 2H, 2-H’s). The I3C-NMR (acetone-&) was 
also consistent with the structure of V (Fig. 1). 

Anal.6-Calc. for C15H1808: C, 55.20; H, 5.57. Found: C, 55.35; H, 
5.59. 

DISCUSSION 

The method described here for Compound V provides a synthetic route 
for the preparation of acylal prodrugs of aspirin in which the acidic car- 

The ‘“C-NMR spectra were obtained using a Varian CFT-PO NMR spectrom- 

6 Elemental analysis was performed by Micro-Analysis, Inc., Wilmington, Del. 
eter. 

boxyl function is masked by a sugar molecule. Compound V was char- 
acterized by elemental analysis and PMR and ‘T-NMR spectroscopy. 
The 13C-NMR spectrum shown in Fig. 1 is consistent with the assigned 
structure (V). 

Since the regeneration rate of the parent compound from V occurs in 
uitro with a half-life of 7 min a t  37’ (10) and since preliminary data (9) 
indicate that the glucose analog hydrolyzes much more slowly, application 
of the method to other sugars (or other parent drugs) mag provide ad- 
ditional useful drug substances. 
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Abstract 2-Chloromethylbenzo[b]furans were prepared in high overall 
yield from the corresponding chloroethylphenyl ethers through chlo- 
roepoxide and cu-chlorophenylacetone intermediates. 

Keyphrases 0 Benzo[b]furans-synthesis of 2-chloromethyl compounds 
2-Chloromethylbenzo[b]furans-synthesis 0 Heterocycles-synthesis 

of 2-chloromethylbenzo[ blfurans 

The benzo[b]furan ring system has provided a focus for 
the development of new agents in several classes, and new 
synthetic approaches to this heterocyclic system continue 
ti) be significant. The synthesis of 2-methylbenzo[b]furans 
from aryl2-chloroprop-2-enyl ethers was described (l), but 
low yields were obtained when the starting phenol con- 
tained an o-chlorine substituent. This report describes an 
alternative procedure which circumvents this problem and 
gives a reactive chloromethyl group in the 2-position of the 
benzo[ b]  furan. 

DISCUSSION 

The starting phenol was added to a solution of sodium in absolute 
ethanol. 2,4-Dichloropropene was added, and the mixture was heated 
under reflux for 24 hr to give the aryl2-chloroprop-2-enyl ethers (I) in 
almost quantitative yield. Rearrangement of I to I1 as described previ- 
ously (1,2) and acetylation of I1 gave 111. This acetylation was necessary 
since the next step, epoxidation, yielded only decomposed material in 

H 

I11 IV V 

v1 
Scheme I 

the presence of the free phenol. Epoxidation of 111 gave chloroepoxides 
( IV) .  usually incrude yields greater than 90%, which were converted di- 
rectly to the chloroketone (V). 

The rearrangement of IV occurred when the chloroepoxide was allowed 
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Table I-Yields, Physical Properties, and Microanalytical Data a 

Melting or Boiling Point 
Compound R (Recrystallization Solvent) 

Analysis, % 
Yield, % Molecular Formula ' Calc. Found 

IIIa 4-CI 

IIIh 6-C1 

I I I C  4-OCH3 

IIId 6-OCH3 

IIIe 6-CH3 

Va 4-C1 

Vb 6-CI 

VC 4-OCH3 

Vd 6-OCH3 

Ve 6-CH3 

VIa 5-CI 

VIb 7-C1 

90'/0.20 torr 

89'/0.25 torr 

100'/0.90 torr 

95'/1.00 torr 

80'/0.15 torr 

98-100' (Carbon tetrachloride-hexane) 

91-93' (Carbon tetrachloride-hexane) 

104.5-105' (Methylene chloride-petroleum ether) 

85-86' (Carbon tetrachloride-petroleum ether) 

94-95' (Carbon tetrachloride) 

54-55' (Hexane) 

84-86' (Methylene chloride-petroleiim ether) 

98 

96 

100 

98 

99 

70 

756 

81b 

60 

956 

99 

99 

C 53.90 
H 4.11 
C1 28.93 
C 53.90 
H 4.11 
C1 28.93 
C 59.88 
H 5.44 
C1 14.73 
C 59.88 
H 5.44 
C1 14.73 
C 64.15 
H 5.83 
CI 15.78 
C 50.60 
H 3.86 
C1 27.16 
C 50.60 
H 3.86 
CI 27.16 
C 56.15 
H 5.11 
C1 13.81 
C 56.15 
H 5.11 
C1 13.81 
C 59.88 
H 5.44 
C1 14.73 
c 53.77 
H 3.01 
C1 35.27 c 53.77 
H 3.01 
C1 35.27 

53.82 
4.12 

28.81 
53.97 
4.13 

28.83 
59.91 
5.49 

14.84 
59.87 
5.47 

14.83 
64.08 
5.88 

15.81 
50.56 

3.87 
27.14 
50.66 

3.87 
27.09 
56.16 

5.15 
13.74 
56.07 

5.13 
13.88 
59.65 
5.49 

14.64 
53.74 
3.06 

35.16 
53.70 
2.99 

37.18 

0 IR, UV, and NMR data are consistent with the reported structures and are similar to data reported under ErperirnentaL The yield of V is based on 111 (i .e. ,  on the 
two-step conversion). 

to stand (neat) a t  room temperature for several days; this reaction was 
accelerated markedly by a trace of anhydrous hydrogen chloride. The 
phenylacetone derivatives (V) are potentially useful intermediates in the 
synthesis of substituted phenethylamines and phenpropylamines. 

Treatment of Va or Vb with hot concentrated hydrochloric acid re- 
sulted in facile cyclization to VIa or Vlb, respectively. Excessive de- 
composition accompanied attempted cyclization of Vc-Ve. 

EXPERIMENTAL 

Table I summarizes the yields, physical properties, and microanalyses 
for the compounds prepared'. Scheme I illustrates the steps in the syn- 
thesis. 
2-(2'-Chloroprop-2-enyl)-4-chlorophenyl Acetate (1IIa)-A so- 

lution of Ila (6.09 g, 0.03 mole) and acetic anhydride (10 ml) in anhydrous 
pyridine (30 ml) was stirred magnetically and allowed to stand for 12 hr 
at room temperature. The pyridine and excess anhydride were removed 
in ~ a c u o ,  and the residue was distilled to yield IIIa (7.21 g, 98%). bp 
90°/0.20 torr; I R  2899,1757,1634,1475,1427,1404,1366,1190 (br), 1164, 
1043,1009,943,909, and 890 cm-l; NMR 6 2.25 (s, 3H), 3.59 (s, 2H), 5.29 
(d, J = 13 Hz, 2H), and 7.08-7.60 (m, 3H); UV: A, 228 ( 2  3170) and 278 
(55) nm. 
2-(3'-Chloropropan-2'-one)-4-chlorophenyl Acetate (Va)-A 

stirred solution of IIIa (30 g, 0.115 mole) and rn-chloroperbenzoic acid 
(85%,36 g) in methylene chloride (300 ml) was allowed to stand at  room 
temperature for 9 days. It was then concentrated to dryness in uacuo, and 

' Melting points (uncorrected) were determined in an open capillary with a 
Thomas-Hoover Unimelt apparatus. IR spectra were determined for carbon tet- 
rachloride solutions (unless otherwise specified) with a Perkin-Elmer 237 spec- 
trophotometer. UV data were determined for 95% ethanol solutions with a Beckman 
DB-G spectrophotometer. NMR spectra were determined with a Varian T-60 
spectrometer for carbon tetrachloride solutions (unless otherwise specified) con- 
taining -1% tetramethylsilane as the internal standard. Microanalyses were per- 
formed by Atlantic Microlab, Atlanta, Ga. 

the residue was dissolved in ether (200 ml). The ethereal solution was 
washed successively with saturated aqueous sodium carbonate solution 
(200 ml), water (200 ml), and 10% aqueous hydrochloric acid (200 ml); 
the solution was dried over sodium sulfate and concentrated in uacuo. 

The residual acid catalyzed the conversion of IVa to Va; the reaction 
was monitored by TLC (silica gel, methylene chloride); after several days, 
none of the chloroepoxide remained. The product was crystallized from 
carbon tetrachloride-hexane to yield 21 g (70%) of Va, mp 98-100'; I R  
2907,1761,1718,1481,1368,1196,1163,1111,1009, and 881 cm-I; NMR 
6 2.27 (s, 3H), 3.78 (s,2H), 4.07 (s, 2H), and 6.93-7.43 (m, 3H); U V  A,,, 
226 (B 3260), 270 (550), and 278 (520) nm. 
2-Chloromethyl-5-chlorobenzo[ blfuran (VIa)-A vigorously 

stirred solution of Va (2.0 g, 7.66 mmoles) in concentrated hydrochloric 
acid (60 ml) was heated at  90° for 1 hr, and the cooled solution then was 
extracted with chloroform (3 X 60 ml). The chloroform solution was 
washed with water (100 ml), dried over sodium sulfate, and concentrated 
in uacuo to give 1.53 g (99%) of VIa, mp 53-55'. Crystallization from 
hexane at -78O gave VIa, mp 54-55'; IR: 2941,1855,1730,1610,1577, 
1460,1445,1429,1314,1272,1263,1192,1130,1064,961,925,889,870, 
833,719, and 698 cm-l; NMR 6 4.52 (s, 2H),'6.51 (s, lH),  and 7.13-7.40 
(m, 3H); UV: A,, 215 (2  19,600), 256 (13,700), 288 (3460), and 298 (2990) 
nm. 

REFERENCES 

(1) W. K. Anderson, E. J. LaVoie, and J .  C. Bottaro, J.  Chem. Soc., 

(2) H. Christensen, B. M. F. Lundt, F. G. Gronwald, and W. Andersen, 
Perkin Trans. I, 1976,l. 

US. pat. 3,860,619 (Jan. 14,1975). 

ACKNOWLEDGMENTS 

Supported in part by Grant CA-11880, National Cancer Institute, 
National Institutes of Health. 

Journal of Pharmaceutical Sciences I 233 
Vol. 69, No. 2, February 1980 



COMMUNICA TlONS - 
Drug Interactions I: 
Folic Acid and Calcium Gluconate 

Keyphrases Drug interactions-folic acid and calcium gluconate, low 
concentrations Folic acid-interaction with calcium gluconate, low 
concentrations 0 Calcium gluconate-interaction with folic acid, low 
Concentrations 

To the Editor 
The interaction of folic acid and calcium salts is well 

documented (1-5). These references state that these 
compounds combine to yield a precipitate, but quantita- 
tive information on this interaction is lacking. Thus, it is 
of interest to determine the extent of this interaction at  
high dilutions and to investigate its reversibility with 
ethylenediaminetetraacetic acid (I), a known calcium- 
sensitive ligand. This study is important in view of the 
possible use of these agents in intravenous admixtures in 
pediatric patients in which a precipitate may not be ob- 
tained. This communication reports the results of a pre- 
liminary study that showed that calcium gluconate does 
inhibit significantly the reactivity of folic acid a t  low 
concentrations when a precipitate is not apparent. 

The official assay (6) was modified by replacing the 
2-min centrifuge period with a 10-min shaking period on 
a mechanical shaker1. The procedure yielded 4 pg of folic 
acid (mean = 0.1 pg, n = 16). The interaction procedure 
was conducted by diluting a volume of the same intrave- 
nous solution of folic acid2 with 3.03% K2HP04 to yield a 
solution containing 10 pg of folic acidlml. This solution was 
treated with a vdume of calcium gluconate solution3, 
suitably diluted to yield the appropriate concentration of 
calcium ion (0.5,1, or 10 pg/ml). This mixture was used as 
the assay preparation in the official assay after the volume 
was adjusted to 5 ml with distilled water. The quenching 
procedure was conducted as follows. After exactly 10 min, 
a quantity of I equimolar to the calcium concentration was 
added to the folic acid-calcium assay preparation, the 
volume was adjusted to 5 ml with distilled water, the 
preparation was mixed thoroughly, and the assay was 
followed as indicated previously. 

Compound I in the same concentrations did not inter- 
fere with the folic acid determination when calcium glu- 
conate was omitted (Fig. 1). As noted, the quantity of folic 
acid recovered by pretreatment with calcium gluconate 
diminished linearly (T  = 26”, K = 0.228 min-’). Fur- 
thermore, this folic acid-calcium interaction can be re- 
versed quantitatively by the addition of I. 

This study demonstrates that the folic acid-calcium 

* Model 6000, Eberbach. 
2 Folvite, Lederle. 

Calcium gluconate injertion (10%). Parke~Davis. 

0-- 5 10 15 20 25 30 

Ca2+ ADDED, f i g  

Figure 1-Effect of calcium gluconate on the folic acid concentration 
(10 j~gglml) Folic acid concentrations (0) (mean + or - SD, n = 16) are 
shown as a function of the micrograms of Ca2+ added Pretreatment with 
ethylenediaminetetraacPtlc acid (A) also 1,s shown 

interaction is significant at  all concentrations, regardless 
of whether the interaction yields a precipitate. The sta- 
bility constant of the folic acid-calcium interaction and 
the effect of pH on the reaction are being investigated 
further. 
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BOOKS 

REVIEWS 

Textbook of Biopharmaceutics and Clinical Pharmacokinetics. By 
S. NIAZI. Appleton-Century-Crofts, 292 Madison Ave., New York, 
NY 10017.1979.332 pp. 17 X 23 cm. Price $18.50. 
The author claims that this book presents the principles needed to 

understand and control drug therapy with sufficient depth and breadth 
for the undergraduate pharmacy student. 

The first chapter briefly describes the disciplines of biopharmaceutics, 
pharmacokinetics, and clinical pharmacokinetics and defines the scope 
of the book. 

Chapters 2-4 concern the introduction of a drug into the body. In 
Chapter 2, definitions are presented and various formulation factors are 
described. Chemical form, ionization constant, polymorphism, solvation, 
complexation, particle size, and surface-active agents are mentioned. 
Each topic is described, and numerous examples are cited. The evaluation 
of dosage forms is the topic of Chapter 3. Different types of dosage forms 
and the various in vitro tests required of a dosage form are described. 
Bioavailahility testing and evaluation also are covered. Chapter 4 de- 
scribes various routes of drug administration with descriptions of nu- 
merous factors that can influence absorption. 

The distribution of drugs is the subject of Chapter 5. Protein binding, 
tissue distribution, and volume of distribution are included. Drug ex- 
cretion and metabolism are included in Chapter 6 as ways in which the 
body terminates drug action. Factors influencing renal, biliary, salivary, 
and mammary excretion are detailed and referenced. Metabolism 
pathways and Michaelis-Menten kinetics also are described. 

Pharmacokinetic principles, with full development of numerous useful 
equations, are the subject of Chapter 7. One- and two-compartment 
plasma and urine data are treated. Administration as a bolus, infusion 
or absorption, single and multiple dose is included. The final sections 
briefly discuss nonlinear, physiologically based, and pharmacological 
models. 

In Chapters 8 and 9, the effect of various factors on the value of phar- 
macokinetic parameters and the development of suitable dosage regimens 
for various drug classes based on the clinical status of the patient are 
described. 

This book covers all of the topics of importance in an undergraduate 
biopharmaceutics and pharmacokinetics course. There are many ref- 
erenced examples and tables of data given for each phenomenon dis- 
cussed. Many questions are included at  the end of most chapters. Al- 
though advanced material is at times given with only brief explanation, 
this text should serve admirably as a textbook accompanying a lecture 
course in biopharmaceutics and pharmacokinetics. 

Reviewed by David Bourne 
Diuision of Pharnaceutics 
College of Pharmacy 
University of Kentucky 
Lexington, KY40506 

Sterile Dosage Forms: Their Preparation and Clinical Application. 
2nd ed. By S. TURCO and R. E. KING. Lea & Febiger, Philadelphia, 
PA 19106.1979.456 pp. 15 X 24 cm. Price $18.50. 
This book represents an updated version of the text introduced in 1974. 

The major changes include the addition of a chapter on Blood and Blood 
Substitutes and an Appendix entitled “Hazards Associated with Par- 
enteral Therapy.” Other major revisions include six pages added to the 
end of Chapter 7 (Biopharmaceutic Factors Influencing Drug Avail- 

ability), pages 209-225 added to the end of Chapter 8 (Large Volume 
Sterile Solutions), and a complete rewriting of Chapter 13 (Radiophar- 
maceuticals). All of these new sections are worthwhile additions, espe- 
cially the discussions of hospital-based intravenous teams, flow control 
devices for intravenous therapy, and the work of the National Coordi- 
nating Committee on Large Volume Parenterals (NCCLVP). Another 
significant improvement throughout the text is the use of numbered 
references. In the first edition, i t  was virtually impossible to match the 
discussion with the unnumbered reference listing at  the end of each 
chapter. 

Thus, the second edition of what was a reasonably good text to begin 
with is improved significantly. However, I feel that a number of consid- 
erations could improve the text even further. For example, some addi- 
tional discussion of parenteral stability and the fundamental equations 
for calculating the shelflife of various admixtures could have been added 
to Chapter 11 (Parenteral Admixtures and Incompatibilities). Since the 
book appears to he directed toward the hospital pharmacist, I believe that 
it is well within their spectrum of duties to have to research a stability 
problem. Thus, the fundamental information necessary for performing 
simple stability studies would have been a worthwhile addition, 

In the discussion of osmolality (pp. 262-263), it is stated that 0.9% 
sodium chloride injection has an osmotic pressure of 308 mOsmhter since 
sodium chloride ionizes into two ions. In fact, it is only at infinite dilution 
that discrete “particles” exist since in more concentrated solutions the 
sodium and chloride ions are not completely dissociated. The net effect 
of this incomplete dissociation is that for electrolytes such as sodium 
chloride, the osmotic pressure will not normally be equal to the molarity 
of the salt multiplied by the number of ions formed. Instead, the molarity 
must be multiplied by an effective concentration or “i value” (van’t Hoff 
term), which for 0.9% (wh) NaCl is -1.9, thereby producing an osmotic 
pressure of about 293 mOsmhiter for normal saline. 

The discussion of particulate matter provided in Chapter 3 is adequate. 
It could be improved with a somewhat expanded description of the official 
standards presently in effect in the United States and other countries 
and some further mention of the present methodology. This is an area 
in which hospital pharmacists have made extensive contributions, and 
additional discussion is warranted. 

The bimolecular leaflet model of the cell membrane proposed by 
Danielli and Davson (p. 148) seems to have fallen into disfavor among 
membrane biologists and has been largely replaced by the fluid mosaic 
model of Singer and Nicolson. Thus, a picture of the fluid mosaic model 
might have been more appropriate for Fig. 7-3. 

Some references in the extensive listing on pages 431-441 use et al., 
presumably because this section is appended since this procedure was 
not used in earlier sections of the book. I am opposed to the use of et al. 
in reference listings since it fails to give credit to deserving cocontribu- 
tors. 

Finally, some typographical errors noticed are as follows: in the index 
(p. ix), line 4, Flow Control in 1.V. Therapy starts on p. 212, not 203; the 
caption to Fig. 1-2 in both the first and second editions refers to Johann 
Daniel “Taylor”, which should be Johann Daniel “Major.” 

In spite of these limitations and suggestions for improvement, I still 
recommend this text as a major contribution in the area of parenterals. 
It should find use as a reference work for hospital and research phar- 
macists and will no doubt become a required text for course offerings in 
pharmacy and nursing colleges. It is attractively packaged and well il- 
lustrated through the use of numerous photographic plates, and the price 
is reasonable in relation to other texts of comparable size. 

Reuiewed by James Blanchard 
Department of Pharmaceutical Sciences 
College of Pharmacy 
University of Arizona 
Tucson, AZ 85721 
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discussion with the unnumbered reference listing at  the end of each 
chapter. 

Thus, the second edition of what was a reasonably good text to begin 
with is improved significantly. However, I feel that a number of consid- 
erations could improve the text even further. For example, some addi- 
tional discussion of parenteral stability and the fundamental equations 
for calculating the shelflife of various admixtures could have been added 
to Chapter 11 (Parenteral Admixtures and Incompatibilities). Since the 
book appears to he directed toward the hospital pharmacist, I believe that 
it is well within their spectrum of duties to have to research a stability 
problem. Thus, the fundamental information necessary for performing 
simple stability studies would have been a worthwhile addition, 

In the discussion of osmolality (pp. 262-263), it is stated that 0.9% 
sodium chloride injection has an osmotic pressure of 308 mOsmhter since 
sodium chloride ionizes into two ions. In fact, it is only at infinite dilution 
that discrete “particles” exist since in more concentrated solutions the 
sodium and chloride ions are not completely dissociated. The net effect 
of this incomplete dissociation is that for electrolytes such as sodium 
chloride, the osmotic pressure will not normally be equal to the molarity 
of the salt multiplied by the number of ions formed. Instead, the molarity 
must be multiplied by an effective concentration or “i value” (van’t Hoff 
term), which for 0.9% (wh) NaCl is -1.9, thereby producing an osmotic 
pressure of about 293 mOsmhiter for normal saline. 

The discussion of particulate matter provided in Chapter 3 is adequate. 
It could be improved with a somewhat expanded description of the official 
standards presently in effect in the United States and other countries 
and some further mention of the present methodology. This is an area 
in which hospital pharmacists have made extensive contributions, and 
additional discussion is warranted. 

The bimolecular leaflet model of the cell membrane proposed by 
Danielli and Davson (p. 148) seems to have fallen into disfavor among 
membrane biologists and has been largely replaced by the fluid mosaic 
model of Singer and Nicolson. Thus, a picture of the fluid mosaic model 
might have been more appropriate for Fig. 7-3. 

Some references in the extensive listing on pages 431-441 use et al., 
presumably because this section is appended since this procedure was 
not used in earlier sections of the book. I am opposed to the use of et al. 
in reference listings since it fails to give credit to deserving cocontribu- 
tors. 

Finally, some typographical errors noticed are as follows: in the index 
(p. ix), line 4, Flow Control in 1.V. Therapy starts on p. 212, not 203; the 
caption to Fig. 1-2 in both the first and second editions refers to Johann 
Daniel “Taylor”, which should be Johann Daniel “Major.” 

In spite of these limitations and suggestions for improvement, I still 
recommend this text as a major contribution in the area of parenterals. 
It should find use as a reference work for hospital and research phar- 
macists and will no doubt become a required text for course offerings in 
pharmacy and nursing colleges. It is attractively packaged and well il- 
lustrated through the use of numerous photographic plates, and the price 
is reasonable in relation to other texts of comparable size. 

Reuiewed by James Blanchard 
Department of Pharmaceutical Sciences 
College of Pharmacy 
University of Arizona 
Tucson, AZ 85721 
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Abstract 0 The pathophysiology of allergic and “nonallergic” asthma 
is presented, and several classes of antiallergic agents are discussed. 
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Asthma is a disease marked by recurrent, quickly de- 
veloping, bronchial obstruction leading to paroxysmal 
dyspnea. The condition results from a spasm of hyper- 
sensitive bronchial smooth muscle, generally in the seg- 
mental and smaller bronchi. The spasm is often accom- 
panied by a mucosal edema and respiratory mucus hy- 
persecretion. The principal types of the disease are allergic 
or extrinsic asthma and “nonallergic” or intrinsic asthma, 
the latter of uncertain origin (1). The prevalence of asthma 
is slightly higher in children than in adults; -5% of all 
children in the United States below the age of 15 suffer 
from the disease (2). 

An early clinical impression of the disease was accurately 
given by Dr. Michael Ryan, writing in “Observations on 
the History and Cure of the Asthma” (for review, see Ref. 
3), who observed in 1793 that few diseases can be consid- 
ered more formidable. The prospect of instant suffocation 
is so alarming as to weaken and depress a mind endowed 
even with the utmost fortitude and resignation. Dr. Ryan 
concluded that any remedy capable of permanent relief 
must be looked upon as of the utmost importance to 
mankind. 

PATHOPHYSIOLOGY 

The symptomatology of immediate-type allergic diseases, including 
extrinsic asthma and allergic rhinitis, presumably results from the im- 
munologically (antigen) induced release of various pharmacologically 
active substances from mast cells, and basophilic leukocytes previously 
sensitized with an antibody generally of the immunoglobulin E class (4), 
and possibly from other cells as well. The substances thus released and 
referred to as primary mediators of anaphylaxis, i.e., those released as 
a direct consequence of antigen-antibody interaction, include histamine, 
slow-reacting substance, eosinophil chemotactic factor, and platelet- 
activating factor (5) .  There are probably other primary mediators as well 
as secondary mediators released indirectly, such as some of the prosta- 
glandins and kinins involved in the modulation of allergic processes (5 ) .  
The sequence of biochemical events associated with mediator release is 
not clearly understood and has been the subject of a substavtial research 
effort, particularly during the past decade (5 ) .  

Considerable evidence now supports immunoglobulin E (4) as the 
immunoglobulin class essential to acute allergic reactions, although some 
data indicate that such reactions also can be mediated by subclasses of 
immunoglobulin G-type antibodies. Immunoglobulin E may be synthe- 
sized locally in the respiratory tract or by the systemic immune system. 
It is a heat-labile glycoprotein of 198,ooO molecular weight, which, as do 

the other immunoglobulin classes, contains two heavy and two light 
polypeptide chains linked by sulfhydryl bonds in fundamentally a Y- 
shaped structure. Presumably, the most significant biological property 
of the molecule is its ability to bind to homologous mast cells and baso- 
phils, thus sensitizing these cells for subsequent allergic reactions (4,6). 
The Fc region of immunoglobulin E is that portion of the stem of the 
immunoglobulin molecule responsible for the highly specific binding to 
the receptors (4,6) on the membranes of the tissue-fixed mast cells and 
blood basophils. 

The remaining branched portion of the molecule, the Fab portion, 
contains the antigen binding sites thought to be made up of parts of the 
heavy and light chains. While not completely understood, evidence 
suggests that bridging of two cell-bound immunoglobulin E molecules 
by antigen (4,6) is the initial step in a cascade of reactions resulting in 
mediator release. Presumably, an allosteric change in the structure of 
the Fc portion of the antibody then leads to the development of activated 
sites (7) on the mast cell or basophil membrane. Resulting changes in the 
cha:ge distribution of the membrane are thought to increase the mem- 
brane permeability and alter the intracellular ionic milieu, initiating 
further biochemical steps of which relatively little is known (7). 

I t  has been suggested that an early event in the release is an activation 
of a membrane-bound chymotrypsin-like proesterase (5 ) .  Esterase ac- 
tivation presumably requires calcium ion and results in an enzyme that 
can be inhibited by isofluorphate (diisopropyl fluorophosphate). Later 
in the sequence, there appear to be an energy-requiring step that can be 
inhibited by 2-deoxyglucose, an intracellular calcium-ion-requiring step 
capable of being suppressed by edetic (ethylenediaminetetraacetic) acid, 
and a step regulated by the relative levels of cyclic adenosine mono- 
phosphate and/or cyclic guanosine monophosphate. Presumbly, the 
mechanism of action of many compounds clinically effective in asthma 
is at the cyclic nucleotide step(s) ( 5 ) .  

Moreover, the cellular secretion of histamine, a t  least, may involve 
microtubules and microfilaments (7), although the supporting data are 
generally indirect and involve inhibition of histamine release by the al- 
kaloid colchicine, thought to be an inhibitor of microtubule function. 
Conversely, heavy water, which is considered to stabilize microtubules, 
enhances histamine release. Little is known about the process of limiting 
immunological histamine release, although a series of feedback controls 
governed by the cyclic nucleotides and histamine itself has been sug- 
gested. Somewhat more is known about some mediators of anaphylaxis, 
which are thought to contribute collectively to the clinical syndrome of 
the disease (5 ,6 ) .  

Histamine is 8-imidazolylethylamine, and it is synthesized principally 
by a specific 1 -histidine decarboxylase enzyme. Histamine involved in 
hypersensitivity reactions of the immediate type appears to be stored 
in discrete mast cell (or basophil) secretory granules as a complex with 
heparin and protein. This stored amine undergoes slow turnover by 
comparison to the extra mast cell histamine of the GI mucosa and the 
central nervous system. 

While still the subject of controversy, i t  is believed that the immuno- 
logical, calcium-dependent release of histamine involves two processes, 
perhaps including the exocytosis of the subcellular cytoplasmic granules 
and the disassociation of histamine from the granule matrix (7). The 
heparin-protein complex of mast cell granules has ion-exchange prop- 
erties, and exposure of the granule matrix to an altered ionic environment 
results in an exchange of histamine for sodium ions, which have an affinity 
for the binding sites. Once released, histamine presumably contributes 
to portions of the clinical syndrome of immediate hypersensitivity re- 
actions. Apart from tissue uptake, histamine then apparently undergoes 
metabolism by one of two pathways. One, through methylation of the ring 
structure by imidazole-N-methyltransferase, yields methylhistamine, 
which is then oxidized through monoamine oxidase to methylimida- 
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zoleacetic acid. Alternatively, histamine can undergo an oxidative 
deamination by histaminase or diaminoxidase to imidazoleacetic acid. 
The products of this metabolism are excreted in the urine. 

As with histamine, the mast cell has been implicated as a source of 
slow-reacting substance of anaphylaxis (5,8), although other cell types 
also appear to serve that function. Two experimental systems that gen- 
erate slow-reacting substance of anaphylaxis are the sensitized frag- 
mented lung and peripheral blood leukocyte preparations. The material 
is measured by bioassay utilizing the guinea pig ileum, and it produces 
a sustained contraction in the presence of an HI-antihistamine and an 
anticholinergic agent. While the chemical structure of slow-reacting 
substance of anaphylaxis has only just been disclosed, some information 
was available concerning its physicochemical and biological properties. 
Slow-reacting substance of anaphylaxis was thought to be an acidic lipid 
of -400-600 molecular weight and presumably contained an esterified 
sulfate group. It was considered resistant to proteases and phospholipases 
but labile to arylsulfatases and oxidation (5, 8). Furthermore, it was 
thought that slow-reacting substance of anaphylaxis could be derived 
from arachidonic acid, perhaps through a lipoxygenase pathway, but it 
appeared to be more polar than, and could be separated from, conven- 
tional prostaglandins (8). 

Recently (9), it was suggested that slow-reacting substance of ana- 
phylaxis may be “identical” to leukotriene C, one of a group of compounds 
related to the prostaglandins identified by Samuelsson, Borgeat, and 
colleagues of the Karolinska Institute in Sweden. Leukotriene C contains 
the amino acid cysteine covalently linked to the 20-carbon fatty acid 
derivative of the prostaglandin precursor, arachidonic acid. While there 
have been occasional reports of a small amount of preformed slow-re- 
acting substance of anaphylaxis in lung tissue, it is presumably formed 
de nouo and released on immunological challenge. 

Eosinophils occur in relatively large numbers in pulmonary tissues and 
mucosal secretions of asthmatics, although their role is not precisely 
understood (10). Investigations that demonstrated that neither relatively 
pure slow-reacting substance of anaphylaxis nor histamine was chemo- 
tactic for these cells provided the basis for discovery of eosinophil che- 
motactic factor of anaphylaxis, another preformed primary mediator. 
Eosinophil chemotactic factor has a molecular weight of -500, and 
chromatographic and electrophoretic evaluation suggests that eosinophil 
chemotactic factor of anaphylaxis is a low molecular weight acidic pep- 
tide. Two tetrapeptides with amino acid sequence Val-Gly-Ser-Glu and 
Ala-Gly-Ser-Glu were recovered from extracts of human lung fragments 
and were shown to be chemotactic for eosinophils (5,lO). Whether these 
tetrapeptides are, in fact, eosinophil chemotactic factor remains to be 
determined conclusively. 

Additionally, other pharmacologically potent materials, have been 
shown to be released from previously sensitized lung tissues on immu- 
nological challenge. Prostaglandins of the E and F classes are presumably 
rapidly synthesized (5,8) and released, and they affect bronchial smooth 
muscle in an opposing fashion: prostaglandin Ez producing relaxation 
and prostaglandin Fzn producing contraction (8). Their pharmacological 
activities are probably mediated by intracellular messengers, the cyclic 
nucleotides, cyclic guanosine monophosphate, and cyclic adenosine 
monophosphate, and they themselves are considered as secondary me- 
diators whose synthesis and release may be governed by histamine or 
slow-reacting substance of anaphylaxis. 

In addition to the prostaglandins, other chemicals, yet poorly char- 
acterized, probably contribute to the symptomatology of’ allergic asthma. 
Platelet-activating factor is possibly a lipid material, released on an im- 
munoglobulin E-antigen interaction on basophils or lung tissue (5). 
Platelet-activating factor induces aggregation of platelets and the sub- 
sequent release of serotonin, which can cause tracheobronchial smooth 
muscle contraction. 

In addition to the direct spasmogenic effects of many mediators of 
anaphylaxis, parasympathetic reflexes mediated through the vagus nerve 
also may contribute to the bronchoconstriction in the human asthmatic. 
Furthermore, individuals with asthma disclose a substantial hyperre- 
sponsiveness of their airways to several pharmacological agents such as 
histamine, prostaglandins, and cholinergic agonists as well as to such 
nonspecific irritants as cold air and noxious gases. This hyperre- 
sponsiveness may enhance the pathophysiological effects of the mediators 
released on antigen exposure. 

PHARM ACOTHERAPY 

Following an established diagnosis and evidence for the reversibility 
of airway obstruction, the process of selecting an appropriate course of 
pharmacotherapy may be initiated. Management of the acute hroncho- 

spasm has the first priority; when it is initially controlled, etiological 
factors can be determined. In status asthmaticus (1, l l),  a severe con- 
tinuous state of asthmatic dyspnea, hospital management is indicated. 
Treatment must provide rapid bronchodilation, perhaps best achieved 
in this instance with intravenous aminophylline. 

For less severe clinical situations, new drugs have been introduced 
during the last decade (11-14). Still others have been reevaluated for their 
utility among various patient populations. 

Cromolyn Sodium-In 1956, a Fisons Pharmaceutical Corporation 
research team (3) initiated a search for compounds having selective ac- 
tions on smooth muscle. The team chose khellin, extracted from a Med- 
iterranean plant, as the chemical prototype since its seeds had been used 
since ancient times as a smooth muscle relaxant. A series of chromone- 
2-carboxylic acids was d$veloped, but the compounds were inactive as 
smooth muscle relaxants and as antagonists to chemical spasmogens. 
However, they did partially inhibit, but not reverse, antigen-induced 
bronchospasm in an asthmatic volunteer. The interest in chromones led 
to the bis-chromones (3); in January 1965, one of these bis-chromones, 
cromolyn sodium (disodiurn cromoglycate), was synthesized and tested. 
In January 1968, it was introduced into therapy in the United 
Kingdom. 

Although the cellular events responsible for the release of the mediators 
of anaphylaxis is not clearly understood (51, inhibition of their release 
would seem to be effective therapy. Presumably, the effectiveness of 
cromolyn sodium (3) is based on its ability to inhibit the immunologically 
induced release of mediators from sensitized cells (15). The compound 
has no bronchodilator or anti-inflammatory activity, and it is not effective 
for the treatment of the acute asthmatic episode. Rather, it is a clinically 
effective, prophylactic antiallergic agent in a limited patient population 
consisting principally of children. The compound is poorly absorbed from 
the GI tract, so it is administered as a powder inhalation. 

Although some inconvenience and a need for education are associated 
with its use, cromolyn sodium offers a rather substantial degree of safety, 
with only occasional cough or bronchospasm generally associated with 
its use. While enjoying broader use elsewhere, in the United States the 
compound is indicated as an adjunctive therapy in the management of 
patients with severe bronchial asthma (3). Cromolyn sodium is continued 
on a more chronic basis if it significantly reduces the severity of symp- 
toms, allows for a reduction in or elimination of steroids, or allows for 
satisfactory management of individuals who have “intolerable” side ef- 
fects to sgmpathomimetic drugs or the methylxanthines. 

The clinical efficacy of cromolyn sodium as an antiasthmatic agent has 
prompted a significant worldwide research effort directed to the discovery 
of more potent, orally active antiallergic drugs (15). 

In addition to cromolyn sodium, the pharmacological armamentarium 
for the management of asthma consists of several adrenergic broncho- 
dilators (16) including epinephrine and isoproterenol and the new, 
(32-selective adrenergic drugs, theophylline and its several preparations, 
both systemic and inhaled corticosteroids, and anticholinergic agents 
such as atropine and its derivatives (11-14,16,17). Concern as to potential 
side effects with some of these agents, as well as the relative inconvenience 
attendant to cromolyn sodium administration, suggests that an orally 
active prophylactic antiallergic agent with a rather broad therapeutic 
index would be of significant value. 

Adrenergic Drugs-Adrenergic receptors have been pharmacologi- 
cally classified into a, 0-1, and (3-2 types. Among various other activities, 
adrenergic agents can stimulate a-receptors and cause vasoconstriction, 
p-1 receptors and cause cardiac stimulation, and p-2 receptors and pro- 
vide bronchodilation (13, 16). 

The use of adrenergic drugs in asthma dates from the use of the herb 
Ma Huang in Chinese folk medicine. The active ingredient, ephedrine, 
was introduced into Occidental medicine in the 1920’s. Ephedrine 
stimulates a- and (3-adrenergic receptors and, apart from its direct ac- 
tions, releases norepinephrine stores from peripheral sympathetic nerve 
endings. Tachyphylaxis can develop to its activity, and subsequent doses 
are less effective, presumably due to norepinephrine depletion. 

Epinephrine and isoproterenol, the prototype p-adrenergic stimulant, 
have been used in the management of bronchospasm for many years. 
Their use is limited, however, by the occasional development of unde- 
sirable side effects of tremor and cardiac stimulation. Beyond their lack 
of selectivity for p-2 receptors, the compounds have a relatively short 
duration of action because of rapid tissue inactivation, in part due to 
catechol-0-methyltransferase. 

In the mid-l960’s, Lands and coworkers demonstrated that a sub- 
stantial selectivity for (3-adrenergic receptors could be realized by 
chemical modifications of the phenylethylamine moiety of catecbol- 
amines (16). More recent attempts to improve selectivity and metabolic 
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stability have involved altering the catechol structure (16). Thus, in the 
past few years, some relatively selective 8-2 adrenergic agonists have been 
developed including salbutamol, carbuterol, terbutaline, metaproterenol, 
and isoetharine (1 1 ,  13). Many of these compounds provide prolonged 
bronchodilation after aerosol or oral administration while producing 
relatively few cardiovascular side effects at  effective bronchodilator dose 
levels. 

Methylxanthine Phosphodiesterase Inhibitors-Theophylline and 
its various salts (11-13) are presumably effective in asthma by preventing 
t.he intracellular conversion of cyclic adenosine monophosphate to 5’- 
adenosine monophosphate. By elevating cyclic adenosine monophos- 
phate, theophylline is capable of inhibiting immunologically induced 
mediator release and of potentiating the effect of b-2 selective adrenergic 
agonists, which stimulate the production of increased concentrations of 
cyclic adenosine monophosphate. First introduced as a therapy for 
asthma in the 193O’s, oral theophylline now is widely used because it 
provides effective bronchodilation with minimal side effects in many 
patients. Occasional side effects with oral administration and, perhaps 
more frequently, with rapid intravenous administration include insomnia, 
nervousness, and cardiac arrhythmias. 

Corticosteroids-Generally, corticosteroids (1 1-13) of relatively short 
duration are highly effective for the clinical management of severe 
asthma. Such compounds as prednisone, hydrocortisone, and predniso- 
lone provide excellent anti-inflammatory, antiallergic activity in asthma. 
When utilized in an alternate day therapy, they are less likely to cause 
adrenal suppression, osteoporosis, or other adverse effects. 

Recently, a variety of inhaled steroids have been introduced, and be- 
clomethasone or other compounds have been shown to be locally effective 
at  relatively low doses that do not cause substantial systemic effects. 
Adrenal insufficiency has occurred in some individuals when transferred 
to these topical inhaled steroids from systemic dose forms. The mecha- 
nisms by which the corticosteroids are effective in allergic inflammation 
is unknown but may be related in part to adenyl cyclase and the relative 
levels of cyclic adenosine monophosphate and cyclic guanosine mono- 
phosphate. 

Anticholinergic Agents-In recent years, there has been a sub- 
stantial renewal of interest in anticholinergic agents for the clinical 
management of asthma. It has been suggested that an imbalance of the 
autonomic nervous system function contributes to the disease. The 
rharacteristic hyperirritability of the airway smooth muscle may be due 
to a parasympathetic nervous system predominance (11-13,17). Stim- 
ulation of subepithelial receptors of tracheobronchial tissue by particu- 
late, gaseous, o r  immunological irritants can induce vagal reflex-mediated 
hronchoconstriction. The resulting increase in airway resistance can be 
reduced by atropine administration. Moreover, cholinergic agonists en- 
hance immunologically induced mediator release, and atropine can in- 
hibit such release, thus suggesting activity a t  sites other than the muscle. 
Recent interest has been shown in the bronchodilation produced by 
ipratropium bromide, an atropine-like investigational drug. 

In addition to these classes of compounds, other agents have been 
studied, including the E-series prostaglandins and a-adrenergic antag- 
onists (8, 13). Prostaglandins El and EP are apparently effective bron- 
chodilators in some individuals, but respiratory tract irritation and cough 
have precluded their extensive study. a-Adrenergic antagonists such as 
phentolamine may be useful, although the extent of a-adrenergic tone 
to tracheobronchial smooth muscle is relatively minor. The potential for 

adverse effects with these antagonists has limited their study. 
The selection of appropriate therapy was reviewed recently (11-13, 

17). In summary, a substantial number of individuals respond with ef- 
fective bronchodilation and little adverse reaction to an oral theophylline 
preparation. Oral, relatively P-2-selective adrenergic drugs provide good 
bronchodilation, but adverse effects including tremor may limit their use. 
Asthmatics who fail to achieve adequate relief with either of these classes 
of drugs may benefit. from cromolyn sodium. Individuals with persistent, 
severe disease likely will require corticosteroids, and aerosols of these 
agents may preclude the need for larger doses of systemic steroids. Many 
of the therapies can be combined, and often lower doses of each agent in 
combination may be as effective (and perhaps offer fewer side effects) 
as single-drug therapy. 

The past decade has seen substantial progress in the understanding 
of cellular processes that. presumably account for the clinical syndrome 
of allergic asthma. As even greater understanding develops, we can expect 
more sophisticated drugs to supplement the existing agents. 
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Abstract 0 This paper examines the advantages and disadvantages of 
many in uiuo and in uitro experimental model systems employed in the 
preclinical testing of antiallergic drugs. 

Keyphrases 0 Antiallergic drugs-inhibition of mediator release, in 
uiuo and in uitro models n-Adrenoceptor agonist-cyclic adenosine 
monophosphate levels, effects on mediator release, antiallergic 
drugs 0 0-Adrenoceptor agonists-cyclic guanosine monophosphate 
levels, effects on mediator release, antiallergic drugs Asthma-review 
of current theories, clinical evaluation, symposium, antiallergic drugs 

Cromolyn sodium-prophylactic antiallergic drug 

The primary purpose of this report is to provide insight 
into the drug discovery process by examining several 
commonly used animal models as well as to illustrate the 
type of data that may be obtained. It is not intended as a 
thorough review of all methods currently available for the 
detection of antiallergic activity of novel molecules. The 
merits and limitations of these various systems, at least as 
presently viewed, are addressed. Allergic asthma will serve 
as a focus for allergic disorders in general. It is hoped that 
agents efficacious in this disease will prove beneficial for 
other allergic conditions as well. 

Most experimental animal models commonly are based 
on the “mediator concept” of allergic disorders discussed 
in the preceding paper (1). The rationale for this approach 
to pharmacotherapy lies almost totally with the known 
pharmacology of the prototype prophylactic antiallergic 
agent cromolyn sodium and its well-established clinical 
utility (2). 

Before beginning a discussion as to the type of tech- 
nology employed, it is pertinent to examine the question 
of why a search for antiallergic agents beyond cromolyn 
sodium should continue. Cromolyn sodium is not orally 
active and is, therefore, administered as a powdered aerosol 
by a clever but cumbersome technique. The drug is effi- 
cacious in only a portion of the asthmatic patients for 
reasons that are not presently understood (2). Conse- 
quently, a compound that is orally active or that can be 
administered by more conventional aerosol techniques 
and/or that can protect a broader group or preferably all 
asthmatics would be a significant advance in therapy. 

IN VIVO MODELS 
By far, the most widely used paradigm is the 48-hr rat passive cuta- 

neous anaphylaxis test ( 3 ) ,  which frequently serves as the primary lab- 
oratory experimental system (Fig. 1). Briefly, adult female rats are im- 
munized on Day 0 with an appropriate dose of ovalbumin along with 
Bordetella pertussis, which serves as an adjuvant. Often, rats receive a 
subcutaneous injection of larva from the nematode Nippostrongylus 
brasiliensis several days after primary immunization to enhance the 
production of antiovalbumin reaginic antibody. The rats are killed and 
bled 10-14 days later, and serum containing the antibody is prepared. 

Appropriate dilutions of the serum are subsequently injected into 
discrete areas of the dorsal surface of the skin of a recipient rat. Since 
certain subclasses of immunoglobulin G antibodies may also bind to 
cutaneous mast cells, a 48-hr period is interposed between sensitization 
and antigen challenge to allow these antibodies to dissipate. Immuno- 
globulin E-type antibodies directed against ovalbumin remain firmly 

fixed to the mast cells for much longer periods (4). Test compounds are 
administered to the animals immediately prior to challenge with oval- 
bumin, which is often mixed with Evans blue dye. The short time between 
administration of the test compound and antigen is essential to ensure 
optimal activity. Unaccountably, there is a well-established inverse re- 
lationship regarding the time interval between drug and antigen ad- 
ministration and efficacy (3). 

Upon injection, the antigen interacts with the antibodies fixed to the 
mast cell surface, which leads to a series of intracellular biochemical 
events culminating in the release of the vasoactive amines, histamine and 
serotonin, from the cells. When the animal is killed 30 min later and the 
dorsal skin reflected, the pharmacological effect of‘ these mediators is 
visualized as an area of dye infiltration (wheals), which can be quanti- 
tated. Antiallergic agents are expected to reduce mediator release, which 
is manifested as a reduction in wheal size as compared to controls. Those 
compounds that demonstrate efficacy often undergo secondary testing 
in the rodent. Wheal size reduction in rats may be brought about by in- 
terfering with the antigen-induced release of the mediators of anaphylaxis 
from mast cells or by antagonizing the ability of histamine and/or sero- 
tonin to increase vascular permeability. To discriminate between these 
types of activity, the ability of the test compound to block wheals pro- 
duced by the direct intracutaneous injection of histamine and/or sero- 
tonin is evaluated. Compounds that antagonize the vascular response 
to histamine and/or serotonin are often discarded as having a potentially 
unsuitable mechanism of action. One shortcoming of this approach is the 
possibility that molecules that possess antiallergic as well as antagonist 
types of activity may be overlooked. 

The principal advantages of the rat passive cutaneous anaphylaxis 
model are that it is simple, rapid, economical, and semiquantitative. 
Furthermore, the potential oral efficacy of compounds may be assessed 
at an early stage in the pharmacological testing sequence. Major disad- 
vantages are that it provides only circumstantial evidence as to the 
mechanism of action of the compounds and that efficacy is established 
in cutaneous tissue rather than in the designated therapeutic site, pul- 
monary and tracheobronchial tissue. 

Various in uiuo models of “allergic asthma” have been developed in 
several species to gain information on the potential efficacy of compounds 
in preventing antigen-induced bronchospasm. Since these models are 
considerably more complex than the rat passive cutaneous anaphylaxis, 
compound evaluation in these paradigms generally occupies the terminal 
step in the pharmacological testing sequence. Models have been devel- 
oped in small animals such as the rat and guinea pig, utilizing either active 
or passive sensitization, most frequently with ovalbumin or dinitrophe- 
nol-ovalbumin combinations (5-7). Antigen may be presented paren- 
terally for precipitation of systemic anaphylaxis or by aerosol to induce 
pulmonary anaphylaxis. Pretreatment with an efficacious antiallergic 
agent would be expected to reduce the severity of the response to antigen. 
The major advantages of these models are that the principal mediators 
of pulmonary anaphylaxis have been determined in both species (5-7) 
and that the sensitized animals are easily and economically prepared in 
large numbers. 

A major disadvantage of these models is that, until recently, they have 
not allowed for the use of sophisticated technology for measurement of 
pulmonary mechanics due to the small size of the animals (8). Determi- 
nation of the effects of antigen or drug-antigen combinations usually 
involves an indirect assessment of lung compliance rather than a true 
determination of resistance to air flow in large and small airways. 

In contrast, some large animal models of allergic asthma are amenable 
to measurement of large and small airway resistance (9-11). The principal 
models used are dogs and rhesus monkeys with a spontaneously occurring 
hypersensitivity to an antigen prepared from Ascaris suum roundworms. 
The basis of the hypersensitivity is believed to involve neonatal infes- 
tation by nematodes, which provokes immunoglobulin E-type antibodies 
directed against the worm. Although neither dogs nor monkeys are nor- 
mally subject to infestation with A. suum roundworms, a cross-reactivity 
between common antigenic determinants of the host’s natural para- 
site-uiz., Toxocara canis in the case of the dog, and A. suum is assumed 
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to exist, allowing lor the use o f  this more readily availahle nematode as 
an antigen source. 

Dogs and rhesus monkeys with hypersensitivity to Ascaris antigen are 
separated from the nonhypersensitive population by a cutaneous testing 
proredure (Fig. 2). Briefly, the technique consists of injecting Evans blue 
dye intravenously followed by intracutaneous administ.ration of appro- 
priate dilutions of Ascaris antigen. Animals with the appropriate hy- 
persensitivity level respond with wheals and dye infiltration a t  the antigen 
itijection site. The reaction mechanism is thought to he similar to the rat 
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cutaneous anaphylaxis test in that  reaginic antibodies directed against 
the nematode are firmly fixed to cutaneous mast cells. Subsequent in- 
teraction with antigen causes cellular release of the vasoactive substances, 
leading to  an increase in vascular permeability and leakage of dye from 
the vasculature. 

In dogs reared in less than optimal environments, about 50% of adult 
animals demonstrate a cutaneous hypersensitivity whereas only about 
&lo% of the wild adult rhesus monkey population display such hyper- 
sensitivity. Animals with appropriate cutaneous sensitivity are subse- 
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Figure 3-Effect of I (SK&F 78729-A) on Ascaris antigen-induced 
pulmonary anaphylaxis in the Ascaris hypersensitioe-canine mode1 of 
allergic asthma. Compound I was administered (5 mglkg iu) 30 min prior 
to seuen inhalations of a 1 : l O  dilution of partially purified Ascaris an- 
tigen. R p  = pulmonary resistance, Cdyn = dynamic lung compliance, 
and n = number of observations. Numbers in parentheses associated 
with data points refer to the number of observations for that point only. 
Each data point signifies the mean f SEM. Baseline d u e s  /or R p  and 
Cdyn immediately prior to  antigen challenge are illustrated within the 
graph. (Reprinted, with permission of the publisher, from J. Pharm. Exp. 
Ther., Williams & Wilkins, Baltimore Md. )  

quently challenged with aerosols of the partially purified antigen for 
determination of airway hypersensitivity. For reasons that are not clear, 
only a portion of those animals with a cutaneous hypersensitivity dem- 
onstrate bronchial responsiveness to the antigen. As with the small animal 
models, compounds with antiallergic activity are expected to inhibit 
anaphylaxis when administered prior to antigen provocation. An example 
of an appropriate pharmacological profile is provided in Figs. 3 and 4 
where the antiallergic agent, 5-acetyl-4-hydroxy-3-[ 1-[(3-amino-4-hy- 
droxyphenyl)amino]ethylidene]-2H-pyran-2,6(3H)-dione hydrochloride 
(I) (3), was evaluated against Ascaris antigen-induced alterations in 
pulmonary resistance and dynamic lung compliance in dogs and rhesus 
monkeys, respectively. Increases in pulmonary resistance and decreases 
in dynamic lung compliance represent narrowing of large and small air- 
ways, respectively. As is apparent, this compound significantly lessened 
the response in both species. 

An alternative to these actively sensitized models is passive sensiti- 
zation of the airways of nonhypersensitive dogs and monkeys with high 
titer reaginic serum obtained from hypersensitive donors (10). With 
monkeys, human serums directed against known allergens may be used 
because of immunological cross-reactivity between species. Although both 
systemic and aerosol sensitization may be employed, the latter is most 
efficient because it requires smaller quantities of serum. While usually 
successful in the dog, this technique is less applicable to monkeys for 
unknown reasons, which may relate to the presence or absence of phar- 
macological airway hyperresponsiveness in the recipient animals. 

Rhesus monkeys bronchially hypersensitive to Ascaris antigen display 
an airway hyperresponsiveness to several pharmacological agents in- 
cluding histamine, prostaglandin Fz0, and cholinergic agonists (12,13). 

Dogs do not demonstrate such hyperresponsiveness (14). As noted in the 
preceding article ( l ) ,  airway hyperresponsiveness to nonspecific irritants 
and pharmacological agents is one cardinal clinical feature of the asth- 
matic. This hyperresponsiveness apparently amplifies the pathophysi- 
ological effects of the mediators released on antigen exposure. The 
demonstration of this phenomenon in monkeys provides an experimental 
model that  may be of utility in uncovering mechanisms underlying this 
aspect of the disease and perhaps eventually lead to therapeutic agents 
capable of alleviating the hyperresponsiveness. T o  date, however, com- 
paratively few investigations have been undertaken with this aspect of 
the model. 

Major disadvantages of large animal models include: 
1. Animals with positive bronchial antigen hypersensitivity, partic- 

ularly rhesus monkeys, are relatively scarce. 
2. Antigen challenge can be no more frequent than every 2 weeks. 

Shorter intervals lead to highly erratic pathophysiological pulmonary 
responses. Thus, large numbers of animals are required to evaluate rea- 
sonable numbers of experimental compounds. 

3. Pulmonary responses may be extremely variable, even in the same 
animal. 

4. Large animal models are costly to develop and maintain rou- 
tinely. 

5. No clear insight has yet been gained regarding the biochemical 
pharmacology underlying the pulmonary pathophysiology. Therefore, 
unexpected results are difficult to understand. 

6. Various pharmacological mechanisms other than inhibition of 
mediator release can account for a reduction in the response. For example, 
end-organ antagonism of prominent mediators and smooth muscle 
bronchodilator activity both reduce response severity. 

7. Apparently, humans uniquely suffer from asthma. To our knowl- 
edge, no case of allergic asthma in a nonhuman species has been reported. 
Therefore, while there is presently no alternative, these laboratory models 
may ultimately prove irrelevant to the clinical syndrome. 

For more information regarding these models, the reader is referred 
to several review articles (9-11, 15). 

IN VITRO MODELS 

In vitro models of allergic asthma generally occupy an intermediate 
step in the preclinical pharmacological testing sequence, most often in- 
terposed between passive cutaneous anaphylaxis and the more complex 
in viuo models. These systems allow for an assessment of the potential 
ability of novel molecules to interfere with the antigen-induced release 
process-the presumed mechanism of action of cromolyn sodium. The 
most commonly used i n  uitro systems include isolated mast cells (16), 
blood leukocytes (basophils) (17), and fragment lung tissue (18-21). 

A commonly used technique for obtaining a relatively “pure” popu- 
lation of mast cells involves the rat peritoneal cavity. In brief, cells are 
removed from the peritoneal cavity of actively sensitized rats by a simple 
washing with a physiological salt solution, and the mast cell population 
is separated from other peritoneal cell types by centrifugation. Cells are 
then suspended in an appropriate physiological medium and challenged 
with antigen to induce histamine release. Preincubation with antiallergic 
agents is expected to reduce the amount of histamine released on chal- 
lenge. 

Similarly, blood leukocytes (basophils), which also contain histamine 
and IgE antibody Fc fragment binding sites, may be prepared from ac- 
tively sensitized animals or allergic human donors, suspended in an ar- 
tificial medium, and challenged with the appropriate antigen to release 
the mediators of anaphylaxis. One notable pharmacological peculiarity 
of human basophils is that  immunologically induced mediator release 
is not susceptible to the inhibitory effect of cromolyn sodium (22). These 
types of systems are relatively simple and economical, and they provide 
an essentially homogeneous cell population with which to study antial- 
lergic agents. 

The next higher order of complexity in the testing sequence is the i n  
uitro fragmented lung model prepared from various species including 
rats, guinea pigs, dogs, rhesus monkeys, and humans (18-21). Lungs 
obtained from normal or actively sensitized animals or humans are re- 
sected, chopped into small fragments, passively sensitized with high titer 
reaginic antibody (for those obtained from normal animals), placed in 
a physiological medium, and then challenged with the appropriate an- 
tigen. Many chemical substances can be released on immunological 
challenge from fragmented lung tissue, and some appear to be species 
specific. Without regard to species, a partial list of these “mediators” 
includes: histamine, slow-reacting substance of anaphylaxis, prosta- 
glandins, eosinophil chemotactic factor of anaphylaxis, platelet-activating 
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Figure 4-Effect of I (SK&F 78729-A) on Ascaris antigen-induced 
pulmonary anaphylaxis in the Ascaris hypersensitive rhesus monkey 
model of allergic asthma. Compound I was administrred (Ti mglkg iv) 
5 min before 15 inhalations ofa 11% dilution ofpartially purified Ascaris 
antigen. Rp = pulmonary resistance. and Cdyn = dynamic lung com- 
pliance. Aasehne ualues for Rp,  Cdyn, and rate immediately prior to  
antigen challenge are illustrated within the graph. The significant 
difference i n  thr Rp baseline was not related to the administration of 
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(Reprinted, with permission of Ihc, publisher, from d.  Pharmacol. Exp. 
Ther., Williams & Wilkins, Baltimore, M d . )  

factor, kinins, serotonin, rabbit aorta contracting substance releasing 
factor, and rabbit aorta contracting substance. 

The sheer number of substances released, as well as the rather so- 
phisticated technology required to assay each material, precludes the 
routine analysis of more than two or three substances. Consequently, 
many laboratories involved in the search for novel antiallergic agents 
often measure either histamine or slow-reacting substance of anaphylaxis 
or both. The selection of these two mediators is based on the observation 
that much of the body’s histamine is sequestered within mast cells, the 
cells believed to play a major role in the pathophysiological process. Thus, 
inhibition of histamine release by antiallergic agents provides evidence 
that the molecule is altering the mast cell release process and, hopefully, 
that the inhibition will extend to all substances eminating from this cell. 
Unfortunately, recent experiments indicated that this assumption may 
not be valid. 

The pharmacology of mediator release has been far more extensively 

studied in these models than in the large in uiuo models of allergic asthma. 
I t  appears well established that agents capable of increasing intracellular 
levels of cyclic 3’,5’-adenosine monophosphate effectively inhibit hista- 
mine and slow-reacting substance of anaphylaxis release from most in 
oitro models (20). Such agents include 8-adrenoceptor agonists such as 
isoproterenol and epinephrine, phosphodiesterase inhibitors including 
theophylline, and other agonists such as prostaglandins and, perhaps, 
histamine. Conversely, agents that  increase intracellular levels of cyclic 
3’,5’-guanosine monophosphate, including a-adrenoceptor and cholin- 
ergic stimulants, enhance the immunological release of the mediators 
(23). 

Recently, it was demonstrated that slow-reacting substance of ana- 
phylaxis release can be enhanced by several agents with little or no effect 
on histamine release, whereas amine release may be augmented or in- 
hibited with no discernible effect on slow-reacting substance of ana- 
phylaxis release (21, 24, 25). These observations suggest the lack of a 
common release process, a t  least as regards these two substances; the 
wider implication is that release of other mediators may also be phar- 
macologirally distinct. Hence, inhibition of histamine and/or slow-re- 
acting substance of anaphylaxis release by novel antiallergic agents 
cannot be extrapolated to other mediators without reservation. The ob- 
scurity of the important mediators of allergic asthma makes this obser- 
vation unsettling to the preclinical pharmacologist because the inhibitory 
effects of antiallergic agents on histamine or slow-reacting substance of 
anaphylaxis release in laboratory models may not translate to an inhi- 
bition of the relevant mediators of allergic asthma in humans. 

STATUS OF PROPHYLACTIC ANTIALLERGIC AGENTS 

Several years of laboratory experimentation with these paradigms have 
led to the clinical introduction of almost 40 chemically novel antiallergic 
agents. Unfortunately, only one compound, ketotifen, has been added 
to the armamentarium and even it is currently limited to use in Swit- 
zerland (26). These discouraging clinical results have led to a reevaluation 
of these models, with attempts to determine which, if any, pharmaco- 
logical commonalities of the 40 molecules may conceivably account for 
clinical failures. A number have been identified. 

A rapid loss of efficacy as well as tachyphylaxis to the activity of these 
types of compounds is apparent following oral or parenteral adminis- 
tration in some in uioo models or on prolonged preincubation in some in 
oitro models. Although not orally active, cromolyn sodium demonstrates 
a similar pharmacological profile in these models, yet it remains clinically 
useful. On this basis, one may be tempted to speculate that such liability 
in laboratory models does not translate to the clinic and could not account 
for the clinical failures. However, a thorough determination as to whether 
this phenomenon occurs when compounds are administered by the 
aerosol route has not been conducted in laboratory models; thus, aerosol 
administration of cromolyn sodium may obviate tachyphylaxis and rapid 
loss of efficacy and prove a caveat for those unwilling to accept com- 
pounds not orally active. 

Another area of concern is the recent demonstration, as already dis- 
cussed, that some mediators can be selectively modulated (19, 21, 27). 
Since the important mediators of the allergic syndrome may be unknown, 
conceivably these compounds are not inhibiting release of the mediators 
most relevant to the pathophysiology. Alternatively, the major effects 
of these compounds may be on mediators of only secondary importance 
to the bronchospasm. Compounds with such activity may demonstrate 
marginal to no clinical activity. 

Another interesting finding is that these types of molecules appear to 
be more potent inhibitors of histamine than slow-reacting substance of 
anaphylaxis release (3). In our experience, the concentration-response 
curve for these agents on histamine release often lies to the left and above 
that obtained for slow-reacting substance of anaphylaxis. If, as is often 
assumed, slow-reacting substance of anaphylaxis is an important medi- 
ator of human allergic asthma, a compound a t  least as potent for slow- 
reacting substance of anaphylaxis release as for histamine release may 
prove an interesting clinical candidate. Unfortunately, no new molecules 
appear to offer this profile. 

And, finally, with relatively few exceptions, the newer compounds only 
partially inhibit the release of histamine and slow-reacting substance of 
anaphylaxis from most in oitro preparations. Frequently, “bell-shaped” 
concentration-response curves with maximal effects of between 40 and 
60% inhibition are characteristic (3). However, cromolyn sodium shares 
this feature in many models but is clinically active. I t  is possible to 
compensate for this disparity by suggesting that cromolyn sodium may 
be completely efficacious in inhibiting other as yet unknown but im- 
portant mediators of the human pathophysiology. Again, mechanisms 
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underlying this partial inhibition remain obscure; however, compounds 
offering 100% inhibition of both mediators or indeed all mediators would 
offer a potential clinical advantage. 

In summary, as laboratory and clinical experience with both cromolyn 
sodium and novel antiallergic agents increases, a clearer understanding 
of the mechanism of action of this class of compounds undoubtedly will 
emerge. When this time approaches, many problems that concern us 
today will, hopefully, have fallen away and, perhaps, the design of and 
search for antiallergic drugs will be considerably less confusing and 
frustrating than they have been for the past decade. 
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Abstract  0 This paper presents the calcium-dependent pathophysio- 
logical features of allergic and nonallergic asthma. Various theories 
concerning the role of free calcium ions in the pathogenesis of asthma are 
discussed. 

Keyphrases Antiallergic drugs-calcium antagonists, inhibition of 
calcium influx and intracellular calcium movements, inhibition of me- 
diator release o Calcium-ion dependency-asthma pathophysiology, 
cyclic adenosine and guanosine monophosphate levels, mediator release, 
smooth muscle contraction-excitation, mast cell and mucous cell secre- 
tion, vagus nerve activation 0 Mediator release-antigen dependency, 
calcium dependency, antiallergic drugs 0 Asthma-review of current 
theories, clinical evaluation, symposium, antiallergic drugs 

The principal pathogenetic features of asthma are 
ultimately calcium-related phenomena: smooth muscle 
contraction, mast cell chemical mediator secretion, mucous 
gland secretion, and vagal cholinergic reflex activity. In 
these cell types, the availability of free calcium ions for 

excitation-contraction coupling, stimulus-secretion cou- 
pling, and nerve impulse conduction determines signifi- 
cantly the smooth muscle contractility, mast cell mediator 
secretion, mucous gland secretion, and vagus nerve activ- 
ity. Increased free calcium-ion concentrations might ac- 
count for heightened smooth muscle contractility and in- 
creased mucous gland secretion and perhaps also for an 
increased mast cell mediator secretion rate and vagal nerve 
activity. 

If the critical pathogenetic pathways in asthma are 
ultimately related to free calcium-ion availability in 
smooth muscle, mast cells, mucous glands, and vagus 
nerve, it follows that effective asthma drug therapy must 
reduce calcium availability to the essential contractile, 
secretory, and vagus nerve functions. This concept places 
altered transmembrane and intracellular calcium move- 
ments at  the level of final common pathway for the 
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underlying this partial inhibition remain obscure; however, compounds 
offering 100% inhibition of both mediators or indeed all mediators would 
offer a potential clinical advantage. 

In summary, as laboratory and clinical experience with both cromolyn 
sodium and novel antiallergic agents increases, a clearer understanding 
of the mechanism of action of this class of compounds undoubtedly will 
emerge. When this time approaches, many problems that concern us 
today will, hopefully, have fallen away and, perhaps, the design of and 
search for antiallergic drugs will be considerably less confusing and 
frustrating than they have been for the past decade. 
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Abstract  0 This paper presents the calcium-dependent pathophysio- 
logical features of allergic and nonallergic asthma. Various theories 
concerning the role of free calcium ions in the pathogenesis of asthma are 
discussed. 

Keyphrases Antiallergic drugs-calcium antagonists, inhibition of 
calcium influx and intracellular calcium movements, inhibition of me- 
diator release o Calcium-ion dependency-asthma pathophysiology, 
cyclic adenosine and guanosine monophosphate levels, mediator release, 
smooth muscle contraction-excitation, mast cell and mucous cell secre- 
tion, vagus nerve activation 0 Mediator release-antigen dependency, 
calcium dependency, antiallergic drugs 0 Asthma-review of current 
theories, clinical evaluation, symposium, antiallergic drugs 

The principal pathogenetic features of asthma are 
ultimately calcium-related phenomena: smooth muscle 
contraction, mast cell chemical mediator secretion, mucous 
gland secretion, and vagal cholinergic reflex activity. In 
these cell types, the availability of free calcium ions for 

excitation-contraction coupling, stimulus-secretion cou- 
pling, and nerve impulse conduction determines signifi- 
cantly the smooth muscle contractility, mast cell mediator 
secretion, mucous gland secretion, and vagus nerve activ- 
ity. Increased free calcium-ion concentrations might ac- 
count for heightened smooth muscle contractility and in- 
creased mucous gland secretion and perhaps also for an 
increased mast cell mediator secretion rate and vagal nerve 
activity. 

If the critical pathogenetic pathways in asthma are 
ultimately related to free calcium-ion availability in 
smooth muscle, mast cells, mucous glands, and vagus 
nerve, it follows that effective asthma drug therapy must 
reduce calcium availability to the essential contractile, 
secretory, and vagus nerve functions. This concept places 
altered transmembrane and intracellular calcium move- 
ments at  the level of final common pathway for the 
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pathogenesis of asthma, regardless of the proximate 
stimulus (e.g., allergy, infection, or exercise) and may be 
considered the calcium hypothesis of asthma. 

DISCUSSION 

Asthma is a clinically heterogeneous disorder. Examples of heteroge- 
neity are noted in nonuniform heredity, variable airways reactivity and 
physiological abnormalities (large uersus small airway involvement), 
immunologic features (allergic uersus nonallergic asthma and the unique 
nonimmunologic form of aspirin-induced asthma), and variable thera- 
peutic response with different drug classes. Furthermore, many asthma 
precipitants are recognized clinically including allergy, certain viral in- 
fections, exercise, cold air, respiratory irritants, aspirin (-10% of asthma 
patients), and emotional state, especially fear and anger. Does each of 
these aspects of clinical heterogeneity and variable precipitants represent 
different biochemical pathways? Perhaps in a proximate sense they do, 
yet the final expression of the pathological changes in asthma must finally 
be related to the translocation of calcium ions to activate the smooth 
muscle contractile system, the mast cell and mucous gland secretory 
systems, and nerve impulse initiation and conduction in vagal fibers. 

It is reasonable to consider the interaction between an excitatory agent 
and specific tissue receptors (e.g., antigen with mast cells or histamine 
or acetylcholine with smooth muscle) as the stimulus that activates some 
calcium membrane transport or membrane releasing system, or both. 
Following activation, the transport (or releasing) system promotes cal- 
cium-ion flow from intra- and/or extracellular storage sites into the 
cytoplasmic matrix. The result is an increase in free calcium ions near 
the contractile proteins in smooth muscle, the secretory apparatus in mast 
cells and mucous glands, and the nerve impulse initiation and conduction 
systems. The interaction of the calcium ions with the relevant specific 
sites then initiates a response. 

When the excitatory agent is removed from the vicinity of the smooth 
muscle, mast cell, mucous gland, or nerve cell, calcium-ion flow into the 
cytoplasm is reduced and the cellular response is decreased. With smooth 
muscle, a gradual reduction in the calcium-ion level is accompanied by 
a gradual dissociation of calcium from the contractile elements and by 
a gradual decrease in the capacity of the contractile machinery to main- 
tain increased tension. Removal of free cytoplasmic calcium is considered 
to be accomplished by a metabolically dependent calcium pump located 
in the plasma membrane and/or the membranes of intracellular organ- 
elles. The pump transports calcium from the cytoplasm to sequestration 
sites or to the external medium. 

Based on these considerations, it is inferred that both the rate of inward 
flow or the release of calcium ions (from extra- or intracellular calcium 
stores) initiated by the excitatory agent and the simultaneous removal 
rate of free cytoplasmic calcium by the energy-linked calcium pump are 
important in determining the final cytosol calcium concentration. Since 
the calcium ions enter into a reversible interaction with specific con- 
tractile and secretory proteins, depending on cell type, their concentration 
in the cytoplasm determines the extent to which they elicit a response. 
I t  might be assumed, therefore, that  the free calcium concentration in 
the cytoplasmic matrix and, therefore, the rate at which the calcium 
transport system delivers calcium to the cytoplasmic matrix would be 
important in the magnitude of the response. 

The application of physiological techniques has uncovered energy- 
dependent calcium-concentrating systems in mitochondria1 and micro- 
soma1 preparations from smooth muscle. Therefore, it can be inferred 
that these structures possess a calcium-sequestering function, which, in 
the case of smooth muscle, induces relaxation. Conversely, these struc- 
tures possibly may function as sites from which activator calcium can be 
mobilized for contraction. Comparable regulatory mechanisms may exist 
in mast cells and mucous glands. 

The mechanisms by which excitatory agents mobilize calcium from 
different storage sites apparently vary from tissue to tissue. Vascular and 
nonvascular smooth muscle studies suggested that membrane depolar- 
ization is associated predominantly with the mobilization of extracellular 
or loosely bound calcium. It is difficult, however, to generalize about the 
manner in which an excitatory agent mobilizes calcium or about the 
calcium sources in smooth muscles, mast cells, mucous glands, or nerve 
tissues. 

The manner in which the calcium transport system is coupled to the 
excitatory agent-receptor complex is not clear, and it is difficult to pro- 
pose a model that accounts for graded increases in the activation of a 
calcium transport system that presumably occurs with incremental in- 
creases in the excitatory agent concentration (e.g., antigen with mast cells 

or histamine or acetylcholine with smooth muscle). 
Any exciting agent stimulating the relevant cell types in the lung in 

asthma (smooth muscle, mucous glands, mast cells, and nerve) may in- 
volve an induced shift of calcium ions from storage sites to the cyto- 
plasmic matrix; this shift is carried out by a finite number of cellular 
transport sites which exist in cellular membranes. These calcium trans- 
port sites normally function at  a low activity level unless activated by two 
independent cellular reactions. One of these reactions involves calcium 
transport site activation in an unknown fashion by the interaction of the 
excitatory agent with specific tissue receptors. The second involves re- 
versible complex formation between calcium in storage depots and the 
activated calcium transport sites. 

The entry rate of free calcium into the cytoplasmic matrix and, ulti- 
mately, the cellular response are dependent on the fraction of the total 
number of calcium transport sites participating in each type of reaction. 
Calcium transport site activation may be accomplished by a complex 
interaction between the excitatory agent and specific tissue receptors, 
which seem to be linked to the transport sites. The increase in calcium 
conductance that results from transport site activation is usually a graded 
response. It follows that calcium-ion transport by activated sites must 
be preceded by the formation of a reversible complex between the calcium 
transport sites and the calcium ions that are to be transported into the 
cytoplasmic matrix and, eventually, that are to interact with contractile, 
secretory, and nerve excitation systems. 

Many recognized calcium-dependent processes are important in 
asthma pathogenesis: excitation-contraction coupling in smooth muscle, 
stimulus-secretion coupling in secretory cell types including mast cells 
and mucous glands, and microtubule function and calcium effects on 
certain enzyme systems such as adenyl cyclase, guanyl cyclase, and 
phosphodiesterase activator protein. 

Currently utilized drugs presumably indirectly affect calcium move- 
ment and disposition by acting on the adenyl cyclase-cyclic adenosine 
monophosphate system (,B-agonists) and, perhaps, through phosphodi- 
esterase inhibition (theophylline); cromolyn sodium, however, may have 
some calcium-antagonistic properties, i.e., inhibition of calcium uptake 
by activated mast cells. The relationship of the antiasthmatic effects of 
corticosteroids to calcium movement is obscure. The possibility of de- 
veloping compounds with calcium-antagonistic properties selective for 
cells involved in asthma pathogenesis is attractive, and such compounds 
are being studied. 

Calcium antagonists can be defined as compounds that affect the 
translocation of calcium ions across cell membranes and within cells; 
certain calcium antagonists appear to act by affecting transmembrane 
calcium translocations while others affect intracellular calcium move- 
ments. Their mechanism of action is complex and ill defined. Some cal- 
cium antagonists have been studied for their effects on myocardial and 
vascular smooth muscle responses to various agonists (and are in use 
therapeutically, e g ,  verapamil), a few have been studied for their effect 
on nonvascular smooth muscle, and several have been studied for their 
ability to block specific secretory processes (e.g., catecholamine secretion 
from the adrenal medulla), but few investigations of calcium antagonists 
on mediator secretion from mast cells or basophils have been under- 
taken. 

Immunoglobulin E-sensitized mast cells and basophils can be triggered 
to release chemical mediators upon stimulation with a specific antigen, 
and the release process has an absolute requirement for calcium ions (cf., 
1-7). Indeed, calcium microinjection into mast cells provokes local granule 
extrusion (8). It was believed that the chemical mediators acted locally 
and directly on smooth muscle, blood vessels, and mucous glands and 
attracted eosinophils and other inflammatory cells to produce the 
characteristic pathological changes of asthma in the lung. Not all causes 
of asthma have an identifiable immunological basis, however, so it is safe 
to say that allergy is a sufficient, but not an exclusive, explanation for 
asthma. 

The discovery of immunoglobulin E (cf., 9) established the immuno- 
logical basis of immediate-type hypersensitivity reactions and spurred 
research on the mechanisms by which chemical mediators are released 
from mast cells and basophils. It is now well recognized that immuno- 
globulin E antibody is firmly bound to special receptors in the cell 
membrane of mast cells and basophils and that interaction of the bound 
antibody with specific antigen initiates a series of intracellular bio- 
chemical reactions, which culminate in the noncytolytic secretion of 

244 I Journal of Pharmaceutical Sciences 
Vol. 69, No. 2, February 1980 



preformed mediators and the generation and release of several mediators 
that exist as precursors (1-7). 

The essential role of immunoglobulin E receptors in mediator release 
from rat mast cells was demonstrated by Ishizaka and Ishizaka (lo), who 
found that antibodies specifically directed against immunoglobulin E 
receptors caused histamine release and immediate skin reactions in 
normal rats. This important observation indicates that membrane per- 
turbation, presumably involving the spatial relationships of the immu- 
noglobulin E receptor and subtended functional units, is sufficient to 
initiate the biochemical sequence required for mediator release. 

The list of mast cell- and basophil-derived mediators includes: (a) 
preformed mediators such as histamine, eosinophil chemotactic factor 
of anaphylaxis, eosinophil chemotactic factor oligopeptides, neutrophil 
chemotactic factor, heparin, chymase, lung kallikrein of anaphylaxis, 
superoxide radical, and superoxide dismutase; and ( b )  newly generated 
mediators such as slow-reacting substance of anaphylaxis, platelet-ac- 
tivating factor(s), lipid chemotactic factors, and prostaglandins. The 
source, nature, properties, and metabolism of these substances have been 
reviewed extensively (1-6,11). Some or all of these substances may par- 
ticipate in the pathogenesis of the acute and chronic aspects of lung pa- 
thology and altered physiology in various types of asthma, acting through 
direct and reflex mechanisms. It is also pertinent that histamine and 
slow-reacting substance of anaphylaxis require calcium for stimulation 
of smooth muscle contraction. 

Extensive studies (1-6) of immunoglobulin E-dependent immuno- 
logical release of chemical mediators from mast cells and basophils have 
provided a partial picture of the biochemical events involved and, thus, 
the various loci for potential pharmacological intervention. Interaction 
of specific antigen with mast cell-bound immunoglobulin E antibody 
presumably results in membrane perturbation associated with extra- 
cellular calcium-ion transport into the cell. This initial step is accom- 
panied by the activation of a proesterase, which is converted to an active 
chymotrypsin-like serine esterase, which subsequently engages in further 
autocatalytic activation. Possibly, calcium-ion influx is essential for initial 
activation and autocatalytic activation of the proesterase to the esterase. 
The active esterase decays quite rapidly. 

A subsequent energy-dependent step can be inhibited by 2-deoxy- 
glucose. Precisely what function in the mediator release sequence is 
subserved by the energy requirement is not certain, but it may be related 
to the function of a “contractile protein” since dense bands of microfil- 
aments have been observed around mast cell granules, especially during 
degranulation. Microfilament function is probably involved in mediator 
release, and the function of microfilaments can be affected by cytocha- 
lasins A and B. Studies with these agents indicated that histamine release 
and slow-reacting substance of anaphylaxis generation and release can 
be dissociated. Although cytochalasins A and B enhance histamine re- 
lease, they inhibit the concomitant formation of slow-reacting substance 
of anaphylaxis. An interesting study (12) indicated a significant difference 
in the cytochalasin sensitivity of histamine release in a comparison of 
asthmatic and normal basophils. 

Several studies indicated an important function of microtubules in 
mediator release from mast cells and basophils. Colchicine, a compound 
that binds to the microtubular subunit protein, thereby preventing mi- 
crotubule assembly and function, inhibits histamine release. Heavy water 
(DzO), on the other hand, favors microtubule subunit aggregation and 
facilitates histamine release. 

The metabolic regulation of chemical mediator release has been in- 
vestigated intensively. One aspect of metabolic control of mediator release 
that is quite well worked out in several in uitro systems involves the ef- 
fects of cyclic adenosine monophosphate, cyclic guanosine monophos- 
phate, and agents that affect their intracellular concentration. Numerous 
studies (1-6) indicated that agents that increase cyclic adenosine mo- 
nophosphate levels (e.g., b-agonists, histamine, prostaglandin E, and 
cholera toxin) tend to decrease chemical mediator release, while agents 
that decrease cyclic adenosine monophosphate levels (e.g., a-adrenergic 
agonists) tend to increase chemical mediator release. On the other hand, 
compounds that increase cyclic guanosine monophosphate levels (e.g., 
cholinergic agents and, perhaps, a-adrenergic compounds) tend to in- 
crease chemical mediator release. Indeed, recent evidence appears to 
establish cyclic guanosine monophosphate as an important mediator of 
immunological mediator release in human lung (13). 

The effect of each adrenergic or cholinergic agonist can be blocked by 
antagonists such as propranolol, phentolamine, and atropine, substan- 
tiating the P- and a-adrenergic and muscarinic cholinergic nature of the 
receptor systems involved. Thus, chemical mediator release can be 
modulated by products of the sympathetic and parasympathetic nervous 
system and other substances acting through specific receptor systems 

and affecting the intracellular levels of cyclic adenosine monophosphate 
and cyclic guanosine monophosphate. Calcium plays a critical role in 
control of intracellular cyclic nucleotide concentrations through its ability 
to inhibit adenyl cyclase (14), stimulate guanyl cyclase (15), and regulate 
the phosphodiesterase regulator protein (16). 

NEUROCENIC THEORY 

The neurogenic theory of asthma pathogenesis is grounded in the ob- 
servation that stimulation of subepithelial airway receptors by released 
chemical mediators or other irritants results in a vagally mediated cho- 
linergic bronchoconstrictor reflex, which can be markedly attenuated 
or abolished by atropine or experimental manipulations that attenuate 
vagal afferent and efferent impulse transmission. Atropine acts com- 
petitively to inhibit the calcium-dependent effects of released acetyl- 
choline on smooth muscle and mucous glands. The asthma-worsening 
effect of viral respiratory infections that denude the epithelium is thought 
to be due to sensitization of these rapidly adapting subepithelial sensory 
receptors; in normal subjects with “colds,” a transient (1-6 weeks) hy- 
perirritability of the airways to inhaled histamine or citric acid aerosols 
has been demonstrated (17). Much evidence supports the neurogenic 
theory, and it has been reviewed extensively (18-21). 

Mediators immunologically released from intraluminal airway mast 
cells or basophiloid cells (22) may stimulate vagal sensory endings and 
increase bronchial epithelial permeability to macromolecular antigens, 
allowing them to gain access to submucosal mast cells where further 
mediator release might occur. Although cholinergic agents increase im- 
munological mediator release in uitro, there is no evidence that cholin- 
ergic stirnulation in uiuo does the same thing. 

&ADRENERCIC BLOCKADE THEORY 

Another major theory concerned with asthma pathogenesis is that of 
0-adrenergic blockade proposed by Szentivanyi (23). Briefly, this theory 
states that there is diminished responsiveness of P-adrenergic receptors 
to stimulation by B-adrenergic agents. This theory implies that p-re- 
ceptor-mediated relaxation of smooth muscle and b-receptor-mediated 
functions of other cells and organ systems might be reduced. It also 
implies a diminished accumulation of cyclic adenosine monophosphate 
following stimulation with b-agonists because of the linked relationship 
of /%receptors and adenyl cyclase to convert adenosine triphosphate to 
cyclic adenosine monophosphate. Adenyl cyclase is a membrane-bound, 
magnesium-dependent enzyme and is inhibited by calcium ions. Although 
not totally conclusive, considerable evidence supports this theory and 
the data have been reviewed extensively (23-27). An interesting recent 
supportive observation also was reported: salbutamol inhalation increased 
plasma and urinary cyclic adenosine monophosphate levels in both 
normal and asthmatic subjects, but the increase in asthmatics was sig- 
nificantly less (28). 

A major objection to the 8-adrenergic blockade theory arose when 
several investigators (29-32) noted that asthmatic patients or normal 
individuals given 8-adrenergic drugs developed subsensitivity of leuko- 
cytes to stimulation by isoproterenol as determined by cyclic adenosine 
monophosphate accumulation. These studies indicated that the apparent 
state of ‘I@-adrenergic blockade” was, in fact, drug induced. However, 
Busse (33) later studied asthmatic patients who had not received P- 
adrenergic drugs for 2 weeks and determined that the isoproterenol- 
induced inhibition of polymorphonuclear leukocyte lysosomal enzyme 
release was reduced as well as the isoproterenol-stimulated accumulation 
of cyclic adenosine monophosphate in these cells. These data are generally 
consistent with the b-adrenergic blockade theory. Bush et al. (34) also 
found a decreased isoproterenol polymorphonuclear leukocyte response 
in normal individuals during rhinovirus infection, indicating that the viral 
infection produces dysfunction of the P-receptor-adenyl cyclase system 
in nonpulmonary tissues. Thus, viral infections appear to have metabolic 
effects on cell function and direct airway effects. Precisely what aspect 
of enzymatic control of cyclic adenosine monophosphate synthesis (or 
degradation) is affected by the virus or the products of viral infection 
remains to be determined. 

Recent experiments on asthmatic and nonasthmatic dogs (sensitive 
to Ascoris suurn) compared trachael ring smooth muscle responsiveness 
to antigen, methacholine, and isoproterenol; isoproterenol induced 
consistently greater relaxation in nonasthmatic rings following stan- 
dardized precontraction with methacholine (35). The finding of isopro- 
terenol hyporesponsiveness in natively asthmatic dogs, under conditions 
excluding possible receptor densensitization due to prior exposure to 
8-agonists, is consistent with the P-adrenergic blockade theory but does 
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not exclude the importance of vagal mechanisms. 
In summary, solid evidence apparently substantiates the possibility 

of 8-adrenergic receptor-adenyl cyclase dysfunction in certain cells of 
asthmatic patients (and dogs). However, the studies do not shed any light 
on the locus of the biochemical-pharmacological defect. Since the @-re- 
ceptor-adenyl cyclase system is considered to be composed of a recog- 
nition or discriminator (receptor) unit, a transducer unit, and a catalytic 
unit, dysfunction could occur a t  any (or all) of these levels. 

It is now well recognized that guanosine triphosphate is an important 
regulator of adenyl cyclase in many hormone-stimulated systems (36). 
The data indicate that guanylyl nucleotide regulation of adenyl cyclase 
activity is not only ubiquitous but also independent of the receptor 
coupled to the enzyme. It is also known that the guanosine triphosphate 
concentration is under the control of a phosphatase (36-38). Thus, it is 
possible that cells of asthmatics may have abnormal function of this 
regulator site or possibly increased phosphatase activity, which would 
indirectly depress adenyl cyclase function. There are no data to support 
these ideas, but it is interesting to consider the therapeutic possibilities 
of agents that might act a t  the guanosine triphosphate regulator site to 
increase adenyl cyclase responsiveness to P-agonists or that might inhibit 
the phosphatase. 

REDUCED FUNCTION OF NONADRENERGIC 
INHIBITORY SYSTEM THEORY 

Another theory is reduced function of the nonadrenergic inhibitory 
system in the lungs of asthmatic patients (39). Human airways, from the 
midtrachea to the d i s d  bronchi, have been studied in uitro for inhibitory 
nerves (40). Electrica) field stimulation of the tissues demonstrated 
cholinergic excitatory nerves inhibitable by atropine. In the presence of 
atropine, field stimulation of the tissues relaxed smooth muscle, even 
when it was contracted by histamine. This relaxation was neither blocked 
nor modified by adrenergic antagonists. Nerve stimulation involvement 
in the field stimulation-induced relaxation was established when tetro- 
dotoxin blocked the effect. 

This airway relaxation system shares some characteristics of the 
nonadrenergic inhibitory system in the GI tract and of the comparable 
system reported in guinea pig tracheal smooth muscle. Moreover, no 
evidence of adrenergic inhibitory fibers in human bronchial muscle could 
be found by either pharmacological or histochemical techniques. The 
nonadrenergic inhibitory system may be the principal inhibitory system 
of human airway smooth muscle, and a defect in this system might be a 
possible explanation for the hyperreactivity of the airways noted in 
asthma patients. 

The asthma theories reviewed are not mutually exclusive. Nevertheless, 
in each case, the final common denominator is considered to be the in- 
creased availability of free (activator) calcium ions for excitation-con- 
traction coupling in smooth muscle, stimulus-secretion coupling in mast 
cells and mucous glands, and nerve impulse initiation and conduction 
in the vagus. 

AIRWAY HYPERIRRITABILITY 

Any asthma theory must explain the disease hallmark, namely, hy- 
perirritability of the airways from various stimuli. Hyperirritability has 
been demonstrated in clinical investigations with various substances that 
are chemically unrelated but require calcium for their smooth muscle 
stimulating activity. These agents include acetylcholine, methacholine, 
histamine, slow-reacting substance of anaphylaxis, prostaglandin Fz,, 
and bradykinin. 

Airway hyperreactivity suggests that  the airway smooth muscle is 
partially depolarized, i.e , reactive to low doses of various chemically 
diverse substances or stimuli. The basic cause of the hyperreactivity (or 
postulated state of partial depolarization) is unknown but certainly 
suggests an increased permeability of smooth muscle cell membrane to 
calcium ions, which activate the contractile machinery. The single piece 
of evidence that possihly supports increased permeability (or partial 
depolarization) was provided by Simonsson et al. (411, who demonstrated 
that airway smooth muscle from a patient with chronic bronchitis re- 
sponded in c7itro to very low doses of carbachol and bradykinin as com- 
pared to normal bronchial smooth muscle. Whether such findings might 
obtain in asthma remains to be determined. 

BIOLOGICAL PROPERTIES OF CALCIUM AND 
CALCIUM ANTAGONISTS 

Calcium plays a critical and central role in many biological events at  

both the intra- and extracellular levels (42,431. However, calcium dis- 
tribution across the cell membrane is far from equilibrium; if the testing 
membrane potential (--60 mv) were equal to the calcium equilibrium 
potential, then the intracellular calcium activity should be some 100-fold 
greater than the extracellular activity. This is clearly not so. Although 
accurate measurements of free ionized intracellular calcium concentra- 
tions have not been made in many systems, the consensus of evidence 
firmly indicates that the free intracellular calcium concentration is less 
than M (44-46). 

The very large driving force for calcium entry indicates that specific 
mechanisms must exist for intracellular calcium removal. Subsequent 
to entry, calcium may be removed through complexation with cytoplasmic 
constituents (including the internal membrane surface) or by seques- 
tration into the intracellular structures, mitochondria (47,481, and sar- 
coplasmic reticulum (49,50) of smooth muscle, for example. 

Although there can be no doubt as to the importance of calcium uptake 
by the active transport processes mediated by mitochondria and sarco- 
plasmic reticulum, the cell must, to maintain its total calcium reasonably 
constant, ultimately transport calcium to the external medium. Two 
major processes for intracellular calcium removal have been described. 
In one process, calcium extrusion is directly coupled to adenosine tri- 
phosphate hydrolysis; in the second process, calcium extrusion is coupled 
to an influx of sodium ions. 

CALCIUM ENTRY PROCESS 

Given the existence of the several mechanisms that operate to maintain 
a low intracellular free calcium concentration, there must also exist 
mechanisms that increase intracellular calcium concentrations and couple 
membrane excitation to intracellular calcium-modulated events. This 
calcium may be derived from intracellular stores or from extracellular 
sources. Although initial emphasis was placed by Hodgkin and Huxley 
(51) on Na+ and K+ as the current carrying species during squid axon 
excitation, there is now substantial evidence for this and many other 
tissues that calcium entry through “specific calcium channels” also 
contributes to the total membrane current (44, 46,52,53) .  

Of particular importance, pharmacological differentiation of the Na+, 
K+, and calcium channels is possible with selective antagonists. Tetro- 
dotoxin and tetraethylammonium are well known for their actions on Na+ 
and K+ channels, respectively (54), and the inorganic ions Mg2+, Mn2+, 
Ni2+, Co2+, and La3+ and the organic agents verapamil, methoxyvera- 
pamil, and nifedipine have gained prominence as calcium channel an- 
tagonists (46, 55. 56). There is an obvious analogy between this differ- 
entiation of ion channels and the differentiation of pharmacological re- 
ceptors through specific antagonist action. 

There is not considerable evidence that the calcium entry process 
similar to that seen in the squid axon occurs in several excitable tissues 
and that a calcium channel is utilized distinct from that carrying the early 
sodium current. The basis for the differentiation of such a process rests 
on the following properties: 

1. Membrane currents and potential changes in Na+-free solution are 
basically identical to those seen in Na+-containing media in the presence 
of tetrodotoxin or in preprations where the Na+ channel has been inac- 
tivated by prior depolarization. 

2. The calcium current is insensitive to tetrodotoxin and tetraethyl- 
ammonium but is sensitive to antagonism by Mg2+, Mn2+, Co2+, La3+, 
verapamil, methoxyverapamil, and nifedipine. 

3. Both Sr2+ and Ba2+ can substitute for calcium. 
4. The threshold voltage- and time-dependent activation and inacti- 

vation parameters and gating currents are quite distinct from those de- 
termined for the early sodium current. 

As judged by these criteria, calcium channels mediating calcium 
translocation have been described in various preparations, from proto- 
zoan to mammalian (57), although complete ionic, electrophysiological, 
and pharmacological characterization is not available in many in- 
stances. 

CALCIUM CHANNEL ANTAGONISTS 

The di- and trivalent cations Mn2+, NiZf, Co2+, and La”+ and the or- 
ganic molecules verapamil, methoxyverapamil, and nifedipine are defined 
as calcium channel antagonists, and their act.ions serve as one important 
component of calcium channels. However, neither the sites nor the 
mechanisms of action of these antagonists have been defined pre- 
cisely. 

Certain data also suggest that the channels may possess gating mech- 
anisms involving phosphatidylinositol breakdown as the initial event 
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required to open calcium channels following agonist-receptor interaction 
(58,59). Phenoxybenzamine, an a-adrenergic blocker with antagonistic 
effects against several chemically unrelated agonists, was the only one 
of a number of compounds tested found to block phosphatidylinositol 
breakdown and to inhibit smooth muscle contraction (60). The nature 
and controlling mechanisms of calcium gatedchannels is far from com- 
pletely understood, but they are of central importance to the calcium 
hypothesis of asthma. 

Various organic calcium antagonists have been developed which block 
entry of calcium ions from the outside to the inside of the cell and which 
can modify the effects of various calcium-dependent agonists (61). Some 
examples are verapamil, methoxyverapamil, nifedipine, benzyclane, 
prenylamine, and cinnarizine. These compounds have been studied 
mainly for their effect on myocardial cell function as well as on coronary 
and other vascular smooth muscles. Verapamil and methoxyverapamil 
have potent effects on excitation-contraction coupling in several vascular 
smooth muscle preparations and also in guinea pig ileal smooth muscle 
(57). Verapamil and methoxyverapamil are also quite potent inhibitors 
of stimulus-secretion coupling in several systems (57). 

Other calcium antagonists such as the aminoindenes (62,631 and me- 
cinarone (66) appear not to block the calcium entry process but rather 
to affect the intracellular sites of calcium action. This was demonstrated 
in studies of cholinergically stimulated release of catecholamines from 
the adrenal medulla (62) and also with histamine- and carbachol-induced 
contraction of different smooth muscle preparations (63). Ketotifen, an 
effective antiasthmatic drug (64), inhibits calcium 45 uptake by rat mast 
cells (65) and also possesses antihistaminic activity (HI). Compounds 
with such properties are of interest for both theoretical and practical 
considerations in drug design, i.e., in the search for compounds that affect 
the essential intracellular calcium movements required for contractile 
and secretory phenomena. The effects of certain calcium antagonists on 
rat mast cell mediator release will be described later. 

It is plausible that the calcium channel organization is basically similar 
to that suggested for the sodium channel by Hille (54). An important 
component of Hille’s model is the channel cation coordination site, which 
constitutes a rate-limiting selectivity filter. The energetics of cation in- 
teraction a t  this site determine whether a cation is a permeant or non- 
permeant species. In the case of the sodium channel, Na+ binds the least 
well and is the most permeant. The geometry and ligand characteristics 
of this proposed site determine the selectivity between monovalent and 
divalent cations (67,68) and, in the case of the calcium channel, divalent 
cations with ionic radii similar t o  those of calcium may be expected to 
interact with this site and to serve as substitutes for or antagonists of 
calcium permeation. 

Little quantitative data exist for ion interactions a t  the calcium 
channel. However, for antagonism, it is clear that  M3+ > M2+ (69) and 
that among divalent cations the order of permeation is Ba2+ > Sr2+ > 
Ca2+ >> Mg2+; Ni2+ and Co2+ serve as antagonists, and Mn2+ acts as both 
an antagonist and permeant species (70). These findings suggest that the 
ionic radius and hydration energy may be important factors in deter- 
mining cation interaction and permeation in the calcium channel. Many 
of these effects of di- and trivalent cations are likely related to a general 
adsorption to negatively charged membrane sites. Finally, the lanthanide 
series of cations are calcium channel antagonists, probably by virtue of 
their rather general ability to substitute for calcium a t  calcium-binding 
sites (71,72). 

The organic calcium antagonists verapamil, methoxyverapamil, and, 
to a lesser extent, nifedipine have achieved prominence recently and are 
classified, largely on the basis of electrophysiological evidence in cardiac 
preparations, as specific calcium channel antagonists (55,56,73-75). At 
10-6-10-e M, these agents produce a selective antagonism of the slow 
calcium current with minimal effect on the fast sodium current and thus 
produce electromechanical decoupling of the heart in the activity se- 
quence nifedipine > methoxyverapamil > verapamil(56,74,7&79). The 
effects of these agents are overcome by increased extracellular cal- 
cium. 

Because of the high activity and apparent selectivity of action of these 
agents, their activity in other calcium-utilizing systems can be viewed 
as evidence that basically similar slow calcium channels are operative in 
secretory and mechanical processes (57). A complete characterization 
of the calcium current is not available for many of these processes. 
However, the similar activities of these antagonists in cardiac and smooth 
muscle and secretory systems certainly indicate a common basis of action. 
In a few preparations, widely different activities have been noted ac- 
cording to the stimulus employed; this finding is probably indicative of 
different modes of calcium translocation. Thus, in rabbit mesenteric 
artery, verapamil is -1000 times more active against K+ than against 

norepinephrine-induced contractions, suggesting that norepinephrine 
and K+ employ principally intracellular and extracellular calcium sources, 
respectively (80). In contrast, K+ and muscarinic receptor-induced 
contractions of guinea pig ileal longitudinal smooth muscle appear, as 
judged by antagonist activities, to employ identical calcium translocation 
mechanisms. 

Where kinetic evidence is available, verapamil, methoxyverapamil, 
and nifedipine appear to act noncompetitively against agonists and 
competitively against calcium. An exceptional situation apparently exists 
in cardiac tissue where the effects of these agents can be overcome by 
increasing extracellular calcium and by catecholamines (55, 56,74) so 
that a competitive relationship appears to exist also between P-agonists 
and the calcium antagonists (81,821. A likely explanation is that the ac- 
tion of catecholamines at the cardiac P-receptor is to increase the avail- 
able calcium channels, perhaps by a cyclic adenosine monophosphate- 
dependent mechanism (83). Nifedipine, which shows no apparent 
structural similarity to verapamil or methoxyverapamil, appears to be- 
have similarly. 

There is no question but that verapamil, methoxyverapamil, and ni- 
fedipine act as potent antagonists of the slow inward calcium current. 
There is also evidence that these agents may have important effects on 
other ionic processes. Verapamil and methoxyverapamil, a t  the fairly high 
concentrations used in the squid axon (2 X lo-* M), do reduce the fast 
Na+ current; in cardiac fibers, these agents also appear to have some ef- 
fect on both the Na+ and K+ currents (84,85). However, some part of 
their effects on K+ currents probably is due to the dependence of the 
latter on calcium entry (86). 

Whether nifedipine, which is generally assumed to be a calcium channel 
antagonist acting similarly to verapamil and methoxyverapamil but of 
higher activity, shares all of the actions of verapamil and methoxyver- 
apamil is not fully established. However, nifedipine does exert a greater 
depressant effect on the guinea pig atria with increasing stimulus fre- 
quency, suggesting that it also modifies the kinetics of the calcium res- 
titution processes (87). That compounds of such differing structure as 
verapamil and nifedipine exert similar effects on both the calcium per- 
meation and restitution processes is perhaps suggestive that both pro- 
cesses are controlled through interaction a t  a common site. 

EXCITATION-CONTRACTION COUPLING IN SMOOTH 
MUSCLE 

The source of calcium utilized in smooth muscle excitationxontraction 
coupling remains ill-defined since, unlike fast skeletal muscle, the smaller 
less well-developed sarcoplasmic reticulum and slower and more sus- 
tained contractile responses of smooth muscle do not impose the domi- 
nant demands for an intracellular calcium mobilization-sequestration 
system that is seen in skeletal muscle. Hence, in smooth muscle, intra- 
cellular and extracellular sources of calcium may be utilized in excita- 
tion-contraction coupling; the relative usage depends on the tissue, the 
experimental conditions, and the stimulus (88-93). 

Sarcoplasmic reticulum does exist in smooth muscle, and studies 
(94-96) showed that the amounts vary significantly, being greatest in 
rabbit main pulmonary artery and least in portal anterior mesenteric vein 
and taenia coli. A correlation exists between the sarcoplasmic reticulum 
volume and the ability to sustain contraction in the absence of extracel- 
lular calcium. Furthermore, the central and peripheral tubules of sar- 
coplasmic reticulum are continuous with each other, and the peripheral 
tubules enjoy a close relationship with the surface membrane in some 
tissues, suggesting that this arrangement may provide the structural basis 
for calcium release by the invasion of the action potential (94-98). Cal- 
cium-sequestering subcellular fractions have been isolated from several 
smooth muscles (89,99-101). However, the quantitative contribution 
of sarcoplasmic reticulum calcium to excitation-contraction coupling 
is not established, and it is also clear that there is no obligatory association 
between electrical and mechanical events for some smooth muscles (94, 
97, 102-105). Agonist and antagonist actions are identical or very similar 
to polarized and depolarized tissues, and excitation-contraction coupling 
can therefore be independent membrane potential changes. 

Attempts to define intracellular or extracellular calcium pools as the 
source of calcium used in smooth muscle excitation-contraction coupling 
simply on the basis of dependence of responses on extracellular calcium 
is of questionable value. Thus, Keatinge (104) showed, for norepineph- 
rine-induced contractions of sheep carotid artery, that  a 30-min incu- 
bation in calcium-free media left sufficient extracellular calcium to 
sustain excitation-contraction coupling. Furthermore, in any experiments 
in which calcium is altered, significant “stabilizing” or “labilizing” actions 
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occur a t  the cell membrane level and may profoundly alter membrane 
excitability (105-108). 

Finally, even where tissues do show extreme dependence on extracel- 
lular calcium, this does not imply equivalent utilization of extracellular 
calcium. Studies on guinea pig ileal longitudinal and rat vas deferens, both 
of which are extremely dependent on extracellular calcium, are illustrative 
of this fact (109,110). Comparison of the action of calcium antagonists 
including La”+, methoxyverapamil, nifedipine, 2-diethylaminoethyl- 
2,2-diphenyl valerate, and local anesthetics revealed significant differ- 
ences in their activities in these two tissues. It was concluded: “that al- 
though qualitative similarities are apparent with respect to the depen- 
dence of agonist-induced activity in both the guinea pig ileum and rat 
vas deferens it is clear that calcium translocation processes in these two 
tissues, as examined by the use of a variety of calcium antagonists” are 
both tissue and agonist selective (110). The calcium ionophore A-23187 
produces contractile responses in the guinea pig ileal hut not in the rat 
vas deferens smooth muscle (111). Clearly, differences in calcium utili- 
zation are involved in these two smooth muscles which, however, show 
an equal apparent dependence on extracellular calcium. 

It has been suggested that the lanthanide cations may provide a 
method for distinguishing between intracellular and extracellular calcium 
use (112-1 16) on the basis that the similar ionic radius of La3+ and cal- 
cium and the higher charge density of La3+ will enable it to replace cal- 
cium influx and efflux. If these assumptions are correct (53,96, 117), then 
the use of La3+ may permit a qualitative diagnosis of intracellular versus 
extracellular calcium use. Moreover, because La3+ is presumed to displace 
the superficial, rapidly exchangeable calcium and prevent calcium flux, 
it can he used to “trap” intracellular calcium and, hence, to  obtain a 
quantitative estimate of any change in intracellular calcium occurring 
during excitation-contr ction coupling. Thus, in guinea pig ileal longi- 
tudinal muscle, phasic a\d tonic components of the acetylcholine- and 
K+-induced responses are equally (and highly) sensitive to La“, 
suggesting that a similar or identical calcium source is involved (53). In 
rat uterus, acetylcholine responses are significantly more resistant than 
K +  responses (115). In rabbit aorta, La3+ abolishes the slow phase of the 
norepinephrine response hut leaves the fast phase unchanged (114,115), 
suggest.ing that extracellular and intracellular calcium components are 
utilized, respectively. 

The  “lanthanum method” has also been used to determine quantita- 
tively extracellular calcium uptake during excitation-contraction cou- 
pling. Thus, in rabbit aorta, Van Breemen et al. (114) showed that there 
were parallel changes in tension development and intracellular calcium 
content during K+ or Li+ stimulation hut only after the complicating 
effects of extracellular calcium exchange had been eliminated by La”+ 
treatment. 

Although progress is being made in the delineation of the relative use 
of intracellular and extracellular calcium in smooth muscle excitation- 
contraction coupling, the mechanisms by which drug-receptor interac- 
tions are linked to calcium mobilization are poorly understood. Several 
mechanisms must he considered: 

1. Coupling o f  membrane potential changes to calcium release from 
sarcoplasmic reticulum. This may he regarded as some equivalent of 
skeletal muscle excitation-contraction coupling and may also include 
an influx ol “trigger” calcium that initiates an intracellular calcium re- 
lease. 
2. Direct entry of calcium through action potentials that  totally or 

partially use calcium as the current-carrying species. 
3. Mobilization of calcium (intracellular or extracellular) by poten- 

tial-independent changes, i .e.,  the pharmacomechanical coupling of 
Somlyo and Somlyo (94,97). 

4. Influx of calcium through int,racellular sodium-extracellular calcium 
exchange processes. 

These processes are not mutually exclusive, and it is entirely possible 
that their comhinations are used in a given smooth muscle. Additionally, 
it is obviously necessary to consider the roles of cyclic adenosine mono- 
phosphate and cyclic guanosine monophosphate because of their well- 
dencrihed relationships to receptor processes, notably to adrenergic ( (7  

and /j) and cholinergic (muscarinic) processes (cf., 118-121), and because 
of the mutual interrelationship of calcium and the cyclic nucleotides in 
many systems (122, 123) .  Increasing evidence suggests that  the cyclic 
nucleotides may. through their activation of protein kinase, control 
membrane phosphorylation and that this may serve to  control ion per- 
meabilities (124. 125). 

Finally. a comment must be made on the possible role of calcium as 
a component of membrane receptors such that agonist displacement of 
the calrium serves to labilize the membrane and initiate excitatory events 
and enhanced calciuni binding serves to stabilize the membrane. Some 

implications of this proposal were considered previously (53, 108, 
126). 

As noted previously, calcium entry through specific calcium channels 
is one source of calcium for excitation-contraction coupling in smooth 
muscle. The guinea pig ileal longitudinal smooth muscle represents one 
such system (53, 126-128). This tissue is very sensitive to extracellular 
calcium for both K+ and acetylcholine responses, and both responses are 
equally sensitive to La”, methoxyverapamil, and nifedipine. 

Calcium 45 uptake has been measured by the “lanthanum procedure” 
and is equally sensitive to the calcium antagonists as the mechanical 
responses. A 1:l relationship was found for calcium uptake and me- 
chanical response and, in a series of muscarinic agonists and partial 
agonists, decreased calcium uptake was associated with partial agonists. 
The guinea pig ileal longitudinal smooth muscle is sensitive to stimulants 
including K+, acetylcholine, and histamine, and the responses are all 
equally sensitive to  the calcium antagonists methoxyverapamil and ni- 
fedipine. This finding suggests that several stimulants serve to activate 
a common pool of calcium channels. 

Much of the reviewed material with respect to smooth muscle physi- 
ology and pharmacology may be relevant to  calcium-ion involvement in 
chemical mediator releasing systems. 

CALCIUM AND CHEMICAL MEDIATOR RELEASE 

Lichtenstein’s studies (129) with the basophil system indicated that 
the release reaction can he divided into two stages: first, an antigen- 
dependent, calcium-independent stage, and second, an antigen-inde- 
pendent, calcium-dependent stage. The agents affecting histamine release 
uia increased accumulation of cyclic adenosine monophosphate appear 
to act only in the first stage whereas agents affecting microtubule function 
(colchicine and deuterium oxide) act in the calcium-dependent second 
stage. 

Further investigation (130) of the mechanism of mediator release from 
chopped human lung revealed an additional edetic (ethylenedia- 
minetetraacetic) acid-inhibitable, calcium-dependent step beyond the 
initial immunological stimulation of (presumed) increased permeability 
of the cell membrane to calcium and ingress of calcium ions. The exper- 
iments of Kaliner and Austen (130) also disclosed that isoproterenol in- 
creased cyclic adenosine monophosphate concentrations and prevented 
the observed calcium reversal of edetic acid inhibition of mediator release, 
suggesting that the second calcium-dependent step might relate to the 
action of a contractile protein susceptible to inhitition by phosphoryl- 
ation by the cyclic adenosine monophosphate-dependent protein kinase 
system (130). In this connection, it is important to  recall that calcium 
plays a critical role in the control of intracellular cyclic adenosine mo- 
nophosphate and cyclic guanosine monophosphate concentrations 
through its ability to inhibit adenyl cyclase (14), stimulate guanyl cyclase 
(15), and control the phosphodiesterase regulator protein (16). 

The most familiar pathophysiological stimulus to the mast cell is the 
antigen-antibody reaction, which leads to the release of histamine and 
other substances. In 1958, Mongar and Schild (7) observed that calcium 
was essential for this response. When it became apparent that calcium 
influx also mediated the effect of the physiological stimulus to adrenal 
chromaffin cell catecholamine release, Douglas (131) suggested that the 
role of calcium in immunological mast cell activation might be similar, 
namely, to act as a coupling agent between stimulus and response. Later, 
Douglas (132) cited the mast cell as an example of a class of secretory cells 
using calcium influx to activate exocytosis. Indeed, the microinjection 
of calcium ions into mast cells caused granule exocytosis (8). 

The  calcium inophore A-23187 also stimulates mediator release in rat 
mast cells (133) and human basophils (134). Comparisons of immuno- 
logical and ionophore-induced mediator release from basophils have been 
made. Ionophore and antigen-stimulated histamine release in human 
basophils differ in several respects (134): the kinetics and total quantity 
of histamine released are different, depending on the concentrations of 
antigen or ionophore (with low antigen concentrations producing a slower 
rate and less total histamine release but low ionophore concentrations 
producing delayed onset hut rapid and essentially complete histamine 
release); antigen-desensitized basophils release histamine with ionophore; 
cyclic adenosine monophosphate or agents that stimulate increased cyclic 
adenosine monophosphate concentrations do not reduce ionophore- 
induced histamine release as with antigen-induced release; the mi- 
crotuhule-active agents colchicine and deuterium oxide inhibit and 
augment ionophore-induced release, respectively, hut quantitatively less 
so as compared to antigen-stimulated release; and the calcium antagonist 
lanthanum inhibits both processes, hut the ionophore effect is slightly 
more sensitive. Thus, ionophore and antigen appear to share certain as- 
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pects of the codependent biochemical mechanisms involved in histamine 
release but clearly differ in some respects (134). The specific calcium 
channel(s) involved, their topography in relationship to the cell surface 
immunological event, and the mechanisms of opening and closing the 
calcium channels involved in immunological or ionophore-stimulated 
mediator release remain unknown. 

The calcium antagonist lanthanum produces significant inhibition of 
histamine release not only in basophils but also in mast cells (135) fol- 
lowing immunological challenge. Based on a series of experiments, 
Foreman and Mongar (cf., 136) concluded that mast cell activation (by 
several different mechanisms) is accompanied by calcium uptake that 
is temporally and quantitatively related to histamine release, suggesting 
that the trigger to histamine release from mast cells is an increased mast 
cell membrane permeability to calcium and an influx of calcium ions to 
the intracellular compartment. In the stimulated cell, it is supposed that 
the equilibrium between “open” and “closed” calcium channels is shifted 
in favor of open, allowing increased influx of calcium, the magnitude of 
which determines the degree of histamine secretion. In their model, 
Foreman and Mongar (136) considered that cyclic adenosine mono- 
phosphate has an effect that closes calcium channels and reduces calcium 
influx. 

The recent experiments of Payne (137) on histamine release in the rat 
mast cell system concerned the effects of quercitin, dantrolene sodium, 
and 8-(N,N-diethylamino)-octyl-3,4,5-trimethoxy~nzoate, all calcium 
antagonists (137). Quercitin and a small number of other flavones of plant 
origin recently were shown to inhibit histamine release by immunological 
and nonimmunological stimuli (but no ionophore) (138). Flavones are 
chemically related to cromolyn sodium; it was suggested that they act 
similarly by interfering with the normal path of calcium entry into 
stimulated mast cells. Like quercitin, dantrolene sodium (130) and 8- 
(N,N-diethylamino)-octyl-3,4,5-trimethoxybenzoate (140) have been 
reported to interfere with calcium translocations. Dantrolene sodium is 
a peripherally acting smooth muscle relaxant thought to prevent intra- 
cellular mobilization of calcium. 8-(N,N-Diethylamino)-octyl-3,4,5-tri- 
methoxybenzoate is an aliphatic reserpine analog, which has also been 
suggested to act as an intracellular calcium antagonist based on its in- 
hibitory effects on smooth muscle contraction (140). 

Payne’s results (137) indicated that histamine release by compound 
48/80 from peritoneal and pleural rat mast cells was inhibited in a con- 
centration-dependent manner by quercitin, which also inhibited dex- 
tran-induced histamine release. Dantrolene sodium inhibited histamine 
release by either compound 48/80 or dextran whereas it produced only 
weak inhibition of histamine release induced by the calcium ionophore 
A-23187. On the other hand, histamine release by dextran and ionophore 
A-23187 was strongly inhibited by 8-(N,N-diethylamino)-octyl-3,4,5- 
trimethoxybenzoate. The results were interpreted to suggest that quer- 
citin, dantrolene sodium, and 8-(N,N-diethylamino)-octyl-3,4,5-tri- 
methoxybenzoate may act a t  different sites to inhibit calcium translo- 
cations required for histamine release. Also, Barrett-Bee (141) found that 
the calcium antagonist cinnarizine inhibited antigen-induced histamine 
release (50%) in the rat mast cell system. 

SUMMARY 

Asthma may be considered to be a calcium-dependent disease by virtue 
of the dependency of excitation-contraction coupling in smooth muscle, 
stimulus-secretion coupling in mast cells and mucous glands, and vagal 
nerve activity on the availability of increased cytoplasmic calcium-ion 
concentrations. The nature and regulation of the calcium channels or 
pathways involved in various cell types are unknown. Whether the in- 
creased responsiveness of the relevant cells in asthma is characterized 
by increased ease of calcium influx, release from intracellular storage sites, 
or decreased calcium sequestration mechanisms in the plasma membrane 
or intracellular organelles is a subject for future research. 

Effective antiasthmatic therapy must act finally to reduce availability 
of cytoplasmic calcium to excitation-contraction, stimulus-secretion, 
and nerve activation systems. Many effective drugs presumably act in 
this fashion, but the mechanisms are poorly understood. 

It is possible that new calcium antagonists could be synthesized that 
would inhibit calcium influx or intracellular calcium movements in airway 
smooth muscle, mast cells, mucous glands, and vagus nerve and that 
might prove of value in asthma treatment. 

REFERENCES 

(1) K. F. Austen and R. P. Orange, Am.  Reu. Resp. Dis., 112,423 
(1975). 

(2) K. F. Austen, in “Immunological Diseases,” 3rd ed., M. Santer, 
Ed., Little, Brown, Boston, Mass., 1978, p. 183. . 

(3) T. J. Sullivan and C. W. Parker, Am.  J .  Pathol., 85, 437 
(1976). 

(4) M. Kaliner and K. F. Austen, Biochem. Pharmacol., 23, 763 
(1974). 

(5) R. G. Coffey and E. Middleton, Jr., in “Comprehensive Immu- 
nology, Part 111: Immunopharmacology,” d. W. Hadden, R. G. Coffey, 
and F. Spreafico, Eds., Plenum, New York, N.Y., 1977, p. 203. 

M. Plaut and L. M. Lichtenstein, in “Allergy: Principles and 
Practice,” E. Middleton, Jr., C. E. Reed, and E. F. Ellis, Eds., Mosby, St. 
Louis, Mo., 1978, p. 115. 

(6) 

(7) J. L. Mongar and H. 0. Schild, J .  Physiol., 140,272 (1958). 
(8) T. Kanno, D. E. Cochrane, and W. W. Douglas, Can. J .  Physiol. 

Pharmacol., 51,1001 (1973). 
(9) K. Ishizaka and T. Ishizaka, in “Allergy: Principles and Prac- 

tice,” E. Middleton, Jr., C. E. Reed, and E. F. Ellis, Eds., Mosby, St. Louis, 
Mo., 1978, p. 52. 

(10) T. Ishizaka and K. Ishizaka, J .  Immunol., 120,800 (1978). 
(11) R. A. Lewis and K. F. Austen, Fed. Proc. Fed. Am. SOC. Erp. 

(12) H. R. Colten and K. H. Gabbay, J .  Clin. Inuest., 51, 1972 

(13) M. Kaliner, J .  Allergy Clin. Immunol., 60,204 (1977). 
(14) G. A, Robison, R. W. Butcher, and E. W. Suterland, ‘fCyclic 

AMP,” Academic, New York, N.Y., 1971, p. 81. 
(15) G. Schultz, in “Asthma: Physiology, Immunopharmacology and 

Treatment,” K. F. Austen and L. M. Lichtenstein, Eds., Academic, New 
York, N.Y., 1978, p. 77. 

(16) C. 0. Brostorm, Y. Huang, B. M. Breckenridge, and D. J. Wolff, 
Proc. Natl. Acad. Sci. USA,  72,64 (1975). 

(17) D. W. Empey, W. A. Laitinen, L. Jacobs, W. M. Gold, and J. A. 
Nadel, Am. Reu. Resp. Dis., 113, 131 (1976). 

(18) J. A. Nadel, in “Asthma: Physiology, Immunopharmacology and 
Treatment,” K. F. Austen and L. M. Lichtenstein, Eds., Academic, New 
York, N.Y., 1973, p. 29. 

B i d ,  36,2676 (1977). 

(1972). 

(19) J .A.  Nade1,Am. Reu. Resp. Dis., 115,117 (1977). 
(20) W. M. Gold, Postgrad. Med. J., Suppl.  7, 51,53 (1975). 
(21) W. M. Gold, in “Allergy: Principles and Practice,” E. Middleton, 

Jr., C. E. Reed, and E. F. Ellis, Eds., Mosby, St. Louis, Mo., 1978, p. 
499. 

(22) R. Patterson, J .  C. McKenna, I. M. Suszko, N. H. Solliday, J. J .  
Pruzansky, M. Roberts, and T. J. Kehoe, J .  Clin. Inuest., 59, 217 
(1977). 

(23) A. Szentivanyi, J .  Allergy, 42,203 (1968). 
(24) C. E. Reed and R. G. Townley, in “Allergy: Principles and 

Practice,” E. Middleton, Jr., C. E. Reed, and E. F. Ellis, Eds., Mosby, St. 
Louis, Mo., 1978, p. 659. 

(25) C. W. Parker, in “Asthma: Physiology, Immunopharmacology 
and Treatment,” K. F. Austen and L. M. Lichtenstein, Eds., Academic, 
New York, N.Y., 1973, p. 185. 

(26) E. Middleton, Jr.,  Adu. Intern. Med., 18, 177 (1972). 
(27) R. G. Coffey and E. Middleton, Jr., in “Comprehensive Immu- 

nology, Part 111: Immunopharmacology,” J .  W. Hadden, R. G. Coffey, 
and F. Spreafico, Eds., Plenum, New York, N.Y., 1977, p. 203. 

(28) K. Raij, K. Alanko, A. Muittari, and M. Harkonen, Scand. J .  
Resp. Dis., 57,223 (1976). 

(29) M. E. Connolly and J .  K. Greenacre, J .  Clin. Invest., 58, 1307 
(1976). 

(30) H. S. Nelson, J. W. Black, L. B. Branch, B. Pfuetze, H. Spading, 
R. Summers, and D. Wood, J .  Allery Clin. Immunol., 55,299 (1975). 

(31) H. G. Morris, S. A. Rusnak, J .  C. Selner, and J .  Barnes, Chest, 
June  Suppl. ,  73,973 (1978). 

(32) A. Kalisker, H. E. Nelson, and E. Middleton, Jr., J .  Allergy Clin. 
Immunol., 60,259 (1977). 

(33) W. W. Busse, Am.  Rev. Resp. Dis.. 115,783 (1977). 
(34) R. K. Bush, W. W. Busse, D. K. Flaherty, D. Warshauer, E. C .  

Dick, and C. E. Reed, J .  Allergy Clin. Immunol., 61,80 (1978). 
(35) G. A. Rinard, A. R. Rubinfeld, L. L. Brunton, and S. E. Mayer, 

Proc. Natl. Acad. Sci. U S A ,  76,1472 (1979). 
(36) M. Rodbell, M. C. Lin, Y. Salmon, C. Londos, J. P. Harwood, 

B. R. Martin, M. Rendell, and M. Berman, Acta Endocrinol., Suppl. 191, 
77,ll (1974). 

(37) T. Pfeuffer and E. .J. M. Helmreich, J .  Aid .  Chem., 250, 867 
(1975). 

(38) D. Cassel and Z. Selinger, Biochim. Riophys. Acta, 452, 538 
(1976). 

Journal of Pharmaceutical Sciences I 249 
Vol. 69, No. 2, February 1980 



(39) J. Richardson and T. Bouchard, J .  Allergy Clin. Immunol, 56, 

(40) J. Richard and d. Beland, J .  Appl. Physiol., 41,764 (1976). 
(41) B. G. Simonsson, K. Andersson, N. P. Bergh, B. E. Skoogh, and 

N. Svedmyr, in “Bronchitis 111,” N. G. M. Orie and R. Van Der Lende, 
Eds., Charles C Thomas, Springfield, Ill. ,  1970, p. 334. 

(42) C. J. Duncan, “Symposium of the Society for Experimental 
Biology, XXX,” Cambridge University Press, Cambridge, England, 
1976. 

473 (1975). 

(43) R. H. Kretsinger, Chem. Reu., 18,29 (1976). 
(44) P. F. Baker, Progr. Riophys. Mol. B id . ,  24, 177 (1972). 
(45) M. P. Blaustein, Reu. Physiol. Biochem. Pharmacol., 70, 33 

(46) H. Rueter, Progr. Riophys. Mol. Biol., 26,l  (1973). 
(47) A. L. Lehninger, Suppl .  111, Circ. Res., 1974,83. 
(48) E. Carafoli and M. Crampton, “Symposium of the Society for 

Experimental Biology, XXX,” cambridge University Press, Cambridge, 
England, 1976. 

(49) D. H. MacLennan and P. C. Holland, Ann. Reu. Riophys. 
Rioeng., 4,377 (1975). 

(50) E. Carafoli, F. Clementi, W. Drabikowski, and A. Margreth, 
“Calcium Transport in Contraction and Secretion,” North-Holland 
Amsterdam, The Netherlands, 1975. 

(51) A. L. Hodgkin and A. F. Huxley, J.  Physiol. (London), 117,500 
(1952). 

(52) S. Hagiwara, in “Dynamic Properties of Lipid Membranes and 
Bilayers,”vol. 3, G. Eisenman, Ed., Dekker, New York, N.Y., 1975. 

(53) D. J. Triggle and C .  R. Triggle, “Chemical Pharmacology of the 
Synapse,” Academic, New York, N.Y., 1976, chap. IV. 

(54) B. Hille, Progr. Biophys. Mol. Biol., 21,l  (1970). 
(55)  A. Fleckenstein, in “Calcium and the Heart,” P. Harris and L. 

(56) A. Fleckenstein, Arzneim.-Forsch., 22.2019 (1972). 
(57) L. Rosenberger and D. d. Triggle, in “Calcium in Drug Action,” 

(SS) S. S. Jafferji and R. H. Michell, Biochem. J. ,  154,653 (1976). 
(59) Ibid., 160,397 (1976). 
(60) Ibid., 160, 163 (1976). 
(61) A. Fleckenstein, Annu. Reo. Pharmacol, Toricol., 17, 149 

(62) M. F. Piascik, R. G. Rahwan, and D. T. Witiak, J .  Pharmacol. 

(63) R. G. Rahwan, M. M. Faust, and D. T. Witiak, ibid., 201, 126 

(64) ,J. P. Girard and M. Cuevas, Allergol..Immunopathol., Suppl. 

(65) U. Martin and D. Roemer, ibid., 1977,s. 
(66) B. Pourrias and F. Friedrich, Eur.  J .  Pharmacol., 49, 203 

(67) J. M. Diamond and E. M. Wright, Annu. Reu. Physiol., 31,581 

(68) R. J. P. Williams, Q. Rev. C h m .  Soc., 24,331 (1970). 
(69) P. F. Baker and H. G. Glitsch, Phil. Trans. R. Soc. London Ser. 

(70) R. Ochi, J .  Physiol. (London), 263,139 (1976). 
(71) E. Nieboer, Strccc. Bonding, 2 2 , l  (1975). 
(72) R. B. Mikkelsen, in “Biological Membranes,” D. Chapman and 

(73) A. Fleckenstein, Ado. Cnrdiol., 12,183 (1974). 
(74) A. Fleckenstein, in “New Therapy of Ischemic Heart Disease,” 

W. Lochner, Ed., Springer, Berlin, Germany, 1976, p. 56. 
(75) A. Fleckenstein, H. Tritthart, H. J .  Doring, and K. Y. Byon, 

Arzneim.-Forsch., 22, 22 (1972). 
(76) M. Kohlardt, B. Bauer, H. Krause, and A. Fleckenstein, 

P/lurgrrs Arch., 335,309 (1972). 
(77) Ibid., 338,115 (1973). 
(78) M. Kohlardt, A. Herdey, and M. Kubler, ibid., 344, 149 

(79) H. Tritthart, R. Volkman, R. Weiss, and A. Fleckenstein, 

(80) H. J. Schuman, B. D. Gorlitz, and J. Wager, ibid., 289, 409 

(81) B. D. Gorlitz, J. Wagner, and H. Schuman, ibid., 283, 311 

(82) M. Endoh, J .  Wagner, and H. J .  Schuman, ibid., 287, 61 

(83) H. Reuter and H. Scholz, J Physiol. (London), 264, 17 

(1974). 

H. Opie, Eds., Academic, New York, N.Y., 1971, p. 135. 

G. B. Weiss, Ed., Plenum, New York, N.Y., 1978, p. 3. 

(1977). 

E x p .  Ther., 205, 155 (1978). 

(1977). 

V ,  1977,13. 

(1978). 

(1969). 

B., 270,389 (1975). 

D. F. H. Wallach, Eds., Academic, New York, N.Y., 1976, p. 153. 

(1973). 

Nnunyn-Schmeidc,b~rji.s ilrch. Pharmacol., 280,239 (1973). 

(1975). 

(1975). 

(1975). 

(1 977). 

(1974). 
(84) P. F. Cranefield, R. S. Aronson, and A. L. Wit, Circ. Res., 34,204 

(85) R. S. Kass and R. W. Tsien, J .  Gen. Physiol., 66,169 (1975). 
(86) J. B. Bassingthwaighte, C. H. Fry, and J. A. S. McGuigan, J .  

(87) K. Baumann, Naunyn-Schmiedebergs Arch. Pharmacol., 294, 

(88) E. E. Daniel, in “Muscle,” Pual, Danile, and Monckton, Eds., 

(89) L. Hurwitz and A. Suria, Annu. Reu. Pharmacol., 11, 303 

(90) D. J. Triggle, “Neurotransmitter-Receptor Interactions,” Ac- 

(91) D. J. Triggle, Prog. Surf. Mcm. Sci., 5, 267 (1972). 
(92) T. Tomita, Prog. Biophys. Mol. Biol., 30,185 (1975). 
(93) E. E. Daniel and R. A. Janis, Pharmacol. Ther. B., 1, 695 

(94) A. V. Somlyo and A. P. Somlyo, Science, 174,1955 (1971). 
(95) C. E. Devine, A. V. Somlyo, and A. P. Somlyo, J .  Cell Biol., 52, 

690 (1972). 
(96) C. E. Devine, A. V. Somlyo, and A. P. Somlyo, Phil. Trans. Roy. 

Soc. London B, 265,17 (1973). 
(97) A. V. Somlyo and A. P. Somlyo, J .  Pharmacol. Erp. Ther., 159, 

129 (1968). 
(98) A. P. Somlyo and A. V. Somlyo, in “Methods in Pharmacology,” 

vol. 3, E. E. Daniel and D. M. Paton, Eds., Plenum, New York, N.Y., 1975, 
pp. 3-45. 

(99) D. F. Fitzpatrick, E. J .  Landon, G. Debbes, and L. Hurwitz, 

(100) M. L. Hess and G. D. Ford, J .  Mol. Cell Cardiol., 6, 275 

(101) R. C .  Webb and R. C. Bhalla, ibid., 8, 146 (1976). 
(102) K. A. P. Edman and H. 0. Schild, J .  Physiol., 169, 404 

(1963). 
(103) J. Axelsson, in “Smooth Muscle,” E. Bulbring, A. F. Brading, 

A. W. Jones, and T. Tomita, Eds., Williams & Wilkens, Baltimore, Md., 
1970. 

Physiol. (London), 262, 15 (1976). 

161 (1976). 

Oxford University Press, New York, N.Y., 1965. 

(1971). 

ademic, New York, N.Y., 1971. 

(1975). 

Science, 176,305 (1972). 

(1974). 

(104) W. R. Keatinge, J .  Physiol., 224,21 (1972). 
(105) D. J .  Triggle and C. R. Triggle, “Chemical Pharmacology of the 

(1.06) B. Frenkenhaeuser and A. L. Hodgkin, J .  Physiol. (London), 

(107) A. M. Shanes, Pharmacol. Reu., 10,59 (1958). 
(108) D. J .  Triggle, Annu. Rev.  Pharmacol., 12, 185 (1972). 
(109) C. R. Triggle and D. J. ‘I’riggle, J .  Physiol., 254,39 (1976). 
(110) C. R. Triggle, V. C. Swamy, and D. J. Triggle, Can. J .  Physiol. 

(111) V. C. Swamy, M. Ticku, C. R. Triggle, and D. J .  Triggle, ibid., 

(112) M. Takata, W. F. Pickard, J. Y. Lettvin,andd. W. Moore,J. Cen. 

(113) C. Van Breemen, Arch. I n t .  Physiol. Riochim., 77,710 (1969). 
(1 14) C. Van Breemen, R. R. Farinas, P. Gerba, and E. McNaughton, 

Circ. Res., 30,44 (1972). 
(115) C .  Van Rreemen, B. R. Farinas, R. Casteels, P. Gerba, R. 

Wuytack, and R. Deth, Phil. Trans. Roy. SOC. R, 265,57 (1973). 
(116) G. B. Weiss, Annu. Rea. Pharmacol., 14,343 (1974). 
(117) €3. J. Hodgson, A. M. Kidwai, and E. E. Daniel, Can. J .  Physiol. 

(118) R. G. G. Andersson, Acfa Physiol. Scand. Suppl., 1972.382. 
(119) H. P. Bar, Ado. Cyclic Nucleotides RPS. ,  4, 174 (1974). 
(120) T. P. Lee, .J. F. Kuo, and P. Greengard, Proc. Natl. Acad. Sci. 

(121) G. Schultz and J. G. Hardman, Ada. Cyclic Nuclwtide Res., 5,  

(122) H. Rasmussen, Science, 170,404 (1971). 
(123) M. J .  Berridge, Ado, Cyclic Nucleotide Res. ,  6, 1 (1975). 
(124) P. Greengard, ibid., 5 ,  582 (1975). 
(125) P. Greengard, Nature, 260.101 (1976). 
(126) K. J .  Chang and D. .J. Triggle, in “Membranes in Metaholic 

(127) M. Ticku and D. J .  Triggle, <;en. F’harmacol., 7, 133 (1976). 
(128) L. Rosenherg, M. Ticku, and D. J. Triggle, (Inn. J .  Physiol. 

(129) L. M. Lichtenstein, J .  Immunol.. 107,1122 (1971). 
(130) M. Kaliner and K. F. Austen, J .  Erp. Med. ,  138,1077 (1973). 

Synpase,” Academic, New York, N.Y., 1976. 

137,218 (1957). 

Pharmacol., in press. 

53,1108 (1975). 

Physiol., 50,461 (1966). 

Pharmacol., 50,730 (1972). 

USA, 69,3817 (1972). 

339 (1975). 

Regulation,” M. Mehlmann, Ed., Academic, New York, N.Y., 1973. 

Pharrnacol., 57,383 (1979). 

250 / Journal of Pharmaceutical Sciences 
Vol. 69. No. 2, February 1980 



(131) W. W. Douglas, in “Calcium Transport in Contraction and Se- 
cretion,” E. Carafoli, F. Clementi, w. Drabikowski, and A. Margreth, 
Eds., Axhican Elsevier, New York, N.Y., 1975, p. 167. 
(132) W. W. Douglas, Br. J. Pharmacol., 34,451 (1968). 
(133) J. C. Foreman, J. L. Mongar, and B. D. Gomperts, Nature, 245, 

(134) L. M. Lichtenstein, J .  Zmmunol., 114,1692 (1975). 
(135) J. C. Foreman and J. L. Mongar, Br. J. Pharmacol., 48, 527 

(1973). 
(136) J. C. Foreman and J. L. Mongar, in “Calcium Transport in 

Contraction and Secretion.” E. Carafoli, F. Clementi, W. Drabikowski, 
and A. Margreth, Eds., American Elsevier, New York, N.Y., 1975, p. 
175. 
(137) A. Payne, Ph.D. thesis, London University, London, England, 

1978, chap. 8. 
(138) C. M. S. Fewtrell and B. D. Gomperts, Biochim. Biophys. Acta, 

249 (1973). 

469,52 (1977). 

138 (1977). 

(1974). 

(139) K. G.  Morgan and S. H. Bryant, J. Pharmacol. Exp. Ther., 201, 

(140) M. H. Malagodi and C. Y. Chiou, Eur. J. Pharmacol., 27, 25 

(141) K. J. Barrett-Bee, Biochem. Soc. Trans., 5 ,  965 (1977). 

ACKNOWLEDGMENTS 

Presented as part of the Symposium on New Approaches to the 
Treatment of Asthma at the APhA Academy of Pharmaceutical Sciences, 
Anaheim meeting, April 1979. 

The author gratefully acknowledges many informative and stimulating 
conversations with Dr. David Triggle regarding the role of calcium in 
smooth muscle functions. 

Clinical Evaluation of Antiallergic Agents 

RICHARD R. ROSENTHAL 
Received May 4,1979, from the School of Medicine, Johns Hopkins University, and the Good Samaritan Hospital, Baltimore, M D  
21239. Accepted for publication September 10,1979. 

Abstract Testing methods used to detect antiallergic activity are 
described for several pharmacological classes of drugs. The pharmaco- 
dynamics of each drug determine the type of testing required to detect 
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Hypersensitivity involves an allergic reaction that is an 
immunological event characterized by the release of a 
chemical mediator, histamine or slow-reacting substance 
of anaphylaxis, in response to exposure to a foreign anti- 
gen. Foreign (environmental) antigens are usually complex 
protein mixtures such as cat dander or ragweed pollen. 
Initial antigen exposure results in the elaboration of 
antibody of the immunoglobulin E class, which, as circu- 
lating specific immunoglobulin E antibody, is in equilib- 
rium with cell-fixed immunoglobulin E on circulating 
basophils or tissue mast cells. When a subsequent envi- 
ronmental antigenic insult occurs, the antigen combines 
with the cell-fixed immunoglobulin E antibody, whereupon 
histamine and other chemical mediators are released to act 
directly on target tissue. Accordingly, the characteristic 
allergic reactions seen in asthma, rhinitis, urticaria, and 
even systemic anaphylaxis reflect the anatomic sites where 
histamine and other chemical mediators are released as 
well as their respective tissue responses. 

DISCUSSION 

Histamine release induced by antigen can be modified by drugs that 
act on various stages within the release mechanism. For example, the 
/3-agonists, isoproterenol, ephedrine, metaproterenol, and terbutaline, 
activate adenyl cyclase to increase intracellular levels of cyclic adenosine 

monophosphate, an enhancement that prevents histamine release. Be- 
cause phosphodiesterase catalyzes the conversion of cyclic adenosine 
monophosphate to 5’-adenosine monophosphate, inhibition of this en- 
zyme by drugs such BB the xanthines (theophylline) arrests the breakdown 
of cyclic adenosine monophosphate, thereby preventing histamine re- 
lease. 

Cromolyn sodium is the prototype of a new class of compounds that 
act presumably by preventing mediator release, although the exact 
mechanism of action is unknown. The anti-inflammatory steroids appear 
to stabilize the mast cell membrane and also enhance fl-receptor sensi- 
tivity. The prostaglandins not only influence intracellular cyclic adeno- 
sine monophosphate but also may prevent mediator release, whereas 
prostaglandin synthetase inhibitors may regulate allergic hypersensitivity 
reactions in either direction. At the cellular level, cu-agonists (phenyl- 
ephrine) and cholinergic agonists (acetylcholine) may increase intra- 
cellular cyclic guanosine monophosphate by stimulating guanyl cyclase 
and enhancing histamine release. On the basis of experimental evidence, 
a-blockers and cholinergic antagonists may have some usefulness as 
antiallergic agents. 

The classical antihistamines, exemplified by diphenhydramine, 
compete with histamine a t  HI-receptor sites to allay allergic reactions. 
This group has a new member with different pharmacological attributes, 
the Hn-receptor antagonist cimetidine, which blocks gastric acid secretion. 
Although this kind of blockade has not previously been associated with 
allergy treatment, preliminary studies suggest that HI- and Hz-blockers 
in combination may be effective against urticaria (1-3). Drugs that alter 
the immune response also may be considered antiallergic. Ragweed ex- 
tract or denatured antigens can raise the protective immunoglobulin G 
antibody titers and reduce the severity of an allergic reaction. 

A number of clinical testing procedures can be used to evaluate new 
antiallergic medications. The inhalation challenge method elicits an 
asthmatic attack under laboratory conditions, enabling a test drug to be 
evaluated (4). In this technique, mildly asthmatic volunteers with near 
normal pulmonary function inhale graded doses of antagonists such as 
antigen, methacholine, or histamine, using a specialized inhalation dosing 
apparatus, the inhalation dosimeter. Spirometry and specific airway 
conductance are monitored, and the dose-response curves to the inhaled 
antagonists indicate patient sensitivity. 

The provocation dose, defined as the amount of antagonist causing a 
20% fall in forced expiratory volume in 1 sec, is interpolated from the 
dose-response curve and used as a reproducible index of patient sensi- 
tivity to the inhalant. 

A change in the dose-response curve or a shift of the provocation dose 
toward a higher antigen requirement indicates an alteration of antigen 
sensitivity. By this procedure, antiasthma agents can be evaluated for 
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relative efficacy and compared pharmacokinetically. Also, the premed- 
ication interval can be lengthened to provide information relative to the 
duration of the blocking activity after the administration of the protective 
dose of the test drug. 

lsoproterenol kinetics have been studied with this procedure. When 
premedication with isoproterenol was accomplished 1 hr before antigen 
provocation, the sympathomimetic agent was effective as a bronchodi- 
lator but did not act long enough to inhibit the response to inhaled an- 
tigen 1 hr later. When isoproterenol was given every 0.5 hr in conjunction 
with inhaled antigen, the dose-response curve shifted significantly in the 
direction of increased antigen requirement. However, when isoproterenol 
was admixed with the antigen and given simultaneously, complete in- 
hibition of the antigen response occurred. These observations correlate 
well with in oitro studies, which revealed that a peak accumulation of 
cyclic adenosine monophosphate occurred within 5 min of exposure to 
isoproterenol, as did a concomitant inhibition of antigen-induced his- 
tamine release (5). 

Similar studies with selective adrenergic agonists have shed light on 
the pharmacology involved in the bronchomotor response. Phenyleph- 
rine, primarily an a-agonist, elicits,bronchodilator responses and inhibits 
inhaled antigen effects in the manner of isoproterenol, a fi-agonist, al- 
though less effectively. This observation refutes the popular belief that 
tu-adrenergic receptors of bronchiolar smooth muscle cause broncho- 
spasm when activated. On the contrary, the evidence suggests that there 
are few, if any, cx-receptors in bronchiolar smooth muscle and that any 
activity caused by a-agonistic drugs is due to the unopposed weak 
@-specificity (6). 

Bronchial provocation techniques have been used extensively to study 
the physiology of asthma and the pharmacology of antiallergic drugs. 
@- Agonists, xanthines, anticholinergics, prostaglandins, and the cromo- 
lyn-type inhibitors have all been evaluated by these methods. The most 
effective agents in preventing bronchospasm by inhalation are the 0- 
adrenergic agonists. Isoproterenol is the most effective drug in this respect 
when given simultaneously with the antigen. Metaproterenol and ter- 
butaline, the latter not yet approved for inhalation, have a longer duration 
(7). 

Anticholinergic drugs, including atropine, are not yet available for 
inhalation in the United States, although they have been evaluated in 
bronchoprovocation studies. Atropine causes considerable baseline ele- 
vation and is a bronchodilator that diminishes the resting bronchial vagal 
tone (8). Irritant-induced bronchospasm caused by inhalation of dust 
or cold air is mediated by the vagus nerve, a cholinergic pathway, whose 
responses are effectively blocked by inhaled atropine (9). Antihistamines 
(HI-blockers) are ineffective when inhaled before antigen challenge, 
suggesting that mediators other than histamine may be involved in al- 
lergic bronchospasm. The synthetic prostaglandins, while not yet in the 
clinical testing stage, represent another class of potential asthma inhib- 
itors. 

The exercise challenge is more physiological or “natural” than the 
inhalation challenge. Exercise protocols require the performance of 
pulmonary function tests after a suitable patient jogs on a treadmill for 
6-8 min. Following this exercise, susceptible patients usually have a 
significant fall in their pulmonary function. A test drug can be introduced 
before the exercise challenge, and its inhibitory capabilities can be 
studied. This procedure seems best suited for evaluation of the cromo- 
lyn-type agents. Atropine, while raising the baseline, does not usually 
prevent the relative drop in pulmonary function that occurs after exercise 

(10, 11). Some protection is afforded by this anticholinergic, however, 
because of the elevated baseline pulmonary functions. The P-adrenergic 
agonists, isoproterenol and terbutaline, are quite effective through 
mechanisms of baseline elevation as well as prevention of the exercise 
response (7). On the other hand, inhaled antihistamines are ineffective 
against exercise challenge, although they possess varying degrees of an- 
ticholinergic activity (8). 

The most widely employed experimental method of drug evaluation 
is the maintenance of a symptom diary often supplemented with routine 
pulmonary function tests. Diaries that measure chronic symptoms of 
wheezing, shortness of breath, chest tightness, and cough and that assign 
a score for intensity and duration are quite useful, especially when 
medication use and pulmonary function are integrated into the diary. 
Such diaries are also effective for monitoring the effects of immuno- 
therapy (allergy shots) for the treatment of seasonal hay fever (12). 

In summary, drugs representative of many pharmacological categories 
are useful in the treatment of asthma and other allergic illnesses. An 
understanding of their pharmacodynamics is critical to the design of 
appropriate clinical trials as well as to proper prescribing. When under- 
lying mechanisms are not understood or are unclear, empiricism may be 
necessary for drug evaluation. As the mechanisms underlying the asth- 
matic state become better known, the potential for optimal therapy will 
emerge. 
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A current series on public affairs television is titled “Every Four Years.” The series 
examines various aspects of the presidency of the United States, and specifically 
the changing style of those who have sought and reached the office as well as the 
evolving impact those changes have had on the office itself. The title, of course, refers 
to the-presidential term, and the timing of the series is most appropriate with na- 
tional elections coming up again this fall. 

But even sooner, in fact this April, a process will repeat itself, which used to occur 
every ten years since 1820, but more recently has been taking place a t  five-year 
intervals. 

We refer to the United States Pharmacopeial Convention, the members of which 
will be gathering in Washington, D.C., from April 17 through April 19, immediately 
preceding the APhA Annual Meeting. 

As provided for in the USPC Bylaws, a call goes out “euery fiue years” to all the 
recognized organizations in medicine, pharmacy, and several related areas for each 
of them to appoint delegates who will then convene a t  the USPC’s quinquennial 
meeting. These delegates are responsible for ( a )  electing a Board of Trustees to 
oversee the operation, ( b )  selecting a Committee of Revision to undertake the as- 
signed tasks of developing and updating the standards to go into the next edition 
of the compendia, and ( c )  adopting a series of resolutions to serve as the expression 
of the will of the assembled convention concerning what particular subjects should 
be addressed, or what particular tasks should be undertaken, during the upcoming 
five-year period until the next convention. The delegates also deal with certain other 
matters such as extending recognition to additional organizations and proposed 
amendments to the USPC Bylaws. 

But the task of broadly laying out the master plan which will point the direction 
for the coming revision period is a function that should not be taken casually. All 
too often, organizations fail to recognize ominous signs which suggest the need for 
corrective action. 

In the case of the USPC, we see certain strong indications that the federal gov- 
ernment is moving in the direction of impinging on traditional compendia turf. 
Although there have been a number of such intrusions over the years-such as the 
antibiotic certification amendments and the authority to establish nonproprietary 
drug names-the movement was given substantial impetus with the Office of 
Technology Assessment’s Drug Bioequivalence Study Panel report in mid-1974. 
That  report called for the replacement of the USP and NF with a new standards- 
setting organization. 

Changes that occurred in 1975 served to buy some additional time for the official 
compendia to undertake and complete the job of developing standards and speci- 
fications that would pass the scrutiny of discerning critics including the OTA panel. 
There is, however, some question as to how well the USPC has responded to  date 
in fully satisfying that challenge. 

Whatever might be said along that line, the fact remains that significant com- 
pendia-related activity has been recently stirring within Food and Drug Adminis- 
tration circles. Indeed, these activities have caused some compendia-watchers to 
be concerned that the FDA could be laying the groundwork for an Afghanistan-style 
take-over. Whether or not the FDA may have such designs, we truly don’t know. 

However, a t  least two speeches by FDA officials, during recent months, point 
in the direction of a future turf-battle. 

First, the staff director of FDA’s new Compendia1 Monograph Evaluation and 
Development Program, speaking at the APhA Academy of Pharmaceutical Sciences’ 
November meeting in Kansas City, told the audience that the agency expects his 
program to produce a “new generation of compendial standards which are highly 
reflective of both the market and the state-of-the-art.” Begun only in late 1978, this 
program has two professed objectives: (a) to evaluate existing selected compendial 
monographs and to develop or improve analytical testing methods to assure that 
they will be suitable for regulatory purposes, and ( b )  to develop monographs where 
none currently exist in order to establish adequate public standards. 

Second, the executive director of FDA’s regional operations, appearing as a 
panelist during the Food and Drug Law Institute’s annual conference in Washington 
last December, informed the audience of programs initiated by his department 
within the past year. One such program he mentioned is a critical review of USP/NF 
monographs with a view toward developing new and improved test and assay pro- 
cedures a t  the various FDA regional laboratories. 

Clearly, therefore, in FDA’s eyes there is significant room for improvement in 
the cornpendial monographs. And how far FDA plans to pursue these projects of 
“improvement” remains to be seen. 

But if the agency were ever to mount a take-over effort, this would clearly be the 
wisest strategy to follow in initiating such tactics. Consequently, the delegates who 
soon will be assembling for the USP Convention should be conscious of this possi- 
bility and lay out the best possible defense to meet that threat-namely, a program 
that will produce a new edition of the compendia that is so improved in the stan- 
dards and specifications area as to approach a level of perfection that it will defy 
FDA challenges to “improve” it. 

In conclusion, we feel it would be tragic if this country ever were to lose the present 
system whereby drug standards are established within the private sector under legal 
sanction and recognition. The 1980 USP Convention will have the prime challenge 
of producing a workable, no-frills blueprint to see that such a loss is not allowed 
to occur through oversight or neglect. -EGF 
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Abstract The fluorescence properties of morphine congeners oxidized 
with potassium ferro-ferricyanide are described. Fluorescence did not 
occur in congeners with the following structural features: an alkyl or acyl 
group at  the 3-O-position, a C-6 carbonyl group, or absence of the furan 
oxygen. Masking the carbonyl group by ethylene ketal formation effec- 
tively restored fluorescence. Morphine congeners that fluoresced were 
most sensitive to structural changes at  C-6, C-7, and C-8. Details of effects 
of structural changes on emission maxima, intensity, and Stokes’ shift 
are reported. 

Keyphrases Morphine congeners-ferro-ferricyanide oxidation, 
fluorescence characteristics 0 Pseudomorphine-structural variations, 
fluorescence Fluorometry-structural effects, intensity, Stokes’ shift, 
structural analysis Structure-activity relationships-pseudomorphine 
and congeners 

Morphine (I, Table I) can be oxidized to the bimolecdar 
base pseudomorphine (11) by reaction with potassium 
ferricyanide in aqueous solution (1). The structure of this 
derivative was shown to be 2,2’-bimorphine on the basis 
of spectral and chemical studies (2). Because of the ex- 
tended conjugated system, the fluorescence properties of 
I1 are greatly enhanced over that of I. 

n 
Several fluorometric assays of I in biological material are 

based on the conversion of I to a pseudomorphine deriva- 
tive (3-6). The occurrence of fluorescence from oxidized 
solutions containing morphine congeners also has been 
observed (1) and used for structural verification of me- 
tabolites of naltrexone (XVII) (7) and naloxone (XXII) (8). 
However, a detailed understanding of the structural re- 

quirements for fluorescence of pseudomorphine congeners 
is not available for prediction of fluorescence of new 
compounds, and there is some ambiguity in the literature 
concerning the requirements for fluorescence of morphine 
congeners (1,8). Consequently, a study was made of the 
fluorescence properties of a series of morphine analogs to 
determine their basic structural requirements for fluo- 
rescence under oxidizing conditions. An explanation is also 
proposed for the unusual quenching properties of XVII 
and XXII. 

EXPERIMENTAL 

Apparatus-A spectrofluorometerl equipped with an x-y recorder2 
was used for determining excitation and emission spectra and for mea- 
suring fluorescent intensities. Spectra were not corrected for variations 
in lamp intensity or photomultiplier sensitivity but were calibrated with 
quinine sulfate a t  350 and 450 nm before each measurement. 

Chemicals3-All chemicals were reagent grade quality. 
TLC-Glass fiber sheets4 were developed with ethyl acetate-metha- 

nol-aqueous ammonia (70105 v/v/v). The developing chamber was al- 
lowed to equilibrate 10 min prior to elution. After the sheets were de- 
veloped and dried, they-were inspected for fluorescence under 250- and 
360-nm UV light. The plates were then sprayed with potassium iodo- 
platinate solution for visualization of morphine and pseudomorphine-like 
components. 

Preparation of Standard Solutions-Quinine sulfate solutions (1 
mghter) were prepared in 0.1 N H2S04. Solutions of morphine (10 pg/ml) 
and congeners were prepared in distilled water. The oxidant solution was 
a mixture of potassium ferricyanide (28.85 mg) and potassium ferrocy- 
anide (2.45 mg) in 50 mi of distilled water (1). The latter solution was 
prepared fresh daily, and an aliquot was diluted 10-fold before use. 

Oxidation and Measurement of Fluorescence-Equal volumes 
of drug solution (5 ml, 10 pg/ml) and phosphate buffer (5 ml, 0.1 M 
KzHPOa, pH 8.5) were mixed and treated with the freshly prepared ox- 
idant solution (0.5 ml). The mixture was allowed to remain at room 
temperature for 10 min. During the waiting period, the instrument was 

1 Model MK-1, Farrand Optical Co., New York, N.Y. 
2 Model F-100, Varian Associates, Palo Alto, Calif. 
3 Fisher Scientific Co., Fair Lawn, N.J. 
4 Gelman I.T.L.C., type S.G., Gelman Instrument Co., Ann Arbor, Mich. 
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Table I-Structures and Fluorescence Properties of Morphine Congeners Oxidized with Potassium Ferro-ferricyanide 
:N-Rw 

Fluorescence Characteristics * 
Structure Stokes' 

Compound R3 Re Rl4 RN X" A,, L r n  I-' Shift 

I Morphine H CH H CH3 - 324 434 18.9 7823 
OH 
OH 

111 a-Isomorphine H <H H CH3 - 324 429 22.4 7554 

IV Codeine CH3 <:H H CH3 - n.0. n.0. 
H 

H H - 324 436 12.7 7928 
H 'on 

H ( m H 3  

V Normorphine 

VI Norcodeine 

VII 6-Monoacetylmorphine 

CHJ H H - n.0. n.0. 
'OH 
H 

H CH3 - 323 433 22.0 7865 

H 

H 

H 

OH 

VIII Diacetvlmorphine CHBCO <ococH, H CH3 - n.o.c n.o.c 

IX Nalorphine H H CHzCH=CHz - 323 437 127.1 8076 
<OH 

X Dihydromorphine H <on 
XI Dihydro-a-isomorphine H <H H CH3 Hz 322 422 28.6 

H CH3 Hz 321 427 22.5 7733 

7359 
Hz n.0. n.0. 
Hz n.0. n.0. 

XI1 Hydromorphone H 0 H CH3 
XI11 Hvdrocodone CH3 0 H CH3 

XIV Dihydrodesoxy- H <H 
H CH3 Hz 322 422 17.0 7359 

XV 60-Naltrexol H /H OH CH,+ Hz 323 432 23.5 7812 

7359 

n 
morphine-D 

.'OH 
OH 

XVI 6P-Naltrexol H <H OH C H , d  Hz 322 422 112.2 

XVII Naltrexone H 0 OH CH,+ Hz n.0. n.0. 

OH CH,+ Hz 322 423 77.9 7415 
XVIII N-Methylcyclo- propylnoroxymorphone H (;I 

cyclic ethylene ketal 

propylnoroxycodone 
XIX N-Methylcyclo- CH3 0 OH C H , d  Hz n.0. n.0. 

XX 6a-Naloxol H 433 18.4 7865 OH CH&H=CHz Hz 323 

XXI 65-Naloxol H /OH OH C H z C H 4 H z  Hz 322 423 30.3 7415 

XXIII 6a-Oxymorphol H ./H OH CH3 Hz 323 431 38.9 7758 

H 

<OH 

.'H 
XXII Naloxone H 0 OH CHzCH=CHz H2 n.0. n.0. 

.'OH 

XXIV 6fl-Oxymorphol H <; OH CH3 Hz 322 422 101.9 7359 

XXV Oxymorphone H 0 OH CH3 Hz n.0. n.0. 
XXVI Oxycodone CH3 0 OH CH3 Hz n.0. n.0. 

Fluorescence Characteristics 
Structure Stokes' 

Compound RN Rc R hex Ll I-' Shift 

CH2CH2CH3 CH=CH 328 442 86.6 7863 
CH=CH 327 441 500.1 7905 

XXVII Etorphine CH3 
XXVIlI 6,14-endo-Etheno-7- CH3 (CH2hCH3 

(2-hydroxy-2-heptylb 
tetrahydrooripavine 

XXIX Diprenorphine C H 2 d  CH3 CHzCHz 326 44 1 32.4 7999 
XXX BuDrenorphine CHZ--d C(CH3h CHzCHz 326 439 298.3 7896 

~~ ~ 

0 The designations - and Hz represent unsaturation and saturation of the 7,8-bond, respectively. The constants X.. and A,, are reported in nanometers, and Stokes' 
shift constant is reported in centimeters-'. Intensity (1-l) is equivalent to the concentration of the compound, in micrograms per milliliter, that will give the same fluorescence 
intensity as 1 pg/ml of quinine sulfate. The fluorescence of all compounds was measured at pH 8.5 at a concentration of 5 Ng/ml, with the exception of XXVII-XXX which 
were measured at pH 7.0 due to insolubility at higher pH. n.0. indicates that fluorescence was not observed. A small amount of fluorescence was observed due to con- 
tamination of VIII by hydrolysis to VII. 
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Figure 1-Excitation and emission spectra of morphine ( I )  and 6a- 
naltrexol (XV) oxidized with potassium ferro-feyricyanide at pH 8.5. 
Both concentrations were 5 pglml; A, = 324 nm and A,, = 434 for I ,  and 
A,, = 323 nm and A,, = 432 for X V .  

calibrated with quinine sulfate solution for wavelength and intensity 
corrections. 

The excitation maximum, kx, of the drug solution was located, and 
relative intensity was recorded. Background corrections were made using 
drug solutions treated similarly but without added oxidant. Contributions 
from background were generally <5%. All drugs were analyzed in tripli- 
cate, and the mean of the analyses is reported. 

RESULTS AND DISCUSSION 

Morphine congeners were oxidized with potassium ferro-ferricyanide 
solution to form pseudomorphine-like products similar to thme formed 
from reaction of I. Fluorescence properties of these products were mea- 
sured with a spectrofluorometer calibrated with quinine sulfate solution. 
The procedure used for the oxidation step was adapted from that of 
Kupferberg et al. (1) for the oxidation of I. Optimum conditions for 
production of fluorescence (pH and reaction time) were established prior 
to fluorescence measurement. 

Typical excitation and emission spectra of the oxidation products of 
XV and I are shown in Fig. 1. The spectral similarities of XV to I are 
apparent. Three absorption bands were.observed for all morphine con- 
geners that exhibited fluorescence. Emission spectra characteristically 
showed a single maximum. The fluorescence properties of the oxidized 
morphine congeners are presented in Table I. The most intense absorp- 
tion bands, A,, and &,, are reported. In addition, a measure of the re- 
ciprocal of the fluorescent intensity, 1-1 (equivalent to the concentration 
of the compound in micrograms per milliliter that will give the same 
fluorescent intensity as 1 pglml of quiniie sulfate), Stokes' shift constant 
(9, lo), and a structure are included. The Stokes' shift constant, a measure 

Table 11-Compounds that Did Not Fluoresce under Oxidizing 
Conditions and Associated Mechanisms Preventing 
Fluorescence 

Apparent Structural 
Feature Involved 

in Prevention 
Compound of Fluorescence 

Codeine, a-isocodeine, norcodeine, Prevention of 
6a-hydrocodol, 6B-hydrocodol, dimerization at  C-2 by 
~ C X - O X ~ C O ~ O ~ ,  6 ~ - 0 ~ y ~ o d 0 1 ,  alkylation or acylation 
hydrocodonen, oxycodonea, N- of the C-3 phenol group 
methylcyclopropylnoroxycodonea , 
dextromethorphana, ethylmorphine, 
diacetylmorphine, 14-hydroxycodeine 

Levallorphan, pentazocine, cyclazocine 
Hydromorphone, naltrexone, naloxone, Intramolecular quenching 

oxymorphone by C-6 keto group 

These compounds have additional structural features that would prevent flu- 

Lack of a furan oxygen 

orescence under these conditions. 

of the energy dissipated during the lifetime of the excited state before 
return to the ground state, also reflects energy differences in shifts of 
equal magnitude at different wavelengths. 

Compounds that did not fluoresce under the mild oxidizing conditions 
of the potassium ferro-ferricyanide solution are listed in Table 11. It is 
apparent that a t  least three structural features are important in the 
prevention of fluorescence of morphine congeners under these conditions. 
The dimerization process can be blocked by introduction of an alkyl or 
acetyl group at  the 3-0-position. TLC analyses of the oxidized products 
of I, X, XII, XIII, XV, XVII, and 6B-hydrocodol for polar, pseudomor- 
phine-like adducts provided evidence for their occurrence for I, X, XII, 
XV, and XVII. Thus, it is likely that'the C-2 position of these compounds 
is activated by the presence of the C-3 phenolic group through tauto- 
merization to a quinone-like structure, which may then undergo a cou- 
pling reaction. Blockade of this process with an alkyl or acyl group would 
prevent dimerization. 

A second structural feature important in the prevention of fluorescence 
involves quenching by a carbonyl group located at C-6. Both XI1 and 
XVII reacted under the standard oxidizing conditions to produce a more 
polar product, as evidenced by iodoplatinate-positive spots on TLC. 
Although dimerization apparently occurred for XI1 and XVII, neither 
compound fluoresced. In contrast, fluorescence was observed for the 6a- 
and 6B-carbinol homologs of XI1 and XVII and for the ethylene ketal 
XVIII. Protection of the carbonyl group as a ketal, thus providing a flu- 
orescent derivative, is a similar effect to that observed by Crowell and 
Varsel (ll), who reported that the fluorescence quenching effect of aro- 
matic aldehydes could be overcome by acetal formation. 

The quenching effects of the carbonyl group result from the nonbonded 
electrons undergoing n - A* transitions at  lower energy levels and with 
lower molar absorptivity than the A - H* transitions. In addition, the 
greater degree of s character in the sp2 hybridized nonbinding orbital 
of the carbonyl okygen than in the A orbitals of the biphenyl system re- 
sults in a higher degree of spin-orbit coupling. Intersystem crossing is 
increased, thereby decreasing fluorescence and increasing the possibility 
of phosphorescence at  lower temperatures. The conversion of XVII to 
XVIII results in less s character for the carbon-oxygen bond at C-6 (sp3 
orbitals) and eliminates the K bond, thereby restoring fluorescence. 

The possibility that fluorescence quenching by the carbonyl group was 
occurring uia an intermolecular process rather than by intramolecular 
quenching was ruled out by mixing the fluorescent species and measuring 
the resultant fluorescence. Three solutions were prepared: A, XVII (20 
pglml); B, XV (20 pg/ml); and C, XVII (10 pg/ml) and XV (10 pglml). 
The compounds were oxidized and an additional solution, D, was pre- 
pared from equal parta of the oxidized Solutions A and B. This procedure 
gave the same concentration of drug in Solutions C and D. 

The fluorescence of each solution was measured (Fig. 2). The fluo- 
rescent intensity of Solution D was approximately one-half of that ob- 
served for Solution B, as would be expected if intermolecular quenching 

"1 - ) t r - S O L U T l O N  A 
*SOLUTION B 
-SOLUTION C 
-SOLUTION D 
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Figure 2-Excitation and emission spectra of solutions of naltrexone 
(XVII) and 6a-naltrexol (XV)  oxidized with potassium ferro-ferricy- 
anide at pH 8.5. The contents of the solutions were: A, XVII (20 pglml); 
B, XV (20 pglml); and C, XVII (10 pglml) and X V  (10 pg/ml). Solutions 
A-C were oxidized, and Solution D was prepared from equal parts of 
the oxidized Solutions A and B. 
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Table 111-Effects of Structural Changes on Fluorescence Characteristics 
~ 

Effectb 
Intensity A Stokes' 

Ratio Shift, cm-I Comparison Structural Changea Ahem nm 

I - v  
I - IX 

(N)CH3 - H 
(N)CHq + CH~CH=CHP 

+2 
+3 
+2 
+1 

0.67 
6.72 
0.47 
0.30 

+lo5 
+253 
+lo7 xxff- xx 

XXIV - XXI 
(N)CHj - CH&H=CHi 
(N)CHa + CHzCH=CHz +56 

XXIII - xv (NKH, - C H 1 d  +I 0.60 +54 
XXIV - XVI (N)CH, - C H , d  0 1.10 0 

xx -r xv tNKH:CH=CH, -+ C H , d  -1 1.28 -53 
v - IX (N)H -. CHzCH=CHz +1 10.01 +148 

XXI - XVI 
I - x  
111 - XI 

I -VII 

( N CHJ?H=CH, -+ CHI* 
HC(7)=C(S)H CHzCHz 
HC(7)=C(S)H - CHzCHz 

-1 
-7 
-7 

3.70 - 56 
1.19 -90 
1.28 -195 

H 
1.16 H 

OH OCOCH,r 
CY6< -C< -1 +42 

I - 111 H OH 

OH H 
CC6l< - C< -5 1.18 -269 

x - XI 

xv - XVI 

xx - XXI 

H OH 

OH H 
U6c -C< -5 

- 10 

-10 

1.27 -374 

4.17 -453 OH 
H 

C 4 6 K H  -c< 

c(6< -C< 

OH 
H OH 

OH H 
1.65 -450 

C 6 r C H  - c< -9 2.62 -399 OH 

H 
XXIII - XXIV 

O H  

jiv - XVIII -9 3.31 -397 

XVI - XVIII +1 0.69 +56 

+5 1.32 +374 H H 
XIV - x U6KH - C< OH 

XIV - XI 0 

+4 
0 

-2 
-1 

1.68 

1.73 
3.56 

0 

+25 
0 

-103 
+42 

x -+ XXlIT C(141H - COH 
~ ~. 

9.21 
5.77 

0 The molecular site at which a structural comparison is made is indicated in parentheses. b A& and AStokes' shift are expressed an differences in the fluoreaeence 
constants of the second compound minus those of the first compound. The intensity ratio is I-* of the second compound divided by that of the first compound. When 
the intensity ratio is less than unity, the fluorescence intensity of the second compound IS increased by the molecular change. 

were not occurring. The fluorescence of Solution C was somewhat greater fluorescence by pseudomorphine-like compounds was the furan oxygen 
(75% of the intensity of Solution D) than would be akcounted for by the bridge. Compounds lacking this group (e.g., levallorphan, pentazocine, 
dimers of XV formed in this mixture. This finding indicates that the and cyclazocine) exhibited no fluorescence under oxidizing conditions. 
mixed dimer forms (XV-XVII adduct) exhibit some fluorescence, al- Delocalization of the nonbonding electrons of the furan oxygen into the 
though less intense than that of XV. biphenyl ring system, thereby extending the conjugated system, possibly 

The third structural feature that was important in the production of accounts for the importance of this group. 

Table IV-Effects of Substituents on the Fluorescence of Moruhine Congeners Oxidized with Potassium Ferro-ferricvanide 

Structural" Substituent Effect on Effect on 
Group Change Effect on A,, Intensity Stokes' Shift 

- - C(3bOH C-0-alkyl Fluorescence not observed 

aKOH c=o Fluorescence not observed - - H 

Furan oxygen Elimination 
bridge 

- Fluorescence not observed 

OH 
C(6(rH Decrease Decrease Decrease 

HC(7)=C(8)H CHzCHz Decrease Decrease Decrease 
C(14)H C-OH None to small increase Decrease None to small increase 

Decrease NCH3 Decrease Decrease 
CHzCH=CHz or C H ~ ~  None to small increase Increase or decrease None to large increase 

(N)H 
("3% 

@ The molecular site at which a structural comparison is made is indicated in parenthesis. 
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Overall, the structural requirements for the production of fluorescence 
from pseudomorphine-like congeners include the following structural 
features: an unsubstituted C-3 phenolic group, a furan oxygen bridge, 
and lack of a C-6 carbonyl group. Thus, the observation by Weinstein et 
al. (8) that a C-6 hydroxyl group is necessary for formation of a fluo- 
rescent derivative of XVII under these conditions appears to be incom- 
plete. 

Certain structural changes modified A,,, intensity, and the Stokes’ 
shift constant (Table 111). Substitution of a larger group for the methyl 
group at the N-substituent position generally produced a shift to longer 
X., with a concurrent increase in the Stokes’ shift constant. The effect 
of this change on intensity, however, was varied and could increase or 
decrease. Saturation of the 7,s-double bond caused a sizable shift to 
shorter A,, as well as a decrease in intensity and the Stokes’ shift con- 
stant. 

Changes in the carbinol configuration a t  C-6 from the a to the 0 or- 
ientation consistently decreased Xem This change also produced a de- 
crease in intensity and a large decrease in the Stokes’ shift constant. In- 
spection of Dreiding molecular models indicates that the alcoholic group 
in the f l  orientation is anti to the biphenyl ring system and, thus, would 
exhibit an electron-withdrawing effect, which would result in a shift to 
shorter wavelengths and higher energy. However, substitution of an al- 
coholic group at  (2-14 for hydrogen caused little change in the fluorescence 
pattern, probably due to its isolation from the biphenyl system. 

Substitution of bulkier groups a t  & in the oripavine series of com- 
pounds, XXVII-XXX, caused a decrease in Lm as well as large decreases 
in intensity. 

General trends for effects of substituent changes on the fluorescent 
properties of the series of morphine agonista and antagonists tested are 
shown in Table IV. The most pronounced effecta resulted from (a) 
structural changes at C-3, where fluorescence was abolished by prevention 
of dimerization; ( b )  loss of the furan oxygen; and (c) structural changes 
in ring C, where fluorescence could be quenched by the presence of a 
carbonyl group at  C-6. Diminution of intensity was produced by struc- 
tural changes at  C-6, C-7, and C-8. 

The structural effects on &,were so pronounced by epimerization at 
C-6 that i t  could provide a means of distinguishing isomers in newly 
synthesized compounds and metabolites of this series with unknown 
configurations. Furthermore, the methods used for measurement of 
fluorescence are readily adaptable for quantitative measurementa of drug 
in biological samples. Thus, a general understanding of the requirements 
for fluorescence of morphine analogs with the ferricyanide reagent may 
assist in the development of sensitive and specific assays for these com- 
pounds. 
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Abstract A derivatization procedure and a high-performance liquid 
chromatographic (HPLC) method of analysis for pilocarpine are de- 
scribed. The method is based on the quaternization of the 3’-tertiary 
amino group of the methylimidazole ring of pilocarpine with p-nitro- 
benzyl bromide. The HPLC system employs an RP-ODS column with 
a methanol-water mobile phase containing octanesulfonate as an ion- 
pairing agent. The sensitivity of the method permits the analysis of pi- 
locarpine in biological fluids such as aqueous humor. The method is se- 
lective for pilocarpine in,the presence of isopilocarpine. Its applicability 
to the analysis of aromatic heterocyclic and alkyl tertiary amines is 
demonstrated. 
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Pilocarpine (I), a parasympathomimetic amine, is used 
widely as a topical ocular agent for the reduction of the 
elevated intraocular pressure associated with glaucoma. 
The UV absorption characteristics of pilocarpine are such 
that its direct spectrophotometric analysis is an alternative 
only when high sensitivity is not a requirement. 

BACKGROUND 

Various analytical methods are available for the determination of pi- 
locarpine, but they are limited relative to sensitivity, specificity, selec- 
tivity, and/or reliability. The official colorimetric method (1) utilizes 
hydroxylamine to cleave the lactone ring. However, the official method 
is neither selective nor specific. 

A kinetic method of analysis was reported (2). In the method, which 
is based on the imidazole- or substituted imidazole-catalyzed hydrolysis 
of 2,4-dinitrophenyl acetate, the extent of catalysis is dependent on the 
pilocarpine concentration. Microgram quantities of pilocarpine are 
measurable. 
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Overall, the structural requirements for the production of fluorescence 
from pseudomorphine-like congeners include the following structural 
features: an unsubstituted C-3 phenolic group, a furan oxygen bridge, 
and lack of a C-6 carbonyl group. Thus, the observation by Weinstein et 
al. (8) that a C-6 hydroxyl group is necessary for formation of a fluo- 
rescent derivative of XVII under these conditions appears to be incom- 
plete. 

Certain structural changes modified A,,, intensity, and the Stokes’ 
shift constant (Table 111). Substitution of a larger group for the methyl 
group at the N-substituent position generally produced a shift to longer 
X., with a concurrent increase in the Stokes’ shift constant. The effect 
of this change on intensity, however, was varied and could increase or 
decrease. Saturation of the 7,s-double bond caused a sizable shift to 
shorter A,, as well as a decrease in intensity and the Stokes’ shift con- 
stant. 

Changes in the carbinol configuration a t  C-6 from the a to the 0 or- 
ientation consistently decreased Xem This change also produced a de- 
crease in intensity and a large decrease in the Stokes’ shift constant. In- 
spection of Dreiding molecular models indicates that the alcoholic group 
in the f l  orientation is anti to the biphenyl ring system and, thus, would 
exhibit an electron-withdrawing effect, which would result in a shift to 
shorter wavelengths and higher energy. However, substitution of an al- 
coholic group at  (2-14 for hydrogen caused little change in the fluorescence 
pattern, probably due to its isolation from the biphenyl system. 

Substitution of bulkier groups a t  & in the oripavine series of com- 
pounds, XXVII-XXX, caused a decrease in Lm as well as large decreases 
in intensity. 

General trends for effects of substituent changes on the fluorescent 
properties of the series of morphine agonista and antagonists tested are 
shown in Table IV. The most pronounced effecta resulted from (a) 
structural changes at C-3, where fluorescence was abolished by prevention 
of dimerization; ( b )  loss of the furan oxygen; and (c) structural changes 
in ring C, where fluorescence could be quenched by the presence of a 
carbonyl group at  C-6. Diminution of intensity was produced by struc- 
tural changes at  C-6, C-7, and C-8. 

The structural effects on &,were so pronounced by epimerization at 
C-6 that i t  could provide a means of distinguishing isomers in newly 
synthesized compounds and metabolites of this series with unknown 
configurations. Furthermore, the methods used for measurement of 
fluorescence are readily adaptable for quantitative measurementa of drug 
in biological samples. Thus, a general understanding of the requirements 
for fluorescence of morphine analogs with the ferricyanide reagent may 
assist in the development of sensitive and specific assays for these com- 
pounds. 
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amino group of the methylimidazole ring of pilocarpine with p-nitro- 
benzyl bromide. The HPLC system employs an RP-ODS column with 
a methanol-water mobile phase containing octanesulfonate as an ion- 
pairing agent. The sensitivity of the method permits the analysis of pi- 
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Pilocarpine (I), a parasympathomimetic amine, is used 
widely as a topical ocular agent for the reduction of the 
elevated intraocular pressure associated with glaucoma. 
The UV absorption characteristics of pilocarpine are such 
that its direct spectrophotometric analysis is an alternative 
only when high sensitivity is not a requirement. 

BACKGROUND 

Various analytical methods are available for the determination of pi- 
locarpine, but they are limited relative to sensitivity, specificity, selec- 
tivity, and/or reliability. The official colorimetric method (1) utilizes 
hydroxylamine to cleave the lactone ring. However, the official method 
is neither selective nor specific. 

A kinetic method of analysis was reported (2). In the method, which 
is based on the imidazole- or substituted imidazole-catalyzed hydrolysis 
of 2,4-dinitrophenyl acetate, the extent of catalysis is dependent on the 
pilocarpine concentration. Microgram quantities of pilocarpine are 
measurable. 
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GLC methods for pilocarpine have been reported. The most recent 
utilizes the heptafluorobutyric anhydride acylation of the methylimid- 
azole ring of pilocarpine (3). The method is selective and sensitive and 
is readily capable of measuring pilocarpine at  levels found in biological 
fluids such as aqueous humor. However, it requires extensive sample 
handling and workup. 

High-performance liquid chromotographic (HPLC) methods for pi- 
locarpine (4) and other imidazole bases (5) have been reported. These 
methods are based on the direct spectrophotometric measurement of 
pilocarpine (4) and other imidazole bases (5) a t  217 and 208 nm, respec- 
tively. Although the approach of direct UV detection of pilocarpine (4) 
is selective and reliable and is suitable for the analysis of levels contained 
in pilocarpine dosage forms, it lacks adequate sensitivity for pilocarpine 
at levels found in aqueous humor following topical administration. 

This report describes a derivatization and HPLC procedure for the 
analysis of pilocarpine in aqueous humor. The method is based on the 
quaternization of the 3'-tertiary amino group of the methylimidazole ring 
of pilocarpine with the chromophore p-nitrobenzyl bromide. The utili- 
zation of a reversed-phase chromatographic system with an ion-pairing 
agent is described. The method is reliable, because little sample handling 
is required; the method is selective since pilocarpine and isopilocarpine 
are separated and determined; and the method is sensitive in that it is 
applicable to the determination of pilocarpine levels encountered ex- 
perimentally in aqueous humor. The applicability of the quaternization 
procedure to the analysis of other tertiary amines, such as aliphatic and 
aromatic heterocyclic amines, is also described. 

EXPERIMENTAL 

Materials-Pilocarpine nitrate' and isopilocarpine nitrate2 were used 
as received. p-Nitrobenzyl bromide2 was recrystallized from water- 
acetonitrile. The ion-pairing agent, 1-octanesulfonic acid sodium salt3, 
was used as received, as was a~etonitrile~. Methylene chloride5 (certified 
ACS grade) was distilled from phosphorus pentoxide prior to use. HPLC 
grade methanol5 also was used. All other reagents and chemicals used 
were analytical reagent grade or high purity. 

Equipment-The HPLC system was comprised of a solvent delivery 
system6, a septumless injector7, a UV absorbance detector8, and a 10-mv 
strip-chart recorderg. Absorbance was measured at  254 nm. Sensitivity 
settings to 0.005 aufs were used. The column was a 30-cm RP-ODS col- 
umn with an inside diameter of 3.9 mm and a 10-pm (spherical) particle 
sizeL0. 

NMR spectra of pilocarpine and the derivative were obtained on a 
spectrometer" in the pulse mode. Spectra were obtained using solutions 
in deuterium oxide and acetone-&, with tetramethylsilane as the internal 
reference at  concentrations of 10-20%. 

Chromatographic Conditions-All chromatography was conducted 
at  ambient temperature. The mobile phase consisted of an 80% (vh) 
methanol in water mixture containing 1 X M sodium octanesulfo- 
nate. The mobile phase was filtered and degassed prior to use. The flow 
rate was 1.6 ml/min, which generated a column pressure of 1000-1500 
psig. 

Glassware-The centrifuge tubes and ampuls used in the derivati- 
zation procedure were silanized by soaking for several hours in a solution 
of 5% dimethyldichlorosilane' in toluene and rinsing with toluene, 
methanol, and methylene chloride (3). 

Derivatization-Volumes of 100 pl of either standard aqueous solu- 
tions of pilocarpine nitrate or aqueous humor samples were added to 500 
pl of 0.3 M potassium bicarbonate solutions (pH 8.4) in silanized cen- 
trifuge tubes. The resulting solutions were each immediately extracted 
(vortexed for 1 min and centrifuged at 2000 rpm for 5 min at  ambient 
temperature) with two 1.0-ml volumes of methylene chloride. Aliquots 
of the two extracts from each sample were combined in silanized glass 
ampuls and evaporated to dryness under nitrogen at 40'. To the dried 
samples, a 200-pl volume of a solution of p-nitrobenzyl bromide in ace- 
tonitrile (0.25 mg/ml) was added. 

Sigma Chemical Co. 
Aldrich Chemical Co. 
Eastman Kodak Co. 
Baker Analyzed HPLC reagent, J. T. Baker Chemical Co. 
Fisher Scientific Co. 
Model 6 h A ,  Waters Associates. 
Model U6K, Waters Associates. 

Omniscribe model B-5117-1, Houston Instruments 
lo pBondapak Cia, Waters Associates. 

Model R-24B. HitachiPerkin-Elmer Corp. 

* Model 440, Waters Associates. 

The ampuls were sealed at  ambient pressure under a nitrogen atmo- 
sphere, using an oxygen torch flame, and reacted for 24 hr a t  40'. Then 
they were cooled to ambient temperature and opened. The chromatog- 
raphy was conducted by direct injection of an aliquot of the reaction 
mixture or an internal standard solution was added, the mixture was 
vortexed, and an aliquot was injected. The internal standard solution was 
a 10-pl volume of phenylephrine hydrochloride in methanol a t  2.0 mg/ 
ml. 

Milligram Quantities of Derivative-Pilocarpine nitrate, 50 mg, 
was dissolved in 25 ml of 0.3 M aqueous potassium bicarbonate and ex- 
tracted with 25 ml of methylene chloride. The organic layer was sepa- 
rated, and the methylene chloride was removed under vacuum. The 
product obtained was a hydrated pilocarpine base as a clear or very 
slightly yellow, highly viscous fluid. The pilocarpine base, 50 mg, was 
combined with 500 mg of p-nitrobenzyl bromide in 10 ml of acetonitrile. 
The resulting solution was reacted at 40' for 24 hr, the reaction mixture 
was placed in a glass mortar, and the quaternary ammonium reaction 
product was precipitated by ether addition. 

The precipitate was repeatedly washed and purified by trituration in 
the presence of ether. Then it was dried and stored under vacuum. After 
thorough drying, the solid was used for UV, mass spectral, and NMR 
analyses. In addition, the product was used to confirm the chromato- 
graphic peak used for quantitation of pilocarpine in the analytical pro- 
cedure. 

Standard Curves-Volumes of 100 pl of aqueous solutions of pilo- 
carpine nitrate ranging in concentration from 0.3 to 10.0 pg/ml were used 
to develop standard curves. The previously described procedure for 
derivatization was followed. Standard curves were constructed on a basis 
of the measured peak heights of the analyte (II), which were compared 
to both an internal and an external standard. The internal standard, 
phenylephrine hydrochloride, was used in construction of the standard 
curve, which was applied to the analysis of samples obtained in in uitro 
transport studies across isolated, mounted corneal membranes. 
In uiuo pilocarpine absorption studies, where the test solutions were 

aqueous humor samples obtained as a function of time following topical 
dosing, and studies using spiked aqueous humor samples resulted in a 
contaminant that interfered with the internal standard. Therefore, all 
aqueous humor samples were measured against an external standard of 
11, which was pure analyte obtained in the milligram quantity preparation 
procedure described previously. When used, the internal standard was 
added to the reaction mixture after the derivatization reaction was 
completed and just prior to injection. This approach was suitable in view 
of the extraction efficiencies obtained. 

Aqueous Humor Samples-New Zealand albino rabbits were sacri- 
ficed by marginal ear vein administration of pentobarbital sodium so- 
lution. The corneal surface was rinsed with normal d i n e  solution and 
patted dry with tissue paper. Aqueous humor samples were obtained from 
the anterior chamber by paracentesis by entering at  the limbus with a 
1-ml tuberculin syringe fitted with a 27-gauge needle. 

RESULTS AND DISCUSSION 

Analyte Characteristics-The derivatizing reaction, which is the 
reaction of pilocarpine (I) with the chromophore p-nitrobenzyl bromide 
to form the quaternary ammonium analyte (11) p-nitrobenzyl pilocarpine 
bromide, is shown in Scheme I. The derivative I1 displayed a UV ab- 
sorbance maximum at  263 nm with a molar absorptivity of 1.20 X 104. 
At 254,nm, this analyte displayed a molar absorptivity of 1.07 X lo4. 

Under the described chromatographic conditions, the capacity factor, 
k', for I1 was 4.87. In comparison, the capacity factor for derivatized 
isopilocarpine was 5.40. The resulting selectivity was evidenced by a 
separation factor, a, of 1.11; the degree of separation was evidenced by 
a resolution, R, of 0.80. 

Kinetic experiments were conducted to optimize the reaction condi- 
tions in terms of the temperature required and the excess p-nitrobenzyl 
bromide required to achieve complete or near complete production of 
I1 in a reasonable time. Reactions forming quaternary salts from tertiary 
amines and alkyl halides, the Menschutkin reaction (6), are not fast (6-9). 
They are biomolecular and clearly second order (7). A significant sensi- 
tivity to the size and disposition of the nitrogen-substituted alkyl groups 
has been demonstrated; for example, quinuclidine, which has an exposed 
nitrogen, is 200-fold more reactive than triethylamine toward methyl 
chloride (7). Alkyl halide substitutions also significantly alter the qua- 
ternization rate. Approximately a 500-fold reduction in the conversion 
rate was detected through an alkyl series where the following reactivities 
were found methyl > ethyl > higher normal alkyls > isopropyl(6.8). The 
derivatizing agent, p-nitrobenzyl bromide, was chosen because of its UV 
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9-nitrobenzyl bromide 
in acetonitrile 

CH, 
I 

I1 
Scheme I 

absorption characteristics. However, it was not expected to react rapidly 
with pilocarpine because of its molecular size, even though the 3’-tertiary 
nitrogen of the methylimidazole group of pilocarpine is an exposed ni- 
trogen. 

Preliminary kinetic studies were conducted at  several temperatures, 
and 40° was chosen for the analytical derivatization. Molar ratios of p- 
nitrobenzyl bromide to I of 40,125,420, and 600 were studied. Pseudo- 
first-order kinetic behavior was observed in each instance, and a de- 
creasing reaction time (10) was observed as a function of increasing molar 
ratios. 

The conditions selected, as described in the procedure for derivatiza- 
tion, corresponded to a molar ratio of p-nitrobenzyl bromide to pilocar- 
pine of approximately 600 for a pilocarpine sample solution containing 
1.0 pg/ml. These particular conditions were selected because the reaction 
proceeded with a half-life of -3 hr without any detectable side reactions. 
As a result, the reaction was essentially complete in the 24-hr reaction 
time. In addition, the selected level of p-nitrobenzyl bromide did not 
affect resolution of the analyte or the internal standard. 

Comparisons of the NMR spectrum of pilocarpine and the analyte are 
presented in Table I (the proton numbering system is given in Structure 
111). The protons of pilocarpine were all accounted for in the derivative. 
The protons of the ethyl-substituted lactone ring and the methylene 
bridge were essentially unchanged. However, the protons of the meth- 
ylimidazole ring demonstrated significant downfield shifts. The N-methyl 
protons, which appeared as a singlet, underwent a downfield shift in the 
analyte of 0.26 ppm due to the flow of electrons toward the quaternary 
nitrogen. The 2‘- and 4‘-protons underwent extensive deshielding. The 
2’-proton was found downfield a t  11.1 ppm in the analyte compared to 
8.6 ppm in pilocarpine. The 4‘-proton was at 7.3 ppm in pilocarpine and 
at  8.1 ppm in the analyte. However, the 4’-proton did not appear as a 
singlet in the analyte but overlapped BB a multiplet with the aromatic 
protons. 

NO, 
III 

Table I-Chemical Shifts in Parts per Million Using 
Tetramethylsilane Standard for Pilocarpine in Deuterium Oxide 
and Analyte in Acetone-dca 

Pilocarpineb Analyte * 
Lactone ring CH3-CH2 1.02 (t) 1.03 (t) 

with bridge CHs-CHz 1.71 (m) 1.64 (m) 
-CHz-bridge plus 2.81 (m) 3.15 (m) 

5Ha 4.17 (dd) 4.31 (dd) 
5Hb 4.19 (dd) 4.32 (dd) 

4’H 7.30 ( s )  8.1 (m)c 

Aromatic - 8.10 (m)c 

3H,4H 

Methylimida- N-CHs 3.77 (9) 4.04 (s) 

Chromophore - C H r  - 5.96 ( s )  

zole group 2‘H 8.60 (s) 11.1 ( s )  

See Structure 111 for numbering. * s = singlet, dd = double doublet, t = triplet, 
and m = multiplet. c The 4’-proton in the analyte occurs as a multiplet with the 
aromatic protons. 

The integration of the analyte spectrum clearly demonstrated the 
formation of a one-to-one reaction product. The multiplet at 8.1 ppm was 
indicative of five protons, the four aromatic protons of the chromophore 
plus the 4‘-proton of the imidazole ring. The singlet a t  5.96 ppm, which 
is the methylene group of the p-nitrobenzyl moiety, was indicative of two 
protons. In comparison, the N-methyl group, the lactone-imidazole 
methylene bridge, the methylene group of the lactone ethyl group at the 
3-position, and the methyl group of the lactone ethyl group at the 3- 
position clearly were indicative of three, two, two, and three protons, 
respectively. 

The mass spectrum of the analyte 111 did not display a molecular ion 
peak. The lability of the bond between the quaternary nitrogen of the 
methylimidazole ring and the methylene of the p-nitrobenzyl group was 
demonstrated by the abundance of m/e 208 and 136 fragments, corre- 
sponding to a fragment of A + B (pilocarpine), and a fragment of C in 111. 
Further fragmentation was apparent as a function of the abundance of 
m/e 113 (A in 111), &i (A - -CzH5), 95 (B in HI), and 80 (B - -CH3) 
fragments: 

The product sample used to obtain NMR and mass spectral data was 
isolated and purified from a reaction run at 40° for 24 hr, which indicated 
that the reaction conditions used to generate the analyte did not result 
in unexpected side reactions. p-Nitrobenzyl bromide and pilocarpine are 
stable under the conditions of the reaction in that all protons are ac- 
counted for and other structural integrity is observed. The reaction fol- 
lows the expected bimolecular behavior, resulting in the quaternary de- 
rivative. 

Standard Curve and Detection Limits-Following the procedure 
for derivatization, plots of calculated peak height ratios, where the ana- 
lyzed solutions were sample aqueous solutions of pilocarpine nitrate in 
the concentration range of 0.3-10.0 pg/ml and the internal standard was 
phenylephrine hydrochloride, were constructed. These plots were linear 
and reproducible with typical results of n = 10, slope = 0.144, intercept 
= 0.018, and correlation coefficient = 0.995. 

Figure la is the chromatographic result of the derivatization of a 
standard sample of an aqueous sQlution containing 6.0 pg/ml of pilo- 
carpine nitrate, approximately equivalent to an injection of 100 ng of 
pilocarpine. The excess p-nitrobenzyl bromide did not interfere with the 
internal standard or the analyte peaks. Figure l b  is the chromatographic 
result obtained from spiked aqueous humor containing 1.8 pg/ml of pi- 
locarpine nitrate. The internal standard was not added to aqueous humor 
or spiked aqueous humor samples because of overlapping and interfering 
substances. For aqueous humor samples, an external standard was em- 
ployed. Standard curves of peak height plotted against concentration, 
which were constructed from standard pilocarpine nitrate solutions, from 
spiked aqueous humor samples, and directly from solutions of known 
concentrations of analyte, were linear. 

The initial step in the derivatization procedure is the double extraction 
with methylene chloride of the aqueous solutions or samples to which 
bicarbonate has been added. The efficiency of this extraction was eval- 
uated in two ways. First, several standard pilocarpine solutions were 
carried through the derivatizing procedure, including the extraction step. 
The chromatographic results or peak heights obtained were compared 
to the peak heights obtained from solutions prepared directly with known 
concentrations of analyte. The chromatographic results were within *WO, 
which confirms the extraction efficiency. 

Second, aqueous humor samples were spiked with several known 
concentrations of tritiated pilocarpine and split into two sets. One set 
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Figure 1-(a) Chromatogram resulting from a standard pilocarpine 
nitrate solution. The p e a h  are: 1, solvent front; 2, excess p-nitrobenzyl 
bromide; 3, internal standatd; and 4, analyte. (b) Chromatogram re- 
sulting from a spiked aqueous humor sample. No internal standard was 
added because of the broad ouerlapping contaminant peak. 

was assayed by the derivatization procedure, including the extraction 
step, and the other set was counted for radioactivity (11). The two sets 
of analytical results were within f5%. In the procedure, the solutions 
containing pilocarpine to which a bicarbonate solution has been added 
are twice extracted with methylene chloride. The two extractions 
achieved a total transfer in excess of 98% of the pilocarpine, which is 
consistent with a previously reported extraction procedure for pilocarpine 
(2). 

The results of the experiments conducted to determine the extraction 
efficiency support the use of the internal reference standard that is added 
just prior to injection and not added to the system prior to extraction. 
Also supported is the use of an external reference standard prepared 
directly from purified analyte rather than the use of standard solutions 
of pilocarpine nitrate which are carried through the complete derivati- 
zation procedure. 

Of the pilocarpine nitrate solutions used to construct standard curves 
as outlined in the procedure for derivatization, the lowest concentration 
used was 0.3 pglml. To enhance sensitivity, experiments were conducted 
with 100-pl volumes of the p-nitrobenzyl bromide solutions in acetonitrile 
a t  0.5 mg/ml (rather than 200 pl a t  0.25 mg/ml). Decreasing the deriva- 
tizing reaction volume permitted the volume of the injected aliquot to 
approach the total volume of the reaction mixture. 

Figure 2a gives the result of an experiment approximating the practical 
sensitivity limita of the procedure. The result was obtained from a pilo- 
carpine nitrate solution at 0.05 pg/ml. The injection contained the 
equivalent of 3.8 ng of pilocarpine. Detection at  this level was quantita- 
tive. The absolute limits of detection were not determined but are less 
than the 3.8 ng (or 0.05 pg/ml of pilocarpine nitrate) used previously. 

Selectivity-To assess method selectivity, solutions were prepared 
that contained different ratios (41,1:1, and 1:4) of pilocarine (I) to iso- 
pilocarpine (IV). These solutions were run through the described pro- 
cedure and compared to samples of pure I and IV. A sample result is 
shown in Fig. 26. The peak height ratios obtained (peak height of I to peak 
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Figure 2-(a) Chromatogram resulting from an initial solution of pi- 
locarpine nitrate containing 0.05 pg/ml where 0.005 aufs was employed. 
This amount represents the equivalent of a 3.8-ng injection of pilo- 
carpine. Peak height response linearity was observed a t  this level. (b) 
Chromatogram resulting from samples containing pilocarpine and 
isopilocarpine at  ratios of 4:l and 1:l. The peaks in both a and bare: 1, 
soluent front; 2, excess p-nitrobenzyl bromide; 3, analyte or deriuatized 
pilocarpine (XI); and 4, derivatized isopilocarpine. 

height of IV) were in excellent agreement with the concentration ratios 
of the initial solutions. 

The results suggest that (a) conversion of pilocarpine to isopilocarpine 
does not occur as a result of the procedure, (b) the method is quantitative 
for isopilocarpine and is applicable to the determination of the amount 
of isopilocarpine present in pilocarpine as a contaminant, and (c) the 
absorptivity of the pilocarpine and isopilocarpine derivatives is the same 
a t  254 nm. In experiments conducted at the higher pilocarpine nitrate 
concentrations, e.g., 10 pg/ml, the presence of contaminating isopilo- 
carpine nitrate in the commercial pilocarpine nitrate was observed. 

Other Nucleophiles-The primary intent of this study was to develop 
a method for the low level analysis of pilocarpine in aqueous humor. The 
method described is based on the reaction between the alkyl halide p-  
nitrobenzyl bromide and the 3’-tertiary amino group of the methylim- 
idazole ring of pilocarpine, which results in the formation of the quater- 
nary ammonium analyte 11. Methods are readily available in the literature 
for the derivatization of primary and secondary amines for purposes of 
analysis (10,12,13), but this is not the case for tertiary amines. 

The applicability of this derivatization procedure was investigated for 
other tertiary amines. Milligram samples of triethylamine, 4-methoxy- 
pyridine, and 1-methylimidazole were derivatized and chromatographed. 
The capacity factors, k’, obtained for the resulting quaternary amine 
derivatives were 5.93, 6.47, and 6.73, respectively. The results indicate 
that the quaternization reaction using an alkyl halide, such as p-nitro- 
benzyl bromide, can be readily applied to the HPLC analysis of aromatic, 
heterocyclic, and alkyl tertiary amines in general. There is also flexibility 
relative to the choice of alkyl halide. An alternative for enhanced UV 
detection would be the selection of a chromophore with greater molar 
absorptivity. Another alternative would be the selection of an alkyl halide 
fluorophore, which would afford the advantage of greater sensitivity of 
fluorescence. 
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Abstract To estimate the absolute bioavailability of oral levodopa, 
plasma concentrations and urinary excretion of levodopa and its me- 
tabolites were determined in beagle dogs and in parkinsonian patients 
after intravenous and oral drug administration. The absolute bioavail- 
ability of orally administered levodopa was estimated to be about 35% 
in both dogs and patients; however, the total amount absorbed of intact 
drug and levodopa metabolites was estimated to be 80-90% of the ad- 
ministered dose. Due to the similarities of the pharmacokinetic charac- 
teristics of levodopa found in beagle dogs and in humans, beagle dogs can 
serve as a model to study bioavailahility, absorption, and metabolic 
mechanisms. 

Keyphrases Levodopa-bioavailability, dosage form design, dogs and 
humans 0 Bioavailability-levodopa, dosage form design, dogs and 
humans Antiparkinsonian agents-levodopa, bioavailability, dosage 
form design, dogs and humans 

Much higher oral doses than intravenous doses of levo- 
dopa are required to achieve a therapeutic effect in park- 
insonian patients, and the resultant plasma levels afteroral 
levodopa are markedly lower than those in patients re- 
ceiving the drug intravenously. 

Rivera-Calimlim et al. (1 ,2)  reported that when levo- 
dopa was administered orally to parkinsonian patients, a 
considerable portion apparently was metabolized uia re- 
actions in the stopach and intestines before it was ab- 
sorbed. Other investigators (3-6) reported that 50-70% of 
the oral doses appeared to be metabolized in the intestinal 
mucosa of parkinsonian patients. 

This paper reports part of a continuing study of levo- 
dopa to delineate mechanisms involved in the absorption 
profile in humans and to develop new dosage form designs 
to improve the bioavailability of levodopa. The absolute 
bioavailability of levodopa from marketed conventional 
preparations was determined by measuring the plasma 
levels and urinary excretion of levodopa and its metabo- 
lites after intravenous and oral administration of single 
doses to beagle dogs and to parkinsonian patients. 

EXPERIMENTAL 

Single Intravenous Doses in Dogs-After six healthy male beagle 
dogs, 10.3-12.5 kg, had been fasted for -16 hr, levodopa’ at a 50-mg dose 
was injected over 30 sec into the brachial vein. Blood samples were 
withdrawn with a heparinized syringe from the contralateral brachial 
vein. Samples were obtained 0,2,5,15, and 45 min and 1,1.5,2,3,4, and 
6 hr after dosing. Sodium metabisulfite solution (5% in a saline solution, 
0.1 m1/5 ml of blood) and disodium ethylenediaminetetraacetate (2% in 
a saline solution, 0.1 m1/5 ml of blood) were added to the freshly drawn 
heparinized blood, and the plasma was separated immediately by cen- 
trifugation at  4’. All procedures were conducted in an ice bath. 

Urine was collected before dosing and for 48 hr in bottles containing 
5 ml of 6 N HC1 and 3 ml of 0.2 M disodium ethylenediaminetetraacetate. 
The pH of the collected urine was adjusted to 2.0, and the urine was stored 
at  -20” until assayed. 

Single Oral Doses in Dogs-The same six beagle dogs used in the 
single intravenous dose studies were forcefully administered 250 mg of 
levodopa in capsule form2 orally with 10 ml of warm water. The dogs’ 
mouths were closed by hand to prevent emesis. Blood samples were 
withdrawn with a heparinized syringe 0,0.5,1,2,3,4, and 6 hr hfter oral 
administration. 

The blood samples were treated using the same procedures as in the 
intravenous study. The urine also was collected before dosing and for 48 
hr after oral administration following the same procedure used for in- 
travenous administration. 

Single Intravenous Doses in Patients-Five parkinsonian patients 
(three men and two women) were studied. Their mean age was 63 years 
(range 51-71). Three days prior to the experiment, all levodopa prepa- 
rations and other drugs that had been administered for the treatment 
of Parkinson’s disease were withdrawn. Levodopa’, 50 mg, diluted with 
200 ml of physiological saline, was infused for 20 min at  a constant rate 
into the brachial vein of these patients. Blood samples were withdrawn 
with a heparinized syringe at 0, 10, and 20 min during infusion and at 15 
and 30 min and 1,2, and 3 hr after infusion. The blood and urine samples 
were collected and processed in the same way as were those taken from 
the dogs. 

Single Oral Doses in Patients-Six parkinsonian patients (three men 
and three women) were studied. Their mean age was 68 years (range 
5S74). Three days before drug administration, all levodopa preparations 
and other drugs that had been administered for the treatment of Par- 

1 Dopaston Injection, Sankyo Co. Ltd.. Tokyo, Japan. 

0022-354918010300-026 1$0 1.001 0 
@ 1980, American Pharmaceutical Association 

Journal of Pharmaceutical Sciences I 281 
Vol. 69, No. 3, March 1980 



(5) E. Gaetani and C. F. Laureri, Farmaco, Ed. Prac., 33, 26 

(6) N. Menschutkin, 2. Phys. Chem., 5,589 (1890). 
(7) C. G.  Swain and N. D. Hershey, J.  Am. Chem. Soc., 94, 1901 

(1972). 
(8) C. K. Ingold, “Structure and Mechanism in Organic Chemistry,” 

2nd ed., Cornell University Press, New York, N.Y., 1969, p. 435. 
(9) R. B. Wagner and H. D. Zook, “Synthetic Organic Chemistry,” 

Wiley, New York, N.Y., 1953, p. 665. 
(10) W. Morozowich and M. Cho, in “GLC and HPLC Determination 

of Therapeutic Agents, Part 1,” K. Tsuji and W. Morozowich, Eds., 

(1978). 
Dekker, New York, N.Y., 1978, pp. 222-224. 

(11) T. Patton, J. Pharm. Sci., 66,1058 (1977). 
(12) T. H. Jupille, Am. Lab., 1976,85. 
(13) J. F. Lawrence and R. W. Frei, “Chemical Derivatization in Liquid 

Chromatography,” Elsevier, New York, N.Y., 1976. 

ACKNOWLEDGMENTS 

Supported in part by National Eye Institute Grant EY02328, by Na- 
tional Institute of General Medical Sciences Grant GM22357, and by 
Biomedical Research Support Grant S07-RR-5606. 

Dosage Form Design for Improvement of Bioavailability of 
Levodopa 11: Bioavailability of Marketed Levodopa 
Preparations in Dogs and Parkinsonian Patients 

KUNIHIRO SASAHARA x, TAKASHI NITANAI, TAEKO HABARA, 
TADASHI MORIOKA, and EIICHI NAKAJIMA 
Received March 16,1979, from the Product Deoelopment Laboratories, Sankyo Company, Ltd., 1-2-58, Hiromachi, Shinagawa, Tokyo, 
Japan. Accepted for publication September 14,1979. 

Abstract To estimate the absolute bioavailability of oral levodopa, 
plasma concentrations and urinary excretion of levodopa and its me- 
tabolites were determined in beagle dogs and in parkinsonian patients 
after intravenous and oral drug administration. The absolute bioavail- 
ability of orally administered levodopa was estimated to be about 35% 
in both dogs and patients; however, the total amount absorbed of intact 
drug and levodopa metabolites was estimated to be 80-90% of the ad- 
ministered dose. Due to the similarities of the pharmacokinetic charac- 
teristics of levodopa found in beagle dogs and in humans, beagle dogs can 
serve as a model to study bioavailahility, absorption, and metabolic 
mechanisms. 

Keyphrases Levodopa-bioavailability, dosage form design, dogs and 
humans 0 Bioavailability-levodopa, dosage form design, dogs and 
humans Antiparkinsonian agents-levodopa, bioavailability, dosage 
form design, dogs and humans 

Much higher oral doses than intravenous doses of levo- 
dopa are required to achieve a therapeutic effect in park- 
insonian patients, and the resultant plasma levels afteroral 
levodopa are markedly lower than those in patients re- 
ceiving the drug intravenously. 

Rivera-Calimlim et al. (1 ,2)  reported that when levo- 
dopa was administered orally to parkinsonian patients, a 
considerable portion apparently was metabolized uia re- 
actions in the stopach and intestines before it was ab- 
sorbed. Other investigators (3-6) reported that 50-70% of 
the oral doses appeared to be metabolized in the intestinal 
mucosa of parkinsonian patients. 

This paper reports part of a continuing study of levo- 
dopa to delineate mechanisms involved in the absorption 
profile in humans and to develop new dosage form designs 
to improve the bioavailability of levodopa. The absolute 
bioavailability of levodopa from marketed conventional 
preparations was determined by measuring the plasma 
levels and urinary excretion of levodopa and its metabo- 
lites after intravenous and oral administration of single 
doses to beagle dogs and to parkinsonian patients. 

EXPERIMENTAL 

Single Intravenous Doses in Dogs-After six healthy male beagle 
dogs, 10.3-12.5 kg, had been fasted for -16 hr, levodopa’ at a 50-mg dose 
was injected over 30 sec into the brachial vein. Blood samples were 
withdrawn with a heparinized syringe from the contralateral brachial 
vein. Samples were obtained 0,2,5,15, and 45 min and 1,1.5,2,3,4, and 
6 hr after dosing. Sodium metabisulfite solution (5% in a saline solution, 
0.1 m1/5 ml of blood) and disodium ethylenediaminetetraacetate (2% in 
a saline solution, 0.1 m1/5 ml of blood) were added to the freshly drawn 
heparinized blood, and the plasma was separated immediately by cen- 
trifugation at  4’. All procedures were conducted in an ice bath. 

Urine was collected before dosing and for 48 hr in bottles containing 
5 ml of 6 N HC1 and 3 ml of 0.2 M disodium ethylenediaminetetraacetate. 
The pH of the collected urine was adjusted to 2.0, and the urine was stored 
at  -20” until assayed. 

Single Oral Doses in Dogs-The same six beagle dogs used in the 
single intravenous dose studies were forcefully administered 250 mg of 
levodopa in capsule form2 orally with 10 ml of warm water. The dogs’ 
mouths were closed by hand to prevent emesis. Blood samples were 
withdrawn with a heparinized syringe 0,0.5,1,2,3,4, and 6 hr hfter oral 
administration. 

The blood samples were treated using the same procedures as in the 
intravenous study. The urine also was collected before dosing and for 48 
hr after oral administration following the same procedure used for in- 
travenous administration. 

Single Intravenous Doses in Patients-Five parkinsonian patients 
(three men and two women) were studied. Their mean age was 63 years 
(range 51-71). Three days prior to the experiment, all levodopa prepa- 
rations and other drugs that had been administered for the treatment 
of Parkinson’s disease were withdrawn. Levodopa’, 50 mg, diluted with 
200 ml of physiological saline, was infused for 20 min at  a constant rate 
into the brachial vein of these patients. Blood samples were withdrawn 
with a heparinized syringe at 0, 10, and 20 min during infusion and at 15 
and 30 min and 1,2, and 3 hr after infusion. The blood and urine samples 
were collected and processed in the same way as were those taken from 
the dogs. 

Single Oral Doses in Patients-Six parkinsonian patients (three men 
and three women) were studied. Their mean age was 68 years (range 
5S74). Three days before drug administration, all levodopa preparations 
and other drugs that had been administered for the treatment of Par- 
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Table I-Average Pharmacokinetic Parameters  of Levodopa a 

Parameter Dogsb, 50 mg iv Patientsc, 50 mg iv 

0.2 I I 0.1 

0.08 I Y 
\ \ 

0.02L I I 4 I 
0 1 2 3 4 5 6 1  

HOURS 
Figure 1-Average (fSE) plasma levels of levodopa (0 )  and totaZ do- 
pamine (0) following intravenous administration of 50-mg doses of 
levodopa to six dogs. 

kinson's disease were withdrawn. A 1-g dose of levodopa in capsule form2 
was administered to the subjects with 1 cup of water a t  about 9:00 am. 

On the day of the study, the subjects ate breakfast at about 7:OO am, 
lunch a t  about 12:00, and dinner a t  about 530  pm. Blood samples were 
withdrawn with a heparinized syringe before the drug was administered 
and at 0.5, 1, 2, 3, 4, and 6 hr after oral administration. The blood and 
urine samples were collected and processed using the same procedures 
as those used for the dogs. 

Assay of Levodopa and Its Metabolites in Plasma and Urine- 
Levodopa and i t s  metabolites in plasma and urine were assayed according 
to the methods reported previously (7). 

Pharmacokinetics-The plasma levodopa concentration curves 
following intravenous administration to dogs were analyzed using the 
program of Hanano et al. (8). The plasma levodopa concentration curves 
following oral administration to dogs, infusion administration to patients, 
and oral administration to patients were analyzed using the BMDP-3R 
nonlinear regression program (9). 

Dopaston Capsules, Sankyo Co. Ltd., Tokyo, Japan. 

a, hr-I 13.3 f 3.4 
/3, hr-I 1.14 f 0.11 
0.693//3, hr 0.58 f 0.06 
k12, hr-l 6.5 f 0.59 

k 10, hr-' 4.5 f 0.42 
V1, l i terkg 0.29 f 0.027 
A UC of levodopa, 0.34 f 0.025 

mgkgh i t e rh r  
AUC of total dopamine, 0.17 f 0.014 

mgkghiterhr  
Clearance of levodopa, 1.21 f 0.11 

l i terdkghr  

Average f SE. n = 6. n = 5. 

k21, hr-' 3.3 f 0.34 

11.7 f 1.05 
1.12 f 0.13 
0.65 f 0.069 

5.1 f 0.52 
3.1 f 0.29 
3.7 f 0.35 

0.36 f 0.037 
0.0124 f 0.0012 

0.0099 f 0.00094 

1.38 f 0.19 

RESULTS 

Absolute Bioavailability of Marketed Levodopa Preparations in 
Dogs-Single Intrauenous Doses-The average plasma levels of levo- 
dopa and total dopamine? following intravenous administration of le- 
vodopa a t  a 50-mg dose to six dogs are presented in Fig. 1. Since the 
plasma levodopa concentration-time curve appeared to follow biexpo- 
nential disposition characteristics, the data were fitted to the two-com- 
partment open model using linear kinetics. Table I shows the results of 
the computer analysis. Visual inspection of the observed points around 
the fitted curve indicated satisfactory randomness of scatter. The average 
area under the plasma concentration-time curve (AUC) of levodopa 
corrected for body weight and the average plasma clearance of levodopa 
corrected for body weight also are shown in Table I to facilitate com- 
parison between these parameters in dogs and in patients. 

The average plasma levels of total dopamine formed by the metabolism 
of levodopa increased with time, reached a maximum value a t  -1 hr after 
intravenous administration, and then decreased more slowly as compared 
to the elimination of levodopa in the plasma. The average AUC of total 
dopamine corrected for body weight is shown in Table I. 

The intravenously administered levodopa was excreted in urine over 
48 hr as total levodopa4, total dopamine, btal 3,4-dihydroxyphenylacetic 
acid5, and total homovanillic acid6, which represented 3.1 f 0.43, 10.6 
f 0.92, 12.3 f 1.24, and 37.3 f 3.51% of the dose, respectively. Conse- 
quently, 63.3 f 4.52% of the dose in terms of total urinary excretion7 was 
eliminated within 48 hr after intravenous administration. The remainder 
of the drug probably was excreted in the feces or was undetermined 
metabolites. 

Single Oral Doses-The average plasma levels of levodopa and total 
dopamine after oral administration of levodopa to six dogs are shown in 
Fig. 2. The maximum plasma level of 4.32 f 0.42 mg/liter occurred 1 hr 
after oral administration. The levels then decreased rapidly to 4 . 2  
mg/liter 6 hr after oral administration, corresponding to 5% of the max- 
imum plasma levels. 

The average plasma levels of total dopamine changed more slowly than 
did those of levodopa. The elimination of total dopamine from the plasma 
also was slower compared to that of levodopa, and the plasma level of total 
dopamine 6 hr after oral administration was 0.42 f 0.03 mghiter, corre- 
sponding to about 25% of the maximum levels. The average AUC values 
of levodopa and total dopamine were 0.60 f 0.053 and 0.56 f 0.046 
mg/liter/hr, respectively. 

The orally administered levodopa was excreted in urine over 48 hr as 
total levodopa, total dopamine, total 3,4-dihydroxyphenylacetic acid, 
and total homovanillic acid, which represented 0.73 f 0.93,11.7 f 1.21, 
13.6 f 0.91, and 25.6 f 2.6% of the dose, respectively. Consequently, 51.6 
f 3.02% of the dose was excreted within 48 hr after oral administra- 
tion. 

Comparison of the absolute bioavailability of marketed levodopa 
capsules after oral administration with intravenous injection was ac- 
complished using the plasma levodopa levels to estimate the intact 
amounts of levodopa absorbed into the circulation system, with the as- 

s Total dopamine = conjugated dopamine + unconjugated dopamine. ' Total levodopa = unconjugated levodopa + conjugated levodopa. 
Total 3,4-dihydroxyphenylacetic acid = unconjugated 3.4-dihydroxyphe- 

Total homovanillic acid = unconjugated homovanillic acid + conjugated 

'Total urinary excretion = total levodopa + total dopamine + total 3.4-dihy- 

nylacetic acid + conjugated 3,4-dihydroxyphenylacetic acid. 

homovanillic acid. 

droxyphenylacetic acid + total homovanillic acid. 
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Figure 2-Average ( fSE)  plasma levels of levodopa (0 )  and total do- 
pamine (0) following oral administration of250-ng doses of levodopa 
to sir dogs. 

sumption that levodopa disposition in the body followed linear kinetics. 
On the other hand, the total amount absorbed from the GI tract, including 
levodopa and its metabolites, was calculated by the ratio of the total 
urinary excretion after oral administration to that after intravenous 
administration. The absolute bioavailability in the dogs and the total 
amount absorbed are shown in Table I. These results indicate that the 
difference between these values is due to presystemic metabolism and/or 
degradation of the drug. 

Absolute Bioavailability of Marketed Levodopa Capsules in 
Parkinsonian Patients-Single Intravenous Doses-The average 
plasma levels of levodopa and total dopamine for 20 rnin following in- 
travenous infusion of a 50-mg dose of levodopa to five parkinsonian pa- 
tients are presented in Fig. 3. The plasma levodopa levels increased during 
the intravenous infusion and reached a maximum value of 0.89 f 0.09 
mgfliter at the conclusion of the infusion, i.e., 20 min after the beginning 
of the intravenous infusion. The subsequent plasma levodopa levels de- 
creased rapidly, and levodopa was almost undetectable in the plasma 
after 200 min. These plasma levodopa concentration-time curves were 
analyzed by appropriate procedures and linear kinetics presuming a 
two-compartment open model (Table I). The terminal half-life of levo- 
dopa in patients was 39 f 4.1 min (mean f SE) .  The AUC of levodopa 
corrected for body weight was 0.0124 f 0.0012 mg/kg/liter/hr (Table 
11). 

The plasma level of total dopamine increased with time and reached 
a maximum value of 0.18 f 0.016 mg/liter 50 min after the intravenous 
infusion began. The levels then decreased more slowly compared to the 
elimination of levodopa in the plasma and were approximately 33% of 
the maximum plasma levels 200 min after the intravenous infusion began. 
Plasma levodopa and total dopamine were not detectable before dosing. 
The AlJC of total dopamine was 0.0099 f 0.00094 mg/kg/liter/hr. 

The infused levodopa was excreted in urine over 8 hr as total levodopa, 
total doparnine, total 3,4-dihydroxyphenylacetic acid, and total homo- 
vanillic acid, which represented 2.5 f 0.21,11.2 f 1.02, 11.8 f 0.94, and 
29.6 f 2.43% of the dose, respectively. Consequently, 55.1 f 4.24% of the 
dose was excreted within 48 hr after infusion. 

Single Oral Administration-The average plasma levels of levodopa 
and total dopamine after oral administration of a 1 -g dose of levodopa 
in capsule form to six patients are shown in Fig. 4. The maximum plasma 
levels occurred 1 hr after oral administration. The levels then decreased 
rapidly to <0.2 mg/liter at 6 hr after oral administration. The AUC of 
levodopa was 0.0826 f 0.0105 mg/kg/liter/hr. 

The average plasma levels of total dopamine reached a maximum after 
2 hr and then decreased more slowly than did those of levodopa, with the 
concentration of 0.45 f 0.05 mgniter a t  6 hr corresponding to about 33% 
of the maximum levels. The AUC of total dopamine was 0.104 f 0.0102 
mg/kg/liter/hr. 

Orally administered levodopa was excreted in urine over 24 hr gs total 
levodopa, total dopamine, total 3,4-dihydroxyphenylacetic acid, and total 

0.02 I r 
1 2 3 0.012 

HOURS 
Figure 3-Average (ISE) plasma levels of levodopa (0 )  and total do- 
pamine (0) following infusion of 50-mg doses of leuodopa to five park- 
insonian patients. 

homovanillic acid, which represented 0.58 f 0.065, 13.5 f 1.25, 15.1 f 
1.62, and 18.2 f 1.95% of the dose, respectively. Consequently, 48.4 f 
4.13% of the dose was excreted within 48 hr after oral administration. 

The absolute bioavailability and total percent of oral capsules that were 
absorbed by patients were calculated on the assumption that levodopa 
in the body obeys linear kinetics and that the two different population 
groups were comparable in this study. They are shown in Table I1 and 
were in good agreement with the values for the dogs. 

DISCUSSION 

The plasma concentration-time curves and the estimated phar- 
macokinetic parameters obtained in these studies compare well with the 
data obtained by Coutinho et al. (10) and Colter et al. (11) following in- 
travenous administration of radiolabeled levodopa to dogs. However, 
Coutinho et al. (10) reported that -75% of the intravenously adminis- 
tered dose, in terms of total radioactivity, was recovered in the urine 
within 72 hr. In contrast, -65% of the intravenously administered dose, 
as the sum of total levodopa, total dopamine, total 3,4-dihydroxyphen- 
ylacetic acid, and total homovanillic acid, was excreted in the urine withim 
48 hr in the present studies. Both results seem to be consistent consid- 
ering that the data of Coutinho et al. (10) involved total radioactivity 
measurements. 

Table 11-Absolute Bioavailability and Total Amount Absorbed, 
Including Metabolites, after Oral Administration of Levodopa to 
Dogs and Patients 
~~~~ ~ ~ 

Absolute Total 
Subject Dose, mg Bioavailability, %a Amount Absorbed, %a 

Patients 1000 33.3 f 4.23 87.8 f 7.4 
Dogs 250 36.3 f 2.gb 81.0 f 4.7 

0 Based on the presumed linear kinetics using the dose-corrected AUC from the 
intravenous dose. Average f SE. 
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Figure 4-Average ( fSE)  plasma leuels of leuodopa (0 )  and total do- 
pamine (0) following oral administration of 1000-nig doses of leuodopa 
to  six parkinsonian patients. 

The profile of plasma levodopa levels and the pattern of urinary ex- 
cretion obtained in this experiment following oral administration of le- 
vodopa, respectively, agree with the results and the observations reported 
previously (10-12). In the urine, 44-57s of the oral dose was excreted, 
including metabolites, but only small amounts of intact levodopa were 
excreted. 

The absolute bioavailability and the extent of total oral absorption 
including levodopa and its metabolites following oral administration of 
levodopa to dogs were -35 and 80%, respectively. These results showed 
that the bioavailability of levodopa was low but that  the extent of total 
absorption of levodopa was good. It can be inferred that this difference 
is due to the degradation andlor metabolism of levodopa in the GI tract 
and liver during absorption. In fact, levodopa decarboxylase, believed 
to be responsible for metabolizing levodopa, is widely distributed in the 
liver (13-151, kidney (161, and GI tract (5,6,17). The activity of this en- 
zyme is relatively high in the GI tract. Therefore, the proposal of gut and 
gut wall metabolism of levodopa by this enzyme probably is justified. 

One way of evaluating the first-pass effect is to compare the ratio of 
the AUC of the metabolite, total dopamine, to that of the parent drug. 
These relationships may be represented as follows: 

AUClevodopa = FDlC11evndopa (Eq. 1) 

where Cllevcd,,pa and Clbtal dopamine represent the elimination clearance 
of  the respective compounds, FD represents the levodopa dose absorbed, 
and f represents the fraction of the levodopa dose absorbed that is con- 
verted to total dopamine. The ratio of Eq. 2 to Eq. 1 gives: 

(Eq. 3) 

Thus, the new ratio shown in Eq. 3 cancels out the FD term relating to 
the absorbed dose. The right side of Eq. 3 includes three parameters. The 
elimination clearance of dopamine, Clh,bl dopamine, in the denominator 
should be unaffected by the administration route. Since Eq. 3 eliminates 
the effect of the absorbed dose, the observed elimination clearance for 
the parent drug, Cllevo&,pa, should be unchanged as long as the system 
obeys linear kinetics. 

Finally, Eq. 3 includes a term, f ,  in the numerator that  represents the 
fraction of the parent drug converted to the metabolite, total dopamine. 

This term should increase after oral administration relative to an intra- 
venous dose. Therefore, comparison of the AUC ratios obtained after oral 
and intravenous studies should reflect the increase in the metabolite 
formed uia presystemic metabolism of the drug during oral absorption. 
The ratio in dogs was 0.56 f 0.06 after intravenous injection uersus 0.93 
f 0.10 after oral absorption. Therefore, the first-pass metabolism most 
likely results in more extensive metabolism of levodopa. 

On the other hand, parkinsonian patients administered an intravenous 
dose of levodopa showed levodopa disposition kinetics similar to those 
observed in the dogs (Table I). As mentioned before, about 55% of the 
intravenous dose was recovered from the urine within 8 hr. Imai et al. (18) 
reported that following oral administration of levodopa to parkinsonian 
patients, >90% of the drug excreted within 24 hr was recovered from the 
urine within the first 8 hr. Therefore, even though these data are from 
urine collected within the first 8 hr after dose administration, it seems 
appropriate to assume that the results would be similar to the 24-hr data. 
In addition, Bronaugh et al. (19) determined the urinary excretion of total 
levodopa, total dopamine, total 3,4-dihydroxyphenylacetic acid, and total 
homovanillic acid separately after intravenous administration of radio- 
active levodopa to patients. They reported about 50% urinary excretion 
of these metabolites, which is in good agreement with our value. The 
plasma levodopa levels and the urinary excretion pattern following oral 
administration of levodopa in the parkinsonian patients in the present 
study were similar to previous (18,20,21) results. 

The absolute bioavailahility and the extent of total absorption calcu- 
lated from results of intravenous infusion in parkinsonian patients were 
-33 and 881, respectively (Table 11). These results show that bioavail- 
ability of levodopa was low in patients but that  the extent of total ab- 
sorption of levodopa was good, as in dogs. Also, the ratio of the AUC of 
total dopamine to the AUC of levodopa was 0.81 f 0.06 after an intra- 
venous dose in patients, while it was 1.26 f 0.13 after oral administration. 
These values are consistent with the concept of first-pass metabolism, 
yielding a more extensive metabolism of levodopa during oral adminis- 
tration in patients as well as in dogs. 

Furthermore, the results of these bioavailability studies using both dogs 
and patients indicate that beagle dogs and patients showed similar 
pharmacokinetic parameters following intravenous administration of 
levodopa (Table I) and similar bioavailability of oral levodopa (Table 11). 
Therefore, this study supports the use of beagle dogs as model animals 
for pharmacokinetic and biopharmaceutical investigations to study the 
mechanism involved in the low bioavailability of marketed levodopa 
preparations. A subsequent paper of this series will discuss the possibility 
of nonlinear kinetics of levodopa in dogs and humans. 
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Abstract 0 Matrixes composed of ethylene-vinyl acetate copolymer are 
useful vehicles for the sustained release of macromolecules such as pro- 
teins. A new procedure for fabricating these polymeric delivery systems 
involved mixing the dry, powdered macromolecule with a polymer so- 
lution and casting the mixture a t  -80". The resulting matrix was dried 
in two 48-hr stapes, first at -20' and then at 20'. These polymer system 
had uniform drug distribution, and their release kinetics were repro- 
ducible. Fabrication parameters such as drug particle size, drug loading, 
and matrix coating all significantly affected release kinetics. 

Keyphrases Kinetics, drug release-effecta of particle size, drug 
loading, and matrix coating on polymer4rug mixtures 0 Polymers-we 
in sustained-release film formation, preparation methods of polymer- 
drug matrix, low temperature effects on polymeric matrix 0 Con- 
trolled-delivery system-preparation methods, polymer4rug matrix, 
drug release kinetics 

A previous study described the first biocompatible 
polymeric delivery systems capable of continuously de- 
livering macromolecules (mol. wt. > 1OOO) such as proteins 
for prolonged periods (1). In that study, a polymer-mac- 
romolecule matrix was formed by mixing po,wdered mac- 
romolecules in a polymer solution. This mixture was 
poured into small, conical, glass molds, and the solvent was 
evaporated. The resulting pellets, when exposed to an 
aqueous medium, released macromolecules in biochemi- 
cally active form for >lo0 days (2). Although sustained 
release was achieved, the reproducibility of the release 
kinetics was poor. Difficulties in obtaining reproducible 
release rates were compounded when larger volume poly- 
meric delivery systems were fabricated. 

Significant drug settling and redistribution occurred 
during casting and drying due to the insolubility of the 
incorporated macromolecules in the polymer solvent. At 
room temperature, the drug migrated vertically, and visible 
lateral motion was caused by currents (possibly thermal) 
in the mixture. The low temperature casting procedures 
described were developed to minimize this drug movement 
during matrix formation. The reproducibility of release 

kinetics of matrixes prepared using these low temperature 
methods was improved markedly. 

The reproducible kinetics permitted the study of the 
effects of certain fabrication factors, including drug par- 
ticle size, drug loading, and matrix coating, on macro- 
molecule release. The significant effects of these factors 
on release kinetics suggest possible megins of utilizing and 
modifying macromolecular release systems according to 
research or clinical needs. 

EXPERIMENTAL 

Matrix Preparation-Ethylene-vinyl acetate copolymer1 (40% vinyl 
acetate by weight) was dissolved in methylene chloride* to give a 10% 
solution (w/v). Protein or another macromolecular powder was sieved3 
to give particles of <75,75-250, or 250-425 pm. A weighed amount of 
powder from a single size range was added to 15 ml of the polymer solu- 
tion in a glass vial', and the mixture was vortexed5 for a t  least 10 sec to 
yield a uniform suspension. This mixture was poured quickly into the 
center of a leveled glass mold (7 X 7 X 0.5 cm), which had been cooled 
previously on dry ice for 5 min. During precooling, the mold was covered 
with a glass plate to prevent excess frost formation. 

After the mixture was poured, the mold remained on the dry ice for 10 
min, and the mixture froze. (The mold was covered again for the last 7 
min of this stage.) The frozen slab was easily pried loose with a cold 
spatula, transferred onto a wire screens, and kept a t  -20' for 2 days. The 
slab then was dried for 2 more days at  room temperature in a desiccator' 
under a mild, houseline vacuum (600 mtorr). Drying caused the slabs to 
shrink to -5 X 5 cm. The central 3 X 3-cm square was excised with a 
scalpels and a straight edge and divided further into nine 1 X 1-cm 
squares. 

Kinetics-Each square was weighed, its thickness was measured with 

1 Elvax 40, DuPont Chemical Co., Wilmington, Del. This lymer also may be 

2 Fisher Scientific Co., Fair Lawn, N.J. 
3 American Standard sieves, Nos. 40, 60, and 200, Dual Manufacturing Co., 

5 Scientific Industries. Bohemia, N.Y.; set at speed 10. 

7 Be1 Art, Pequannock, N.J. 
8 No. 10 blade, Bard-Parker, Rutherford, N.J. 

obtained from Dr. Langer at the Massachusetts Institute of 'k%hnology. 

'"me%n Scientific Co., Millville, N.J. 

Common steel mesh, 0.5-mm spacing. 
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A previous study described the first biocompatible 
polymeric delivery systems capable of continuously de- 
livering macromolecules (mol. wt. > 1OOO) such as proteins 
for prolonged periods (1). In that study, a polymer-mac- 
romolecule matrix was formed by mixing po,wdered mac- 
romolecules in a polymer solution. This mixture was 
poured into small, conical, glass molds, and the solvent was 
evaporated. The resulting pellets, when exposed to an 
aqueous medium, released macromolecules in biochemi- 
cally active form for >lo0 days (2). Although sustained 
release was achieved, the reproducibility of the release 
kinetics was poor. Difficulties in obtaining reproducible 
release rates were compounded when larger volume poly- 
meric delivery systems were fabricated. 

Significant drug settling and redistribution occurred 
during casting and drying due to the insolubility of the 
incorporated macromolecules in the polymer solvent. At 
room temperature, the drug migrated vertically, and visible 
lateral motion was caused by currents (possibly thermal) 
in the mixture. The low temperature casting procedures 
described were developed to minimize this drug movement 
during matrix formation. The reproducibility of release 

kinetics of matrixes prepared using these low temperature 
methods was improved markedly. 

The reproducible kinetics permitted the study of the 
effects of certain fabrication factors, including drug par- 
ticle size, drug loading, and matrix coating, on macro- 
molecule release. The significant effects of these factors 
on release kinetics suggest possible megins of utilizing and 
modifying macromolecular release systems according to 
research or clinical needs. 

EXPERIMENTAL 
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acetate by weight) was dissolved in methylene chloride* to give a 10% 
solution (w/v). Protein or another macromolecular powder was sieved3 
to give particles of <75,75-250, or 250-425 pm. A weighed amount of 
powder from a single size range was added to 15 ml of the polymer solu- 
tion in a glass vial', and the mixture was vortexed5 for a t  least 10 sec to 
yield a uniform suspension. This mixture was poured quickly into the 
center of a leveled glass mold (7 X 7 X 0.5 cm), which had been cooled 
previously on dry ice for 5 min. During precooling, the mold was covered 
with a glass plate to prevent excess frost formation. 

After the mixture was poured, the mold remained on the dry ice for 10 
min, and the mixture froze. (The mold was covered again for the last 7 
min of this stage.) The frozen slab was easily pried loose with a cold 
spatula, transferred onto a wire screens, and kept a t  -20' for 2 days. The 
slab then was dried for 2 more days at  room temperature in a desiccator' 
under a mild, houseline vacuum (600 mtorr). Drying caused the slabs to 
shrink to -5 X 5 cm. The central 3 X 3-cm square was excised with a 
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a micrometerg, and it was placed in a vial contaming 10 ml of saline (0.154 
M NaCl'O). Vials were put on a shaker" a t  20°. At each time point, the 
squares were transferred with forceps into fresh, saline-containing vials. 
During these transfers, excess solution on the matrix surface was removed 
by gentle blotting on a tissue. The concentrations of macromolecules in 
the vials were determined spectrophotometricallyl2. 

Release of MacromoleculegKinetic studies were conducted on the 
release of three proteins13: bovine serum albumin (mol. wt. 68,000), 
&lactoglobulin (mol. wt. l8,000), and lysozyme (mol. wt. 14,400). A 
standard particle size (75-250 pm) and loading (25% of matrix weight as 
protein) were used in the measurement of release kinetics. Protein con- 
centrations were determined by absorbance at 220 or 280 nm. 

Particle Size and Loading-A series of experiments was conducted 
to compare the release of albumin of three particle sizes (<75,75-250, 
and 250-425 pm) at  four drug loadings (10,25,37.5, and 50% protein by 
weight). With the smallest particle size, a 67% loading was possible and 
was tested for release kinetics. (With particle sizes greater than 75 pm, 
the polymer solution-protein powder mixture would not pour.) 

For each particle size and loading, a t  least two slabs were cast and as- 
sayed for release characteristics. Release from each square was monitored 
for 4-8 weeks. Table I lists the weights and thicknesses of matrix squares 
containing albumin of various particle sizes and loadings. 

Isotropic Studies-Experiments were conducted to examine matrix 
isotropy by comparing release from the top and bottom faces of polymer 
matrixes containing albumin. Conditions ranged from 25% loading and 
particle sizes of <75 pm to 50% loading and particle sizes of 250-425 pm. 
For each matrix square, all surfaces except for one face were covered by 
dripping molten paraffin wax14 onto the square. The remaining face was 
protected by adhesive tape. The excess wax was trimmed off, and the 
adhesive tape was removed. 

Release measurements were conducted with care taken to ensure that 
the unwaxed face always was exposed to the release medium. Release 
rates were compared between the top and bottom faces of matrixes for 
each combination of particle size and loading. Control squares containing 
albumin were covered completely with wax; these squares showed no 
effect on the spectrophotometric assay. 

Coating-The effect of coating matrixes with an additional polymer 
layer was examined. Polymeric matrixes, 50% insulin13 by weight, were 
prepared by the described procedures, except that the insulin powder 
was not sieved. (Commercial insulin powder, with a particle size of <50 
pm, is more uniform than most protein powder preparations.) After the 
insulin-polymer matrixes were dried and weighed, the squares were 
coated by dropping each into a vial containing 15 ml of polymer solution, 
either 5 or 20% (w/v) ethylene-vinyl acetate in methylene chloride. After 
1 min in solution, the square was grasped on its edges with forceps, re- 
moved from solution, and held to dry at room temperature for 2 min. The 
matrix was dried for an additional 24 hr at room temperature under mild 
vacuum. 

Both coated and uncoated samples were measured for release kinetics 
for over 20 days. Because insulin can bind to glass, release was measured 
in ~ilicone'~-coated vials containing saline a t  20°. Insulin concentrations 
were determined by adjusting the pH to 3.0 (50 pl of 1 N HCPO added/lO 
ml of saline) and measuring absorbance at  220 nm. 

RESULTS 

Uniformity and Reproducibility-The improvement in the uni- 
formity of drug distribution using low temperature fabrication methods 
is shown in Fig. 1. Figure l a  is a photograph of a matrix containing al- 
bumin (particle size of 75-250 pm, 25% protein by weight), which was cast 
and dried at  low temperature; under these conditions, the drug was dis- 
tributed uniformly throughout the matrix. Figure Ib shows a matrix 
similarly prepared, except that casting and drying were conducted a t  
room temperature. In this case, drug distribution was irregular, with some 
areas nearly void of protein (clear zones). 

The low temperature fabrication procedure produced polymer matrixes 
that were essentially isotropic with respect to release. Experiments in 
which release rates from the top and bottom faces of the polymer matrix 
were studied separately showed that release rates never differed by more 

9 Sterret Co.. Athol, Maas. 
10 USP grade, Mallinckrodt, St. Louis, Mo. 
l1 Clinical rotating apparatus, Arthur H. Thomas, Philadelphia, Pa.; set at speed 

l2 Gilford Instrument Laboratories, Oberlin, Ohio. 

I4 Gulf Oil Corp., Houston, Tex. 

3. 

Sigma Chemical Co., St. Louis, Mo. 

Siliclad, Clay-Adams, Parsippany, N.J. 

Figure 1-Photographs of matrixes containing booine serum albumin 
(particle size of 75-250 l m ,  25% protein by weight) prepared by the low 
temperature procedure (Fig. l a )  and at room temperature (Fig. Ib). 
The scale is in centimeters. 

than 25%. which suggests that the low temperatures during the matrix 
casting and drying prevented significant vertical drug migration. 

Figure 2 depicts the reproducibility of release kinetics from matrixes 
prepared at a low temperature. Three slabs were prepared with albumin, 
and all 27 1 X 1-cm squares were measured for release for >24 days. The 
mean daily release rates and their standard deviations are shown in Fig. 
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Table I-Weights and ThicknessesP of 1 X 1-cm Matrixes Prepared with Albumin a t  Various Particle Sizes and Loadings 

Particles of <75 pm Particles of 75-250 pm Particles of 250-425 pm 
Loading, Weight f SD b, Thickness Weight f SD b, Thickness Weight f SDb, Thickness 

% by weight mg f Range, mm mg f Range, mm mg f Range, mm 

10 67.3 f 3.6 0.75 f 0.01 64.5 f 3.6 0.75 f 0.01 56.3 f 2.3 0.81 f 0.01 
25 76.1 f 3.5 0.80 f 0.02 70.3 f 4.3 0.83 f 0.01 62.3 f 2.3 1 .oo f 0.02 
37.5 87.3 f 3.4 0.94 f 0.02 74.9 f 3.0 1.13 f 0.02 68.9 f 4.3 1.23 f 0.03 

74.9 f 5.3 1.43 f 0.04 83.1 f 5.2 1.47 f 0.04 
C - c  - c  - c  

50 98.7 f 4.4 1.13 f 0.03 
67 103.6 f 6.3 1.74 f 0.04 - 

a AU weights and thicknesses were measured before exposure to saline. Hydration increased the volume by -5%. n 2 8. c This particular combination of particle 
size and loading was not prepared. 

2. Standard deviations of release rates were within 15% of the respective 
means, except during the early release period (in which the standard 
deviations were still within 25%). Standard deviations of release rates 
from matrixes prepared at  room temperature were only within 75%. In 
addition, more than 90% of the total variance of release for matrixes 
fabricated at a low temperature was due to variability within a single 
slab. 

Other studies using different proteins, particle sizes, and loadings 
yielded release reproducibilities consistent with the described observation 
with one exception: a t  high loadings (>-50%), the center square had a 
significantly slower release rate than the other eight squares from the 
same slab. This observation may be because the center is the site of 
pouring and, therefore, is the last area to be fully cooled. 

Figure 3 shows the release of different proteins of the same particle size 
and loading. In this graph, cumulative percent protein release is plotted 
versus The standard deviation of cumulative release was within 
10% of the mean in all cases. 

Particle Size and Loading-Figures 4 and 5 show the effects of drug 
particle size and loading on release kinetics. The profiles of cumulative 
release uersw time’’z first are eouped by common loadings ranging from 
10 to 50% (Figs. 4a-4d). These release profiles then are plotted by similar 
particle size (Figs. 5a-5c). In every case, the standard deviation of cu- 
mulative release was within 10% of the mean, and there appeared to be 
a release period roughly linear with respect to time*/2. At higher loadings, 
this period was almost immediate (Fig. 4d). At lower loadings, there was 
an initial, nonlinear burst of release lasting about 48 hr, followed by a 
linear period (Figs. 4a and 4b). 

Particle size significantly affected the drug release rates. In almost all 
cases, an increase in particle size increased the release kinetics. The only 
exception was at the highest loading; in this case, the difference between 
release rates of polymer matrixes containing protein in the two larger 
particle-size ranges was minimal. The effect of particle size was most 
significant at the intermediate loadings (25 and 37.5%). Here, the slopes 
of the regions linear with respect to time”* varied as much as sixfold due 
to a change in particle size. 

Increases in drug loading uniformly increased drug release rates (Fig. 
5). Not only did total drug release increase, but the cumulative percent 
of matrix drug released over time increased. As much as a 50-fold increase 
in the percent released slopes was caused by increasing drug loading from 
10 to 50% by weight (Fig. 5a). 

Coating-Coating the matrix also significantly affected drug release 
rates (Fig. 6). Release in coated matrixes again appeared to follow time’” 
kinetics. Release kinetics decreased with increases in coating solution 
concentrations. A sevenfold difference in release rates was observed be- 
tween uncoated samples and samples coated with 20% polymer solution. 
Standard deviations of cumulative release values were within 15% of the 
means. 

DISCUSSION 

These results show the effectiveness of low temperature fabrication 
procedures for the incorporation of macromolecules into polymeric ma- 
trixes. Procedures used for the incorporation of low molecular weight 
drugs (3-7) are inadequate for macromolecules. Compression molding 
and levigation (3,4) would subject the relatively less stable proteins or 
macromolecules to denaturation. Therefore, macromolecules were added 
to a solution of polymer dissolved in a volatile solvent (methylene chlo- 
ride). This mixture, when cast and dried, produced matrixes capable of 
sustained macromolecular release. 

Sustained-release films for low molecular weight drugs have been cast 
from polymer solutions in which the drug also was dissolved (5-7). 
However, macromolecules such as proteins were insoluble in the polymer 
solution used and rapidly migrated when cast at  room temperature. Low 
temperature casting and drying reduced protein migration and resulted 
in matrixes with uniform drug distribution and reproducible release ki- 
netics. Similar low temperature techniques may prove useful in other 
systems that require uniform distribution of an insoluble compound in 
a polymer solution. 

The reproducibility of release kinetics for matrixes prepared by low 
temperature methods was demonstrated for different proteins and for 
a range of particle sizes and loadings. However, it may be more difficult 
to incorporate some macromolecules uniformly if the drug particle density 
is much greater than that used in the present study since high density 
may cause the particles to settle significantly even at  low temperatures. 
This settling may be alleviated by more rapid cooling during casting. 

The polymer solution mixed with macromolecules quickly gelled when 
cast on dry ice a t  -80’. After 2 days a t  -20°, enough solvent had evap- 
orated to allow further drying at  room temperature (2 days under mild 

0 I I , I I I I /  

0 2 4 6 8 10 12 14 16 18 20 22 24 
DAYS 

Figure 2-Reproducibility of release rates for 27 matrixes prepared 
from three slabs. The incorporated protein is bovine serum albumin at 
a particle sire of 75-250 p m  and 25% loading. 

O Y  , I I I I I I I 

0 5 10 15 20 25 30 35 40 
H O U R S ~  

Figure 3-Cumulatiue release versus for three proteins. Key: 
e, P-lactoglobulin; A, bovine serum albumin; and 0, lysozyme. Each 
point represents the mean of at least eight samples. Standard deuiations 
were <lo% of the re5pectiv.e mean ualues. 
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Figure 4-Particle-size effect on cumulative release. Particles of three size ranges (<75 (O), 75-250 (01, and 250-425 (A) prn]  were incorporated 
into matrixes at four loadings (weight percent of albumin per matrix): Fig. 4a, 10%; Fig. 4b, 25%; Fig. 4c, 37.5%; and Fig. 4d, 50%. Each point 
represents the mean of eight samples. Standard deviations were <lo% of the respectiue mean values. 

vacuum). In a separate experiment, more extensive drying (up to 60 days 
under vacuum) did not affect release kinetics. 

There appeared to be three release phases: (a)  a burst or initial period 
of rapid release; ( b )  a period when release was approximately linear with 
respect to and (c) a final period when release tapered off. The 
burst effect presumably was due to protein dissolution on the surface and 
cut edges of the matrix. The intermediate release phase that displayed 
time'I2 kinetics resembled earlier release models of low molecular weight 
drugs from granular matrixes (8). Because macromolecules are too large 
to diffuse through a pure polymer film (l), i t  is possible that sustained 
release occurs uia diffusion through channels in the matrix. The incor- 
poration of the macromolecules during casting may introduce such 
channels through which the dissolved drug can diffuse. In this case, ob- 
served differences in release rates for different proteins would be at- 
tributable to differences in protein properties (solubility and diffusivity) 
and matrix characteristics (porosity and tortuosity). For example, the 
very slow release from the uncoated insulin-polymer matrixes (Fig. 6) 
may result from the small size of the incorporated insulin powder and 
the low insulin solubility in the release media. 

Drug particle size and loading markedly affected release kinetics of 
the macromolecular polymeric delivery systems (Figs. 4 and 5). Similar 
observations have been made for low molecular weight drug release (9, 
lo), although the effects were not as significant. Release rate increases 
caused by increases in particle size may result from the formation of larger 
channels or pores in the polymer matrix. Similarly, increased loadings 
may provide simpler pathways (lower tortuosity) and greater porosity 
for diffusion, both of which would facilitate the movement of water into, 
and proteins out of, the matrix. 

A coating also can be used to control macromolecular release kinetics. 
Its effects may be due to the reduced amount of macromolecule on the 
matrix surface as well as the decreased surface access of pores for chan- 
neled diffusion. It is assumed that the coating procedure does not cause 
a pure intact polymer film to form around the matrix since that would 
prevent any macromolecular diffusion into the surrounding media (1). 

Systems for the sustained release of macromolecules have potential 
biological and pharmacological value. For example, these systems pro- 
vided the basis for bioassays of growth factors derived from tumors (2), 
cartilage (11), the vitreous body (12), and macrophages (13). They also 
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were used in studies of vascular proliferation (14), vascular regression 
(15), and chemotaxis (16). Clinically, these systems may prove valuable 
as single-step methods for immunization (17) or for the continuous de- 
livery of insulin (18) and other high molecular weight drugs. 

These low temperature fabrication procedures for macromolecular 
release systems are easy to perform and require standard, inexpensive 
laboratory apparatus. A wide spectrum of release rates can be achieved 
by altering drug particle size and loading and by coating the matrix; thus, 
these systems can be modified for various applications. Further work is 
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Figure 5-Loading effect on cumulative release. Matrixes with loadings 
[I0 (a), 2.5 (A), 37.5 (O), 50 (X), and 67% (e) of albumin by weight] were 
made using albumin of three particle-size ranges: Fig. 5a, <75 pm; Fig. 
Sb, 75-250 pm; and Fig. 5c,2504% pm. Each point represents the mean 
of at least eight samples. Standard deviations were <lo% of the re- 
spective mean values. 
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Figure 6-Coating effect on the cumulative release of insulin. Each 
point represents the mean of eight samples. Standard deviations were 
<15% of the respective mean values. 

being directed toward the development of physical and mathematical 
models to describe and predict macromolecular release. 
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4. Flurazepam dihydrochloride (0.5 g) was dissolved in 2 ml of distilled 
water and evaporated to dryness under nitrogen. The residue was dried 
in a vacuum oven at -50°, if necessary. 

5. The contents of two to three flurazepam dihydrochloride capsules 
(or 100 mg of flurazepam dihydrochloride) were mixed well with 10 ml 
of distilled water. The mixture was neutralized with 1.0 N NaOH, and 
the milky solution was extracted with 10 ml of chloroform. The chloro- 
form layer (flurazepam free base) was passed through anhydrous sodium 
sulfate and evaporated to dryness under nitrogen. 

igin. 

EXPERIMENTAL 

The spectra were recorded by a grating IR spectrophotometerl. The 
samples were measured as potassium bromide disks, as solutions in cells 
with sodium chloride windows, and as a capillary film between two so- 
dium chloride disks. 

The samples were prepared using the following extraction methods. 
1. The contents of three 15-mg flurazepam dihydrochloride capsules2 

were extracted with 10 ml of methanol or acetone and filtered. The filtrate 
was evaporated to dryness under a nitrogen stream, and the residue was 
collected. 

2. Flurazepam dihydrochloride (0.5 g) was dissolved in 3 ml of meth- 
anol and evaporated to dryness under nitrogen. 

3. Flurazepam dihydrochloride (0.5 g) was dissolved in 100 ml of 
chloroform with stirring, and the clear solution was evaporated to dryness 
under nitrogen. 

~ 

Model 283, Perkin-Elmer. 
Dalmane. Hoffmann-La Roche. 

RESULTS AND DISCUSSION 

The IR spectra of materials (in potassium bromide) extracted from 
three 15-mg flurazepam dihydrochloride capsules with methanol and 
acetone are presented in Fig. 1 (curves A and B, respectively). Figure 1 
also includes the spectra of untreated flurazepam dihydrochloride, flu- 
razepam monohydrochloride, and flurazepam free base as potassium 
bromide pellets (curves C, D, and E, respectively). The spectra of the 
materials extracted with methanol and acetone disagree with each other 
as well as with the spectra of untreated flurazepam dihydrochloride. At 
this point, the suggestion of polymorphism arose. The IR spectra (as 
potassium bromide pellets) of the substances recrystallized by dissolving 
flurazepam dihydrochloride in methanol, chloroform, and water were 
obtained (curves A, B, and C, respectively, Fig. 2). Again, these spectra 
are not identical to one another or to the spectrum of untreated flura- 
zepam dihydrochloride. T o  investigate whether polymorphism was 
causing these differences, solution spectra of the same substances were 
obtained (Fig. 3). Figure 3 also contains the solution spectrum of un- 
treated flurazepam dihydrochloride. Since significant differences were 
found in the solution spectra as well, these differences could not be at- 
tributed to polymorphism. 

The differences among curves C-E in Fig. 1 are most pronounced be- 
tween 1800 and 2500 cm-’ and at 1635 cm-l. The 1800-2500-~m-~ region 
contains the absorption bands due to the R3N+H and RzC=N+H ions. 
Saturated tertiary amine salts (R3N+H) exhibit a strong and broad am- 
monium band (2) centered between 2300 and 2500 cm-l, particularly 
when a large asymmetric tertiary ammonium ion combines with a rela- 
tively small negative ion such as chloride. This band has been observed 
in many tertiary amine salts of hydrochloric acid and hydrobromic 
acid. 

Unsaturated amine salts (C=Y+H) exhibit a characteristic immonium 
band between 1800 and 2000 cm-’ in addition to the ammonium band 
between 2300 and 2500 cm-l, which overlaps with the ammonium band 
caused by the R3N+H ion. The IR spectrum of flurazepam dihydro- 
chloride is characterized by the immonium band between 1800 and 2000 
cm-’ as well as the ammonium band between 2300 and 2500 cm-’ (curve 
C, Fig. 1). The IR spectrum of flurazepam monohydrochloride is char- 
acterized only by the ammonium band between 2300 and 2500 cm-’ and 
the absence of the immonium band between 1800 and 2000 cm-’ (curve 
D, Fig. 1). In flurazepam monohydrochloride, where the hydrochloride 
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4. Flurazepam dihydrochloride (0.5 g) was dissolved in 2 ml of distilled 
water and evaporated to dryness under nitrogen. The residue was dried 
in a vacuum oven at -50°, if necessary. 

5. The contents of two to three flurazepam dihydrochloride capsules 
(or 100 mg of flurazepam dihydrochloride) were mixed well with 10 ml 
of distilled water. The mixture was neutralized with 1.0 N NaOH, and 
the milky solution was extracted with 10 ml of chloroform. The chloro- 
form layer (flurazepam free base) was passed through anhydrous sodium 
sulfate and evaporated to dryness under nitrogen. 

igin. 

EXPERIMENTAL 

The spectra were recorded by a grating IR spectrophotometerl. The 
samples were measured as potassium bromide disks, as solutions in cells 
with sodium chloride windows, and as a capillary film between two so- 
dium chloride disks. 

The samples were prepared using the following extraction methods. 
1. The contents of three 15-mg flurazepam dihydrochloride capsules2 

were extracted with 10 ml of methanol or acetone and filtered. The filtrate 
was evaporated to dryness under a nitrogen stream, and the residue was 
collected. 

2. Flurazepam dihydrochloride (0.5 g) was dissolved in 3 ml of meth- 
anol and evaporated to dryness under nitrogen. 

3. Flurazepam dihydrochloride (0.5 g) was dissolved in 100 ml of 
chloroform with stirring, and the clear solution was evaporated to dryness 
under nitrogen. 
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RESULTS AND DISCUSSION 

The IR spectra of materials (in potassium bromide) extracted from 
three 15-mg flurazepam dihydrochloride capsules with methanol and 
acetone are presented in Fig. 1 (curves A and B, respectively). Figure 1 
also includes the spectra of untreated flurazepam dihydrochloride, flu- 
razepam monohydrochloride, and flurazepam free base as potassium 
bromide pellets (curves C, D, and E, respectively). The spectra of the 
materials extracted with methanol and acetone disagree with each other 
as well as with the spectra of untreated flurazepam dihydrochloride. At 
this point, the suggestion of polymorphism arose. The IR spectra (as 
potassium bromide pellets) of the substances recrystallized by dissolving 
flurazepam dihydrochloride in methanol, chloroform, and water were 
obtained (curves A, B, and C, respectively, Fig. 2). Again, these spectra 
are not identical to one another or to the spectrum of untreated flura- 
zepam dihydrochloride. T o  investigate whether polymorphism was 
causing these differences, solution spectra of the same substances were 
obtained (Fig. 3). Figure 3 also contains the solution spectrum of un- 
treated flurazepam dihydrochloride. Since significant differences were 
found in the solution spectra as well, these differences could not be at- 
tributed to polymorphism. 

The differences among curves C-E in Fig. 1 are most pronounced be- 
tween 1800 and 2500 cm-’ and at 1635 cm-l. The 1800-2500-~m-~ region 
contains the absorption bands due to the R3N+H and RzC=N+H ions. 
Saturated tertiary amine salts (R3N+H) exhibit a strong and broad am- 
monium band (2) centered between 2300 and 2500 cm-l, particularly 
when a large asymmetric tertiary ammonium ion combines with a rela- 
tively small negative ion such as chloride. This band has been observed 
in many tertiary amine salts of hydrochloric acid and hydrobromic 
acid. 

Unsaturated amine salts (C=Y+H) exhibit a characteristic immonium 
band between 1800 and 2000 cm-’ in addition to the ammonium band 
between 2300 and 2500 cm-l, which overlaps with the ammonium band 
caused by the R3N+H ion. The IR spectrum of flurazepam dihydro- 
chloride is characterized by the immonium band between 1800 and 2000 
cm-’ as well as the ammonium band between 2300 and 2500 cm-’ (curve 
C, Fig. 1). The IR spectrum of flurazepam monohydrochloride is char- 
acterized only by the ammonium band between 2300 and 2500 cm-’ and 
the absence of the immonium band between 1800 and 2000 cm-’ (curve 
D, Fig. 1). In flurazepam monohydrochloride, where the hydrochloride 
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Figure 1-IR (potassium bromide pellet) spectra of flurazepam di- 
hydrochloride capsules extracted with methanol ( A )  and acetone ( B ) .  
Curve C is the spectrum of untreated flurazepam dihydrochloride, curue 
D is that of flurazepam monohydrochloride, and curve E is that of flu- 
razepam free base. 
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Figure 2-IR spectra (potassium bromide) of flurazepam dihydro- 
chloride recrystallized from methanol (A), chloroform ( B ) ,  and water 
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concentration is less than that in flurazepam dihydrochloride, the acidic 
protons in flurazepam monohydrochloride participate in the formation 
of saturated tertiary ammonium ions (R3N+H) only because of the higher 
basicity of the tertiary amine (R3N) than the imine (C=N-). The free 
base is recognized by the absence of such bands in the 1800-2500-~m-~ 
region (curve E, Fig. 1). The next most distinguishing feature of flura- 
zepam dihydrochloride is the sharp band at  1635 cm-' assigned to the 
C=N+ stretching vibration; this band is absent in the spectra of the 
monohydrochloride and the free base. Furthermore, the carbonyl 
stretching band shifts from -1680 cm-' in the monohydrochloride and 
in the free base,to -1700 cm-I in the dihydrochloride. 

Interpretation of Spectra from Capsules-The spectrum of flu- 
razepam dihydrochloride capsules extracted with methanol lacks the 
ammonium and immonium absorption bands from 1800 to 2500 cm-* 
(curve A, Fig. 1); this material is mostly flurazepam free base contami- 
nated by other ingredienta extracted from the capsule. The spectrum of 
flurazepam dihydrochloride capsules extracted with acetone displays 
only the ammonium band between 2300 and 2500 cm-' (curve B, Fig. 1). 
Since the intensity of this band is weaker than that observed with the 
monohydrochloride, this material is a mixture of flurazepam monohy- 
drochloride and flurazepam free base. 

The intensities of the observed bands between 1800 and 2500 cm-I and 
at 1635 cm-' in Fig. 2 show that each spectrum is a linear superposition 
of the spectra of flurazepam dihydrochloride and flurazepam monohy- 
drochloride, each having a different ratio of dihydrochloride to mono- 
hydrochloride. The material recrystallized by dissolving flurazepam di- 
hydrochloride in methanol seemed to be approximately an equal mixture 
of mono- and dihydrochlorides (curve A, Fig. 2). The substances obtained 
from chlorofprm and water contain much more mono- than dihydro- 
chlorides, as evidenced by the reduced intensities of the C=N+ band at  
1635 cm-' and the immonium band at  1800-2000 cm-I (curves B and C, 
Fig. 2). 

Interpretation of Spectra from Solutions-These spectra (curves 
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Figure 3-IR spectra [4% solution in methanol-chloroform (4:96)] of 
flurazepam dihydrochloride recrystallized from methanol (A) ,  chlo- 
roform ( E ) ,  and water (C) .  Curue D is the solution spectrum of untreated 
flurazepam dihydrochloride. 

A-C, Fig. 3) display varying intensities of the ammonium, immonium, 
and C=N+ bands, which can be attributed to different equilibrium 
mixtures of the mono- and dihydrochlorides in the materials recrystal- 
lized from methanol, chloroform, and water. The material recrystallized 
from water contained the lowest amount of dihydrochloride. The solution 
spectra were sharp enough to show the presence of two carbonyl 
stretching resonances due to the mono- and dihydrochlorides. The shift 
of the carbonyl band from 1700 to 1680 cm-' provides further evidence 
of the transformation from the di- to the monohydrochloride. 
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Figure 4-IR spectra (capillary film between two sodium chloride 
plates) of flurazepam free base prepared from 15-mg flurazepam di- 
hydrochloride capsules ( A )  and of flurazepam dihydrochloride re- 
crystallized from methanol ( E ) ,  chloroform (C),  and water (D). Curve 
E is the spectrum of the free base prepared from untreated flurazepam 
dihydrochloride. 

In the spectrum (curve A) of the substance recrystallized from meth- 
anol, a small shoulder is observable a t  1680 cm-' on the right side of the 
carbonyl band at  1700 cm-'. In the spectra (curves B and C) of the 
samples recrystallized from chloroform and water, the shoulder becomes 
the main carbonyl band at  1680 cm-l, while the intensity of the band at 
1700 cm-l decreases such that it becomes a shoulder a t  I680 cm-l on the 
left side of the main band. The compatibility of the spectra (Fig. 4) of the 
flurazepam free base prepared from untreated flurazepam dihydro- 
chloride, flurazepam dihydrochloride capsules, and flurazepam dihy- 
drochloride recrystallized from methanol, chloroform, and water ruled 
out decomposition of flurazepam in the various studies. 

CONCLUSIONS 

The immonium and ammonium bands between 1800 and 2500 cm-l 
and the C=N+ stretching band at  1635 cm-l, as well as the carbonyl band 
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position (1700 cm-' for dihydrochloride and 1680 cm-l for monohy- 
drochloride and for free base), were the distinguishing diagnostic features 
used in this investigation to establish that the different IR spectra of 
flurazepam dihydrochloride recrystallized from different solvents result 
from different equilibrium mixtures of flurazepam mono- and dihydro- 
chlorides and/or free base in these solvents. The solvent effect on the 
transformation of flurazepam di- to monohydrochloride was methanol 
< chloroform < water. The solution spectra also ruled out polymorphism, 
and the spectra in Fig. 4 show no compound decomposition. 

In view of these findings, the IR identity test for the active ingredient 
in bulk flurazepam dihydrochloride or flurazepam dihydrochloride 
capsules should be based on extraction of flurazepam free base using the 
procedure described in the Experimental section and then on comparison 
of its IR spectrum with a spectrum of the free base similarly extracted 

from a standard flurazepam dihydrochloride sample, which can serve as 
a reference spectrum for future work. 
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Abstract  0 An electron-capture GLC method to measure nofedone in 
human serum was developed. A homolog of nofedone was added to the 
serum as an internal standard before the sample was alkalinized with pH 
9.5 phosphate buffer and extracted with ethylene dichloride containing 
0.5% isopentyl alcohol. This organic phase was extracted with 0.2 N HCl, 
the acidic aqueous phase was neutralized immediately, and the extraction 
with ethylene dichloride was repeated. The ethylene dichloride phase 
was evaporated to dryness, and the residue was reacted with heptafluo- 
robutyric anhydride. The derivatives were chromatographed a t  290" on 
a 1% Dexsil 300 column. Data on apparent recovery, accuracy, and 
specificity are given. The detection limit was 5 ng/ml of serum. Serum 
levels over time in one patient after intravenous administration of 1 
mg/kg and after oral administration of 50,100, and 150 mg of nofedone 
are presented. 

Keyphrases Nofedone-analysis, electron-capture GLC, human 
serum 0 GLC, electron capture-nofedone, human serum o Antiar- 
rhythmic agents-nofedone, analysis, electron-capture GLC, human 
serum 

Nofedonel (I) fumarate, 3-[2-hydroxy-3-(isopropyl- 
amino)propoxy] -2-phenyl-1-isoindolinone B form, shows 
marked experimental and clinical antiarrhythmic activity 
after intravenous and oral administration (1). Compound 
I is under clinical study. To investigate its pharmacoki- 
netics and to establish the optimal dose range, a procedure 
was developed for the determination of the drug in human 
serum. The described method involves GLC of a hepta- 
fluorobutyrate derivative with 63Ni-electron-capture de- 
tection. A similar method was used for the determination 
of a P-adrenoreceptor antagonist with the same ami- 
nohydroxylated chain (2). 

EXPERIMENTAL 

Reagents-All solvents and reagents (0.2 N HCP, 1 N NaOH3, and 
pH 9.5 phosphate buffer prepared from a 0.5 M aqueous solution of di- 

30,356RP. 
2 Catalog No. 20 252, Prolabo, 75011 Paris, France. 
3 Catalog No. 31 627, Prolabo, 75011 Paris, France. 

h i c  sodium phosphate4) were analytical grade. Ethylene dichloride5, 
UV spectrophotometric grade, was freshly distilled before use. The 
heptafluorobutyric anhydride6 was the derivatizing agent for the elec- 
tron-capture analysis. It was kept at 4' in sealed vials to prevent the in- 
gress of water from the atmosphere. Nofedone and the internal stan- 
dard, 3-[2-hydroxy-3-(isopropylamino~propoxy]-2-(~-trifluor~meth- 
ylpheny1)-1-is~indolinone~ (11). were used as the free bases. 

Apparatus and  Operating Conditions-The gas chromatographS 
was equipped with a 63Ni-electron-capture detector9 and a glass column 
(2 m long X 6.25 mm i.d.) packed with 1% Dexsil300 on a 100-120-mesh 
supportlo. The column temperature was 290", the injection port tem- 
perature was 300", the detector temperature was 300°, the carrier gas 
(nitrogen) flow rate was 20 mI/min, and the scavenger gas (nitrogen) flow 
rate was 80 ml/min. 

The column was conditioned for 24 hr by temperature programming 
from 250 to 350" a t  l"/min and was regulated a t  350" for 10 min. It was 
treated before analysis by several injections of the derivatized extract 
of serum blank with or without I and the internal standard to ensure 
maximal performance. Under the conditions described, the retention 
times of the derivatives of I and I1 were 2 and 1.5 min, respectively. 

Glassware-All glassware was cleaned well and tested with an aqueous 
solution of I-HCl and I1 of known content. 

Procedure-Compound I1 was used as a lOO-pg/ml solution in ethyl 
acetate" and kept from bright light. This solution was diluted (1:lOO) 
with ethyl acetate and immediately inserted in a centrifuge tube. Samples 
of the internal standard, 50,200, and 500 ng, were commonly used for such 
analyses. The quantity of the internal standard was selected to give a peak 
height greater than or equal to that of I. The solvent was evaporated 
under a nitrogen stream, and 0.25,0.50, or 1 ml of serum was added. After 
vibrating for 30 sec, 2 ml of pH 9.5 phosphate buffer was added. 

This aqueous solution was extracted with 6 ml of ethylene dichloride 
containing 0.5% isopentyl alcohol12, mechanically shaken for 20 min. and 
centrifuged. The lower organic phase was removed by pipet and washed 
by shaking for 5 min with 2 ml of distilled water. The organic phase then 
was extracted with 2 ml of 0.2 N HCI and mechanically shaken for 20 min. 
The acidic aqueous phase was neutralized immediately with 0.5 ml of 1 
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position (1700 cm-' for dihydrochloride and 1680 cm-l for monohy- 
drochloride and for free base), were the distinguishing diagnostic features 
used in this investigation to establish that the different IR spectra of 
flurazepam dihydrochloride recrystallized from different solvents result 
from different equilibrium mixtures of flurazepam mono- and dihydro- 
chlorides and/or free base in these solvents. The solvent effect on the 
transformation of flurazepam di- to monohydrochloride was methanol 
< chloroform < water. The solution spectra also ruled out polymorphism, 
and the spectra in Fig. 4 show no compound decomposition. 

In view of these findings, the IR identity test for the active ingredient 
in bulk flurazepam dihydrochloride or flurazepam dihydrochloride 
capsules should be based on extraction of flurazepam free base using the 
procedure described in the Experimental section and then on comparison 
of its IR spectrum with a spectrum of the free base similarly extracted 

from a standard flurazepam dihydrochloride sample, which can serve as 
a reference spectrum for future work. 
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Abstract  0 An electron-capture GLC method to measure nofedone in 
human serum was developed. A homolog of nofedone was added to the 
serum as an internal standard before the sample was alkalinized with pH 
9.5 phosphate buffer and extracted with ethylene dichloride containing 
0.5% isopentyl alcohol. This organic phase was extracted with 0.2 N HCl, 
the acidic aqueous phase was neutralized immediately, and the extraction 
with ethylene dichloride was repeated. The ethylene dichloride phase 
was evaporated to dryness, and the residue was reacted with heptafluo- 
robutyric anhydride. The derivatives were chromatographed a t  290" on 
a 1% Dexsil 300 column. Data on apparent recovery, accuracy, and 
specificity are given. The detection limit was 5 ng/ml of serum. Serum 
levels over time in one patient after intravenous administration of 1 
mg/kg and after oral administration of 50,100, and 150 mg of nofedone 
are presented. 
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Nofedonel (I) fumarate, 3-[2-hydroxy-3-(isopropyl- 
amino)propoxy] -2-phenyl-1-isoindolinone B form, shows 
marked experimental and clinical antiarrhythmic activity 
after intravenous and oral administration (1). Compound 
I is under clinical study. To investigate its pharmacoki- 
netics and to establish the optimal dose range, a procedure 
was developed for the determination of the drug in human 
serum. The described method involves GLC of a hepta- 
fluorobutyrate derivative with 63Ni-electron-capture de- 
tection. A similar method was used for the determination 
of a P-adrenoreceptor antagonist with the same ami- 
nohydroxylated chain (2). 

EXPERIMENTAL 

Reagents-All solvents and reagents (0.2 N HCP, 1 N NaOH3, and 
pH 9.5 phosphate buffer prepared from a 0.5 M aqueous solution of di- 
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h i c  sodium phosphate4) were analytical grade. Ethylene dichloride5, 
UV spectrophotometric grade, was freshly distilled before use. The 
heptafluorobutyric anhydride6 was the derivatizing agent for the elec- 
tron-capture analysis. It was kept at 4' in sealed vials to prevent the in- 
gress of water from the atmosphere. Nofedone and the internal stan- 
dard, 3-[2-hydroxy-3-(isopropylamino~propoxy]-2-(~-trifluor~meth- 
ylpheny1)-1-is~indolinone~ (11). were used as the free bases. 

Apparatus and  Operating Conditions-The gas chromatographS 
was equipped with a 63Ni-electron-capture detector9 and a glass column 
(2 m long X 6.25 mm i.d.) packed with 1% Dexsil300 on a 100-120-mesh 
supportlo. The column temperature was 290", the injection port tem- 
perature was 300", the detector temperature was 300°, the carrier gas 
(nitrogen) flow rate was 20 mI/min, and the scavenger gas (nitrogen) flow 
rate was 80 ml/min. 

The column was conditioned for 24 hr by temperature programming 
from 250 to 350" a t  l"/min and was regulated a t  350" for 10 min. It was 
treated before analysis by several injections of the derivatized extract 
of serum blank with or without I and the internal standard to ensure 
maximal performance. Under the conditions described, the retention 
times of the derivatives of I and I1 were 2 and 1.5 min, respectively. 

Glassware-All glassware was cleaned well and tested with an aqueous 
solution of I-HCl and I1 of known content. 

Procedure-Compound I1 was used as a lOO-pg/ml solution in ethyl 
acetate" and kept from bright light. This solution was diluted (1:lOO) 
with ethyl acetate and immediately inserted in a centrifuge tube. Samples 
of the internal standard, 50,200, and 500 ng, were commonly used for such 
analyses. The quantity of the internal standard was selected to give a peak 
height greater than or equal to that of I. The solvent was evaporated 
under a nitrogen stream, and 0.25,0.50, or 1 ml of serum was added. After 
vibrating for 30 sec, 2 ml of pH 9.5 phosphate buffer was added. 

This aqueous solution was extracted with 6 ml of ethylene dichloride 
containing 0.5% isopentyl alcohol12, mechanically shaken for 20 min. and 
centrifuged. The lower organic phase was removed by pipet and washed 
by shaking for 5 min with 2 ml of distilled water. The organic phase then 
was extracted with 2 ml of 0.2 N HCI and mechanically shaken for 20 min. 
The acidic aqueous phase was neutralized immediately with 0.5 ml of 1 
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~CH~CHOHCH,NHCH(CH,), 
I: R = H  

11: R =CF, 
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0 I 

~CH,CHCH,I~H(CHJ,  
I 
OCOCF~F,CF, 

I11 
N NaOH, and 1 ml of pH 9.5 buffer was added. The extraction with 
ethylene dichloride was repeated. 

The organic phase was transferred to a small tube fitted with a glass 
stopper and evaporated to dryness under a nitrogen stream in a 50' water 
bath. The residue was dissolved in a mixture of 0.1 ml of ethyl acetate and 
0.4 ml of toluene13. After shaking for 30 sec, 50 p l  of heptafluorobutyric 
anhydride was added, and the solution was allowed to stand for 5 min a t  
room temperature. The excess reagent was eliminated by adding 1 ml of 
a 5% aqueous solution of sodium bicarbonatel4. After gas release, 0.1 ml 
of isopentyl alcohol was added. The lower aqueous phase was removed 
by pipet and discarded. The organic phase was washed by shaking with 
0.5 ml of a 2% solution of isopentyl alcohol in distilled water. The mixture 
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Figure 1-Chromatograms of a blank serum extract, an extract of ref- 
erence solution (1.6 ng of 1-1.6 ng of 11). and a serum extract from a 
treated subject . 
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Table I-Apparent Recovery of Nofedone Added to  Control 
Se rum 

Nofedone Nofedone Apparent 
Added, Found, Recovery", 70 
nalml nelml (Mean f RSD) 

20 
50 

100 
250 
500 

1000 
2000 
4000 

18.6 
49.7 

104 
210 
504 
978 

2070 
4270 

93 f 16.4 
99 f 17.3 

104 f 10.7 
108 f 11.5 
101 f 3.2 
98 f 5.0 

103 f 12.1 
107 f 9.72 

Average of seven determinations. 

was allowed to stand, and 2 or 3 pl of the upper organic phase was injected 
into the gas chromatograph. 

The ratio of the peak heights, HIHI (H is the derivative of I and HI is 
the derivative of II), was calculated and compared to a calibration curve. 
This calibration was obtained by performing derivations on a mixture 
of 0.025,0.050,0.1, or 0.2 ml of a lOO-pg/ml stock solution of I in ethyl 
acetate with 0.1 ml of a lOO-pg/ml stock solution of I1 in ethyl acetate. 
These reference samples were derivatized and diluted with a mixture of 
toluene-ethyl acetate-isopentyl alcohol (40:lO:lO) and were recorded 
in the best sensitivity range (1:25 dilution for an attenuation of 4 X 2.5 
X 10-lo). The highest reference sample was not linearly related to the 
lowest sample when the column was performing properly, but the samples 
were always derivatized to permit estimation of serum samples added 
with a too low an amount of internal standard. 

To increase reliability, the calibration curve was checked for each series 
of samples. Each analysis on serum samples and each injection into the 
chromatograph were repeated at least twice. The injected volume was 
kept constant during a series of injections. 

RESULTS AND DISCUSSION 

The use of I1 as an internal standard was satisfactory because its 
physicochemical properties are closely related to those of I. The presence 
of the CF3 radical in the molecule ensured a higher response for elec- 
tron-capture detection (Fig. 1). 

Several derivatization techniques were tested to form derivatives of 
I, and the method selected for use in this study was the most rapid. After 
neutralizing the excess heptafluorobutyric anhydride with sodium bi- 
carbonate, no interfering peaks due to endogenous substances were noted 
in the upper organic phase. The bis-derivative of I (111) from the serum 
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Figure %-Concentration of nofedone in human serum after intraue- 
nous administration of 1 mglkg over 2 rnin. 
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Figure 3-Concentration of nofedone in human serum after oral ad- 
ministration of 50 (--), 100 (--), and I50 (-) mg in one subject. 

extract had the same chromatographic behavior as the authentic com- 
pound. The minimum detectable quantity was 100 pg, and the linearity 
of the 63Ni-electron-capture detection response was observed from 0.5 
to 2 ng in the organic phase injected (attenuation 4 X 2.5 X 10-lo). 

The theoretical sensitivity initially was 10 ng/ml, but it improved 
during use. The sensitivity limit for the quantitative determination of 
I in serum by electron-capture detection was 5 ng/ml of serum after a 2-ml 
sample extraction. We observed, as did Leitch et al. (3), that  the sensi- 
tivity increased with the number of plasma extracts injected. At the be- 
ginning of the GLC analysis, plasma extracts were injected to obtain the 
plateau of best sensitivity. This plateau was maintained by alternating 
injections of serum extracts and reference samples. The apparent re- 
covery of I compared with that of the internal standard and the accuracy 
of the results obtained are shown in Table I. The determinations were 
repeated seven times for each quantity. The last column in Table I shows 
the validity of the method. A plot of added drug versus found drug had 
a slope of unity. According to the data provided, a single determination 
is expected to be within about 12% of the true value, and multiple de- 

terminations should vary by f12% (reproducibility). 
The chromatographic analysis of the serum blanks showed that no 

compound extracted under the conditions described interfered with I 
or the internal standard (11) (Fig. 1). TLC of derivatized extracts from 
serum taken from patients treated with nofedone showed that there was 
no interfering substance with a close R, value. In the urine of treated 
patients that  contained metabolites, the concentrations of nofedone in 
the form of bis-derivatives were the same as those measured after elution 
of a silica plate and GLC analysis. 

The sensitivity of this technique allowed determination of serum levels 
in humans for -9 hr after an intravenous bolus injection (1 mg/kg in 2 
min) and for 12 hr after a single oral dose (50-150 mg in a capsule or 
tablet). Figures 2 and 3 show the concentrations of nofedone in human 
serum after an intravenous bolus injection of 1 mg/kg and after an oral 
dose of 50,100, and 150 mg in a capsule in another subject. Pharmaco- 
kinetic data can be derived from these distribution values. The selectivity 
of this method allows determination of the compound in saliva, urine, 
and feces. 

Isopentyl alcohol was used because it prevents the molecule from ad- 
hering to the glass walls during extraction, derivatization, and GLC 
analysis. It also prevents tailing peaks and thus increases sensitivity. For 
serum concentrations below 50 ng/ml, optimal stability of the chroma- 
tograph is required to minimize background noise. For higher concen- 
trations, the method provided good reproducibility and allowed calcu- 
lation of pharmacokinetic parameters up to 9 hr following an intravenous 
bolus injection (1 mg/kg) and up to 12 and 24 hr after oral doses of 50,100, 
and 150 mg. 
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thiazole concentration level with a signal-to-noise ratio of 3:l. For thio- 
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the 5-20-ppm range in medicated feed. 
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The thiazole ring is a common structural element found 
in many compounds exhibiting biological and therapeutic 
activity and in several molecules used in agricultural 
products as well as in pharmaceutical formulations (1,2). 

Because of these properties, sensitive analytical methods 
for thiazole-containing compounds are of interest for ap- 
plication in low concentration level formulations, bio- 
availability studies, and environmental samples. 
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Figure 3-Concentration of nofedone in human serum after oral ad- 
ministration of 50 (--), 100 (--), and I50 (-) mg in one subject. 

extract had the same chromatographic behavior as the authentic com- 
pound. The minimum detectable quantity was 100 pg, and the linearity 
of the 63Ni-electron-capture detection response was observed from 0.5 
to 2 ng in the organic phase injected (attenuation 4 X 2.5 X 10-lo). 

The theoretical sensitivity initially was 10 ng/ml, but it improved 
during use. The sensitivity limit for the quantitative determination of 
I in serum by electron-capture detection was 5 ng/ml of serum after a 2-ml 
sample extraction. We observed, as did Leitch et al. (3), that  the sensi- 
tivity increased with the number of plasma extracts injected. At the be- 
ginning of the GLC analysis, plasma extracts were injected to obtain the 
plateau of best sensitivity. This plateau was maintained by alternating 
injections of serum extracts and reference samples. The apparent re- 
covery of I compared with that of the internal standard and the accuracy 
of the results obtained are shown in Table I. The determinations were 
repeated seven times for each quantity. The last column in Table I shows 
the validity of the method. A plot of added drug versus found drug had 
a slope of unity. According to the data provided, a single determination 
is expected to be within about 12% of the true value, and multiple de- 

terminations should vary by f12% (reproducibility). 
The chromatographic analysis of the serum blanks showed that no 

compound extracted under the conditions described interfered with I 
or the internal standard (11) (Fig. 1). TLC of derivatized extracts from 
serum taken from patients treated with nofedone showed that there was 
no interfering substance with a close R, value. In the urine of treated 
patients that  contained metabolites, the concentrations of nofedone in 
the form of bis-derivatives were the same as those measured after elution 
of a silica plate and GLC analysis. 

The sensitivity of this technique allowed determination of serum levels 
in humans for -9 hr after an intravenous bolus injection (1 mg/kg in 2 
min) and for 12 hr after a single oral dose (50-150 mg in a capsule or 
tablet). Figures 2 and 3 show the concentrations of nofedone in human 
serum after an intravenous bolus injection of 1 mg/kg and after an oral 
dose of 50,100, and 150 mg in a capsule in another subject. Pharmaco- 
kinetic data can be derived from these distribution values. The selectivity 
of this method allows determination of the compound in saliva, urine, 
and feces. 

Isopentyl alcohol was used because it prevents the molecule from ad- 
hering to the glass walls during extraction, derivatization, and GLC 
analysis. It also prevents tailing peaks and thus increases sensitivity. For 
serum concentrations below 50 ng/ml, optimal stability of the chroma- 
tograph is required to minimize background noise. For higher concen- 
trations, the method provided good reproducibility and allowed calcu- 
lation of pharmacokinetic parameters up to 9 hr following an intravenous 
bolus injection (1 mg/kg) and up to 12 and 24 hr after oral doses of 50,100, 
and 150 mg. 
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Figure 1-UV ( A )  and N M R  ( E )  spectra of thiazole oh reduction with 
zinc in 0.15 N HC1. I n  B, the absorbances a t  9.8, 8.1, and 8.0 6 are as- 
signed to H ( 2 ) ,  H ( 4 ) ,  and H ( 5 ) ,  respectively (20). This reaction was run 
with deuterium chloride in deuterium oxide. 

The condensation reactions of sulfides with p -  phenyl- 
enediamine or its N,N-dimethyl derivative to yield thio- 
nine or methylene blue, respectively, have been known for 
many years. Most previous analytical applications of this 
reaction sequence primarily have been for spectrophoto- 
metric determinations of hydrogen sulfide (3,4) and other 
sulfides (5 ,6)  and for sulfur in inorganic systems such as 
sulfate after reduction to sulfide (7). A prior inorganic 
application by luminescence measurement involved the 
determination of traces of sulfate and sulfite in semicon- 
ductors (8,9). 

This inorganic reaction sequence has had only one 
previous analytical application to the thiazole ring. In work 
in these laboratories, thiabendazole [2-(4-thiazolyl)- 
1H- benzimidazole] was determined spectrophotometri- 
cally by the generation of sulfide oia pretreatment with 
zinc in acidic solution (10). The present report describes 
the extension of this technique to the development of a 
sensitive general analytical method for the determination 
of thiazole, substituted thiazoles, and other thiazole-con- 
taining compounds. The reaction is characterized further 
through the examination of model compounds, and its 
sensitivity is enhanced with the first application of fluo- 
rometric measurement instead of absorptiometric analysis 
for the organic system. Included is the determination of 
thiopeptin (an antibiotic that contains four thiazole rings) 
at  the low parts-per-million concentration level. 

EXPERIMENTAL 

Apparatus-A spectrofluorometer' equipped with a xenon lamp and 
a 1P21 photomultiplier tube was used for all fluorescence measurements. 
The excitation and emission slit widths a t  the cell were both 1.0 mm, and 
a 0.2-mm slit was used a t  the entrance beam to the photomultiplier tube. 
The sample container was a fused quartz fluorescence cell, 10.5 mm i.d. 
square X 46 mm high. 

All emission intensities were read on the microphotometer' and 
standardized relative to the fluorescence intensity (450 nm) of 1.0-ppm 

Aminco-Bowman SPF. American Instrument Co 

A, nm 
Figure 2-Spectral properties of the thionine fluorophore in n-butyl 
alcohol. Key: 1, absorption spectrum of thionine, M, 2, absorption 
spectrum obtainedfrom treatment of thiazole according to the text (Q 

solution containing 6 X M thiazole was treated; the absorbance 
of this thionine reaction product represents a chemical yield of 26% ); 
3, uncorrected emission spectrum, &it, = 595 nm; and 4, uncorrected 
excitation spectrum, A,,,, = 620 nm. 

quinine sulfate in 0.1 N HzS04 (350-nm excitation). Excitation and 
emission spectra were recorded on an x-y recorder2 and are uncorrected 
for frequency dependence of source excitation intensity, photomultiplier 
output, or monochromators. Absorption spectra were recorded on a 
spectroph~tometer~. 

Reagents and Solutions-Ferric ammonium sulfate4, n-butyl alco- 
ho14, sodium sulfate4, pyridine4, p-~henylenediamine~, zinc dust6, thia- 
zole7, thiophenes, thionine5, thiabenda~ole~,  cambenda~ole~, and the 
remaining substituted thiazoles7 were used as received. Other chemicals 
were reagent grade. 

Procedure-The fluotophore was developed according to the proce- 
dure described previously (10). To a 15-ml sample of thiopeptin in 0.15 
N HCI were added 5.0 ml of 0.5-mg/ml aqueous p-phenylenediamine and 
150 f 5 mg of zinc dust, and the sample was mixed. After 7 min, 5.0 ml 
of 4 . 6 5  M aqueous ferric ammonium sulfate was added, and the solution 
was mixed and allowed to remain a t  room temperature for 15 min. 

The reaction vessel was placed in a water bath a t  90 f 3 O  for 20 min 
and then cooled in an ice bath for 5 min. An additional 2.0 ml of ferric 
ammonium sulfate solution was added, and the mixture was mixed again. 
After 30 min, -5 g of sodium sulfate (anhydrous) and 5.0 ml of n- butyl 
alcohol were added, the phases were equilibrated for 2 min, and the flu- 
orescence intensity of the n-butyl alcohol phase was measured a t  620 nm 
under 475-nm excitation. 

RESULTS AND DISCUSSION 

In the present reaction sequence, thiazole was treated with zinc in 
acidic solution to yield an intermediate that might have been the result 
of two consecutive reactions, i .e . ,  zinc reduction of the ring followed by 
hydrolysis to sulfide. This unidentified product added 2 moles of p- 
phenylenediamine; in a ring-closing reaction with ferric ion as the oxi- 
dizing agent, the central ring was closed to yield thionine according to 
standard techniques. A boiling water bath was used for heating the re- 
action mixture. (When N,N-dimethyl-p-phenylenediamine was used, 
the product for colorimetric measurement was methylene blue.) 

* Arninco 54-8976, American Instrument Co. 

4 J. T. Baker. 
5 Eastman. 
6 Matheson. Coleman and Bell. 

Cary model 15, Varian Associates. 

Aldrich. 

Merck Sharp & Dohme 
8 Pfaltz & Bauer. 
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Figure 3-Analytical calibration line of fluorescence intensity as a 
function of the amount of thiazole reacted. The solvent was n-butyl 
alcohol; Xercite = 475 nm, hernit = 620 nm. Key: 0, direct measurement; 
and A, dilutions of a more concentrated reaction product solution. For 
reaction conditions, see text. 

0 200 400 600 aoo 
THIAZOLE, ng/ml 

The identity of the thiazole reaction product was confirmed by chro- 
matographic comparison with authentic thionine in three systems. The 
Rj values of the reaction product, neutral thionine, and the conjugate acid 
thionine hydrochloride on silica gel TLC plates1° were 0.93,0.91, and 0.17, 
respectively, with a mobile phase of p-dioxane-water (5:l); on silica gel 
RP-2 with a mobile phase of acetic acid-methanol ( l O O l ) ,  thionine ap- 
peared at Rf 0.70, and the reaction product obtained from thiazole ap- 
peared at Rf 0.72. This product also eluted with the same retention time 
as thionine from a silica gel high-pressure liquid chromatographic 
(HPLC) columnll with acetic acid-methanol (0.1:200) as the mobile 
phase. 

The first step of this reaction was monitored without the organic 
coupling reagent and the ferric oxidizing agent by treating thiazole with 
zinc in acidic solution (Fig. 1). As the reaction proceeded, the single-band, 
Xmax 236-nm electronic absorption spectrum of thiazole decreased in 
intensity, with no band shifts or new absorption transitions appearing. 
Eventually, the solution became transparent a t  X greater than 210 nm, 
demonstrating a loss of aromatic *-character. Simultaneously, the in- 
tensity of the NMR12 signals assigned to the three protons of thiazole also 
diminished and were ultimately lost, with no new NMR signals ap- 
parent. 

Although proton exchange could have contributed to these lessening 
NMR signals with time, these results nevertheless were in accord with 
the UV absorbance spectral changes, confirming that this extremely 
stable heteroaromatic molecule was broken down by this treatment to 
furnish the sulfur for the succeeding condensation. This reaction wm run 
with deuterium chloride in deuterium oxide13. The ratio of reducing agent 
to thiazole substrate can be regulated to govern the reaction rate; when 
microgram quantities of thiazole were treated with milligram quantities 
of zinc, the reaction proceeded too rapidly to record the UV and/or NMR 
spectra. 

The absorption spectrum of the thionine reaction product is ihcluded 
in Fig. 2. The Beer's law deviation (metachromatic effect) exhibited by 
this fluorophore has been attributed to self-association to form dimers 
(or higher polymers) in a stacking, sandwich equilibrium (11-13) that 
can occur a t  concentrations as low as lO-7M (12). The observed 600-nm 
A,, in Fig. 2 has been assigned to the monomer, with the dimer evident 
as the shoulder a t  560 nm (12-14). 

lo Whstman LK5DF. 
l1 S 

l2 Perkin-Elmer R24B. 

ctra-Physics model 7408 pump, 74OC controller, 714 pressure monitor, 
and Sfp,400 UV detector (254 nm) with Spherisorb silica 5 - ~ m  column. 

Merck Sharp & Dohme Canada Ltd. 

0 2 . 0 1  /o 0 0- w 
cn 

d 1 1  
1.0 1.5 2.0 0.5 

II: 1.0 

PYRIDINE, 46 (vlv) 
Figure 4-Effect of pyridine on the fluorescence intensity of the thio- 
nine reaction product. The solvent was n-butyl alcohol; hexcite = 475 nm, 
Xemit = 620 nm. The product was obtained from a solution containing 
-0.5wg of thiazolelml. For reaction conditions, see text. 

The fluorescence spectrum of thionine in n- butyl alcohol (Fig. 2) has 
an emission maximum (uncorrected) at 620 nm, similar to the fluores- 
cence in aqueous and in methanolic solution (13,15). At least three fea- 
tures of these spectral properties attenuate the analytical signal: 

1. The very small Stokes shift and overlap of the absorption and 
emission spectra cause self-absorption of emitted radiation. 

2. Because of the high absorptivity of thionine in butyl alcohol (t - 
6.3 X lo4 liters/mole-cm at 605 nm), the sample is excited at  475 nm so 
that absorbance at  the excitation wavelength is low (Fig. 2) to reduce 
excitation energy loss near the entrance surface of the cell. 

3. Dimerization causes a Beer's law deviation. 
Figure 3 presents the fluorescence intensity calibration line as a 

function of the amount of thiazole treated. This line exhibits the usual 
attenuation at  high concentrations predicted from these spectroscopic 
properties, although it does furnish a convenient linear range for dilute 
solutions. Included in Fig. 3 are fluorescence measurements of solutions 
obtained from dilutions of a more concentrated solution of the reaction 
product, as in the similar characterization of the Beer's law calibration 
line by Gustafsson (7). In accordance with the absorbance results, the 
fluorescence intensity from these solutions near the calibration line 
confirms that the attenuation results from optical and equilibrium effects 
and is not the result of decreased reaction yield with larger amounts of 
thiazole. 

Because thionine is not fluorescent in its associated state (12,13), this 
dimerization, which also would attenuate the analytical signal, should 
be avoided over the range of analytical calibration concentrations. To 
investigate the aggregation of thionine, pyridine was added to the solution 
to perturb the dimerization equilibrium; similar studies with methylene 
blue demonstrated that pyridine eliminates the self-association (16). 
Because of the structural similarity of pyridine to these thiazines, this 
nitrogen heterocycle can associate with the thionine molecules and thus 
dissociate the sandwich dimers. 

Figure 4 illustrates the small effect pyridine exerts on this system. The 
increase in fluorescence intensity is only -1570, suggesting that there is 
no significant dimerization in this solvent. (Most reports of dimerization 
have been for aqueous, not alcoholic, solutions.) Moreover, these data 
also demonstrate that the analytical signal cannot be significantly en- 
hanced by this technique. 

Structural Effects-Table I lists a series of model compounds that 
were examined by this fluorometric procedure using the same reaction 
conditions. The first column lists single-ring substrates with the fluo- 
rescence intensity obtained from thiazole. Thiazole per se is not fluo- 
rescent (17). Saturation of the aromatic ring inhibits the reaction, as 
demonstrated by the negative response from thiazolidine. In this aromatic 
system, the nitrogen heteroatom is necessary for the reaction to proceed; 
thiophene does not yield the sulfide under these conditions. 

The second column of Table I demonstrates that fusing thiazole with 
a benzene nucleus also inhibits the reaction; neither benzothiazole nor 
its indicated derivative produced any fluorescence at 620 nm. Each mo- 
nosubstituted and disubstituted thiazole in Table I gave approximately 
equimolar (*25%) fluorescence intensity with the parent compound. 
These compounds are each substituted only in the 2- and/or 4-posi- 
tions. 

Analytical Application-The last disubstituted entry in Table I 
provides an example of a thiazole-containing compound that was de- 
termined by the present method. Thiopeptin is an antibiotic administered 
to swine and chickens at 10-20 g of drug/ton of feed. The structure of this 
fermentation product recently was elucidated (18). Thiopeptin has seven 

Journal of Pharmaceutical Sciences I 277 
Vol. 69, No. 3, March 1980 



Table I-Relative Fluorescence Intensity f rom Some Model Compounds a 

Single Rings Fused Rings Monosubstituted Disubstituted 

0.0 

0.89 Thiopeptin 0.76hhiazole 

0.84 

Reaction conditions optimized for thiopeptin; see text. 

ring systems, including a partially reduced quinoxaline moiety, one pi- 
peridine ring, and five five-membered nitrogen-sulfur heterocyclic rings, 
one of which is a thiazoline nucleus. The remaining four heterocyclic rings 
are thiazole rings, each bound to the carbon-nitrogen-oxygen skeleton 
at the 2- and 4-positions. 

Because the present reaction sequence is not stoichiometric, it must 
be optimized (7). Figure 5 presents the effects of four factors on the yield 
of thionine from thiopeptin, monitored by the absorbance of the fluo- 
rophore. Optimal levels for each factor were selected from these data: 2.5 
mg of p-phenylenediamine was used to minimize the signal from the 
reagent blank, the amount of zinc and the reaction time were selected at 
points on the plateaus of each function, and the reaction medium was 
selected a t  the peak response for the effect of pH (i.e., 0.15 M HCI). The 
residuals of the linear least-squares calibration line of Am5 ,,,,,obtained 

ZINC, rnn [H'I, M 
0 50 100 150 200 0.4 0.8 1.2 1.6 

I I I I I I I I I  1 ' 1 ' 1 '  o,5 
0.5 

A 0 

0.4 
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0.1 

t /* 4 0.2 

3 0.0 

M!NUTES p-PHENY LENEDIAMINE, rng 
Figure 5-Optimization of the analytical reaction for thiopeptin B,; 
absorbance of the thionine fluorophore at 605 nm. T h e  effects of zinc 
( A ) ,  [ H + ]  ( B ) ,  time (C), and reagent ( D )  are shown. Each sample con- 
tained -30 pg of thiopeptin B, i n  15 ml of hydrochloric acid. Zinc, 150 
mg, was used in  B, C, and D; the reaction mixture was heated 15 min in  
A, B. and D; 2.5 mg of p-phenyknediamine was used in  A, B, and C; 0.1 
N HC1 was used in A; and 0.1.5 N HC1 toas used i n  C and D. In  D, line 1 
presents the data from thiopeptin and line 2 is the reagent blank re- 
sponse. Each point in this figure is the mean of two, three, or four rep-  
licate measurements. 

Table 11-Representative Analytical Results fo r  the 
Determination of Thiopeptin B, in Feed 

Thiopeptin 
Added, Fluorescence Thiopeptin Found 

ppm Intensity ppm Relative 70 

5.0 

10.0 

15.0 

4.35 5.0 100 
4.30 4.8 96 
5.50 10 100 
4.95 7.6 76 
7.10 17.0 113 
6.45 14.1 94 -..- 

20.0 7.70 
7.10 

Mean 
Reagent blank 3.20 
Unmedicated feed 3.45 

3.70 
Analytical standard 5.90 

5.70 
5.70 
5.70" 
5.30° 

19.6 98 
17.0 85 

95 
- - 

- 1 
2 - 
_. - 

a Processed through the separation scheme 

from seven samples covering the range of 2-15 pg of thiopeptin B,14 
treated by this procedure averaged 2.9% relative to the line, demon- 
strating the precision possible with this method. 

In the animal feed sample analyzed, thiopeptin was only a trace in- 
gredient in a poorly defined complex matrix. An efficient isolation scheme 
was required to separate the drug from any other thiazole rings. Fur- 
thermore, in addition to thiazole-containing extraneous materials, protein 
that contains sulfur can also be a significant interference. For instance, 
these same reactions were used previously for cysteine determinations 
(19). In the present study, the drug was extracted from the feed into ethyl 
acetate in the presence of a pH 7 aqueous buffer; the aqueous phase was 
discarded, and the ethyl acetate extract was charged to the top of a 
magnesia-silica ge115 adsorption column. After interfering substances 
were removed using successive elutions of increasing polarity with pe- 
troleum ether, ether, and acetone, the drug was eluted with 5% acetic acid 
in methanol. The sample was evaporated to dryness under nitrogen and 
taken up in the 0.15 N HCI reaction medium for the fluorogenic reaction, 
and the thionine fluorophore was partitioned into n-butyl alcohol for 
measurement. 

Table I1 presents some representative analytical results obtained with 
this procedure. The range of fluorescence intensities from the five ana- 
lytical reference standards illustrates the precision of replicate mea- 
surements. Furthermore, the comparison between the reaction of a pure 
thiopeptin solution with the same pure solution processed through the 
analytical isolation demonstrates that there is no loss of thiazole through 

' I  Thiopeptin consists of several componentk, each containing four thiazole rings 

l5 Florisil. 100-200 mesh, Floridan Co. 
(18). 
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this treatment. The unmedicated feed samples produced fluorescence 
representing 1-2 ppm of thiopeptin, furnishing sufficient selectivity to 
determine this drug a t  the 5-ppm level with an intensity 33% greater than 
the reagent blank. The mean of the eight analyses covering the 5-20-ppm 
range in the feed was 95% of the known thiopeptin concentration that 
was added to the feed. These results demonstrate the use of this treat- 
ment for the determination of one thiazole-containing analyte and suggest 
that this method also should be applicable to other analogous thiazole- 
containing compounds of pharmaceutical and biological interest. 
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Abstract n The biological activity of proteins bound to controlled-pore 
glass surfaces was studied as a model of denaturation of biologicals upon 
storage in glass containers. After adsorption onto the glass for 1 week, 
the activities of alkaline phosphatase, catalase, and horse-radish perox- 
idase recovered from the glass column were 88,63, and 97%, respectively. 
However, the phosphatase activity recovered after adsorption for 3 
months was 14% of the total activity loaded onto the column, and the 
activities recovered of peroxidase and catalase were 48 and 2%, respec- 
tively. Insulin had almost full activity after adsorption for 3 months, but 
calcitonin activity was absent. The scission of peptide bonds of proteins 
eluted after adsorption for 3 months was not observed, but dissociation 
to the subunits was found. The proteins were active in the state adsorbed 
onto glass surfaces. 

Keyphrases Adsorption-proteins, glass surfaces, activity decrease 
0 Proteins-adsorption onto glass surfaces, activity decrease 0 Activ- 
ity-proteins, decrease after adsorption onto glass surfaces 

The reaction of biological materials on glass is well 
known (1-4). By use of controlled-pore glass (5) with a 
large surface area (97 m2/g), it was shown that 5 pmoles of 
basic drugs and materials was adsorbed onto 97 m2 of glass 
surface and that adsorption of proteins onto the surfaces 
was caused by amine-silanol bonding and a cooperative 
aggregative factor between silica and. proteins (6-10). 
Proteins also were adsorbed in detergent solutions such 
as urea and guanidine hydrochloride (11). From the value 
of the maximum amount of protein adsorbed (233 mg/97 

m2), the amount of protein adsorbed onto the surfaces of 
a glass container (50 cm2, 20 ml) and a glass injector was 
estimated to be >12 pg. The 12-pg/20 ml concentration 
must be a marginal point not affected by adsorption, and 
the biologicals used at lower concentrations would be af- 
fected by adsorption to glass surfaces (10). 

Some biologicals composed of proteins are stored or 
maintained in pharmaceutical glass containers in a water 
medium (12). However, denaturation of proteins by their 
adsorptive aggregation on surfaces of glass containers upon 
storage for long periods is not clear. The purpose of this 
investigation was to show changes in the biological activity 
and the structure of proteins adsorbed onto glass surfaces 
upon storage as a model of denaturation of protein bio- 
logicals in glass containers. Enzymes and hormones were 
studied, and controlled-pore glass was used as a reference 
standard. 

EXPERIMENTAL 

Materials and Column Operation-The controlled-pore glass’ was 
96% silica and had a surface area of 97 m2/g and a particle size of 100 pm. 
After being washed with water, 0.1% sodium dodecylsulfate, water, 
chromic acid mixture, and water, the glass was packed in columns (0.6 
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this treatment. The unmedicated feed samples produced fluorescence 
representing 1-2 ppm of thiopeptin, furnishing sufficient selectivity to 
determine this drug a t  the 5-ppm level with an intensity 33% greater than 
the reagent blank. The mean of the eight analyses covering the 5-20-ppm 
range in the feed was 95% of the known thiopeptin concentration that 
was added to the feed. These results demonstrate the use of this treat- 
ment for the determination of one thiazole-containing analyte and suggest 
that this method also should be applicable to other analogous thiazole- 
containing compounds of pharmaceutical and biological interest. 
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eluted after adsorption for 3 months was not observed, but dissociation 
to the subunits was found. The proteins were active in the state adsorbed 
onto glass surfaces. 
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was caused by amine-silanol bonding and a cooperative 
aggregative factor between silica and. proteins (6-10). 
Proteins also were adsorbed in detergent solutions such 
as urea and guanidine hydrochloride (11). From the value 
of the maximum amount of protein adsorbed (233 mg/97 

m2), the amount of protein adsorbed onto the surfaces of 
a glass container (50 cm2, 20 ml) and a glass injector was 
estimated to be >12 pg. The 12-pg/20 ml concentration 
must be a marginal point not affected by adsorption, and 
the biologicals used at lower concentrations would be af- 
fected by adsorption to glass surfaces (10). 

Some biologicals composed of proteins are stored or 
maintained in pharmaceutical glass containers in a water 
medium (12). However, denaturation of proteins by their 
adsorptive aggregation on surfaces of glass containers upon 
storage for long periods is not clear. The purpose of this 
investigation was to show changes in the biological activity 
and the structure of proteins adsorbed onto glass surfaces 
upon storage as a model of denaturation of protein bio- 
logicals in glass containers. Enzymes and hormones were 
studied, and controlled-pore glass was used as a reference 
standard. 

EXPERIMENTAL 

Materials and Column Operation-The controlled-pore glass’ was 
96% silica and had a surface area of 97 m2/g and a particle size of 100 pm. 
After being washed with water, 0.1% sodium dodecylsulfate, water, 
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Figure 1-Densitometric tracing of stained gel patterns of alkaline 
phosphatase on 10% polyarrylamide gel in the presence of 0.1% sodium 
dodecylsulfate. The times on the shoulder of each figure are those of 
adsorption. SDS is the sample incubated in 4 M urea-0.1 % sodium 
dodecylsulfate solution for 1.5 hr. 

x 10 cm, 1.3 g), which were used to preserve the proteins in the state in 
which they were bound to glass. After the column was equilibrated with 
buffer, the protein solution was applied on the column. 

For experiments involving the retention of the activity of proteins 
bound to porous glass, the protein-bound columns were stored for 1 day, 
1 week, 1 month, or 3 months in a cold room a t  4O. After storage, the 
columns were eluted a t  a flow rate of 0.5 ml/cm2/min, and 1-ml fractions 
were collected. Three columns were used for the measurement of each 
point, and the mean SE of the three measurements was calculated. 

The enzymes and hormones used were alkaline phosphatase from 
Escherichia coli2. horse-radish peroxidase3, catalase3, malate dehydro- 
genasei, insulin4, and corcine calcitonin5. For storage for 1 and 3 months, 
sodium azide was added at  0.18 to the enzyme solution as a preserva- 
tive. 

Activity Measurement-The activity of alkaline phosphatase was 
measured by the increase of the optical density a t  405 nm in an assay 
mixture containing 0.95 M tromethamine [tris(hydroxymethyl)amino- 
methane] hydrochloride (pH 8.0), 4.8 mM p-nitrophenyl phosphate, and 
enzyme. Alkaline phosphatase was used after dialysis of ammonium 
sulfate contained in the commercial enzyme solution, and the specific 
activity was 10 units/mg. The activity of malate dehydrogenase was 
measured by the decrease of the optical density a t  340 nm in the mixture 
of 94 mM phasphate huffer (pH 7.5), 0.5 mM oxaloacetate, 0.2 mM 
8-nicotinamide adenine dinucleotide in the reduced form, and enzyme. 
Commercial malate dehydrogenase was used without further purifica- 
tion. 

The activity of peroxidase was determined according to a literature 
method (13) involving measurement of the time required to increase the 
optical density by 0.05 at 470 nm when 10 ~1 of 10 mM hydrogen peroxide 
was added to 3 ml of 13 mM guaiacol-enzyme. The activity of catalase 
was determined by direct measurements of the decreased light absorption 
at  230 nm caused by the decomposition of hydrogen peroxide by cata- 
lase. 

2 P-L Biochemical Inc., Milwaukee, Wis. 
3 Boehringer Mannheim GmbH, Mannheim, West Germany. 

Fluka AG, Buchs, Switzerland. 
Armour Pharmaceutical CI)., Chicago. Ill .  

The insulin activity was determined by measurement of the decreased 
glucose in rabbit serum. The glucose concentration in the serum derived 
from a group of six male rabbits was analyzed by a literature method using 
a mixture of 960 ml of 8% o-toluidine in acetic acid and 40 ml of 4% boric 
acid in water (14). Blood was drawn from the aural vein of six rabbits 
before and 1 hr after the injection of insulin. The rate of the fall of serum 
glucose after the injection compared with that before the injection was 
calculated, and the mean rate was taken as the glucose lowering rate. 

The hypocalcemic activity of calcitonin was determined using six male 
rabbits (15). The sample was injected into the rabbit aural vein, and blood 
was drawn from another aural vein before and 1 hr after the injection. 
The calcium concentration in the serum was determined hy atomic ab- 
sorption6 a t  422.7 nm (16). The rate of fall of serum calcium after the 
injection compared with that before the injection was calculated. Bioassay 
data are expressed as the mean f SE.  

Other  Methods-The molecular weights of the proteins were deter- 
mined by sodium dodecylsulfate-polyacrylamide gel electrophoresis (17). 
The acrylamide gel concentration was 10% for alkaline phosphatase, 
peroxidase, and catalase and 20% for insulin and calcitonin. Densitometric 
tracing of the stained bands on the gel was carried out using an auto- 
den~itometer~,  and the ratio of proteins on the gel was calculated from 
the patterns. 

RESULTS AND DISCUSSION 

Activity of Proteins Eluted from Porous Glass Columns-Alkaline 
phosphatase was adsorbed onto a glass column in 0.2 M sodium chlo- 
ride-0.01 M phosphate buffer (pH 7.0) and eluted with 0.2 M glycine a t  
pH 9.0. After 1 mg of the phosphatase was adsorbed onto the column 
which can adsorb about 100 mg of protein, the column was washed with 
five column volumes of buffer, followed by glycine buffer (pH 9.0) for 
enzyme elution. After adsorption for 1.5 hr, the activity of phosphatase 
was completely recovered, and the specific activity was identical with that 
of the untreated enzyme. 

The sodium dodecylsulfate-polyacrylamide gel pattern of the eluted 
enzyme was similar to that of the native enzyme (Fig. 1). After adsorption 
for 1 day in the sodium chloride-phosphate buffer, 95% of the activity 
of phosphatase applied on the column was eluted with the glyrine solu- 
tion, but 45% of the enzyme was separated into subunits with a molecular 
weight of 40,000 (Fig. 1). This separation did not originate from the 
treatment used in sodium dodecylsulfate electrophoresis, because the 
native phosphatase did not show the subunit pattern after incubation 
and treatment for 1 day in the sodium dodecylsulfate solution (Fig. 1). 

In the case of adsorption for 1 week, 88% of the activity was recovered, 
and 61% of the total protein eluted from the column dissociated into 
subunits (Fig. 1). The phosphatase activity recovered after adsorption 
for 1 month was 62%. After phosphatase was adsorbed onto the porous 
glass column for 3 months, elution with glycine yielded the enzyme ac- 
tivity as only 14%; the yield of protein by elution with glycine was 24%. 
Subunits comprised 70% of the total protein eluted from the column with 
glycine buffer (Fig. 1). 

The relationship between the activity and the binding time on glass 
surfaces is summarized in Table I. The half-life of the activity of phos- 
phatase adsorbed onto glass surfaces was -30 days. Phosphatase was 
eluted easily with glycine after adsorption for 1 week, and the activity 
was almost completely recovered. The enzyme was adsorbed strongly 
after standing for 3 months and was not completely eluted with glycine 
but was eluted with the 0.1% sodium dodecylsulfate solution, which has 
the strongest eluting force of proteins from the porous glass column 
among several buffers. The band showing a smaller molecular weight than 
the subunit was not found on the gel patterns (Fig. 1). Therefore, scission 
of the peptide bond did not occur on glass surfaces for the long preser- 
vation period. The decreased activity recovered from the glass column 
was believed to depend on a conformational change of proteins or deso- 
lubilization by aggregation of proteins on glass surfaces. 

After adsorption of catalase for 1 week, 63% of the catalase activity was 
eluted from the column with the glycine solution, and residual protein 
was eluted with the 0.1% sodium dodecylsulfate solution. The sodium 
dodecylsulfate gel pattern of catalase after the 1 -week adsorption showed 
that the subunit with a molecular weight of 6 X lo4 was 80% of the total 
protein, even though the native enzyme preparation was comprised of 
73% subunits by the gel pattern. The specific activity of catalase adsorbed 
for 1 week decreased to 75%. 

After adsorption for 3 months, the catalase activity recovered from the 

AA 610 spectrophotometer. Shimadzu. Kyoto, Japan. 
FD-A IV, Fujiriken, Tokyo, Japan 
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Table I-Protein Activity in Eluates a f t e r  Adsorption onto 
Porous Glass Columns 

Total Activitv Recovered after Adsorption”, o/o 
(Specific Activity, %) 

Protein 1 Week 1 Month 3 Months 

Horse-radish 97 f 1.5 (100) 77 f 2.1 (98) 48 f 3.1 (90) 
oeroxidase 

Alkaline phosphatase 88 f 1.1 (98) 62 i 1.7 (92) 14 f 1.0 (58) 
Catalase 63 f 3.2 (75) 26 f 3.0 (73) 2 f 0.9 (6) 
Insulin - - 89 f 2.3 (86) 

The values are given as the means of three experiments ( L S E ) .  

column with glycine buffer (pH 9.0) was only 2% of the total protein ap- 
plied on the column. Residual catalase adsorbed onto porous glass sur- 
faces was not eluted with the 0.1% sodium dodecylsulfate solution, and 
the colored band of catalase or heme was found on the top of the column. 
Catalase was adsorbed onto glass surfaces more strongly than was alkaline 
phosphatase. 

Horse-radish peroxidase was not adsorbed onto the glass column in 
0.2 M sodium chloride-0.01 M phosphate buffer (pH 7.0) but was ad- 
sorbed in a distilled water medium. Therefore, peroxidase was eluted with 
the sodium chloride-phosphate buffer from the column on which the 
enzyme was loaded in a water medium. After adsorption for 1 week, the 
recovery of the peroxidase activity was 97% of the initial activity. The 
recovery of the activity after adsorption for 3 months was 48%, and the 
residual protein adsorbed onto glass surfaces was eluted with the 0.1% 
sodium dodecylsulfate solution. The mobility of the eluted peroxidase 
on a gel did not change from that of the native protein. 

The eluting order of proteins by adsorption chromatography was 
peroxidase, phosphatase, and catalase (7), and the adsorption of perox- 
idase was weak. The recoveries of the activity after adsorption for 3 
months were 48% for peroxidase, 14% for phosphatase, and 2% for catalase 
(Table I). The stronger the proteins adsorbed onto glass surfaces, the 
lower was the activity recovery. The retention of the activity of proteins 
did not relate to the molecular weight and isoelectric point but instead 
to the inherent properties of proteins such as solubility and aggregative 
force. Since y-globulin in serum was adsorbed strongly onto glass and 
the elution of the y-globulin fraction from a porous glass column by ad- 
sorption chromatography was difficult, as reported previously (7), ad- 
sorption of antiserum samples onto the surface of glass containers must 
be considered. The inactivation of biologicals composed of proteins upon 
storage must be caused partially by adsorption onto the surface of glass 
containers. 

Insulin (0.5 mg, 10 units) was dissolved in 0.5 ml of 0.01 N hydrochloric 
acid-1.570 glycerin isotonic solution and applied on the porous glass 
column. Insulin was adsorbed well onto porous glass in this condition (10). 
After adsorption for 3 months, adsorbed insulin was eluted with 0.2 M 
glycine (pH 9.0), and the pH of the eluate was adjusted with hydrochloric 
acid to pH 2. For injection, the protein concentration of insulin in the 
solution was estimated from the absorbance at 280 nm. The solution 
containing insulin was diluted to a concentration of 0.05 mg/ml with a 
1.5% glycerin isotonic solution (pH 2.6), and 0.5 ml was injected subcu- 
taneously into each rabbit. The molecular weight of insulin in the eluate 
from the column was studied by sodium dodecylsulfate gel electrophoresis 
using 20% gel, but the mobility on the gel was identical to that of native 
protein, and the scission to the A-chain and B-chain was not found. In 
a dose of 0.025 mghabbit, native insulin lowered the rabbit serum glucose 
concentration to 41.7 f 10.3%, and insulin in the column eluate after 
adsorption for 3 months lowered the concentration to 36.3 f 4.1%. The 
value of 36.3% was less than that of native insulin, but no significant 
difference between the two values was found. Insulin was not inactivated 
by adsorption for 3 months. 

The calcium lowering rate of native porcine calcitonin was 12.7 f 0.7% 
1 hr after the injection of 4 MRC unitskg of rabbit. Calcitonin (100 MRC 
units) was dissolved in 1 ml of water and loaded onto a porous glass col- 
umn, and the column was stored for 3 months at 4O. The column was 
eluted with 0.2 M glycine (pH 9.0), and the eluate of five column volumes 
was collected. The eluate was used for the hypocalcemic activity assay. 
The dose of 4 MRC units/kg of rabbit to be injected was calculated on 
the assumption that the eluate contained the total amount of calcitonin 
(100 MRC units) applied on the column. However, the hypocalcemic rate 
at 1 hr after the injection, 2.6 f 1.4%, was insignificant, even though the 
band of calcitonin was found on the sodium dodecylsulfate-polyacryl- 
amide gel of the eluate. After elution with glycine, the column was eluted 
with the 0.1% sodium dodecylsulfate solution, but the gel pattern of the 
eluate did not contain the band of calcitonin. Finally, active calcitonin 

was not recovered from the porous glass column after adsorption for 3 
months. 

These adsorption experiments for long periods showed that enzymes 
and hormones had a specific strength of activity on glass surfaces. 
Moreover, drugs might be inactivated on surfaces of glass containers upon 
storage. In this experiment, 96% silica glass was used, but proteins show 
different properties on other glass, such as soda-lime glass, from those 
on 96% silica glass. The stability of enzymes in the buffer a t  4O was ex- 
amined as a control experiment, and the enzymes stored for 3 months 
in the solution containing 0.1% sodium azide were fully active and the 
dissociation to the subunit was not found because the commercial en- 
zymes used were stable and pure. Twenty-milliliter glass containers are 
able to adsorb about 10 pg of proteins. Therefore, for many biologicals 
composed of proteins a t  high concentration, the protein drugs in the 
containers might be inactivated more slowly than the time showed in 
these experiments. 

Activity of Proteins in  State Adsorbed onto Glass-After enzymes 
were adsorbed onto a glass column, the substrate solution was loaded onto 
the column at a constant flow rate, and the absorbance of the product in 
the eluate was measured. Malate dehydrogenase (23 pg) in 0.1 M phos- 
phate buffer (pH 7.4) was adsorbed onto the column, and the substrate 
solution containing nicotinamide adenine dinucleotide in the reduced 
form and oxaloacetic acid was applied on the column at a flow rate of 1.2 
ml/min/cm2. The decreased absorbance in the eluate at 340 nm was 0.41, 
and thus confirmed that malate dehydrogenase on glass surfaces was 
active. The reaction rate of the enzyme immobilized on glass was about 
1/600 compared with that in the free solution from the flow rate data, the 
thickness of the band adsorbing the enzyme, and the enzyme concen- 
tration in the band. 

Alkaline phosphatase (3.4 pg) was adsorbed onto the column, and the 
column was washed with five column volumes of the 0.2 M sodium 
chloride-0.01 M phosphate buffer (pH 7.0). The substrate solution 
containing 5 mM p-nitrophenyl phosphate was applied on the column 
a t  a flow rate of 1.2 ml/min/cm2, and the absorbance of the eluate a t  405 
nm was measured. The apparent reaction rate of the enzyme on glass 
surfaces was about one-fifth of that  in the free solution. The absorbance 
of the solution was measured a t  405 nm a t  0 and 1 hr, but it had not 
changed. Therefore, the entyme was not eluted and was not contained 
in the eluate. The change of the absorbance was caused by digestion with 
the enzyme bound to porous glass surfaces. 

Peroxidase (2 mg) dissolved in a water medium was adsorbed onto the 
glass column, and the substrate solution containing guaiacol and hy- 
drogen peroxide was loaded on the column. The eluate developed a brown 
color, confirming the reaction with peroxidase on the column. The activity 
of catalase bound to the porous glass column was ascertained by the ev- 
olution of gas (oxygen) with elution of the hydrogen peroxide solution. 
Bovine serum albumin (1 pmole) bound to glass surfaces adsorbed 0.42 
pmole of aspirin and 0.59 pmole of sulfamethoxazole in 0.15 M sodium 
chloride-0.01 M phosphate (pH 6.0) by frontal analyses. After adsorption 
of albumin for 1 week, the amounts of aspirin and sulfamethoxazole 
bound to albumin (1 pmole) were 0.35 and 0.16 pmole, respectively. The 
reason for the lower values than those obtained using albumin coupled 
on agarose (18) must be that the site on albumin which adsorbs drugs was 
used for adsorption to glass silanol. 
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Abstract  T o  develop nonacidic, nonsteroidal anti-inflammatory 
agents without GI complications, a series of asymmetric triazines was 
synthesized and evaluated for anti-inflammatory efficacy in the carra- 
geenan-induced pedal edema assay. Toxicity was estimated by deter- 
mination of approximate LD5o values in mice. Twenty-five compounds 
possessed activity comparable to the standard, indomethacin. Thirteen 
of the 25 compounds were selected for dose-response evaluation in the 
carrageenan assay based on their relative toxicity and anti-inflammatory 
activity. Neurotoxicity of the 13 triazines was estimated by determination 
of N T D ~ o  values in mice. Five of the 13 compounds tested in the dose- 
response assay were active in terms of anti-inflammatory efficacy (ED50 
values) and lack of overt neurotoxicity (NTD5o values) when compared 
to indomethacin. To determine the effect of these five developmental 
triazines on chronic inflammation, they were evaluated in the adju- 
vant-induced polyarthritis assay. One was comparable to indomethacin 
in reducing adjuvant-induced inflammation in this assay. 

Keyphrases 0 Triazines, asymmetric-synthesis, evaluation of anti- 
inflammatory activity Anti-inflammatory agents-asymmetric 
triazines, synthesis, evaluation of activity 0 Polyarthritis, adjuvant in- 
duced-assay, asymmetric triazines 

In recent years, the literature on nonsteroidal anti-in- 
flammatory agents has increased dramatically. From 1966 
to 1976,807 new compounds from 262 research laborato- 
ries were identified as new nonsteroidal anti-inflammatory 
agents. However, clinical reports were available on only 65 
drugs; and of those that have been marketed, only a few 
have been commercially successful. GI irritation continues 
to be the principal complication with most developmental, 
clinical, and commercial nonsteroidal anti-inflammatory 
drugs. 

The occurrence of GI effects in humans has been dem- 
onstrated by numerous investigators with administration 
of various salicylates (1-4), phenylbutazone (5, 6), in- 
domethacin (7), tolmetin (8), naproxen (9), and ibuprofen 
(10). The ongoing search for novel classes of nonsteroidal 
anti-inflammatory agents in part reflects the continued 
inability to separate anti-inflammatory efficacy from GI 
toxicity. Although considerable controversy concerns the 
etiology of this toxicity, it generally is agreed that gastric 
irritation is associated, directly or indirectly, with the 
acidic nature of these drugs and their metabolites (11, 
12). 

DISCUSSION 
T o  eliminate GI complications while maintaining anti-inflammatory 

activity, a series of 81 asymmetric triazines was synthesized and evaluated 
for potential anti-inflammatory efficacy. The carrageenan-induced pedal 
edema assay was utilized to detect primary level activity; acute toxicity 
was estimated by determination of LDm values in mice. A dose-response 
carrageenan assay and neurotoxicity evaluation were used to determine 
the ED50 and NTD50 values of those compounds active at the primary 
level. Neurotoxicity was estimated by determination of NTDso values 
in mice. Compounds that were comparable to indomethacin in the sec- 
ondary stage of evaluation were tested in the adjuvant-induced polyar- 
thritis assay to determine their effect on a chronic inflammatory condi- 
tion. 

Synthesis-3-Methoxy-5-substituted-1,2,4-triazines (Ma-IIIu) and 
3-alkoxy-5-substituted-phenyl-1,2,4-triazines (IVa-IVl) were synthe- 
sized. Melting points and recrystallization solvents are shown in Tables 
1-111. The 3-methylthio-1,2,4-triazines (IIa-IIu) served as common in- 
termediates in the synthesis of all 3-alkoxy- and 3-aryloxy-1,2,4-triaines 
( I I I~- I I Iu ,  IVa-IVI, Xa-Xh, and XIa-XIi). The 3-methylthio inter- 
mediates were synthesized according to the method of Paudler and Chen 
(13) with modifications by Heilman et  al. (14). 

Treatment of I1 with sodium methoxide in refluxing methanol resulted 
in nucleophilic displacement of the methylthio function to afford the 
corresponding 3-methoxy-5-substituted-1,2,4-triazines ( I I Ia-MU).  
Reaction of I1 with a variety of sodium alkoxides refluxing in dioxane 
afforded the corresponding 3-alkoxy-5-phenyl-l,2,4-triazines (IVa- 
IV1). 
5,6-Disubstituted-3-alkoxy-l,2,4-triazines (VIIa-VIIh and VIIIa- 

VIIE)  were synthesized. Melting points and recrystallization solvents 
are shown in Tables IV and V. Cyclization of symmetrical 1.2-diones 
(Va-Vh ) under basic conditions with methylthiosemicarbazide hydrogen 
iodide afforded the 3-methylthio-5,6-disubstituted-1,2,4-triazines 
(Vla-VIh). Nucleophilic displacement of the methylthio group with the 
appropriate sodium alkoxide produced the desired 3-alkoxy-5,6-disub- 
stituted-1,2,4-triazines (VIIa-VIIh and VIE-VII I i ) .  

Biology-The effect of the asymmetric triazines on the inflammatory 
response was evaluated a t  the primary level in the carrageenan-induced 
pedal edema assay (15). Carrageenan injected into the plantar tissue of 
the hindpaw of Sprague-Dawley rats produces an edematous condition, 
which simulates in part the inflammatory process found in human ar- 
thritis (16-18). Nonsteroidal anti-inflammatory drugs such as indo- 
methacin, phenylbutazone, and aspirin inhibit the formation of this 
edema (19,20). 

Compounds were administered orally, using 0.25% methylcellulose as 
the vehicle. Five rats were used per dose, with the reported percent re- 
duction in inflammation represented by the average of the reduction 
produced in the five animals. Compounds were administered a t  levels 
expected to be subtoxic by consideration of their approximate, measured 
LD50 values. The LDso values in mice were determined in a standard, 
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Abstract  T o  develop nonacidic, nonsteroidal anti-inflammatory 
agents without GI complications, a series of asymmetric triazines was 
synthesized and evaluated for anti-inflammatory efficacy in the carra- 
geenan-induced pedal edema assay. Toxicity was estimated by deter- 
mination of approximate LD5o values in mice. Twenty-five compounds 
possessed activity comparable to the standard, indomethacin. Thirteen 
of the 25 compounds were selected for dose-response evaluation in the 
carrageenan assay based on their relative toxicity and anti-inflammatory 
activity. Neurotoxicity of the 13 triazines was estimated by determination 
of N T D ~ o  values in mice. Five of the 13 compounds tested in the dose- 
response assay were active in terms of anti-inflammatory efficacy (ED50 
values) and lack of overt neurotoxicity (NTD5o values) when compared 
to indomethacin. To determine the effect of these five developmental 
triazines on chronic inflammation, they were evaluated in the adju- 
vant-induced polyarthritis assay. One was comparable to indomethacin 
in reducing adjuvant-induced inflammation in this assay. 
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In recent years, the literature on nonsteroidal anti-in- 
flammatory agents has increased dramatically. From 1966 
to 1976,807 new compounds from 262 research laborato- 
ries were identified as new nonsteroidal anti-inflammatory 
agents. However, clinical reports were available on only 65 
drugs; and of those that have been marketed, only a few 
have been commercially successful. GI irritation continues 
to be the principal complication with most developmental, 
clinical, and commercial nonsteroidal anti-inflammatory 
drugs. 

The occurrence of GI effects in humans has been dem- 
onstrated by numerous investigators with administration 
of various salicylates (1-4), phenylbutazone (5, 6), in- 
domethacin (7), tolmetin (8), naproxen (9), and ibuprofen 
(10). The ongoing search for novel classes of nonsteroidal 
anti-inflammatory agents in part reflects the continued 
inability to separate anti-inflammatory efficacy from GI 
toxicity. Although considerable controversy concerns the 
etiology of this toxicity, it generally is agreed that gastric 
irritation is associated, directly or indirectly, with the 
acidic nature of these drugs and their metabolites (11, 
12). 

DISCUSSION 
T o  eliminate GI complications while maintaining anti-inflammatory 

activity, a series of 81 asymmetric triazines was synthesized and evaluated 
for potential anti-inflammatory efficacy. The carrageenan-induced pedal 
edema assay was utilized to detect primary level activity; acute toxicity 
was estimated by determination of LDm values in mice. A dose-response 
carrageenan assay and neurotoxicity evaluation were used to determine 
the ED50 and NTD50 values of those compounds active at the primary 
level. Neurotoxicity was estimated by determination of NTDso values 
in mice. Compounds that were comparable to indomethacin in the sec- 
ondary stage of evaluation were tested in the adjuvant-induced polyar- 
thritis assay to determine their effect on a chronic inflammatory condi- 
tion. 

Synthesis-3-Methoxy-5-substituted-1,2,4-triazines (Ma-IIIu) and 
3-alkoxy-5-substituted-phenyl-1,2,4-triazines (IVa-IVl) were synthe- 
sized. Melting points and recrystallization solvents are shown in Tables 
1-111. The 3-methylthio-1,2,4-triazines (IIa-IIu) served as common in- 
termediates in the synthesis of all 3-alkoxy- and 3-aryloxy-1,2,4-triaines 
( I I I~- I I Iu ,  IVa-IVI, Xa-Xh, and XIa-XIi). The 3-methylthio inter- 
mediates were synthesized according to the method of Paudler and Chen 
(13) with modifications by Heilman et  al. (14). 

Treatment of I1 with sodium methoxide in refluxing methanol resulted 
in nucleophilic displacement of the methylthio function to afford the 
corresponding 3-methoxy-5-substituted-1,2,4-triazines ( I I Ia-MU).  
Reaction of I1 with a variety of sodium alkoxides refluxing in dioxane 
afforded the corresponding 3-alkoxy-5-phenyl-l,2,4-triazines (IVa- 
IV1). 
5,6-Disubstituted-3-alkoxy-l,2,4-triazines (VIIa-VIIh and VIIIa- 

VIIE)  were synthesized. Melting points and recrystallization solvents 
are shown in Tables IV and V. Cyclization of symmetrical 1.2-diones 
(Va-Vh ) under basic conditions with methylthiosemicarbazide hydrogen 
iodide afforded the 3-methylthio-5,6-disubstituted-1,2,4-triazines 
(Vla-VIh). Nucleophilic displacement of the methylthio group with the 
appropriate sodium alkoxide produced the desired 3-alkoxy-5,6-disub- 
stituted-1,2,4-triazines (VIIa-VIIh and VIE-VII I i ) .  

Biology-The effect of the asymmetric triazines on the inflammatory 
response was evaluated a t  the primary level in the carrageenan-induced 
pedal edema assay (15). Carrageenan injected into the plantar tissue of 
the hindpaw of Sprague-Dawley rats produces an edematous condition, 
which simulates in part the inflammatory process found in human ar- 
thritis (16-18). Nonsteroidal anti-inflammatory drugs such as indo- 
methacin, phenylbutazone, and aspirin inhibit the formation of this 
edema (19,20). 

Compounds were administered orally, using 0.25% methylcellulose as 
the vehicle. Five rats were used per dose, with the reported percent re- 
duction in inflammation represented by the average of the reduction 
produced in the five animals. Compounds were administered a t  levels 
expected to be subtoxic by consideration of their approximate, measured 
LD50 values. The LDso values in mice were determined in a standard, 
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Table I-Melting Points o r  Boiling Points, Recrystallization Solvents, and Elemental Analyses of 
3-Methylthio-5-substituted-1.2.4- triazines (IIa-I1 v) R AYAX", 

Melting Point Recrystallization Elemental Analysis, '?b 
Compound R5 or Boiling Point Solvent Calculated C, H, N Found C, H, N 

IIi 
II j  
I R  
I11 
IIm 
IIn 

11s 
IIt 
1Iu 
I10 

Phenyl 
3-Chlorophenyl 
3-Trifluoromethylphenyl 
4-Methylphenyl 
4-Chlorophenyl 
3,4-Dimethoxyphenyl 
4-Bromophenyl 
4-Methoxyphenyl 
2,4-Difluorophenyl 
2,4-Dichlorophenyl 
2,5-Dimethoxyphenyl 
4-Ethylphenyl 
4-Morpholinophenyl 
tert-Butyl 

Cyclopropyl 
1-Adamantyl 
2-Fury1 
2-Thienyl 
2-Benzofuryl 
9-Anthracyl 
1-Naphthyl 
2-Naphthyl 

99-100' 
79-81' 

123-1250b 
160-161°b 
165-166" 
150-152' 
153-154' 
106-107" 
79-80" 

106-107' 
113-114' 
71-72' 

127-128" 
91-93'/ 

0.1 mm Hg 
44-46' 

140-141' 
88-90' 

105-106' 
134-135" 
181-183" 
99- 1 00" 

117-1 18" 

Hexane 
Hexane 
Hexane 
Methanol 
Methanol 
Isopropanol 
Heptane 
Heptane 
Hexane 
Heptane 
Heptane 
Hexane 
Heptane 

Hexane 
Ethyl acetate 
Hexane 
Hexane 
Heptane 
Acetone 
Hexane 
Heptane 

- 

- 
54.73,4.98,15.96 
42.55,2.84, 14.89 
56.65,4.72, 18.03 
50.21.2.93. 17.57 
44.12; 2.57; 15.44 
54.75,4.94,16.97 
62.34,5.63,18.18 
58.33.5.55. 19.44 
52.46; 7.10; 22.95 

59.26.3.70, 17.39 
71.26,4.32, 13.85 
66.40,4.35,16.60 
66.40,4.35, 16.60 

- 
54.56,5.02,15.90 
42.55,2.88, 15.03 
56.32,4.74,17.80 
50.16,2.96, 17.87 
44.16,2.56, 15.50 
54.94,5.02,16.67 
62.11,5.66, 18.43 
57.93, 5.69, 19.77 
52.30, 7.21, 22.90 

50.11, 5.41, 25.07 
64.22, 7.42, 16.32 
50.01.3.64. 21.82 
46.04,3.40,20.20 
59.63,3.77, 17.87 
70.79,4.32, 14.01 
66.33,4.40, 16.89 
66.30,4.26, 16.64 

a Identical to melting point given in Ref. 13. * Identical to melting point given in Ref. 14. 

Table 11-Melting Points or Boiling Points, Recrystallization Solvents, and Elemental Analyses of 
3-Methoxy-5-substituted-1,2,4-triazines (IIIa-111 v) 

Melting Point Recrystallization Elemental Analysis, % 
or Boiling Point Solvent Calculated C, H, N Found C, H, N 

IIIa Phenyl 
IIIb 3-Chlorophenyl 
IIIC 3-Trifluoromethylphenyl 
IIId 4-Methylphenyl 
IIIe 4-Chlorophenyl 
IIIf 3,4-Dimethoxyphenyl 
IIIg 4-Bromophenyl 
IIIh 4-Methoxyphenyl 
IIIi 2,4-Difluorophenyl 
IIIj 2,4-Dichlorophenyl 
IIIk 2,5-Dimethoxyphenyl 
IIIl 4-Ethylphenyl 
IIIm 4-Morpholinophenyl 
IIIn tert -Butyl 
I110 Cyclopropyl 

IIIp 1-Adamantyl 
IIIq 2-Fury1 
IIIr 2-Thienyl 
111s 2-Benzofuryl 
IIIt 9-Anthracyl 
IIIU 1-Naphthyl 
1110 2-Na~hthvl 

75-76'" 
93-94' 
95-97' 

139-140" 
131-132" 

108-109' 
106-107" 
91-930 

167-169" 

._ ._ 

114-115' 

50-51 
108-lo!' 

122-123' 
45-46' 

1 19- 120"/ 
1.8 mm Hg 
101-1020 
96-97' 

129-130' 
139-140' 
195-196" 
76-77' 

130-1 31 " 

Heptane - 

Hexane 54.18, 3.61,18.96 
Hexane 51.76, 3.14,16.47 
Benzene 65.67,5.47,20.90 
Benzene 54.18, 3.61,18.96 
Methanol 58.29,4.30,17.00 
Ethyl acetate-hexane 46.11, 3.01,15.79 
Dioxane 60.82,5.07, 19.35 
Heptane 53.81,3.94,18.83 
Ethyl acetate-hexane 46.87, 2.73, 16.41 
Heptane 58.30,5.26,17.00 
Hexane 66.97,6.05,19.53 
Ethyl acetate-hexane 61.76, 5.88, 20.59 
Hexane 57.48,7.78,25.15 
- 55.62,6.00,27.80 

Heptane 68.57,7.75, 17.14 
Hexane 54.24,3.95,23.73 
Hexane 49.74, 3.63, 21.76 
Ethyl acetate 63.43,3.97, 18.50 
Methanol 75.16,4.53,14.63 
Hexane 70.89,4.64,17.72 
HeDtane 70.89.4.64, 17.72 

- 
54.25,3.64, 18.90 
51.80.3.10. 16.52 

60.77; 5.16; 19.35 
53.41,4.18,18.78 
46.64, 2.68, 16.49 
58.43,5.33,16.99 
66.60,6.07,19.49 
61.42,5.91,20.77 
57.52,7.81,25.20 
55.03,6.04,27.28 

68.38,7.88, 17.14 
54.36,3.99,24.00 
50.05,3.75,21.80 
63.31. 3.99. 18.59 
74.72; 4.53; 14.58 
70.40,4.51,17.76 
70.46.4.69.17.85 

(I Identical to melting point given in Ref 13. 

0 

R xo R 

v 
Va: R = phenyl 
Vb: R = 4-chloro henyl 
Vc: R = 4-methyrphenyl 
Vd: R = 3,4-dichlorophenyl 
Ve: R = 3,4-dimethoxyphenyl 
Vf: R = 2-fury1 
Vg: R = 2-pyridyl 
Vh: R = methyl 

multidimensional observational assay and calculated according to the 
method of Litchfield and Wilcoxon (21). The anti-inflammatory and LDN 
results are shown in Table VI. 

Based on the anti-inflammatory performance of each compound rel- 
ative to the indomethacin standard, 25 of the 81 compounds evaluated 

gave a reduction in edema equal to or greater than the standard. However, 
test compounds were administered at  200 mg/kg (unless overt toxicity 
necessitated a lower dose), while indomethacin was administered at 2.5 
mg/kg. Of the 25 active triazines, 13 were selected for secondary evalua- 
tion based on their relative toxicity and anti-inflammatory activity. Those 
compounds selected had LDm values greater than 300 mg/kg and pro- 
duced a percent reduction in inflammation equal to or greater than the 
standard, which was run simultaneously. 

Within the 3-methylthio-5-substituted-1,2,4-triazine series, seven of 
the 22 compounds screened were active; two were selected for secondary 
testing (IIc and IIf). Among the 3-methoxy-5-substituted-l,2,4-triazines, 
eight of the 22 compounds evaluated were active; five were selected for 
further testing (IIIa, IIIb, IIIf, IIIn, and IIIo). In the 3-alkoxy-5-substi- 
tuted phenyl series, five of the 12 compounds tested were active; four were 
selected for secondary evaluation (IVa, IVb, IVe, and IVi). Within the 
3-methylthio- and 3-methoxy-5,6-disubstituted-1,2,4-triazine series, only 
two of the 16 compounds evaluated were active; one was selected for 
secondary testing (VIIg). In the 3-alkoxy-5,6-disubstituted-1,2,4-triazine 
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Table 111-Melting Points or Boiling Points, Recrystallization Solvents, and Elemental Analyses of 
3-Alkoxy-5-substituted-phenyl-1,2,4-triazines (IVa-IVI) R 

Com- 
pound R3 

Melting Point Recrystallization Elemental Analysis, % 
R5 or Boiling Point Solvent Calculated C, H, N Found C, H, N 

IVa Ethyl 
IVb n-Propyl 
IVc n-Pentyl 
IVd Benzyl 
IVe. Allyl 
IVf 4-Methoxyphenyl 

C yclohexyl !";"h n-Decyl 
IVi Ethyl 
I V j  Isopropyl 
IVk Phenyl 
IVI Benzyl 

Phenyl 
Phenyl 
Phenyl 
Phenyl 
Phenyl 
Phenyl 
Phenyl 
Phenyl 
3-C hlorophenyl 
3-Chlorophenyl 
3-Chlorophenyl 
3-Chlorophenyl 

48-49' 
44-450 
36-38O 
78-80' 

155'/0.3 mm Hg 
149-151' 
69-71' 
46-47' 
79-81' 
73-74' 

125-127" 
81-83' 

Hexane 64.67,5.47,20.89 64.37, 5.40, 20.59 
Hexane 64.98, 6.05, 1.9.03 64.62,6.01, 18.71 
Hexane 69.11, 7.05, 17.27 68.92, 7.02, 17.06 
Heptane 72.99,4.98,15.96 73.26,4.99, 16.26 

67.59, 5.29, 19.71 67.78,5.34, 19.66 
Ethyl acetate-heptane 68.81,4.69,15.05 68.89,4.75, 14.66 
Heptane 70.56,6.71,16.46 70.31,6.62,16.80 
Hexane 72.80, 8.69, 13.41 73.00,8.83, 13.12 
Heptane 56.06, 4.28, 17.83 56.16,4.28, 18.02 
Heptane 57.72, 4.85, 16.83 57.86,4.86,17.18 
Heptane 63.50, 3.55,14.81 63.43,3.46, 14.95 
Heptane 64.54,4.06, 14.11 64.66,4.16,14.10 

Table IV-Melting Points or Boiling Points, Recrystallization Solvents, and Elemental Analyses of 
3-Methylthio- and 3-Methoxy-5.6-disubstituted- 1,2,4-triazines (VIa-VI h and VIIa-VII h)  

Melting Point Recrystallization Elemental Analysis, % 
Compound X R5, Rs or Boiling Point Solvent Calculated C, H, N Found C, H, N 

VIa S Phenyl 1 19-120'' 
VIb S 4-Chlorophenyl 142-143' 
VIC S 4-Methylphenyl 166-167' 
VId S 3,4-Dichlorophenyl 127-128' 
VIe S 3,4-Dimethoxyphenyl 130- 13 1 ' 

S 2-Fury1 91-92' 
S 2-Pyridyl 122-123' 

VIf 

% S Methvl 100-102'/ 
0.1 mm Hg 

VIIa 0 Phenyl 78-79" 
VIIb 0 4-Chlorophenyl 146-1 47' 
VIIC 0 4-Methylphenyl 128-1 29' 
VIId 0 3,4-Dichlorophenyl 138-139' 

VIIf 0 2-Fury1 105-107" 
0 2-Pyridyl 132-133" 
0 Methvl 55-57OI 

VIIe 0 3,4-Dimethoxyphenyl 83-84' 

0.05 mm He 

Ethyl acetate - - 
Ethyl acetate 55.17,3.16,12.07 54.99, 3.16, 12.11 
Chloroform 70.36,5.54,13.68 70.27,5.56, 13.52 
Hexane-chloroform 46.04.2.16, 10.17 45.90, 2.12, 10.14 
Chloroform 60.15,5.26, 10.53 60.01,5.42,10.68 
Hexane 55.60,3.47, 16.34 55.48, 3.46, 16.30 
Hexane 59.79,3.91,24.91 59.57, 3.90,25.35 
- 46.45,5.81,27.10 46.48,5.95,26.94 

Hexane 
Methanol 
Hexane 
Hexane 

73.00,4.94, 15.97 72.63,4.98,16.39 
57.83,3.31,12.65 57.95, 3.32, 12.77 
74.22. 5.84.14.43 74.12,5.73. 14.30 
48.89. 2.24. 10.47 48.60.2.24. 10.40 

Heptane 61.66; 5.48; 10.97 61.64; 5.40; 10.90 
Hexane 59.26,3.70,17.28 59.24,3.81,17.35 
Hexane 63.40,4.15, 26.41 63.47,4.18,26.37 
- 51.80,6.47,30.22 52.05,6.46,30.25 

Identical to melting point given in M. Gianturco, Carz .  Chin.  Ital., 82,595 (1952). 

Table V-Melting Points or Boiling Points, Recrystallization Solvents, and Elemental Analyses of 
3-Alkoxy-5,6-disubstituted-1,2,4-triazines (VIIIa-VIIIi) 

n, 

R 

Compound R3 

VIIIa Ethyl 
VIIIb Isopropyl 
VIIIC Phenyl 
VIIId 4-Chlorophenyl 
VIIIe 4-Meth ylphenyl 
VIIIf 3,4-Dichlorophenyl 
VIIk Ethyl 

R5, R6 
Phenyl 
Phenyl 
Phenyl 
Phenyl 
Phenyl 
Phenyl 
Methyl 

VIIIh Isopropyl Methyl 

VIIIi Allyl Methyl 

Melting Point 
or Boiling Point 

73-74' 
96-97O 

123-125' 
162-164' 
154- 156' 
133-135' 
74-75'/ 

0.07 mm Hg 
75-18'/ 

0.05 mm Hg 
84-86"/ 

0.08 mm Hg 

Recrystallization Elemental Analysis, 9'0 
Solvent Calculated C, H, N Found C, H, N 

Hexane 73.63, 5.45, 15.15 73.67,5.40, 15.11 
Heptane 74.20, 5.88,14.42 73.97,5.84,14.39 
Ethanol 77.52,4.65, 12.92 76.97,4.57,12.77 
Heptane 70.10,3.92, 11.68 70.00,3.97, 11.61 
Heptane 77.85, 5.05, 12.38 77.78,5.00, 11.89 
Hexane-benzene 63.97, 3.32,10.66 63.98,3.30,10.65 
- 54.90,7.19,27.45 55.10,7.24,27.40 

57.48,7.78,25.15 57.62,7.84,24.90 

58.18, 6.66, 25.45 57.94,6.72,25.00 

series, two of the nine compounds tested were active; one was selected 
for subsequent evaluation (VIIIi). 

The secondary evaluation consisted of a dose-response carrageenan 
assay and the determination of the NTDm value in mice, based on the 
method of Swinyard et al. (22). The compounds were administered in 
the carrageenan assay at  multiple doses (e.g., 100,30,10, and 3 mg/kg) 
to obtain a three-point dose-response curve under identical conditions 
as used in the primary evaluation. If a dose-response relationship was 
observed, the ED50 value was determined according to the method of 
Litchfield and Wilcoxon (21). The NTDso values were determined to 
provide additional information concerning the toxicity of the compounds 
relative to indomethacin. 

The results of the secondary testing are shown in Table VII. Based on 
50 determinations, indomethacin had a mean EDSO value of 2.5 mg/kg 
and an NTD50 value of 112 mg/kg. To compete successfully with this 
standard, compounds were expected to be less toxic and yet maintain 
similar levels of efficacy. Therefore, an NTDm value of >300 mg/kg and 
an EDm value of <30 mg/kg were established as limits for further testing. 
Five of the 13 compounds subjected to secondary testing fell within these 
arbitrary bounds (Hi, 1110, IVb, IVe, and VIIIi). 

To determine the effect of these five developmental compounds on a 
chronic inflammatory condition, each candidate was evaluated in the 
adjuvant-induced polyarthritis assay (23). An injection of heat-killed 
Mycobacterium tuberculosis, suspended in mineral oil, produced a highly 
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Table VI-Activity in the Carrageenan-Induced Anti- 
Inflammatory Assay and LDso Values in Mice of 3-Methylthio- 
and 3-Alkoxy- 1.2.4-triazines 

Carrageenan Standard" 
Com- Reduc- Dose, Reduction, LD50, 
pound tion, % m g k  % m g k  

IIa 
IIb 
IIC 
1Id 
IIe 
1 If 
Ik 
IIh 
IIi 
IIj 
IIk 
I11 
IIm 
IIn 
I10 
IIP 
IIq 
IIr 
11s 
Ilt 
IIU 
I10 

IIIa 
IIIb 
IIIC 
IIId 
IIIe 
IIIf 
1% 
IIIh 
IIIi 
I I I j  
IIIk 
1111 
IIIm 
IIIn 
1110 
IIIp 
IIIq 
IIIr 
111s 
IIIt 
IIIU 
IIIU 
IVa 
IVb 
IVC 
IVd 
IVe 
IVf 
IVg 
IVh 
IVi 
IVj  
IVk 
IVI 
VIa 
VIb 
VIC 
VId 
VIe 
VIf 
V k  
VIh 

VIIa 
VIIb 
VIIC 
VIId 
VIIe 
VIIf 
VIIg 
VIIh 

VIIIa 
VIIIb 
VIIIC 
VIIId 
VIIIe 
VIIIf 

27 
17 
57 
16 
22 
39 
20 
18 
10 
0 

37 
33 
19 
57 
86 
17 
39 
51 

2 
0 
8 
0 

86 
72 
77 
0 

23 
52 
33 
17 
36 
16 
49 
15 
14 
64 
57 
30 
70 
50 
12 
0 

22 
7 

96 
51 
29 
0 

67 
15 
7 
5 

71 
43 
23 
18 
0 
7 
0 
0 
0 
2 

19 
54 
17 
0 

12 
0 
0 
5 

46 
4 

12 
0 
7 
0 

18 
0 

175 
200 
200 
200 
200 
200 
200 
200 
150 
200 
200 
200 
200 
150 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
100 
200 
200 
200 
200 
200 
150 
200 
200 
20v 
200 
200 
200 
150 
175 
175 
200 
200 
200 
200 
200 
200 
200 
150 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
70 

200 
200 
200 
200 
200 
200 
200 
40 

200 
200 
200 
200 
200 
200 

35 
35 
35 
33 
33 
31 
20 
30 
31 
20 
40 
40 
31 
35 
33 
20 
37 
37 
20 
32 
24 
26 
40 
28 
35 
28 
28 
35 
38 
24 
37 
20 
43 
26 
22 
25 
33 
32 
25 
29 
28 
28 
28 
24 
42 
39 
32 
32 
44 
32 
24 
31 
31 
43 
31 
31 
37 
37 
28 
28 
37 
28 
28 
37 
31 
31 
28 
28 
31 
28 
42 
37 
27 
27 
27 
42 
27 
32 

237 
300 
300 
300 
300 
300 
300 
300 
178 
300 
300 
300 
300 
178 
316 
300 
316 
316 
300 
300 
300 
300 
300 
300 
133 
300 
300 
300 
300 
300 
178 
300 
300 
300 
300 
300 
300 
178 
237 
237 
300 
300 
300 
300 
300 
300 
300 
178 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
100 
316 
300 
300 
300 
300 
316 
300 
178 
300 
300 
300 
300 
300 
300 

Table VI-Continued 

Carrageenan Standard" 
Com- Reduc- Dose, Reduction, LD50, 
pound tion, Y m g l k  Yo mdka  

~~ 

vmg 22 200 27 300 
VIIIh 37 200 37 300 
VIIIi 63 200 37 300 

a Mean percent reduction in inflammation produced by the standard, indo- 
methacin, at a dme of 2.5 mgkg. An indomethacin standard was run simultaneously 
with each set of test compounds. 

developed arthritic condition after 20 days when injected into the left 
hindfoot pad of male Wistar-Lewis rats. The developed arthritis was 
characterized by swelling of all four paws and secondary involvement of 
the tail and ears (24). The test compounds were administered by gastric 
intubation in a methylcellulose vehicle on Days 20 and 22. Both left and 
right hindpaw volumes were recorded daily on Days 20-24. The decrease 
in mean paw volume per group per day then was calculated as the percent 
change from Day 20. Efficacy was determined by a percent decrease in 
the paw volume of test compounds uersus that  of the standard, indo- 
methacin. The test compounds were administered at  a dose of 30 mg/kg, 
and the standard was given a t  a dose of 1 mg/kg. 

The results of this assay are shown in Table VII. Only IIf was active 
in the adjuvant-induced polyarthritis assay. This compound appeared 
to have a rapid onset of action compared to the standard. However, after 
several days, the activity level began to fall. Additional evaluation is 
needed to establish whether IIf possesses a therapeutic advantage over 
current standards. 

Physicochemical Parameters-Since compounds in each series 
(Tables I-V) differed from others in that series by only one substituent, 
hydrophobic substituent constants (z values) (25, 26), electronic sub- 
stituent constants (0  values) (27), and steric substituent constants (E, 
values) (28) were utilized to estimate the relative effect of these physi- 
cochemical parameters on anti-inflammatory activity. After detailed 
investigation, it was concluded that within each series, no apparent 
structure-activity correlation existed between any of these physico- 
chemical parameters and anti-inflammatory activity. Nevertheless, 
several general trends deserve comment. 

First, a t  the primary screening level, the 5-substituted triazine classes 
(Ha-IIu, IIIa-IIIu, and IVa-IVI) were inherently more active than the 
corresponding 5,6-disubstituted triazines (VIa-VIh, VIIa-VIIh, and 
VIIIa-VIIIi). Over 37% of the compounds in the 5-substituted classes 
were considered active, while only 16% of the compounds in the 5,6-di- 
substituted classes were active. 

Second, the difluorinated triazines (IIi and IIIi) were among the most 
toxic derivatives evaluated in this series. Perhaps the toxicity among these 
fluorinated derivatives is the result of increased susceptibility to 
nucleophilic attack by the amino and mercapto functions present in DNA 

Table  VII-EDm Values in Carrageenan-Induced Anti- 
Inflammatory Assay, NTDm Values in  Mice, and Adjuvant- 
Induced Polyarthrit is  Activity of Selected 3-Methylthio- and  3- 
Alkoxy- 1,2,4-triazines 

Carrageenan- 
Induced Adjuvant-Induced 

Anti-Inflammatorv Polvarthritis Assav". - .  
Assay % reduction 

Com- EDm, NTDso, Day Day Day Day 
Dound ma/ka m a k e  21 22 23 24 

IIC 
I I f  

IIIa 
IIIb 

30 170 NTb  N T  NT NT 
24 19 14 8 

looO NT NT NT NT 
10 
10 170 
30 76 N T  NT NT NT 

N T  NT NT NT 
'Oo0 NT NT NT NT 

IIIf 100 
IIIn 100 100 
I110 30 1000 5 6 0 NT 
IVa 10 87 N T  N T  NT N T  
IVb 30 300 6 0 0 N T  
IVe 30 300 0 0 0 NT 
IVi 30 250 NT N T  NT N T  

30 250 N T  NT NT NT 
30 300 4 0 0 NT 

VIIg 
VIIIi 
Indomethacin 2.5 112 12 19 18 21 

a All test compounds were administered at 30 mg/kg, while indomethacin was 
given at 1 mg/kg. Not tested. 
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and protein structure (29). It may be that the relatively labile fluorine 
atoms undergo displacement by these functional groups, resulting in 
interchelation and overt toxic effects. 

EXPERIMENTAL’ 

3-Methoxy-5-substituted-1,2,4-triazines (IIIa-111 v)-In a 1-liter 
round-bottom flask equipped with condenser and magnetic stirrer was 
placed the appropriate 3-methylthio-S-substituted-1,2,4-triazine (IIa- 
1Iu) (13,14) dissolved in methanol (500 ml). T o  this stirred solution was 
added a molar excess of sodium methoxide, and the mixture was refluxed 
for 10 hr. (The methanethiol fumes were trapped by a sodium hydroxide 
scrubber system.) Upon cooling, the mixture was concentrated and 
treated with hexane-heptane to afford a crystalline product. 

Recrystallization from the appropriate solvents (Table 11) resulted in 
the corresponding 3-methoxy-l,2,4-triazine (IIIQ-IIIu). The 3-methox- 
ytriazines were characterized by carbon, hydrogen, and nitrogen analyses 
(Table 11) and NMR spectroscopy. This class of triazines was charac- 
terized by the following chemical shifts relative to tetramethylsilane in 
deuterochloroform: 6 4.0-4.2 (s, 3, OCH3), 7.0-8.2 (m, C-5 aromatic 
substituent protons), and 9.6-9.8 (s, 1, C-6 triazine proton). 
3-Alkoxy-5-substituted-phenyl-l,2,4-triazines (IVa-1VI)-The 

3-alkoxy-5-substituted-phenyl-1,2,4-triazines were synthesized in a 
similar manner as the 3-methoxy-1,2,4-triazines (IIIa-IIIu), except that 
a molar excess of the desired sodium alkoxide was reacted with the 3- 
methylthio-l,2,4-triazine (IIa or IIb) and the mixture was refluxed with 
dioxane. Crude products were recrystallized from the appropriate sol- 
vents (Table 111) to yield the corresponding 3-alkoxy-1,2,4-triazine 
(IVa-IVI). The 3-alkoxytriazines were characterized by carbon, hydrogen, 
and nitrogen analyses (Table 111) and NMR spectroscopy; chemical shifts 
were similar to the 3-methoxytriazines (IIIa-IIIu), but the methoxy shift 
was replaced by ethyl, n -propyl, n-pentyl, and higher homologs (Table 
111). 
3-Methylthio-5,6-disubstituted-l,2,4-triazines (VIa-VIh)-In 

a 1-liter round-bottom flask equipped with a heating mantle, condenser, 
and magnetic stirrer was placed the appropriate symmetrical 1,2-dione 
(Va-Vh) dissolved in 80% ethanol (500 ml). T o  this stirred solution was 
added an equal molar solution of methylthiosemicarbazide hydrogen 
iodide and sodium bicarbonate in 80% ethanol. The mixture was refluxed 
for 10 hr, cooled to ambient temperature, and diluted with water to afford 
a solid. 

The solid material was collected and recrystallized from the appro- 
priate solvents (Table IV) to yield the desired 3-methylthio-5,6-disub- 
stituted-1,2,4-triazine (VIa-VIh). The 3-methylthiotriazines were 
characterized by carbon, hydrogen, and nitrogen analyses (Table IV) and 
NMR spectroscopy. This class of triazines was characterized by the fol- 
lowing chemical shifts relative to tetramethylsilane in deuterated di- 
methyl sulfoxide: 6 2.7-2.9 (s, 3, SCH3) and 7.0-8.2 (m, C-5 and C-6 ar- 
omatic substituents). 
3-Methoxy-5,6-disubstituted-1,2,4-triazines (VIIa-VI1h)-The 

3-methoxy-5,6-disubstituted- 1,2,4-triazines (VIIa-VIIh) were synthe- 
sized in the same fashion as the corresponding 3-methoxy-5-substituted 
triazines (IIIa-111~1). Recrystallization of the solid product from the ap- 
propriate solvents (Table IV) afforded the desired 3-methoxy-5,6-di- 
substituted-1,2,4-triazines (VIIa-VIM ). The carbon, hydrogen, and ni- 
trogen analyses are shown in Table IV; the NMR spectra were identical 
to those of the 3-methylthio precursor except that  the 6 2.7-2.9 (s, 3, 
SCH3) signal was replaced by a 6 4.0-4.2 (s, 3 ,  OCH3) signal further 
down field. 
3-Alkoxy-5,6-disubstituted-1,2,4-triazines (VIIIa-VII1i)-The 

3-alkoxy-5,6-disubstituted-l,2,4-triazine analogs (VIIIa-VIIIi) were 
synthesized by the same procedure as the 3-alkoxy-5-substituted- 
1,2,4-triazines (Nu-IVI). Recrystallization solvents are listed in Table 
V. The 3-alkoxytriazines (VJIIa-VIIIi) were characterized by carbon, 
hydrogen, and nitrogen analyses (Table V) and NMR spectroscopy. The 
5,6-diphenyl derivatives (VIIIa-VIIIf) produced chemical shifts similar 
to those of their common precursor VIa, except that the methylthio 
singlet (6 2.7-2.9) was replaced by a variety of alkoxy and aryloxy mul- 
tiplets. The 5,6-dimethyl derivatives (VIIIg-VIIIi) were characterized 
by the two methyl singlets with 6 2.6-2.5 (s, 3, C-6 methyl) and 2.3-2.5 

(s, 3, C-5 methyl) and a variety of multiplets resulting from substituents 
a t  C-3. 

Carrageenan-Induced Pedal Edema Assay (I5)-Male Sprague- 
Dawley rats, 100-140 g, were used in the pedal edema assay. Five rats were 
used in each treatment group, the known standard control group, and 
the vehicle control edema groups. The first and seventh groups were 
vehicle controls. Therefore, recalibration of the volume differential meter 
could be done after every 30 animals. All rats were fasted for 2 hr prior 
to the test, and water was available ad libitum. 

The experimental drugs and the standard control were given orally and 
were dissolved or suspended in 0.25% methylcellulose. The volume given 
was 0.005 cm3/g of body weight. The edema control groups were admin- 
istered the vehicle. One hour after the administration of the test com- 
pounds, 0.05 cm3 of a 1% sterile carrageenan solution was injected into 
the left hindfoot pad of each rat using a l-cm3 Cornwall syringe pipet. 
Three hours after this injection, the paw volumes of the injected paws 
were measured by means of mercury displacement on a volume differ- 
ential meter. The apparatus used was a modification of that described 
by Adamkiewicz et al. (30). 

The amount of edema was calculated, and the percent reduction of 
edema from control values was determined. The mean volume (iSD) 
of edema based on 50 determinations was 1.24 f0.226 cm3. Compounds 
that reduced edema to a level less than that of indomethacin (dosed a t  
2.5 mg/kg) were considered active. The EDa values for indomethacin 
and active test compounds were estimated according to the method of 
Litchfield and Wilcoxon (21). 

Neurotoxicity Determination, NTDso Values (22)-The mean 
neurotoxic dose was the dose administered orally or intraperitoneally 
to mice that  caused minimal recognizable neurotoxicity in 50% of the 
animals tested as determined by the following five end-points. 

1. Positional sense test: If the hindleg of a normal mouse is lowered 
gently over the end of a table, it will be lifted quickly back to  a normal 
position. Neurological deficit was indicated by the inability to correct 
the abnormal position rapidly. 

2. Righting test: If a mouse is placed on its back, it will right itself 
quickly and assume a normal posture. Neurological deficit was indicated 
by the inability to correct for the abnormal body posture rapidly. 

3. Gait and stance test: Neurological deficit was indicated by a circular 
or zigzag gait, ataxia, abnormal spread of the legs, abnormal body posture, 
tremor, hyperactivity, lack of exploratory behavior, somnolence, stupor, 
catalepsy, etc. 

4. Muscle tone test: Normal animals have a certain amount of skeletal 
muscle tone that is apparent to the observer on handling. Neurological 
deficit was indicated by a loss of skeletal muscle tone characterized by 
hypotonia or flaccidity. 

5. Eguilibrium test: If a normal mouse is placed on a narrow edge, such 
as the rim of a cage, i t  can maintain its equilibrium and walk along the 
rim. Neurological deficit was indicated by the inability to do so. 

Abnormal neurological status disclosed by any of these five tests was 
taken as the end-point for the NTDm determination. However, if other 
side effects (e.g., hematuria and hypernea) consistently appeared at  doses 
lower than those causing neurological deficit, they were taken as the 
end-point. 

Adjuvant-Induced Polyarthrit is  Assay (23, 24)-Five male Wis- 
tar-Lewis rats, -110 g each, were used in each group. On Day 1 , O . l  cm3 
of 3.5-mg/cm3 suspension of heat-killed M. tuberculosis in mineral oil 
was injected into the left hindfoot pad of each rat. The animals then were 
kept in cages, with two or three rats per cage for 20 days; food and water 
were available ad libitum. On Day 20, all animals with developed arthritis, 
i.e., swelling of all four paws and secondary involvement of the tail and 
ears, were used in the study. 

The test compounds and the standard control were dissolved or sus- 
pended in methylcellulose and were given orally a t  doses of 30 and 1 
mg/kg, respectively. The volume given was 0.005 cm3/g of body weight. 
The control group was administered the vehicle alone. The animals were 
administered compounds by gavage on Days 20 and 22. The left hindpaw 
volumes were recorded daily on Days 20-24. The decrease or increase in 
mean paw volume per group per day was then calculated as the percent 
change from Day 20. Efficacy was determined by a percent decrease in 
paw volume of the test compounds compared to indomethocin. 

’ Elemental analyses were performed by the Analytical Group, Diamond 
Shamrock Corp., Painesville, Ohio. IR spectra were determined on a Perkin-Elmer 
model 137 spectrophotometer with sodium chloride optics. NMR spectra were re- 
corded on a Varian A56/6OD and a Rruker WH-90 spectrometer. Melting points 
were determined on a Thomas-Hoover capillary melting apparatus and are un- 
corrected. 
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Abstract Data required for predicting the stability of an active prin- 
ciple in solution can be obtained by two kinetic methods. With the iso- 
thermal method, the degradation rate constants are determined a t  dif- 
ferent temperatures, which are kept constant throughout the experiment. 
With the nonisothermal method, the temperature is increased with time. 
This paper describes a nonisothermal kinetic method in which the tem- 
perature is increased in consecutive equal steps. The results are compared 
with those obtained by the conventional isothermal method. The values 
for the activation energy are approximately the same by both methods. 
Although the technique of nonisothermal kinetics demands sophisticated 
equipment and high experimental accuracy, i t  provides a continuous 
picture over a wide temperature range. 

Keyphrases 0 Stability-prediction, nonisothermal kinetic method, 
programmed temperature steps, comparison with isothermal kinetic 
method 0 Drug degradation kinetics-nonisothermal method, pro- 
grammed temperature steps, comparison with isothermal kinetic 
method Kinetics, degradation-nonisothermal method, programmed 
temperature steps, comparison with isothermal kinetic method 

Degradation kinetics usually are studied under iso- 
thermal conditions by determining the reaction rate con- 
stant at different temperatures. These temperatures 
generally are fairly high and are kept constant throughout 
the experiment; in nonisothermal kinetic studies, the 
temperature changes continuously with time. Several such 
methods have been described, with the essential difference 
between them being the equation for the time-tempera- 
ture relationship (1-3). 

Calculations using a continuous temperature increase 
were carried out previously uia a multistep model (3). 
Study of an experimental model with a stepwise temper- 

ature profile then was desired. This paper describes the 
application of nonisothermal kinetics in which the tem- 
perature is raised discontinuously in consecutive equal 
steps, whose number and duration are predetermined. The 
results are compared with those obtained in conventional 
isothermal kinetic studies. 

EXPERIMENTAL 

The investigation was carried out using an active principle, a substi- 
tuted benzazepine, as a 0.2% solution in pH 5 buffer-ethanol(60.40). This 
pH was chosen to give appreciable degradation in a relatively short 
time’. 

The solution of the active principle was introduced into ampuls, which 
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Abstract Data required for predicting the stability of an active prin- 
ciple in solution can be obtained by two kinetic methods. With the iso- 
thermal method, the degradation rate constants are determined a t  dif- 
ferent temperatures, which are kept constant throughout the experiment. 
With the nonisothermal method, the temperature is increased with time. 
This paper describes a nonisothermal kinetic method in which the tem- 
perature is increased in consecutive equal steps. The results are compared 
with those obtained by the conventional isothermal method. The values 
for the activation energy are approximately the same by both methods. 
Although the technique of nonisothermal kinetics demands sophisticated 
equipment and high experimental accuracy, i t  provides a continuous 
picture over a wide temperature range. 

Keyphrases 0 Stability-prediction, nonisothermal kinetic method, 
programmed temperature steps, comparison with isothermal kinetic 
method 0 Drug degradation kinetics-nonisothermal method, pro- 
grammed temperature steps, comparison with isothermal kinetic 
method Kinetics, degradation-nonisothermal method, programmed 
temperature steps, comparison with isothermal kinetic method 

Degradation kinetics usually are studied under iso- 
thermal conditions by determining the reaction rate con- 
stant at different temperatures. These temperatures 
generally are fairly high and are kept constant throughout 
the experiment; in nonisothermal kinetic studies, the 
temperature changes continuously with time. Several such 
methods have been described, with the essential difference 
between them being the equation for the time-tempera- 
ture relationship (1-3). 

Calculations using a continuous temperature increase 
were carried out previously uia a multistep model (3). 
Study of an experimental model with a stepwise temper- 

ature profile then was desired. This paper describes the 
application of nonisothermal kinetics in which the tem- 
perature is raised discontinuously in consecutive equal 
steps, whose number and duration are predetermined. The 
results are compared with those obtained in conventional 
isothermal kinetic studies. 

EXPERIMENTAL 

The investigation was carried out using an active principle, a substi- 
tuted benzazepine, as a 0.2% solution in pH 5 buffer-ethanol(60.40). This 
pH was chosen to give appreciable degradation in a relatively short 
time’. 

The solution of the active principle was introduced into ampuls, which 
then were sealed and immersed in a thermostatically controlled bathn 
of glycerol-water. At predetermined times coinciding with the end of a 
temperature stage, ampuls were removed to determine the remaining 
amount of active ingredient. This determination was done by high-per- 
fonnance liquid chromatography (HPLC) or by spectrophotometry after 
separatioh by TLC followed by elution. 

TLC-Plates precoated with silica gel and an indicator3 were used as 
the stationary phase. The mobile phase was chloroform-ethanol-con- 
centrated ammonia (90100.8). The plates were developed to 12 cm. UV 
detection was performed a t  254 nm with the use of Dragendorffs reagent 
and peroxide for visualization of degradation after elution. 

The R/ values were 0.5 for the active principle and 0.4,0.7, and 0.9 for 
the degradation products. After development, the spot corresponding 
to the unchanged active principle was eluted4 with 2.50 ml of solvent 
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Figure 1-Concentration versus time profile in isothermal experiment 
at different temperatures. 

(methanol-10% concentrated ammonia). A UV absorption spectrum of 
this solution was recorded bet,ween 200 and 320 nm with a spectropho- 
tome@ linked to a recordefi. The value was measured a t  the extinction 
maximum of 230 nm. The recovery was 97%. 

The values are the means of five samples from one ampul. A calibration 
curve was prepared under the same conditions. The equation was .Y = 
0.0726~ + 0.01 11 ( r  = 0.9995) for concentrations between 1 and 9.5 
Nglml. 

HPLC7--The stationary phase was Lichrosorb Si 100,5 pm in a col- 
umn of 10 cm length and 0.46 i.d. The mobile phase was 95% ethanol- 
methanol-saturated ammonium carbonate solution (900:100:0.4). A 
pump8 maintained the flow rate a t  1.5 ml/min with a pressure of -175 
X 105 Pa. The chart speed of the recorderg was 1 cm/min. The UV de- 
tector'" wavelength was set a t  230 nrn. The sample loop of the injector" 
had an injection volume of 20 PI. The peak area was obtained by an in- 
tegration system" connected to the detector. 

The values are the means of three injections obtained after diluting 
the sample to give a concent,ration of unchanged active principle ap- 
proximating that of the calibration curve. The equation was y = 0.0258~ 
+ 0.0174 ( r  = 0.9999) for injections from 0.2 to 6 pg .  

The kinetic test at 100" carried out using TLC also was performed 
using HPLC and gave concentrations of 33.7, 19.6, 10.68, and 5.2% a t  0, 
96,168, and 264 hr, respectively. These values are close to those shown 
in Fig. 1. This fact indicates the equivalence of the two methods. 

Nonisothermal Temperature Programming-A programmerI3 was 
used to control the rise of temwrature in the bath. This svstem enables 

U 
2 56' 

5 T--- 
174 172 170 168 

HOURS 
Figure 2-Section of the experimental temperature profi le .  

for the duration of the experiment, b - a:  

b - a  n 
f ( b )  - f ( a )  - k l  + k z  + . . . + k ,  + . . . + k ,  - (Eq. 1) 

The size of n is fixed to minimize the error. 
The temperature programming in the present experiment represents 

a special case of this theory. The hypothesis according to which each in- 
terval can be described by a straight line becomes a reality. Each tem- 
perature stage can be regarded as a miniature isothermal kinetic model. 
For each step, the degradation is represented by a straight line whose 
slope corresponds to the rate constant a t  that temperature. The error due 
to the time required to raise the temperature between each stage can be 
regarded as negligible. The equation for the degradation is: 

I n C - I n C o = - ( k l + k p +  . . . +  k , +  . . . +  k , )  (Eq.2) 

To solve this equation for any rate constant, the constant must be ex- 
pressed in terms of all of the other constants in the equation. For constant 
ki: 

t 
n 

ki = A ~ - E ( R T , ) - ~  (Eq. 3) 

For constant k ,  + 1:  

hi+] = Ae-E(RT,ti)-l (Eq. 4) 

By dividing Eq. 4 by Eq. 3, the following expression is obtained: 

ki+ = k,e EIRI(Tit l-'I'i)(T, T i t  I  )-'I (Eq. 5) 

Because the increment ?",+I- Ti is constant and equal to AT,  the solu- 
tion for ki+2 with respect to ki becomes: 

ki+* = kieE/R[AT(Ttt1Ti)-ll eEIR[AT(Ti+zTtt1)-'1 (Eq. 6) 
the bath temperature to be altered automatically stepwisifrom a preset 

periments were carried out between 40 and 97.6" in consecutive equal 
steps, which in this case were temperature changes, AT, of 0.3" every 3 
hr (Fig. 2). The temperature was increased by 0.3" quickly a t  the begin- 
ning of each step and was kept constant for the remainder of the step 
time. n 

In the Same way, each constant can be expressed with respect to k, ,  The starting temperature Over a range Of 'l'" at lo rates' The ex- corresponding expressions can be substituted for the of k l  to k ,  
in Eq. 2, 

If k 1 = k,, then: 

In C - In Co = k l  5 (1 + eE/R[AT(TiTz)-'I + eEIR[AT(T~Tz)-1+AT(Tz2T3)-IJ 

RESULTS 

Nonisothermal Kinetics-Zoglio e/ al. (3) used a linear progression 
for temperature. The degradation curve, f ( C ) ,  is described by a series of 
straight lines (where the time interval during which the temperature 
remains constant is reduced) whose individual slopes (or rate constants), 
k,, represent the instantaneous degradation rate a t  a given moment (or 
temperature). The shorter this time interval, the greater is the chance 
of the curve being linear in this interval. (For first-order reactions, the 
curve is log concentration as a function of time.) 

This method is based on the hypothesis that the arithmetic mean of 
these rate constants is equal to the ratio of total degradation, f ( b )  - f ( a ) ,  

Model SP 1800. Pve Unicam. 
Model AR 25. Pye  Llnirarn. 
J. Meier and C. Morin, Sandrm Ltd.. Basel, Switzerland, personal communi- 

cation. 
Model 110. Altex. 
Model 31 2, W + W. 

lo Model LC 55. Perkin-Elmer 
I 1  Model 7120, Rheodyne. 
l2 System 3354, Hewlett-Parkard 

Model PG 12, Haake. 

or: 
l l - I  m 

(Eq. 8) 

Once the values of In C - In CO and t / n  are determined experimentally, 
k l  can be calculated for any activation energy. 

Equations similar to Eq. 8 can be derived and solved for the constants 
k p  to k ,  in the same way. These constants then are used to plot the the- 
oretical curves [In C = f  ( t ) ]  for different activation energies using a scale 
that corresponds to the order of the degradation reaction (which must 
be determined). 

Since extremely lengthy calculations are needed to solve these equa- 
tions, a program was elaborated that enables the problem to be solved 
on a computer'*. (Automatic calculation takes -6,hr.) For a first-order 
reaction and for a particular activation energy, this program calculates 
(with the aid of Eq. 8) the k'value corresponding to the first temperature 
stage. With this value, it then is possible to determine the theoretical 
concentration a t  the end of this stage, which also is the concentration at 
the beginning of the next stage. By substituting the values of the con- 

200 I Journal of Pharmaceutical Sciences 
Vol. 69. No. 3, March 1980 



Table I-Values Obtained bs Nonisothermal Conditions a 

Hours Percent of Unchanged Substance In C 

0 
72 

144 
192 
240 
312 
360 
408 
480 

100 
97.47 
94.95 
93.95 
9i .m 
85.59 
73.06 
71.70 
58.37 

4.60517 
4.57954 
4.55335 
4.54276 
4.51743 
4.44957 
4.29128 
4.27249 
4.06680 

528 48.36 3.87867 
576 35.61 3.57263 

a Number of stages, n,  = 576/3 = 192. 

centration and initial temperature in the first stage with those in the 
second stage and by substituting n with the number of stages remaining, 
an analogous computation gives the k value corresponding to the second 
stage and so on to the last one. 

The concentrations calculated theoretically are compared with the 
concentrations obtained experimentally. The value taken for the acti- 
vation energy then is altered until the calculated concentrations approach 
the experimental data. Progressively smaller adjustments evaluate the 
activation energy at  best f i t  to the nearest 100 J. When the sum of the 
squares of the difference between the experimental values and the the- 
oretical values at the same moment is a minimum, the corresponding 
activation energy is regarded as the activation energy of the reaction. The 
constant of the Arrhenius equation is determined at the same time. 

Quantitative analysis of the ampul produced the results shown in Table 
I over 576 hr. Automatic computation of the activation energy after 
scanning between 40,000 and 70,000 J yielded E = 62.2 kJ/mole. Although 
this value is purely arbitrary since the n value used corresponds to an 
actual number of temperature stages during which it remained constant, 
the same calculation also was performed with n twice the size, and there 
was no appreciable modification in the activation energy. 

The theoretical degradation curves for each activation energy (Fig. 3) 
were plotted with the concentration values for each AT interval given 
by the computer. The points corresponding to experimental values also 
were plotted on the graph. One point is marked to show the considerable 
effect that an error of f l% can have on the concentration at  a given mo- 
ment. 

Isothermal Kinetics-Degradation kinetics were performed iso- 
thermally at  80, 90, 98.5, and 100' (Fig. 1). The reaction order was 
checked in each case as a function of time; the graph of C, In C, and C-' 
versus t is a straight line for zero-, first-, and second-order reactions, 
respectively, where C is the concentration of unaltered active ingredient. 
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Figure 3-Plot of theoretical concentrations with time activation en- 
ergy between 40 and 97.6' (+ = experimental values). 

HOURS 

Table 11-Correlation and k Values at Different Temperatures 

Parameter 80' 90' 98.5' 100' 

Correlation 0.9992 0.9994 0.9989 0.9997 
k X lo5. hr-' 248 431 716 728 

When the linear regression was calculated on a programmable comput- 
er14, the best correlation coefficient was obtained for a first-order reaction 
at  the four temperatures. Therefore, the equation for calculating the 
degradation rate constant is: 

C = C , g - k t  (Eq. 90) 

or: 

In C = In Co - kt (Eq. 96) 

where k is the slope of the regression line (Table 11). 
With the Arrhenius equation, k = Ae-E/RT, the graph of In-k as a 

function of T-' is a straight line with a slope of -E/R (Fig. 4). Calculation 
of the regression line of In k as a function of 7'-' at 80,90,98.5, and 100' 
gave a correlation coefficient of 0.9999. The equation for the straight line 
was In k = 14.6 - 7290 T-' in which In A = 14.6 and E/R = 7290 O K .  The 
activation energy was E = 60.6 kJ/mole. 

DISCUSSION AND CONCLUSION 

The value for activation energy obtained by the nonisothermal method 
was similar to that obtained by the isothermal method (62.2 and 60.6 
kJ/mole). Therefore, the two methods may be regarded as equivalent with 
respect to their results. However, they generally are suitable only when 
the activation energy and the reaction order remain constant throughout 
the experiment, i.e., the Arrhenius relationship is valid in the particular 
case. 

Given these conditions, the major limitation of the nonisothermal 
procedure seems to be the experimental accuracy. This limitation is 
demonstrated by the fact that if the experimental points are measured 
inaccurately, the experimental and the theoretical degradation curves 
intersect in too broad a range of activation energies and this effect soon 
leads to a considerable scattering of the results. To control the experi- 
mental accuracy, it is essential to complement the computation by 
plotting the theoretical curves corresponding to each activation energy 
to compare them with the experimental curve. It also is necessary to have 
a prior idea of the degradation rate to select a suitable temperature 
program; this planning avoids alteration during the experiment. 

loool \ 

l O 0 i  ~ 

260 300 
T-' x 105 

Figure 4-Arrhenius plot of the values obtained by the isothermal 
experiment. 

14 Model 9810 A, Hewlett-Packard. 
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One advantage of the method is that  i t  examines a wider temperature 
range than does the isothermal kinetic method. Provided that the tests 
are sufficiently accurate, it is possible to detect any activation energy 
change. 

Since three temperatures stages and three durations for each stage 
generally are considered as a minimum for isothermal kinetic studies, 
the nonisothermal method does not appear to offer any decisive advan- 
tage. The definitive need for more sophisticated equipment (temperature 
programmer, computer, and plotter) is a disadvantage. On the other hand, 
the nonisothermal method may lead to more precise results with less 

experimental effort, e.g., data points. Furthermore, i t  requires only a 
fraction of the time an isothermal experiment does. Selection of a method 
depends on the equipment and the time available. 
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Abstract 0 Commercial prednisone tablets were subjected to dissolution 
tests by USP basket and paddle methods. I t  was found experimentally 
that disintegration adheres to an exponential decay law: ln(W/Wo) = 
-d(t  - t i ) ,  where W is the nondisintegrated weight, d is a disintegration 
constant, t is time, and t ,  is a lag time. Dissolution has been reported to 
adhere to a similar law, where the dissolution constant, K, follows a 
pseudo- Arrhenius relationship with changing temperature. Within a 
certain temperature range, this relationship also exists for the disinte- 
gration rate constant, d. A correlation exists in these tablets between K 
and d.  The shaft length in the dissolution apparatus plays a part in the 
disintegration (and hence dissolution) rate and, therefore, is an important 
apparatus parameter affecting reproducibility. 

Keyphrases Disintegration-commercial prednisone tablets, time 
and temperature dependence, correlation between dissolution and dis- 
integration rate constants Prednisone-commercial tablets, time and 
temperature dependence of disintegration, correlation between disso- 
lution and disintegration rate constants 0 Dissolution-commercial 
prednisone tablets, time and temperature dependence of disintegration, 
correlation between dissolution and disintegration rate constants - 

Several recent articles correlated two- or three-compo- 
nent dissolution model parameters with those of disinte- 
gration in the same apparatus. These studies were aimed 
a t  elucidation of the type of dissolution curve obtained in 
dissolution experiments both for control and for research 
purposes. The curves usually are s-shaped. Wagner (1) and 
Wood (2) first recognized the importance of this type of 
curve, and a probit and a Weibul function were suggested 
later as a descriptive means (1-4). 

Several investigators demonstrated that disintegration 
and dissolution in an apparatus can be correlated and that 
these factors lead to s-shaped curves (5-11). Carstensen 
e t  al. (7,8) suggested that the best general trial function 
is one in which the weight of undisintegrated tablet is 
monitored as a function of time. The dimensions of the 
tablets remaining (such as thickness) as a function of time 
can be useful in certain cases; but since many tablets swell 
on contact with water, the functions become complicated. 
Furthermore, the thickness of a swelling, disintegrating 
tablet is difficult not only to monitor but also to define. 

The simplest model of weight uersus time that appears 
compatible with experimental data (8) is a simple expo- 
nential decay function. Double exponentials may apply in 
more complicated systems. This model has been recog- 
nized in compendia1 work, and disintegrating dissolution 
calibrators have been suggested. This article presents data 
showing the disintegration-dissolution behavior of a 
conventional prednisone tablet. 

Excellent research and review articles regarding the 
mechanism of disintegration have been published (12-14), 
and the effect of temperature on dissolution has been 
elucidated (15). This article reports the dependence of 
tablet disintegration on temperature and also the effect 
of the length of the stirring shaft on dissolution. 

EXPERIMENTAL 

Commercial prednisone tablets were assayed and found to contain 
starch, lactose, metallic stearate, and prednisone. Two 20-mg tablets were 
placed in the basket of a USP basket dissolution apparatus in a ther- 
mostated bath. The apparatus was operated a t  150 rpm. This agitation 
speed was chosen because problems with liquid homogeneity exist at 
lower rotational speeds (9). Samples were taken routinely a t  appropriate 
time intervals and, after filtration’, were assayed using the spectropho- 
tometric absorbance a t  242 nm. The amount of prednisone then was 
determined by comparison with a standard curve of prednisone obtained 
with a USP reference standard. The experiment was repeated using a 
different shaft length (Fig. l),  i.e., assembling the shaft onto the motor 
such that the length of free shaft was different from that first used. The 
two shaft “lengths” used are denoted as positions I and I1 (Fig. 1). 

A set of experiments was performed (in both positions) to establish 
the disintegration rate of the tablets in the apparatus. These experiments 
were done as follows (6,7). An experiment was carried out for t ,  min and 
then was stopped. The basket was lifted out, and the tablets were re- 
moved and dried to constant weight, W, at 100’. This weight was com- 
pared with the weight, WO, of a similarly dried tablet prior to the disso- 
lution test. The experiment then was repeated for other t ,  values. 

The experiments were repeated using a USP paddle apparatus a t  150 
rpm. Experiments were carried out a t  10,20, and 30” for the paddle ap- 
paratus and a t  0,5,10,15,20,30, and 37’ for the basket apparatus. 

* Millipore filter. 
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One advantage of the method is that  i t  examines a wider temperature 
range than does the isothermal kinetic method. Provided that the tests 
are sufficiently accurate, it is possible to detect any activation energy 
change. 

Since three temperatures stages and three durations for each stage 
generally are considered as a minimum for isothermal kinetic studies, 
the nonisothermal method does not appear to offer any decisive advan- 
tage. The definitive need for more sophisticated equipment (temperature 
programmer, computer, and plotter) is a disadvantage. On the other hand, 
the nonisothermal method may lead to more precise results with less 

experimental effort, e.g., data points. Furthermore, i t  requires only a 
fraction of the time an isothermal experiment does. Selection of a method 
depends on the equipment and the time available. 
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that disintegration adheres to an exponential decay law: ln(W/Wo) = 
-d(t  - t i ) ,  where W is the nondisintegrated weight, d is a disintegration 
constant, t is time, and t ,  is a lag time. Dissolution has been reported to 
adhere to a similar law, where the dissolution constant, K, follows a 
pseudo- Arrhenius relationship with changing temperature. Within a 
certain temperature range, this relationship also exists for the disinte- 
gration rate constant, d. A correlation exists in these tablets between K 
and d.  The shaft length in the dissolution apparatus plays a part in the 
disintegration (and hence dissolution) rate and, therefore, is an important 
apparatus parameter affecting reproducibility. 

Keyphrases Disintegration-commercial prednisone tablets, time 
and temperature dependence, correlation between dissolution and dis- 
integration rate constants Prednisone-commercial tablets, time and 
temperature dependence of disintegration, correlation between disso- 
lution and disintegration rate constants 0 Dissolution-commercial 
prednisone tablets, time and temperature dependence of disintegration, 
correlation between dissolution and disintegration rate constants - 

Several recent articles correlated two- or three-compo- 
nent dissolution model parameters with those of disinte- 
gration in the same apparatus. These studies were aimed 
a t  elucidation of the type of dissolution curve obtained in 
dissolution experiments both for control and for research 
purposes. The curves usually are s-shaped. Wagner (1) and 
Wood (2) first recognized the importance of this type of 
curve, and a probit and a Weibul function were suggested 
later as a descriptive means (1-4). 

Several investigators demonstrated that disintegration 
and dissolution in an apparatus can be correlated and that 
these factors lead to s-shaped curves (5-11). Carstensen 
e t  al. (7,8) suggested that the best general trial function 
is one in which the weight of undisintegrated tablet is 
monitored as a function of time. The dimensions of the 
tablets remaining (such as thickness) as a function of time 
can be useful in certain cases; but since many tablets swell 
on contact with water, the functions become complicated. 
Furthermore, the thickness of a swelling, disintegrating 
tablet is difficult not only to monitor but also to define. 

The simplest model of weight uersus time that appears 
compatible with experimental data (8) is a simple expo- 
nential decay function. Double exponentials may apply in 
more complicated systems. This model has been recog- 
nized in compendia1 work, and disintegrating dissolution 
calibrators have been suggested. This article presents data 
showing the disintegration-dissolution behavior of a 
conventional prednisone tablet. 

Excellent research and review articles regarding the 
mechanism of disintegration have been published (12-14), 
and the effect of temperature on dissolution has been 
elucidated (15). This article reports the dependence of 
tablet disintegration on temperature and also the effect 
of the length of the stirring shaft on dissolution. 

EXPERIMENTAL 

Commercial prednisone tablets were assayed and found to contain 
starch, lactose, metallic stearate, and prednisone. Two 20-mg tablets were 
placed in the basket of a USP basket dissolution apparatus in a ther- 
mostated bath. The apparatus was operated a t  150 rpm. This agitation 
speed was chosen because problems with liquid homogeneity exist at 
lower rotational speeds (9). Samples were taken routinely a t  appropriate 
time intervals and, after filtration’, were assayed using the spectropho- 
tometric absorbance a t  242 nm. The amount of prednisone then was 
determined by comparison with a standard curve of prednisone obtained 
with a USP reference standard. The experiment was repeated using a 
different shaft length (Fig. l),  i.e., assembling the shaft onto the motor 
such that the length of free shaft was different from that first used. The 
two shaft “lengths” used are denoted as positions I and I1 (Fig. 1). 

A set of experiments was performed (in both positions) to establish 
the disintegration rate of the tablets in the apparatus. These experiments 
were done as follows (6,7). An experiment was carried out for t ,  min and 
then was stopped. The basket was lifted out, and the tablets were re- 
moved and dried to constant weight, W, at 100’. This weight was com- 
pared with the weight, WO, of a similarly dried tablet prior to the disso- 
lution test. The experiment then was repeated for other t ,  values. 

The experiments were repeated using a USP paddle apparatus a t  150 
rpm. Experiments were carried out a t  10,20, and 30” for the paddle ap- 
paratus and a t  0,5,10,15,20,30, and 37’ for the basket apparatus. 

* Millipore filter. 
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Table I-Dissolution Constants and Disintegration Constants at Various Temperatures and Positions 

0-  

I -0.1 

P - 2 

6 -0.2- 

d 
5 

c - 

0 

-0.3- - 

Temperature Position a 105 K ,  sec-' r2 lo3 d ,  sec-' r2 

- 

0 
0 
5" 
5" 

10' 
10" 
15" 
15' 
20" 
20' 
30" 
30" 
37 " 
37" 

10" 
10" 
20" 
20" 

I 
I1 
I 
I1 
I 
I1 
I 
I1 
I 
I1 
I 
I1 
I 
I1 
I 
I1 
I 
I1 

Basket, 150 rpm 
8.3 0.99 
8.3 0.99 
8.3 
8.7 

24.7 
28.1 
38.0 
38.3 

111 
125 
206 
248 
240 
284 

0.99 
0.996 
0.97 
0.98 
0.96 
0.96 
0.99 
0.97 
0.993 
0.996 
0.99 
0.992 

Paddle, 150 rpm 
44.5 0.97 
58.9 0.97 

145 0.92 
164 0.96 

2.7 
2.8 
2.9 
3.5 
3.6 . 
4.1 
4.4 
4.9 
5.7 
6.7 
8.2 
8.7 

13.2 
14.6 

3.9 
4.0 
5.6 
7.0 

0.98 
0.99 
0.99 
0.998 
0.992 
0.98 
0.998 
0.99 
0.97 
0.95 
0.94 
0.90 
0.91 
0.96 

0.996 
0.99 
0.996 
0.97 

30" I 219 0.999 9.6 0.98 
30" I1 228 0.97 9.7 0.96 

a Positions I and I1 are 22 and 32 cm, respectively, and equal the shaft length. 

RESULTS AND DISCUSSION 

All dissolution and disintegration data show s-shaped curves as ex- 
emplified in Fig. 2. The data were recast in semilogarithmic form, and, 
as shown in Fig. 3 and Table I, follow the equations: 

ln(W/Wo) = -d ( t  - t i )  

In(m/mo) = - K ( t  - t i )  

(Eq. 1) 

(Eq. 2) 

where m is the amount of undissolved drug, d is a disintegration rate 
constant (time-'), K is a dissolution rate constant (time-'), ti and ti are 
lag times, and the subscript zero denotes zero time. 

To present all of the data points graphically, they were converted to 
reduced parameters in the following fashion. The least-squares param- 
eters d and ti (and K and t i )  were calculated as shown in Table I. For 
disintegration, the experimental value of In (W/Wo) at time t +  was used 
as the ordinate (y-axis) in Fig. 4. The corresponding abscissa value, x ,  
then was obtained by inserting the t+  value and the least-squares values 
of d and ti into x = -d( t  - t i ) .  A similar procedure was used for disso- 
lution (Fig. 5). 

This graphic method allows visualization of how all data points fit the 
two equations. Essentially straight lines of unit slope and zero intercept 
are obtained in Figs. 4 and 5. The graphical presentation is not statistical. 
Usual least-squares methods are not possible by the reduced presentation 
because both x and y have errors of comparable magnitude, and most 
methods addressing this situation fail when (as in the described treat- 
ment) the error on the y-axis is not independent of the error on the x -  
axis. 

Statistical evidence is confined to comparison of the s& values of the 
data treated according to Eq. 1 as compared to other functions, where 
s& is the total sum of squares divided by the degrees of freedom ( n  - 2), ,+ 

T-- -  

22 cm , POSITION I 
32 cm, POSITION IT 

+-- 11 BASKET OR 

PADDLE 
Figure 1-Schematic diagram of distances involved in the assembly 
for positions I and II. 

1 5 t  I 

U 

Figure 2-Dissolution and disintegration curves. Key: 0, dissolution 
curve, position II  at 370 (USP basket) (left ordinate); and 0, dissolution, 
and 8, disintegration, at 20' (USP basket, position I )  (right ordi- 
nate). 

where n is the number of experimental points. The data from the disso- 
lution in USP basket position I at  15" are used as an example. Table I1 
compares the data treated by Eq. 1 with the data treated by the func- 
tion: 

y = [I - (W/Wo)] = (t/td)" 0%. 3a) 

I I 
30 60 90 120 150 

SECONDS 
Figure 3-Dissolution and disintegration curves according to Eqs. 1 
and 2 for position I I  of the USP basket. Key: V, dissolution at 10'; A, 
dissolution at 20"; 0,  dissolution at 30"; and 0, disintegration at 5". 
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Table 11-Statistical Comparison for USP Basket (15". Position I) Treated by Eq. 1 and by Eq. 3 as a n  Example 

100 y 
(Percent 

t ,  Dis- 91 2 2  = 92 
sec ln t  integrated) z 1  = lny 21 x 100 A: In (1 - Y) 22 x 100 Af 
30 3.4 7.9 -2.538 -2.500 8.2 0.09 -0.082 4 0 7 6  7.3 0.36 
60 4.09 18.2 -1.704 -1.746 17.5 
90 4.50 28.9 -1.241 -1.298 27.3 

120 4.79 36.8 -1.OOO -0.982 37.5 
150 5.01 45.7 -0.783 -0.742 47.6 

. - 
1.69 -0.201 -0.207 18.7 0.25 
2.56 -0.341 -0.339 27.7 1.44 
0.49 -0.459 -0.470 37.5 1.69 
1.21 -0.61 1 -0.602 45.2 0.25 

ZA2 = 3.99 ZA2 = 6.04 
s;. = 2.01 

Slope 1.091 
Intercept -6.209 
Correlation coefficient -0.998 

s& = 1.33 
-0.0044 

0.056 
-0.999 

which is the equation derived by Kitamori and Iga (11). In logarithmic 
form, this equation is: 

tl = ln[l - (W/Wo)] = n ln(t) - n ln(td) (Eq. 36) 
where n is an equation parameter and td is the disintegration time. The 
least-squares fit for the data is z1 = 1.091 In t - 6.209 (r2 = 0.996), where 
r 2  is the square of the correlation coefficient. 

The S;= values are obtained for Eq. 3a first by finding the line values, 
21, corresponding to Eq. 36 for each t value and then by converting them 
to 91 values (percent disintegrated). These values are shown in Table 11. 
A similar calculation is shown for the data plotted according to Eq. 1 [ Z Z  

= In( W/Wo) and yz = 1 - (W/Wo)]. The sums of squares were equally 
good whether obtained by Q. 1 or by Eq. 2. The sums of squares obtained 
by Eq. 1 were always lower than those calculated from Eq. 3a but only 
by small amounts, and none of the s:* ratios exceeded the critical F values 
with (3,3) degrees of freedom. 

The derivation of Eq. 3a (10) is based on an assumption (16) that the 
thickness of a tablet will decrease steadily as it disintegrates. This as- 
sumption usually is not the case since swelling initially will cause an in- 
crease in thickness. Even if the basis for the derivation of Eq. 3a may not 
be general, Eq. 3a as shown provides a good trial function. However, Eq. 
1 will be used in the remainder of this article. 

Correlation between Disintegration and Dissolution-The data 
in Table I concerning the values of K and d are plotted in Fig. 6. It is 
graphically evident that there is a correlation and that this correlation 
is not linear. Many curvilinear functions may fit this curve, one of which 
(r = 0.97) is ln[(300 - 105k)I = -0.214 X 103d + 6.4. This function is 
consistent with the theoretical models proposed elsewhere (5-8,lO). At 
high d values, K should become independent of d (7), and this result 
probably is the explanation for the curving off a t  high d values. 

1 

- 
P - 2 '  
c - 

0 

i 

/ /" 

/ 

I 
1.5 

d k  - t ; )  
Figure I-Plot of ln(W/Wo) as a function of d(t - ti) for all of the er -  
perimental determinations of the undisintegrated weight as a function 
oft. 

/ C  I -I 
0 0.1 0.2 0.3 0.4 

K ( t  - ril 
Figure 5-Plot of In(m/mo) as a function of  K(t - ti) for all of the ex- 
perimental determinations of the undissolved amount as a function of 
time. 

Effect of Shaft Length-Table I shows that position I1 gave signifi- 
cantly ( p  > 0.995) higher results than did position I as far as both disin- 
tegration and dissolution are concerned. Since disintegration affects 
dissolution [K  = f ( d ) ] .  it is speculated that the change in disintegration 
is caused by the longer shaft length and that this effect is the cause for 
the observed differences. 

Effect of Temperature-The logarithm of the disintegration con- 
stants, d ,  is plotted versus the reciprocal temperature in Fig. 7. The 

4 c j  100 p 
0 5 10 15 

10' X d, sec-' 
Figure 6-Plot of K versus d. The bold curve shown is that expressed 
in Eq. 3. Key: 0, basket method (positions I and I1 not distinguished); 
and A, paddle method (positions I and I1 not distinguished). 
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The dependence of 8 on T is slight (22,23) as shown. Stepanov et al. 

8 = 8.8 + 8.2 X 10-15T6 (Eq. 10) 

i.e., 0 = 11.5 [or ln(cos 8 )  = -0.02061 at T = 273’ (1/T = 0.00366) and 8 
= 15.1 [or ln(cos 8 )  = -0.0351) at  T = 303’ (1/T = 0.00333). On metals, 
8 decreased with temperature to the same extent (25). Linear Eq. 10 when 
expressed as In(cos 0 )  as a function of 1/T is approximately as follows. 

ln(cos 8 )  = 44(1/T) - 0.18 (Eq. l l a )  

(24) gave 8 values of water on sapphire oE 

For sapphire: 

For metals: 

ln(cos 8 )  = -44(1/T) + 0.13 (Eq. l l b )  

Hence, the activation energy, E, is negligible (-88 cal/mole < E < 88 
cal/mole). Equations l l a  and l l b  are approximations (but acceptable 
ones) of the experimental Eq. 10. No data exist for the 0 values on the 
tablet matrix used, but it is expected to have a temperature dependence 
between that of an ionic and that of a covalently bonded surface. 

The surface tension, y, is dependent on temperature by the Ramsay- 
Shields rule (26): 

~ ( M l p ) ’ / ~  = k’(T,  - T - 6) (Eq. 12) 

where M is the molecular weight, p is the density, T,  is the critical tem- 
perature of the liquid, and k’ is a constant (which equals about 2.1 for 
liquids that follow Trouton’s rule). Since the critical temperature of water 
is high, y is virtually temperature independent. 

The dependence of viscosity on temperature is given by (25,26): 

In 7 = (4000/R)(l/T) + In T)O (Q. 13) 

This quantity is the only temperature-dependent term in Eq. 9, and it 
contributes substantially. Equation 9, when Eq. 13 is inserted, be- 
comes: 

In d = (6000/R)(l/T) + Q’ (Eq. 14) 

where Q’ is a nearly temperature-independent term. The slope predicted 
in Eq. 14 (3000) is on the same order as that found in Eq. 4. Therefore, 
the data in this case are not contradictory to the disintegration process 
as being penetration controlled. 
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least-squares equation for the line is: 

In d = -(7000/R)(l/T) - 0.0152 (Eq. 4) 

According to previous investigators (12-141, the disintegration of a tablet 
proceeds uia two principal mechanisms: (a )  penetration of liquid into 
the tablet pores, and (b )  expansion of the disintegrant exposed in the pore 
walls. A large pore size facilitates penetration; but if it is too large, the 
expansion of the disintegrant will not cause sufficient strain to rupture 
the tablet (12,17). Therefore, either mechanism or both simultaneously 
may be the rate-controlling step. 

If the rate-controlling process is solely the penetration of pores of a 
radius r,  then, as shown previously (12,18,19), the length of liquid pen- 
etration, L, into the capillaries is time dependent according to: 

L2 = (ry cos 8)/(27)t = q2t 

q = [ry cos 8/(27)]1/2 

(Eq. 5) 

(Eq. 6) 

where: 

and where y is the interfacial tension between the liquid and the solid, 
T )  is the viscosity, and 8 is the contact angle. 

If the amount penetrated disintegrates in a certain length of time, t * ,  
after the time of wetting and if the radius of the tablet is LO cm initially, 
then the weight remaining after t see would be given by (20,21): 

w/wo = (Lo - L)3/L09 

(1 - (W/W0)’/3]2 = (q/Lo)2(t - t ” )  (Eq. 8) 

Data treated similarly are shown in Table 111, and it is apparent that the 
equation does not hold. However, the model is simple, and more com- 
plicated relations could be visualized. But if d ,  the disintegration con- 
stant, is related more closely to the volume rate of penetration, then d 
would be expected to be linearly related to q3, i.e.: 

In d = 1.5 ln(y) + 1.5 ln(cos 8 )  - 1.5 ln(7) + Q (Eq. 9) 

03s. 7) 

Inserting Eq. 7 into Eq. 5 gives (21): 

where Q is a temperature-independent term. 

Table 111-Data from Table I1 Treated by Eq. 8 

100 (W/WO), loo( WIWO), 

t. sec Yo 11 - (w/wn)1/312 % A2. %2 
Experimental, Predicted, 

a a 30 92.1 0.00073 - - 
60 81.8 0.0042 78.7 9.6 
90 71.1 0.0116 68.4 7.3 

120 63.2 0.0201 61.5 2.9 
150 54.3 0.0339 56.2 3.6 

ZA2 = 23.4 

(I Least-squares parameters predicts a negative number for 11 - ( W / W O ) ’ / ~ ] ~  at 
t = 30 sec. The least-squares fit was 11 - ( W / W O ) ~ / ~ ] ~  = 0.000274t - 0.01059 with 
r* = 0.95 and s:. = 23.4/2 = 11.7%*. 
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Abstract  0 The major effect of eupaformosanin as an antineoplastic 
agent on Ehrlich ascites cell metabolism was to inhibit deoxyribonucleic 
acid synt hesis, specifically a t  deoxyribonucleic acid polymerase and 
thymidylate synthetase enzymat ic sites. Both pyrimidine and purine 
systems of Ehrlich ascites were marginally inhibited. Ribonucleic acid 
synthesis and messenger and ribosomal polymerase activities also were 
suppressed. Cyclic adenosine monophosphate levels were increased sig- 
nificantly, which correlated with the drastic reduction of histone phos- 
phorylation. Eupaformosanin also suppressed a number of glycolytic and 
Krebs cycle enzymes as well as oxidative phosphorylation in uitro. All 
of the inhibited enzymes are known thiol-bearing enzymes that can un- 
dergo a Michael-type addition with the a-methylene-y-lactone moiety 
of eupaformosanin, as shown with other sesquiterpene lactones. 

Keyphrases 0 Antitumor agents-eupaformosanin, effect on nucleic 
acid, protein, and anaerobic and aerobic glycolytic metabolism, Ehrlich 
ascites cells 0 Eupaformosanin-antitumor activity, effect on nucleic 
acid, protein, and anaerobic and aerobic glycolytic metabolism, Ehrlich 
ascites cells Deoxyribonucleic acid synthesis, inhibitors-eupafor- 
mosanin, effect on nucleic acid, protein, and anaerobic and aerobic gly- 
colytic metabolism, Ehrlich ascites cells 

A new germacranolide, eupaformosanin (I), has been 
isolated from the whole plant of Eupatorium formosanum, 
and its stereochemistry and physical characteristics were 
reported previously (I) .  As an antineoplastic agent, eu- 
paformosanin is a potent inhibitor of Walker 256 carci- 
nosarcoma cell proliferation at  2.5 mg/kg/day (T/C = 471) 
and of P-388 lymphocytic leukemia cell proliferation at  25 
mg/kg/day (T/C = 147) (2). The effects of eupaformosanin 
on nucleic acid, chromatin protein, purine, pyrimidine, and 
protein metabolism, anaerobic and aerobic glycolysis, and 
oxidative phosphorylation of Ehrlich ascites tumor cells 
are reported here. 

EXPERIMENTAL 

Male CFI mice, -30 g, were implanted intraperitoneally on Day 0 with 
106 Ehrlich ascites tumor cells from donor mice housed in these labora- 
tories. Eupaformosanin suspended by homogenization in 0.05% poly- 
sorhate 80-water was administered intraperitoneally a t  25 mg/kg/day 
for 8 days to determine the inhibition of tumor growth (3). For the 
metabolic studies, mice were treated on Days 7-9 with a subacute dose 
of 0.25 mg ip. Animals were sacrificed on Day 10, and the ascites fluid was 

CH, 

0 
I 

collected from the peritoneal cavity. In  vitro metabolic studies were 
determined on untreated, harvested, Day 10 Ehrlich ascites cells. The 
number of tumor cells per milliliter and the 0.4% trypan blue uptake were 
determined with a hemocytometer (4). 

Incorporation of thymidine into deoxyribonucleic acid was determined 
by the method of Chae et al. (5). One hour prior to the animal sacrifice, 
10 pCi of [14C-methyl]-thymidine1 (53.2 mCi/mmole) was injected in- 
traperitoneally. The deoxyribonucleic acid was isolated, and the car- 
bon-I4 content was determined in two parts of toluene, one part of oc- 
toxynol, 0.4% 2,5-diphenyloxazole, and 0.01% 1,4-bis[2-(5-oxazolyl)]- 
benzene scintillation fluid and corrected for quenching. The deoxyri- 
bonucleic acid concentration was determined by UV spectrophotometry 
a t  260 nm with calf thymus deoxyribonucleic acid as a standard. 

Uridine incorporation into ribonucleic acid was determined in an 
analogous manner utilizing 10 j&i of f ~ ~ H - u r i d i n e  (20.0 Ci/mmole). Ri- 
honucleic acid was extracted by the method of Wilson et al. (6). Leucine 
incorporation into protein was determined by the method of Sartorelli 
(7) using 8 rC i  of l-’4C-leucine (54.4 mCi/mmole). The effect of eu- 
paformosanin on lJ4C-acetic acid (57.8 mCi/mmole) incorporation into 
cholesterol of Ehrlich ascites cells also was measured (8,9). 

Nuclear deoxyribonucleic acid polymerase activity was determined 
on isolated nuclei (10). The incubation medium was that of Sawada et 
al. (1 l) ,  except that  [3H-methyl]-deoxyribothymidine-5’-triphosphate 
(53.1 mCi/mmole) was used and the insoluble nucleic acids were collected 
on glass fiber paper (GF/F) by vacuum suction. Deoxythymidine and 
deoxythymidylate monophosphate and diphosphate kinase activities 
were determined by the method of Maley and Ochoa (12), which is based 
on the disappearance of 0.1 Fmole of reduced nicotinamide adenine di- 
nucleotide a t  340 nm. 

Thymidine synthetase activity was assayed by the method of Kampf 
et al. (13) utilizing a postmitochondrial supernate (9OOOXg for 10 min) 
and 5 pCi of 5-3H-deoxyuridine monophosphate (11 Ci/mmole). Mes- 
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Abstract  0 The major effect of eupaformosanin as an antineoplastic 
agent on Ehrlich ascites cell metabolism was to inhibit deoxyribonucleic 
acid synt hesis, specifically a t  deoxyribonucleic acid polymerase and 
thymidylate synthetase enzymat ic sites. Both pyrimidine and purine 
systems of Ehrlich ascites were marginally inhibited. Ribonucleic acid 
synthesis and messenger and ribosomal polymerase activities also were 
suppressed. Cyclic adenosine monophosphate levels were increased sig- 
nificantly, which correlated with the drastic reduction of histone phos- 
phorylation. Eupaformosanin also suppressed a number of glycolytic and 
Krebs cycle enzymes as well as oxidative phosphorylation in uitro. All 
of the inhibited enzymes are known thiol-bearing enzymes that can un- 
dergo a Michael-type addition with the a-methylene-y-lactone moiety 
of eupaformosanin, as shown with other sesquiterpene lactones. 

Keyphrases 0 Antitumor agents-eupaformosanin, effect on nucleic 
acid, protein, and anaerobic and aerobic glycolytic metabolism, Ehrlich 
ascites cells 0 Eupaformosanin-antitumor activity, effect on nucleic 
acid, protein, and anaerobic and aerobic glycolytic metabolism, Ehrlich 
ascites cells Deoxyribonucleic acid synthesis, inhibitors-eupafor- 
mosanin, effect on nucleic acid, protein, and anaerobic and aerobic gly- 
colytic metabolism, Ehrlich ascites cells 

A new germacranolide, eupaformosanin (I), has been 
isolated from the whole plant of Eupatorium formosanum, 
and its stereochemistry and physical characteristics were 
reported previously (I) .  As an antineoplastic agent, eu- 
paformosanin is a potent inhibitor of Walker 256 carci- 
nosarcoma cell proliferation at  2.5 mg/kg/day (T/C = 471) 
and of P-388 lymphocytic leukemia cell proliferation at  25 
mg/kg/day (T/C = 147) (2). The effects of eupaformosanin 
on nucleic acid, chromatin protein, purine, pyrimidine, and 
protein metabolism, anaerobic and aerobic glycolysis, and 
oxidative phosphorylation of Ehrlich ascites tumor cells 
are reported here. 

EXPERIMENTAL 

Male CFI mice, -30 g, were implanted intraperitoneally on Day 0 with 
106 Ehrlich ascites tumor cells from donor mice housed in these labora- 
tories. Eupaformosanin suspended by homogenization in 0.05% poly- 
sorhate 80-water was administered intraperitoneally a t  25 mg/kg/day 
for 8 days to determine the inhibition of tumor growth (3). For the 
metabolic studies, mice were treated on Days 7-9 with a subacute dose 
of 0.25 mg ip. Animals were sacrificed on Day 10, and the ascites fluid was 

CH, 

0 
I 

collected from the peritoneal cavity. In  vitro metabolic studies were 
determined on untreated, harvested, Day 10 Ehrlich ascites cells. The 
number of tumor cells per milliliter and the 0.4% trypan blue uptake were 
determined with a hemocytometer (4). 

Incorporation of thymidine into deoxyribonucleic acid was determined 
by the method of Chae et al. (5). One hour prior to the animal sacrifice, 
10 pCi of [14C-methyl]-thymidine1 (53.2 mCi/mmole) was injected in- 
traperitoneally. The deoxyribonucleic acid was isolated, and the car- 
bon-I4 content was determined in two parts of toluene, one part of oc- 
toxynol, 0.4% 2,5-diphenyloxazole, and 0.01% 1,4-bis[2-(5-oxazolyl)]- 
benzene scintillation fluid and corrected for quenching. The deoxyri- 
bonucleic acid concentration was determined by UV spectrophotometry 
a t  260 nm with calf thymus deoxyribonucleic acid as a standard. 

Uridine incorporation into ribonucleic acid was determined in an 
analogous manner utilizing 10 j&i of f ~ ~ H - u r i d i n e  (20.0 Ci/mmole). Ri- 
honucleic acid was extracted by the method of Wilson et al. (6). Leucine 
incorporation into protein was determined by the method of Sartorelli 
(7) using 8 rC i  of l-’4C-leucine (54.4 mCi/mmole). The effect of eu- 
paformosanin on lJ4C-acetic acid (57.8 mCi/mmole) incorporation into 
cholesterol of Ehrlich ascites cells also was measured (8,9). 

Nuclear deoxyribonucleic acid polymerase activity was determined 
on isolated nuclei (10). The incubation medium was that of Sawada et 
al. (1 l) ,  except that  [3H-methyl]-deoxyribothymidine-5’-triphosphate 
(53.1 mCi/mmole) was used and the insoluble nucleic acids were collected 
on glass fiber paper (GF/F) by vacuum suction. Deoxythymidine and 
deoxythymidylate monophosphate and diphosphate kinase activities 
were determined by the method of Maley and Ochoa (12), which is based 
on the disappearance of 0.1 Fmole of reduced nicotinamide adenine di- 
nucleotide a t  340 nm. 

Thymidine synthetase activity was assayed by the method of Kampf 
et al. (13) utilizing a postmitochondrial supernate (9OOOXg for 10 min) 
and 5 pCi of 5-3H-deoxyuridine monophosphate (11 Ci/mmole). Mes- 

New England Nuclear was the source of all radioisotopes used in this study. 
Biochemical reagents were purchased from Sigma Chemical Co. and Calbiochem 
co .  
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senger, ribosomal, and hormone-sensitive ribonucleic acid polymerase 
activity were determined by the methods of Anderson et al. (14) and Hall 
et al. (15). Variation of ammonium sulfate concentrations was used to 
measure the respective type of ribonucleic acid polymerase. Insoluble 
ribonucleic acid was collected on nitrocellulose fiber paper by vacuum 
suction. 

Phosphorylation of histones was determined by injecting intraperi- 
toneally 10 pCi of y-"P-adenosine triphosphate (30.0 Ci/mmole) 1 hr 
prior to sacrifice. The nuclei were isolated (lo), and the histone chromatin 
protein was extracted by the method of Raineri et al. (16). Nonhistone 
chromatin phosphorylation by nuclear protein kinase (17) was assayed 
utilizing 2 nmoles of y-32P-adenosine triphosphate (30.0 Ci/mmole). 
Chromatin protein was collected on nitrocellulose filter membranes. The 
effect of eupaformosanin on hydrolytic enzymes also was determined. 
Deoxyribonuclease activity was measured a t  pH 5.0 by a modification 
of the de Duve method (18). Ribonuclease activity and acid cathepsin 
activity were determined a t  pH 5.0 by the method of Cho-Chung and 
Gullino (19). 

14C-Formate incorporation into purine was measured by the method 
of Spassova et al. (20) using 0.5 pCi of '*C-formic acid (4.95 mCi/mmole). 
Separation of purines was carried out on silica gel TLC plates eluted with 
n-butanol-acetic acid-water (4:1:5). The plates were scraped, and the 
radioactive content was determined. Phosphoribosyl-pyrophosphate 
amino transferase activity was determined by the method of Wyngaarden 
and Ashton (21), which is based on the reduction of 0.6 pmole of nico- 
tinamide adenine dinucleotide a t  340 nm. Carbamyl phosphate synthe- 
tase acitivity was determined with ornithine and ornithine trans- 
carbamylase present by the method of Kalman et al. (22). 

The colorimetric determination of citrulline was performed according 
to the method of Archibald (23). Aspartate carbamyl transferase activity 
was assessed by the method of Kalman et al. (22) in the presence of as- 
partate transcarbamylase. The colorimetric determination of carbamyl 
aspartate was carried out according to the method of Koritz and Cohen 
(24). Dihydrofolate reductase activity was determined by the procedure 
of Ho et al. (251, which is based on the disappearance of 0.1 pmole of re- 
duced nicotinamide adenine dinucleotide phosphate at 340 nm. S -  
Adenosyl methionine transferase activity was determined by the method 
of Borchardt et al. (26) utilizing 0.05 pCi of [14C-methyl]-S-adenosyl- 
L-methionine (53 mCi/mmole). Ribonucleotide reductase activity was 
determined by the method of Moore and Hurlbert (27) using 5-3H-cyti- 
dine-5-diphosphate (26.1 Ci/mmole). 

Cyclic-3',5'-adenosine monophosphate levels were determined by the 
method of Gilman (28) using a 3H(G)-adenosine-3',5'-cyclic phosphate 
(39.8 Ci/mmole) radioimmunoassay. 

UV binding studies (4) were conducted in uitro with eupaformosanin 
(85 Fg/ml) with deox.yribonucleic acid or deoxyguanosine monophosphate 
(38 pg/ml) in 0.1 M phosphate buffer, pH 7.2, over a range of 200-340 nm 
for 24 hr a t  22'. 

The following in uitro glycolytic and Krebs cycle enzymatic activities 
were determined both for controls and in the presence of 1 pmole of eu- 
paformosanin: hexokinase (29). phosphofructokinase (30). lactic dehy- 
drogenase (31), glucose-6-phosphate dehydrogenase (32), glyceralde- 
hyde-3-phosphate dehydrogenase (33), glucose-6-phosphatase (34), 
fructose-1,6-diphosphatase (351, malic dehydrogenase (36), succinic 
dehydrogenase (37), and adenosine phosphatase (38). In  uitro effects of 
eupaformosanin on Ehrlich ascites tumor cell oxidative phosphorylation 
were measured in the presence and absence of adenosine diphosphate 
utilizing succinate, a flavin adenine dinucleotide-linked dehydrogenase, 
and a-ketoglutarate, a nicotinamide adenine dinucleotide-linked de- 
hydrogenase (39). The inorganic phosphate was determined by the 
method of Chen et al. (40). The protein content for all assays was de- 
termined by the method of Lowry et al. (41). 

Probable ( p )  significant differences were determined by the Student 
t test. Data are expressed in Tables I and I1 as percent of the control with 
standard deviations; n equals the number of animals per group. 

RESULTS 

Daily administration of eupaformosanin resulted in 97% inhibition of 
Ehrlich ascites tumor growth. The normal number of Ehrlich ascites cells 
per milliliter on Day 10 was 223 X lo6. Eupaformosanin treatment a t  a 
subacute dose of 0.25 mg (12.5 m g k )  on Days 7-9 reduced the cell count 
by 82%. Drug treatment resulted in no significant difference in the per- 
centage of nonviable cells or in the size or general morphology of the cell 
as observed by light microscopy. 

For the control animals, the thymidine incorporation into deoxyri- 
bonucleic acid was 241,675 dpm/mg of deoxyribonucleic acid. Drug 

Table  I-Zn Vivo Effects of Eupaformosanin on Nucleic Acid 
and Protein Metabolism of Ehrlich Ascites Tumor Cells (n = 6) 

Parameter 

14C-Thymidine incorporation into 

3H-Uridine incorporation into 

'4C-Leucine incorporation into protein 
*4C-Acetic acid incorporation into 

Number of tumor cells per milliliter of 

deoxyribonucleic acid 

ribonucleic acid 

cholesterol 

fluid 
Thymidine kinase 
Thymidylate monophosphate kinase 
Thymidylate diphosphate kinase 
Deoxyribonucleic acid polymerase 
Messenger ribonucleic acid polymerase 
Ribosomal ribonucleic acid polymerase 
Hormone-sensitive ribonucleic acid 

Thymidylate synthetase 
'*C-Formate incorporation into purines 
Phosphoribosyl-pyrophosphate amino 

Carbamyl phosphate synthetase 
Aspartate carbamyl transferase 
Dihydrofolate reductase 
S-Adenosyl-L-methionine transferase 
Ribonucleotide reductase 
Phosphorylation of histone proteins 
Phosphorylation of nonhistone proteins 
Cyclic-3',5'-adenosine monophosphate 

Deoxyribonuclease 
Ribonuclease activity 
Cathepsin activity 

polymerase 

transferase 

levels 

n p = 0.001. * p = 0.025. c p = 0.005. 

Percent Control 
Treated on 

Control Days 7-9 
(0.05% with 0.25 mg 

Polysorbate of Eupafor- 
80). mosanin, 

X + S D  I c f S D  

1 0 0 f  22 2 4 f 8 "  

100 f 15 

100 f 19 
100 f 23 

100f 14 1 8 f  3" 

77 f 17b 

102 f 24 
41 f 13" 

100 f 2 
1 0 0 f 3  
100 f 9 
100 f 8 
100 f 15 
100 f 10 
100 f 6 

100 f 7 
100 f 9 
1 0 0 f 3  

100 f 10 
100 f 11 
100 f 13 
100 f 4 
100 f 5 
100 f 14 
100 f 10 
100 f 11 

100 f 7 
1 0 0 f 9  
100 f 9 

102 f 5 

103 f 7 
88 f 4" 

58 f 10" 
69 f 6c 
73 f 1 o c  

283 f 7" 

69 f 4" ~~ ~ 

66 f Sa 
87 f 2" 

73 f 9c 
77 f 13* 

91 f 3c 
89 f 3c 
40 f 6" 
90 f 9 

252 f 49" 

73 f 70 
97 f 8 
95 f 10 

106 f 7 

treatment inhibited deoxyribonucleic acid synthesis by 76% (Table I). 
Uridine incorporation into ribonucleic acid for Day 10 Ehrlich ascites 
cells was 92,489 dpm/mg of ribonucleic acid. Eupaformosanin treatment 
reduced ribonucleic acid synthesis by an average of 23%. Leucine incor- 
poration into protein for the control was 2484 dpm/mg of protein, which 
was not affected by drug treatment. Acetic acid incorporation into cho- 
lesterol for membrane synthesis for the control was 273,271 dpm/mg of 
protein. Drug treatment reduced cholesterol synthesis by 59%. 

In uitro studies of the binding of eupaformosanin with deoxyribonu- 
cleic acid and deoxyguanosine monophosphate demonstrated that eu- 
paformosanin possessed a maximum absorption peak a t  230 nm. Com- 
bination with nucleic acids increased the absorption a t  230 nm, indicating 
nonspecific binding. Untreated Day 10 Ehrlich ascites cells demonstrated 
a change in absorbance for thymidine kinase activity of 1.328 optical 
density units/hr/mg of protein. Thymidylate monophosphate kinase 
activity was 1.361 optical density units/hr/mg of protein, and thymidylate 
diphosphate kinase activity was 2.100 optical density units/hr/mg of 
protein. Eupaformosanin treatment had little effect on the kinase ac- 
tivities, with only a 12% reduction of thymidylate monophosphate kinase 
activity. Nuclear deoxyribonucleic acid polymerase activity, i.e., alpha, 
beta, and gamma, for the control was 45,734 dpm/mg of nucleoprotein, 
which was reduced 42% by drug treatment. 

14C-Formate incorporation into purines for Day 10 Ehrlich ascites cells 
was 17,088 dpm/mg of protein, which was reduced 34% by drug therapy. 
Phosphoribosyl-pyrophosphate amino transferase activity for the control 
resulted in an absorption increase a t  340 nm of 0.376 optical density 
unit/min/mg of protein based on 0.75 pmole of nicotinamide adenine 
dinucleotide, which was significantly reduced 13% by eupaformosanin. 
Dihydrofolate reductase activity for the control was 0.514 optical density 
unit/hr/mg of protein, which was unaffected by eupaformosanin treat- 
ment. S-Adenosyl-L-methionine transferase activity for the Day 10 
Ehrlich ascites cells was 3268 dpm/mg of protein, which was suppressed 
9% by drug treatment. Carbamyl phosphate synthetase activity for the 
control was 0.128 mg of carbamyl phosphate formed/hr/mg of protein, 
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Table 11-Zn Vitro Effects of Eupaformosanin on Anaerobic and  
Aerobic Metabolism of Ehrlich Ascites Cells (n = 6) 

Percent Control 
Control Treated on 
(0.05W Days 7-9 with 

Polysorbate Eupaformo- 
ao), sanin, 

Parameter T r t S D  F f S D  

Hexokinase activity 
Phosphofructokinase activity 
Lactic dehydrogenase activity 
Glucose-6-phosphate dehydrogenase 

activity 
Glyceraldehyde-3-phosphate 

dehydrogenase activity 
Glucose-6-phosphatase activity 
Fructose-l,6-diphosphatase activity 
Malic dehydrogenase activity 
Succinic dehydrogenase activity 
Adenosine triphosphatase activity 
Oxidative phosphorylation processes 

Succinate: State 4 
Succinate: State 3 
a-Ketoglutarate: State 4 
a-Ketoglutarate: State 3 

p = 0.001. p = 0.005. p = 0.025. 

100 f 4 
100 f 5 
100 f 9 
100 f 16 

100 f 19 

100 f 5 
100 f 9 
1 0 0 f 4  
100 f 7 
100 f 16 

100 f 3 
100 f 4 
100 f 5 
100 f 11 

85 f 4O 
25 f 9" 
43 f 4" 

3 f 2 "  

35 f 4" 

72 f 12" 
59 f 30 
26 f lon 
11 f 6" 
96 f 8 

69 f 12" 
69 f 9" 
52 f 14" 
53 f 8" 

which was inhibited 27% by eupaformosanin treatment. Aspartate car- 
bamyl transferase activity for the Day 10 Ehrlich ascites cells was 6.245 
mg of carbamyl aspartate formed/hr/mg of protein, which was suppressed 
23% by eupaformosanin. 

Thymidylate synthetase activity for the control was 103,328 dpm/mg 
of protein, which was reduced 31% by drug treatment. Ribonucleotide 
reductase activity for the control was 155,065 dpm/mg of protein, which 
eupaformosanin reduced by 11%. Messenger ribonucleic acid polymerase 
activity for the control was 6434 dpm/mg of protein, ribosomal ribonucleic 
acid polymerase activity was 7340 dpm/mg of protein, and hormone- 
sensitive polymerase activity was 8254 dpm/mg of protein. Eupaformo- 
sanin reduced messenger activity by 31% and ribosomal activity by 27% 
and elevated hormone-sensitive polymerase activity by 183%. The cyclic 
adenosine monophosphate level for the control was 3.65 pmoles/l@ cells, 
whereas the level rose by 152% after drug treatment. Histone phos- 
phorylation of chromatin protein was a t  a rate of 2954 dpm/mg of chro- 
matin protein, which was reduced 60% by eupaformosanin treatment. 
Nonhistone phosphorylation of chromatin protein was at a rate of 9803 
dpm/mg of chromatin protein, which was inhibited 10% by drug treat- 
ment. 

The catabolic rate of nucleic acids and proteins also was determined 
to eliminate the possibility that the drug accelerated hydrolytic enzymatic 
activity and thus indirectly lowered the incorporation of precursors into 
nucleic acids and proteins. Deoxyribonuclease activity for Day 10 Ehrlich 
ascites cells was 247 pg of deoxyribonucleic acid hydrolyzed/hr/mg of 
protein, which was inhibited 27% by eupaformosanin treatment. Ribo- 
nuclease activity for the control tumor cells was 43 pg of ribonucleic acid 
hydrolyzed/hr/mg of protein, which was unaffected by eupaformosanin. 
Cathepsin activity for the control was 869 pg of protein hydrolyzed/hr/mg 
of protein, which was unchanged by drug therapy. 

Hexokinase activity for the control Ehrlich ascites tumor cells was 
calculated as a change in absorbance equal to 0.195 optical density 
unit/min/mg of protein based on 500 pmoles of nicotinamide adenine 
dinucleotide phosphate, which was suppressed 15% by 1 pmole of eu- 
paformosanin in uitro (Table 11). Phosphofructokinase activity for the 
control was a change of 0.176 optical density unit/min/mg of protein 
based on 1.125 pmoles of reduced nicotinamide adenine dinucleotide, 
which was reduced 75% by eupaformosanin presence. Lactic dehydro- 
genase activity resulted in an optical density unit change of 0.623/min/mg 
of protein based on 0.12 pmole of reduced nicotinamide adenine dinu- 
cleotide, which eupaformosanin reduced by 57%. Glyceraldehyde dehy- 
drogenase activity for the control was 2.623 optical density units/min/mg 
of protein based on 20.3 pmoles of nicotinamide adenine dinucleotide, 
which was suppressed 65% by the drug. 

Glucose-6-phosphate dehydrogenase activity for the control was 0.284 
optical density unit/min/mg of protein based on the presence of 0.0056 
pmole of nicotinamide adenine dinucleotide phosphate. Eupaformosanin 
inhibited this dehydrogenase activity by 97%. Glucose-6-phosphatase 
activity for the control was 20.15 pg of phosphorus released/hr/mg of 

protein, which was suppressed 28% by the drug treatment. Fructose- 
1,6-diphosphatase activity for the control was 24.87 pg of phosphorus 
released/hr/mg of protein, which was reduced 41% by eupaformosanin. 
Malic dehydrogenase activity for Day 10 Ehrlich ascites cells was 0.80 
optical density unit/min/mg of protein, which was reduced 74% by the 
drug. Succinic dehydrogenase activity for the control was 0.069 optical 
density unit/min/mg of protein based on 15 pmoles of potassium ferri- 
cyanide, which eupaformosanin suppressed by 89%. Adenosine triphos- 
phatase activity measured as inorganic phosphate released for the control 
was 17.02 pg of phosphorus hydrolyzed/hr/mg of protein. The presence 
of eupaformosanin resulted in no change in enzymatic activity. 

The basal respiration (state 4) of Day 10 Ehrlich ascites tumor cells 
with succinate as the substrate was 5.273 p1 of oxygen consumed/hr/mg 
of protein. In the presence of adenosine diphosphate (state 3), stimulated 
respiration on coupled oxidative phosphorylation was 8.725 p1 of oxygen 
consumed/hr/mg of protein. Eupaformosanin inhibited state 4 and state 
3 respiration by 31%. Use of a-ketoglutarate as a substrate resulted in 
a state 4 respiration of 3569 pl of oxygen consumed/hr/mg of protein and 
in a state 3 respiration of 5.156 p1 of oxygen consumed/hr/mg of protein. 
Eupaformosanin inhibited state 4 respiration by 48% and state 3 respi- 
ration by 47%. 

DISCUSSION 

Eupaformosanin administration significantly lowered deoxyribonucleic 
acid and cholesterol synthesis, whereas ribonucleic acid synthesis was 
only moderately inhibited in Day 10 Ehrlich ascites cells. One possible 
explanation of the reduction of radiolabeled precursor into these ma- 
cromolecules is that drug treatment accelerated catabolism of macro- 
molecules. However, treatment with eupaformosanin did not accelerate 
hydrolytic enzymatic activity responsible for the catabolism of these 
macromolecules; rather, the drug moderately reduced deoxyribonuclease 
activity and had no effect on ribonucleic and cathepsin activities a t  pH 
5.0. 

The major site of eupaformosanin inhibition of deoxyribonucleic acid 
synthesis was on the deoxyribonucleic acid polymerase nuclei enzymes, 
whereas thymidylate synthetase activity appeared to be reduced mo- 
derately. Purine synthesis also was inhibited, but the major site did not 
appear to be at the regulatory enzyme of the cycle, i .e . ,  phosphoribosyl- 
pyrophosphate amino transferase, which was only slightly inhibited. 
Pyrimidine synthesis was moderately inhibited a t  the carbamyl phos- 
phate synthetase and aspartate carbamyl transfer steps. S-Adenosyl- 
L-methionine transferase and ribonucleotide reductase activity also were 
slightly inhibited. 

I t  was demonstrated previously that compounds containing the 
O=CC=CH* system can undergo a rapid Michael-type addition with 
biological nucleophiles, e.g., sulfhydryl groups (4). Both a- and y-deox- 
yrihonucleic acid polymerase of the nucleus (42), thymidylate synthetase 
(43), aspartate carbamyl transferase (44), and ribonucleotide reductase 
(44) possess exposed sulfhydryl groups which can be alkylated. Contained 
in the structure of eupaformosanin is the O=CC=CHz system both as 
an a-methylene-y-lactone and within the C-8 ester side chain. The 
a-methylene-y-lactone moiety undergoes a rapid Michael-type addition 
with L-cysteine and reduced glutathione (4,45). A similar phenomenon 
occurs with the sesquiterpene lactones helenalin and tenulin (4,451 and 
the germacranolide eupahyssopin (46). 

Cellular proliferation is regulated by phosphorylation of chromatin 
histones, e.g., the F-1 fraction by protein kinase (47). This effect occurs 
predominantly during G I  and early S of the cell cycle, when cyclic 
adenosine monophosphate levels are decreasing and enzymes are syn- 
thesized for nucleic acid replication. Eupaformosanin treatment signif- 
icantly inhibited phosphorylation of histone chromatin protein and in- 
creased the intracellular level of cyclic adenosine monophosphate levels 
in Day 10 Ehrlich ascites cells. The latter effect is associated with reversal 
of tumor morphology (48), reduced cellular proliferation, and enhanced 
cellular differentiation (49, 50). 

The UV spectral studies suggest t,hat eupaformosanin interacts with 
deoxyrihonucleic acid. The fact that  messenger ribonucleotide poly- 
merase activity also was suppressed by drug treatment may indicate that 
the transcription processes utilizing deoxyribonucleic acid as a template 
were impaired. The inhibition of purine and pyrimidine nucleotide 
synthesis is not the reason why messenger and ribosomal ribonucleic acid 
polymerase activities are inhibited since triphosphate ribonucleotides 
were added to the medium. Hormone-sensitive ribonucleotide polymerase 
may be elevated due to the elevated level of cyclic adenosine mono- 
phosphate, a modulator of this polymerase (15). 

Compounds containing the a-methylene-y-lactone moiety inhibit 
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enzymes of the Embden-Meyerhof and Krebs cycles (35,51-53). Eu- 
paformosanin inhibited phosphofructokinase and lactic acid dehydro- 
genase significantly and hexokinase marginally in uitro. These enzymes 
contain sulfhydryl groups (35, 51-53) that can be alkylated by the 
O=CC=CH2 moiety. Enzymes involved in reversed glycolysis, e.g., 
glucose-6-phosphatase and fructose- 1,6-diphosphatase, were inhibited 
significantly by eupaformosanin, as was observed previously with other 
germacranolides (46) and pseudoguaianolides (35). The regulatory en- 
zyme of the hexose monophosphate shunt, glucose-6-phosphate dehy- 
drogenase, was reduced drastically by eupaformosanin. Succinic and 
malic dehydrogenase activities were suppressed significantly in uitro. 
Dehydrogenases of the Krebs cycle contain sulfhydryl groups in the en- 
zymes and iron inorganic sulfide flavin proteins as integral components 
of the dehydrogenase enzymes (54). Theoretically, this group also can 
be alkylated. 

Eupaformosanin suppressed basal respiration and coupled oxidative 
phosphorylation or mitochondria1 adenosine triphosphate synthesis in 
uitro, and this suppression was not due to an accelerated adenosine tri- 
phosphatase activity brought about by the presence of the drug. The drug 
inhibited respiration with a-ketoglutarate, a nicotinamide adenine di- 
nucleotide-linked dehydrogenase that contains an iron-sulfur center (55) 
more than with succinate, which is a flavin adenine dinucleotide-linked 
enzyme. Numerous antitumor agents inhibit respiration and oxidative 
phosphorylation of Ehrlich ascites cells (56) including other sesquiterpene 
lactones (2). 
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Abstract  0 A rigorous treatment of linear compartmental systems is 
presented, which allows the input rate of drugs into the systemic circu- 
lation to be evaluated without assuming a specific kinetic model. The 
method allows the input to be evaluated in the presence or absence of any 
combination of intravenous bolus input and infusion input. Only data 
for the blood drug concentration are required; there are no requirements 
for specific sampling times. Applications of the equations are given in 
several examples. The input rate is evaluated with data obtained from 
a disposition experiment involving an intravenous bolus or zero-order 
infusion input and an experiment involving the input to he evaluated. 
The two experiments can be merged so that  the input can be evaluated 
without a washout period between the two drug administrations. The 
equations also enable model-independent calculations of the optimal drug 
input control that produces any desirable drug concentration profile. The 
approach is a useful deconvolution method for any linear pharmacoki- 
netic system where the impulse response can be approximated by a 
polyexponential expression. 

Keyphrases CI Pharmacokinetic models, linear-model-independent 
method of input analysis, derivation of equations for linear compart- 
mental systems, blood drug levels, polyexponential impulse response 0 
Blood drug levels-model-independent method of input analysis, linear 
pharmacokinetic model 0 Models, pharmacokinetic-derivation of 
equations for linear compartmental systems, model-independent method 
of input analysis 

The study of drug input plays such a fundamental role 
in biopharmaceutics that i t  has been suggested that  bio- 
pharmaceutics be defined as the science of drug input (1). 
Numerous methods of evaluating the pharmacokinetics 
of drug input have been suggested (2-14), and they can be 
divided into model-dependent and model-independent 
methods. 

The model-dependent methods assume a specific model 
for drug input (e.g. ,  first-order or zero-order input) and a 
specific model for drug disposition (e.g. ,  one- or multi- 
ple-compartment models). The blood profile of the drug 
is analyzed according to the model equation and the spe- 
cific input parameter(s) that are determined graphically 
or by a regression technique (15). These methods often do 
not give a reliable estimate of the input kinetics because 
they are defined too specifically with respect to  drug dis- 
position and because the input is considered to be a simple 
process that can be described in simple mathematical 
terms (e .g . ,  zero- and first-order input). 

With the many variables affecting the input, particularly 
in oral administration, it seems unlikely that the input can 
be approximated well in such simple terms. Nevertheless, 
it is not uncommon to have good agreement between such 
model equations and drug level data, as judged by good- 
ness-of-fit when the equations are fitted to the data. 
However, the good f i t  may be explained by an inherent 
flexibility of the equations used. The equations are derived 
based on a model for the input and a model for the drug 
disposition. If the input model is wrong, the flexibility of 
the equation used may compensate for this error in that  

the disposition parameters in the iterative curve-fitting 
procedure take values that do not reflect the disposition 
but provide a good fit. Therefore, it is not uncommon when 
using model-dependent methods to obtain parameter 
values of unrealistic magnitude, even when the curve fit- 
ting is satisfactory. 

Certain methods partly eliminate this problem by 
combining information about the drug's disposition, ob- 
tained from separate intravenous bolus or infusion data, 
with data resulting from the input to be evaluated. Among 
these methods are the deconvolution methods (9-14), 
which have the additional advantage of not assuming a 
model for the input. 

This paper presents a novel method of input analysis; 
it is applicable to systems with central input and to certain 
systems with noncentral input. The method is model in- 
dependent in that it does not assume any specific disposi- 
tion model. The  method enables an unknown input to  be 
evaluated quantitatively in the presence or absence of any 
combination of intravenous bolus and infusion input. The 
method requires only blood drug level data with no special 
requirements for sampling times. 

BACKGROUND 

Drug input in a subject is studied most accurately by following the 
blood concentration-time profile. The aim of this theoretical analysis 
is to derive a suitable method for analyzing blood profiles to quantitate 
an unknown. input. 

The total input in the sampleable compartment is the sum of two kinds 
of input: the primary and the secondary. The primary input is the input 
into the sampleable compartment of those drug molecules that arrive 
there for the first time. The secondary input is the input into the sam- 
pleable compartment of those drug molecules that previously have been 
present there. The primary input, the object of this analysis, is of interest 
for bioavailability studies and for the evaluation of drug delivery systems. 
The secondary input encompasses ordinary back-transfer from reversible 
distributions between the sampleable compartment and other com- 
partments, as well as previously presented cyclic processes (recycling) 
(16). 

The present method uses two fundamental properties of linear re- 
sponse systems: the superposition property and the convolution integral 
property. These properties can be verified only for a known input, ie . ,  
an input made directly into the sampleable compartment. However, the 
primary input to be evaluated is not a direct input, so it is necessary to 
assume or verify that the primary input is noninteracting. It must not 
change the basic linear response property of the system that is evaluated 
from a direct input but is used to calculate an indirect input. 

This requirement is basic for any model-independent and most 
model-dependent approaches. Its importance cannot be emphasized 
enough since several factors in the firstbpass transfer of a drug may cause 
a significant interaction. Little attention has been given t.o this issue. The 
justification of linear pharmarokinetic principles in drug absorption 
studies often has heen limited to verification of the superposition prop- 
erty. However, it is equally important to test for interaction, e.g., by 
comparing the concentration profiles of a laheled drug introduced directly 
into the sampleable compartment in the absence and in the presence of 
absorption of the unlabeled drug. 
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Scheme I-Effectiue input in a pharrnacokinetic system with noncentral 
input 

In the context of the classical linear compartmental systems discussed 
previously (16), a noninteracting input is either a direct input or an input 
reaching the sampleable compartment from one or more irreversibly 
connected donor subsystems (Scheme I). 

The following theoretical analysis shows how a noninteracting primary 
input (subsequently to be referred to as the input) can be rigorously 
evaluated (blood = sampleable compartment) when blood level data from 
a known input such as an intravenous bolus or zero-order infusion input 
are available. The input may be of any linear or nonlinear kinetic form. 
Although the analysis forms a link to classical linear compartmental 
pharmacokinetics (16), it is not limited to such systems. The analysis 
applies to any linear response system where the unit impulse response 
is appropriately approximated by a polyexponential function with real 
and/or complex (conjugate) time coefficients. 

In the context of compartmental principles (161, ,the method allows 
the kinetic processes in irreversibly connected donor subsystems to be 
of any nonlinear form. In the context of general linear system theory, the 
method allows individual kinetic processes to be of nonlinear form as long 
as the total effect of all of the processes results in an approximately linear 
input-response relationship. 

THEORY 

In a general treatment of linear compartmental pharmacokinetics, the 

x = L - l ( D v )  (Eq. 1) 

where xi ,  the i th component of the vector x, is the amount in the i th  
compartment a t  time t; and u,. the i th  component of the input vector v, 
is the sum of the initial amount in the ith compartment and the Laplace 
transform of the external input rate (i.e., not coming from other com- 
partments) into the i th  compartment. 

The disposition is defined uniquely by the disposition matrix, D. The 
operator L-' denotes the inverse Laplace transform operator. In the case 
of central input only, the amount in the central compartment is given 
by: 

X I  = L-'(dllul)  (Eq. 2) 

where dll is the 1,l  element of the disposition matrix. When ageneralized 
function approach is used in the mathematical analysis, continuous and 
discontinuous input can be superimposed so that the central input, u l ( t ) ,  
is written as: 

following matrix-vector equation was presented (16): 

ul(t)  = f ( t )  + fbol(t) + finf(t)  (Eq. 3) 

where f ( t )  is the unknown input rate to be determined and /bol(t) and 
finAt) are the known bolus input rate and the infusion input rate, re- 
spectively. It is most accurate to determine f ( t )  in the absence of other 
input. However, this may not always be possible. The following treatment 

enables f ( t )  to be determined in the presence or absence of bolus and 
infusion input. 

The bolus input component of Eq. 3 is described in terms of the unit 
impulse function or Dirac delta function, 6 ( t ) ,  by: 

R 

,= 1 
fbol(t) = ,x qib(t - T i )  R = 1,2,. . , N (Eq. 4) 

where qi is the quantity of the ith intravenous bolus, ~i is the time for the 
i th  bolus injection, R is the highest integer for which 7 R  < t is satisfied, 
and N is the number of bolus inputs. If 7 R  < t cannot be satisfied for any 
R, then R is defined as zero. Therefore, the right side of Eq. 4 becomes 
zero by definition. The Laplace transform (bars denote transformed 
functions) of Eq. 3 is: 

(Eq. 5) u1(s) = f ( s )  + ,x qie-ris + finf(s) 
N 

L -  1 

- 

so that Eq. 2 can be written as: 

where the conversion from the amount, X I ,  to the concentration, c ( t ) ,  has 
been done by the central volume term, V .  The concentration profile 
following a single initial intravenous bolus input is: 

c*(t) = V-'L-'(dllq*) (Eq. 7) 

where * distinguishes between the separate intravenous bolus experiment 
and the input experiment in further derivations. The transforms of Eqs. 
6 and 7 are, respectively: 

When dii = E*(s) /q*  from Eq. 9 is substituted into Eq. 8, Eq. 8 be- 
comes: 

Therefore, the transform of the input rate can be written as: 

(Eq. 11) 

where: 
N 

,=I  
g(s) = q*F(s) - C*(s) ,x q,e-r18 - F*(s)fi,f(s) (Eq. 12) 

To facilitate a suitable solution of Eq. 11, i t  can be written as: 

f ( s )  = sl[sg(s)]K(s)} (Eq. 13) 

where: 

K ( s )  = s-ZC*(s)-' (Eq. 14) 

Since ug(0) = 0, it follows that: 

L-"sg(s)] = g ' ( t )  (Eq. 15) 

I t  will be shown later that c*(t) has a functional form such that 
L-'[s-*S* (s)-'] exists. Thus, according to the convolution theorem, Eq. 
13 can he transformed to: 

According to the Leibnitz rule, Eq. 16 can be written as: 

f ( t )  = $,'g'(u)h'(t - u)du + g ' ( t )h(O)  

Integrating by parts and noting that g(0)  = 0, Eq. 17 becomes: 

(Eq. 16) 

(Eq. 17) 

/ ( I )  = h'(O)g(t) + h(O)g'( t )  + L ' g ( u ) h " ( t  - u)du (Eq. 18) 

Equation 18 forms the basis for further deviations, leading to a final, more 
specific expression for the input, f ( t ) .  The following sections deal with 
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the problem of deriving specific expressions for h(O), h’(O), g(O), g’(t), 
and h”( t )  in Eq. 18. 

If the system has distinct eigenvalues, then the impulse response is 
given by: ,= 1 i=1 

According to Eq. 25, h ”  in Eq. 18 is given by: 
n-1 n-1 

h”(t - u )  = / 3 ~ E , e @ J e - @ ~ u  = x b,efJsfe-fliu (Eq. 31) 

so that: 

(Eq. 19) 

(Eq. 20) 

The relationship between the macroparameters in Q. 19, the coefficient 
matrix, and the fundamental matrix of the compartmental system is given 
in the Appendix. 

According to Eq. 20, Eq. 14 can be written as: 

(Eq. 21) 

so that, according to the initial value theorem and L’HBspital’s rule, h(0) 
in Eq. 18 is: 

h ( ~ )  = Iim sK(s) = ai (Eq. 22) 
s-m I - I  

Similarly, it can be shown that: 

i: aixi - 
h ’ ( ~ )  = lim sh’(s) = lim [szh(s)  - sh(0)j = -- (Eq. 23) 

[ ,f ailz 
S-- S-- 

1‘1 

The h( t )  function can be written, according to Eq. 21, as: 

fi (s - hi) 
i = l  0%. 24) h ( t )  = L-1 

where the numerator and denominator are polynomials of n th  and (n + 
1)th degree, respectively. Therefore, according to Heaviside’s expansion 
theorem, Eq. 24 can be written as: 

n-1 

L= 1 
h ( t )  = A l t  + Az + x Eie@if (Eq. 25) 

only and the {/3;\i‘-’ are the roots where A1 and A2 are functions of {a,, 
of the ( n  - 1)th degree polynomial: 

which leads to: 

(Ea. 28) i= I E.. = 

The first term in the denominator of Eq. 28 is equal to zero, according 
to the property of by since Q(P,,) = 0 (Eq. 26). Therefore, after further 
simplification, Eq. 28 can be written as: 

For further simplification in later derivations, it is convenient to intro- 
duce b,. = /3:Ev so that: 

(Eq. 30) 

By substituting h”(t - u) ,  h’(O), and h(O), as given by Eqs. 31,23, and 
21, respectively, into Eq. 18, this equation becomes: 

(Eq. 32) 
This equation can also be written: 

where: 
n-1 

i= 1 
z ( t )  = x biefJit (Eq. 34) 

and z(t)*g(t) is the convolution of z ( t )  andg(t) .  
The g(t)  function remains to be derived and substituted into Eq. 32 

to yield the final expression for the input rate, f ( t ) .  The g ( t )  function is 
obtained as the inverse transform of Eq. 12. I t  is useful to partitiong(t) 
into a basic component, a bolus component, and an infusion component, 
according to  their origin in Eq. 12, so that it can be written as: 

g(t)  = go(t) - gtml(t) - ginkt1 (Eq. 35) 

(Eq. 37) 

(Eq. 38) 

When each of the three components ofg( t )  is substituted forg(t)  in Eq. 
32, this substitution leads to three corresponding components of f ( t ) :  

f ( t )  = UO(t) - Ubol(t) - Uindt) 0%. 39) 

1 I r = l  

N 
gb i ( t )  = L-’ F*(s) , x q i e - ~ +  

ginAt)  = L-’[~*(s)fint(s)] 

where Uo(t) is the basic function, and Ubl(t) and UinAt) are the bolus 
corrector function and the infusion corrector function, respectively, be- 
cause these functions are subtracted from the basic function if the un- 
known input rate, f ( t  ), is evaluated in the presence of bolus or infusion 
input. 

The basic function, Udt ) ,  is obtained by substituting q*c( t )  for g(t) 
in Eq. 32, which yields: 

According to Eq. 20, Eq. 37 can be written as: 

which, when substituted for g( t )  in Eq. 32, yields: 
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The last two terms of Eq. 42 are obtained from: 

R n-1 
- x qm .x b,e@i(f-Tm) (Eq.43) 

It can be shown that the sum of the first three terms of Eq. 42 is zero': 
m-1 1-1  j -1  Aj  P i  

The fact that  the last term of Eq. 42 also equals zero is seen from the in- 
nermost summation term, which can be written as: 

j- 1 

It is apparent from Eq. 26 and the property of P i  that  this term is zero 
because: 

f a, A (Pi - Am) = Q(Pi)  = 0 (Eq. 46) 

Therefore, the right side of Eq. 42 is zero; i .e . ,  the bolus correction 
zi j- 1 

function is zero: 

Ubol ( t )  = 0 (Eq. 47) 

Therefore, the input, f ( t )  (Eq. 39), can be evaluated in the presence of 
the bolus input without any correction. 

Equation 38 can be written according to Eq. 9 as: 

(Eq. 48) 

According to Eq. 2, the term L-'[dl&(s)]lV is the blood level, c&), 
resulting from the infusion input, fin&), so Eq. 48 can be written as: 

g i n d t )  = q*cinf(t)  (Eq. 49) 

The infusion correction function, U i n A t ) ,  is obtained by substituting 
g i n d t )  for g ( t )  in Eq. 32, which gives: 

L - ' [ d l J i n A s ) ]  

V gidt) = q* 

U i n d t )  = q* 

(Eq. 50) 

If the infusion input, finf(t), is considered an unknown input to be eval- 
uated in the absence of other inputs, then by substituting ci,f(t) for c ( t )  
in Eq. 40, finf(t) is given by: 

1 

The derivations that show that %. 44 holds for n 2 1 are extensive. They are 
omitted because they are not crucial for understanding the theoretical ap- 
proach. 

By comparing Eqs. 50 and 51, it follows that: 

U i n d t )  = f indt )  (Eq. 52) 

Thus, the infusion correction function is the rate of infusion input. 
Analogous to Eqs. 48 and 49, it is seen that ghi(t) = q*cboi(t), where 
c b l ( t )  is the drug level resulting from bolus input only. From Eq. 47, it 
follows that when Cbol(t) is substituted for c ( t )  in Eq. 40, the basic func- 
tion becomes zero. 

To unify these findings in a simple way, i t  is useful to define the 
input-generating function, J.: 

r n  

(Eq. 53) 

This function generates the input from the drug level profile, c ( t ) .  I t  
is evident from above that the input-generating function has the following 
remarkable properties: 

$ l C h l ( t ) l  = 0 t # T ,  (Eq. 54) 

J.[cinf(t)l = f i n d t )  (Eq. 55) 

I l . [c(t)]  = f ( t )  -t f indt )  t # Ti (b. 56) 

Equation 54 states that there is no drug input between the bolus input 
in an experiment only involving bolus input. Equation 56 states that the 
input-generating function generates the sum of all nonbolus input. In- 
dependent of any bolus input, the drug input rate therefore is given by 
the input-generating function corrected for the rate of superimposed 
intravenous infusion input that  may or may not be present 

1 

i- 1 

RESULTS AND DISCUSSION 

If the eigenvalues of the A matrix are distinct, then the impulse re- 
sponse function always is given by Eq. 19. Systems with cyclic structures 
may give rise to complex conjugate eigenvalues. However, the method 
still can be applied. An eigenvalue is either zero, due to a subsystem being 
closed, or is functionally related to the dynamic processes. The input 
analysis deals with the transport and transition dynamics of drug mole- 
cules in a fairly random state. Consequently, nonzero eigenvalues show 
a stochastic behavior; therefore, the statistical probability of two nonzero 
eigenvalues being equal is zero. 

It is evident that the rank of the coefficient matrix for a closed system 
is full rank minus one and that a lower rank than that contradicts the 
randomness condition. Therefore, in an applied ( i .e . ,  not theoretical) 
closed system, there is one and only one zero eigenvalue. Open applied 
systems are of full rank with no zero eigenvalues (17). The eigenvalues 
for any applied linear compartmental system are distinct and give rise 
to a unit impulse response as given by Eq. 19. Therefore, the method of 
analysis is applicable to any applied linear compartmental system. 
However, the method is not applicable to every theoretical linear com- 
partmental system because of the possibility of nondistinct eigenvalues, 
which would result in an equation different from Eq. 19. 

The method also could have been derived from the linear system theory 
for linear systems, where the impulse response can be approximated by 
a polyexponential expression. As such, it represents a new deconvolution 
approach. The present derivation method is valuable because it forms 
a link between classical pharmacokinetics and the linear system approach, 
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Figure 1-Summary of model-independent approach of evaluating the 
drug input rate. The drug is given intravenously either QS an initial 
bolus, q* (A) ,  or alternatively as a zero-order infusion (B) to  Q subject 
(IS Q nonprecipitating solution. Equation 19 or Eqs. 75 and 76 are fitted 
to the respective drug concentration data togiue the parameters lai, Xi]? 
and q* ( A  and B ) .  The rate of drug input into the blood from Q drug 
delivery system can be evaluated in the same subject in the absence of 
other input (C) or in the presence of any combination of intravenous 
bolus and infusion input (0). An appropriate arbitrary function, c(t) 
(e.g., a least-squares spline function), is fitted to the data from the input 
experiment (C and 0). The rate of input is calculated from the pa-  
rameters {ai, Ail?, q*, and the drug level profile, c(t), according to the 
input-generating function and corrected for any superimposed infusion 
input (E).  

thereby enabling classical pharmacokinetics t o  be analyzed in a new 
context. 

The input rate can be determined quantitatively in the absence or 
presence of any combination of intravenous bolus input and infusion 
input. 

The procedure for the evaluation of an input rate is mathematically 
defined by Eqs. 19, 26, 30, and 58. These equations are used as follows. 
Equation 19 is fitted to the drug level data from a single intravenous bolus 
input, q*,  to give [a,, A,]p (Fig. 1A). If n > 1, these parameters are inserted 
into Eq. 26 to give the auxiliary parameters, lfi,]?-’, which when subse- 
quently inserted into Eq. 30 give another set of auxiliary parameters, 
[b, I:-’. An arbitrary function is fitted to the drug level data from the input 
to be evaluated (Fig. 1C). The arbitrary function is denoted briefly as c ( t )  
in the derivations. Since both b and Pare functions of {a,, X,l7, only q*, 
la,, A,};, and c ( t )  are required to calculate f ( t )  from Eq. 58. The input- 
generating function, +, is uniquely defined from the disposition experi- 
ment by the parameters q* and la,, A,]?. 

Which arbitrary function, c ( t ) ,  is chosen to estimate the true drug level 
profile depends on the accuracy of the data and their general shape as 
well as any assumptions made about the variation and smoothness of the 
input process. The method by which a chosen function is fitted to the data 
should relate to assumptions made about the statistical properties of the 
errors in the data. For a fairly smooth input process, the best general 
choice of a function seems to be a weighted or unweighted least-squares 
spline function. Such a function is particularly suitable because of its 
smoothness, great flexibility, and optimal properties in estimating the 
rate of change [the c ’ ( t )  term in Eq. 581 and the fact that  it readily de- 
scribes the disturbance(s) caused by bolus input (Fig. 1D). Due to the 
linear nature of the parameters defining the spline function, it also has 
desirable computational and statistical properties (18, 19). 

If the drug level data are sampled frequently and are not too erratic, 
then a fitting of an ordinary polynomial may be quite appropriate. T o  
avoid bias in the estimation of the drug level and to avoid an erratic be- 
havior of the first derivative, it has been suggested that the degree of 
polynomial fitted by least squares should not exceed two times the square 
root of the number of data points (20). Use of exponential expressions 
for c ( t )  can be troublesome because of the problem of getting initial pa- 
rameter estimates and because of the computational problems associated 

with nonlinear curve fitting (21). If the drug levels range over several 
orders of magnitude, it is recommended that a logarithmic transformation 
or other suitable transformation be applied to the data before the curve 
fitting (22). 

Although Eq. 58 involves an integral, no computational problems 
should be caused in the evaluation of f ( t )  since the functions likely to be 
used for c ( t ) ,  such as spline functions, ordinary polynomials, and expo- 
nential expressions, lead to simple algebraic expressions without an in- 
tegral that can be evaluated readily and exactly. Although the equations 
used to  calculate f ( t )  may seem complex, their use is straightforward. 

Example 1, n = 1-This example represents a drug that behaves in 
a subject, following a single intravenous bolus, q*, according to a one- 
compartment model so the intravenous bolus blood level data are de- 
scribed by: 

c * ( t )  = aehf (Eq. 59) 

The equation necessary for calculating the input rate of the drug ad- 
ministered to the same subject is simplified in this case with n = 1, since 
the summation term involving a summation to i = n - 1 is zero by defi- 
nition. Thus, in the absence of intravenous infusion input, the input rate 
is given by: 

It is of interest to compare this equation with the Wagner-Nelson 
model-independent method of evaluating the absorption rate in a one- 
compartment system. The Wagner-Nelson equation is (15): 

At = V[c( t )  + K s , ’ c ( t ) d t ]  (Eq. 61) 

so that: 

dA,/dt = V[c’(t)  + Kc( t ) ]  (Eq. 62) 

where At is the amount absorbed between time zero and time t and K is 
the first-order elimination rate constant. Since dAtldt = f ( t ) ,  K = - X  
and V = q*/a, Eq. 62 can be written the same as Eq. 60. Therefore, for 
n = 1, the input-generating function reduces to an expression that is es- 
sentially identical to the Wagner-Nelson equation. 

Example 2, n = 2-In this case, the intravenous bolus data are de- 
scribed by: 

(Eq. 63) c*( t )  = aleXlt  + a2eXzt a; > 0, Xi  < 0 
Equation 26 is used to obtain the auxiliary parameter, 81: 

Q ( s )  = a1(s - A,) + ap(s - XI) = (a1 + a2)s - (alX:! + asX1) 

(Eq. 64) 

so that: 

(Eq. 65) a d z  + 
PI  = 

Q I  + a2 

The other auxiliary parameter, bl,  is obtained from P I  using Eq. 30: 

a2 +-- b l =  ~- a1 1 
I(PI - X I )  ( P I  - Xz) ( P I  - A d  ( P I  - X I )  

The input-generating function then becomes: 

x S , ’ c ( u )  exp [ - + a2X1u] du} (Eq. 67)  
a1 + a2 

Example 3, n = 3- The intravenius bolus data are described by: 

c * ( t )  = a l e X l t  + a2eXZt + a3eXQt a, > 0, Xi < 0 (Eq. 68) 

The n - 1 = 2 auxiliary parameters, P 1  and P 2 ,  are obtained as the two 
roots of Eq. 2 6  

Q ( s )  = al (s  - X d ( s  - X d  + a d s  - A d s  - h3) 
+ Q 3 ( S  -  hi)(.^ - X p )  (Eq. 69) 
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Figure 2-Summary of input analysis based on a merged bolus and 
input approach. A n  initial intravenous bolus solution of the drug is 
given, and the drug level is followed for a sufficiently long time, t i ,  to  
get proper estimates of {ai, hi): by f i t t ing Eq. 19 to the drug level data 
for 0 < t 5 tl. Then,  the  drug delivery system is administered (tL) and 
the drug level is followed for the  appropriate length o f  t ime ftz). T h e  
input rate is calculated from the  input-generating function. The  arbi- 
trary function, c(t), fitted to  the data must consist of Eq. 19 for the time 
period 0 < t I tl  and some other appropriate function (e.g.. a least- 
squares spline function) for tl < t I tz. This approach of input analysis 
is powerful because it does not require a washout period between the 
disposition and the input experiments and &cause errors arising from 
changes in the subject's drug disposition with time are reduced to a 
minimum by bringing the two drug administrations close together. 

so that: 

and similarly: 

The input-generating function is: 

where'bl, bp, PI, and 0 2  are described in terms of la,, Xi):. 
Merged Bolus and  Input  Approach-The fact that  the input-gen- 

erating function automatically corrects for the disturbance in the drug 
level profile bolus input makes it particularly suitable for performing an 
input analysis in a single experiment. For example, it may be of interest 
to study the input rate from an oral administration. This study can be 
done by giving an initial intravenous bolus solution of the drug (Fig. 2) 
and following the drug profile for a sufficiently long time, t 1, to get proper 
estimates of {a,, X,)? by fitting Eq. 19. Thereafter, the oral dosage form 
of the drug is administered and the drug level is followed for the appro- 
priate length of time, t2. 

The input rate (t  > t 1) is calculated from the input-generating function. 
The arbitrary function, c ( t ) ,  representing the data must consist of Eq. 
19 for 0 < t I t l  and of some other appropriate function (e.g., a least- 
squares spline function) for t l  < t 5 tz .  This input analysis approach is 
powerful because it does not require a washout period between the dis- 
position and the input experiments and because errors arising from 

Y' tl TIME 
L ?-- INPUT + K; - 

INFUSION DRUG 
Figure 3-Summary of input analysis based on a merged infusion and 
input approach. A zero-order ( K  3 infusion is given from t = 0 to t = T*, 
and the drug leuel is allowed to drop to a proper level before the drug 
delivery system is administered at tl. Equations 75 and 76 are fitted 
simultaneously to the data for 0 < t I r* and T* < t I t l ,  respectively, 
to give the parameters lai, Xi); and q*. The  rate of drug input (t > t3 
is Calculated from the input-generating function. T h e  arbitrary func- 
tion, c(t), must consist of Eq. 75 (with the  estimated parameters) for 0 
< t 5 T*, of Eq. 76 for T* < t I tl, and of some suitable function fe.g., 
a least-squares spline function) for  t > t l .  

changes in the subject's drug disposition with time are reduced to a 
minimum by bringing the two drug administrations close together. 

Alternative Approach to  Intravenous Bolus Input-It is assumed 
that the intravenous bolus administered to estimate [a,, A,}; is given in 
a solution that does not precipitate on dilution with the blood so that it 
is available immediately to the systemic circulation. Some drugs may be 
so slightly soluble or so toxic that it is not feasible to administer an in- 
travenous bolus dose to estimate la,, A,}?. However, this study can be done 
by an alternative approach. I t  can be proven that if an intravenous bolus, 
q*, produces a concentration profile in a linear pharmacokinetic system 
as described by Eq. 19, then the profile resulting from a zero-order ( K ; )  

infusion from t = 0 to t = T* in the same system is given by: 
n a  

c : ( t )  = 5 x _I [ehLt - 11 t 5 T* (Eq. 75) 
q* 1 - 1  A, 

K ;  n a exit 
q * r - 1  A, 

and: 

&(t) = - x L [ 1  - e-Lr*] t > T* (Eq.76) 

Thus, q* and {a,, A,}? required for the calculation of the input rate are 
obtained by fitting Eqs. 75 and 76 to the infusion data. 

Merged Infusion and  Input  Approach-The infusion disposition 
experiment can be merged with the input experiment by stopping the 
infusion after the proper length of time (r*,  Fig. 3) and then letting the 
drug level drop to a proper level before the drug delivery system is ad- 
ministered (tl, Fig. 3). The arbitrary function, c( t ) .  fitted to the data must 
consist of Eq. 75 (using the estimated parameters) for 0 < t I r* and Eq. 
76 for T* < t I t l  and an appropriate arbitrary function for the drug input 
interval t > tl  (Fig. 3). The rate of drug input, t > t 1, is calculated from 
the input-generating function (without infusion correction). The rate 
of drug input, t < t 1, calculated according to Eq. 58 [with flnr(t)  = K :  for 
0 < t < T*] is zero if the process has been correctly defined mathemati- 
cally. This can be used to check the computations when the method is 
implemented on a computer. 

Drug  Input  Control-Although the presented analysis is directed 
a t  a model-independent evaluation of drug input, it is equally applicable 
to control of drug input. Any desirable drug profile may be produced by 
a controlled intravenous input according to the equations presented. The 
application of the theory to model-independent optimized drug input 
is under investigation. 

Although the equations used to calculate the input rate may appear 
complex, they are presented in a general form that readily allows them 
to be programmed and implemented on a computer. A general-purpose 
drug input analysis program can be developed from the equations pre- 
sented. Ultimately, the investigator will need only to supply the blood 
level data and information about the experimental design, and the pro- 
gram will automatically compute and plot the drug input rate profile. 

The practical application of the drug input analysis presented appears 
versatile and powerful. It provides some important tools for the evalua- 
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tion and design of drug delivery systems. In particular, it enables the rate 
and extent of drug bioavailability to be evaluated in a more intrinsic and 
accurate way than previous methods for linear systems with a polyex- 
ponential impulse response. 

APPENDIX 

The system of n linear differential equations describing the kinetics 
after an initial bolus input into a linear pharmacokinetic system is 
(16): 

x‘ = Ax (Eq. A l )  

where the square matrix A contains the first-order intercompartmental 
rate constants and the elimination rate constants (16). If the eigenvalues 
of A are distinct, then the solution of Eq. A1 is: 

x = P exp (tA)P-lx(O) (Eq. A2) 

where A is a diagonal matrix of the eigenvalues {A;]? of A and the columns 
of P are the corresponding eigenvectors. 

From Eq. A2, the following equation is obtained: 

where: 

Q l ]  = piJ[p;’X(o)]J (Eq. A4) 

An initial bolus input in the central compartment is described by x(0) 
= (q*, 0, 0, . . ., O ) ,  which according to Eqs. A3 and A4 leads to: 

Thus, a, in Eq. 19 is given by: 

(Eq. A6) 

Note that: 

L-lD = cb(t) = P exp (tA)P-’ (Eq. A71 

where 9(t), introduced previously (16), is the fundamental matrix of the 
pharmacokinetic system. 

NOTATIONS2 

a, = defined by Eq. 19 
A1, A2 = defined by Eq. 25 

At = amount absorbed between t = 0 and time t 
A = coefficient matrix, Eq. A1 
b, = auxiliary parameter defined in terms of {a,, A,}y by Eq. 

0, = auxiliary parameter defined in terms of {a,, A,\; by Eq. 

c ( t )  = arbitrary function(s) describing the drug concentration 
c * ( t )  = function (Eq. 19) describing the drug concentration data 

following an initial intravenous bolus input, 9* 
c t ( t )  = drug concentration resulting from a zero-order infusion 

starting a t  t = 0 
c b o l ( t )  = drug concentration resulting from one or more intravenous 

bolus input 
c,,f(t) = drug concentration resulting from continuous or discon- 

tinuous intravenous infusion input 

30 (see 8,) 

26 

d,, = i - ,  j t h  element of disposition matrix D 
D = disposition matrix 

6 ( t )  = Dirac delta function 
e = 2.71828.. . 

E, = expression defined by Eq. 27 
f(t) = rate of input to be evaluated (amount per unit of time) 

fbo1(t) = bolus input component 

Bars denote Laplace transforms. bold-faced capital letters denote matrixes, 
and bold-faced noncapital letters denote vectors. 

finkt) = rate of intravenous infusion input 

g h l ( t )  = bolus component ofg(t)  
gin&) = infusion component of g ( t )  

g(t) = function whose Laplace tranform is defined by Eq. 12 

go(t) = component of&) corresponding to f ( t )  
h( t )  = function whose Laplace transform is defined by Eq. 16 

i = index variable 
j = index variable 

K = first-order elimination constant in a one-compartment 
model 

K; = zero-order infusion rate from t = 0 t o t  = T*  used in the 
disposition experiment and in the merged infusion and 
input approach 

A, = defined by Eq. 19, i th  eigenvalue of matrix A 
L, L-’ = Laplace and inverse Laplace transform operator 

A = diagonal matrix defined by Eq. A3 
rn = index variable 
n = defined by ICq. 19 
N = number of bolus input 
Y = index variable 

pV = i-, j t h  element of the eigenvector matrix 
p, = i th  column vector of the eigenvector matrix 
P = eigenvector matrix defined by Eq. A2 
K = product operator 

9* = bolus amount injected intravenously initially in the dis- 
position experiment resulting in a drug level described by 
Eq. 19 

9, = i th  bolus injected intravenously 

R = highest integer for which T R  < t is satisfied or defined as 

s = complex domain variable 
t = time 

Q ( s )  = auxiliary function defining PI (Eq. 26) 

zero if inequality cannot be satisfied 

t l ,  t 2  = defined in Fig. 2 
T ,  = time when the i th  intravenous bolus is given 
T *  = time for zero-order infusion stop (Fig. 3) 

Uo(t)  = basic function 
Ubol(f) = bolus corrector function 
U,,,-(t) = infusion corrector function 

v = input vector 
u1 = first element of input vector 
V = constant with dimension of volume 
x = vector containing the amounts in the n compartments a t  

time t 
x1 = first element of vector x 
y = vector defined by Eq. A6 

z ( t )  = auxiliary function defined in terms of {a,, A,}? by Eq. 34 

cb(t) = fundamental matrix of pharmacokinetic system 
(see b, and 8,) 

O[c(t)] = input-generating function 
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Abstract The investigated method is based on an exact mathematical 
solution to the deconvolution problem of linear pharmacokinetic systems 
with a polyexponential impulse response. The accuracy of the method 
is determined only by how well the curves fitted to the intravenous and 
absorption data represent the true drug level. Consequently, the method 
enables objective evaluation of the input. It permits the user to assess 
whether discrepancies in a calculated input are due to an improper data 
representation, as judged from the fitted curves, to the inherent nature 
of the data, or to a violation of the pharmacokinetic assumptions. The 
method is compared to another method using simulated data containing 
various degrees of random noise. The accuracy of the two methods was 
not significantly different and was of the same magnitude as the noise 
level of the data. The theoretical properties of the two methods and their 
expected performance in various pharmacokinetic situations are dis- 
cussed. The method is applied to pentobarbital data from oral and in- 
travenous administrations. 

Keyphrases 0 Pharmacokinetics-linear systems, polyexponential 
impulse response, analysis of input, model-independent method 
Model-independent analysis-linear pharmacokinetic systems, 
polyexponential impulse response, analysis of input 0 Drug input-linear 
pharmacokinetic systems, polyexponential impulse response, analysis 
by model-independent method 

A previous article (1) presented the theoretical deriva- 
tion and analysis of a novel input analysis method. The 
method allows a drug input to be evaluated in the presence 
or absence of any combination of intravenous bolus input 
and infusion input. Three approaches were discussed 
evaluation of the input rate based on a separate intrave- 
nous bolus experiment and an input (absorption) experi- 
ment, evaluation based on a merged intravenous bolus and 
input experiment, and evaluation based on a merged 
infusion and input experiment. 

The present work is confined to the first approach and 
is based on an exact mathematical solution to the decon- 
volution problem of linear pharmacokinetic systems with 
a polyexponential impulse response. Several methods for 
deconvolution have been presented (2-5). The Wagner- 
Nelson method usually is limited to one-compartment 
systems (61, and the methods investigated by Benet and 
Chiang (2) were shown to be very sensitive to errors in the 
data. The numerical deconvolution method presented by 
Game1 et al. (3) did not provide satisfactory results, pos- 
sibly due to numerical ill conditioning. Cutler (5) improved 
Gamel’s approach by using orthogonal polynomials to 
avoid the problem of ill conditioning. The improved 
method seems to be the most accurate method for nu- 

merical deconvolution. It appears to be superior to the 
many model-dependent methods (6-10) because it is based 
on fewer assumptions and, therefore, is more likely to re- 
sult in a meaningful evaluation of the drug input. 

This work compares the new method with Cutler’s ap- 
proach using Cutler’s simulated test data that contain 
various degrees of random noise (4,5). 

THEORY 

Let the concentration of drug in the blood, c * ( t ) ,  following an initial 
intravenous bolus dose, q* ,  be described by a multiexponential rela- 
tionship (1): 

Let c(t) denote the drug level resulting from an unknown input of a drug 
that, in the same subject with the same linear relationship between input 
and response, results in the blood level c*(t) (Eq. 1) when an intravenous 
bolus dose, q*,  is given. It has been shown (1) that the rate of input of the 
drug then is given by: 

0%. 2) 

where pi, i = 1,2, . . ., n - 1 are the roots of the (n  - 1)th-degree poly- 
nomial: 

Q ( X )  = 2 ai fi (*. - x j )  (Eq. 3) 
i - 1  j =1  

’ # i  
and b,, u = 1,2,. . ., n -1 are obtained from: 

1 

#i  

(Eq. 4) 

Integration of f ( t )  from time zero to time t yields the cumulative amount 
of input: 
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A previous article (1) presented the theoretical deriva- 
tion and analysis of a novel input analysis method. The 
method allows a drug input to be evaluated in the presence 
or absence of any combination of intravenous bolus input 
and infusion input. Three approaches were discussed 
evaluation of the input rate based on a separate intrave- 
nous bolus experiment and an input (absorption) experi- 
ment, evaluation based on a merged intravenous bolus and 
input experiment, and evaluation based on a merged 
infusion and input experiment. 

The present work is confined to the first approach and 
is based on an exact mathematical solution to the decon- 
volution problem of linear pharmacokinetic systems with 
a polyexponential impulse response. Several methods for 
deconvolution have been presented (2-5). The Wagner- 
Nelson method usually is limited to one-compartment 
systems (61, and the methods investigated by Benet and 
Chiang (2) were shown to be very sensitive to errors in the 
data. The numerical deconvolution method presented by 
Game1 et al. (3) did not provide satisfactory results, pos- 
sibly due to numerical ill conditioning. Cutler (5) improved 
Gamel’s approach by using orthogonal polynomials to 
avoid the problem of ill conditioning. The improved 
method seems to be the most accurate method for nu- 

merical deconvolution. It appears to be superior to the 
many model-dependent methods (6-10) because it is based 
on fewer assumptions and, therefore, is more likely to re- 
sult in a meaningful evaluation of the drug input. 

This work compares the new method with Cutler’s ap- 
proach using Cutler’s simulated test data that contain 
various degrees of random noise (4,5). 

THEORY 

Let the concentration of drug in the blood, c * ( t ) ,  following an initial 
intravenous bolus dose, q* ,  be described by a multiexponential rela- 
tionship (1): 

Let c(t) denote the drug level resulting from an unknown input of a drug 
that, in the same subject with the same linear relationship between input 
and response, results in the blood level c*(t) (Eq. 1) when an intravenous 
bolus dose, q*,  is given. It has been shown (1) that the rate of input of the 
drug then is given by: 

0%. 2) 

where pi, i = 1,2, . . ., n - 1 are the roots of the (n  - 1)th-degree poly- 
nomial: 

Q ( X )  = 2 ai fi (*. - x j )  (Eq. 3) 
i - 1  j =1  

’ # i  
and b,, u = 1,2,. . ., n -1 are obtained from: 

1 

#i  

(Eq. 4) 

Integration of f ( t )  from time zero to time t yields the cumulative amount 
of input: 
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It may be more convenient to describe the amount as a percentage of the 
dose, q ,  given, i.e.: 

1 

Consider as an example the case where the drug level after an intra- 
venous bolus dose, q* ,  is described by a two-exponential expression: 

c*(t) = aleXlt + a2eXZt (Eq. 7) 

The auxiliary parameters P1 and b l ,  according to Eqs. 3 and 4, are given 
by: 

and: 

(Eq. 9) 

so that the rate of input becomes: 

and the cumulative amount of input expressedas a percentage of the dose, 
q,  becomes: 

a1Xn + a s h  - 
(a1 + ad2 

alaz(X1- A d 2  
(alXz + azXl)(al+ ad2 

which simplifies to: 

The procedure for evaluating the input is as follows. The two-expo- 
nential expression (Eq. 7) is fitted by nonlinear regression to the intra- 
venous bolus data to estimate a l ,  a2, XI, and XZ. A suitable empirical 
function', s ( t ) ,  is fitted to the absorption data to estimate the true drug 
level, c(t). The rate and extent of absorption then are estimated according 
to Eqs. 10 and 12 using the estimates obtained for a l ,  a2, XI, X p ,  and 
4 t h  

The function s ( t )  chosen to estimate c(t) is an adaptive least-squares 
cubic spline function (12)*. This function is fitted to the data by mini- 
mizing the following expression: 

m N-1  

,= 1 i-2 
E = ,X [WiIcz - s(ti)I12 + E f@idi12 (Eq. 13) 

where wi are weights and (c i ,  tL ) ,  i = 1,2,. . ., m are the absorption data. 
This expression consists of the usual least-squares term (the first term) 
and a smoothing term that is determined automatically using statistical 

testa on errors (16). The function s ( t )  is a cubic spline with knots [I, (2, 

(3, . . ., (N and di represents the discontinuity in s " ( t )  at  ( i ,  i.e.: 

di = s"((, + 0)  - s " ' ( ( ~  - 0) (Eq. 14) 
The Bi values are weight factors used for smoothing s ( t ) .  In the fitting 
procedure, the number of knots, N, their position, and the smoothing 
weight factors, 8;. are optimized automatically so that the fitted spline 
function attempts to follow trends in the data but ignores random errors 
(16). The rate of input (Eq. 2) and the extent of input (Eq. 5 or 6) can be 
evaluated accurately without numerical integration errors3 when a cubic 
spline function, s ( t ) ,  is used to estimate c(t). 

This evaluation leads to the following expressions: 

1 

where j is the highest integer for which t 5 [, is satisfied, i.e.: 

j = B"P ( t  5 t i )  (Eq. 16) 
a n d  

1 

(Eq. 17) 

EXPERIMENTAL 
The simulated data used to test the new method consist of four sets 

of data presented by Cutler (4) and denoted as Data Sets 1-4. Each set 
consists of a set of 11 simulated unit impulse response data with random 
noise added and a set of 11 simulated input response data also containing 
noise from the same linear system. The method of analysis is model in- 
dependent. Therefore, the models used to simulate data from a linear 
system to test the method can be chosen arbitrarily. 

The models employed by Cutler to generate the test data (Table I) were 
chosen because of their resemblance to models commonly employed in 
drug release and drug absorption analyses. They can be considered, in 
the classical linear pharmacokinetic sense, as a two-compartment model 
with first-order input (Data Sets 1 and 2) and as a two-compartment 
model with dissolution rate-limited release from an intramuscular in- 
jection, where the drug release follows the well-known cube-root rela- 
tionship (17) (Data Sets 3 and 4). The results shown for Cutler's method 
(Tables 11-V) were chosen as the best results reported (5). 

Data Treatment-Polyexponential expressions of increasing degree 
n (Eq. 1) were fitted to the unit impulse response data with equal weights 
using the nonlinear regression program FUNFIT (18). A two-exponential 
expression fit the data adequately (Table VI). The cubic spline function, 
s ( t ) ,  was fitted to the input response data using the subroutine VC03A 
from the Harwell subroutine library (12). A subroutine was written that 
calls VCO3A and calculates, according to Eqs. 15 and 17, the rate and 
extent of input a t  the observation times and, optionally, at any number 
of equally spaced time points from time zero to the last observation time 
for graphical representation of the input4.The pentobarbital data used 
were those reported by Smith et al. (11). 

1 The term empirical function is used here to denote a function that describes 
empirical data in a low information situation where no specific mathematical model 
is assumed. 

References 13-15 give an introduction to the theory and applications of spline 
functions in data analysis. 

3 This is the case because analytical expressions exist for s ' j t ) ,  s " ( t ) .  and s " ( t )  
s ( t ) d t  (Eq. 17) leads to a polynomial expresslon that can be eval- 

4 Plotted using a Tektronix 4662 penplotter using a FORTRAN IV graphical 

and because 
uated exactly. 

software package written by the author. 
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Table I-Origin of the Simulated Data in Data Sets 1-4 

Random 
Rate of Amount of Noise Level b, Unit Impulse Input 

Data Set Input Input, f ( t )  % Response Data Response Data 

1 f(o)e-kt f0 (1 - e - k ' )  1 aleAlt + u f l x z t  + c c * ( t ) * f ( t )  + E 

f(o) (1 - e - k f )  10 aleA1' + azeA2t + E c * ( t ) * f ( t )  + c 

k 

k 2 

3 

~~~ ~ 

a The following notations are used (1 - x ) +  = max ( 0 , l -  r ) ;  and c * ( t ) * f ( t )  is the convolution of c* t )  andf(t), where c * J t )  = a1 exp(hlt) + a2 exp ( X z t ) .  The parameters 6 used in the simulations are: a1 = a2 = 1, Xi = -5, A2 = -1, k = 2, D = 0.6, t , ~  = 1.15, and f (0 )  = 1.2. See Ref. 4 for details. 

Table 11-Input Rates Calculated from Data Set 1 Using the New Method and the Cutler Method 

Time Exact Rate New Method Percent Difference" Cutler Method Percent Differencea 

0.1 
0.2 
0.3 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 

0.9825 
0.8044 
0.6586 
0.5392 
0.3614 
0.2423 
0.1624 
0.1089 
0.0730 
0.0489 

2.0 0.0220 
Mean * 
snb 

0.9666 
0.8366 
0.6884 
0.5500 
0.3658 
0.2339 
0.1555 
0.1160 
0.0790 
0.0404 
0.0230 

-1.32 
2.68 
2.48 
0.901 
0.364 

-0.701 
-0.577 

0.598 
0.506 

-0.712 
0.083 
0.99 
0.84 

0.967 
0.810 
0.674 
0.556 
0.370 
0.240 
0.156 
0.105 
0.076 
0.057 
0.003 

-1.29 
0.467 
1.28 
1.40 
0.717 

-0.192 
-0.533 
-0.325 

0.250 
0.675 

0.79 
0.50 

-1.583 

Calculated as 100 X (calculated rate - exact rateVl.2, where 1.2 is the initial exact input rate. The mean and the standard deviation of the absolute values of the 
percent difference. 

Table 111-Input Rates Calculated from Data Set 2 Using the New Method and the Cutler Method 
~~ ~~ ~~ ~ 

Time Exact Rate New Method Percent Differencea Cutler Method Percent Difference" 

0.1 
0.2 
0.3 
0.4 
0.6 
0.8 
1 .o 
1.2 
1.4 
1.6 
2.0 
Meanb 
SD 

0.9825 
0.8044 
0.6586 
0.5392 
0.3614 
0.2423 
0.1624 
0.1089 
0.0730 
0.0489 
0.0220 

0.8784 
0.8087 
0.7242 
0.6358 
0.4771 
0.3308 
0.2199 
0.1409 
0.0708 
0.0129 
0.0091 

-8.67 
0.36 
5.47 
8.05 
9.64 
7.37 
4.79 
2.67 

-0.18 
-3.00 
-1.08 

4.65 
3.46 

0.904 
0.813 
0.724 
0.639 
0.479 
0.338 
0.219 
0.125 
0.058 
0.020 
0.027 

-6.54 
0.72 
5.45 
8.32 
9.80 
7.98 
4.72 
1.34 

-1.25 
-2.41 

0.42 
4.41 
2 A5 

a Calculated as 100 X (calculated rate - exact rste)/l.2, where 1.2 is the initial exact input rate. The mean and the standard deviation of the absolute values of the 
percent difference. 

The data treatment of the pentobarbital data (Table VII) was identical 
to the treatment of the simulated data with the exception of the addi- 
tional determination of the absorption lag time. The lag time was de- 
termined by linear extrapolation using the line that agreed with the fitted 
spline function and its slope at the first observation time. The appropriate 
time transformation then was performed before the rate and extent of 
input were calculated. Although the intravenously administered pento- 
barbital was given by a 5-min infusion, it wm considered computationally 
as a bolus input because of the short infusion time relative to the ab- 
sorption time and the rate of drug elimination. 

RESULTS AND DISCUSSION 

The analysis method does not require the input of a particular linear 
or nonlinear form, nor does it assume a specific linear pharmacokinetic 
model. The method only assumes a time-invariant linearity between 
input and response and that the impulse response (intravenous bglus 
input) can be approximated adequately by a polyexponential expres- 
sion. 

The equations for the rate (Eq. 2) and the extent (Eqs. 5 and 6) of input 

are mathematically exact expressions. The accuracy with which the input 
is evaluated is determined solely by the accuracy with which c*( t )  (as 
described by ai, Xi, i = 1,2, . . ., n) and c ( t )  are estimated. Therefore, the 
accuracy of the estimation depends on the qualities of two curve fittings. 
The functional form of c * ( t )  has been established as Eq. 1 (1). The 
method estimates c * ( t )  by least-squares regression which, according to 
the central limit theorem and the Gauss-Markov theorem, can be con- 
sidered to be statistically the best estimation when no prior information 
is available about the statistical properties of the errors. Appropriate 
weighting can be applied if the variances of the errors can be estimated 
(18). 

The estimation of c ( t )  is the most difficult step. Its functional form 
is unknown in any model-independent approach. The main problem is 
to find an empirical function that can be fitted so that it follows the trend 
and the intrinsic values of the data but ignores the errors. A proper choice 
of function must be based on assumptions about the properties of the 
errors and the real behavior of c(t). The function chosen must be able, 
when fitted, to reflect and demonstrate these properties properly. The 
present method generally assumes random errors. Although it i difficult 
to make assumptions about the real behavior of c(t), it seems important 
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Table IV-Input Rates Calculated from Data Set 3 Using the New Method and the Cutler Method 

Exact Rate New Method Percent Differencea Cutler Method Percent Difference' Time 

0.1 
0.2 
0.3 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
2.0 
Mean * 
SD 

1.3048 
1.0681 
0.8551 
0.6657 
0.3580 
0.1450 
0.0266 
0 
0 
0 
0 

1.2780 
1.1080 
0.8959 
0.6839 
0.3609 
0.1312 
0.0202 
0.0011 
0.0010 
0.0008 
0.0007 

-1.71 
2.55 
2.61 
1.16 
0.19 

-0.88 
-0.41 

0.07 
0.06 
0.05 
0.04 
0.88 
1.00 

1.256 
1 .060 
0.893 
0.715 
0.356 
0.115 
0.026 
0.004 

-0.010 
0.048 

-0.526 

-3.11 
-0.51 

2.42 
3.15 

-0.13 
-1.92 
-0.04 

0.26 
-0.64 

3.07 
33.61 
4.44 
9.76 

Calculated as 100 X (calculated rate - exact rate)/(1.8/1.15), where 1.8/1.15 is the exact initial input rate. The mean and the standard deviation of the absolute 
values of the percent difference. 

Table V-Input Rates Calculated from Data Set 4 Using the New Method and the Cutler Method 

Time Exact Rate New Method Percent Difference' Cutler Method Percent Differencea 

0.1 
0.2 
0.3 
0.4 

1.3048 
1.0681 
0.8551 
0.6657 

0.6 0.3580 
0.8 0.1450 
1.0 0.0266 
1.2 0 
1.4 0 
1.6 0 
2.0 0 
Mean 
SD * 

1.1761 
1.0614 
0.9224 
0.7740 
0.4934 
0.2480 
0.0859 
0.0057 
0.0008 
O.oo00 
O.oo00 

-8.22 
-0.43 

4.30 
6.92 
8.65 
6.58 
3.79 
0.36 
0.05 
0.00 
0.00 
3.57 
3.55 

1.235 
1.058 
0.895 
0.744 
0.481 
0.270 
0.109 
0.000 

-0.059 
-0.066 

0.074 

-4.46 
-0.65 

2.55 
5.00 
7.86 
7.99 
5.26 
0.00 

-3.77 
-4.22 

4.73 
4.23 
2.51 

Calculated as loi, X (calculated rate - exact rate)/(l.8/1.15), where 1.8h.15 is the exact initial input rate. The mean and the standard deviation of the absolute 
values of the percent difference. 

to consider the concept of smoothness. It seems unrealistic to assume c ( t )  
to be as smooth as the functions fitted in model-dependent approaches, 
considering the natural oscillations in the many body functions affecting 
absorption. It is more realistic to consider c ( t )  to have a certain degree 
of fluctuation. 

The adaptive least-squares cubic spline function was chosen to estimate 
c ( t )  because it has the following properties. It is flexible enough to follow 
whatever shape c ( t )  may have (15). Due to the smoothing term (the 
second term of Eq. 13), it is not so floppy that i t  fits to the errors in the 
data, i.e., by going through all of the data points. The fit of the spline 
function in one region bears little relationship to its behavior in another 
region (15). Polynomials and other continuous mathematical functions 
that are not defined in a piecemeal fashion have just the opposite prop- 
erty. Namely, their behavior in any region determines their behavior 

DATA SET 1 

TIME 

Figure 1-Test of the new method on simulated data containing 1 % 
random error. Equation 1 (n = 2 )  is fitted to the impulse response data 
(+). An adaptive least-squares cubic spline function, s(t), is f i t ted to 
the input response data (0). The slightly sigmoid-shaped curve is the 
rate of input calculated from ai, Xi, i = I, 2and s(t) according to Eq. 15. 
The broken curve is the exact rate of input. 

everywhere. This unique and important property of the spline function 
enables it to describe the local behavior of c ( t )  with no interference from 
nonlocal data points. The spline function has a smoothness that seems 
realistic in relation to the response it attempts to describe. It is well rec- 
ognized in numerical analysis that spline functions are excellent tools 
for differentiation and integration. Therefore, a spline function repre- 
sentation should provide good estimates for the rate and the extent of 
drug input, considering the algebraic form of Eqs. 2, 5, and 6. Spline 
functions, when fitted to data by the least-squares method, conserve the 
first two moments of the data (19). This statistical property makes spline 
functions suitable for the analysis of observations with random errors 
because estimates of the mean, variance, and confidence interval of the 
true response can be obtained. 

The theoretical basis for the described properties of spline functions 

DATA SET i 

O r .  " ' I  " " ' " " ~  1 " " 

TIME 

Figure %--Test of the new method on simulated data containing 2 % 
random error. Equation 2 (n = 2) is fitted to the impulse response data 
(+). An adaptive least-squares cubic spline function, s(t), is fitted to 
the input response data (0). The continuously increasing curve is the 
amount of input calculated from ai, Xi, i = 1,2 and s(t) according to Eq. 
17. 
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Table VI-Least-Squares Unit Impulse Response Parameters Used in  the Calculation of the Input a 

Correlation 
Coefficient, 

Data Set a1 a2 A1 A2 Sum of Squares r Figure 

1 1.0427 0.97617 -5.0526 -0.97567 4.54 x 10-4 

3 1.0308 1.0487 -5.9131 -1.0262 2.18 x 10-4 
2 1.3377 0.52381 -3.1851 -0.61065 3.14 X 

4 1.3377 0.52381 -3.1851 -0.61065 3.14 X 

0.9998 1 and 2 
0.9919 

3 5 and and 4 6 0.9999 
7 and 8 0.9919 

a Determined with the FUNFIT program (18). 

Table VII-Least-Squares Parameters Obtained from Plasma Pentobarbital Data from Intravenous Administration and Used in  the 
Calculation of the Input a 

~~ ~~ 

Sum of Correlation 
a1, a2, A l p  AZ, Squares, Coefficient, 

Subject Pdml Pdml hr-' hr-l (rg/m1)2 r Figure 

R.M. 0.8014 0.5515 -1.7518 -2.391 X 7.442 X 0.9777 9 
B.G. 0.8654 0.3396 -2.203 -9.940 X 1.704 X 0.9918 9 
R.B. 0.6493 0.4222 -1.375 -1.984 X lo-' 3.34 x 10-2 0.9850 9 

a Determined with the FUNFIT program (18). 

and their relationship to their application in empirical data analysis have 
been discussed extensively (13-15,19). 

Numerical Results-The two linear systems from which the simu- 
lated data were generated will be denoted as Systems 1 and 2, corre- 
sponding to Data Sets 1 and 2 and 3 and 4, respectively. 

Both the rate and the extent of input were evaluated from the four data 
sets, giving a total of eight determinations (Figs. 1-8 and Tables II- 
V). 

System I ,  Data Set I (Noise Level 1 % )-There was no significant 
difference in the results obtained by the new method and Cutler's method 
( t  test, p = 0.95). The pattern of the errors was similar for the two 
methods. The average percent relative error was on the same order of 
magnitude as the percent error added to the data. The methods appeared 
to be least accurate in the initial stage of the input (Table I1 and Figs. 1 
and 2). 

System I, Data Set 2 (Noise Level 10% )-Raising the error level from 
1 to 10% did not differentiate between the two methods. The pattern of 
the errors again was similar, and the average percent error was of the same 
order of magnitude as the noise added to the data (Table 111 and Figs. 
3 and 4). 

System 2, Data Set  3 (Noise Level 1 % )-Although the Cutler method 
appeared to perform better in the initial stage of the input, it did not 
estimate the input as accurately as did the new method at  later sampling 
times. The difference was particularly great a t  the last sampling point. 
The new method seemed to give an overall better estimate of the input 
(Table IV and Figs. 5 and 6). 

System 2, Data Set 4 (Noise Level 10% )-The two methods did not 
seem to be significantly different in their overall accuracy when the error 

D A T A  SET 2 

h 

TIME 

Figure 3-Test of the new method on simulated data containing 10% 
random error. Equation 1 (n = 2 )  is fitted to the impulse response data 
(+). An adaptive least-squares cubic spline function, s(t), is fitted to 
the input response data (0).  The slightly sigmoid-shaped curve is the 
rate of input calculated from air Xi, i = 1,2and s(t) according to Eq. 15. 
The broken curve is the exact rate of input. 

level was raised from 1 to 10%. However, the new method appeared to 
determine the input rate more accurately at the later sampling times. The 
average percent error for the two methods was on the same order of 
magnitude as the noise level and came close to the averages obtained for 
System 1 where the same degree of noise was added to the data (Table 
V and Figs. 7 and 8). 

It is not possible to differentiate between the two methods on the basis 
of the test data. They both performed well considering that the average 
relative error in all estimations was of the same magnitude as the noise 
added to the simulated data. However, both methods appeared to un- 
derestimate the initial release rate consistently. Cutler's test problems 
could not discriminate between the two methods because the test data 
simulate rather ideal, somewhat synthetic cases. In practice, it is un- 
common to have so many points sampled in the absorption phase, and 
the sampling is rarely taken so evenly and at  the same times after intra- 
venous and oral administrations. Also, it is uncommon not to have a lag 
time in the absorption phase. 

An excessive number of simulation tests is required to establish ex- 
perimentally, using a variety of linear systems and sampling schemes, 
the relative performance of the two methods. However, the following 
theoretical considerations should give an assessment of the methods and 
how they may perform in various situations. 

Both methods use empirical functions. The Cutler method uses poly- 
nomials of various degrees to represent the input function and the unit 
impulse response. The new method uses an adaptive least-squares cubic 
spline function to represent the input response and a polyexponential 
expression (Eq. 1) to represent the impulse response. It is important to 
recognize the properties of polynomials relative to the properties of a 

D A T A  SET 2 

:o 1 

TIME 
Figure I-Test of the new method on simulated data containing 10% 
random error. Equation I (n = 2) is fitted to the impulse response data 
(+). An adaptive least-squares cubic spline function, s(t), is fitted to 
the input response data (0).  The continuously increasing curve is the 
amount of input calculated from a, Xi, i = 1,2 and s(t) according to Eq. 
17. 
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D A T A  SET 3 

TIME 
Figure 5-Test of the new method on simulated data containing 1 % 
random error. Equation 1 (n = 2) is fitted to the impulse response data 
(+). An adaptive least-squares cubic spline function, s(t), is fitted to 
the in.put response data (0).  The slightly sigmoid-shaped curve is the 
rate of input calculated from ai, Xi, i = 1,2 and s(t) according t o  Eq. 15. 
The broken curue is the exact rate of input. 

least-squares cubic spline function and a polyexponential expression since 
the differences may explain and predict how the two methods perform 
under various conditions. Least-squares polynomials usually give a good 
data representation when the data points are fairly equally spaced and 
do not change too rapidly or contain excessive errors as in the described 
simulation study. They then interpolate well but perform poorly when 
used for extrapolation beyond the end-points. The extrapolation error 
frequently increases rapidly with the distance from the end-point. Cutler 
used a polynomial to represent the impulse response (the intravenous 
bolus response). The polynomial is extrapolated from the first sampling 
time to time zero to calculate the convolution integral (p. 249, Ref. 5 )  that 
plays an essential role in his method. The chance of introducing a sub- 
stantial error in this way becomes particularly significant if early intra- 
venous data are lacking. 

It sometimes is desirable to evaluate the absorption of a drug that has 
been sampled longer than its intravenous bolus response. Inaccurate 
results may be expected using Cutler’s method in such cases because it 
requires a polynomial extrapolation beyond the last intravenous bolus 
data point to calculate the convolution integral. It is well known that 
polynomials may interpolate badly and show large oscillations between 
some data points if the data are not spaced fairly equally or contain one 
or more large gaps, due to missing data for example. The Cutler method 
is expected to be deficient when applied to such data. It is well known in 
empirical data fittings that cubic spline functions are superior to poly- 
nomials with respect to interpolation and extrapolation (20). It also is 

D A T A  SET 3 

0 1 
TIME 

Figure 6-Test of the new method on simulated data containing 1 % 
random error. Equation 1 (n = 2) is fitted to the impulse response data 
(+). An adaptive least-squares cubic spline function, s(t), is fitted to 
the input response data (0 ) .  The continuously increasing curve is the 
amount of input calculated from ai, Xi, i = I, 2 and s(t) according to Eq. 
17. 

DATP. SET 4 

TIME 
Figure 7-Test of the new method on simulated data containing 10% 
random error. Equation 1 (n = 2) is fitted to the impulse response data 
(+). An adaptive least-squares cubic spline function, s(t), is fitted to 
the input response data (0). The slightly sigmoid-shaped curve is the 
rate of input calculated from ai, Xi, i = I, 2and s(t) according to Eq. 15. 
The broken curue is the exact rate of input. 

evident that the polyexponential expression, Eq. 1, is superior to a 
polynomial for interpolation and especially for extrapolation of the in- 
travenous bolus response, considering the well-documented and suc- 
cessful use of Eq. 1 in pharmacokinetics. Therefore, the new method is 
expected to be more accurate with respect to the interpolations and the 
extrapolations that greatly influence the accuracy of the two methods. 

Cutler’s method should perform at  its best when the sampling times 
from intravenous and nonintravenous administrations coincide as in the 
test examples. This result occurs because the polynomial representation 
of the input function is best defined under this condition, due to the local 
emphasis inherent in the sum of squares expression being minimized. The 
accuracy of the new method does not depend on whether the sampling 
times coincide because of the different approach used. Most absorption 
data in pharmacokinetics contain a lag time. Cutler did not discuss how 
his method should be applied to take this factor into account. 

It seems apparent from the discussion that the test data used tend to 
give an optimistically biased evaluation of the performance of Cutler’s 
method. A differentiation of the two methods may result if more realistic 
simulation studies are performed. 

The user of Cutler’s method is faced with several different estimations 
of the input corresponding to the various degrees of the polynomial used 
in the approximations of the input rate. The problem of picking the 
“best” results is complicated by possible multiple minima of the residual 
mean square function (5). If a polynomial of too high a degree is used, it 
will fit to the errors in the data and produce unreliable results. In favor- 

D A T A  SET 4 

TIME 
Figure 8-Test of the new method on simulated data containing 10% 
random error. Equation 1 (n = 2) is fitted to the impulse response data 
(+). An adaptive least-squares cubic spline function, s(t), is fitted to 
the input response data (0). The continuously increasing curve is the 
amount of input calculated from ai, Xi, i = I, 2and s(t) according to  Eq. 
17. 
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important model-independent quantities, i.e., time to the peak, maxi- 
mum response, and area under the curve (truncated). 

Pentobarbital Input-The pentobarbital data are difficult to treat 
because the absorption phase is defined by only three or four data points 
and because the absorption lag time is not well defined due to the lack 
of early sampling points (Fig. 9). Although the lag times for the absorption 
by Subjects R.B. and B.G. (0.36 and 0.46 hr, respectively) came close, it 
was not possible to detect a significant lag time for the absorption by 
Subject R.M. due to the low information density of the data in the ab- 
sorption phase. It is satisfactory that the extent of absorption for R.M. 
and R.B. both came close to the label claim (100 and 96%, respectively) 
judged from the maximum of the percent absorbed curves (Fig. 9). 
However, the excessive value for Subject B.G. (144%) and the significant 
decline of the percent absorbed curves for all subjects indicate a pro- 
nounced violation of the assumption of time-invariant linearity between 
input and response. 

The observed discrepancy was not caused by the method of analysis 
or the numerical treatment. The rate of decline of the absorption data 
after the absorption phase was significantly larger than the rate for the 
intravenous data, indicating apparently faster elimination after the oral 
administration. Under the given assumptions, this effect will computa- 
tionally result in a negative input, ix . ,  a decline in the percent absorbed 
curve after the absorption phase as shown due to an elimination rate that 
is faster than that expected judging from the intravenous data. 

Several explanations may be investigated to explain this discrepancy 
between the oral and intravenous data. One possibility is that the linearity 
between input and response is only of a relatively short duration so that 
it changes significantly between administrations but not within the du- 
ration of a single administration. The merged intravenous bolus and input 
approach or the merged infusion and input approach (1) can be applied 
in such cases. These methods do not require a washout period between 
the intravenous and nonintravenous administrations. Therefore, the two 
administrations can be brought close together to minimize errors arising 
from a time-dependent input-response linearity. This ability should 
result in a more reliable drug input evaluation than is possible with other 
model-independent methods because these methods are based on a 
complete washout of drug between the administrations. 

The new method appears to be a potentially powerful tool for the 
evaluation of drug input and bioavailability. It is based on an exact 
mathematical solution to the deconvolution problem of linear compart- 
mental pharmacokinetics. The accuracy of the method is determined by 
how well the fitted curves represent the true response. The superimposed 
graphical representation of the estimated impulse and input responses 
and the calculated input, provided by the method (Fig. 9), consequently 
is of significant conceptual value. It enables the user to evaluate visually 
whether discrepancies or peculiarities in a calculated input are due to an 
improper data representation, judged from the fitted curves, or to the 
inherent nature of the impulse and input response data. The method is 
not used as a “black box” but enables the user to be critical about the 
results obtained and the assumptions made about the pharmacokinetics. 
Hopefully, this work will lead to a less assumptive and more objective 
approach in bioavailability testing. 
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Figure 9-Application of the new method to calculate the extent of 
input of pentobarbital in human subjects. Equation 1 (n = 2) is fitted 
to the plasma drug level data (+ ) f rom intravenous administration. An 
adaptive least-squares cubic spline function, s(t), is fitted to the oral 
absorption data (0).  The drug input (upper curves) is calculated from 
ai, Xi, i = 2 ,  2 and s(t) according to Eq. 17. 

able cases, a suitable, well-defined minimum may exist, but the problem 
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Drug input analysis is of utmost importance in bio- 
pharmaceutics because of its fundamental role in drug 
design, evaluation, and administration. Accurate quanti- 
tation of a drug’s input-response relationship in a subject 
or patient population is, therefore, important. The relevant 
response is usually the drug concentration in the blood, in 
a certain tissue, or in an organ, but it may be a pharmaco- 
logical or toxicological response. 

The response environment is the destination for the 
input to be quantitated. There are two kinds of response 
environments: sampleable, i.e., environments that can be 
quantitatively sampled for the drug, and nonsampleable. 
The blood, a tissue, or an organ are sampleable environ- 
ments. Drug receptors and other biochemical structures 
responsible for a drug’s pharmacological-toxicological 
response are usually nonsampleable environments. A 
drug’s input can be experimentally verified only for sam- 
pleable environments. The evaluation of a drug’s input into 
a nonsampleable environment would be based on some 
hypothesis about the quantitative relationship between 
the drug concentration in the nonsampleable response 
environment and the sampleable response. Therefore, it 
is not possible to quantitate drug input from pharmaco- 
logical measurements if the input is defined with respect 

to a nonsampleable response environment, e.g., drug re- 
ceptors or “the biophase” (1). 

For only a few drugs is it possible to establish experi- 
mentally a quantitative functional relationship between 
the drug concentration in a sampleable environment (e.g., 
the blood) and the pharmacological response. In such 
cases, the pharmacological response may be used to eval- 
uate the input into the sampleable environment. The 
possibility of noninvasive, nonanalytical techniques to 
quantitate drug input from pharmacological response 
measurements is exciting (1). However, the sources of er- 
rors are enormous and generally result in very inaccurate 
results. The blood is usually not the “site of action” for a 
drug and, therefore, may not represent the ultimate des- 
tination for the drug input. However, the transfer of a drug 
to the site of action from the blood is often direct, or the 
barriers involved are often insignificant compared to the 
physical, chemical, and biological barriers the drug en- 
counters to get into the blood. Thus, it is adequate in most 
cases to evaluate the drug input with the blood as the re- 
sponse environment, as in the present approach. 

The treatment presented is limited to linear phar- 
macokinetic systems, i.e., systems where the input-re- 
sponse relationship follows the linear superposition prin- 
ciple. The classical linear compartmental systems (2, 3) 
belong to the family of linear systems. The method pre- 
sented can be characterized in the classical (linear com- 
partmental) pharmacokinetic sense as model independent. 
The various published approaches for evaluating drug 
input were discussed previously (4,5). 

THEORY 
The drug level in the blood, c * ( t ) ,  after an intravenous bolus dose, q* ,  

can often be well described by a polyexponential expression: 
n 

I = 1  
c * ( t )  = a,eXJ (Eq. 1) 

If the blood drug level behaves linearly with respect to input into the 
blood, then the unit impulse response is c * ( t ) / q * ,  and the response to an 
arbitrary input rate, f ( t  ), is given by the general expression: 

c ( t )  = 4* J f  / ( t  - u)c* (u)du 
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Drug input analysis is of utmost importance in bio- 
pharmaceutics because of its fundamental role in drug 
design, evaluation, and administration. Accurate quanti- 
tation of a drug’s input-response relationship in a subject 
or patient population is, therefore, important. The relevant 
response is usually the drug concentration in the blood, in 
a certain tissue, or in an organ, but it may be a pharmaco- 
logical or toxicological response. 

The response environment is the destination for the 
input to be quantitated. There are two kinds of response 
environments: sampleable, i.e., environments that can be 
quantitatively sampled for the drug, and nonsampleable. 
The blood, a tissue, or an organ are sampleable environ- 
ments. Drug receptors and other biochemical structures 
responsible for a drug’s pharmacological-toxicological 
response are usually nonsampleable environments. A 
drug’s input can be experimentally verified only for sam- 
pleable environments. The evaluation of a drug’s input into 
a nonsampleable environment would be based on some 
hypothesis about the quantitative relationship between 
the drug concentration in the nonsampleable response 
environment and the sampleable response. Therefore, it 
is not possible to quantitate drug input from pharmaco- 
logical measurements if the input is defined with respect 

to a nonsampleable response environment, e.g., drug re- 
ceptors or “the biophase” (1). 

For only a few drugs is it possible to establish experi- 
mentally a quantitative functional relationship between 
the drug concentration in a sampleable environment (e.g., 
the blood) and the pharmacological response. In such 
cases, the pharmacological response may be used to eval- 
uate the input into the sampleable environment. The 
possibility of noninvasive, nonanalytical techniques to 
quantitate drug input from pharmacological response 
measurements is exciting (1). However, the sources of er- 
rors are enormous and generally result in very inaccurate 
results. The blood is usually not the “site of action” for a 
drug and, therefore, may not represent the ultimate des- 
tination for the drug input. However, the transfer of a drug 
to the site of action from the blood is often direct, or the 
barriers involved are often insignificant compared to the 
physical, chemical, and biological barriers the drug en- 
counters to get into the blood. Thus, it is adequate in most 
cases to evaluate the drug input with the blood as the re- 
sponse environment, as in the present approach. 

The treatment presented is limited to linear phar- 
macokinetic systems, i.e., systems where the input-re- 
sponse relationship follows the linear superposition prin- 
ciple. The classical linear compartmental systems (2, 3) 
belong to the family of linear systems. The method pre- 
sented can be characterized in the classical (linear com- 
partmental) pharmacokinetic sense as model independent. 
The various published approaches for evaluating drug 
input were discussed previously (4,5). 

THEORY 
The drug level in the blood, c * ( t ) ,  after an intravenous bolus dose, q* ,  

can often be well described by a polyexponential expression: 
n 

I = 1  
c * ( t )  = a,eXJ (Eq. 1) 

If the blood drug level behaves linearly with respect to input into the 
blood, then the unit impulse response is c * ( t ) / q * ,  and the response to an 
arbitrary input rate, f ( t  ), is given by the general expression: 

c ( t )  = 4* J f  / ( t  - u)c* (u)du 
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A suitable method is to be derived whereby f ( t )  can be estimated from 
samples of the bolus response, c*(t) ,  and the input (absorption) response, 
c ( t ) .  

Considering the many factors influencing the absorption process, it 
may be appropriate to approximate f ( t )  with a model-independent em- 
pirical equation such as a polynomial: 

N 
f ( t )  = x Xit’ (Eq. 3) 

i-0 

The problem is then to determine the polynomial coefficients xo, xi , .  . . , 
XN.  The following derivations (Eqs. 4-15) lead to an equation, Eq. 16, that 
is linear with respect to the coefficients. This equation can be used to 
calculate the coefficients by standard multiple linear regression tech- 
niques. 

Inserting Eqs. 1 and 3 into Eq. 2 leads to: 

The binomial expansion for ( t  - uIi leads to: 

so that: 

The following useful integral formula can be derived readily: 

(Eq. 7 )  

By applying this formula to the integral in Eq. 6 ,  this equation be- 
comes: 

( i  - A !  
A?(i - j - m ) !  

X 

The second term in Eq. 8, indicated by a bracket, simplifies to: 

Multiplying through with t J  and rearranging terms in the first term of 
Eq. 8 lead to: 

(Eq. 10) 

By changing the order of the summation and rearranging terms, this 
expression becomes: 

(Eq. 11) 

The coefficient to ti-”’ resulting from the two innermost summations 
in Eq. 11 is: 

Thus, only the term l/Ah(m = i) is left from the two innermost summa- 
tions, which results in a substantial simplification of Eq. 11: 

Equation 8, according to Eqs. 9 and 13, simplifies considerably to: 

which also can be rearranged to give: 

‘A 
DATA SET 1 

TIME 
Figure 1-Test of the new method on simulated data containing I % 
random errors. Equation 1 (n = 2) is fitted to the impulse response data 
(+). The  curve representing the  input response data (0) is calculated 
from Eq. 16 using the parameters XO, XI, . . . , XN estimated by multiple 
linear regression and the parameters estimated from Eq. 1. The  input 
curve is the  input rate calculated according to E9.3. T h e  broken curve 
is the  exact input rate. 

For further simplification and to illustrate the linearity of c ( t )  with re- 
spect to the polynomial coefficients X O ,  X I ,  . . . , XN, Eq. 15 can be 
written: 

(Eq. 16) 

where: 

The expreasion inside the brackets in Eq. 17 is recognized as the difference 
between e x i t  and a truncated Maclaurin series expansion of eAJt. This 
difference becomes smaller when Aj t  - 0 and when i increases, which 
may result in subtraction cancellation and loss of significant figures in 
the calculations. However, this result can be avoided by using alternative 
formulas for &(t).  When 1 Xjrl is small (<0.1), & ( t )  is calculated most 
accurately from the tail of the Maclaurin series: 

If the computer used represents floating-point numbers to m significant 
decimal digits, then K in Eq. 18 should be equal to i + m + 1 to get the 
best accuracy ( 1  Xjt 1 < 0.1). (The first neglected term in the summation 
of the series gives a strict error estimate because the series is alternating.) 
In the extreme cases where i ( N )  is large and I Ajt I is not small, Oi(t) can 
be accurately evaluated using the integral representation of the tail of 
the Maclaurin series, which is: 

where the integral is evaluated numerically. However, in most cases, it 
would not be necessary to use Eq. 19 because Eq. 17 is sufficiently accu- 
rate, particularly if the calculations are done in double precision. Fur- 
thermore, the number of sampling points in the absorption phase is fre- 
quently small. To avoid “fitting to the errors in the data,” i t  is not ad- 
visable to use a polynomial of high degree in the approximation of the 
input rate f ( t )  so N will not be large. 

EXPERIMENT A L 

The method presented was tested using the same simulated and real 
pharmacokinetic data used previously (5 )  so that it could be compared 
to two other deconvolution methods tested on the same data (5,  6). A 
function subprogram was written in FORTRAN IV which evaluated the 
theta function O , ( t  ) I .  The subprogram algorithm automatically chooses 
among Eqs. 17-19 so that the best accuracy is obtained. The integral in 
Eq. 19 was evaluated using a product-type two-point Gauss-Legendre- 

A listing of the subprogram is available from the author. 
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Figure 2-Test of  the  new method on simulated data containing 1 % 
random errors. Equation 1 (n = 2) is fitted to  the impulse response data 
(+). The  curue representing the input response data ( 0 )  is calculated 
from Eq. 16 using the parameters XO, XI,. . . , XN estimated by multiple 
linear regression and the  parameters estimated f rom Eq. 1. T h e  in- 
creasing curue is the amount of input calculated from the  integrated 
form of Eq. 3. The  broken curue is the exact cumulatiue amount of 
input.  

Simpson algorithm compounded 50 times (7), which gave excellent ac- 
curacy. 

The subprogram was used to generate, from the M observations ci, ti, 
i = I, 2, . . , M, an M X (M + 1) data matrix ldij] for input to the multiple 
linear regression program that calculated XO, x I, . . . , XN (Eq. 3). The first 
data matrix column contains the M observations of the dependent vari- 
able, i.e., the observed drug concentrations dil = c,, i = 1,2,. . . , M. The 
other data matrix columns contain the independent variables dij = 
O,-z(ti), i = 1,. . . , M, j = 2, .  . . , M + 1. The highest degree possible for 
the polynomial that approximates f ( t )  is N = M - 1, which corresponds 
to a collocation approximation (zero residual sum of squares). Most of 
the many multiple linear regression programs available for statistical 
computations can be used to calculate the parameters XO, XI,. . . , X N  of 
the input function from this data matrix. The only requirement is that 
the regression program must have a zero-intercept option that is to be 
used in this regression situation (Eq. 16)2. 

The program P9R, “All Possible Subset Regression,” from the 

2 
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I- 
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Figure 4-Test o f  the  new method on simulated data containing 10% 
random errors. Equation 1 (n = 2) is fitted to the impulse response data 
(+). T h e  curue representing the input response data (0) is calculated 
from Eq. 16 using the parameters XO, XI,. . . , XN estimated by multiple 
linear regression and the  parameters estimated from Eq. 1. T h e  in- 
creasing curue is the  amount of input calculated from the  integrated 
form of Eq. 3. T h e  broken curue is the exact cumulative amount of 
input.  

BMDP-77 biomedical computer program package (9) was used with the 
zero-option and TOL = The program was used to automatically 
find, among TO, XI, . . . , X M - ~ ,  the best subset based on Mallow’s criterion 
(10). The parameters of the polyexponential expression, Eq. 1, fitted to 
the intravenous bolus data were reported previously (5) and were de- 
termined using the FUNFIT nonlinear regression program (11). The 
drawings (Figs. 1-9) were done by a penplotter driven by a computer3 
using a software package written by the author. The lag times used in the 
calculation of the pentobarbital input were those reported earlier (5). 

RESULTS AND DISCUSSION 

The proposed method is a least-squares deconvolution method, as is 
the method presented by Cutler (6). Both methods are based on a poly- 
nomial approximation of the input rate. However, the present method 
offers four significant advantages over Cutler’s method: 

1. The impulse response (bolus input response) is approximated by 
a polyexponential expression and not by a polynomial. A polyexponential 
expression does not tend to “fit to the errors” in the data as a polynomial 

DATA SET 2 
DATA SET 3 

j l . 5  

TIME 
Figure 3-Test of the  new method on  simulated data containing 10% 
random errors. Equation 1 (n = 2) is fitted to the impulse response data 
(+). The curue representing the input response data (0) is calculated 
/rom E9.16 using the parameters XO, XI, . . . , XN estimated by multiple 
linear regression and the parameters estimated from E9. 1. T h e  input 
curue is the input rate calculated according to Eq. 3. T h e  broken curue 
is the exact input rate. 

The two most widely used statistical software packages SPSS (8) and BMDP 
(9) contain several multiple linear regression programs. However, only the BMDP 
programs have the zero-intercept option. These programs allow the data to be 
weighted. 

TIME 
Figure 5-Test of the new method on simulated data containing 1 %  
random errors. Equation 1 (n = 2) is fitted to the impulse response data 
(+). T h e  curue representing the input response data (0) is calculated 
from Eq. 16 using the parameters XO, XI,. . . , XN estimated by multiple 
linear regression and the parameters estimated f rom Eq. 1. The  input 
curue is the input rate calculated according to Eq. 3. The  broken curue 
is the exact input rate. 

IBM 370. 
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Table I-Rate and Extent of Input Calculated from Data Set 1 

Time 

0.1 
0.2 
0.3 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
2.0 

Meanc 
SD' 

Exact Rate Rate 
Percent 

Differencea Exact Amount Amount 
Percent 

Difference* 

0.9825 
0.8044 
0.6586 
0.5392 
0.3614 
0.2423 
0.1624 
0.1089 
0.0730 
0.0489 
0.0220 

0.9712 
0.8146 
0.6780 
0.5598 
0.3732 
0.2434 
0.1590 
0.1084 
0.0803 
0.0631 
0.0160 

-0.94 
0.86 
1.62 
1.72 
0.98 
0.10 

-0.29 
-0.04 
0.61 
1.18 

-0.50 
0.80 
0.56 

0.1088 
0.1978 
0.2707 
0.3304 
0.4193 
0.4789 
0.5188 
0.5456 
0.5635 
0.5755 
0.5890 

0.1058 
0.1950 
0.2694 
0.3312 
0.4234 
0.4842 
0.5238 
0.5501 
0.5687 
0.5829 
0.6003 

-0.49 
-0.48 
-0.21 
0.13 
0.69 
0.90 
0.84 
0.75 
0.86 
1.23 
1.89 
0.77 
0.49 

a Calculated as 100 X (calculated rate - exact rate)/l.2, where 1.2 is the initial exact input rate. Calculated as 100 X (calculated amount - exact amount)/0.6, where 
0.6 is the exact total amount of input ( t  = -). C The mean and standard deviation of the absolute values of the percent difference. 

Table 11-Rate and Extent of InDut Calculated from Data Set 2 

Percent Percent 
Time Exact Rate Rate Difference" Exact Amount Amount Difference * 
0.1 0.9825 .~ 

0.2 
0.3 
0.4 

. ~ _ ~ .  

0.8044 
0.6586 
0.5392 

0.6 0.3614 
0.8 0.2423 
1.0 0.1624 
1.2 0.1089 
1.4 0.0730 
1.6 0.0489 
2.0 0.0220 

Meanc 
SD' 

0.8303 
0.7426 
0.6595 
0.5810 
0.4378 
0.3129 
0.2065 
0.1184 
0.0486 

-0.0027 
-0.0503 

- 12.68 
-5.15 
0.08 
3.48 
6.36 
5.89 
3.67 
0.79 

-2.03 
-4.30 
-6.02 
4.59 
3.41 

~~ 

0.1088 
0.1978 
0.2707 
0.3304 
0.4193 
0.4789 
0.5188 
0.5456 
0.5635 
0.5755 
0.5890 

~~ ~ ~ ~ ~~ 

0.0876 -3.53 
0.1662 -5.27 
0.2363 -5.74 
0.2983 -5.36 
0.3998 -3.24 
0.4746 -0.71 . ~ ~. 

0.5262 
0.5584 
0.5748 

i.24 
2.14 
1.88 

0.5791 0.59 
0.5660 -3.83 

3.05 
1.88 

Calculated as 100 X (calculated rate - exact rate)/l.2, where 1.2 is the initial exact input rate. Calculated as 100 X (calculated amount - exact amount)/0.6, where 
0.6 is the exact total amount of input (t = -). The mean and standard deviation of the absolute values of the percent difference. 

does. It is smoother and does not oscillate between data points as a 
polynomial often does. It is also superior to a polynomial with respect to 
the extrapolation to time zero, which plays an important role in the ac- 
curacy of any deconvolution method. Polyexponential expressions have 
been used successfully and extensively in pharmacokinetics to describe 
intravenous bolus data, and many application programs are available for 
this curve-fitting procedure (8,11, 12). 
2. The rate and extent of input are given in a simple, explicit mathe- 

matical form by the new method. Cutler (6) expressed the input rate as 

DATA SET 3 

TIME 
Figure 6-Test of the new method on simulated data containing 1 % 
random errors. Equation 1 (n = 2 )  is fitted to the impulse response data 
(+). The curve representing the input response data (0) is calculated 
from Eq. 16 using the parameters XO. XI,. . . , XN estimated by multiple 
linear regression and the parameters estimated from Eq. 1.  The in- 
creasing curve is the amount of input calculated from the integrated 
form of Eq. 3. The broken curve is the exact cumulative amount of 
input. 

a sum of polynomial functions which, through a linear transformation, 
gives a set of orthogonal functions. Although a back-transformation and 
summation of terms may provide a single polynomial expression, this 
approach substantially increases the complexity of the method. 
3. The present method requires very little programming on a com- 

puter. Only a short program is needed that, according to Eq. 17 or 18 (or 
Eq. 19 in rare cases), generates the da,h matrix for input to a standard 
multiple linear regression program. This programming can be done even 
using an ordinary programmable pocket calculator. The input function 
is calculated directly by the linear regression program in terms of the 
polynomial coefficients. Implementation of Cutler's method requires the 

DATA SET 4 

h 
c 

1.0 ,> 

P 
0.5 a a 

3 
u. 
0 

0 

TIME, 
Figure 7-Test of the new method on simulated data containing 10% 
random errors. Equation 1 (n = 2) is fitted to the impulse response data 
(+). The curve representing the input response data (0) is calculated 
from Eq. 16 using the parameters ~ 0 ,  XI,. . . , XN estimated by multiple 
linear regression and the parameters estimated from Eq. 1.  The input 
curve is the input rate calculated according to Eq. 3. The broken curve 
is the exact input rate. 
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Table 111-Rate and Extent of Input  Calculated from Data Set 3 

Percent Percent 
Time Exact Rate Rate Difference" Exact Amount Amount Difference* 

0.1 1.3048 1.3133 0.54 0.1433 0.1427 -0.10 
0.2 1.0681 1.0924 1.55 0.2618 0.2629 0.18 
0.3 0.8551 0.8844 1.87 0.3577 0.3616 0.65 
0.4 0.6657 0.6936 1.78 0.4336 0.4404 1.13 
0.6 0.3580 0.3758 1.14 0.5344 0.5458 1.90 
0.8 0.1450 0.1543 0.59 0.5831 0.5972 2.35 
1.0 0.0266 0.0305 0.25 0.5987 0.6141 2.57 
1.2 0 -0.0082 -0.52 0.6000 0.6151 2.52 
1.4 0 0.0112 0.72 0.6000 0.6147 2.45 
1.6 0 0.0478 3.05 0.6000 0.6207 3.45 
2.0 0 -0.0625 -3.99 0.6000 0.6321 5.35 

MeanC 1.45 2.06 
SD' 1.18 1.54 

Calculated as 100 X (calculated rate - exact rate)/(1.&3/1.15), where 1.8/1.15 is the exact initial input rate. Calculated as 100 X (calculated amount - exact amount)/0.6, 
where 0.6 is the exact total amount of input ( t  = =). The mean and standard deviation of the absolute values of the percent difference. 

Table  IV-Rate and  Extent of Input  Calculated from Data Set 4 
~ ~~~~ 

Percent Percent 
Rate Difference" Exact Amount Amount Difference * Time Exact Rate 

0.1 1.3048 1.1487 -9.97 0.1433 0.1235 -3.30 
0.2 1.0681 0.9863 -5.23 0.2618 0.2301 -5.28 
0.3 0.8551 0.8353 -1.27 0.3577 0.3211 -6.10 
0.4 0.6657 0.6956 1.91 0.4336 0.3976 -6.00 
0.6 0.3580 0.4504 5.90 0.5344 0.51 14 -3.83 
0.8 0.1450 0.2507 6.75 0.5831 0.5808 -0.38 
1.0 0.0266 0.0964 4.46 0.5987 0.6147 2.67 
1.2 0 -0.0125 -0.80 0.6000 0.6223 3.72 
1.4 0 -0.0759 -4.85 0.6000 0.6127 2.12 
1.6 0 -0.0938 -5.99 0.6000 0.5950 -0.83 
2.0 0 0.0067 0.43 0.6000 0.57 15 -4.75 

Mean ' 4.32 3.54 
S D  2.95 1.93 

Calculated as 100 X (calculated rate -exact rate)/(1.8/1.15), where 1.8/1.15 is the exact initial input rate. * Calculated as 100 X (calculated amount - exact amount)/0.6, 
where 0.6 is the exact total amount of input ( t  = m). c The mean and standard deviation of the absolute values of the percent difference. 

development of a fairly extensive and specialized program. Moreover, 
the user would not have many of the valuable statistical options that are 
supplied by the standard multiple linear regression programs (9). 

4. The present method is computationally efficient and fast. With 
Cutler's method, a convolution integral (Ref. 6, p. 249) is evaluated 
numerically several times during the computations. The integration may 
introduce significant errors and may add significant cost to the compu- 
tations if the results are to be presented graphically. 

Simulation Results-The present results and comparisons are related 

DATA SET 4 

O:. . .  . ' ' . ' . ' " . ' ' .  1 . ' .  
TIME 

Figure 8--Test of the new method on simulated data containing 10% 
random errors. Equation 1 (n = 2) is fitted to the impulse response data 
(+). The curue representing the input response data (0) is calculated 
from Eq. 16 using the parameters XO, XI, .  . . , XN estimated by multiple 
linear regression and the parameters estimated from Eq. 1 .  The in- 
creasing curue is the amount of input calculated from the integrated 
form of Eq. 3. The broken curue is the exact cumulatiue amount of 
input. 

to a similar investigation recently published (5). Comparing Tables I-IV 
with Tables 11-V in Ref. 5 shows that the present method and Cutler's 
method do not differ significantly in the accuracy of estimating the input 
for Data Sets 1,2,  and 4 (Tables I, 11, and IV). However, the present 
method appears t o  be significantly more accurate for Data Set 3 (Table 
111). Both methods perform well, considering that the average relative 
error in all estimations is of the same magnitude as the noise added to 
the simulated data. 

Each method tends consistently to underestimate the initial input rate. 
This trend is probably related to the use of a polynomial in the input 
approximation. I t  may be explained theoretically ["Runge's phenome- 
non" (13)]. A special sampling procedure may eliminate or reduce this 
trend and give an overall better estimation. This procedure, based on the 
min-max principle using a Tschebyscheff sampling (13), is as follows. 
Let it be known from preliminary investigations that the absorption of 
the drug is completed (e.g., 95%) in approximately T hr after the lag time 
and that the lag time is approximately t h  hr. If the experimental protocol 
allows m samples to be drawn, then these samples should be taken at  the 
following times: 

i = 1,2, .  . . , m  (Eq. 20) 1 (2i - 1)* 
ti = t ] ,  + - 1 + cos- " 2 2m 

A few additional samples are required after T + t l ,  hr to check for a 
change in the disposition kinetics between the intravenous and the ab- 
sorption experiments. However, these points should not be included in 
the actual calculation of the input because they may interact unfavorably 
with the curve fitting in the absorption region. 

Calculation of Pentobarbital Input-It is of interest to compare the 
present method with the other deconvolution method presented by the 
author (Ref. 5, Fig. 9). The pentobarbital data are rather difficult to treat, 
because the absorption phase is defined by only three or four data points 
and the data contain rather large errors. However, it is surprising how 
similarly the two methods perform in the absorption region. The total 
percent absorbed, measured by the maximum of the percent absorbed 
curve, does not differ much between the methods. The times for the ab- 
sorption are also rather close. 

However, the present method does not perform as well with respect 
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Table V-Calculated Polynomials that Describe the Rate of 
h D U t  a 

SUBJECT R . M .  

- n  

0 1 2 3 4 5 6 
HOURS 

SUBJECT B . G .  

- a  P 20 - 
L 

1 2 3 4 5 6 0 
0 

HOURS 

SUBJECT R . B .  

- w  

w a 

1 2 3 4 5 6 0 1 1  
0 

HOURS 
Figure 9-Application of the new method to calculate the cumulative 
amount of pentobarbital input in human subjects. Equation 1 (n = 2 )  
is fitted to the plasma drug level data (+) from intravenous adminis- 
tration. The curve representing oral absorption data ( 0 )  is calculated 
from Eq. 16 using the parameters Q, XI,. . . , XN estimated by multiple 
linear regression and the parameters estimated from Eq. 1 .  The input 
is calculated according to the integrated form of Eq. 3. 

to the curve fitting after the absorption phase. It demonstrates some of 
the undesirable effects originating from the polynomial approximation 
of the input rate; the absorption curve for Subject R.B. passes too claw 
to all of the points, probably resulting in a poor filtering of the errors in 
the data. The curve for Subject B.G. shows excessive oscillations. How- 
ever, the curve for Subject R.M. seems satisfactory overall. The same 
discrepancies between the intravenous and the absorption data reported 
previously (5) are also observed usinithe present method. 

It is important to note that the calculation of the rate and extent of drug 
input at a given time, t = to, depends only on the fitted curves up to that 

Data Set Rate of Input 
~ 

1 
2 
3 
4 

f ( t )  = 1.149 - 1.891t + 1.139t2 - 0.2385t3 
f ( t )  = 0.9225 - 0.9457t + 0.2297t2 
f ( t )  = 1.542 - 2.311t + 0.1076t2 + 1.059t3 - 0.3680t4 
f ( t )  = 1.322 - 1.794t + 0.5682t2 

~ 

0 0.1 5 t 5 2.0. 

time, to, according to the fundamental convolution integral equation (Eq. 
2). Thus, the accuracy of the calculated input depends only on the 
goodness of the fit in the absorption phase. The goodness of the fit in the 
postabsorptive phase has no influence on the calculations. A fitting in 
this region is not required, but it provides a means of detecting dis- 
crepancies between the intravenous and absorption data (5 ) .  The fits in 
the absorption phase (Fig. 9) appear satisfactory considering the 
sparseness of the data in this region. 

Assumptions and Limitations of Deconvolution Methods of 
Analysis of Drug Input into Blood-The deconvolution methods are 
based on the assumption of a time-invariant linearity between input and 
response in the sampleable response environment (the blood). A neces- 
sary condition for an environment to be linear is that the principle of 
superposition applies; i.e., the sum or superposition of any two inputs, 
f i ( t )  + f&), results in a response that is the superposition, c l ( t )  + cp(t), 
of the individual reaponses (14). Corollaries to the superposition principle 
are: 

1. No input affects the response of other inputs. 
2. There is no interaction among the responses caused by different 

inputs. 
3. The total response of several inputs into the environment can be 

determined by determining separately the response of the environment 
to each individual input and then superimposing the responses to get the 
total response. 

These principles are well known from linear system theory (14). 
However, the real problem in applying these principles to pharmacoki- 
netics apparently has not been discussed, namely, the effect of the input 
path on the response. The deconvolution methods can be used only if the 
response to a well-defined input is determined. The input is only well 
defined if it is direct intravenous (bolus and/or infusion). Consequently, 
the information about the system's input-response relationship is based 
only on a direct intravenous input. However, the inputs that are of in- 
terest are not direct intravenous. Therefore, the validity of the decon- 
volution approach is directly related to Corollary 1. 

The crucial question is: Does the drug in its indirect path to the sam- 
pleable response environment affect the change in the concentration of 
the drug already in the environment so that the concentration change 
is different from that predicted had the input been direct? This question 
is identical to the question posed previously in dealing with the evaluation 
of input into linear compartmental systems (4): Is the input inter- 
acting? 

Deconvolution methods can only be used to evaluate a noninteracting, 
primary input (4). Therefore, to verify the validity of the deconvolution 
approach, the system must be tested not only with respect to superpo- 
sition but also with respect to interaction. A superposition test requires 
a minimum of two different direct intravenous bolus or intravenous 
infusion inputs. A test for interaction requires two experiments, one in- 
volving only a direct intravenous input and the other involving the in- 
direct and direct inputs combined, where the drug in either the indirect 
or the direct input must be labeled in order to evaluate a possible inter- 
action between the two inputs. 

In spite of the crucial role that these aspects play in drug input eval- 
uation, there does not seem to have been any work done in this funda- 
mental area. 

Table VI-Rate of Input of Pentobarbital 

Subject Rate", mghr  Lag Time, hr 

0.46 

0.0 

f ( t )  = 159 - 2667' + 150T2 

f ( t )  = 69.9 - 64.7T+ 17.8T2 

B.G. 

R.M. 
- 34.7T3 + 2.77T4 

- 1.54T3 
R.B. f ( t )  = 149-l-3653 + 313T2 0.36 

- 1 2 2 ~ 3  + 2 2 . 1 ~ 4  - 1 . 4 9 ~ 5  

0 T = time - lag time. 
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The method presented, when applied with care, should be a valuable 
tool in drug absorption investigations. It seems to have some distinct ad- 
vantages over the method proposed by Cutler (6). The simulation data 
generated by Cutler do not differentiate between the two approaches. 
However, these data represent rather ideal, somewhat unrealistic cases. 
More realistic tests might result in a definite distinction of the methods. 
The relative accuracy of the two approaches in practice is closely related 
to the issue of whether the impulse response data (ie., the intravenous 
bolus data) are best approximated by a polynomial or a polyexponential 
expression. I t  seems quite evident that the latter is the case, so the present 
method should be generally more accurate. Although this method seems 
promising, i t  appears from previous theoretical considerations (4) that 
the other deconvolution method presented by the author (5) is superior. 
However, the new method has the advantage that the rate and the 
amount (cumulative) of input are summarized in a simple polynomial 
form (Tables V and VI). 
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Abstract 0 A novel approach to bioavailability testing is presented. The 
approach is model independent because it does not assume a specific 
pharmacokinetic model and does not use absorption, distribution, or 
elimination rate constants or a volume term. The method, which requires 
intravenous administration, is compared to classical bioavailability 
evaluation methods. Evaluation of drug input is based on the same as- 
sumptions required for using the area under the curve. No extrapolation 
beyond the last data point is required. Two statistics are derived that 
enable a comparison of the rate and the cumulative amount of input of 
two inputs for various times. A differential confidence profile is calculated 
that allows a more detailed and intrinsic bioavailability comparison than 
previous methods. The approach is demonstrated on simulated data 
containing random noise and shows satisfactory performance. 
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The quality of a drug product as a drug delivery system 
is determined by the rate and extent of delivery of the ac- 
tive form to the biological environment responsible for the 
pharmacological effect. In most cases, this environment 
is neither known nor may be sampled for the drug. How- 
ever, a close relationship usually exists between the drug 
concentration in a sampled environment (e.g., blood) and 
its pharmacological response. Therefore, this environment 
may be a useful indicator of the drug input into the re- 
sponse environment. 

Drug delivery usually is characterized in bioavailability 
terms with the blood as the sampleable environment. 
Bioavailability commonly is defined by the rate and the 
extent of drug input into the systemic circulation (1). 
Bioavailability comparisons usually are based on three 

parameters from a single-dose blood level curve: ( a )  the 
area under the curve, AUC (extrapolated); ( b )  the time of 
the peak concentration, t,,,; and ( c )  the peak concentra- 
tion, C,,, (2). 

These parameters are associated conceptually with the 
extent (AUC) and the rate (tm,, and Cmax) of input. This 
association is related to linear pharmacokinetic assump- 
tions. For example, AUC is a proper measure of the total 
input only if the response (concentration) is linear with 
respect to the input (3, 4). If the system is not linear, a 
larger AUC does not guarantee greater input. Comparisons 
of the drug input on the basis of A UC may be inaccurate 
for several reasons: 

1. The tail area must be estimated by extrapolation. 
Consequently, this area can be determined only by a 
model-dependent approach that assumes a certain func- 
tional form for the tail or the total curve. 

2. The tail area frequently is estimated from the last 
observations (e.g. ,  log-linear extrapolation), based on the 
assumption that these points predict the behavior in the 
tail. The tail area usually is determined poorly in this way 
due to low information density of the terminal set of points. 
This problem is complicated further by constraints in time 
and the number of samples when dealing with human 
subjects. The experimenter must decide whether more 
samples should be taken in the terminal phase, where little 
or no input takes place, to predict the tail area better or 
whether these samples would be more valuable in the input 
phase where the real information about the input is present 
and where C,,, and tmax are to be estimated. 

3. The problem is complicated by the fact that the tail 
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The method presented, when applied with care, should be a valuable 
tool in drug absorption investigations. It seems to have some distinct ad- 
vantages over the method proposed by Cutler (6). The simulation data 
generated by Cutler do not differentiate between the two approaches. 
However, these data represent rather ideal, somewhat unrealistic cases. 
More realistic tests might result in a definite distinction of the methods. 
The relative accuracy of the two approaches in practice is closely related 
to the issue of whether the impulse response data (ie., the intravenous 
bolus data) are best approximated by a polynomial or a polyexponential 
expression. I t  seems quite evident that the latter is the case, so the present 
method should be generally more accurate. Although this method seems 
promising, i t  appears from previous theoretical considerations (4) that 
the other deconvolution method presented by the author (5) is superior. 
However, the new method has the advantage that the rate and the 
amount (cumulative) of input are summarized in a simple polynomial 
form (Tables V and VI). 
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beyond the last data point is required. Two statistics are derived that 
enable a comparison of the rate and the cumulative amount of input of 
two inputs for various times. A differential confidence profile is calculated 
that allows a more detailed and intrinsic bioavailability comparison than 
previous methods. The approach is demonstrated on simulated data 
containing random noise and shows satisfactory performance. 

Keyphrases 0 Bioavailability-testing, drug input, least-squares de- 
convolution technique 0 Deconvolution-least-squares technique, 
bioavailability testing, drug input 0 Drug availability-testing, least- 
squares deconvolution technique 

The quality of a drug product as a drug delivery system 
is determined by the rate and extent of delivery of the ac- 
tive form to the biological environment responsible for the 
pharmacological effect. In most cases, this environment 
is neither known nor may be sampled for the drug. How- 
ever, a close relationship usually exists between the drug 
concentration in a sampled environment (e.g., blood) and 
its pharmacological response. Therefore, this environment 
may be a useful indicator of the drug input into the re- 
sponse environment. 

Drug delivery usually is characterized in bioavailability 
terms with the blood as the sampleable environment. 
Bioavailability commonly is defined by the rate and the 
extent of drug input into the systemic circulation (1). 
Bioavailability comparisons usually are based on three 

parameters from a single-dose blood level curve: ( a )  the 
area under the curve, AUC (extrapolated); ( b )  the time of 
the peak concentration, t,,,; and ( c )  the peak concentra- 
tion, C,,, (2). 

These parameters are associated conceptually with the 
extent (AUC) and the rate (tm,, and Cmax) of input. This 
association is related to linear pharmacokinetic assump- 
tions. For example, AUC is a proper measure of the total 
input only if the response (concentration) is linear with 
respect to the input (3, 4). If the system is not linear, a 
larger AUC does not guarantee greater input. Comparisons 
of the drug input on the basis of A UC may be inaccurate 
for several reasons: 

1. The tail area must be estimated by extrapolation. 
Consequently, this area can be determined only by a 
model-dependent approach that assumes a certain func- 
tional form for the tail or the total curve. 

2. The tail area frequently is estimated from the last 
observations (e.g. ,  log-linear extrapolation), based on the 
assumption that these points predict the behavior in the 
tail. The tail area usually is determined poorly in this way 
due to low information density of the terminal set of points. 
This problem is complicated further by constraints in time 
and the number of samples when dealing with human 
subjects. The experimenter must decide whether more 
samples should be taken in the terminal phase, where little 
or no input takes place, to predict the tail area better or 
whether these samples would be more valuable in the input 
phase where the real information about the input is present 
and where C,,, and tmax are to be estimated. 

3. The problem is complicated by the fact that the tail 
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area is determined by an asymptotic-type infinite ex- 
trapolation that is more complex than an intercept-type 
extrapolation. 

A new approach to bioavailability testing is presented 
that enables a more detailed comparison of the rate and 
the extent of drug input than conventional methods. The 
method does not use AUC and does not require extrapo- 
lation beyond the last data point. The approach is model 
independent in the classical linear pharmacokinetic sense 
because it does not assume a specific pharmacokinetic 
model and does not use absorption, distribution, or elim- 
ination rate constants or a volume term. This method of 
evaluating drug input is based on the same assumptions 
as those required for using AUC as a proper measure of the 
drug input. These assumptions are: (a )  the input evaluated 
is a noninteracting primary input, and ( b )  there is a 
time-invariant linearity between the response (concen- 
tration) measured in the sampled environment (the blood) 
and the input (4). These assumptions can be tested ex- 
perimentally as discussed previously (4). Their violation 
invalidates the classical linear approaches to bioavailability 
testing (5) under the current bioavailability definition (1, 
6). 

THEORY 

It was shown (4) that if the input rate into a linear response environ- 

(Eq. 1) 

ment is given in polynomial form by': 
N 

1-1 
f ( t )  = ,x Pit'--' 

and the unit impulse response (the characteristic response) of the envi- 
ronment is given by: 

then the response to j ( t )  is: 

(Eq. 3) 

which is linear with respect to the unknown parameters 81, Pz, . . . , PN, 
and: 

Without loss of generality, two brands or drug delivery systems may be 
compared by assuming the blood to be the response environment, the 
responsetobe thedrugconcentration,c(t), andc,(t,)tobetheresponse 
measured at the time t,,, i = 1,2,. . . , M,, for the mth drug product ( m  
= 1,2). To facilitate the statistical analysis, the measured responses can 
be written in the form: 

N m  

]=I 
ymr = X Pmlxm,, + ern1 i = L 2 , .  . ., M m  (Eq. 5) 

m = 1,2 
where: 

~ m r l  = $rn j ( tmi )  i = 1929.. . , M m  (Eq. 6) 
j =  1,2,  . . . ,  N ,  
m = 1 , 2  

and: 
ym, = c ( t , , )  t = 1 , 2 , .  . . , M, 

m = 1 ,2  

Equations 1 and 4 may be written similarly: 

(Eq. 7) 

N 

1 = l  
j m ( t )  = 2 Pmltl-l  m = 1 ,2  (Eq. 8) 

1 Note that the notational expressions for the input rate (Q. l), the impulse re- 
sponse (&. 2), and the input response (%. 3) were changed from previous notatione 
(4) to facilitate the present statistical analysis. 

It is of interest in bioavailability studies to test the significance of 
differences in the rate andlor extent of drug input between drug products. 
This is equivalent to testing the null hypothesis: 

Ho: pilto = pzlto (Eq. 10) 

Hi: pilto # pzlto (Eq. 11) 

r m l t o = j m ( t o ) =  $'~Prniti-' m = 1 , 2  (Eq. 12) 

against: 

where: 
N 

1 = 1  

for various values of t  = to. 
In matrix-vector notation, Eq. 5 is: 

ym = Xm&, + t,,, m = 1 ,2  (Eq. 13) 

The statistics to be derived for testing Ho will be based on a normality 
assumption about the errors; i.e., ern is a random vector distributed N ( 0 ,  
~$11, where I is the identity matrix and a$ is unknown. The unknown 
N, X 1 parameter vector, B,, is estimated by a multiple linear regression 
technique (4). It is assumed that the observed data are sufficient to ensure 
that the rank of the M m  X N, matrix, X,, is N ,  5 M,. 

For this statistical model the least-squares estimates, denoted by -, 
are given by: 

Bm = v,x',Y, m = 1 ,2  (Eq. 14) 

bm = e',e,l(M, - N,) m = 1,2 (Eq. 15) 

V, = (XAX,,,)-I m = I,  2 (Eq. 16) 

em = y, - x,B, m = 1,2 (Eq. 17) 

are best linear unbiased estimates (BLUE) of 0, and u$. They are suf- 
ficient, efficient, complete, and consistent estimators. Furthermore, Bm 
and b, are stochastically independent and Bm is distributed N(&, 
aiV,). Consequently, the least-squares estimate of the input rate a t  t 
= to is the best linear unbiased estimate and is distributed 

a n d  

where: 

and: 

f r n ( t0 )  = TABm -N(pmIto, akT),VmTm) m = 1,2 (Eq. 18) 

where: 

T',,, = (1, to ,  ti,. . . , tfm-9 m = 1 ,2  (Eq. 19) 
Since [ f l ( t o )  - pllto] and V z ( t 0 )  - j i z l  to] are stochastically indepen- 

dent, the random variable Q1 given by: 

is standard and normally distributed. Furthermore, (M, - N,)b;/a: 
is X.z-distributed with (M, - N,) degrees of freedom. Thus, the random 
variable QZ given by: 

(Eq. 21) 

is X2-distributed with (MI - N1) + (Mz - N z )  degrees of freedom because 
(MI - Nl)d: /a:  and (M2 - N2)df /a i  are stochastically independent. It 
can be shown that the standard normal random variable Q1 and the 
X2-distributed random variable Q 2  are stochastically independent. 
Consequently, by definition, the random variable T = Qi/[QZ/(M1 - N1 
+ M2 - N2)]1/2 is t-distributed with (MI - N 1 +  MI - N2) degrees of 
freedom. If the two population variances are equal, u: = a:, then T be- 
comes independent of u2, so that the Ho-hypothesis can be tested by a 
t -test: 
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Table I-Origin of the Simulated Data  Used 

Input Rate 
Unit Impulse Response f ( t )  = 

Data aleA1f + apex2' kKe-k f  
Set a1 a2 XI x z  K k  

1 1 I - 4  -1 Unit impulse 
2 1.727 7.523 -16.30 -2.134 Unit impulse 
3 1 I -4  - 3 Unit impulse 
4 1 1 -4 -1 3.0 1.5 
5 1.727 7.523 -16.30 -2.134 1.0 1.0 
6 1 1 -4 -3 3.0 1.5 

with a critical region ( H o  rejection region) (TI > t ( d 2 ,  M I  - N1 + Mz 
- Nz) for a type 1 error probability (Y. 

The equality of the population variances can be tested according to 
an F-test 

F=-  (Eq. 23) 

with a critical region F > F (a. M I -  N1, M2 - N2).  since e;el/u2 and 
e;ez/u2 are stochastically independent, X2-distributed, random variables 
with the respective degrees of freedom. 

If the F-test shows that the variances are not equal, then the t-test (Eq. 
22) should not be used. For such cases, the Ho-hypothesis can be tested 
using t.he following statistic (see Appendix 1: 

e;ez 

The w-statistic is approximated by a t-distribution with degrees of 
freedom, DF, given by2: 

where: 

The critical region ( H o  rejection region) is I w I > t ( a / 2 ,  DF).  A lOO(1- 
a)-percent confidence interval for the drug input rate at time t = to is: 

This treatment dealt with a statistical analysis of the rate of drug input. 

Figure 2-Response curves A ,  B, and C from which the  simulated Data 
Sets 4,5 ,  and 6, respectively, are derived by adding 5% random, nor- 
mally distributed error. Curves A and B haue widely different inputs; 
curves A and C haue the same input (Table I ) .  

However, the extent of drug input given by: 

can be treated similarly byreplacing f m ( t )  with A,(t) in the respective 
equations and redefining T ,  (Eq. 19) as: 

The analysis was based on the ordinary least-squares Gauss-Markov 
statistical model. It is extended readily by standard means (7) to the 
generalized linear regression model involving correlated and/or heter- 
oscedatic errors. The Gauss-Markov statistical model assumes no error 
in the independent variables, which is not true in thC present case. 
However, the independent variables are stochastically independent 
random variables that do not depend on the p parameters, so the above 
estimation, testing, and prediction still apply. Only two aspects of the 
analysis are affected ( a )  the probability in the t -  and F-tests is not exact 
but only approximate, and ( b )  the power o f  the tests is different. The 
effect of these modifications becomes smaller the more accurately the 
unit impulse response is determined. 

EXPERIMENTAL 

The rate and the cumulative amount of input were determined by the 
least-squares deconvolution method presented previously (4). The data 
used for the demonstration of the proposed approach were generated 
from an arbitrarily chosen linear model with a'twc-exponential unit im- 
pulse response and a first-order input (Table I). Random, normally dis- 

Figure 1-Inadequacy of a model-dependent approach of input esti- 
mation. Examples are of two iurtually superimposed curves (f i ts  1 and 
2rn Table I V )  fitted to Data Set 6 Curves A and B are the inputs cal- 
culated from the tUJ<J f i t ted curves. The  broken curve is the  true 
input. 

Figure S-Least-squares &convolution o f  Data Sets 1 and 4. A two- 
erDonentia1 exDression (Table 111) adeauatelv describes the impulse 
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Table 11-Data Used in Simulations 

Unit Impulse Response First-Order Input Response 
Concentration Concentration 

Data Data Data Data Data Data 
Time Set 1 Set 2 Set 3 Time Set 4 Set 5 Set 6 

0.01 
0.05 
0.07 
0.10 
0.15 
0.20 
0.25 
0.30 
0.40 
0.60 
0.80 
1 .oo 
1.20 
1.40 
1.60 
2.00 

1.89 
1.82 
1.75 
1.47 
1.46 
1.15 
1.24 
0.977 
0.873 
0.603 
0.468 
0.413 
0.333 
0.233 

8.42 
8.21 
6.99 
6.76 

1.79 
1.79 

0.00482 
0.0431 
0.118 
0.227 
0.366 
0.529 
0.710 
0.902 

0.0402 
0.352 
0.895 

0.0467 
0.343 
0.891 

0.0407 
0.331 
0.826 1.52 

1.43 
1.06 
1.04 
0.812 
0.714 
0.519 

1.27 
1.67 
1.77 
1.99 

1.25 
1.54 
1.88 
1.96 

1.25 
1.42 
1.34 

.. . 

5.59 
4.97 
4.49 1.26 

0.938 
0.787 
0.640 
0.479 
0.389 
0.313 
0.290 
0.237 
0.214 

4.40 
3.54 

1.64 
1.58 

1.74 
1.10 
1.29 
1.47 

1.57 
1.42 
1.39 
1.11 

. .~ 

1.95 
1.32 
0.926 

~ ~~~ 

0.270 
0.130 
0.0753 
0.0389 

~ ~. 

1.53 
1.22 
1.18 
0.916 

1.63 
1.77 
1.88 
1.96 
2.00 

0.562 
0.385 
0.230 
0.112 

1.03 
0.999 
0.841 
0.847 

0.0157 
0.00997 
0.00303 

0.855 
0.845 
0.868 

0.200 
0.137 

a The data were generated from the equations in Table I, and random normally distributed noise was added. 

tributed noise was added to the exact concentration data at the 5% level, 
i.e., with an expected coefficient of variation of 5%, using a pseudo-ran- 
dom normal generator based on the polar method (8) (Table 11). To 
demonstrate the method, the unit impulse response parameters for Data 
Set 2 (Table I) were calculated by a nonlinear optimization technique 
so that Data Sets 4 and 5 (having different input) would not differ sig- 
nificantly. The parameters for Data Set 6 were chosen for the same reason 
so that Data Sets 4 and 6 would differ significantly but would have the 
same input (Tables I and 11). The 16 sampling times for Data Sets 4-6 
were chosen according to a Tschebyscheff sampling (Eq. 20 in Ref. 4) to 
avoid the “Runge effect” occurring in some linear regressions with fairly 
equally spaced sampling points. 

The data matrix for the linear regression was generated from the 
simulated data as discussed previously (4). The matrix was executed 
stepwise with the BMDP-77 linear regression program P9R with a 
zero-intercept option and the option METHOD = NONE resulting in 
double-precision computations (9). The regression subsets were chosen 
on the basis of Mallow’s criterion (10). 

None of the BMDP linear regression programs provides output of the 
unscaled variance-covariance matrix required in the statistical compu- 
tations. Therefore, a program was written to assemble the cross-product 
matrix and invert it using a Cholesky decomposition. A subroutine was 
written in FORTRAN IV to calculate and compare the rate and the cu- 
mulative amount of input of two inputs. The routine tests for hetero- 
scedatic errors (Eq. 23) and chooses the appropriate type of statistic (Eq. 
22 or 24) to calculate the significance of the input difference for various 
times. The a-values for the t-statistic were calculated according to the 
algorithm presented by Hill (11). The n-values for the F-statistic were 
calculated according to algorithms 26.6.15 and 26.2.17 reported in the 

literature (12). The parameters in Tables I11 and IV were obtained by 
nonlinear regression using the interactive program FUNFIT (13). All 
drawings were done by a penplotter3 driven by a compute+ using a 
software package written by the author. 

RESULTS AND DISCUSSION 

Simulated Model-Data Sets 1-3 (Tables I and 11) can be considered 
to simulate, in the classical linear compartmental sense, intravenous bolus 
data normalized with respect to the dose for three subjects showing 
two-compartmental pharmacokinetic behavior with respect to a given 
drug. Data Sets 4-6 (Tables I and 11) can be considered similarly as 
simulated first-order absorption blood concentration data adjusted for 
a possible lag time for the three subjects. 

Comparison of Model-Dependent and Model-Independent Ap- 
proaches-It is often impossible to administer a drug intravenously. It 
is of interest to see how accurately the drug input can be determined by 
a model-dependent approach from absorption blood level data alone, 
without knowledge of the system’s response to intravenous administra-, 
tion of the drug. Data Sets 4-6 are generated from the convolution of 
a1 exp(X1t) + 0 2  exp(X2t) and kK exp(-kt). The three data sets are based 
on: 

c ( t )  = kK [F (eAl t  - e - k f )  
i + k  

+L - e - b f )  XI, X p  < 0 (Eq. 30) 
Xz + k 1 

where K corresponds to FD ( F  = fraction of dose D available) and k 
corresponds to k,  (the first-order absorption rate constant) in classical 
linear compartmental modeling. This equation was fitted several times 
to Data Set 6 using the FUNFIT program (13) with the initial parameter 
estimates randomly chosen in a feasible parameter space. It is evident 
(Table IV and Fig. 1) that the parameters for the rate, k ,  and the extent, 
K, of input describe the input inadequately, even though the correct 
model is fitted to the data, the fits are excellent (Table IV and Fig. l), and 
the data are as accurate as can be expected in a pharmacokinetic exper- 
iment. The input is determined poorly primarily because the parameters 
al,  a2, XI, and XZ from the unit impulse response a1 exp(X1t) t a2 exp(X2t) 
(the characteristic response) are free to take nearly any values in the 

I- 
2 n z 

.5 u 
0 

0. 

0 
0 0.5 1.0 1.5 2.0 

I- 
2 
3 
0 
E a Table 111-Least-Squares Unit Impulse Response Parameters 

Used in Deconvolutions 

Data Set a1 a2 XI A2 

1 1.1055 0.88427 -3.7725 -0.91283 
2 1.3170 7.5800 -9.0096 -2.1257 
3 0.94748 0.99355 -3.3894 -3.2941 

TIME 
Figure 4-Least-squares deconvolution of Data Sets 2 and 5.  A two- 
exponential expression (Table I I I )  adequately describes the impulse 
response data (+I.  The input function E9. 1 is estimated subsequently 
by fitting E9 .3  to the response data (0) by multiple linear regression. 
The continuously increasing curve is the calculated input amount 
(Table V). The broken curve is the exact input. 

Tektronix 4662. 
IBM 370. 
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Table IV-Estimates of the Input f( t )  = obtained in  a Model-Dependent Approach by Fitting Eq. 30 to Data Set 6 

Fit K k 01 a7 A1 A7 RSS x 1020 

1 0.170 3.31 10.8 6.10 -2.08 -1.13 1.0659 
2 11.5 1.46 0.491 0.0797 -3.70 -3.64 1.0758 
3 1.85 1.46 3.05 0.500 -3.69 -3.70 1.0758 
4 0.233 3.65 9.39 1.85 -1.55 -1.18 1.0733 
5 3.17 1.46 1.08 0.992 -3.70 -3.68 1.0758 
6b 1.04 3.69 0 2.50 0 -1.46 1.0758 
True values 3.0 1.5 1 1 -4 -3 

Residual sum of squares. * The parameters a1 and XI were fixed as zero in the fitting procedure corresponding to a one-compartment model. 

curve-fitting procedure at  the expense of k and K. Furthermore, the 
nonlinear parameters are not unique due to the presence of multiple 
minima of the residual sum of the squares function (13). (The six f i ts  in 
Table IV represent different local minima.) 

The input could have been determined more accurately if the unit 
impulse response parameters had been determined first from an intra- 
venous administration and then used as constants in the fitting of Eq. 
30. However, this approach has the disadvantage of being model de- 
pendent since it assumes a first-order input f ( t )  = kK exp(-kt). Since 
many variables affect the input uia the GI route (gastric emptying, GI 
motility, pH, blood flow, etc. ), it may seem unreasonable that the input 
is described in such a smooth, functional form. The present least-squares 
deconvolution approach is more general. The input is approximated by 
a polynomial. As such, it is more flexible and can adapt to whatever 
fluctuations or functional form the input may have. Furthermore, the 
input is determined by linear rather than nonlinear regression, so it is 
easier to apply computationally (e.g., no initial parameter estimates are 
required). The problem with multiple minima is eliminated, and the 
approach is more suitable for a statistical analysis of the input. 

The present method requires the unit impulse response parameters 
to be determined by nonlinear regression. However, the nonuniqueness 
of these parameters and their actual values as such have no influence on 
the accuracy of the input determination. The input is not calculated from 
the parameters individually but collectively in the way that together they 
represent the unit impulse response. In estimating these parameters from 
data from an intravenous bolus or intravenous infusion administration, 
two or more sets of widely different parameters may be obtained that give 
nearly superimposed curves as in Fig. 1 (Table IV). However, contrary 
to a model-dependent approach, the individual parameter values are 
irrelevant. The important consideration is how well the curve fits the data. 
There are several methods for automatically handling this curve-fitting 
problem (14, 15). 

Deficiencies in Using Cmax, t,.,, and A UC in Bioavailability 
Testing-Data Sets 4,5, and 6 are generated from Fig. 2 curves A, B, and 
C, respectively, by adding 5% normally distributed noise to the exact 
concentration data (Table 11). Curves A and B are very close, but the rate 
and the extent of input resulting in these curves differ substantially 
(Table I; A: k = 1.5, K = 3.0; B: k = 1.0, K = 1.0). Curves A and C differ 
widely, but they result from the same input (Table I; k = 1.5, K = 3.0). 
A comparison of the extent and the rate of input for Data Sets 4 and 5 

I- 
3 

2.0 - 
u. 
0 
I- z 

z 
1.0 2 

a 

0 
0 0.5 1 .o 1.5 2.0 

TIME 
Figure 5-Least-squares deconvolution of Data Sets 3 and 6. A two- 
exponential expression (Table 111) adequately describes the impulse 
response data (+). The input function Eq. I is estimated subsequently 
b.y fitting Eq. 3 to the response data ( 0 )  by multiple linear regression. 
The continuously increasing curue is the calculated input amount 
(Table V ) .  The broken cuwe is the exact input. 

(A and B, Fig. 2) on the basis of AUC, t,,, and C,, will not show a 
significant difference in their input. Furthermore, a comparison of Data 
Sets 4 and 6 (A and C, Fig. 2) by AUC, t,,, and C, is likely to show a 
significant difference in both the rate and the extent of input when, in 
fact, there is no difference. 

Because AUC, t,,., and C,,, depend both on the input and the re- 
sponse properties of the system, they can be misleading measures of 
bioavailability if the comparison is not done within subjects, i.e., for a 
constant unit impulse response. The deconvolution approach does not 
have this disadvantage. The response properties of the system are de- 
convoluted from the measured response to give a pure measure of the rate 
and the extent of input. 

Deconvolution Approach-Deconvolution of Data Sets 4,5, and 6 
(corresponding to A, B, and C in Fig. 2) is done (Figs. 3,4, and 5, respec- 
tively) using the responses measured for the three systems from a bolus 
input (Data Sets 1, 2, and 3, re~pectively)~. There is excellent agreement 
between the exact input and that calculated by deconvolution (Figs. 3-5). 
The regression function, Eq. 3, fits Data Sets 4-6 well. A Durbin-Watson 
analysis (16) and a runs test (17) show no systematic deviations among 
the residuals. The Tschebyscheff sampling strategy for Data Sets 4-6 
appears to give a more stable behavior for the fitted curve (Q. 3) and the 
calculated input for an increase in N (Eqs. 1 and 3) than the sampling 
scheme used previously (4). 

Statistical Comparison of Input-The input rate calculated from 
Data Sets 1 and 4 and 3 and 6 (A and B, respectively, Fig. 6) does not 
appear to differ significantly throughout the input period t = 0-2. The 
differential confidence profile (curve C, Fig. 6) is largest in the initial 
input phase but shows no significant [100(1- a) < 951 difference in the 
input rate. The same is the case in comparing the cumulative input 
amount (Fig. 7). The input rates calculated from Data Sets 2 and 5 and 
3 and 6 (A and B, respectively, Fig. 8) differ significantly in most of the 
input period. The respective cumulative input amounts differ signifi- 
cantly during the entire input period (Fig. 9). The input calculated from 
Data Sets 1 and 4 and 2 and 5 shows the same general behavior as the 
input calculated from Data Sets 2 and 5 and 3 and 6 (Figs. 10 and 11). 

The method proposed performs satisfactorily. The inputs are well 
determined6, and the method properly differentiates between the input 

80 

60 
a 
I 

'40 9 c 
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1 .  . . b .  I . , , . 3 
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0 0.5 1.0 1.5 2.0 
TIME 

Figure 6-Differential confidence profile ( C )  for the input rate cal- 
culated by least-squares deconuolution from Data Sets 3 and 6 ( A )  and 
1 and 4 (B) .  

6 An infusion input also could have been used to obtain the unit impulse response 
parameters. 

6 The input might not have been approximated so well if the analysis had been 
performed using data extending substantially beyond the absorption phase. 
However, a beginnink oscillatory behavior around zero off(t) in the postabsorption 
phase would result, indicating that the fitting is extended too far. 
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Table V-Input Rate Estimated by the Least-Squares 
Deconvolution Method, 0 I t I 2 

Data Sets 
~~ 

1 and 4 
2 and 5 
3 and 6 

f(t) = 4.35 - 5.37t + 2.43t2 - 0.403t3 
f(t) = 0.937 - 0.754t + 0.184t2 
f(t) = 4.81 - 7.32t + 4.45t2 - 0.988t3 

for the similar Data Sets 4 and 5. It also shows no significant difference 
between the widely different Data Sets 4 and 6 having the same input. 
However, the statistics appear rather sensitive (Figs. 6 and 7), as expected, 
since they are based on normality assumptions. Therefore, it would be 
appropriate to choose a more conservative hypothesis testing such as: 

against: 

(Eq. 33) 

where D, the differential index, is chosen appropriately. For example, 
with the differential index equal to 25, the hypothesis that the rate or 
cumulative amount of input differs by more than 25% could then be tested 
at various times by a simple extension of the present method. This ap- 
proach seems to be more rational considering the large intersubject 
variations observed in the pharmacological response for many drugs. The 
application of the method to analyze real pharmacokinetic data is in 
progress. 

APPENDIX 

Several statistics have been proposed to test the equality of means for 
normal populations with unequal variances (18-21). Monte Carlo sim- 
ulation studies comparing several of these statistics (21) indicate that 
the statistic proposed by Welch (19) is the moat robust and appropriate 
for small'samples. 

This statistic can be stated for a two population problem in the fol- 
lowing simplified form: 

Theorem I: Let xij  be the j t h  observation from the ith population, 
where j = 1, . . . , ni and i = 1, 2. If xi,  are stochastically independent 
normal variates with expected values of p i  and the variance 4, then the 
probability distribution of the statistic: 

\n1 nzl 
is approximated by a t -distribution with degrees of freedom given by: 

A 

(Es. A2) 
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Figure 7-Differential confidence profile (C) for the cumulative input 
amount calculated by least-squares deconuolution from Data Sets 3 and 
6 ( A )  and 1 and 4 (8). 
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Figure 8-Differential confidence profile (C) for the input rate cal- 
culoted by least-squares deconuolution from Data Sets 2 and 5 ( A )  and 
3 and 6 (B) .  

where: 

(Eq. A3) 

n' 

j -  1 
sf = f; (IC;. - x i j ) z / ( n i  - 1) i = 1 ,2  (Eq. A4) 

and: 
ni 

1-1 
ri = ,x X i j l f l i  i = 1 , 2  (Es. A51 

This theorem deals with a differently formulated statistical problem 
than that of interest. However, the following extension of the theorem 
can be applied to test HO (Eq. 10) in the case of unequal population 
variances: 

Corollary I: Let 21 and z2 be stochastically independent random 
variables distributed N ( p 1 ,  a:) and N ( ~ l 2 ,  a:), respectively. Further, let 
s:1 and stz be stochastically independent random variables with mo- 
ment-generating functions: 

u 1 > 0  (b. A6) 

G 2 ( t )  = (1 - 2 $ t)-&' u2 > 0 

Then the probability distribution of the statistic: 

(Es. A7) 

is approximated by a t -distribution with degrees of freedom given by: 

TIME 
Figure 9-Differential confidence profile ( C )  for the cumulative input 
amount calculated by least-squares deconuolution from Data Sets 2 and 
5 ( A )  and 3 and 6 (B) .  
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Figure 10-Differential confidence profile ( C )  for the input rate cal- 
culated by least-squares deconuolution from Data Sets Band 5 ( A )  and 
1 and 4 ( B ) .  

where: 

(Eq. A101 

Proof: The random variables zi = Ti, i = 1,2 (Eq. A5), are distributed 
have the moment-gener- N(pi ,  a!/nj). The random variables sfi = 

ating functions: 

i = 1 , 2  (Eq. A l l )  

because (ni - 1)s;2/(r! is X2-distributed with ni - 1 degreesof freedom7. 
Equation A l l  uniquely defines the probability distribution of sEi. Letting 
ui = ni - 1 and replacing a f h i  by af lead to the corollary. 

The applicability of the corollary to test Ho (Eq. 10) is seen as follows. 
With: 

the moment-generating function of 

is: 

because ( M ,  - N,)&L/o; is X2-distributed with M ,  - N,,, degrees of 
freedom. Comparison of Eqs. A12 and A14 in relation to Corollary I leads 
to Eqs. 24-26. 

7 The moment-generating function of a X2-distributed variable with n degrees 
of freedom is (1 - 2t)-”I2. 

TIME 
Figure 1 I-Differential confidence profile ( C )  for the cumulatiue input 
amount calculated by least-squares deconuolution from Data Sets 2 and 
5 ( A )  and 1 and 4 ( B ) .  
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Abstract A new parameter, the kinetic ratio, is suggested for esti- 
mating product potency during storage under ambient warehouse tem- 
peratures. Actual warehouse temperature data were integrated using 
Arrhenius kinetics, and the resulting potency errors, due both to the in- 
tegration method and to temperature averaging, were evaluated. Kinetic 
ratios and virtual temperatures then were compared to show seasonal 
and Arrhenius constant effects. Equations interrelating the kinetic ratio 
and virtual temperature are given. Finally, sample calculations using 
typical vitamin A data were analyzed to demonstrate the calculational 
and interpretation characteristics of the kinetic ratio compared to the 
virtual temperature. 

Keyphrases Stability-product potency, calculation, kinetic ratio 
parameter Drug potency-product stability, calculation, kinetic ratio 
parameter Expiration dating-product stability, calculation, kinetic 
ratio parameter Arrhenius equation-calculation of product stability, 
kinetic ratio parameter 

The useful concept of a single measurement, virtual 
temperature, to reflect the pattern of changing tempera- 
tures in a warehouse was introduced in 1971 (1). Since 
then, virtual temperature has been used widely in stability 
calculations. Although the physical meaning of virtual 
temperature is easily understood, it tends to be misleading 
and difficult to use because it causes a change two expo- 
nentiations away from the focus of interest. 

Because temperature is a misleading criterion for kinetic 
change and is difficult to use in calculations, and because 
reference potencies commonly were calculated based on 
a reference temperature anyway, a new parameter, the 
kinetic ratio, was defined. Compared to virtual tempera- 
ture, the kinetic ratio appears to relate more directly to 
potency, to separate temperature effects more effectively, 
to reflect important changes more sensitively, and to yield 
calculated results more conveniently. 

EXPERIMENTAL 

Data obtained at a Dallas warehouse were selected for analysis because 
this location offered extreme temperature variation. Temperature 
readings were used weekly from a circular chart recorder a t  6-hr intervals 
for 364 days (September 1,1975 through August 31,1976). The data were 
collected as part of an ongoing stability evaluation program by a quality 
assurance unit. 

In addition to the temperature data, typical constants for vitamin A 
in multivitamin tablets a t  a reference temperature of 24’ were obtained 
from the same source and used in sample calculations. These constants 
were: Arrhenius “activation” constant ( b l ) ,  13185.0 O K ,  Arrhenius factor 
(bo), 2.0361 X 10l6 weeks-’; reference rate constant (?‘ref), 297.16 OK; 
reference rate constant (k,,f), 0.0010943 week-’; initial potency (PO), 7300 
units; reference potency a t  52 weeks ( P s ~ ) ,  6896 units; reference potency 
a t  78 weeks ( P T ~ ) ,  6703 units; reference potency a t  156 weeks (PIS), 6154 
units; and reference shelflife ( T ~ I ) ,  442 weeks. 

RESULTS 

Definitions and  Relationships-Virtual temperature is the fixed 
temperature that produces the same kinetic constant as that  which results 
from evaluating temperature that changes with time’. The kinetic ratio 
is a ratio of a rate constant that results from evaluating temperature that 

1 This statement is a general application of Haynes’ definition, which related 
virtual temperature to a monthly average temperature (1). 

Accepted for publication October 12, 1979. 

changes with time to the rate constant a t  a fixed reference tempera- 
ture. 

Quantitative relationships are given in Table I, and the nomenclature 
is appended. Both virtual temperature and the kinetic ratio are inde- 
pendent of reaction order for the simple models used in most cases. In 
this paper, temperature response is assumed to follow Arrhenius’s law 
(Eq. 1). Mathematical definitions of the virtual temperature and kinetic 
ratio (Eqs. 2a and 26, respectively) allow for temperature variation with 
time. At a given location, the observed temperature values can be inte- 
grated numerically to yield values of the two parameters. The remaining 
relationships in Table I are the result of combining and relating ki- 
netic-order effects with the Arrhenius equation. Because reference 
temperature constants are a common form of reporting stability data, 
these constants normally would be readily available for the indicated 
calculations. 

The resulting equations for CY may be verified by direct derivation using 
definitions and kinetic relationships. For example, if a ratio of the first- 
order kinetic equations, In(P,/Po) = - k T  and ln(P,/Po),ef = -krev, is 
formed and the definition of the kinetic ratio, CY = k/kref, is substituted 
therein, Eq. 36 results after antilogs are taken. 

Temperature  Data-Many questions might be asked about the 
process of transforming temperature data into a potency change. How 
frequently must temperature be measured? What errors are introduced 
by averaging temperatures to daily, weekly, and monthly values? What 
methods might be used to convert temperature-time data into potency 
effects? These questions are not fully answered here, but an efficient 
approach to the problem is suggested and the relative importance of 
several factors is weighed. 

Potency changes were evaluated for two sets of Arrhenius constants, 
one set typical of vitamin A in a multivitamin tablet and another set ar- 
bitrarily formulated to approach the upper temperature-instability limit 
likely to be encountered in products stored at  ambient temperatures. The 
conventional Arrhenius equation and first-order kinetics were combined 
as in Eq. 3a, except that actual temperatures were used in place of virtual 
temperature. The result was integrated numerically over time. With 
temperature readings a t  6-hr intervals, three numerical integration 
methods were compared: Simpson’s rule, the trapezoidal rule, and a 
fifth-order quadrature method2. Although errors resulting from all 
methods were small (Table II), the fifth-order quadrature method was 
used for subsequent comparisons because it reduced integration errors 
to insignificantly small values. 

The effect of temperature averaging on the observed error in potency 
also was considered. Results for averaged temperature values for each 
day, week, and month showed very small errors for moderately stable 
materials, but these values would be subject to noticeable errors a t  the 
limit of practical stability. This effect has a direct bearing on the use of 
virtual temperature, the kinetic ratio, or any other temperature-averaging 
method. Either correction factors or averages over smaller time intervals 
probably would be required to reflect accurately the potency of very 
heat-sensitive materials stored a t  ambient temperatures. 

Daily averaged temperatures and fifth-order quadrature were used 
with Eq. 2a from Table I to evaluate virtual temperatures. Kinetic ratios 
were determined similarly from Eq. 2b with a reference temperature of 
24’. Results are presented in Table 111. 

DISCUSSION 

Virtual Temperature and Kinetic Ratio-Close examination of Eq. 
36 reveals that, for first-order kinetics, the kinetic ratio has an inter- 
pretation similar to the elasticity in economics. For every small percent 
change in the reference potency, the actual percent potency changes by 
a factor of approximately 01 times. Thus, with reference to Table 111, a 
compound with an activation constant of 15,000 will drop approximately 
13.24% for a 10% annual loss observed at the reference temperature. 
Actual calculation from Eq. 36 yields 13.02%. Although this simple in- 
terpretation of CY becomes subject to larger errors with larger potency 

~ ~ ~ ~ ~~~~~~ 
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Table I-Relationships of Virtual Temperature  and  Kinetic Ratio Parameters  [Arrhenius’s Law: k = boe-bl/T (Eq. l)] 

Definition 

Virtual Temperature Kinetic Ratio 

1 J‘ e - b d T  do 
7 

(Eq. 2a) a = e -b i /Trc f  (Eq. 2b) 
-bi 

In (i ~‘e-bc/7‘dt9) 
T ,  = 

where T = g(t9) is an unspecified function of time 

First-order shelflife Oh. 4b) 

Zero-order shelflife (Eq. 6b) 

1 7  1 
(Eq. 76) a, = - 2 f f i  

(Eq. 7a) T ,=1 
For equal cumulative ( -b l /Tu) ,  = In - (e--bl/Tul) time periods T i = l  

Conversion, T J N  

Table 11-Annual Percent  Error in Potency Calculations Relative to the Best Estimate Based on a Dallas Warehouse 

Percent 
Potency 

Percent Error in Fraction Potency 
Remaininga by Time Interval/Method * 

Constants Remaining, 6 hr Daily Weekly Monthly 
bo bi 100 (P,/Po)v DQSF SIMP TRAP DQSF DQSF DQSF 

2.0361 X 10lfi 13,185 
8.46 x 1033 25,000 

93.1 
74.3 

~ ~ ~ 

0 <0.01 -0.02 0.06 0.18 0.50 
0 0.09 -0.30 1.5 5.5 12.6 

Percent error = 100 [(P,/Po) - (P’/PO)~]/(P,/PO),. * DQSF is a fifth-order quadrature subroutine from IBM’s Scientific Subroutine Package, and SIMP and TRAP 
are mnemonics lor Simpson’s ruTe and \he trapezoidal rule, respectively. 

Table 111-Yearly and  Quarterly Arrhenius Kinetic Parameters  for a Dallas Warehouse [ Tref = 297.16 (24”)] 

Kinetic Ratios Virtual Temperatures 
bi a v  a1 N2 ff.1 a4 T,,, T,,, T,,” T,,, T,,. -2 -. - *  -*  -1 

5,000 1.009 0.708 0.998 1.404 0.927 297.32 291.17 297.13 303.27 295.83 
10,000 1.112 0.507 1.027 1.999 0.915 298.15 291.28 297.39 303.41 296.37 
15,000 1.324 0.367 1.088 2.886 0.955 298.82 291.38 297.66 303.53 296.89 
20.000 1.679 0.270 1.187 4.214 1.046 299.47 291.48 297.92 303.64 297.36 
25;OOO 2.236 0.200 1.331 6.221 1.190 300.03 291.58 298.17 303.76 297.17 

changes, it is a quick and easy estimator and has a readily understood 
relationship to potency. 

Seasonal effects are relatively easy to discern in the kinetic ratio (Table 
111). A compound with an activation constant of 15,000 and a warehouse 
potency loss of 18% for the year will have experienced a cycle of changes 
relative to the constant-temperature reference. In the cold winter months 
af the first quarter, the N value of 0.367 suggests a change of slightly more 
than one-third of the change of the reference potency. During the spring 
and fall, the reference and warehouse potencies change by about the same 
amount. However, in the summer, the warehouse potency loss was just 
under three times the reference loss. 

For zero-order kinetics, the kinetic ratio is directly proportional to the 
drop in potency (Eq. 5b).  Thus, if the reference potency for the example 
drops 500 units in a year, that same compound would drop 1.324 X 500 
= 662 units in the Dallas warehouse. 

Comparison of Virtual Temperature  and  Kinetic Ratio-No ob- 
vious deductions regarding potency changes can be made from the virtual 
temperatures in Table 111. Interpolation may be used to obtain inter- 
mediate values for both parameters. Linear interpolation in Table I11 
produced a maximum positive error of -0.01. Because of the additional 

exponentiation, virtual temperature calculations require greater care. 
The constancy of virtual temperature has been emphasized as offering 
a special advantage (1). This constancy is an artifact of double expo- 
nentiation and demonstrates the insensitivity of virtual temperature to 
changes that can significantly affect potency. For example, according to 
Eq. 3a, a relatively small change in T,  will, after being exponentiated 
twice, magnify into a substantial potency change. 

The interrelationship between the kinetic ratio and virtual temperature 
is given by Eqs. 8a and 86, which quantify the relative sensitivity of (Y 

observed in Table 111. Specifically, the entire range of virtual tempera- 
tures here changes by only 4%, while the corresponding range of the ki- 
netic ratio changes by 31rn0. It is evident that numerous significant digits 
must be carried for virtual temperature and that the leading constant 
digits tend to screen information. 

Computation of virtual temperature and the kinetic ratio is similar, 
except that  a reference temperature must be declared for the latter (Eq. 
2b). This requirement is the only price paid for later ease of use, and 
reference temperature calculations appear to be widely used throughout 
the pharmaceutical industry. Because both parameters are dependent 
on ambient temperatures, which, in turn, are a function of the specific 
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Table IV-Comparison of Calculations for Potency at a Dallas Warehouse 

Number of Arithmetic 
Operations Vitamin 

Calculation Temperature Ratio Temperature Ratio Results 
Virtual Kinetic Virtual Kinetic A 

Potency after 3 years Eqs. 1 and 3a Eq. 36 6 3 5914 
units 

units 

units 

weeks 

Potency after 18 months (six quarters) using seasonal values Eqs. 7a, 1, and 3a Eqs. 76 and 36 17 8 664 

Potency after 18 months (six quarters) using annual values Qs. 1 and 3a Eq. 36 6 3 6570 

Shelflife Eq. 4a Eq. 4b 6 4 358 

warehouse location and construction, each company would have to de- 
termine its individual parameters. The inclusion of a reference temper- 
ature in these calculations is a small matter. In addition, conversion from 
one reference temperature to another, should this be necessary, is 
straightforward (Eq. 9b). 

Sample Calculations-Constants and reference data were combined 
with the data from Table I11 for sample calculations. Twice as many 
arithmetic operations usually are required for calculations involving 
virtual temperature (Table IV). The use of reference potencia eliminates 
the need to calculate rate constants. The kinetic ratio reference potency 
and initial potency are all that are required for direct calculations. Once 
the reference values are calculated, they remain constant and may be used 
to calculate potencies a t  each warehouse with the appropriate (Y value. 
Virtual temperature calculations invariably reQuire exponentiation to 
obtain a rate constant needed for subsequent calculations. As also can 
be seen from Table IV, the seasonal effect over six quarters is not sig- 
nificant for vitamin A in multivitamin tablets (1.5%). Shelflife calcula- 
tions using the kinetic ratio are particularly easy because they only involve 
dividing a constant by a different (Y for each warehouse. 

CONCLUSIONS 

Although it  is only a simple extension of a generalized virtual tem- 
perature definition, the kinetic ratio offers clear practical advantages. 
The parameter has a direct, easily understood physical relationship to 
potency, and commonly performed calculations are simplified greatly. 

NOMENCLATURE 

(Y = kinetic ratio (dimensionless) 
bo = Arrhenius factor, defined by Eq. 1 (weeks-') 
bl = Arrhenius activation factor, EIR, defined by Eq. 1 ( O K )  

0 = time (weeks) 
g = general unspecified function 
k = Arrhenius kinetic constant (weeks-') 
P = potency or concentration variable (units) 
7 = specific time (weeks) 
T = temperature(OK) 

Subscripts: 

1 , 2 , 3 , 4  = either a specific value denoted by the number or values 

ref = reference value of a variable or quantity enclosed in 

sl = value of variables corresponding to the shelflife 
u * virtualvalue 
y = cumulative annual value 

0 = initial value of a variable 

that relate to enumerated quarters of the year 

brackets 
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Abstract 0 A series of quaternary ammonium salts of dantrolene and 
clodanolene was prepared and evaluated for skeletal muscle relaxant 
activity. The quaternary ammonium salts exhibit greater aqueous solu- 
bility and, therefore, facilitate intravenous administration. One member 
of this series, although less effective orally, exhibited greater aqueous 
solubility than the sodium salt. When administered intravenously, it was 
a more potent antagonist of skeletal muscle contraction and yielded 

Several hydantoins have skeletal muscle relaxant ac- 
tivity (1). One member of this series, dantrolene', was 
shown subsequently to cause skeletal muscle relaxation 

comparable therapeutic and muscle relaxant efficacy indexes. 

Keyphrases 0 Dantrolene-quaternary ammonium salts, synthesis, 
skeletal muscle relaxant activity Clodanolene-quaternary ammonium 
salts, synthesis, skeletal muscle relaxant activity Relaxants, skeletal 
muscle-dantrolene and clodanolene, quaternary ammonium salts, 
synthesis, activity 

by a unique mechanism involving direct action on the 
skeletal muscle (2, 3). Dantrolene sodium has been hy- 
pothesized to act by preventing the release of calcium ion 
(Ca2+) from the sarcoplasmic reticulum (4,5). 

Dantrolene sodium recently was shown to have potential Dantriurn, Morton-Norwich Products. 
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Table 1-Synthesized Imidazolidinedione Compounds and Their  
Corresponding Cations 

Water 
('om- Solubility, 
pound X Cation mg/liter 

I 4-NOy Benzyltrimethylammonium >10 
I1 4-NOr Tetramethylammonium - 

111 4-N02 N-Methylpyridinium - 
IV 4-NOz Tetrabutylammonium - 

0 

a 
0 

V 3,4-C1 2-(2,~-Dihydroxy-l-propylamino)- 550 

VI 3,443 Safranine 0 40 
V1I 4-NO2 Quinolizinium 930 

IX 4-NO2 2-Carbamoyl-1-met.hylpyridinium 90 

XI 4-NOz Diethyldimethylammonium 9400 

XI11 3,4-C1 2,3-Dimethyl-l-phenyI-4-trimethyl- 1200 

XIV 4-NOz Choline 8000 
XV 4-NO2 2-(l-Hydroxy-2-methyI)propyltri- 140 

1)antrolene sodium 15 
Clodanolene sodium 20 

quinolizinium 

V I l l  3,443 Quinolizinium 2000 

X 4-NO2 2,3-Dimethyl-l-phenyl-4-trimethyl- 
ammonium-3-pyrazolin-5-one 

n XI1 4-NO2 1,3-Dimethylimidazolium - 

ammonium-3-pyrazolin-5-one 

methylammonium 

The water solubility is greater than 1%. 

utility for the treatment of malignant hyperthermia (6-8). 
The fulminating nature of this condition requires rapid 
institution of therapeutic measures including intravenous 
muscle relaxants. Because dantrolene sodium is relatively 
insoluble in aqueous solutions, other soluble salts have 
been synthesized for evaluation (Table I). This paper re- 
ports the preparation of a series of quaternary ammonium 
salts (9) of dantrolene and clodanolene and their phar- 
macological evaluation for skeletal muscle relaxant ac- 
tivity. 

Salts of dantrolene and clodanolene, other than the so- 
dium salts, were desired for comparative pharmacological 
evaluation. Since the hydantoin moiety of the two parent 
compounds is weakly acidic, a strong base was sought for 
salt formation. The broad class of quaternary ammonium 
hydroxides fills the requirement of a strong base and also 
provides versatility in selection of an organic cation. In 
practice, the acid-base reaction of dantrolene or clodan- 
olene with quaternary ammonium hydroxides proceeded 
rapidly, and the salt products were stable to recrystalli- 
zation from various solvents (Scheme I). The quaternary 
ammonium hydroxides were prepared from the appro- 
priate quaternary ammonium halides by ion-exchange 
chromatography and then were used directly. Success of 

dantrolene: X = p-NO, 
clodanolene: X = 3,4-C1 

Scheme I 

the acid-base reaction was easily discernible upon isolation 
of the product. The carbonyl bands of the hydantoins at 
5.65 and 5.8 pm in the IR spectrum shifted to 5.9 and 6.2 
Pm. 

EXPERIMENTAL 

Chemistry*-Quaternary Halides-The following salts were prepared 
by literature methods: diethyldimethylammonium iodide (lo), 1J- 
dimethylimidazolium iodide ( l l ) ,  N-methylpyridinium iodide (12), 
l,l-dimethyl-2-hydroxyethyltrimethylammonium iodide (13), 2-car- 
bamyl-1-methylpyridinium iodide (14), aminopyridine methiodide (15), 
quinolizinium bromide (16), and 2-(2,3-dihydroxypropylamino)quino- 
lizinium bromide (17). Tetramethylammonium hydroxide, benzyltri- 
methylammonium hydroxide, tetramethylammonium chloride, tetra- 
butylammonium iodide, benzyltrimethylammonium chloride, and Saf- 
ranine 0 were purchased2. Choline chloride was obtained commer- 
cially4. 

The following four methods were used for preparation of quaternary 
salts of dantrolene and clodanolene, with dantrolene salts given as ex- 
amples (Table 11). 

Dantrolene [I - [ 15- (p-Nitrophenyl)furfurylidene)amino]hydantoin] 
Quinoliziniurn Salt Hemihydrate ( V I I )  (Method A)-Resin5 (65 ml) 
was activated by elution with 10% NaOH, and the column was washed 
with water to bring to pH 7-8. Quinolizinium bromide (4.7 g, 0.021 mole) 
(7) was passed through the basic anion-exchange resin with water (75 ml) 
a t  -1 drophec until the eluent (pH 10-1 1) returned to pH 8-9. 

Dantrolene (5.1 g, 0.016 mole) was added slowly to the quaternary 
hydroxide solution at  room temperature to bring to pH 8-9. The resultant 
yellow solid was collected and washed with cold water (3 X 5 ml) and 2- 
propanol(2 X 5 ml) and then was allowed to dry to give 5.1 g (70% yield), 
mp 184-196' dec.; IR (mineral oil): 5.9 and 6.2-6.3 pm. 

Dantrolene Diethyldimethylammonium Salt (XI) (Method B)-A 
resin5 column (115 ml) was prepared as in Method A. Methanol (400 ml) 
was eluted slowly through the column followed by a solution of diethyl- 
dimethylammonium iodide in methanol (50 ml). The column was eluted 
to  neutrality with methanol. The methanolic solution was added to 
dantrolene (15.7 g, 0.050 mole) in methanol (100 ml), and the mixture was 
stirred for 1.0 hr. 

The mixture was filtered, and the filtrate was concentrated under re- 
duced pressure to a red solid. Recrystallization from 2-propanol(150 ml) 
with activated charcoal6 yielded 16.5 g (72% yield) of product, mp 
198-200O. A sample again was recrystallized from 2-propanol to analytical 
purity, mp 201-202O; IR (mineral oil): 5.9 and 6.2-6.3 pm. 

Dantrolene Tetramethylammonium Salt (11) (Method C)-To a 
stirred mixture of dantrolene (21 g, 0.066 mole) in 1.0 liter of methanol 
was added tetramethylammonium hydroxide (50 ml of 20% solution in 
methanol, 0.10 mole). The mixture was stirred for 1.0 hr and then heated 
while methanol (400 ml) was added to complete dissolution. Filtration 
and cooling allowed isolation of 15 g (59% yield) of a red product. Re- 
crystallization from methanol gave analytical material, mp 218-220'; 
N M R  6 3.23 (s, 12H, methyl CHI, 3.80 (s, 2H, hydantoin CH), 6.87 (d, 
lH,  furan CH, J = 3.5 Hz), 7.46 (d, lH ,  furan CH, J = 3.5 Hz), 7.58 (5, lH,  
azomethine CH), 8.00 (d, 2H, phenyl CH, J = 8 Hz), and 8.32 (d, 2H, 
phenyl CH, J = 8 Hz); IR (mineral oil): 5.9 and 6.2 (broad) pm. 

Dantrolene Benzyltrimethylammonium Salt ( J )  (Method D)-To 
a refluxing stirred solution of dantrolene (16 g, 0.050 mole) in methanol 
(1.0 liter) was added rapidly benzyltrimethylammonium hydroxide (25 
ml of 40% solution in methanol, 0.060 mole). The solution was filtered 
and concentrated under reduced pressure to -250 ml. Ether (750 ml) was 
added to the cooled solution, and the resulting red solid was collected and 
rinsed with ether (100 ml) to give 22 g (95% yield) of product, mp 150- 
160' dec.; IR (mineral oil): 5.9 and 6.25 pm. 

Pharmacology-Initially selected quaternary ammonium salts were 
evaluated intravenously in rats by gross observation for skeletal muscle 
relaxant activity (cholinergic and/or toxic signs). Direct effects on skeletal 

2 Melting points were determined on a Mel-Temp apparatus and are uncorrected. 
A Varian Associates A-60A instrument was used for NMR spectra. All spertra were 
run in dimethyl sulloxide-ds with tetrarnethylsilane as the internal standard. A 
Perkin-Elmer model 137B recording spectrophotometer was used for IR spectra. 
S(11uhilities were determined by agitation of a w n p l e  in water at room temperature, 
filtration of the saturated aqueous solution. and UV comparison with a standard 
sample (Table I) .  

Aldrirh Chemiral Co. 
Merck Laboratory Chemicals. 
Amherlite IRA-410. 

6 Darco. 
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Table 11-Analysis of Synthesized Imidazolidinedione Compounds 

Recrystallization Synthetic Yield, Melting Analysis, % 
Compound Solvent" Method % Point Empirical Formula Calc. Found 

E D 95 150-160' dec. Cz4HzsN505 C 62.19 61.79 
5.80 

I 
H 5.44 
N 15.11 14.96 

F C 59 21a2200 CiaHziN50s C 55.81 55.82 
H 5.46 5.45 

I1 
N 18.08 18.14 

F B 83 173-175' CzoH17N50y0.75 HzO C 57.07 56.98 
4.75 

111 
H 4.43 
N 16.64 16.64 

IV G B 58 187-1 89' C3oH45N505 C 64.84 65.04 
8.14 H 8.16 

N 12.60 12.43 
C 55.23 54.92 
H 4.28 4.52 
N 12.39 12.16 

VI H A 38 194- 197' C34H27ClzN203-1.5 H20 C 60.09 60.00 
H 4.45 4.64 
N 14.43 14.23 

VII E A 70 184-196' dec. C23H17N50~0.5 H20 C 61.06 60.86 
H 4.01 3.79 
N 15.48 15.80 

A 62 160-162" dec. Cz3Hi6ClzN40y0.167 C3HaO C 59.12 58.94 
H 3.67 3.65 
N 11.74 11.66 
C 55.60 55.85 
H 4.03 4.02 
N 18.66 18.81 

X K B 74 150-152O CzsHzgN706 C 60.10 59.91 
H 5.22 5.47 
N 17.52 17.47 

XI L B 72 198-2000 CzoHz5N505 C 57.82 57.64 
6.15 H 6.07 

N 16.86 17.02 
F B 53 172-175" c i9H 1aNsO5 C 55.60 55.36 XI1 

H 4.42 4.42 
N 20.48 20.43 

XI11 F B 62 190-215' dec. CzaHzsClzNs04 C 57.64 57.51 
H 4.84 5.01 
N 14.41 14.33 
C 54.67 54.31 
H 5.55 5.54 
N 16.78 16.78 

xv J B 54 179-181' CziHz7N506 C 56.72 56.21 
6.10 H 6.11 

N 15.72 15.64 

V H A 33 132-135' Cz6Hz3Cl~N5054.5 H20 

VIII F* 

IX J B 59 203-204' CziHisN606 

XIV F B 48 196-198' dec. CigHz3Ns06 

The recrystallization solvents were methanol (F), acetone ( G ) ,  ethanol (H),  nitromethane (J), acetonitrile (K), and 2-propanol (L), or no recrystallization solvent 
was used (E). * Sample was rinsed with 2-propanol after recrystallization, and the NMR spectrum indicated the presence of 0.167 mole of 2-propanol. 

Table 111-Acute Lethality of Quaternary Salts Used to Prepare 
Dantrolene and  Clodanolene Salts 

muscle also were evaluated in the gastrocnemius muscle preparation by 
the method to be described later. Only compounds (Table 111) devoid of 
skeletal muscle relaxant activity were used for the preparation of the Gastrocne- 
imidazolidinedione compounds. mius Muscle 

Twitch Gross Obseruation-Groups of unfasted male mice (TACSWfBr), 
20-27 g, were used. The drugs were administered orally as 2% concen- Response, 

maximum % trations suspended in 0.5% methylcellulose 4000 cps. Gross observations 
for pharmacological effects were made for 2 hr, utilizing a rating of drug change at  

25 mg/kg Lethality in ~i~~ effect signs similar to that described by Irwin (18). Muscle relaxation was 
rated on a scale from 0 to 4 with 0 = no effect, 1 = slight, 2 = moderate, 

Benzyltrimethylammonium +10.1 f 1.5 100% a t  1600 mg/kg 3 = marked, and 4 = extreme. 
Pithed Rat Gastrocnemius Muscle Preparation-A literature method 

Tetramethylammonium 100% a t  125 m g k  was used for direct stimulation of the gastrocnemius muscle in rats 
(TAC:SD/NfBr) (19). The test drugs were administered intravenously 300/0 at l6OO mg/kg at  logarithmically spaced doses in tetrahydrofurfuryl alcohol, and ED50 N-Methylpyridinium 

Tetrabuty~ammonium iodide +14.2 6.5 60% at 1600 mg/kg values for inhibition of skeletal muscle contractions were estimated by 
2-(2,3-Dihydroxy-l-propyl- -5.6 f 5.6 10% a t  1600 mg/kg the method of Litchfield and Wilcoxon (20). 

Rotarod Testing in Mice-A method similar to that described by 
Safranine 0 10% a t  1600 mg/kg Dunham and Miya (21) was used to test the effect of drugs on motor 
Quinolizinium bromide 100% at  1600 m g / k  coordination. Male mice (TAC:SWfBr) were trained to walk a revolving 
2-Carbamoyl- l-methylpyri- +7 f 1.4 >1600 mg/kg rod (20 rpm) for over 1 min. The test drugs were administered orally a t  

dinium iodide logarithmically spaced doses in methylcellulose7 to the previously trained 
mice, and performance trials were conducted 30 min following drug ad- 2,s-Dimethyl- 1 -phenyl-4-tri- -1 f 2.1 >1600 mg/kg 
ministration. The inability of an animal to stay on the rotarod for more methylammonium-3- 

pyrazolin-5-one iodide 
Diethyldimethylammonium LDS0 = 712 mg/kg than 30 sec was considered a positive drug effect. The EDSO values (the 

iodide drug dose that caused 50% of the animals to fall off the revolving rod 
1,s-Dimethylimidazolium iodide +3 f 0.1 10% at  1600 mg/kg within the 30 sec) were calculated using the method of Litchfield and 
Choline chloride +7.5 f 0.5 >1600 mg/kg Wilcoxon (20). 
2-(l-Hydr.oxy-2-methyl)propyl- +20 f 2.7 >1600 mg/kg 

Acute Oral 
Quaternary Salt 

chloride 

chloride 

iodide 

+8 f 0.9 

+3 * 3.0 

amino)quinolizinium bromide 
+5 f 1.7 

+18.7 f 6.3 

+7 f 4.5 
(584-853) 

trimethylammonium iodide Methocel, Dow. 
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Table IV-Oral Testing for Skeletal Muscle Relaxant Properties of Quaternary Ammonium Salts of Dantrolene and Clodanolene 

Muscle Relaxant 
Minimum Dose ED50, Efficacy Index, Therapeutic Index, 

(mg/kg) for Straub ED509 LD50, ED50 (Rotarod)/ LD5o/ED5o 
EDSO (Straub Tail) (Straub Tail) Compound Maximum Activitya Tail Rotarod mglkg 

d - - - 
d 

- - 
- - - - 

I SOOlO 
I1 800/0 - 

111 800/4 70 13 >2300 0.2 >33 

IV 
V 80013 > 180 

VI 400/3 70 120 >2300 1.7 >33 

800/3 >180 VII 
>180 

IX 20013 >180 

(35-140) (5-36) 
- - - - - 

e - - - 
800/0 

- 

(46-106) (56-252) 
e - - 
e - - 
e - - 

- - 
- - 
- - 

VIII 200/4 

X 400/2 90 45 >2300 0.5 >26 
(63-128) (25-81) 

(43-89) (20-183) 

(52-108) (27-108) 

e - - - - XI 40013 > 300 
XI1 20012 62 60 >2300 1 .o >37 

XI11 400/3 75 54 >2300 0.7 >31 

e - - XIV 40012 >180 - - - .. 
XV 

Dantrolene 

.. .. ~ 

40012 

40014 

86 34 >2300 
(54-138) (13-88) 

20 25 1110 

0.4 

1.3 

> 27 

54 
sodiumf (12-34) (16-36) 

sodiumf (30-82) (26-54) 

(I See Experimental for key to rating of drug-induced skeletal muscle relaxation. * Dose of test drug (milligrams per kilogram) causing 50% reduction in the morphine- 
Inactive in gross observation; 

Clodanolene 40014 50 39 1335 0.8 21 

induced Straub tail. < Dose of test drug (milligrams per kilogram) causin 50% of the animals to fall from the revolving rod prior to 1 min. 
no t'urther oral testing. Inactive in Strauh tail; no further oral testing. FExpressed as parent compounds on a milligram per kilogram basis. 

Table V-Intravenous Testing for Skeletal Muscle Relaxant Properties of Quaternary Ammonium Salts of Dantrolene and 
Clodanolene 

Gastro- 
cnemius 
Muscle 
Twitch 

Tensiona, 
mean EDSO* 

maximum m g k  
% (95% 

Com- change confidence Gross 
pound f SE limits) KM/kg Effects' 

I 

11 

111 

IV 

V 

VI 

VII 

VIII 

IXR 
X 

XI 

XI1 

XI11 

XIV 

xv 
Dantro- 

lene 
sodium 

Clodano- 
lene 
sodium 

-72 f 3.6 

-70 f 3.7 

-81 f 1.8 

-77 f 1.4 

-75 f 3.2 

-72 f 6.0 

-78 f 3.4 

-76 f 2.5 

- 

-74 f 0.1 

-77 f 1.8 

-71 f 2.2 

-72 f 3.0 

-76 f 3.1 

-74 f 3.9 

-80 f 1.0 

-78 f 3.7 

3.0 5.3 

6.0 21 

3.0 8.5 

4.1 7.4 

( 1.2-4.2) 

(3.8-9.9) 

(3.2-5.1) 

(3.8-6.8) 
5.0 9.0 

6.0 8.2 

4.0 7.7 
(3.7-8.6) 

(2.4-4.9) 

(2.6-9.7) 
7.0 10.7 

__ - 

4.0 5.9 

(0.7-4.0) 

(4.2-7.9) 
6.0 9.8 

8.0 19.6 

4.0 9.2 
(4.5-11.0) 

(2.8-5.8) 
2.6 7.7 

3.7 10.2 

(2.1-3.4) 

(3.2-4.1) 

Cholinergic 

Cholinergic 

Skeletal muscle 
relaxation 

Cholinergic 

Cholinergic 

Skeletal muscle 
relaxation 

-/ 

Cholinergic 

-I 
Skeletal muscle 

relaxation 
Cholinergic 

Skeletal muscle 
relaxation 

Skeletal muscle 
relaxation 

Skeletal muscle 
relaxation 

Skeletal muscle 
relaxation 

Skeletal muscle 
relaxation 

Skeletal muscle 
relaxation 

Thera- 
peutic 
Index, 
LD50/ 
ED50 

(Gastro- 
LDso cnemius ED50 

LDso Muscle (Straub in 
in Rats, Twitch T a W ,  Mice, 
mg/kg Tension) mglkg mg/kg 
- e 

- e 

110 
(71-172) 
- P 

- e 

-I 

-f 

P - 

-f 
115 

(85-155) 
- e 

145 
(105-200) 

88 
(69-1 13) 

45 
(30-68) 

102 
(78-133) 

-I 

-I 

- 

- 

36.7 

- 

- 

- 

- 

__ 

- 

28.8 

- 

48.3 

14.7 

5.6 

25.5 

- 

- 

- 

- 

43 
(33-57) 
- 

- 

__ 

- 

- 

- 

24 
(19-31) 
- 

21 
(13-33) 

16 
(10-26) 

18 
(13-24) 

22 
(17-28) 
- 

- 

- 

__ 

122 
(73-205) 
- 

- 

-. 

- 

- 

-. 

115 
(68-196) 
- 

> 180-<200 

115 
(91-146) 

66 
(48-75) 

111 
(93-133) 

_. 

- 

Thera- 
peutic 
Index, 

EDSO 
(Straub 

Tail) 

LD50/ 

n = 4 for each compound drugs were administered in tetrahydrofurfuryl alcohol a t  a maximum cumulative dose of 36.6 mg/kg. Drug dose causing 50% inhibition 
Drug dose causing 50% inhibition of morphine- 

Not tested further because of undesirable side effects. f Not tested further because of solubility. 8 Insoluble in tetrahydrofurfuryl alcohol 
of gastrocnemius muscle twitch tension. 
induced Straub tail in mice. 
o r  dimethyl sulfoxide. 

Gross effects in rats following a 30-mg/kg dose in tetrahydrofurfuryl alcohol. 



Straub Tail in Mice-The method used was similar to that reported 
by Ellis and Carpenter (22). The drugs were administered either orally 
in 0.5% methylcellulose or intravenously in distilled water 20 min after 
the subcutaneous morphine injection to male mice (TACSWfBr). The 
drugs administered orally were evaluated 30 min after drug dosing, while 
the compounds administered intravenously were evaluated 5 min after 
drug administration. The drugs were judged effective if they caused the 
elevated Straub tail to lie flat on the table. The compounds were ad- 
ministered in logarithmically spaced doses, and ED50 values were ob- 
tained by the Litchfield and Wilcpxon method (20). 

L D a  in Mice-The test compounds were administered orally or in- 
travenously to groups of unfasted male mice (TACSWfBr). The drugs 
administered orally were suspended in saline to prevent the gel formation 
that occurred occasionally in methylcellulose a t  the higher concentrations. 
Drugs administered intravenously were dissolved in distilled water. The 
animals were held in cages for 72 hr, and deaths were recorded. The LD50 
values were calculated using the Litchfield and Wilcoxon method (20). 

Zntraoenous Injections in Rats-Adult male rats (TAC:SD/NfBr) were 
used to determine the intravenous muscle relaxant potential of each drug 
in unanesthetized animals. The drugs were injected intravenously a t  a 
dose of 30 mg/kg (0.25 ml) in 100% tetrahydrofurfuryl alcohol into the 
tail vein. This dose was more than three times the effective muscle re- 
laxant dose and was selected to uncover undesirable cholinergic and/or 
toxic effects of the drug. The drugs were evaluated by gross observation 
for skeletal muscle relaxation, gross changes, and acute toxicity. 

Intrauenous LDM in Rats-Groups of five male rats (TAC:SD/NfBr) 
were administered the drug intravenously in distilled water for acute 
toxicity. The animals were held in their cages for 72 hr, and all deaths were 
recorded. The L D a  values were calculated using the method of Litchfield 
and Wilcoxon (20). 

RESULTS AND DISCUSSION 

T o  increase the aqueous solubility of dantrolene and clodanolene, 
quaternary ammonium salts of these compounds were synthesized. Ini- 
tially, representative quaternary ammonium halide salts were evaluated 
for skeletal muscle relaxant activity (cholinergic and toxic signs such as 
loss of the righting reflex and death), and only compounds devoid of these 
pharmacological activities were used to form salts (Table 111). 

Fifteen compounds were synthesized and evaluated, including four 
salts of clodanolene and 11 salts of dantrolene (Table I). The aqueous 
solubilities for these compounds as well as those for dantrolene sodium 
and clodanolene sodium are listed in Table I. The compounds were 
evaluated initially by gross observation in mice, and 12 of the 15 com- 
pounds were effective oral muscle relaxants (Table IV). Dantrolene so- 
dium has been shown to relax the tail in the Straub tail mouse (22). The 
12 active compounds then were tested orally in the Straub tail mouse, 
and six compounds were effective (Table IV). These six compounds then 
were evaluated for motor incoordination (rotating rod), and the activities 
of these compounds were compared to the parent structures (Table IV). 
From these data, VI and XI1 yielded muscle relaxant efficacy indexes 
equal to those of dantrolene and slightly superior to those of clodano- 
lene. 

The objective in the synthesis and pharmacological evaluation of these 
compounds was to increase aqueous solubility. This objective was 
achieved since the solubilities for the respective compounds represent 
increases in solubilities of 10-50 times over those of the parent sodium 
salts. This increased solubility facilitates the dosage flexibility, specifi- 
cally for intravenous administration of a skeletal muscle contraction 
antagonist required for conditions such as malignant hyperthermia 

The compounds were tested intravenously for inhibition of the gas- 
(6-8). 

trocnemius muscle twitch response and for gross effects including cho- 
linergic symptoms and skeletal muscle relaxation. Fourteen of the 15 
compounds tested were equally effective in inhibiting the gastrocnemius 
muscle twitch tension (IX was insoluble in the standard solvents, te- 
trahydrofurfuryl alcohol and dimethyl sulfoxide) (Table V). Six com- 
pounds caused cholinergic effects and were not tested further. 

The six compounds without cholinergic properties that  exhibited 
sufficient aqueous solubility were evaluated further. The LDso intrave- 
nous values in rats were calculated, and therapeutic indexes were cal- 
culated using the EDm for gastrocnemius muscle twitch tension inhibition 
(Table V). All six compounds were effective intravenously in abolishing 
the Straub tail phenomenon (Table V). The LD50 intravenous values in 
mice were estimated for these active compounds, and the resulting 
therapeutic indexes were calculated (Table V). 
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Abstract  0 The tertiary nitrogen derivative of carbachol, N-demeth- 
ylated carbachol, was synthesized to produce a drug that could be used 
as an alternative to pilocarpine in the treatment of open-angle glaucoma. 
LJnlike pilocarpine, N-demethylated carbachol appeared to be stable in 
alkaline solutions. Since pilocarpine has to be dissolved in an acidic 
medium (pH 5.5) to prevent its destruction, <lo% of its molecules are 
in an unionized form. On the other hand, N-demethylated carbachol is 
very stable a t  pH values higher than 7.4 and thus has more molecules 
(>lo%) in an unionized, penetrable form than does pilocarpine in high 
pH media. N-Demethylated carbachol acted as a full agonist on isolated 
dog iris and ciliary muscle preparations, whereas pilocarpine produced 
only  49 and 38% of the maximum tissue responses, respectively. These 
findings suggest that N-demethylated carbachol may be able to affect 
the outflow facility to a greater extent than is achievable with pilocarpine 
at high doses. 

Keyphrases 0 Carbachol, N-demethylated derivative-effect on iris 
and ciliary muscles, treatment of open-angle glaucoma 0 N-Demeth- 
ylated carbachol-effect on iris and ciliary muscles, treatment of open- 
angle glaucoma o Antiglaucoma agents-N-demethylated carbachol, 
effect on iris and ciliary muscles, treatment of open-angle glaucoma 0 
Ophthalmic preparations-N-demethylated carbachol, effect on iris and 
ciliary muscles, treatment of open-angle glaucoma 

Pilocarpine is one of the oldest antiglaucoma agents used 
in ophthalmology (1). It exerts its action primarily through 
the increase of aqueous humor outflow (2). However, it 
induces some side effects such as miosis, exocrine gland 
secretions, and local irritations, which prevent it from 
being used continuously in some patients (3). 

N-Demethylated carhachol recently was reported to 
possess a potency similar to that of pilocarpine in its ability 
to lower the intraocular pressure of glaucomatous dogs but 
t.o cause only minor miotic effects and to be devoid of other 
untoward actions produced by pilocarpine (4). Therefore, 
t.he effects of these two antiglaucoma drugs in the isolated 
ocular tissues, iris, and ciliary muscles were compared. The 
pKa value of N-demethylated carbachol was determined, 
and the ionization curves were constructed for comparison 
with its penetrability. 

EXPERIMENTAL 

Chemistry-N-Demethylated carbachol hydrochloride was synthe- 
sized in this laboratory by a modification (4) of the method of Hazard et 
a / .  (5). Dimethylaminoethanol was refluxed with an excess of ethyl car- 
hamate in toluene for 2 hr to remove water by using a trap receiver. 
Aluminum methoxide was added to catalyze the reaction, and the reac- 
tion mixture was refluxed for an additional 12 hr. The reaction by- 
product, ethanol, was removed by distillation along with toluene at  a rate 
of 2-.i ml/min for 10 hr. Fresh toluene'was added periodically to replenish 
the lost volume. Aluminum methoxide then was filtered off while the 
reaction mixture was still hot. 

The product, N-demethylated carbachol base, was distilled with 
fractional distillation under vacuum to avoid overheating. (The distil- 
lation temperature should not exceed 130° to avoid polymerization and 
reduction in the yield.) The base product then was converted into t,he 
hydrochloride salt with dry hvdrogr:n chloride gas in ether. The final 
product was recrystallized with absolute ethanol. N-Demethylated car- 

bachol was tritiated commercially' with a specific activity of 31 mCi/ 
mmole. The 3H-N-demethylated carbachol was stored as a dried powder 
and was dissolved in an aqueous medium immediately before use to avoid 
tritium exchange. Pilocarpine nitrate and carbachol chloride were pur- 
chased from commercial sources. 

The stability of aqueous solutions of N-demethylated carbachol was 
studied with NMR spectroscopy. Free N-demethylated carbachol base 
and its salt were dissolved in heavy water for NMR analysis. 

The acid dissociation constants, pKa, of N-demethylated carbachol 
and pilocarpine were determined with a potentiometric titration method. 
The standardized carbonate-free potassium hydroxide solution (0.1 M )  
was obtained commercially2 for titration. The drug quantities employed 
were selected to achieve concentrations of 1 X M at the point of 
half-neutralization. Values of pKa and their scatter were calculated as 
described in the literature (6). 

Penetrabilit~-~H-N-Demethylated carbachol solution (25 fil of 0.128 
M and 31 mCi/mmole a t  pH 7.4) was instilled into the eyes of conscious 
rabbits, and the eyelids were held closed for 1 min. Rabbits were killed 
a t  10, 20, 60, and 180 min after instillation. The eyes were rinsed with 
saline to remove surface radioactivity, and the tissues were obtained in 
the order of aqueous humor, cornea, iris, and ciliary body. All tissues were 
weighed, digested with a solubilizer3, and counted in a scintillation me- 
dium4 with a scintillation counter5. The tissue uptake of 3H-N-de- 
methylated carbachol was expressed in picomoles per milligram of tissue. 
The amount of N-demethylated carbachol taken up by ocular tissues a t  
the approximate peak time was tabulated. 

Isolated Iris and Ciliary Muscle Preparation-Mongrel dogs, 13-17 
kg, were sacrificed with an intravenous injection of pentobarbital sdium. 
The eyes were removed and placed on a moist gauze, and the iris was 
dissected according to a literature method (7). After removal of the iris, 
an incision was made in the sclera to expose the interior of the glove. The 
lens and adhering vitreous humor were removed, and a shallow incision 
was made in the uvea anterior to the ora serrata. A strip of ciliary muscle, 
4-5 mm wide and approximately 25 mm long, was carefully lifted free of 
the sclera. Sections of iris and ciliary muscles were suspended in 6-ml 
organ baths containing a Ringer solution (119.8 mM NaCI, 4.02 mM KCI, 
1.98 mM CaCI2,1.27 mM MgS04,26.2 mM NaHC03,l.O mM KH~POI,  
and 11.1 mM glucose a t  pH 7.4) oxygenated with 954 02-54 CO2 a t  
32'. 

A microdisplacement force transducer'j was used to detect the muscle 
contraction, and the contraction was recorded on a polygraph7. The initial 
tension placed on the iris was 100 mg and that on the ciliary muscle was 
300 mg. Effects of N-demethylated carbachol were compared with those 
of pilocarpine and carbachol. The maximum Contraction induced by 
carbachol was designated as the 100% response, and other responses in- 
duced were calculated as a percent of that maximum response. 

RESULTS 

The NMR spectrum of N-demethylated carbachol dissolved in heavy 
water produced the expected chemical shifts and splitting patt-;.,. The 
spectrum consisted of a singlet at  6 4.72 (NHz), two triplets at  o 4 i- And 
2.65 (CHZCH~),  and another singlet a t  6 2.27 [N(CH&] relative to Tiers' 
salt, (CH&$i(CH&$303Na. The NMR spectra of the salt and free base 
of N-demethylated carbachol obtained a t  regular intervals after the 
compounds were dissolved in heavy water remained unchanged at  room 
temperature for a t  least 3 months. 

' ICN Pharmaceuticals. * Baker Chemical Co. 
NCS soluhilizer, Amersham/Searle Corp. 
Biofluor scintillation medium, New England Nuclear Co. 
Model LS100, Beckman Instruments. 

f; Myograph A, Narco BioSystems. 
I Physiograph, Narco BioSystems. 
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Figure 1-Percent ionization of N-demethylated carbachol and pilo- 
carpine as a function of pH. The pKa values were calculated from ex- 
perimentally determined values a t  25' (n = 9). 
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The pKa values of N-demethylated carbachol and pilocarpine and the 
ionization curves constructed from these values are shown in Fig. 1. An 
additional pKa value for pilocarpine should be at 12.57 (8), but it was not 
observed in this laboratory. Titrations of N-demethylated carbachol 
revealed that this compound has a single pKa value of 8.27. 

The penetrability of N-demethylated carbachol into the eyes is pre- 
sented in Table I. The peak time for N-demethylated carbachol to reach 
intraoculat tissues was -20 min, and the penetrability was about the same 
as that of pilocarpine (9). 

N-Demethylated carbachol contracted the isolated dog iris a t  doses 
of 1 X 10-5-1 X lo-* M (Fig. 2). The dose-response curve paralleled that 
of carbachol. Pilocarpine was more potent a t  lower doses (1 X 10-6-1 X 

M) than N-demethylated carbachol, but the maximum effect at- 
tainable with this drug was only 49% of that produced by carbachol or 
N-demethylated carbachol. Pilocarpine doses greater than 3 X lo-* M 
decreased muscle tension. 

The overall shape of the dose-response curves of N-demethylated 
carbachol, carbachol, and pilocarpine obtained with ciliary muscle was 
similar to that obtained with the iris preparation, except that the ciliary 
muscle appeared to be less sensitive to these agents (Fig. 3). The maxi- 
mum response produced by pilocarpine was only 38% of that produced 
by N-demethylated carbachol or carbachol. 

- 

- 

- 

DISCUSSION 

The usefulness of a drug as eye drops in the treatment of glaucoma 
depends primarily on its penetrability across the cornea. Although pi- 
locarpine is a much less potent muscarinic agent than carbachol, it is more 
widely used than carbachol as an antiglaucoma agent because it can 
penetrate the cornea better than carbachol. 

A t  the physiological pH of 7.4,78% of pilocarpine is in the unionized, 
penetrable form (Fig. 1). However, pilocarpine is not stable a t  this pH 
because it undergoes base-catalyzed epimerization or is cleaved at  the 
lactone ring (10,ll). For this reason, the pH of most ophthalmic prepa- 
rations of pilocarpine is adjusted to 4.5-5.5 (12). At  these pH values, >95% 
of the drug is ionized. 

The ester linkage in N-demethylated carbachol is the same as that in 
carbachol, which is known to be quite stable in aqueous solution. This 
structure was confirmed in this laboratory with NMR studies. Thus, an 
ophthalmic solution of N-demethylated carbachol at pH 7.4 can be made. 

Table I-Penetration of N-Demethylated Carbachol into Ocular 
Tissues 

Peak Quantity Tissue Total Amount 
Time, a t  Peak, Weight, in Tissue, Percent 

Tissue min pmoles/mg mg nmoles Absorbeda 

Cornea 10 1 2 9 b  64 8.26 0.26 
Iris 20 20 35 0.70 0.02 
Ciliary muscle 20 15 27 0.41 0.01 
Aqueous humor 20 21 287 6.03 0.20 

0 The calculation waa baaed on the total amount of N-demethylated carbachol 
instilled (3.19 pmoles). * n ='6. n = 19. 

A L 1 1 I I 
lo-' l o d  lo-' lo-' 10-l  

DOSE, M 
Figure 2-Dose-response curves of carbachol (m), N-demethylated 
carbachol (O), and pilocarpine (A) in isolated canine iris preparations. 
Each point is the mean of four values, and the bars indicate standard 
errors. 

T 
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Figure 3-Dose-response curves of carbachol (m), N-demethylated 
carbachol (O) ,  and pilocarpine (A) in isolated canine ciliary muscle 
preparations. Each point is the mean of four values, and the bars indi- 
cate standard errors. 

At  pH 7.4, <WO of N-demethylated carbachol is ionized. Thus, in clinical 
situations (N-demethylated carbachol a t  pH 7.4, pilocarpine at  pH 5.5 
or less), N-demethylated carbachol could be more effective than pilo- 
carpine because it has greater penetration. Moreover, a drug solution with 
a pH range of 6.6-8.7 may be instilled into the eye without producing 
unpleasant sensations (13). Therefore, it should be possible to increase 
the effectiveness of N-demethylated carbachol even further by admin- 
istering it in solutions having pH values greater than 7.4 but less than 8.7. 
A t  pH 8.7, 70% of N-demethylated carbachol is unionized and pene- 
trable. 

In actual experimentation with 3H-N-demethylated carbachol, the 
drug was absorbed to reach a concentration in the aqueous humor of 2.1 
X 

Experiments with isolated iris and ciliary muscles demonstrated that 
N-demethylated carbachol has a greater intrinsic activity or efficacy than 
pilocarpine. However, pilocarpine possesses higher sensitivity to these 
muscles a t  lower doses (1 X 10-6-1 x 10-4 M in the iris preparation and 
1 X 10-5-2 X M in ciliary muscle). The combination of these two 
factors could explain the fact that, in in vivo studies, N-demethylated 
carbachol is as potent as pilocarpine in lowering the intraocular pressure 
but causes less miosis in the glaucomatous beagle eye. 

M 20 min after topical administration at  pH 7.4. 
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Abstract 0 Physical properties of two metered-dose bronchodilator 
aerosols packaged as solutions and two aerosols packaged as finely ground 
powders were measured a t  low and high relative humidity. The aerody- 
namic size distribution and particle concentration were measured in real 
time using the single-particle aerodynamic relaxation time analyzer, 
which can measure the aerodynamic diameter of single suspended par- 
ticles in the respirable size range. The count median aerodynamic di- 
ameter, the mass median aerodynamic diameter, the total particles per 
dose, and the total aerodynamic mass per dose were calculated. Signifi- 
cant increases were noted in the count median aerodynamic diameter for 
three aerosols and in the mass median aerodynamic diameter for two 
aerosols. The number of particles in the measured size range increased 
3.6- and 4.1-fold for the droplet aerosols and 1.4-fold for the powder 
preparations. The aerodynamic mass per dose in the measured size range 
increased 5.7- and 11.4-fold for the droplet aerosols and 3.1- and 1.6-fold 
for the powder aerosols. These data indicate that all aerosols tested in- 
creased in size a t  high humidity and that aerosols dispensed as droplets 
may be more unstable than those dispensed as powders. 

Keyphrases Bronchodilators-metered-dose solution and powder 
aerosols, effect of low and high humidity Aerosols-bronchodilators, 
metered-dose solution and powder preparations, effect of low and high 
humidity Asthma products-metered-dose solution and powder 
aerosols, effect of low and high humidity Metered-dose aerosols- 
bronchodilators, solution and powder preparations, effect of low and high 
humidity 

Metered-dose bronchodilator aerosols are used widely 
to treat obstructive lung disease. The efficacy of these 
medications is determined by their qhantity and site of 
pulmonary deposition. Factors that affect pulmonary re- 
tention and distribution are the inhalation technique, 
airway patency, and particle size. 

BACKGROUND 

The particle-size distributions of aerosols produced by some of these 
devices have been reported (1-3), but the effect of hygroscopicity on 
particle size was not included. Any particle may grow by water conden- 
sation or shrink by water evaporation, depending on the humidity and 
physical characteristics of the particle. Such changes may affect the mass 
and site of aerosol deposition in the respiratory tract. Although particle 

growth during exposure to high humidity such as that occurring in the 
respiratory tract has been predicted for therapeutic aerosols (4) and the 
effect of humidity on the size of propylene glycol aerosols has been de- 
scribed (5), there is no information documenting or quantitating the effect 
of high humidity on bronchodilator aerosols. 

Measurement of aerosol particle size is most relevant for prediction 
of deposition when the size is expressed as the aerodynamic diameter, 
defined as the diameter of a unit density spherical particle having the 
same terminal settling velocity as the particle in question. Methods 
currently used to measure the aerodynamic size distribution of aerosols 
require particle impaction and subsequent analysis of thp quantity de- 
posited (4, 6). The instability of water-containing particles has been 
described (7), and size changes may occur in <1 sec (8). This instability 
precludes extrapolation of the particle-size measurement following 
precipitation of unstable particles to the particle size in the suspended 
state. Measurement in the suspended state is necessary to assess accu- 
rately the effect of humidity on the size of unstable particles. 

The purpose of this study was to determine the effect of high humidity, 
similar to that encountered in the respiratory tract, on the particle-size 
distribution of four commonly used metered-dose aerosol devices. Hu- 
midity in the trachea and more distal airways generally is regarded to be 
in the 99.0-99.8% range (9). The mass median aerodynamic diameter and 
count median aerodynamic diameter (the sizes below which are 50% of 
the particles by mass and number, respectively), the geometric standard 
deviation (84.1% size divided by 50% size), the mass per dose, and the 
number of particles per dose were measured. A new device, the single- 
particle aerodynamic relaxation time analyzer (hereafter called the an- 
alyzer) that measures the aerodynamic diameter of single particles in real 
time, was used for these studies. 

EXPERIMENTAL 
The following medications were studied: isoproterenol hydrochloride’ 

and isoetharine mesylate2, both packaged as solutions, and metapro- 
terenol sulfate3 and isoproterenol sulfate4, both packaged as finely ground 
powders. In each case, the commercially available preparation was used. 
Each medication was injected into an environmental chamber for sub- 
sequent sampling by the analyzer. 

The analyzer (Fig. 1) and the theoretical basis for its operation were 
described previously (3,10,11). The sensing volume, in which the signal 

Isuprel Mistometer, Winthrop Laboratories, New York, N.Y. 
Bronkometer, Breon Laboratories, New York, N.Y. 

3 Meta rel, Dorsey Laboratories, Lincoln, Neb. 
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Abstract 0 Physical properties of two metered-dose bronchodilator 
aerosols packaged as solutions and two aerosols packaged as finely ground 
powders were measured a t  low and high relative humidity. The aerody- 
namic size distribution and particle concentration were measured in real 
time using the single-particle aerodynamic relaxation time analyzer, 
which can measure the aerodynamic diameter of single suspended par- 
ticles in the respirable size range. The count median aerodynamic di- 
ameter, the mass median aerodynamic diameter, the total particles per 
dose, and the total aerodynamic mass per dose were calculated. Signifi- 
cant increases were noted in the count median aerodynamic diameter for 
three aerosols and in the mass median aerodynamic diameter for two 
aerosols. The number of particles in the measured size range increased 
3.6- and 4.1-fold for the droplet aerosols and 1.4-fold for the powder 
preparations. The aerodynamic mass per dose in the measured size range 
increased 5.7- and 11.4-fold for the droplet aerosols and 3.1- and 1.6-fold 
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Metered-dose bronchodilator aerosols are used widely 
to treat obstructive lung disease. The efficacy of these 
medications is determined by their qhantity and site of 
pulmonary deposition. Factors that affect pulmonary re- 
tention and distribution are the inhalation technique, 
airway patency, and particle size. 

BACKGROUND 

The particle-size distributions of aerosols produced by some of these 
devices have been reported (1-3), but the effect of hygroscopicity on 
particle size was not included. Any particle may grow by water conden- 
sation or shrink by water evaporation, depending on the humidity and 
physical characteristics of the particle. Such changes may affect the mass 
and site of aerosol deposition in the respiratory tract. Although particle 

growth during exposure to high humidity such as that occurring in the 
respiratory tract has been predicted for therapeutic aerosols (4) and the 
effect of humidity on the size of propylene glycol aerosols has been de- 
scribed (5), there is no information documenting or quantitating the effect 
of high humidity on bronchodilator aerosols. 

Measurement of aerosol particle size is most relevant for prediction 
of deposition when the size is expressed as the aerodynamic diameter, 
defined as the diameter of a unit density spherical particle having the 
same terminal settling velocity as the particle in question. Methods 
currently used to measure the aerodynamic size distribution of aerosols 
require particle impaction and subsequent analysis of thp quantity de- 
posited (4, 6). The instability of water-containing particles has been 
described (7), and size changes may occur in <1 sec (8). This instability 
precludes extrapolation of the particle-size measurement following 
precipitation of unstable particles to the particle size in the suspended 
state. Measurement in the suspended state is necessary to assess accu- 
rately the effect of humidity on the size of unstable particles. 

The purpose of this study was to determine the effect of high humidity, 
similar to that encountered in the respiratory tract, on the particle-size 
distribution of four commonly used metered-dose aerosol devices. Hu- 
midity in the trachea and more distal airways generally is regarded to be 
in the 99.0-99.8% range (9). The mass median aerodynamic diameter and 
count median aerodynamic diameter (the sizes below which are 50% of 
the particles by mass and number, respectively), the geometric standard 
deviation (84.1% size divided by 50% size), the mass per dose, and the 
number of particles per dose were measured. A new device, the single- 
particle aerodynamic relaxation time analyzer (hereafter called the an- 
alyzer) that measures the aerodynamic diameter of single particles in real 
time, was used for these studies. 

EXPERIMENTAL 
The following medications were studied: isoproterenol hydrochloride’ 

and isoetharine mesylate2, both packaged as solutions, and metapro- 
terenol sulfate3 and isoproterenol sulfate4, both packaged as finely ground 
powders. In each case, the commercially available preparation was used. 
Each medication was injected into an environmental chamber for sub- 
sequent sampling by the analyzer. 

The analyzer (Fig. 1) and the theoretical basis for its operation were 
described previously (3,10,11). The sensing volume, in which the signal 

Isuprel Mistometer, Winthrop Laboratories, New York, N.Y. 
Bronkometer, Breon Laboratories, New York, N.Y. 

3 Meta rel, Dorsey Laboratories, Lincoln, Neb. 
4 MediRaler-Iso, Riker Laboratories, Northridge, Calif. 
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Figure 1-Schematic outline of the SPART analyzer. The analyzer and 
ancillary signal processing equipment are shown. 

for particle-size measurement is generated, is formed by the intersection 
of two laser beams of slightly different frequencies (Fig. 2). Each particle 
entering the sensing volume is subjected to acoustic oscillation at 24.25 
kHz. Particle oscillation lags behind acoustic field oscillation; this delay, 
the phase lag, is directly related to the aerodynamic diameter. 

Particle oscillation is measured by a laser Doppler velocimeter using 
the Doppler principle (7). The Doppler frequency shift in the light 
scattered by a particle oscillating in this sensing volume is detected by 
a photomultiplier, which generates a frequency-modulated (FM) signal. 
The FM signal, which transmits particle velocity information, is demo- 
dulated and compared using data processing circuitry to the acoustic 
signal generated by a microphone to determine the phase lag. A micro- 
processor determines the aerodynamic diameter from the phase lag and 
stores the data for analysis (Fig. 1). The stored data are processed by a 
minicomputer to determine the count median aerodynamic diameter, 
mass median aerodynamic diameter, and geometric standard deviation 
(ag )  and to plot the following distributions: ( a )  derivative of the number 
with respect to the aerodynamic diameter, ( b )  derivative of the aerody- 
namic mass with respect to the aerodynamic diameter, ( c )  the cumulative 
number, and ( d )  the cumulative aerodynamic mass. The aerodynamic 
mass is calculated from the aerodynamic diameter by: 

(Eq. 1) 

The density is assumed to be unity. The actual density of these multi- 
component particles is difficult to determine. The actual mass differs 
from the aerodynamic mass as the difference between the actual and 
assumed density increases. There also is some error introduced for par- 
ticles with an aerodynamic diameter of <1 pm since those particles be- 

aerodynamic mass = 2/3 x aerodynamic diameter3 X density 

SMALL 0, 

LARGE 0, 

Figure 2-The solid lines represent the wave form of the oscillatory 
motion of air caused by acoustic excitation. The broken lines represent 
particle motion, which lags behind air motion. The relatiue phase lag 
depends on the aerodynamic diameter of the particulate, D. = aero- 
dynamic diameter. (Reprinted from Ref. 3 with permission of the pub- 
lisher.) 

Table I-Physical Properties of Aerosol Produced by Four 
Metered-Dose Bronchodilator Devices Measured at Low and 
High Humidity 

Param- CMADO, MMADb, 
Drug eter pm pm og 

Isoetharine RHd 
mesylate X e  

SDf 
P g  

Isoproterenol RH 
hydrochlo- x 
ride SD 

P 
Metaproterenol RH 

sulfate X 
SD 
P 

Isoproterenol RH 
sulfate X 

SD 
D 

21 95 
0.74 0.93 
0.02 0.08 

<0.001 
20 96 
0.70 0.92 
0.03 0.12 

<0.001 
16 98 
0.68 0.80 
0.01 0.04 

<0.001 
17 96 
0.70 0.71 
0.02 0.08 

NS 

21 95 
3.59 3.79 
0.73 0.63 

NS 
20 96 
3.21 4.03 
0.50 0.38 

<0.01 
16 98 
4.05 5.22 
0.32 0.54 

<0.001 
17 96 
2.88 3.26 
0.24 0.43 

NS 

21 95 
2.0 1.9 
0.07 0.06 
- 

20 96 
2.1 1.9 
0.1 0.1 

16 98 
2.0 2.0 
0.1 0.2 
- 

17 96 
2.0 2.0 
0.1 0.1 
- 

0 Average count median aerodynamic diameter (n = 7). Average mass median 
aerodynamic diameter (n = 7). Average geometric standard deviation (n = 7). 
d Average relative humidity for each roup of studies. e Average of seven studies 
for measured characteristics. StanJard deviation. 8 Statistical significance of 
difference between measured characteristic at high and low humidity on basis of 
t test. * Not significant. 

have somewhat differently than larger particles. For these studies, the 
error should be small since most of the mass is in particles with an aero- 
dynamic diameter of <1 pm. The geometric standard deviation (Table 
I) was calculated by a computer from the cumulative aerodynamic mass 
distributions and was only slightly different from the geometric standard 
deviation calculated from cumulative number distributions. 

The aerosol is drawn from the environmental chamber to the analyzer 
at a rate of 55 cm3/min. Only a portion of this sample passes through the 
sensing volume. The sensing volume is 1.3 X cm3, and the quantity 
of aerosol passing through it is 1.3 X lo-* cm3/sec. The analyzer coinci- 
dence loss is <2% at  a counting rate of 40 particledsec or less. In the 
present study, the count rate was maintained below this level by main- 
taining aerosol concentrations in the environmental chamber at <3000 
particles/cm3. 

The environmental chamber was a 200-liter insulated plastic box. The 
temperature was maintained at  37 f 0.5O by applying thermostatically 
controlled heat strips to the chamber walls and was monitored using a 
digital thermometer. The chamber was humidified for high humidity 
studies by bubbling chamber air through a heated water bath and was 
monitored with a hygrometes. Ambient humidity studies were at 1621% 
relative humidity (RH), and high humidity studies were at 95-98% RH. 
The analyzer was operated at 37O, and the relative humidity of the efflux 
from the analyzer was monitored6 to ensure that no significant loss of 
humidity occurred during transport of the aerosol to the sensing 
volume. 

Prior to each study, the environmental chamber was checked to ensure 
that i t  was freeof residual aerosol. The aerosol and thermal mixing was 
provided using a fan inside the chamber. The decay rate for this chamber 
has been measured as a function of the aerodynamic diameter and is 
sufficiently low for the particle sizes involved in this study so as to be 
insignificant for the sampling time used. During testing, the environ- 
mental chamber was placed above the analyzer. The aerosol was sampled 
vertically with laminar flow in the sampling tubes to minimize particle 
loss from impaction in the sampling tubing. 

For each of the four metered-dose devices, seven trials were performed. 
When appropriate environmental conditions were attained, the drug was 
injected into the chamber. The count rate was assessed, and the injection 
was repeated until the chamber concentration reached 3000 particles/cm3. 
Injection was completed in <1 min. Following loading of the chamber 
with the aerosol, 30 sec was allowed for mixing; the analyzer sampling 
then was begun and continued for 5 min. 

RESULTS 

Seven trials were performed for each study, with 5000-9000 individual 
particles sized in each trial. The data reported are the average of these 

Model HTAB-176, Abbeon Corp., Santa Barbara, Calif. 
Model HM-111, Weathermeasure Corp., Sacramento, Calif. 
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Table 11-Number of Particles and Total  Mass Aerosolized in 
0.10-10.0-pm Range per  Dose by Metered-Dose Devices 

22500- 

i: 
pga :? 

Active 
Ingredient 

Param- Particles per per Dose, 52 15,000. 
Drug eter Dose (X106) Dose, pg 

Isoetharine 
mesylate 

Isoproterenol 
hydrochloride 

Met,aproterenol 
sulfate 

Isoproterenol 
sulfate 

RH 
X C  

SD 
P e  
RH 

SD 
P 
RH 

SD 
P 
RH 

SD 

X 

X 

X 

D 

21 95 
123 441 
38 711 
<0.001 

20 96 
49 202 

2.5 68 
<0.001 

16 98 
288 364 
24 52 

<0.01 
17 96 

140 200 
6 39 

<0.01 

21 95 -~ 
334 1907 
164 566 

<0.001 
20 96 
89 1016 .~ ~~ 

18 297 
<0.001 

16 98 
660 2215 

54 839 
<O.OOl 

17 96 
225 509 
23 135 

<0.001 

410 

125 

650 

75 

Active ingredient dispensed per dose according to the manufacturer’s package 
insert. Average relative humidity (n = 7). Average of seven studies. Standard 
deviation from seven studies. p Statistical significance of difference between 
measured characteristic at high and low humidity on basis of unpaired t test. 

trials. The average results for the count median aerodynamic diameter, 
mass median aerodynamic diameter, and geometric standard deviation 
for each preparation a t  low and high humidity are shown in Table I. Also 
shown is the statistical significance of the comparison between the values 
a t  low and high humidity. The information indicates that  there was a 
significant increase at high humidity in the count median aerodynamic 
diameter for isoetharine mesylate, isoproterenol hydrochloride, and 
metaproterenol sulfate but not for isoproterenol sulfate. Significant in- 
creases in the mass median aerodynamic diameter were noted for iso- 
proterenol hydrochloride and metaproterenol sulfate. The geometric 
standard deviation for all of the aerosols was similar, did not change much 
with high humidity, and indicated a heterodisperse aerosol. 

Table I1 describes the total number of particles and the total mass per 
dose of the aerosol measured in the 0.3M.O-pm range. At high humidity, 
the total particles and total mass per dose of all aerosols increased sig- 
nificantly. The increase in total particles was 3.6- and 4.1-fold for iso- 
etharine mesylate and isoproterenol hydrochloride, respectively, an in- 
crease considerably greater than the 1.4-fold change noted for both 
powdered preparations. The increases in total mass of 5.7- and 11.4-fold 
for isoetharine mesylate and isoproterenol hydrochloride were greater 
than the 3.4- and 1.6-fold increases in mass noted with the metaproterenol 
sulfate and isoproterenol sulfate powders. 

Representative aerodynamic s,ize distribution curves are shown in Figs. 
3 and 4. In Fig. 3, the number distribution of the droplet isoproterenol 
hydrochloride aerosol measured a t  low hymidity is compared to the 
number distribution measured at high humidity. The area under each 
curve represents the total number of particles measured at each humidity. 

15,0001 

:F ! 5  I Lo. Wl(DITI  . a 
LL 

0 
0.10 0.20 0.50 1.0 2.0 5.0 10.0 

AERODYNAMIC DIAMETER, pm 

Figure 3-Aerodynamic site distribution of isoetharine mesylate, a 
droplet aerosol. 

AERODYNAMIC D1AMET-w 

Figure 4-Aerodynamic size distribution of isoproterenol sulfate, a 
powdered aerosol. 

The aerodynamic size distribution curves for the powdered isoproterenol 
sulfate aerosol are shown in Fig. 4, which is arranged similarly to Fig. 3. 
These figures illustrate the considerably smaller difference in the area 
under the curve between studies done a t  low and high relative humidity 
for the powdered aerosol compared to the droplet aerosol, a difference 
also shown in the particles per dose column of Table 11. 

DISCUSSION 

The physical properties of all aerosols tested were different a t  low 
humidity compared to high humidity. In general, physical properties 
reflecting particle size increased a t  high humidity, and these increases 
were greater for droplet aerosols than for powder aerosols. 

The number of particles per dose increased significantly for all four 
aerosols tested. The increase in particles per dose was especially marked 
for droplet aerosols. The number of particles per dose increased from 1.23 
X 108 to 4.47 X 108 for isoetharine mesylate and from 4.0 X lo7 to 2.02 X 
lo8 for isoproterenol hydrochloride. One possible explanation for the 
increase in the particle number per dose is that many small particles exist 
a t  low humidity below the resolution limit (0.3 pm) of the analyzer and 
that these particles grow into the measurable size range at high hu- 
midity. 

The mass per dose also increased significantly at high humidity for all 
four aerosols. The increase was greatest for droplet aerosols, changing 
from 334 to 1016 pg for isoproterenol hydrochloride at low and high hu- 
midity, respectively. The count median aerodynamic diameter increased 
significantly for three aerosols, while the mass median aerodynamic di- 
ameter increased for two aerosols. 

The increase in the total mass and the number of particles per dose 
observed in these studies was considerable, especially for droplet aerosols, 
and may seem inconsistent with the modest increases in the count median 
aerodynamic diameter and mass median aerodynamic diameter. There 
are several possible explanations. A t  low humidity, the aerosol may 
contain many particles smaller than the lowest size the analyzer can 
measure. When the humidity increases, these particles grow and become 
measurable. Thus, in the measurable size range, there is an apparent 
increase in the number of particles in the smaller size range. This increase 
in the number of small particles would offset the increase in the count 
median aerodynamic diameter and the mass median aerodynamic di-, 
ameter that  would be expected had the aerosol not contained at,low 
humidity many particles below the measurable size range. The size at- 
tained by a particle subjected to a given set of conditions is called the 
equilibrium diameter. The equilibrium diameter is determined by the 
relative humidity, hygroscopicity of the particle, and size of the dry 
particle. The severalfold increase in the total aerosol mass per dose 
without a significant change in the mass median aerodynamic diameter 
may be due in part to the fact that small hygroscopic particles have larger 
surface-to-mass ratios than do larger particles and undergo a higher 
relative growth when exposed to high humidity. 

Another phenomenon pertains to the fact that  the measured aerody- 
namic diameter depends in part on the particle density, p .  If p of the dry 
particle is greater than 1 g/cm3, then water absorbed by the particle in- 
creases the volume but reduces p ,  and, consequently, the aerodynamic 
diameter does not increase in proportion to the geometric diameter. 
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Therefore, the total particulate volume may increase out of proportion 
to the observed change in the mass median aerodynamic diameter. In 
considering these data and the hypothesized explanations, it is important 
to recognize that the relative contribution to particle growth at  high 
humidity in a complex system of multicomponent particles, air, water 
vapor, and other vapors such as fluorocarbons and ethanol is not clear. 

The increase in the number density and the mass of aerosol particles 
a t  high humidity must not be interpreted as an increase in the content 
of active ingredients. Although the growth is caused by the water uptake, 
any accompanying change in the mass distribution of the active ingre- 
dient may significantly change the amount and site of deposition of the 
active ingredient inside the lung. Additional information is needed to 
determine the content of the active ingredient a t  various size intervals, 
especially a t  high humidity. 

The total mass of dry aerosol in the 0.30-6.0-pm range shown in Table 
I1 is similar for three of the four aerosols to the mass of the active ingre- 
dient claimed by the manufacturer to be dispensed from each device per 
valve activation. All aerosols contain stabilizing and dispensing agents 
that may contribute to the total mass. The portion of the active ingredient 
in the aerosol maas is not known. The active ingredient of droplet aerosols 
is dissolved in alcohol, which may contribute to the aerosol mass, although 
it probably evaporates fairly rapidly. The fluorocarbon propellants also 
contribute to the particle size as these aerosols leave the metered-dose 
device, but most are highly volatile and evaporate almost immediately 
upon aerosolization. In addition, all of these devices contain a dispersing 
agent present in variable quantities. The mass of isoproterenol sulfate 
measured in this study was greater than the mass of active ingredient 
reported to be dispensed per dose by the manufacturer. This difference 
probably was due to the relatively high ratio of dispersing agent to active 
ingredient for isoproterenol sulfate (-2.51) compared to metaprotere- 
no1 sulfate (-1:I)’. 

The increase in particle size found in this study probably was not 
greatly influenced by particle aggregation since the aerosol concentration 
after injection into the environmental chamber was relatively dilute. 
Aggregation, which is related to the square of the concentration, may 
contribute along with water condensation to particle growth in the res- 

7 I. Porush, Director, Quality Assurance, Riker Laboratories, personal commu- 
nication. 

piratory tract where the concentration should be much higher than in 
the chamber used for these studies. 

Although the content of active ingredient per particle at high humidity 
is not known, the increase in total aerosol mass, which is considerable for 
the droplet aerosols, implies that the content of active ingredient shifts 
to particles of a larger size. A size shift similar to that observed in these 
high humidity studies may occur when these aerosols are inhaled into 
the human respiratory tract. Failure to consider particle-size changes 
may result in inaccurate prediction of respiratory tract deposition, 
especially for apparently highly unstable droplet aerosols. 
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Abstract The ionization constants in water for six 3-substituted az- 
uloic acids were determined spectrophotometrically. Conversion of these 
physical constants to their pKa values allowed a set of Hammett-type 
u values for the substituents on these acids to be calculated. Determi- 
nation of partition coefficients for nine 1-substituted azulenes allowed 
Hansch-type ?r values to be determined, using azulene as the model 
compound. 

Keyphrases Azulenes, various-substituent constants, ionization and 
partition coefficients, spectral characteristics Substituent con- 
stants-various azulenes Ionization constants-various azuloic acids 

Partition constants-various azulenes 

The u constant of Hammett (1) and the ?r constant of 
Hansch et al. (2) are useful in estimating the relative ef- 
fects of substituents on the reactivity (a) and partitioning 
(?r) characteristics (3) of aromatic compounds. There are 
extensive collections of correlations of biological activity 

with these substituent values within one or another series 
of benzenoid compounds (4-6). Thus, they can guide the 
selection of substituents with which to modify the bioac- 
tivity and other properties of benzenoid compounds (7). 

BACKGROUND 

Replacement of the benzenoid nucleus with nonbenzenoid aromatic 
systems has been used to prepare local anesthetic esters, amides, and 
carboxamides (8-10) and oxidative enzyme inhibitors (11). Few experi- 
mentally determined u or ?r values are available for nonbenzenoid aro- 
matic systems. Except for the work of McDonald et al. (12), only scattered 
reports of pKa and u values and even fewer reports of partition coeffi- 
cients and ?r values for nonbenzenoid aromatic compounds are available. 
These studies include the ionization constants of azuloic acids as deter- 
mined in 50% aqueous ethanol (12,13), the ionization constants of var- 
iously substituted ferrocenecarboxylic acids (14), and the octanol-water 
partition coefficient of azulene (15). This small set of values is restricted 
further in utility because, as Bright and Briscoe (16) reported, apparent 
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Therefore, the total particulate volume may increase out of proportion 
to the observed change in the mass median aerodynamic diameter. In 
considering these data and the hypothesized explanations, it is important 
to recognize that the relative contribution to particle growth at  high 
humidity in a complex system of multicomponent particles, air, water 
vapor, and other vapors such as fluorocarbons and ethanol is not clear. 

The increase in the number density and the mass of aerosol particles 
a t  high humidity must not be interpreted as an increase in the content 
of active ingredients. Although the growth is caused by the water uptake, 
any accompanying change in the mass distribution of the active ingre- 
dient may significantly change the amount and site of deposition of the 
active ingredient inside the lung. Additional information is needed to 
determine the content of the active ingredient a t  various size intervals, 
especially a t  high humidity. 

The total mass of dry aerosol in the 0.30-6.0-pm range shown in Table 
I1 is similar for three of the four aerosols to the mass of the active ingre- 
dient claimed by the manufacturer to be dispensed from each device per 
valve activation. All aerosols contain stabilizing and dispensing agents 
that may contribute to the total mass. The portion of the active ingredient 
in the aerosol maas is not known. The active ingredient of droplet aerosols 
is dissolved in alcohol, which may contribute to the aerosol mass, although 
it probably evaporates fairly rapidly. The fluorocarbon propellants also 
contribute to the particle size as these aerosols leave the metered-dose 
device, but most are highly volatile and evaporate almost immediately 
upon aerosolization. In addition, all of these devices contain a dispersing 
agent present in variable quantities. The mass of isoproterenol sulfate 
measured in this study was greater than the mass of active ingredient 
reported to be dispensed per dose by the manufacturer. This difference 
probably was due to the relatively high ratio of dispersing agent to active 
ingredient for isoproterenol sulfate (-2.51) compared to metaprotere- 
no1 sulfate (-1:I)’. 

The increase in particle size found in this study probably was not 
greatly influenced by particle aggregation since the aerosol concentration 
after injection into the environmental chamber was relatively dilute. 
Aggregation, which is related to the square of the concentration, may 
contribute along with water condensation to particle growth in the res- 

7 I. Porush, Director, Quality Assurance, Riker Laboratories, personal commu- 
nication. 

piratory tract where the concentration should be much higher than in 
the chamber used for these studies. 

Although the content of active ingredient per particle at high humidity 
is not known, the increase in total aerosol mass, which is considerable for 
the droplet aerosols, implies that the content of active ingredient shifts 
to particles of a larger size. A size shift similar to that observed in these 
high humidity studies may occur when these aerosols are inhaled into 
the human respiratory tract. Failure to consider particle-size changes 
may result in inaccurate prediction of respiratory tract deposition, 
especially for apparently highly unstable droplet aerosols. 
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Abstract The ionization constants in water for six 3-substituted az- 
uloic acids were determined spectrophotometrically. Conversion of these 
physical constants to their pKa values allowed a set of Hammett-type 
u values for the substituents on these acids to be calculated. Determi- 
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Partition constants-various azulenes 

The u constant of Hammett (1) and the ?r constant of 
Hansch et al. (2) are useful in estimating the relative ef- 
fects of substituents on the reactivity (a) and partitioning 
(?r) characteristics (3) of aromatic compounds. There are 
extensive collections of correlations of biological activity 

with these substituent values within one or another series 
of benzenoid compounds (4-6). Thus, they can guide the 
selection of substituents with which to modify the bioac- 
tivity and other properties of benzenoid compounds (7). 

BACKGROUND 

Replacement of the benzenoid nucleus with nonbenzenoid aromatic 
systems has been used to prepare local anesthetic esters, amides, and 
carboxamides (8-10) and oxidative enzyme inhibitors (11). Few experi- 
mentally determined u or ?r values are available for nonbenzenoid aro- 
matic systems. Except for the work of McDonald et al. (12), only scattered 
reports of pKa and u values and even fewer reports of partition coeffi- 
cients and ?r values for nonbenzenoid aromatic compounds are available. 
These studies include the ionization constants of azuloic acids as deter- 
mined in 50% aqueous ethanol (12,13), the ionization constants of var- 
iously substituted ferrocenecarboxylic acids (14), and the octanol-water 
partition coefficient of azulene (15). This small set of values is restricted 
further in utility because, as Bright and Briscoe (16) reported, apparent 

00223549/80/ 0300-0337$0 1.OOlO 
@ 1980, American Pharmaceutical Association 

Journal of Pharmaceutical Sciences I 337 
Vol. 69, No. 3, March 1980 



Table I-K. and  pKa Values of 3-Substituted Azuloic Acids and  
u Constants of Azuloic and Benzoic Acids 

u 
Substit- Azuloic u,,, u p  UI 

uent K ,  X lo6 pKa Acid (25) (25) (26) 

H 7.80 5.11 f 0.03 0 0 
Cl 11.35 4.95 f 0.05 0.16 0.37 0.23 0.47 
Br 13.61 4.87 f 0.05 0.24 0.39 0.23 0.47 
COCH3 17.22 4.76 f 0.07 0.34 0.31 0.52 0.28 
CHO 31.05 4.51 f0 .04  0.60 0.36 0.22 0.31 
NO:, 47.86 4.32 f 0 . 0 6  0.79 0.71 0.78 0.63 

0 - 

pKa values and apparent IJ constants calculated from them change 
substantially as the ethanol concentration in hydroalcoholic solutions 
changes. They showed that an apparent u value could change sign as the 
alcohol concentration of the solution changed. 

The present work involved the determination of u and H values for 
azulene substituents for use in selecting candidate substances in drug 
design and the elucidation of drug action. 

Although an acidic functional group is not essential (17), Hammett IJ 
values are determined conveniently when the model substance is an acid. 
The ionization constants of some 3-substituted azuloic acids (Table I) 
and the partition coefficients of some 1-substituted azulenes (Table 11) 
were measured spectrophotometrically. The corresponding u and H 
constants for the azulene series were calculated from the experimental 
values. 

EXPERIMENTAL 

Materials-Azulene', reagents1V2, and solvents3 were purchased 
commercially. The following compounds were prepared by previously 
described methods: azuloic acid (la), 3-acetylazuloic acid (19), 3- 
bromoazuloic acid (19), 3-chloroazuloic acid (19), 3-formylazuloic acid 
(20), 3-nitroazuloic acid (9), acetamidoazulene (21), acetylazulene (21), 
azulenecarboxaldehyde (22), nitroazulene (21), and ethyl azuloate 
(18). 

Ionization Constants-The method employed for the determination 
of ionization constants was adapted from that of Albert and Serjeant (23). 
The acid of interest was dissolved in 0.01 N HCI, 0.01 N NaOH, or a 
graded series of buffers having pH values that bracketed the anticipated 
pKa. The pH values of the resulting solutions were recorded to a thou- 
sandth of a pH unit4, and the desired spectral characteristics were mea- 
sured using a recording spectrophotomete+. All measurements were 
made between 20 and 25" to eliminate making temperature corrections 
(24). 

All solutions except buffers were prepared fresh daily. Buffer solutions 
were prepared as needed from 0.1 M stock solutions of acetic acid, hy- 
drochloric acid, sodium acetate, and sodium hydroxide. All water for the 
preparation of solutions was purified by ion exchange and reverse osmosis 
and then distilled in glass. 

Saturated solutions of the azuloic acids in water containing 1% ethanol 
(to assist wetting) (23) were prepared as stock solutions from which exact 
1:5 dilutions were made with 0.01 N HCI, acetate buffer, or NaOH. Vol- 
umes of 1% ethanol in water were similarly diluted to provide blanks. 
Spectra were recorded between 700 and 220 nm using cells with 10-cm 
light paths. 

The absorption spectra of the most basic and most acidic solutions were 
recorded as superimposed traces on the same section of calibrated chart 
paper. With the aid of dividers, the optimal wavelength was found; the 
checklist of priorities regarding selection of this wavelength as described 
by Albert and Serjeant (23) was observed. All subsequent measurements 
were made at this wavelength. 

In all instances, the pH value of each solution was measured just prior 
to measuring the absorbance. Sufficient time was allowed for electrode 
equilibration so that not more than a 0.001-pH unit drift occurred in 1 
min. 

Since the pKa values were assumed and found to lie between 4 and 5, 
acetate buffer was used; it has useful buffering properties between pH 
4.1 and 5.3. The ionic strength of the buffer in the final measured solution 
was 8 X low3. The molarity of the acids varied but was never greater than 

Aldrich Chemical Co., Milwaukee, Wis. 
2 Matheson, Coleman and Bell, Norwood, Ohio. 
3 Fisher Scientific Co.. Pittsburgh, Pa. 
4 Model 801 H/mv meter, Orion Research, Cambridge, Mass. 
5 Model 15, !ary Instruments Division, Varian Associates, Monrovia, Calif. 

Table 11-Partition Coefficients of 1-Substituted Azulenes and r 
Constants fo r  Azulene and  Benzene 

H 
Substituent K ,  IogK, Azulene Benzene 

H 1671 3.22 0 0 
COOCH2CH3 6730 3.83 +0.61 +0.51 
COOH 754 2.88 -0.34 -0.32 
COCH3 743 2.87 -0.35 -0.35 
CHO 434 2.64 -0.58 -0.65 
NOz 393 2.59 -0.63 -0.28 
NHCOCH3 301 2.48 -0.74 -0.97 

1.5 X lo-* molefliter. A trial determination a t  pH 4.5 was made to obtain 
a first measure of the pKa of each acid. Once this value was obtained, a 
series of buffers with pH values bracketing it was used to provide a set 
of seven values for each compound. The averages of the K,  and pKa 
values determined for each compound are given in Table I together with 
the calculated u values. 

Parti t ion Coefficients-The method for partition coefficients used 
was derived from that of Hansch and coworkers (25). Monosubstituted 
azulenes were partitioned between n-octanol and water. For the deter- 
mination of the partition coefficient of azuloic acid only, the water was 
adjusted with acetic acid to a final acid concentration of 0.01 N; the re- 
sulting pH was about 3.4. This acid concentration was low enough that 
i t  did not interfere with the analysis but was sufficiently high to ensure 
that azuloic acid was <2% ionized. 

Because the specific method employed is critical to the accuracy of the 
values determined, the procedure is described in detail. The octanol was 
purified by sequentially washing with nominally 2 N NaOH, 4 N HzS04, 
2 N Na:,C03, and water followed by distillation under reduced pressure. 
The water used for partitioning studies was purified by ion exchange, 
reverse osmosis, and distillation in glass and then was vigorously shaken 
with purified octanol to ensure saturation. The resulting milky suspension 
was passed through two 0.22-pm filters6 saturated with octanol to assist 
in breaking the emulsion. The phases were separated and stored in 
ground-glass stoppered bottles. 

A few milligrams of each purified 1-substituted azulene was dissolved 
separately in about 25 ml of water-saturated octanol. These solutions were 
used as stock solutions. Beer's law plots were established for each com- 
pound; correlations between absorbance values and concentration typ- 
ically had values of r2 greater than 0.999. A 5.00-ml aliquot of the stock 
solution and two dilutions of it were pipetted into volumetric flasks 
containing 1OOO.O ml of octanol-saturated water. The mixtures were hand 
inverted 400 times and allowed to separate, and as much of each octanol 
layer as possible was withdrawn with the aid of a Pasteur pipet. The oc- 
tanol layers were clarified by centrifugation a t  lOOOXg for 30 min. The 
absorbances of the octanol solutions were measured immediately at  three 
different absorbance maxima of the azulenoid, and the azulenoid con- 
centration was calculated. Results are reported as the average of these 
nine values in Table 11, expressed as partition coefficients, together with 
the corresponding values of H. 

RESULTS AND DISCUSSION 

The ionization constants of six azuloic acids were determined spec- 
trophotometricallly using the method of Albert and Serjeant (23), and 
the corresponding pKa and Hammett values were calculated. These 
values are presented in Table I together with the corresponding benzenoid 
u values. Azuloic acid, with a pKa of 5.11, is a weaker acid than naphthoic 
acid (pKa 4.17) (27), which is an isomer, or than benzoic acid (pKa 4.18) 
(27). This finding is consistent with the relatively high charge density 
of the parent hydrocarbon, azulene, as calculated by the Huckle 
LCAO-MO (linear combination of atomic orbitals-molecular orbitals) 
approach (28). 

The observation that azuloic acid is about 10-fold weaker as an acid 
than either naphthoic or benzoic acid was confirmed indirectly by 
Leermakers and Bowman (13) who determined the apparent pKa of az- 
uloic acid in 50% ethanol to be 6.67. A similar determination of the ap- 
parent pKa of benzoic acid gave 5.78. 

Comparison of the IJ values of the benzene and azulene series shows 
them to be substantially different. It is possible that inductive and res- 
onance components may correlate with these values; however, the limited 
number of compounds in this study precludes such a test. The reversal 

Millipore. 
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of rank for the acetyl and formyl groups compared to up is deserving of 
comment since the acetyl and formyl groups usually are considered 
similar in electronic behavior. They are, however, sterically different, and 
the difference in u values may be attributed to a steric interaction be- 
tween the methyl portion of the acetyl group and the peri-proton. Such 
steric interaction can reduce the coplanarity of the acetyl group with the 
ring bearing it, thereby decreasing the conjugation between the ring and 
the carbonyl function. Such a reduction of conjugation would reduce the 
electron-withdrawing ability of the carbonyl group. This interpretation 
is consistent with the observation that the UV absorbance maximum of 
acetylazulene shows a hypsochromic shift of about 7 nm with respect to 
that of formylazulene. 

Another disparity between azulenoid and benzenoid u values is seen 
with the bromo and chloro substituents. The benzenoid u values for these 
substituents are nearly identical, but the azulenoid values differ dis- 
tinctly. While this effect may be attributable to differing degrees of steric 
interaction with the peri-proton on the adjacent ring, it is explained more 
satisfactorily by the greater conjugative effect of the chloro over the 
bromo substi tued 

The octanol-water partition coefficients of seven azulenoid compounds 
were determined spectrophotometrically, and the corresponding I values 
(2) were calculated. These values, together with the corresponding ben- 
zenoid T values, are presented in Table 11. 

Comparison of the azulenoid and benzenoid I values in Table I1 and 
Fig. 1 shows that a fair correlation exists between the two values (rZ = 
0.841). The correlation improves markedly (r2 = 0.966) if the values for 
the nitro substituent are omitted from the regression equation: 

T A ~  = 0.925 + 0.041 (Eq. 1) 

where the subscripts Az and Bz indicate azulenoid and benzenoid values, 
respectively. It is reasoned that the strongly electron-withdrawing 
character of the nitro group further accentuates the charge separation 
that exists in azulene itself (p  = lD) ,  thus increasing both its dipole 
moment and its water solubility. 

In summary, while the r constants for azulene may be predicted rea- 
sonably and accurately from benzene K values except when the substit- 
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Abstract  0 N-Substituted N-(triphenylstanny1)cyanamides were 
studied and found to be better antifungal agents than the previously 
tested N-substituted N’-cyano-S-(triphenylstanny1)isothioureas and 
N-substituted N’-cyano-O-(triphenylstannyl)isoureas. They were similar 
in activity to the previously tested ethyl N-aryl-S-(triphenylstanny1)- 
isothiocarbamates. The antifungal activity of triethylammonium (or- 
ganocyanoamino)chlorotriphenylstannates, which are the triethylam- 
monium chloride complexes of N-substituted N-(triphenylstanny1)- 
cyanamides, was similar to or better than that of the N-substituted N -  
(triphenylstanny1)cyanamides. Triethylammonium (acetylcyanoam- 
ino)chlorotriphenylstannate and triebhylammonium dichlorotri- 
phenylstannate were highly inhibitory toward Gram-positive bacteria. 

Keyphrases 0 N-(Triphenylstannyl)cyanarnides, N-substituted- 
evaluated for antifungal activity Triethylammonium (organocy- 
anoamino)chlorotriphenylstannates-evaluated for antifungal and an- 
tibacterial activity Antifungal activity-N-substituted N-(triphen- 
ylstanny1)cyanamides and triethylammoniurn (organocyanoamino)- 
chlorotriphenylstannates evaluated Antibacterial activity-trieth- 
ylammonium (acety1cyanoamino)chlorotriphenylstannate and trieth- 
ylammonium dichlorotriphenylstannate evaluated 0 Organotin com- 
pounds-N-substituted N-(triphenylstanny1)cyanamides and trieth- 
ylammonium (organocyanoamino)triphenylstannates evaluated for 
antibacterial activity, triethylammonium (acety1cyanoamino)tri- 
phenylstannate and triethylammonium dichlorostannate evaluated for 
antibacterial activity 0 Structure-activity relationships-cyanamides 
evaluated for antifungal activity, chlorotriphenylstannates evaluated 
for antifungal and antibacterial activity 

Many biocidal applications have been found or sug- 
gested for organotin compounds (1). The biological effects 
of organotin compounds were stressed in a recent sympo- 
sium (2). Their use in agriculture as fungicides and pesti- 
cides is of special interest because they degrade to nontoxic 
inorganic compounds and, therefore, appear to pose little 
threat to the environment (3-7). Recently, ethyl N-aryl- 
S-(triphenylstanny1)isothiocarbamates (Series I) (8), 
which contain a tin-sulfur bond, were found to be generally 
better antifungal agents than another class of compounds 
having a tin-sulfur bond, namely, N-substituted N’- 
cyano-( triphenylstanny1)isothioureas (Series 11) (9). The 
former compounds were also generally better antifungal 
agents than some previously studied compounds having 
a tin-oxygen bond, namely, N-substituted N’-cyano-0- 
(triphenylstanny1)isoureas (Series 111) (10). 

The purpose of the present study was to evaluate the 
antimicrobial activity of some recently reported com- 
pounds (11, 12) having a tin-nitrogen bond, namely, N- 
substituted N - (  triphenylstanny1)cyanamides (Series IV) 
and triethylammonium (organocyanoamino)chlorotri- 
phenylstannates (Series V). The latter compounds are 
anionic organotin complexes. The anionic organotin 

complex, triethylammonium dichlorotriphenylstannate 
(VI) (12), which is structurally simpler than V, also was 
evaluated. 

RESULTS AND DISCUSSION 

The data in Table I show that each of the Series IV compounds be- 
haved essentially identically toward Cladosporium carpophilum (ATCC 
12117), Fusarium monoliforme (ATCC 10052), Myrothecium verrucaria 
(ATCC 90951, Penicillium notatum (ATCC 9179), Rhizopus stolonifer 
(ATCC 10404), Saccharomyces cerevisiae (ATCC 9896), and Tricho- 
derma viride (ATCC 8678). In the case of C. carpophilum, F. monoli- 
forme, M .  uerrucaria, P. notaturn, and R. stolonifer, each compound 
partially inhibited fungal growth at all three concentrations, with the 
exception of IVa, IVc, IVe, IVf,  and IVi. Compounds IVa, IVc, and IVf 
were inactive toward C.  carpophilurn a t  1 pg/ml, IVi was inactive toward 
both P. notatum and R .  stolonifer a t  1 pg/ml, and IVe was inactive 
toward S. cereuisiae at 10 pg/ml. 

Each Series IV compound partially inhibited Aspergillus niger (ATCC 
12845) at both I and 10 pg/ml. Each compound also completely inhibited 
growth at 100 pg/ml, with the exception of IVe-IVg and IVi, which only 
partially inhibited growth. The Series IV compounds exhibited partial 
inhibition of growth of Chaetomium globosum (ATCC 6205) a t  all con- 
centrations, with the exception of IVa, IVe, and IVi, which completely 
inhibited growth at 100 pg/ml. The Series IV compounds showed the 
greatest activity toward Trichophyton mentagrophytes (ATCC 9129), 
with seven compounds completely inhibiting growth a t  100 pg/ml. 
In general, the Series IV compounds were much better antifungal 

agents than the previously tested Series I 1  compounds and, with the ex- 
ception of T. mentagrophytes toward which the antifungal activity was 
the same, were better fungal inhibitors than the Series 111 compounds. 
The Series IV compounds were more effective against A. niger but less 
effective against C. globosum, T. rnentagrophytes, and C. carpophilurn 
than the Series I compounds; the Series IV and Series I compounds ex- 
hibited essentially identical activity toward the other six fungi. 

The antifungal activity of the Series V compounds (Table 1 1 ) ,  which 
are the triethylammonium chloride complexes of the Series IV com- 
pounds, was similar to or better than that of the Series IV compounds. 
The Series V compounds were more active than the Series IV compounds 
toward C. globosum, P. notatum, S. cereoisiae, and T. viride. For ex- 

RN-CSn(C,H& RN = C S n (  C,H,), 

I 
NHCN 

I 
W,H, 

I I1 

RN = COSn(CbH5 )h RNSn( C,H,h 
I I 
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Table 111-Antibacterial Activity of Triethylammonium 
(Acety1cyanoamino)chlorotriphenylstannate and 
Triethylammonium Dichlorotriphenylstannate 

€3. subtilisa E. coli S. aureus 
Com- 
pound l b  10 100 1 10 100 1 10 100 

V a  2+ 2+ 2+ - - + 2+ 2+ 2+ 
+ 2+ 2+ VI 2+ 2+ 2+ - - + 

“Bacteria were obtained from the culture collection of the Depart- 
ment of Biological Sciences, St. John’s University. bhdicates concen- 
tration of compounds employed in micrograms per milliliter; - indi- 
cates no inhibition of growth, + indicates partial inhibition of growth, 
and 2+ indicates complete inhibition of growth. 

ample, only three of the Series 1V compounds completely inhibited C. 
globosum a t  100 pg/ml, whereas five of the Series V compounds exhibited 
this activity. Furthermore, none of the Series IV compounds inhibited 
P. notaturn a t  100 pg/ml, whereas two of the Series V compounds ex- 
hibited this activity. Furthermore, none of the Series IV compounds 
showed activity against S. cereuisiae and T. uiride a t  1 pg/ml, whereas 
four of the Series V compounds were partially active against S. cereuisiae 
and all of the Series V compounds were partially active against 2’. oiride 
a t  this concentration. In addition, two of the Series V compounds com- 
pletely inhibited S. cereuisiae at 100 pg/ml. The simple anionic complex, 
VI, exhibited equal or less activity than the Series V compounds. 

The data in Table 111 show that Va and VI behaved in an almost 
identical manner toward specific test bacteria. Both compounds com- 
pletely inhibited Bacillus subtilus a t  the lowest level (1 pg/ml) of or- 
ganotin compound. Both compounds were equal to the previously tested 
N-phenyl-N’-cyano-S-(triphenylstannyl)isothioureas (11, R = C&,) in 
this regard (9). On the other hand, the previously tested Series I com- 
pounds (8) were completely inactive a t  this concentration, while the 
previously tested N-phenyl-N‘-cyano-0-(tripheny1stannyl)isourea (111, 
R = CeH5) (10) only partially inhibited growth at this concentration. 
Compound Va behaved identically to the Series I compounds and to I1 

(R = C&i5) in that it completely inhibited the growth of Staphylococcus 
aureus at 1 pg/ml. Compound 111 (R = C&5) was inactive a t  this con- 
centration (10). Compounds Va and VI were no more active than some 
previously studied compounds toward Escherichia coli (8-10). 

EXPERIMENTAL 

The Series IV compounds were individually dissolved in tetrahydro- 
furan. The Series V compounds and VI were individually dissolved in 
acetone. The preparation of sterile solutions of the compounds, the fungi 
employed, the antimicrobial testing procedures, and the determination 
of growth inhibition were reported previously (10). 

Compounds Va and VI also were investigated for antibacterial activity 
according to the procedure reported earlier (10). 
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Abstract A high-performance liquid chromatographic procedure was 
developed for the determination of isophenindamine in phenindamine 
tartrate bulk powder. The method employs a reversed-phase column and 
a mobile phase containing methanol, 0.001 M and silver ni- 
trate. 
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The role of histamine in anaphylactic shock and allergic 
conditions stimulated research for specific histamine an- 
tagonists. A series of antihistaminics including phen- 

indamine (I) was synthesized (1). Distinct differences were 
observed between I and isophenindamine (11) when ad- 
ministered intravenously. 

Because of the possible formation of I1 during the 
manufacture of phenindamine tartrate, a method for the 
determination of I1 was desired. A UV spectrophotometric 
procedure based on the fact that the wavelength of maxi- 
mum absorbance for each compound is slightly different 
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Table 111-Antibacterial Activity of Triethylammonium 
(Acety1cyanoamino)chlorotriphenylstannate and 
Triethylammonium Dichlorotriphenylstannate 

€3. subtilisa E. coli S. aureus 
Com- 
pound l b  10 100 1 10 100 1 10 100 
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“Bacteria were obtained from the culture collection of the Depart- 
ment of Biological Sciences, St. John’s University. bhdicates concen- 
tration of compounds employed in micrograms per milliliter; - indi- 
cates no inhibition of growth, + indicates partial inhibition of growth, 
and 2+ indicates complete inhibition of growth. 

ample, only three of the Series 1V compounds completely inhibited C. 
globosum a t  100 pg/ml, whereas five of the Series V compounds exhibited 
this activity. Furthermore, none of the Series IV compounds inhibited 
P. notaturn a t  100 pg/ml, whereas two of the Series V compounds ex- 
hibited this activity. Furthermore, none of the Series IV compounds 
showed activity against S. cereuisiae and T. uiride a t  1 pg/ml, whereas 
four of the Series V compounds were partially active against S. cereuisiae 
and all of the Series V compounds were partially active against 2’. oiride 
a t  this concentration. In addition, two of the Series V compounds com- 
pletely inhibited S. cereuisiae at 100 pg/ml. The simple anionic complex, 
VI, exhibited equal or less activity than the Series V compounds. 

The data in Table 111 show that Va and VI behaved in an almost 
identical manner toward specific test bacteria. Both compounds com- 
pletely inhibited Bacillus subtilus a t  the lowest level (1 pg/ml) of or- 
ganotin compound. Both compounds were equal to the previously tested 
N-phenyl-N’-cyano-S-(triphenylstannyl)isothioureas (11, R = C&,) in 
this regard (9). On the other hand, the previously tested Series I com- 
pounds (8) were completely inactive a t  this concentration, while the 
previously tested N-phenyl-N‘-cyano-0-(tripheny1stannyl)isourea (111, 
R = CeH5) (10) only partially inhibited growth at this concentration. 
Compound Va behaved identically to the Series I compounds and to I1 

(R = C&i5) in that it completely inhibited the growth of Staphylococcus 
aureus at 1 pg/ml. Compound 111 (R = C&5) was inactive a t  this con- 
centration (10). Compounds Va and VI were no more active than some 
previously studied compounds toward Escherichia coli (8-10). 

EXPERIMENTAL 

The Series IV compounds were individually dissolved in tetrahydro- 
furan. The Series V compounds and VI were individually dissolved in 
acetone. The preparation of sterile solutions of the compounds, the fungi 
employed, the antimicrobial testing procedures, and the determination 
of growth inhibition were reported previously (10). 

Compounds Va and VI also were investigated for antibacterial activity 
according to the procedure reported earlier (10). 
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The role of histamine in anaphylactic shock and allergic 
conditions stimulated research for specific histamine an- 
tagonists. A series of antihistaminics including phen- 

indamine (I) was synthesized (1). Distinct differences were 
observed between I and isophenindamine (11) when ad- 
ministered intravenously. 

Because of the possible formation of I1 during the 
manufacture of phenindamine tartrate, a method for the 
determination of I1 was desired. A UV spectrophotometric 
procedure based on the fact that the wavelength of maxi- 
mum absorbance for each compound is slightly different 
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A B 

Table I-Comparison of Results Obtained Using UV and 
Chromatographic Methods 

Percent Isophenindamine 
Lot HPLC Determination UV Determination 

I 1 I I I I I 

0 10 20 30 0 10 20  
MINUTES 

Figure 1-HPLC separation of isophenindamine from phenindamine 
using a aondapak CIS  column (30 X 3.9 mm i.d.). Key: A, mobile phase 
of 0.001 M HN03-methanol(I:I) and a flow rate of 0.8 mllmin; B, mobile 
phase of 0.001 M HNO3-methanol (1:l) containing 2% AgNO3 (wIu)  
and a flow rate of 0.8 ml/min; 1 ,  phenindamine; and 2, isopheninda- 
mine. 

(2) would allow quantitation using simultaneous equation 
treatment. NMR spectroscopy might be used for I1 de- 
tection, but quantitative results have not been re- 
ported'. 

A high-performance liquid chromatographic (HPLC) 
procedure that enables separation and quantitation of I1 
in the presence of phenindamine tartrate bulk powder is 
described. 

EXPERIMENTAL 

Reagents and  Chemicals-Glass-distilled water, methanol, nitric 
acid, and silver nitrate2 were used for preparation of the mobile phase. 
The mobile phase was filtered3 prior to use. Samples and standards were 
prepared using low-actinic glassware. Isophenindamine nitrate4 was used 
for standard preparations. 

Instrumentation and  Apparatus-A constant-volume pump5 was 
used in conjunction with a septum-type injector6 and a variable-wave- 
length detector7. The separation was accomplished using a permanently 
bonded octadecylsilane partition columns. A high-pressure syringe9 was 
used for injection of all samples and standards. 

Mobile Phase-The mobile phase was prepared by dissolving 20 g of 
silver nitrate in 500 ml of 0.001 M HNO3 and diluting with 500 ml of 
methanol. It was prepared fresh daily using low-actinic glassware and 
filtered through a 0.45-pm filter prior to use. 

Standard Preparation-To prepare the standard solution, 13 mg of 
isophenindamine nitrate reference standard was weighed accurately into 
a 25-ml low-actinic volumetric flask, and 12.5 ml of 0.001 M HNO3 was 
added. The flask was shaken until dissolution was nearly or totally 

J. H. Johnson and C. Condon, Hoffmann-La Roche Inc., unpublished data. 
Analyzed reagent, J. T. Baker Chemical Co. 
Millipore Corp. 
Hoffmann-La Roche Inc. 
Model 396, Laboratory Data Control. 

PBondapak CIS, Waters Associates, Milford, Mass. 
HP-305, Hamilton Co. 

6 DuPont Instruments. 
1 Model 835, DuPont Instruments. 

A 
B 
C 

5.6 
5.1 
5.3 

3.5 
3.1 
3.9 

D 6.3 3.4 
E 7.6 4.2 

complete (-5 min). Then 12.5 ml of methanol was added, and the flask 
was shaken again until dissolution occurred. A small degree of sonication 
usually was necessary to solubilize the reference material. 

Sample Preparation-To prepare the sample solution, -100 mg of 
phenindamine tartrate powder was weighed accurately into a low-actinic 
10-ml volumetric flask. The sample was dispersed in 5 ml of 0.001 M 
HN03 by gentle shaking of the flask. Then 5 ml of methanol was added, 
and the solution was shaken until complete dissolution was observed. 

Procedure-Five microliters each of the standard and sample s o h -  
tions were injected alternately into the chromatograph. The peak heights 
of the isophenindamine standard and the peak that corresponded to it 
in retention time in the sample chromatogram were measured. The 
percent isophenindamine (as tartrate) was calculated by: 

(as tartrate) (PISTD) ( W S A J  ( M W I N J  (liio) ( ~ q .  1) 
where WISTD is the weight of isophenindamine nitrate standard in mil- 
ligrams; Ws- is the weight of the sample in milligrams; P~sm and PISAM 
are the heights, in millimeters, of isophenindamine in the standard and 
sample runs, respectively; and MWITAR and MWINO3 are the molecular 
weights of isophenindamine tartrate (411.44) and isophenindamine ni- 
trate (324.37), respectively. The factor 1000125 is a combination of the 
dilution factor (10/25) and the conversion to percent (XlOO). 

% isophenindamine - WISTD PISAM M ~ I T A R  - 

RESULTS AND DISCUSSION 

The chromatographic separation of isophenindamine in the presence 
of phenindamine tartrate was obtained using a pBondapak CIS column 
and an argentated mobile phase. A 2% AgN03 (w/v) concentration in the 
mobile phase was necessary for complete compound separation. Lower 
silver nitrate concentrations reduced the resolution between I and 11, 
while increased silver nitrate concentrations yielded little additional 
separation. Typical chromatograms using argentated and nonargentated 

,mobile phases are shown in Fig. 1. Ion-pairing systems employing oc- 
tanesulfonic acid and lauryl sulfate as pairing reagents were tried but did 
not produce resolution equivalent to the system containing 2% 

Several phenindamine tartrate samples were tested for their isophe- 
nindamine content using this method, and the results were compared with 
those obtained using a UV spectrophotometric procedure based on UV 
absorbance differences (Table I). Since poor correlation of results was 
found between the two methods, a standard addition study was done 
using the HPLC procedure. A straight line through the origin (within 
experimental error) was obtained for a plot of peak height response uersw 
amount of isophenindamine added. This experiment showed conclusively 
that: ( a )  response uersus concentration was linear between 0 and 10% 
isophenindamine in the samples and (b)  discrepancy in results between 
the two methods must be linked to the inaccuracy of the UV procedure. 
Intuitively, these conclusions seem logical because the UV procedure 
suffers inherently from overlapping absorption bands in the measurement 
region. The relative standard deviation for 10 injections of the same so- 
lution into the chromatograph was 2.2%. 

When using both the UV and the chromatographic procedures for 
quantitation studies, isophenindamine nitrate was the reference standard 
because no isophenindamine tartrate was available. Sample results were 
corrected for molecular weight differences between the tartrate and the 
nitrate salts. 

Samples of phenindamine free base also were assayed for their iso- 
phenindamine content when the sample preparation was modified 
slightly. Free base samples had to be dissolved in methanol instead of 
0.001 M HNOa-methanol (1:l). This alteration did not affect method 
reliability. 

A rechromatographed portion of an eluted phenindamine peak showed 
that no detectable amount of the iso-compound formed during the 
analysis. Also, a stability study on prepared solutions indicated that a 

AgN03. 
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small degree of transformation of isophenindamine to phenindamine 
occurred after standing in the mobile phase for -1 day. 

To take advantage of the properties of silver nitrate, it was necessary 
to ensure that all materials in contact with the mobile phase were made 
of 316 stainless steel or other noncorrodible material. The detector bal- 
ance had to be electronically offset to monitor the effluent a t  254 nm 
because of the relatively high absorbance of the mobile phase. By ob- 
serving these relatively simple directions and precautions, the system 
was safe and reliable, producing no column deterioration over -3 months 
of use. for technical assistance. 
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Abstract The effect of exercise on plasma atenolol was evaluated using 
a two-phase complete crossover study in 12 healthy volunteers. In one 
phase, the volunteers were subjected to physical exertion on a treadmill; 
in the other phase, they remained in a sitting or standing position. Fol- 
lowing a single 100-mg atenolol dose, frequent blood samples and a 
complete urine collection were obtained over 24 hr. Plasma and urine 
atenolol levels were assayed by high-pressure liquid chromatography. 
Plasma atenolol was significantly ( p  < 0.05) higher during the exercise 
phase of the study, and this result was associated with approximately an 
8% decrease in the renal clearance of the drug, probably due to decreased 
renal blood flow during exercise. 
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Recently published reports described the pharmacoki- 
netics (1) and pharmacodynamics (2) of atenolol, 2-[p-. 
[ 2 - h ydroxy -3- (isopropylamino) propox y] phen yl] acetamide, 
a new cardioselective (3-5) P-adrenergic blocking agent. 
More than 90% of the bioavailable dose of atenolol is ex- 
creted unchanged in the urine within 48 hr of dosing (6). 
To study the relationship of pharmacokinetics to phar- 
macodynamics, a two-phase complete crossover design was 
employed, with the phases differing only in the amount of 
exercise required of the subjects. A difference in the ki- 
netics of atenolol between the two phases (exercise uersus 
nonexercise) is reported. 

EXPERIMENTAL 

The 12 healthy male volunteers were 20-28 years old and weighed 
63.6-85.5 kg (140-188 lb). Each subject was judged healthy based on the 
absence of any abnormality in his history, physical examination, ECG, 
hemogram, blood chemistries, and urinalysis. 

The study design was a two-phase complete crossover, with the 
treatments being identical except for the exercise performed by each 
subject. Following a 10-hr fast, each subject received 100 mg of atenolol 
as an oral solution in 240 ml of water. The fast continued until after the 
4th-hr blood sample was drawn; a standard meal was served at  the 5th 
hr. Following the meal, water was allowed ad libitum. Blood samples were 
collected at 0,0.5, 1.0, 2.0,3.0,4.0,6.0, 8.0.10.0, 12.0,14.0, and 24.0 hr. 
Urine was collected prior to dosing, from 0.0 to 12.0 hr, and from 12.0 to 
24.0 hr. 

Plasma and urine atenolol levels were determined by a high-pressure 
liquid chromatographic (HPLC) method described previously (7) and 

modified as follows. The mobile phase consisted of a' 4.00 mM solution 
of 1-heptanesulfonic acid sodium salt, 1.0% acetic acid, and 60.0% 
methanol in distilled water. The mobile phase was pumped at 1.5 mVmin 
and 20° through a stainless steel column packed with a high efficiency 
bonded-phase packing'. Aliquots of 150 pl of the reextraction solution 
were injected directly on-column through the injector. The atenolol peak 
was well separated from the procainamide internal standard peak and 
from artifacts. The retention times of atenolol and procainamide were 
5.8 and 12.3 min, respectively. 

I a' tn 
6 O O C  1.' \ 

a 
w 

200 

A E X E R C I S E  
0 NONE XERC I S E  

I,,,,,: 20 24 
4 8 12 16 

HOURS 
Figure 1-Plasma atenolol concentration profile for exercised and 
nonexercised subjects. Each point represents the mean of 12 subjects. 
Starred (*) points represent significant differences (p < 0.05) between 
exercised and nonexercised subjects. Arrows indicate times of exer- 
cise. 

' Spherisorb 5-pm ODs, Laboratory Data Control, Riviera Beach, Fla. 
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small degree of transformation of isophenindamine to phenindamine 
occurred after standing in the mobile phase for -1 day. 

To take advantage of the properties of silver nitrate, it was necessary 
to ensure that all materials in contact with the mobile phase were made 
of 316 stainless steel or other noncorrodible material. The detector bal- 
ance had to be electronically offset to monitor the effluent a t  254 nm 
because of the relatively high absorbance of the mobile phase. By ob- 
serving these relatively simple directions and precautions, the system 
was safe and reliable, producing no column deterioration over -3 months 
of use. for technical assistance. 
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Abstract The effect of exercise on plasma atenolol was evaluated using 
a two-phase complete crossover study in 12 healthy volunteers. In one 
phase, the volunteers were subjected to physical exertion on a treadmill; 
in the other phase, they remained in a sitting or standing position. Fol- 
lowing a single 100-mg atenolol dose, frequent blood samples and a 
complete urine collection were obtained over 24 hr. Plasma and urine 
atenolol levels were assayed by high-pressure liquid chromatography. 
Plasma atenolol was significantly ( p  < 0.05) higher during the exercise 
phase of the study, and this result was associated with approximately an 
8% decrease in the renal clearance of the drug, probably due to decreased 
renal blood flow during exercise. 

Keyphrases 0 Atenolol-effect of exercise on renal clearance 0 Phar- 
macokinetics-atenolol, effect of exercise on renal clearance 0 Renal 
clearance-atenolol, effect of exercise 8-Adrenergic blocking 
agents-atenolol, effect of exercise on renal clearance 

Recently published reports described the pharmacoki- 
netics (1) and pharmacodynamics (2) of atenolol, 2-[p-. 
[ 2 - h ydroxy -3- (isopropylamino) propox y] phen yl] acetamide, 
a new cardioselective (3-5) P-adrenergic blocking agent. 
More than 90% of the bioavailable dose of atenolol is ex- 
creted unchanged in the urine within 48 hr of dosing (6). 
To study the relationship of pharmacokinetics to phar- 
macodynamics, a two-phase complete crossover design was 
employed, with the phases differing only in the amount of 
exercise required of the subjects. A difference in the ki- 
netics of atenolol between the two phases (exercise uersus 
nonexercise) is reported. 

EXPERIMENTAL 

The 12 healthy male volunteers were 20-28 years old and weighed 
63.6-85.5 kg (140-188 lb). Each subject was judged healthy based on the 
absence of any abnormality in his history, physical examination, ECG, 
hemogram, blood chemistries, and urinalysis. 

The study design was a two-phase complete crossover, with the 
treatments being identical except for the exercise performed by each 
subject. Following a 10-hr fast, each subject received 100 mg of atenolol 
as an oral solution in 240 ml of water. The fast continued until after the 
4th-hr blood sample was drawn; a standard meal was served at  the 5th 
hr. Following the meal, water was allowed ad libitum. Blood samples were 
collected at 0,0.5, 1.0, 2.0,3.0,4.0,6.0, 8.0.10.0, 12.0,14.0, and 24.0 hr. 
Urine was collected prior to dosing, from 0.0 to 12.0 hr, and from 12.0 to 
24.0 hr. 

Plasma and urine atenolol levels were determined by a high-pressure 
liquid chromatographic (HPLC) method described previously (7) and 

modified as follows. The mobile phase consisted of a' 4.00 mM solution 
of 1-heptanesulfonic acid sodium salt, 1.0% acetic acid, and 60.0% 
methanol in distilled water. The mobile phase was pumped at 1.5 mVmin 
and 20° through a stainless steel column packed with a high efficiency 
bonded-phase packing'. Aliquots of 150 pl of the reextraction solution 
were injected directly on-column through the injector. The atenolol peak 
was well separated from the procainamide internal standard peak and 
from artifacts. The retention times of atenolol and procainamide were 
5.8 and 12.3 min, respectively. 

I a' tn 
6 O O C  1.' \ 

a 
w 

200 

A E X E R C I S E  
0 NONE XERC I S E  

I,,,,,: 20 24 
4 8 12 16 

HOURS 
Figure 1-Plasma atenolol concentration profile for exercised and 
nonexercised subjects. Each point represents the mean of 12 subjects. 
Starred (*) points represent significant differences (p < 0.05) between 
exercised and nonexercised subjects. Arrows indicate times of exer- 
cise. 

' Spherisorb 5-pm ODs, Laboratory Data Control, Riviera Beach, Fla. 
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Table I-Bruce Protocol 

Total Time 
Sveed. Grade. Duration. ElaDsed, 

. I  . -  
Stage mph % min min 

1 
2 

1.7 
2.5 

10 
12 

3 
3 

3 
6 

3 3.4 14 3 9 
4 4.2 16 3 12 

Table 11-Plasma Atenolol Concentrations for Nonexercise 
Treatment versus Exercise Treatment 

Nonexercise, Exercise, 
n /ml & Statistics" 

ng/ml 
Hours Mean SD 

0.0 0.0 
0.5 229 
1.0 408 
2.0 488 
3.0 560 
4.0 547 
6.0 400 
8.0 296 
10.0 226 
12.0 177 
14.0 135 
24.0 49.1 

AUC0'24b, pg hr/ml 5.53 
XY, mg 49.4 
XF', mg 39.4 
C h e .  ml/min 150 

0.0 
94.1 
105 ~~~ 

161 
228 
188 
168 
89.5 
72.7 
56.3 
43.9 
13.3 

15.7 
13.4 
18.6 

1.79 

0.0 0.0 
244 200 
428 171 
515 205 
618 204 
746 222 
561 157 
403 105 
297 79.0 
207 53.4 
161 41.9 
51.6 21.2 

56.1 12.3 
42.0 13.3 
139 14.3 

6.85 1.74 

NS 
NS 
NS 
NS 
S 
S 
S 
S 
NS - .- 
NS 
NS 
S 
NS 
NS 
S 

S denotes significant difference at 0.05 significance level by analysis of variance, 
NS denotes no significant difference. * Area under the plasma concentration-time 
profile from 0 to 24 hr. Amount of drug collected in the urine in 24 hr. Amount 
of drug collected in the urine in 12 hr. e Renal clearance = Xpu/AUCO-u hr. 

During the nonexercise phase, the subjects remained in a sitting or 
standing position while confined to a small room. Subjects were confined 
for the entire 24-hr period of each phase of the study. The exercise phase 
consisted of the four stages of the Bruce protocol (8) (Table I) prior to 
dosing and at 4,8, and 24 hr following each dose. 

The mean heart rate for the 12 subjects prior to atenolol administration 
was 174 beats/min at  Stage 4 of exercise. Volunteers in the exercise group 
were subjected to further physical exertion by the need to walk from their 
location up one flight of stairs to the treadmill, a distance of 114.3 m (375 
ft). The subjects then rested until a resting pulse was attained, and 
treadmill exercise was then performed. 

RESULTS AND DISCUSSION 

Table I1 and Fig. 1 present the mean plasma and urine atenolol with 
the individual and mean areas under the plasma-time profiles and the 
calculated renal clearances for each treatment with the corresponding 

statistics. Analysis of variance showed differences at  the 4-, 6-, 8-, and 
10-hr times in plasma atenolol (p < 0.05) such that plasma atenolol was 
higher during exercise. The AUCGZ4 and C ~ R  also showed significant 
(p < 0.05) differences. All other times and Xtd2' did not show significant 
differences. Since the total amount of atenolol excreted in 24 hr did not 
differ between exercised and nonexercised subjects and the area under 
the curve (AUCe24) was significantly increased during exercise ( p  < 
0.05), the computed renal clearance decreased during exercise. 

With the commencement of exercise a t  4 hr, a change in plasma aten- 
0101 was attained. This result is consistent with the fact that the change 
in AUCeZ4 and C ~ R  with exercise is due to the exercising condition and 
not some other factor. Urinary recovery of atenolol verified previous re- 
coveries (l), consistent with published results showing orally adminis- 
tered atenolol to be 0.58 f 0.16 bioavailable. 

The decrease in renal clearance of atenolol of -8% can possibly be 
explained by changes in renal plasma flow. Decreases of up to 35% normal 
renal plasma flow were noted in a similar treadmill test as the Bruce 
treadmill protocol (9-11). During exercise, neurogenic and hormonal 
influences shunt blood away from the kidney to other areas (i.e., heart, 
brain, and skeletal muscle). Since atenolol is essentially totally eliminated 
via the kidney, a decrease in renal clearance, CIR, would be expected 
during exercise. 

A review (12) of the interrelationships among renal hemodynamics, 
drug kinetics, and drug action described the potential effects of reduced 
renal blood flow on the clearance and distribution of drugs but did not 
directly address the potential effects of exercise. Little is known of the 
effects of exercise on drug kinetics. An 8% increase in plasma atenolol 
during exercise would probably not be therapeutically significant, but 
it does demonstrate the importance of controlling exercise levels during 
pharmecokinetic and bioavailability studies. 
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Abstract A new rapid, specific, and convenient colorimetric method 
for the determination of procaine hydrochloride in pharmaceutical 
preparations is described. This method is based on measurement of the 
intensity of the orange-red color developed when procaine hydrochloride 
is allowed to react with 1,2-naphthoquinone-4-sulfonic acid sodium salt 
in aqueous solution. Beer's law is followed over 6.0-20.0 pg/ml. The 
method was applied to the determination of procaine hydrochloride in 
procaine hydrochloride, procaine hydrochloride injection with or without 
epinephrine, penicillin G procaine, penicillin G procaine injection, and 
fortified procaine penicillin injection (BP). The results were comparable 
to those obtained by official procedures. Because of i ts  simplicity, sen- 
sitivity, and accuracy, this method is particularly suited for routine 
analysis of official preparations of procaine hydrochloride. 

Keyphrases 0 Procaine hydrochloride-colorimetric assay using 1,2- 
naphthoquinone-4-sulfonic acid sodium salt 0 Colorimetry-analysis, 
procaine hydrochloride reaction with 1,2-naphthoquinone-4-sulfonic acid 
sodium salt 

The USP (1) and BP (2) methods for the determination 
of procaine hydrochloride depend on diazotization and 
titration of the compound with standard sodium nitrite 
solution. For procaine hydrochloride injection, the USP 
assay requires prior isolation of the procaine by solvent 
extraction and then determination of the procaine spec- 
trophotometrically (3). The BP (4) method for the deter- 
mination of procaine hydrochloride in procaine hydro- 
chloride injection depends on solvent extraction of the 
procaine from alkaline solution followed by acid-base ti- 
tration. Both methods are lengthy and involve solvent 
extractions. 

The BP ( 5 )  methods for the determination of procaine 
in penicillin G procaine, penicillin G procaine injection, 
and fortified procaine penicillin injection are all similar, 
depending on solvent extraction followed by acid-base 
titration. The method is lengthy and lacks sensitivity. 

A colorimetric method for the determination of pro- 
caine hydrochloride was developed recently (6) based on 
the interaction of procaine hydrochloride with p -di- 
methylaminocinnamaldehyde in the presence of trichlo- 
roacetic acid in absolute methanol. This method requires 
a nonaqueous acidic medium. 

A simple, time-saving, and sensitive method for the 
determination of procaine in pharmaceutical preparations 
is needed. The proposed method depends on the reaction 
between procaine hydrochloride and 1,2-naphthoqui- 
none-4-sulfonic acid sodium salt in aqueous solution. 
1,2-Naphthoquinone-4-sulfonic acid sodium salt was re- 
ported previously (7) to be a detecting agent for aromatic 
amines on TLC plates. 

EXPERIMENTAL 

Instruments-A visible UV spectrophotometer' was used. 
Materials and Reagents-The following were used: procaine hy- 

~~~ ~ 

DU-2. Beckman Instruments, Fullerton, Calif. 

Table I-Effect of Time on Absorbance of Procaine 
Hydrochloride ~-1,2-Naphthoquinone-4-sulfonic Acid Sodium 
Salt Color Complex 

Minutes Absorbance at 482 nm 

10 0.202 
20 0.222 
30 0.240 
40 0.250 
50 0.260 
60 0.260 
120 0.262 
180 0.260 

~~ 

a Concentration of 16 pg of procaine hydrochloride/ml. 

Table 11-Effect of pH on Absorbance of Procaine 
Hydrochloride-1,2-Naphthoquinone-4-sulfonic Acid Sodium 
Salt Color Complex a 

Absorbance at  482 nm 

4 0.198 
5 0.200 
6 
7 
8 

0 3 8  
0.200 
0.201 

9 0.200 
10 0.105 

a Concentration of 12 pg of procaine hydrochloride/ml. 

Table 111-Reproducibility of Color Development of Replicate 
Samples of Procaine Hydrochloride Containing 6,12, or  18 pg/ml 
(n = 10) 

Mean 
Concentration, Absorbance 

wdml at  482 nm cv, % 

6 0.0986 1.190 
12 0.2001 0.684 
18 0.2995 0.452 

drochloride2; a 0.1%. solution of 1,2-naphthoquinone-4-sulfonic acid so- 
dium salt in water3; a 2% procaine hydrochloride injection; a 2% procaine 
hydrochloride injection containing 0.002% epinephrine; a procaine and 
epinephrine injection4 containing 2.090 procaine hydrochloride, 0.002% 
epinephrine, 0.2% sodium chloride, 0.3% potassium sulfate, and 0.002% 
phenylmercuric nitrate; penicillin G procaine5; a penicillin G procaine 
injection containing 300 mg of penicillin G procaine; fortified penicillin 
and penicillin G (sodium salt), 60 mg; and fortified penicillin G injection 
BP6. 

Calibration Curve Preparation-Several aliquots of exactly 2.CL10.0 
ml of procaine hydrochloride solution (100 pg/ml) were pipetted into 
50-ml volumetric flasks. Then 20 ml of water and 2.0 ml of 1,Z- 
naphthoquinone-4-sulfonic acid sodium salt were added. Each flask was 
mixed well, let stand for 60 min, and diluted to volume with water. The 
absorbance was measured at 482 nm in a 1-cm cell against a blank pre- 
pared under the same conditions but without procaine hydrochloride. 

BDH Laboratory, Poole, England. 
Fluka AG, Buchs SG, Switzerland. 

WHO, Geneva, Switzerland. 
Scurocilline, Specia, Paris, France. 

' Planocaine, May and Baker Ltd.. Dagenham, England. 
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Table IV-Comparative Analysis of Preparations Containing Procaine Hydrochloride 
~ ~ ~ ~~ ~ 

Labeled Amount Found, mg/mla 
Amount, USP BP Proposed 

Preparation mg/ml Method Method Method 

Procaine hydrochloride, 2.0% 20.0 19.90 (CV = 0.34%) 19.93 (CV = 0.45%) 20.00 (CV = 0.25%) 
Procaine hvdrochloride. 2%. + 0.002% 20.0 20.10 (CV = 0.66%) 19.91 (cv = 1.07%) 19.95 (CV = 0.66%) 

epinephiine 

epinephrine + 0.2% sodium chloride + 0.3% potassium sulfate + 0.002% 
phenylmercuric nitrate 

epinephrine + 5% sodium chloride + 0.1% chlorocresol 

Procaine hydrochloride, 2%. + 0.002% 20.0 20.20 (CV = 0.74%) 19.81 (CV = 1.06%) 20.10 (CV = 0.20%) 

Procaine hydrochloride, 2%. + 0.002% 20.0 20.10 ( c v  = 1.79?’0) 19.70 (CV = 0.62%) 20.10 (CV = 0.50?6) 

Penicillin G procaine injection, 300,000 IU 139 130.00 (CV = 1.38%) 135.00 (CV = 0.74%) 

Mean of three results. 

Table V-Recovery of Procaine Hydrochloride 

Procaine 
Hydrochloride, Found after Recovery, 

Preparation mg Found, mg Added, mg Addition, mg % 

Injection (without 20 20.05 10.0 30.1 100.5 
epinephrine) 

Iniection (with 20 19.95 20.0 39.9 99.75 
epinephrine) 

Solution 50 50.15 50.0 100.4 100.5 

Procaine Hydrochloride-One hundred milligrams, accurately 
weighed, of procaine hydrochloride was dissolved in water to produce 100 
ml. Then 0.8 ml of this solution was pipetted into a 50-ml volumetric flask, 
and the procedure described for the calibration curve was followed. The 
amount of procaine hydrochloride was calculated from the calibration 
curve. 

Procaine Hydrochloride Injection with or  without Epineph- 
rine-Five milliliters of a 2% procaine hydrochloride injection was pi- 
petted into a 100-ml volumetric flask and diluted to volume with water. 
Then 0.8 ml of this solution was pipetted into a 50-ml volumetric flask, 
and the procedure described for the calibration curve was followed. The 
amount of procaine hydrochloride was calculated from the calibration 
curve. 

Penicillin G Procaine-Three hundred milligrams7 of penicillin G 
procaine was dissolved in water to produce 100 ml. Then 0.5 ml of this 
solution was pipetted into a 50-ml volumetric flask, and the procedure 
described for the calibration curve was followed. The amount of procaine 
hydrochloride was calculated from the calibration curve. 

Penicillin G Procaine Injection-An accurately measured volume 
of a well-shaken suspension, equivalent to 300 mg of penicillin G procaine, 
was diluted to 100 ml with water. Then 0.5 ml of this solution was pipetted 
into a 50-ml volumetric flask, and the procedure described for the cali- 
bration curve was followed. The amount of procaine hydrochloride was 
calculated from the calibration curve. 

Fortified Procaine Penicillin Injection (BP)-The contents of the 
vial (containing 300 mg of penicillin procaine and 60 mg of penicillin G )  
were dissolved in water to produce 100 ml. Then 0.5 ml of this solution 
was pipetted into a 50-ml volumetric flask, and the procedure described 
for the calibration curve was followed. The amount of procaine hydro- 
chloride was calculated from the calibration curve. 

Interferences-The effect of epinephrine, sodium chloride, potassium 
sulfate, phenylmercuric nitrate, chlorocresol, and sodium metabisulfite 
on the determination of procaine hydrochloride was determined by 
preparing solutions containing these substances plus a known amount 
of procaine hydrochloride and performing the analysis according to the 
procedure for procaine hydrochloride. The effect of penicillin G on the 
determination of procaine in penicillin G procaine preparation was 
studied similarly. 

RESULTS AND DISCUSSION 

A characteristic orange-red color with an absorbance maximum at 482 
nm developed when procaine hydrochloride was reacted with 1,2- 
naphthoquinone-4-sulfonic acid sodium salt in aqueous medium. When 

~ 

Equivalent to 139.0 mg of procaine hydrochloride. 

the observed absorbances were plotted against concentrations, a linear 
calibration curve with a slope of 0.01636 was obtained over the concen- 
tration range of 6.0-20.0 pg/ml, indicating obedience to Beer’s law. This 
linearity was also confirmed when the correlation coefficient, r ,  was 
calculated from the values of absorbances and concentrations and was 
0.9991. 

The color reached maximum intensity after 60 min and remained stable 
for at least an additional 2 hr (Table I). 

The effect of pH on the color intensity was studied. It was stable be- 
tween pH 4 and 9 but dropped suddenly at pH 10 (Table XI). Therefore, 
buffers were not used to adjust the pH since the method could be used 
at  any pH between 4 and 9. 

The concentration optimum of the color reagent was determined by 
adding various volumes of 0.1% 1,2-naphthoquinone-4-sulfonic acid so- 
dium salt reagent to a series of 50-ml volumetric flasks, each containing 
800 pg of procaine hydrochloride, diluting to volume with water, and 
measuring the absorbance of each solution at  482 nm against a blanks. 
Maximum color intensity was obtained with 1.5 ml of the reagent. In- 
creasing the volume to 4.0 ml did not increase the absorbance. Therefore, 
i t  was decided to use 2.0 ml as the optimum concentration. 

The precision study was performed at three different concentrations, 
6,12, and 18 pg/ml, by running 10 replicates of each. The coefficients of 
variation were 1.190,0.684, and 0.452%, respectively (Table 111). 

The proposed method was compared to the official methods for pre- 
pared and commercially available procaine hydrochloride pharmaceutical 
preparations. There was a close relationship between the results obtained 
by the official procedures and those obtained by the suggested method 
(Table IV). 

Samples of procaine hydrochloride preparation were analyzed before 
and after the addition of known quantities of procaine hydrochloride 
solution (Table V). The recovery data obtained proved that the suggested 
method is accurate. Temperature change had an insignificant effect on 
chromophore formation. 

The presence of epinephrine, penicillin G, sodium chloride, potassium 
sulfate, phenylmercuric nitrate, chlorocresol, and sodium metabisulfite 
in the concentrations used produced no effect on the development, in- 
tensity, or stability of the color and, therefore, had no effect on the col- 
orimetric assay. 
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Abstract 0 A method for estimating acetazolamide concentrations in 
human plasma is described. Buffered plasma (pH 4.8) containing chlo- 
rothiazide as an internal standard is extracted twice with ethyl acetate. 
The extract is evaporated, redissolved, and chromatographed on silica 
gel with hexane-chloroform-methanol-acetic acid (6525: 100.25) as the 
mobile phase. The extraction efficiencies were >90%, the coefficients of 
variation at 1 and 30 pg/ml of plasma were 3.5 and 2.0%, respectively, and 
the calibration curves were linear and had an intercept of essentially zero. 
The suitability of the method for pharmacokinetic studies was verified 
in a normal volunteer dosed with 250-mg (solution) and 500-mg (sus- 
tained-release tablet) acetazolamide formulations. 

Keyphrases Acetazolamide-analysis, high-performance liquid 
chromatography, plasma High-performance liquid chromatogra- 
phy-analysis, acetazolamide, plasma Carbonic anhydrase inhibi- 
tors-acetazolamide, high-performance liquid chromatography, 
plasma 

Acetazolamide, a carbonic anhydrase inhibitor, is used 
to decrease the ocular aqueous humor secretion in certain 
types of glaucoma. Methods for the quantitation of this 
drug in biological fluids include measurement of the car- 
bonic anhydrase inhibition (1, a), colorimetry (3,4), elec- 
tron-capture GLC (5), and high-performance liquid 
chromatography (HPLC) (6). However, the GLC and 
HPLC procedures are time consuming (2), the colorimetric 
method is only partially successful (4,6), and the modified 
enzymatic assay (2) lacks sufficient precision. 

The present study was undertaken to develop an assay 
without the described deficiencies that could be used to 
quantitate acetazolamide in human or animal plasma 
following administration of single doses of 250 mg of a 
regular acetazolamide formulation or 500 mg of a sus- 
tained-release formulation. 

EXPERIMENTAL 

Materials-Hexane, chloroform, and methanol were HPLC grade1V2. 
Acetezolamide and chlorothiazide were USP reference standards. Sodium 
acetate, ethyl acetate, sodium bicarbonate, sodium hydroxide, and acetic 
acid were reagent grade. 

One oral acetazolamide solution, used in the plasma profile experi- 
ments, was prepared by dissolving 250 mg of the USP standard in 20 ml 
of ethanol and diluting to 200 ml with fresh aqueous sodium bicarbonate 
(0.1 M). The final pH was 8. Another oral solution, used in determining 
the absence of interference, was prepared by dissolving a commercial 
parenteral preparation3 in water. 

1 Burdick & Jackson Laboratories, Muskegon, Mich. 
2 Fisher Scientific, Ottawa, Canada. 
3 Diamox, Lederle, Canadian Cyanamide Ltd., Montreal, Canada. 

Subjects-After an overnight fast, a healthy, 40-year-old male subject 
(90 kg) was administered 200 ml of the solution (250 mg) and separately 
one commercial 500-mg sustained-release formulation3 with 150-250 ml 
of water a t  a 1-week interval. 

Blood samples (10 ml) were collected in heparinized evacuated con- 
t a i n e r ~ ~  at the various times (Figs. 1 and 2). The samples were centrifuged 
at  lOOOXg, and the separated plasma was stored at -18O until anal- 
ysis. 

Method-To tubes containing 1 ml of plasma were added 0.5 ml of 
internal standard (20 pg of chlorothiazide/ml of water), 2 ml of sodium 
acetate buffer (0.05 M, pH 4.8), and 10 ml of ethyl acetate. After mixing5 
for 10 min and centrifuging for 10 min at lOOOxg, the organic layer was 
removed, and the extraction steps were repeated. The combined organic 
layers were evaporated at  60” to dryness using a nitrogen stream. After 
the residue was dissolved in 10 p1 of 0.45 N NaOH by mixin$, 1 ml of 
ethyl acetate was added, and the contents were mixed again. Aliquots 
(200 pl) of this solution were chromatographed. 

The HPLC system consisted of a pump, an injector, and a detector’ 
set a t  280 nm. The silica gel columns (5 pm, 3.2 X 250 mm) was packed 
using a balanced density slurry method. The mobile phase was hexane- 
chloroform-methanol-acetic acid (65:?5:10:0.25) at a flow rate of 3 
ml/min (2900 psi). Quantitation was achieved by measuring the peak 
height ratio of the drug to the internal standard. 

Calibration Curve-The linearity of the calibration curve was de- 
termined by adding 0.5,2,4,8, and 12 pg of acetazolamide/ml to blank 
plasma samples. Two aliquots of each concentration were assayed as 
described. The coefficients of variation were determined using replicate 
samples of plasma standards containing 1 and 30 fig of acetazolamide/ 
ml. 

Determination of Extraction Efficiency-The extraction efficiency 
for the drug was estimated from the change in the peak height ratio when 
the drug was added to the plasma while the internal standard was added 
to the final extract compared to the peak height ratio when both were 
added to the final extract. The extraction efficiency for the internal 
standard was estimated from the change in the peak height ratio when 
the internal standard was added to the plasma while the drug was added 
to the final extract compared to the peak height ratio when both were 
added to the final extract. 

Absence of Interferences-To verify the absence of metabolites and 
naturally occurring plasma constituents interfering with the internal 
standard or drug, plasma samples obtained from another volunteer 2 and 
2.5 hr after ingestion of 500 mg of acetazolamide solution were pooled and 
extracted without the internal standard and chromatographed. 

The effluents containing acetazolamide were combined and evapo- 
rated. One aliquot was rechromatographed on the same column using 
hexane-chloroform-methanol-acetic acid (702550.25) as the mobile 
phase at a flow rate of 3 ml/min. Another aliquot was injected onto a 
bonded amino-silica gel column9 (10 pm, 4.0 X 300 mm) using a mobile 

4 Vacutainers, Becton Dickinson, purchased through Canlab, Ottawa, Canada. 
5 Roto-rack, Fisher Scientific. 
6 Vortex, Fisher Scientific. 

Models 6000A, U6K, and 440, Waters Associates, Mississauga, Ontario, 

Li-Chrosorb Si-60. 5 um. Brinkmann Instruments. Rexdale. Ontario, 
Canada. 
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Abstract 0 A method for estimating acetazolamide concentrations in 
human plasma is described. Buffered plasma (pH 4.8) containing chlo- 
rothiazide as an internal standard is extracted twice with ethyl acetate. 
The extract is evaporated, redissolved, and chromatographed on silica 
gel with hexane-chloroform-methanol-acetic acid (6525: 100.25) as the 
mobile phase. The extraction efficiencies were >90%, the coefficients of 
variation at 1 and 30 pg/ml of plasma were 3.5 and 2.0%, respectively, and 
the calibration curves were linear and had an intercept of essentially zero. 
The suitability of the method for pharmacokinetic studies was verified 
in a normal volunteer dosed with 250-mg (solution) and 500-mg (sus- 
tained-release tablet) acetazolamide formulations. 

Keyphrases Acetazolamide-analysis, high-performance liquid 
chromatography, plasma High-performance liquid chromatogra- 
phy-analysis, acetazolamide, plasma Carbonic anhydrase inhibi- 
tors-acetazolamide, high-performance liquid chromatography, 
plasma 

Acetazolamide, a carbonic anhydrase inhibitor, is used 
to decrease the ocular aqueous humor secretion in certain 
types of glaucoma. Methods for the quantitation of this 
drug in biological fluids include measurement of the car- 
bonic anhydrase inhibition (1, a), colorimetry (3,4), elec- 
tron-capture GLC (5), and high-performance liquid 
chromatography (HPLC) (6). However, the GLC and 
HPLC procedures are time consuming (2), the colorimetric 
method is only partially successful (4,6), and the modified 
enzymatic assay (2) lacks sufficient precision. 

The present study was undertaken to develop an assay 
without the described deficiencies that could be used to 
quantitate acetazolamide in human or animal plasma 
following administration of single doses of 250 mg of a 
regular acetazolamide formulation or 500 mg of a sus- 
tained-release formulation. 

EXPERIMENTAL 

Materials-Hexane, chloroform, and methanol were HPLC grade1V2. 
Acetezolamide and chlorothiazide were USP reference standards. Sodium 
acetate, ethyl acetate, sodium bicarbonate, sodium hydroxide, and acetic 
acid were reagent grade. 

One oral acetazolamide solution, used in the plasma profile experi- 
ments, was prepared by dissolving 250 mg of the USP standard in 20 ml 
of ethanol and diluting to 200 ml with fresh aqueous sodium bicarbonate 
(0.1 M). The final pH was 8. Another oral solution, used in determining 
the absence of interference, was prepared by dissolving a commercial 
parenteral preparation3 in water. 

1 Burdick & Jackson Laboratories, Muskegon, Mich. 
2 Fisher Scientific, Ottawa, Canada. 
3 Diamox, Lederle, Canadian Cyanamide Ltd., Montreal, Canada. 

Subjects-After an overnight fast, a healthy, 40-year-old male subject 
(90 kg) was administered 200 ml of the solution (250 mg) and separately 
one commercial 500-mg sustained-release formulation3 with 150-250 ml 
of water a t  a 1-week interval. 

Blood samples (10 ml) were collected in heparinized evacuated con- 
t a i n e r ~ ~  at the various times (Figs. 1 and 2). The samples were centrifuged 
at  lOOOXg, and the separated plasma was stored at -18O until anal- 
ysis. 

Method-To tubes containing 1 ml of plasma were added 0.5 ml of 
internal standard (20 pg of chlorothiazide/ml of water), 2 ml of sodium 
acetate buffer (0.05 M, pH 4.8), and 10 ml of ethyl acetate. After mixing5 
for 10 min and centrifuging for 10 min at lOOOxg, the organic layer was 
removed, and the extraction steps were repeated. The combined organic 
layers were evaporated at  60” to dryness using a nitrogen stream. After 
the residue was dissolved in 10 p1 of 0.45 N NaOH by mixin$, 1 ml of 
ethyl acetate was added, and the contents were mixed again. Aliquots 
(200 pl) of this solution were chromatographed. 

The HPLC system consisted of a pump, an injector, and a detector’ 
set a t  280 nm. The silica gel columns (5 pm, 3.2 X 250 mm) was packed 
using a balanced density slurry method. The mobile phase was hexane- 
chloroform-methanol-acetic acid (65:?5:10:0.25) at a flow rate of 3 
ml/min (2900 psi). Quantitation was achieved by measuring the peak 
height ratio of the drug to the internal standard. 

Calibration Curve-The linearity of the calibration curve was de- 
termined by adding 0.5,2,4,8, and 12 pg of acetazolamide/ml to blank 
plasma samples. Two aliquots of each concentration were assayed as 
described. The coefficients of variation were determined using replicate 
samples of plasma standards containing 1 and 30 fig of acetazolamide/ 
ml. 

Determination of Extraction Efficiency-The extraction efficiency 
for the drug was estimated from the change in the peak height ratio when 
the drug was added to the plasma while the internal standard was added 
to the final extract compared to the peak height ratio when both were 
added to the final extract. The extraction efficiency for the internal 
standard was estimated from the change in the peak height ratio when 
the internal standard was added to the plasma while the drug was added 
to the final extract compared to the peak height ratio when both were 
added to the final extract. 

Absence of Interferences-To verify the absence of metabolites and 
naturally occurring plasma constituents interfering with the internal 
standard or drug, plasma samples obtained from another volunteer 2 and 
2.5 hr after ingestion of 500 mg of acetazolamide solution were pooled and 
extracted without the internal standard and chromatographed. 

The effluents containing acetazolamide were combined and evapo- 
rated. One aliquot was rechromatographed on the same column using 
hexane-chloroform-methanol-acetic acid (702550.25) as the mobile 
phase at a flow rate of 3 ml/min. Another aliquot was injected onto a 
bonded amino-silica gel column9 (10 pm, 4.0 X 300 mm) using a mobile 

4 Vacutainers, Becton Dickinson, purchased through Canlab, Ottawa, Canada. 
5 Roto-rack, Fisher Scientific. 
6 Vortex, Fisher Scientific. 

Models 6000A, U6K, and 440, Waters Associates, Mississauga, Ontario, 

Li-Chrosorb Si-60. 5 um. Brinkmann Instruments. Rexdale. Ontario, 
Canada. 
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Figure 1-Chromatograms of plasma extracts. Key: A, blank plasma; 
Band C, plasma of a human oolunteer 4.5 hr after administration of 250 
mg of an oral acetazolamide solution without (B) and with (C) the in- 
ternal standard (estimated concentration, 6.03 pg/ml); and D, rechro- 
matography of pooled acetazolamide peaks. Samples A, B, and C were 
chromatographed on a silica gel column with a mobile phase of hex- 
ane-chloroform-methanol-acetic acid (65:25:10:0.25). Sample D was 
chromatographed on a bonded amino-silica gel column with a mobile 
phase of 20% methanol in 0.01 M ammonium formate. The expected 
locations of the drug and the internal standard are marked by ar- 
rows. 

phase of 20% methanol in 0.01 M aqueous ammonium formate at  a flow 
rate of 2 ml/min. 

RESULTS AND DISCUSSION 

Preliminary experiments demonstrated the need for acetic acid in the 
mobile phase. In its absence, the peak height ratio of the drug to the in- 
ternal standard diminished on successive injections of plasma extract, 
which may have been due to an accumulation of interfering substances. 
However, inclusion of acetic acid maintained the constancy of the peak 
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Figure $-Plasma concentration profiles of acetazolamide in a uol- 
unteer following the oral administration of 250 mg in solution (0) and 
a 500-mg sustained-release tablet (m). 

Table I-Typical Acetazolamide Calibration Curve 

Peak 
Drug Added, Height 

pdml Ratioa Ratio * 
0.5 0.062 0.125 
2.0 0.264 0.132 
4.0 0.521 0.130 
8.0 1.043 0.130 

12.0 1.595 0.133 

Ratio of the drug to the internal standard. Ratio of the peak height ratio to 
the drug concentration. 

height ratio in new columns, and old columns were restored to their 
original conditions by thorough flushing with the acidic mobile phase. 
Bayne et al. (6) had a similar problem with their acetazolamide assay. 
They attempted to overcome the problem by injecting alcohol between 
injections of the plasma extract. Unfortunately, in the present investi- 
gation this alcohol injection increased the analysis time and was not al- 
ways successful. 

The final method was evaluated in terms of extraction efficiency, in- 
terferences, linearity, and precision. The extraction efficiency of aceta- 
zolamide from plasma to ethyl acetate was 94% while that for chlo- 
rothiazide was 91%. Neither naturally occurring plasma constituents nor 
metabolites interfered with the peak height determination of either the 
drug or the internal standard. With blank plasma, when the internal 
standard was eliminated from the assay, no peaks absorbing at 280 nm 
and having the same retention times as acetazolamide or chlorothiazide 
were observed (Fig. 1A). Plasma extracts from a volunteer 4.5 hr after 
ingestion of 250 mg of drug (Fig. 1B) showed no peak with a retention time 
similar to that of the internal standard. Furthermore, the pooled effluents 
corresponding to the acetazolamide peak from the plasma of a volunteer 
2-2.5 hr after a 500-mg drug dose showed a single peak when rechro- 
matographed using a different column and mobile phase (Fig. 1D). 

A typical calibration curve is shown in Table I. The excellent linearity 
of the method is illustrated by the constant values of the ratio of the peak 
height ratio to the drug concentration. The regression of the peak height 
ratio against drug concentrations gave a slope (f95% confidence interval) 
of 0.13 (f0.003) ml/pg and a peak height ratio intercept of nearly zero 
(-0.00s f 0.02). In another series of experiments, the coefficients of 
variation determined at  1 and 30 pglml (n = 5 and 6, respectively) were 
3.5 and 2.0%, respectively. 

The suitability of the method for studying acetazolamide pharmaco- 
kinetics following single-dose administration was ascertained by ad- 
ministering separately 250 mg of the drug in solution and 500 mg in a 
sustained-release formulation to a normal human volunteer (Fig. 2). The 
solution showed rapid absorption with apparently biphasic elimination. 
A peak concentration of 16 &ml was produced at  I hr compared to the 
lower peak concentration (13 pg/ml) produced at  2.5 hr with the larger 
dose, sustained-release product. These figures are in good agreement with 
values published previously (7). 

This assay is relatively quick and precise and is not subject to inter- 
ference either from metabolites or from naturally occurring plasma 
constituents. 
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Abstract  To investigate whether increased blood prolactin concen- 
tration affects epididymal cyclic AMP (adenosine 3',5'-cyclic mono- 
phosphate) levels during hyperthermic stress, a study was conducted on 
40 Sprague-Dawley male rats divided into four equal groups. Two groups 
were injected intraperitoneally with bromocriptine, a potent inhibitor 
of prolactin release. Under identical experimental conditions, one group 
was subjected to hyperthermic stress, and the other group was maintained 
at  room temperature. Two additional groups were injected with a control 
vehicle; one group was subjected to hyperthermic stress, and the other 
group was kept a t  normal body temperature. Blood samples were ana- 
lyzed for serum prolactin, and epididymal fat pads were assayed for cyclic 
AMP. Serum prolactin levels increased significantly ( p  < 0.01) in 
hyperthermic rats, but this effect was suppressed completely by bro- 
mocriptine. Cyclic AMP levels were increased ( p  < 0.01) during elevated 
body temperature in all animals examined, with no significant difference 
( p  > 0.05) occurring between the nonbromocriptine-treated and bro- 
mocriptine-prolactin-suppressed groups. This investigation suggested 
that elevation of epididymal fat cyclic AMP during hyperthermia is not 
the result of increased prolactin levels. 

Keyphrases Cyclic AMP-epididymal levels, effect of hyperther- 
mically elevated serum prolactin, rats Hyperthermia-elevation of 
serum prolactin, effect on epididymal cyclic AMP levels, rats 0 Prolactin, 
serum-hyperthermic elevation, effect on epididymal cyclic AMP levels, 
rats 

Hyperthermic stress induces changes in lipid metabo- 
lism, including a rise in epididymal fat pad cyclic AMP 
(adenosine 3',5'-cyclic monophosphate) (1-3). It has been 
shown that insulin exerts an inhibiting effect on the rise 
of epididymal fat pad cyclic AMP during hyperthermia (1). 
However, the rise in cyclic AMP may result from a con- 
comitant decrease in blood insulin ( l ) ,  an increase in ex- 
trapituitary lipolytic hormones such as glucagon (l), 
and/or an increase in pituitary lipolytic hormones such as 
prolactin (4-6). The present study was designed to eluci- 
date the role of prolactin on the elevation of epididymal 
cyclic AMP during hyperthermic stress. 

EXPERIMENTAL 

Animals-Forty male Sprague-Dawley adult rats', 225-300 g, were 
divided into four equal groups. They were housed for 21 days prior to the 
study in a temperature-controlled (23 f 3"), artificially illuminated 
(lights on from 7:OO am to 7:OO pm daily) room. During this period, the 
rats were given food2 and water ad libitum. Prior to all experiments, the 
animals were fasted for 12 hr. 

Effect of Hyperthermia on Epididymal Fat Pad Cyclic AMP and 
Serum Prolactin-The first 10 animals (hyperthermic bromocriptine 
group) were injected intraperitoneally with 1 mg of br~mocript ine~,  a 
known potent inhibitor of prolactin (7). in 0.5 ml of 5% ethanol. A second 
group of animals (hyperthermic control group) was injected intraperi- 

Tacnnir Farms, Germantown, N.Y. 
Purina Lab Chow, Ralston Purina Co., St. Louis, Mo. 
Sandoz Laboratories, East Hanover, N.J. 

toneally with 5% ethanol vehicle. Thirty minutes after injection, both 
groups were placed in an environmental chambeP. The relative humidity 
was maintained between 40 and 45% within the chamber, and the ambient 
temperature was controlled to allow the rectal temperature5 to increase 
-1°/30 min until a value of 42 f 0.1" was reached. This rectal tempera- 
ture was maintained for approximately 30 min, a t  which time blood 
samples were obtained by decapitation. A small portion of epididymal 
fat was removed immediately from each animal and frozen in liquid ni- 
trogen. 

The third group of animals (normothermic bromocriptine group) was 
treated as described for the first group, and the remaining 10 animals 
(normothermic control group) were treated identically to the second 
group. For the latter two groups, the temperature in the environmental 
chamber was maintained at 23 f 3" for the 3 hr that the animals were 
contained in it. Blood and epididymal fat samples then were obtained. 

Sample Collection and  Assay-All decapitations were conducted 
between 330  and 500 pm. Blood was collected from the trunk portion 
and allowed to stand for 10 min at 4", and the serum was separated and 
frozen a t  -40" until hormone analysis could be performed. Serum pro- 
lactin levels were measured using a double antibody radioimmunoassay 
kit6 according to the instructions supplied. The rat prolactin was iodin- 
ated by a modification of the Hunt,er-Greenwood method (8). Each serum 
sample was assayed in duplicate, and the average was taken as repre- 
sentative of the true prolactin concentration. All results are expressed 
in terms of nanograms per milliliter of NIAMDD rat prolactin. 

Cyclic AMP was extracted from the epididymal fat pads by a method 
described by Steiner et al. (91, and the concentrations were determined 
by radioimmun~assay~ using a modification of a method reported by the 
same investigators (10). Each sample was assayed in duplicate, and the 
average was taken as representative of the concentration. Cyclic AMP 
results are expressed in picomoles per gram of wet epididymal fat 
tissue. 

Statistical comparisons were determined by the Student t test (11). 

RESULTS 

Figure 1 shows the results of hyperthermic stress on serum prolactin 
levels following treatment with bromocriptine or control vehicle. Pro- 
lactin levels were elevated significantly ( p  < 0.01) in the hyperthermic 
control group compared to the normothermic control group [124.3 f 20.6 
(SE) uersus 44.8 f 7.7 (SE)  ng/ml, respectively; t = 3.4, df = 181. Pro- 
lactin levels were depressed significantly (p < 0.01) in the hyperthermic 
bromocriptine group compared to the hyperthermic control group [11.2 
f 1.2 ( S E )  uersus 124.3 f 20.6 ( S E )  ng/ml, respectively; t = 39.0, df = 
181 and in the normothermic bromocriptine group compared to the 
normothermic control group [44.8 f 7.7 ( S E )  uersus 13.4 f 1.2 ( S E )  
ng/ml, respectively; t = 3.5, df = 181, with no significant difference ( p  
> 0.05) between the bromocriptine-prolactin-suppressed groups [11.2 
f 1.2 (SE) uersus 13.4 1.2 ( S E )  ng/ml, respectively; t = 1.2, df = 
181. 

Figure 2 indicates that epididymal cyclic AMP levels were elevated 
significantly (p < 0.01) in the hyperthermic control group compared to 

4 Refrigerator incubator model 305500, Hotpack Corp., Philadelphia, Pa. 
Rectal thermister probe, Yellow Springs Instrument Co., Springfield, Ohio. 

6 Supplied by the National Institutes of Arthritis, Metabolism, and Digestive 
Diseases (NIAMDD) Rat Pituitary Hormone Distribution Proaram. National Pi- 
tuitary Agency, Baltimore. Md. 

N.Y. 
Cyclic AMP radioimmunoassay kit Iz5I,  Becton Dickinsnn, Orangeburg, 
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Figure 1-Serum pro- 
lactin leuels in rats 
treated with bromo- 
criptine or vehicle dur- 
ing normal and eleoated 
rectal temperatures. 
Each uertical bar rep- 
resents the mean of I0 
obseruations. The oer- 
tical brackets indicate 
standard errors of the 
mean. Prolactin leuels 
in the hyperthermic 
control rats were sig- 
nificantly (p < 0.01) 
elevated compared t o  
normothermic controls. 
Bromocriptine treat- 
ment significantly de- 
pressed serum prolactin 
leuels in both hyper- 
therrnic and normo- 
thermic animals. 

CONTROL BROIUOCRIPTI NE 

the normothermic controlgroup 1115.2 i 20.9 (SE)  versus 56.1 f 6.7 (SE)  
pmoles/g, respectively; t = 3.8, d f  = 181 and in the hyperthermic bro- 
mocriptine group compared to the normothermic bromocriptine animals 
[165.7 f 33.8 ( S E )  uersus 63.4 f 8.3 (SE)  pmoles/g, respectively; t = 3.9, 
d f  = 181. The cyclic AMP concentrations of the normothermic control 
and the normothermic bromocriptine groups were not significantly dif- 
ferent ( p  > 0.05) (56.1 f 6.7 ( S E )  uersus 63.4 f 8.3 ( S E )  pmoles/g, re- 
spectively; t = 2.0, df = 181, and there also was no significant difference 
( p  > 0.05) in concentration between the hyperthermic control and the 
hyperthermic bromocriptine groups (115.2 f 20.9 ( S E )  versus 165.7 f 
33.8 ( S E )  pmoledg, respectively; t = 1.2, d f  = 181. 

DISCUSSION 

Serum prolactin levels are largely controlled by a hypothalamic pro- 
lactin-inhibiting factor related to dopamine which, indeed, may be do- 
pamine (12). Pharmacological agents that reduce serum prolactin levels 
include dopamine agonists such as bromocriptine (7). Although bromo- 
criptine also may transiently increase the prolactin clearance from plasma 
by stimulating its uptake into peripheral receptor sites, its exact inhibi- 
tory mechanism is not fully known (13). 

In the present study, serum prolactin levels significantly increased in 
hyperthermic rats. Bromocriptine-treated animals exhibited suppressed 
serum prolactin levels, and no elevation of prolactin levels occurred 
during hyperthermia (Fig. 1). Previous studies (14,15) showed that in- 
creased temperature raises blood prolactin. However, these changes were 
not attributed simply to stress since lowered temperature significantly 
decreased serum prolactin and elevated temperature produced the op- , 
posite effect (14,15). Although it was reported previously that prolactin 
increases lipolysis in adipose tissue from mature rats, as indicated by an 
increased free fatty acid and glycerol release (16,17), this effect has not 
been observed in young rats (16). 

Prolactin also is known to increase cyclic AMP in some tissues but not 
in others (16). Since no significant change in the levels of cyclic AMP 
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Figure 2-Cyclic AMP 
concentrations in rats 
treated with bromo- 
criptine or control ve- 
hide during normal and 
eleuated rectal tem- 
peratures. Each uertical 
bar represents the 
mean of 10 observa- 
tions. The vertical 
brackets indicate stan- 
dard errors of the mean. 
Hyperthermia signifi- 
cantly (p < 0.01) ele- 
oated cyclic AMP in 
both bromocriptine- 
and control uehicle- 
treated animals with no 
significant difference (p 
> 0.05) in the concen- 
tration of both groups. 

occurred among the bromocriptine-treated hyperthermic animals in 
contrast to nonbromocriptine-treated rats (Fig. 2), it appears that epi- 
didymal fat cyclic AMP elevations during hyperthermia occur inde- 
pendently of increases in serum prolactin’levels. The role of extrapituitary 
lipolytic hormones such as glucagon is now being investigated to deter- 
mine if they play a part in the epididyma1,fat cyclic AMP increase ob- 
served during elevated body temperature. 
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Abstract 0 The adsorption of cimetidine on selected pharmaceuticals 
including kaolin, activated charcoal, talc, and nonsystemic antacids was 
determined at pH 5.0 and 25". The Langmuir and Freundlich adsorption 
isotherms showed that cimetidine adsorption was significant with acti- 
vated charcoal, kaolin, talc, and magnesium trisilicate and was virtually 
nonexistent with magnesium hydroxide and aluminum hydroxide. 
Equations expressing the Freundlich and Langmuir adsorption isotherms 
were evaluated for each adsorbent. The approximate amounts of cime- 
tidine adsorbed per gram of adsorbeet were 25.6,0.402,0.291, and 0.343 
mg for charcoal, kaolin, talc, and magnesium trisilicate, respectively. 
These in uitro studies indicate that some cimetidine may be lost when 
it is administered concomitantly with pharmaceutical adsorbents. 

Keyphrases Cimetidine-adsorption onto various pharmaceutical 
adsorbents, in uitro 0 Adsorption-cimetidine, various pharmaceutical 
adsorbents, in uitro Interactions-adsorption of cimetidine onto 
various pharmaceutical adsorbents 

Numerous pharmaceuticals contain substances that are 
capable of adsorbing various drugs and other compounds 
(1-8). These substances include clays such as kaolin and 
talc and silicates found in some antacid-antiflatulent 
preparations. The purpose of this study was to determine 
if any adsorption interaetion occurred with some corn- 
monly employed pharmaceutical ingredients including 
kaolin, talc, magnesium trisilicate, aluminum hydroxide, 
magnesium hydroxide, activated charcoal, and the Hz- 
receptor antagonist cimetidine used for the treatment of 
duodenal ulcers and gastric hypersecretion. Since antacids 
are recommended commonly for concurrent therapy with 
cimetidine, it was of interest to determine if any in vitro 
interaction was evident. To evaluate the efficiency of the 
adsorption, activated charcoal was employed as a stan- 
dard. 

EXPERIMENTAL 

Reagents-Activated charcoal', kaolin', talc2, aluminum hydroxide', 
magnesium hydroxide', and magnesium trisilicate3 were reagent grade. 
Cimetidine4 was compendia1 grade and was used without further puri- 
fication. Methanol was certified ACS spectroanalyzed grade'. 

Procedure-All potential adsorbents (aluminum hydroxide, charcoal, 
kaolin, magnesium hydroxide, magnesium trisilicate, and talc) employed 
were washed repeatedly with distilled water followed by spectroanalytical 
grade methanol until the wash solution exhibited no absorbance a t  226 
nm (the wavelength of maximum cimetidine absorption). The adsorbents 

Fisher Scientific Co., Fair Lawn, N.J. 
Matheson, Coleman and Bell, Norwood, Ohio. 
Mallinckrodt, St. Louis, Mo. 
Smith Kline and French Laboratories. Philadelphia, Pa 

were passed through a 20-mesh sieve' while still moist and permitted to 
dry in an oven at  approximately 45". The dried materials then were 
passed through a 100-mesh sieve to ensure that the particle sizes of all 
of the adsorbents were 100 mesh or smaller. One gram of adsorbent was 
used in all cases, except for charcoal where only 50 mg was utilized. 

Adsorbate mixtures were prepared by diluting aqueous cimetidine 
solutions (-12 mg/liter) with appropriate amounts of distilled water. The 
final pH of the solutions was 5.0'. The solutions then were agitated vig- 
orously5 for 10 min a t  25" and allowed to stand for 20 min. Twenty- 
five-milliliter aliquots of the supernate were drawn from each solution, 
centrifuged6 for 20 min, and assayed spectroph~tometrically~ at 226 nm. 
The reference solutions were prepared in an identical manner as the 
sample, with the cimetidine solution replaced by distilled water. 

RESULTS AND DISCUSSION 

The results of the in uitro adsorption of cimetidine onto various sub- 
stances are given in Tables 1-111 and Figs. 1 and 2. The data are presented 
as both Freundlich constants (Eq. I) and Langmuir constants (Eq. 2) as 
well as in terms of the adsorption rate: 

0.1 0.5 1 .o 5 
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Figure 1-preundlich adsorption isotherms for the adsorption of 
cimetidine on charcoal, talc, kaolin, and magnesium trisificate at 25O. 
Key: m, magnesium trisilicate; 0, kaolin; 0, talc; and 0, charcoal 
(ualues x 102). 

5 Shaker bath 6250, Eberbach Corp., Ann Arbor, Mich. 
6 Dynac centrifuge, Clay-Adams Co., New York, N.Y. 
7 Spectronic 200, Bausch & Lomb. 
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Abstract 0 The adsorption of cimetidine on selected pharmaceuticals 
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grade methanol until the wash solution exhibited no absorbance a t  226 
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dry in an oven at  approximately 45". The dried materials then were 
passed through a 100-mesh sieve to ensure that the particle sizes of all 
of the adsorbents were 100 mesh or smaller. One gram of adsorbent was 
used in all cases, except for charcoal where only 50 mg was utilized. 

Adsorbate mixtures were prepared by diluting aqueous cimetidine 
solutions (-12 mg/liter) with appropriate amounts of distilled water. The 
final pH of the solutions was 5.0'. The solutions then were agitated vig- 
orously5 for 10 min a t  25" and allowed to stand for 20 min. Twenty- 
five-milliliter aliquots of the supernate were drawn from each solution, 
centrifuged6 for 20 min, and assayed spectroph~tometrically~ at 226 nm. 
The reference solutions were prepared in an identical manner as the 
sample, with the cimetidine solution replaced by distilled water. 

RESULTS AND DISCUSSION 

The results of the in uitro adsorption of cimetidine onto various sub- 
stances are given in Tables 1-111 and Figs. 1 and 2. The data are presented 
as both Freundlich constants (Eq. I) and Langmuir constants (Eq. 2) as 
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Table I-Freundlich Constants for Adsorption of Cimetidine 
onto Various Adsorbents 

k X lo4, 
Adsorbent g (adsorbed)/g (adsorbent) n 

Kaolin 
Magnesium trisilicate 
Talc 
Charcoal 

4.02 
3.43 
2.91 

256 

0.621 
0.943 
0.384 
0.347 

Table 11-hugmuir Constants for  Adsorption of Cimetidine 
onto Various Adsorbents 

a x 10-1, 
Adsorbent g (adsorbed)/mg (adsorbent) j3 X A4-l 

Kaolin 5.68 
Talc 4.63 
Magnesium trisilicate 3.83 
Charcoal 877 

3.72 
6.57 
0.475 

21.6 

where x/m is the grams of drug adsorbed per gram of adsorbent, C is the 
equilibrium concentration of the unbound drug, and k, n, a, and j3 are 
constants. 

The data indicate that activated charcoal is about two orders of mag- 
nitude more efficient in the adsorption of cimetidine than are kaolin, talc, 
and magnesium trisilicate. Magnesium hydroxide and aluminum hy- 
droxide did not adsorb cimetidine to any significant extent. This lack of 
adsorption is reflected in the adsorption rate as well as in the Freundlich 
constant k and the Langmuir constants a and 8. These latter constants 

’OF 

I 
0 1 2 3 4 5 

Figure 2-Langmuir adsorption isotherms for the adsorption of 
cimetidine on charcoal, talc, kaolin, and magnesium trisilicate at 25’. 
Key: A, charcoal (ualues X lo4); 0, talc; ., kaolin; and 0, magnesium 
trisilicate. 

CX 10’M 

Table 111-Adsorption Rate of Cimetidine * with Different 
Adsorbents 

~~~~ 

Adsorption Rate 
( r / m ) b  x 104, x 103, 
g (adsorbed)/ g (adsorbed)/ 

Adsorbent g (adsorbent) g(adsorbent) hr 

Charcoal 118 ~ ~ ~ _ .  ~ ~ -~ 
Kaolin 
Magnesium trisilicate 

~. 

4.69 
4.23 

Talc 3.33 

35.4 
1.41 
1.27 
1.00 

Magnesium hydroxide oao 0.00 
Aluminum hydroxide 0.00 0.00 

a The initial concentration was 3.20 X lO-5M. * At equilibrium. 

are directly related to the adsorption rate and inversely to the desorption 
rate. Therefore, the larger their values, the more efficient is the adsorbent. 
The Freundlich constant k represents the drug amount adsorbed per unit 
weight of adsorbent a t  a unit drug concentration (Eq. 1). 

The Freundlich constant n is always less than unity (9) and represents 
the drug amount adsorbed for a given concentration change. Larger n 
values reflect a greater fraction of adsorbed drug to unbound drug. This 
value, in turn, reflects the ratio of the rate of adsorption to desorption 
and the relative strength of the bond between the drug and the binding 
site. The n value is largest for magnesium trisilicate, which appears to 
indicate that while the number of sites available on this adsorbent are 
somewhat lees than for charcoal, as reflected in a lower per gram ad- 
sorption, the interaction of the magnesium trisilicate with cimetidine is 
stronger. This interaction could be the result of an electrostatic inter- 
action between anionic silicate and the positive charge on the cimetidine 
molecules. The pKa of cimetidine (10) is 6.8; at  pH 5.0, the drug exists 
almost entirely in the cationic form. Khalil(11) showed that adsorption 
of materials on magnesium trisilicate diminishes its uptake of hydro- 
chloric acid, which could be significant in the use of antacids utilizing 
magnesium trisilicate concomitantly with cimetidine. 

The results of aluminum hydroxide and magnesium hydroxide, al- 
though negative, are interesting. Bodemar et al. (12) showed that blood 
cimetidine levels are reduced in the presence of both compounds. The 
present work indicates that the source of this reduction is not due to the 
cimetidine adsorption. 

The in uitro results with kaolin and talc indicate possible interference 
with cimetidine therapy by these substances. However, the clinical sig- 
nificance of this interaction has not been demonstrated. 
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Abstract  0 Saturated fatty acids containing 10-14 carbon atoms were 
more potent inhihitors of serum protein binding than those containing 
shorter or longer carbon chains. Introduction of unsaturation into chains 
containing 16 or 18 carbons increased their inhibitory potency. Triglyc- 
erides and fatty acid esters, chlorides, thiols, and amides had no inhibitory 
activity. When inhibition was observed, it was concentration dependent 
and occurred when the molar ratio of fatty acid to protein equaled or 
exceeded three. The change in percent serum protein binding in the 
presence of an effective inhibitor was the greatest with cephalosporins 
that were most highly bound in the absence of an inhibitor. 

Keyphrases 0 Antibiotics-cephalosporins, serum protein binding, 
alteration by fatty acids and their derivatives o Cephalosporins-serum 
protein binding, alteration by fatty acids and their derivatives Protein 
binding-cephalosporin antibiotics, alteration by fatty acids and their 
derivatives, serum 

Serum protein binding can be diminished in several 
disease states, after administration of certain hormones, 
anticoagulants, and sulfa drugs, or by alteration of the 
levels of normally occurring metabolites such as bilirubin 
or fatty acids (1-6). Even small changes in serum protein 
binding can produce clinically significant physiological 
effects, particularly with drugs that are highly bound. 
These changes may affect not only the amount of free drug 
in the plasma but also its tissue concentration, tissue dis- 
tribution, and elimination pharmacokinetics (1,5,7-9). 

Kunin (4) showed that the content of free penicillin 
analogs in humans may be increased by coadministration 
of sulfamethoxypyridazine or sulfaethidole (sulfaethyl- 
thiadiazole), two in uitro inhibitors of serum protein 
binding. Spector (8) stressed the need to determine if the 
ability of albumin to transport a second compound can be 
influenced by free fatty acid concentrations in plasma. In 
this paper, data are presented on the relationship between 
the structure and serum protein binding inhibition of seven 
saturated and four unsaturated fatty acids in addition to 
the effects of chemical substituents on the carboxy ter- 
minus. 

EXPERIMENTAL 

Cephalothin and cefazolin were obtained from commercial sources. 
Cefonicid sodium [(6R,7R)-7-[(R)-mandelamido]-8-oxo-3-[[[1-(sul- 
Fornethyl)-lH-tetrazol-5-yl]thio]methyl]-5-thia -1- azabicyclo[4.2.0]oct- 
2-ene-2-carboxylic acid disodium salt], a new, long-acting parenteral 
cephalosporin (lo), was synthesized'. Fatty acids were obtained com- 
mercially a t  a stated purity of >98%. while analogs were obtained a t  a 
stated purity of >95'70. Fatty acids and their analogs were dissolved a t  
high concentrations in ethanol or ethanol-chloroform, depending on 
solubility. 

Human serum was obtained from a local commercial supplier of blood 
products. Serum pH was adjusted to 7.2-7.4 with carbon dioxide before 
use. Small volumes of fatty acid or other stock solutions or the diluent 
used in their preparation were added in varying concentrations to the 
serum. which was then held at 4' for 16-18 hr before use. This storage 
permitted the additive to interact with the serum proteins (9 , l l ) .  The 

I Smith Kline & French Laboratories 

additives to the serum were present a t  molar ratios of fatty acid to serum 
protein of 01, 1:1,3:1,5:1,7.5:1, or 101, whereas the fatty acid analogs 
were tested a t  ratios of 0:1,3:1, and 10:l (5, 12,13). 

Samples were assayed using a disk agar diffusion test employing Ra- 
cillus subtilis (ATCC 6633) grown in penicillin assay seed agar as the 
indicator. Corrections were made for intergroup variation in the indicator 
response by assaying an internal standard. Serum protein binding de- 
terminations were made using the standard response line offset tech- 
nique. In this technique, the response of the indicator to five concen- 
trations of the selected antibiotic in 1% pH 7.4 phosphate buffer was 
compared to the response produced when the antibiotic was diluted in 
serum. The concentration of antibiotic in serum, S ,  producing a specified 
response was compared to the concentration of antibiotic in buffer, A,  
producing the identical response. The value (1 - B) /S  X 100 was com- 
puted and reported as the percent serum protein binding (11,14). 

RESULTS 

The three antibiotics used, cephalothin, cefazolin, and cefonicid, were 
chosen in control experiments on the basis of their serum protein binding 
as being representatives of moderately, highly, and very highly bound 
cephalosporins. 

The effects of adding C&ls-saturated fatty acids at  various fatty acid 
to protein molar ratios on the serum protein binding of the three ceph- 
alosporins are shown in Figs. 1-3. The data show the difference in percent 
serum protein binding with and without an inhibitor in the serum as a 
function of inhibitor chain length. The amount of inhibition was de- 
pendent on fatty acid concentrations and occurred a t  ratios of 3:1 or 
greater. The various fatty acids differed in their ability to inhibit serum 
protein binding. With cephalothin, maximal inhibition occurred a t  C ~ O  
(Fig. 1); it occurred at  C1&12 (Fig. 2) for cefazolin and at  Clz for cefonicid 
(Fig. 3). 

Results obtained using the standard curve offset technique were con- 
firmed using ultrafiltration techniques and radiolabeled cefonicid with 
intermediate or high concentrations of a Clo-fatty acid as a serum addi- 
tive. These results indicate that data obtained using the standard curve 
offset technique are not attributable to artifacts introduced by the assay 
system. Fatty acids exerted their greatest effect on cephalosporins that 
were most highly bound in the absence of an inhibitor. The carbon chain 
length requirements for inhibition of cefazolin appear to be slightly less 

I I 1 I I I 
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CARBON CHAIN LENGTH 
Figure 1-Effect of fatty acid chain length and concentrdtion on serum 
protein bindin# ofcephalothin with a molar ratio of inhibitor to protein 
o f 3 1  (e), 5:l (O), and 1O:l (A). 
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Table I-Effect of Fatty Acid Unsaturation on Serum Protein 
Binding of Three Cephalosporins at a Fatty Acid to Protein 
Ratio of 101. 

Fatty Acid Cephalothin Cefazolin Cefonicid 

Palmitic ( X b )  0 
Palmitoleic (16:l) 38 
Stearic (18) 
Oleic (181) 

0 
25 

Linoliic (18:2) 14 
Linolenic (183) 41 

34 23 
50 83 
9 7 
42 61 
54 68 
47 69 

OData are shown as a change in the percent bound from the control. * Number 
of carbons to unsaturated bonds. 

stringent than those for inhibition of cephalothin or cefonicid. In all cases, 
adding a potential inhibitor at inhibitor to serum protein ratios of 1:l 
failed to affect the serum protein binding significantly. 

The effect of structural modification of saturated fatty acids on their 
ability to act as serum protein binding inhibitors was examined. Fatty 
acids having carbon chain lengths of 16 (poorly effective) or 18 (ineffec- 
tive) were used as examples. Introduction of monounsaturation or mul- 
tiple unsaturation into these compounds profoundly changed their po- 
tency as serum protein binding inhibitors (Table I). 

The next structural modification examined was substitution at  the 
carboxy terminus. Fatty acids with a 12 carbon chain (lauric acid) and 
a monounsaturated 18 carbon chain (oleic acid) were studied. The results 
of substituting the carboxy group with sodium, alcohol, amide, chloride, 
methyl ester, or thiol groups or of using the triglyceride on the serum 
protein binding of the three cephalosporins are shown in Table 11. These 
tests were carried out with a 101 inhibitor to protein ratio. Only the acid 
and its sodium salt were effective serum protein inhibitors. 

DISCUSSION 

These results show that saturated fatty acids having 10-14 carbon atom 
chains markedly inhibited serum protein binding of all tested cephalo- 
sporins whereas fatty acids with shorter or longer carbon chains were less 
effective. Introduction of unsaturation or substitution a t  the carboxy 
terminus also altered their potency. This effect suggests that the inter- 
action is structure dependent and possibly is due to the degree of lipo- 
philicity of the inhibitor. This idea is supported by the findings that in- 
troduction of unsaturation into 16-18 carbon atom chains markedly in- 
crease their inhibitory ability while substitution at the carboxy terminus 
with any of several negatively charged groups or esterification in the 
presence or absence of glycerol eliminated the serum protein binding 
inhibitory effect. 

These findings are in agreement with earlier work (8) which indicated 
that the bond between fatty acids and human serum albumin was due 

0 I 
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CARBON CHAIN LENGTH 
Figure 2-Effect of fatty acid chain length and concentration on serum 
protein binding of cefazolin with a molar ratio of inhibitor t o  protein 
of3:I (a), 5:l (O), and 1O:l (A). 

Table 11-Effect of Chemical Substitution at the Carboxy 
Terminus on the Serum Protein Binding Inhibitory Potency of 
C12 or Monounsaturated Cle Fatty Acids 

Inhibitor Ceuhalothin Cefazolin Cefonicid 

Lauric acid" 
Sodium salt 
Alcohol 
Chloride 
Methyl ester 
Thiol 
Triglyceride 

Oleic acidb 
Sodium salt 
Alcohol 
Chloride 
Amide' 
Methyl ester 
Triglvceride 

37 
33 
0 
0 
0 
0 
5 
33 
33 
0 
0 
0 
0 
3 

47 
44 
4 
0 
4 
0 
0 
41 
48 
2 
7 
0 
1 
0 

64 
64 
4 
0 
0 
0 
0 
61 
77 
1 
2 
0 
0 
1 

a Twelve carbon chain. Eighteen carbon chain, with one unsaturated bond. 
Tested at  a ratio of 5 1  because of inhibition of the assay organism at a ratio of 

101. 

predominantly to lipophilic rather than electrostatic or hydrogen bond 
interactions. Fatty acid esters or triglycerides were not inhibitory (8). The 
findings of Vallner (12) and Rudman et al. (5) were verified in that 
maximal inhibitory effects were observed when the fatty acid to protein 
ratio was three or greater. Previous findings that highly bound drugs show 
a more pronounced response than drugs with lower binding also were 
confirmed (1). 

In related studies, probenecid and novobiocin, both organic acids that 
are highly serum protein bound, also were effective in uitro inhibitors 
of serum protein binding using the three cephalosporins. These findings 
suggest that variation in the fatty acid content of human serum or 
coadministration of other highly serum protein bound compounds have 
the potential to affect dramatically the serum protein binding of com- 
monly used antibiotics. 

Changes in serum protein binding can be important clinically with 
regard to potential toxicity of highly bound drugs having a narrow ther- 
apeutic ratio. In addition, alterations in serum protein binding may affect 

1 1 1 1 L 
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CARBON CHAIN LENGTH 
Figure 3-Effect of fatty acid chain length and concentration on serum 
protein binding of cefonicid with a molar ratio of inhibitor to protein 
of3:l (O), 5:l (O), and 1O:l (A). 
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the bioassay of samples containing multiple drugs or abnormal levels of 
normally occurring metabolic products. 
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Abstract  A qualitative relationship between in uitro transport and 
in uiuo absorption of sodium y-hydroxybutyrate and y-butyrolactone 
was demonstrated. As with other short-chain acids, sodium y-hydroxy- 
butyrate showed capacity-limited transport in uitro, consistent with the 
previous observation that this drug exhibited slower in uiuo absorption 
with increasing dose. The prodrug lactone, on the other hand, showed 
a higher intestinal flux than the acid in the everted gut, and in v i m  ab- 
sorption also was more rapid. Capacity-limited transport and absorption 
of the lactone appeared less evident. Thus, the increased oral hypnotic 
activity of the lactone over that of the acid most likely is a result of its 
more favorable intestinal transport characteristics. 

Keyphrases 0 Sodium y -hydroxybutyrate-relationship between in 
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sodium y-hydroxybutyrate, relationship between in uitro transport and 
in uiuo absorption 0 Hypnotic agents-sodium y -hydroxybutyrate and 
y-butyrolactone, relationship between in uitro transport and in uiuo 
absorption 

y-Hydroxybutyrate (I), a metabolite of y-aminobutyric 
acid, is found endogenously in the human brain (1). When 
introduced intravenously, I is a useful anesthetic (2) and 
is beneficial in Parkinson’s disease (3). However, oral ad- 
ministration of’ this compound results in decreased and 
variable pharmacological activity (4-6). Recently, oral 
doses of I totaling 50 mg/kg were shown to be useful in the 
treatment of narcolepsy and cataplexy in patients, but the 
duration of sleep induction after each oral dose lasted only 
for -2 hr (7). 

BACKGROUND 

In previous animal studies in these laboratories (&lo), orally admin- 
istered I was shown to be subject to first-pass metabolism a t  low doses 
(5200 mg/kg) in rats. A t  higher doses (400-1600 mg/kg), systemic 
availability approached loo%, presumably due to saturation of first-pass 
metabolism, but the relative absorption rate appeared to decrease with 
increasing dose. Thus, although the extent of drug absorption was almost 

complete, peak plasma I concentrations were relatively insensitive to 
increases in the oral dose and, in most animals, threshold hypnotic con- 
centrations in plasma were not reached in spite of high oral doses. 

The lactone analog of I, y-butyrolactone (II), is hydrolyzed rapidly and 
exclusively in uiuo to I (11,12) and, therefore, can be classified as a pro- 
drug. Compound I1 is rapidly and completely absorbed in uiuo after oral 
administration over a wide dose range. In contrast to I, the peak drug 
concentration after oral dosing of I1 was proportional to the dose, and 
I1 was equally effective as a hypnotic whether given orally or intrave- 
nously (9). 

The reason for the apparent difference in in uiuo absorption charac- 
teristics between I and I1 has not been delineated. In this paper, in uitro 
experiments that  compared the transport properties of these two com- 
pounds across the everted rat gut are described. 

EXPERIMENTAL 

Reagents-Compound I, obtained as the sodium salt’, and 11’ were 
used without purification. The buffer and assay r eagen t~ l -~  were all re- 
agent or analytical grade. 

Everted Rat Gut Preparation-Male Sprague-Dawley rats, 260-310 
g, were sacrificed by decapitation. An intestinal segment, -12 cm long, 
was taken from a region 20 cm from the pylorus sphincter; it was everted 
and mounted according to the technique originally devised by Wilson 
and Wiseman (13) and modified by Crane and Wilson (14). 

Flux Experiment-The everted gut was placed inside a test tube with 
the mucosal side exposed to 90 ml of a 0.05 M physiological tromethamine 
buffer (pH 7.4) containing the appropriate drug concentration. All flux 
studies were carried out a t  37O. At 5-min intervals up to 25 min, the 
serosal solution (-1 ml) was removed for the assay and replaced with an 
equal volume of fresh buffer. Three or four replicate flux experiments 
were conducted at each initial mucosal concentration. 

Spectrophotometric Analysis-The Hestrin (15) assay for short- 
chain 0-acyl derivatives as adopted for I and I1 by Guidotti and Ballotti 
(16) was employed. Conversion of I to I1 was effected by reaction with 
two parts of concentrated sulfuric acid2 and subsequent neutralization 
with 10 parts of 6 N NaOH2. 
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y-Hydroxybutyrate (I), a metabolite of y-aminobutyric 
acid, is found endogenously in the human brain (1). When 
introduced intravenously, I is a useful anesthetic (2) and 
is beneficial in Parkinson’s disease (3). However, oral ad- 
ministration of’ this compound results in decreased and 
variable pharmacological activity (4-6). Recently, oral 
doses of I totaling 50 mg/kg were shown to be useful in the 
treatment of narcolepsy and cataplexy in patients, but the 
duration of sleep induction after each oral dose lasted only 
for -2 hr (7). 

BACKGROUND 

In previous animal studies in these laboratories (&lo), orally admin- 
istered I was shown to be subject to first-pass metabolism a t  low doses 
(5200 mg/kg) in rats. A t  higher doses (400-1600 mg/kg), systemic 
availability approached loo%, presumably due to saturation of first-pass 
metabolism, but the relative absorption rate appeared to decrease with 
increasing dose. Thus, although the extent of drug absorption was almost 

complete, peak plasma I concentrations were relatively insensitive to 
increases in the oral dose and, in most animals, threshold hypnotic con- 
centrations in plasma were not reached in spite of high oral doses. 

The lactone analog of I, y-butyrolactone (II), is hydrolyzed rapidly and 
exclusively in uiuo to I (11,12) and, therefore, can be classified as a pro- 
drug. Compound I1 is rapidly and completely absorbed in uiuo after oral 
administration over a wide dose range. In contrast to I, the peak drug 
concentration after oral dosing of I1 was proportional to the dose, and 
I1 was equally effective as a hypnotic whether given orally or intrave- 
nously (9). 

The reason for the apparent difference in in uiuo absorption charac- 
teristics between I and I1 has not been delineated. In this paper, in uitro 
experiments that  compared the transport properties of these two com- 
pounds across the everted rat gut are described. 

EXPERIMENTAL 

Reagents-Compound I, obtained as the sodium salt’, and 11’ were 
used without purification. The buffer and assay r eagen t~ l -~  were all re- 
agent or analytical grade. 

Everted Rat Gut Preparation-Male Sprague-Dawley rats, 260-310 
g, were sacrificed by decapitation. An intestinal segment, -12 cm long, 
was taken from a region 20 cm from the pylorus sphincter; it was everted 
and mounted according to the technique originally devised by Wilson 
and Wiseman (13) and modified by Crane and Wilson (14). 

Flux Experiment-The everted gut was placed inside a test tube with 
the mucosal side exposed to 90 ml of a 0.05 M physiological tromethamine 
buffer (pH 7.4) containing the appropriate drug concentration. All flux 
studies were carried out a t  37O. At 5-min intervals up to 25 min, the 
serosal solution (-1 ml) was removed for the assay and replaced with an 
equal volume of fresh buffer. Three or four replicate flux experiments 
were conducted at each initial mucosal concentration. 

Spectrophotometric Analysis-The Hestrin (15) assay for short- 
chain 0-acyl derivatives as adopted for I and I1 by Guidotti and Ballotti 
(16) was employed. Conversion of I to I1 was effected by reaction with 
two parts of concentrated sulfuric acid2 and subsequent neutralization 
with 10 parts of 6 N NaOH2. 
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MINUTES 
Figure I-Mean intestinal transport o f 1  (0 ,  n = 3) and II (0, n = 4 )  
at 0.40 M. Bars indicate standard deviations. T h e  point  shown for I at 
25 min represents the  mean value of two measurements. 

RESULTS AND DISCUSSION 

Transport of I and I1 through the everted rat gut was examined at  
various initial mucosal drug concentrations. Intestinal flux was deter- 
mined for each animal preparation by linear regression of a plot of cu- 
mulative amount transported to  the serosal side versus time. Repre- 
sentative plots showing intestinal transport of I and I1 at  0.40 M are given 
in Fig. 1. At low mucosal concentrations, linearity of flux was maintained 
throughout the experiment. However, a t  high I concentrations, positive 
deviations (increased flux) occurred a t  the later time points, suggesting 
possible tissue damage with prolonged drug exposure. In these instances, 
initial rates of transport restricted to the linear portion of the curve 
(usually 0-20 min) were used to calculate flux. In all experiments, the total 
amounts transported to the serosal side were small (<0.4% for I and 
<2.5% for 11) compared to the total drug available from the mucosal pool. 
Thus, the initial mucosal concentration remained essentially unchanged 
throughout each experiment. 

Figure 2 shows the relationships between intestinal flux of I and I1 and 
their respective mucosal concentrations. Over the concentration range 
studied, intestinal transport of I1 was considerably more rapid than that 
of I. At equimolar mucosal concentrations, the differences in flux between 
I and I1 were statistically significant at  p < 0.001 using the Student t test. 
Compound I1 fluxes were -5,7, and 10 times higher than I fluxes at  0.40, 
0.79, and 1.19 M, respectively. In addition, I transport leveled off at  
concentrations above 0.40 M. If nonspecific effects on intestinal per- 
meability could be ruled out, this flux behavior suggested the presence 
of a capacity-limited transport system for I in the rat intestine. In com- 
parison, concentration-dependent transport of I1 was less evident. 

In these experiments, the ionic strength in the mucosal solution was 
not constant over the concentration range studied. Although the mucosal 
solution was prepared with buffer, high I concentrations also could affect 
the pH slightly because I, as its sodium salt, is mildly basic. The leveling 
in I flux could, in principle, have been partially contributed to by non- 
specific ionic strength and/or pH effects created by increasing mucosal 
concentrations of the ionic drug. The possibility of this artifact was ruled 
out by the following experiment. 

Flux studies were carried out at  0.08 M I under two sets of conditions. 
In one case, no pH or salt adjustments were made (Condition A pH 7.4, 
p = 0.23 M); in the other case, sodium chloride and sodium hydroxide 
were added so that the pH and ionic conditions were equivalent to those 
present when flux was studied a t  1.19 M I (Condition B: pH 8.1, p = 1.34 
M ) .  If ionic strength and pH affected flux significantly, then the observed 
fluxes under Conditions A and B would be different, with the flux of B 
similar to that observed a t  1.19 M I. In fact, the flux of I was identical 
whether or not additional salt or alkalinizing agents were added. 

In duplicate determinations, the fluxes obtained under Condition A 
were 2.2 and 2.3 pM/min; thoge under Condition B both were 2.4 pM/min. 
Thus, minor differences in pH and ionic strength contributed by changes 
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Figure $-Concentration effect o n  the  intestinal fluxes o f  I (0 )  and 
I1 (0). Bars indicate standard deviations. W h e n  bars are absent, the 
standard deviations were too small t o  be shown. 

in the mucosal I concentration did not affect flux significantly. Since I1 
is nonionic, ionic strength and pH effects produced by increasing I1 
concentrations were presumed to be negligible. Bender et a/ .  (17) found 
the second-order alkaline hydrolytic constant of I1 to be 4 . 2  liter/ 
mole-sec a t  25O. At pH 7.4, the hydrolysis half-life would be about lo00 
days. Thus, conversion of I1 to I in the buffered mucosal solution was 
insignificant during the experiment. 

The i n  uitro transport characteristics of I and I1 are consistent with 
their i n  uiuo absorpt.ion properties reported previously (8-10). Compound 
I, which showed capacity-limited transport i n  uitro, also exhibited rela- 
tively slower i n  uiuo absorption rates with increasing oral dose (10). Other 
short-chain acids, such as acetic and butyric acids, also have been shown 
to be transported uia an active system (18, 19). Therefore,.a capacity- 
limited absorption mechanism might be a reason for the decreased and 
variable activity of I when given in high oral doses to humans (4-7). The 
prodrug lactone 11, on the other hand, showed a much higher intestinal 
flux than I in the everted gut and was almost instantaneously absorbed 
when orally administered (9). Capacity-limited transport of 11, if existent, 
appeared to occur at  much higher drug concentrations. 

The present study demonstrated a qualitative relationship between 
i n  uitro transwrt and in uiuo absorption of the two compounds studied. 
Thus, the increased oral activity of the lactone over that of its open-chain 
hydroxy acid is most likely a result of its more favorable intestinal 
transport characteristics. The usefulness of I1 has not been investigated 
in humans. 

REFERENCES 

(1) S. P. Bessman and W. N. Fishbein, Nature (London) ,  200,1207 

( 2 )  A. S. Hunter, W. J. Long, and C. G. Ryrie, Br. J. Anaesth., 43,620 

(3) A. Bonicinelli, G. Pranoi, A. Greggia, and L. Casalgrandi, Riu. 

(4) E. H. Jenney, H. B. Murphee, L. Goldstein, and C. C. Pfeiffer, 

(5) D. R. Metcalf, R. N. Emde, and J. T. Stripe, Electroencephalogr. 

(6) H. Laborit, I n t .  J. Neuropharmacol., 3,433 (1964). 
(7) R. Broughton and M. Mamelak, Can. J. Neurol. Sci., 6, 1 

(8) J. T. Lettieri and H.-L. Fung, Res. Comrnun. Chem. Path. 

(1963). 

(1971). 

Farmacol. Ter. ,  11.29 (1971). 

Pharmacologist, 4,166 (1962). 

Clin. Neurophysiol., 20,506 (1966). 

(1979). 

Journal of Pharmaceutical Sciences f 357 
Vol. 69, No. 3, March 1980 



k%arf7Lclc'(J/ . 13, 425 (1976). 
(9)  ]bid. ,  22, 107 (1978). 

( 1 0 )  ,J. T. Lettieri and H.-L. Fung, J .  Pharmaco[. E x p .  Ther., 208,7 

( 1  1 )  R. H. Roth and N. J. Giarman, Riorhern. Pharmarol., 15, 1333 

(12) J .  T. Lettieri and H.-L. Fung, Aiochem. Med., 20,70 (1978). 
(1:)) T. H. Wilson and G. Wiseman,J. Physiol., 123, 116 (1954). 
(1.1) R. K.  Crane and T. H. Wilson, J .  Appl. Physiol., 12, 145 

(1.5) S. Hestrin, ,/. A i d .  Chcm., 180,249 (1949). 

(1979). 

(1966). 

(1958). 

(16) A. Guidotti and P. L. Ballotti, Riochem. Pharmacol., 19, 883 

(17) M. L. Bender, H. Matsui, R. J. Thomas, and S. W. Tobey, J .  Am. 

(18) D. H. Smyth and C. B. Taylor, J .  Physiol. (London), 141, 73 

(19) R. J. C. Barry and D. H. Smyth, ibid., 152,48 (1960). 

(1970). 

Chem. Soc.. 83,4193 (1961). 

(1958). 

ACKNOWLEDGMENTS 
Supported in part by Grant 20852 from the National Institutes of 

Health. 

Temporal Variations in Trough Serum Theophylline 
Concentrations at Steady State 

L. J. LESKO*X, D. BROUSSEAU*, A. T. CANADA*, and 
G .  EASTWOOD* 
Received June 21, 1979, from the *Drug Concentration Laboratory, Uniuersity of Massachusetts Medical Center, Worcester, MA 01605, and 
fFison.5 C'orporation, Redford, M A  01 730. Accepted for publication October 11,1979. 

Abstract  0 Temporal variations in serum theophylline concentrations 
were ohserved in 14 healthy volunteers receiving multiple doses of 
t heophylline. After repeated oral doses (6.9-18.2 mg/kg/day) of theo- 
phglline as either a nonalcoholic aminophylline solution or a con- 
trolled-release capsule, trough theophylline levels a t  steady state were 
significantly higher ( p  < 0.05) in the morning than in the afternoon or 
evening. With the solution, the mean ( h S E )  trough serum level a t  7 am 
was 11.1 f 0.9 pg/ml, and at 1 pm it was 9.6 f 0.8 pg/ml. With the capsule, 
the mean (iSE) trough serum level at  8 am was 13.8 f 0.9 pg/ml, and a t  
8 pm it was 10.7 f 0.9 pg/ml. Temporal variations in serum theophylline 
concentrations have not been reported previously and may be important 
in therapeutic monitoring. 

Keyphrases Theophylline-trough serum concentrations a t  steady 
state, temporal variations 0 Bronchodilators-theophylline, trough 
serum concentrations a t  steady state, temporal variations 0 Pharma- 
cokinetics-theophylline, trough serum concentrations a t  steady state, 
temporal variations 

Temporal variation in the absorption and disposition 
of drugs is an area of pharmacokinetics about which rela- 
tively little is known. In the few studies performed, the 
findings have not been consistent. For example, Shirley 
and Vesell (1) reported that temporal variations in the 
disposition of acetaminophen and phenacetin occur. 
However, Vesell et al. (2) observed no temporal variations 
in the pharmacokinetics of antipyrine (2), and Nakano and 
Hollister (3) reported no time-related changes in the dis- 
position of nortriptyline. The causes of temporal variations 
in drug pharmacokinetics may be varied. Circadian rhythm 
apparently influences the distribution of potassium be- 
tween body compartments (4), while changes in body 
posture alter the absorption of cephradine (5) and eryth- 
romycin (6) from the GI tract. 

One mechanism suggested to account for the temporal 
variations in the disposition of phenacetin and acetami- 
nophen was the occurrence of diurnal changes in the 
amount and activity of hepatic microsomal oxidases (1). 
Theophylline is a drug whose disposition also is deter- 
mined by microsomal oxidases, so it seemed possible that 
temporal variations in theophylline disposition may occur. 
Since this aspect of theophylline kinetics had not been 

reported previously, one objective of this study was to 
determine if temporal variations exist. 

EXPERIMENTAL 

Subjects-The seven male and seven female volunteers were 21-40 
years old, and their average weight was 67.5 kg. All volunteers were 
nonsmokers and were in good physical health with no history of alco- 
holism or cardiovascular disease. 

Drug  Administration and Blood Sampling-The volunteers ran- 
domly received either a nonalcoholic aminophylline solution or a con- 
trolled-release theophylline capsule. The oral theophylline dose was in- 
dividualized for each volunteer, based on single-dose kinetics, to produce 
peak serum theophylline concentrations no larger than 18 pglml after 
repeated dosing. The daily doses ranged from 6.9 to 18.2 mg/kg. The so- 
lution was administered a t  7 am, l pm, 7 pm, and l am, and the capsule 
was given a t  8 am and 8 pm. Dosing was continued for 6 days prior to each 
study day. The study days were separated by 1 week during which the 
volunteers took the alternate formulation. 

On each study day, 1 ml of serum was obtained immediately before the 
morning dose of each dosage form and 6 or 12 hr after administration of 
the solution or capsule, respectively. 

Theophylline Assay-Serum theophylline determinations were made 
by high-pressure liquid chromatography using a method described pre- 
viously (7). 

Data Analysis-A paired t test was used to analyze within-subject 
differences between the am and pm trough theophylline concentrations 
observed for each dosage form. 

RESULTS AND DISCUSSION 

The am and pm trough serum theophylline concentrations determined 
for each dosage form are listed in Table I. The percentage changes in 
trough level are noted for each volunteer. The mean (+SE) serum theo- 
phylline concentration a t  7 am for the solution was 11.1 f0.9pg/ml,while 
a t  1 pm the serum theophylline concentration was 9.6 f 0.8 pg/ml, rep- 
resenting a change of 13%. For the capsule, the mean (+SE) serum 
theophylline Concentration a t  8 am was 13.8 f 0.9 pg/ml, and a t  8 pm it 
was 10.7 f 0.9 pg/ml, reflecting a decrease of 24%. The differences be- 
tween the am and pm serum theophylline concentrations were significant 
( p  < 0.05) for each dosage form. 

Based on these results, there appear to be temporal variations in 
theophylline pharmacokinetics. Higher trough levels a t  7 or 8 am com- 
pared to those a t  1 or 8 pm may be related to a shorter plasma half-life 
at the latter times. Indeed, Shirley and Vesell(1) reported that plasma 
half-lives of phenacetin and acetaminophen were -15%) shorter a t  2 pm 
than a t  6 am. Another possible cause of higher am trough levels may be 
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Abstract  0 Temporal variations in serum theophylline concentrations 
were ohserved in 14 healthy volunteers receiving multiple doses of 
t heophylline. After repeated oral doses (6.9-18.2 mg/kg/day) of theo- 
phglline as either a nonalcoholic aminophylline solution or a con- 
trolled-release capsule, trough theophylline levels a t  steady state were 
significantly higher ( p  < 0.05) in the morning than in the afternoon or 
evening. With the solution, the mean ( h S E )  trough serum level a t  7 am 
was 11.1 f 0.9 pg/ml, and at 1 pm it was 9.6 f 0.8 pg/ml. With the capsule, 
the mean (iSE) trough serum level at  8 am was 13.8 f 0.9 pg/ml, and a t  
8 pm it was 10.7 f 0.9 pg/ml. Temporal variations in serum theophylline 
concentrations have not been reported previously and may be important 
in therapeutic monitoring. 

Keyphrases Theophylline-trough serum concentrations a t  steady 
state, temporal variations 0 Bronchodilators-theophylline, trough 
serum concentrations a t  steady state, temporal variations 0 Pharma- 
cokinetics-theophylline, trough serum concentrations a t  steady state, 
temporal variations 

Temporal variation in the absorption and disposition 
of drugs is an area of pharmacokinetics about which rela- 
tively little is known. In the few studies performed, the 
findings have not been consistent. For example, Shirley 
and Vesell (1) reported that temporal variations in the 
disposition of acetaminophen and phenacetin occur. 
However, Vesell et al. (2) observed no temporal variations 
in the pharmacokinetics of antipyrine (2), and Nakano and 
Hollister (3) reported no time-related changes in the dis- 
position of nortriptyline. The causes of temporal variations 
in drug pharmacokinetics may be varied. Circadian rhythm 
apparently influences the distribution of potassium be- 
tween body compartments (4), while changes in body 
posture alter the absorption of cephradine (5) and eryth- 
romycin (6) from the GI tract. 

One mechanism suggested to account for the temporal 
variations in the disposition of phenacetin and acetami- 
nophen was the occurrence of diurnal changes in the 
amount and activity of hepatic microsomal oxidases (1). 
Theophylline is a drug whose disposition also is deter- 
mined by microsomal oxidases, so it seemed possible that 
temporal variations in theophylline disposition may occur. 
Since this aspect of theophylline kinetics had not been 

reported previously, one objective of this study was to 
determine if temporal variations exist. 

EXPERIMENTAL 

Subjects-The seven male and seven female volunteers were 21-40 
years old, and their average weight was 67.5 kg. All volunteers were 
nonsmokers and were in good physical health with no history of alco- 
holism or cardiovascular disease. 

Drug  Administration and Blood Sampling-The volunteers ran- 
domly received either a nonalcoholic aminophylline solution or a con- 
trolled-release theophylline capsule. The oral theophylline dose was in- 
dividualized for each volunteer, based on single-dose kinetics, to produce 
peak serum theophylline concentrations no larger than 18 pglml after 
repeated dosing. The daily doses ranged from 6.9 to 18.2 mg/kg. The so- 
lution was administered a t  7 am, l pm, 7 pm, and l am, and the capsule 
was given a t  8 am and 8 pm. Dosing was continued for 6 days prior to each 
study day. The study days were separated by 1 week during which the 
volunteers took the alternate formulation. 

On each study day, 1 ml of serum was obtained immediately before the 
morning dose of each dosage form and 6 or 12 hr after administration of 
the solution or capsule, respectively. 

Theophylline Assay-Serum theophylline determinations were made 
by high-pressure liquid chromatography using a method described pre- 
viously (7). 

Data Analysis-A paired t test was used to analyze within-subject 
differences between the am and pm trough theophylline concentrations 
observed for each dosage form. 

RESULTS AND DISCUSSION 

The am and pm trough serum theophylline concentrations determined 
for each dosage form are listed in Table I. The percentage changes in 
trough level are noted for each volunteer. The mean (+SE) serum theo- 
phylline concentration a t  7 am for the solution was 11.1 f0.9pg/ml,while 
a t  1 pm the serum theophylline concentration was 9.6 f 0.8 pg/ml, rep- 
resenting a change of 13%. For the capsule, the mean (+SE) serum 
theophylline Concentration a t  8 am was 13.8 f 0.9 pg/ml, and a t  8 pm it 
was 10.7 f 0.9 pg/ml, reflecting a decrease of 24%. The differences be- 
tween the am and pm serum theophylline concentrations were significant 
( p  < 0.05) for each dosage form. 

Based on these results, there appear to be temporal variations in 
theophylline pharmacokinetics. Higher trough levels a t  7 or 8 am com- 
pared to those a t  1 or 8 pm may be related to a shorter plasma half-life 
at the latter times. Indeed, Shirley and Vesell(1) reported that plasma 
half-lives of phenacetin and acetaminophen were -15%) shorter a t  2 pm 
than a t  6 am. Another possible cause of higher am trough levels may be 
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Table I-Trough Serum Theophylline Levels (Micrograms per Milliliter) in 14 Subjects af ter  Administration of Either a Nonalcoholic 
Aminophylline Solution o r  a Controlled-Release Theoohvlline CaDsule 

Daily Dose, Solution Capsule 
Subject mglkg 7 am 1 Pm % Chga 8 am 8 Pm ?h Chg" 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 

Mean 
*SEM 

8.1 
18.2 
18.0 
6.9 

6.6 
14.1 
7.4 
7.0 

5.0 
12.7 
6.0 
6.6 

24.2 6.1 
9.9 16.3 

18.9 15.0 
5.7 12.0 

11.1 14.0 13.0 7.1 17.1 
16.2 15.0 12.0 20.0 15.7 
14.5 14.2 12.4 12.7 16.5 
12.0 14.4 11.5 13.2 14.4 
8.0 8.0 6.5 18.8 11.7 

11.5 14.6 13.6 6.8 13.3 
14.3 11.3 9.7 14.2 13.8 
9.4 7.7 6.1 20.8 8.1 
9.2 11.6 11.6 0.0 13.9 

16.1 8.9 8.3 6.7 18.5 
11.1 9.6 12.8 13.8 
0.9 0.8 1.9 0.9 

Percent decrease in trough level from the am to pm period. 

slower absorption of the nighttime dose. Nakano and Hollister (3) re- 
ported that nortriptyline was absorbed slower after an evening oral dose 
than after a morning dose. In this study of theophylline, the volunteers 
were primarily in the supine position after the 1-am and 8-pm doses, 
which may have slowed absorption. The supine position has been shown 
to account for slowed absorption of cephradine (5) and erythromycin 
(6). 

Since serum level determinations are widely used to monitor theo- 
phylline therapy, temporal variations in theophylline kinetics may he 
important in the clinical setting. The results emphasize the importance 
of timing in therapeutic drug monitoring. Serum theophylline concen- 
trations vary with time during a dosage interval a t  steady state and, based 
on this study, from one dosage interval to the next. In monitoring theo- 
phylline therapy from 1 day to another, it is important to obtain a trough 
serum theophylline concentration a t  the same time on each day. 
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Chemical Constituents of Curatella americana (Dilleniaceae) 
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Abstract A phytochemical investigation of an ethanolic extract of the 
leaves of Curatella americana Linn. (Dilleniaceae) resulted in the iso- 
lation and identification of the flavonol glycoside avicularin and gallic 
acid. 

Keyphrases Curatella americana-chemical constituents, isolation 
and identification Medicinal plants-Curatella americana, chemical 
constituents, isolation and identification 0 Avicularin-isolation from 
Curatella americana. identification Gallic acid-isolation from Cu- 
ratella americana, identification 

Curatella arnericana Linn. (Dilleniaceae) (1) is a shrub 
indigenous to Australasia and the tropical Americas (2). 
The plant has been used in Mexico medicinally for un- 
identified conditions (3). This use, along with reports of 
the medicinal and/or toxic potential among other members 
of the Dilleniaceae (3), and the scarcity of in-depth phy- 
tochemical studies on the plant prompted this study. 

DISCUSSION 

The plant material was extracted by percolation with ethanol to ex- 
haustion. The ethanolic extract was fractionated by successive solvent 
partitioning and precipitation to yield a fraction that was separated 
further by chromatography over a polyamide column. Elution of this 
column with methanol-water afforded avicularin (11) and gallic acid 
(V). 

Compound I1 was identified by consideration of i t s  physical properties 
as well as those of derivatives and hydrolysis products. Hydrolysis of I1 
afforded quercetin (I) and L-arabinose. Methylation of 11 with diazo- 
methane followed by acid hydrolysis afforded 5,7,3',4'-0-methylquercetin 
(111) and L-arabinose. The identity of 111 was deduced largely from its 
mass spectrum, which readily differentiates it from the other tetra-0- 
methylquercetins (4). Peracetylation showed that I1 was a monoarabi- 
noside. 

The NMR spectrum of the peracetate (IV) clearly indicated the 
presence of phenolic and aliphatic acetate groups in a 4 3  ratio. The mass 

R, 

I: R, = R, = OH 
11: R, = OH, R, = L-arabinose 

111: R, = OCH,, R, = OH 
IV: R, = CH,COO, R, = CH,COO-L-arabinose 

OH 
I c=o 

OH 
v 

spectrum of IV showed a weak, but discernible, molecular ion at m/e 728, 
confirming the presence of a single arabinose residue. 

The identity of gallic acid (V) was established by comparison of its 
physical properties with those of an authentic sample. 

The presence of a quercetin glycoside in C. americana was not unex- 
pected since quercetin (I) was detected chromatographically in Curatella 
species previously (5). Avicularin (111, although not widely distributed 
in nature, was reported previously in Polygonum auiculare var. buxi- 
folium (Polygonaceae), Psidium guaijaua (Myrtaceae), and Vaccinium 
myrtillus (Ericaceae) (U). Compound I1 pawsm antibiotic properties 
(61, which may account for some of the reputed medicinal activity of C. 
americana. 

EXPERIMENTAL' 

Plant Material-The leaves of C. Americana (Dilleniaceae) were 
used2. 

Extraction-The air-dried ground plant material (1.56 kg) was ex- 
tracted by percolation with ethanol (20 liters). The extract was evapo- 
rated in uacuo at  40' to yield a syrupy extract (508 9). 

Fractionation-The extract was partitioned between chloroform (2 
liters) and water (2 liters). The aqueous layer was partitioned further with 
ethyl acetate (2 liters), and the solvents were removed from each layer 
to afford Fractions A (chloroform) (175 g), B (water) (268 9). and C (ethyl 
acetate) (59 9). Fraction C was dissolved in 100 ml of methanol, and 200 
ml of chloroform was added. The resulting suspension was filtered to 
remove the insoluble matter (8.0 g), and the filtrate was evaporated to 
a residue. This residue was dissolved in 100 ml of ethyl acetate, and 1 liter 
of petroleum ether was added to the solution. The resulting precipitate 
(Fraction D) (9.22 g) was recovered by filtration, and the filtrate was set 
aside. 

Chromatography-The precipitated Fraction D was dissolved in 
methanol (100 ml) and was adsorbed onto 20 g of polyamide3 by evapo- 
ration of the solvent. The dry powder was packed on top 0f.a column (5 
X 23 cm, 100 g) of polyamidepacked in water. The column was rinsed 
with 6 liters of water, and elution was carried out first with methanol- 
water and then with methanol. One-liter fractions were collected. 

Isolation of 11-Elution of the column with methanol-water (1:l) 
afforded a fraction (2.86 g) from which I1 (307 mg) was obtained by 
crystallization from methanol. The compound had a melting point of 224' 
[lit. (6) mp 217' (dilute ethanol) and 222' (dehydrated)]; [a]g -60' (c 
0.2, water); UV (CH30H): A,, 215 (log f 4,361,258 (4.31),296 (sh) (3.88), 
and 357 (4.27) nm; IR (KBr): ymar 3420-3200 (br), 1650,1600,1500,1450, 
1120,1050, and 1015 cm-l; NMR (dimethyl sulfoxide): 6 5.35 (lH, d, J 
= 5 Hz), 6.20 (lH, d, J = 2 Hz), 6.40 (lH, d, J = 2 Hz), 6.85 ( l H ,  d , J  = 
8 Hz), 7.52 (IH, s), and 7.60 (lH, d, J = 8 Hz). 

The mass spectrum did not show a molecular ion. However, charac- 
teristic of flavonol glycosides (4), the spectrum was that of the aglycone, 
showing peaks at  m/e 302 (loo%), 286 (lo), 237 (7), 153 (61,151 (3), 137 
(9), and 109 (5). Since no physical data on I1 other than the melting point 
have been reported and since a reference sample was unavailable, com- 
parison of physical constants was not possible. 

Melting points were taken on a Thomas-Hoover Uni-Melt capillary apparatus 
and are corrected. IR spectra were determined on a Perkin-Elmer model 257 
spectrometer in potassium bromide pellets. UV spectra were obtained on a Per- 
kin-Elmer model 202 spectrometer. Optical rotations were measured on a Perkin- 
Elmer 241 automatic polarimeter. Mass spectra were taken with an LKB-9000 mass 
spectrometer. NMR spectra were obtained on a Perkin-Elmer R-24 spectrometer 
in the solvents specified with tetramethylsilane as the internal standard. Chemical 
shifts are reported as 6 unita (parts per million). GLC analysis was performed on 
a Perkin-Elmer model 3920B instrument operated isothermally at 1 W .  The column 
(2 X 0.0004 m, glass) was packed with 3% OV-17 on 80-100-mesh Supelcoport. 
Nitrogen was the carrier gas at a flow rate of 30 ml/min. 

Collected in Brazil and identified by Dr. Basset McGuire of the New York Bo- 
tanical Gardens. A voucher specimen is on deposit at Eli Lilly and Co., Indianapolis, 
IN 46206. 

Polypenco Nylon 66, Molding Plastics Division, Polymer Corp., Pittsburgh, 
Pa. 
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Hydrolysis of 11-Compound I1 (80 mg) was dissolved in 20 ml of 6% 
aqueous HCI, and the solution was refluxed for 45 min. The solution was 
cooled and filtered to separate the precipitated I from the soluble sugar. 
The filtrate was extracted with chloroform (4 X 50 ml), the extract was 
dried (sodium sulfate) and evaporated to a residue, and the residue was 
added to the precipitated I to afford a total of 35 mg. The I obtained (mp 
300’) was identical in all respects (UV, IR, NMR, and mass spectra, 
melting point, and mixed melting point) to an authentic sample4. 

The aqueous filtrate was evaporated to dryness to yield a residue (31 
mg) of crude L-arabinose; [.If? +34.1’ (c 1.1, water). TLC ofthe material 
(silica gel G, n-butanol-acetic acid&her-water 9631) ind ichd  that 
it was homogeneous. A comparison of the Rf value (0.42) and color re- 
action with anisaldehyde spray reagent (9) given by the material with 
known sugars indicated that it was arabinose. This conclusion was con- 
firmed by converting the sugar to its trimethylsilyl derivative (10) and 
subjecting it, along with the trimethylsilyl derivatives of other known 
sugars, to GLC analysis. The trimethylsilyl derivative of the isolated sugar 
showed an identical retention time (7.5 min) to that of the trimethylsilyl 
derivative of L-arabinose when analyzed individually or as a mixture and 
was clearly different from the trimethylsilyl derivatives of other 
sugars. 
5,7,3’,4‘-O-Methylquercetin (111)-Compound I1 (50 mg) was treated 

for 48 hr with 30 ml of ethereal dimmethane solution prepared from 21.5 
g of N-methyl-N-nitroso-p-toluene~ulfonamide~. The solution then was 
evaporated to give a residue (56 mg), the residue was suspended in 10 ml 
of 7% aqueous HzS04, and the suspension was refluxed for 1 hr. The re- 
action mixture was cooled and extracted with ether (4 X 20 ml), and the 
ether extract was evaporated to yield 5,7,3’,4’-0-methylquercetin (111) 
(20 mg). 

The compound had a melting point of 186-188’ [lit. (8) mp 195-196’1; 
IR (KBr): vmax 3290,3000,2925,2820,1635 (sh),~1615,1570,1515,1490, 
1090, and 1025 cm-’; mass spectrum: m/e 358 (M+) (85%),312 (loo), 181 
(17), 197 (75). 165 (65), 150 (43), 149 (34), 142 (30), 137 (N), 135 (42), 122 
(30), 119 (32), 107 (28), 92 (33),79 (52), and 77 (48); NMR (CDCb): 6 3.90 
(1H, s), 3.95 (9H, s ) ,  6.26 (lH, d, J = 2 Hz), 6.43 (lH, d, J = 2 Hz), 6.90 
(lH, d, J = 9 Hz), 7.70 (lH, d, J = 9 Hz), and 7.73 ( lH,  bs); UV Amax 
(methanol) 224 (log c 4.54), 257 (4.43). 300 (6.65). and 3.61 (4.30) nm; A,. 
(aluminum chloride-methanol) 227 (log c 4.52), 265 (4.49), and 422 (4.40) 
nm; and A,,, (aluminum chloridehydrochloric acid-methanol) 220 log 
c 4.50), 262 (4.38). 360 (4.05), and 420 (4.03) nm. The UV spectrum was 
indicative of a 3-hydroxy flavonoid (11). 

Avicularin’Heptaacetate (1V)-Compound I1 (15 mg) was treated 
at  room temperature with acetic anhydride and pyridine (5 ml each) for 
16 hr. Water, 2 ml, was added to the reaction mixture, and the mixture 

~ ~ 

4 K & K Laboratories, Plainview, N.Y. 
Diazald, Aldrich Chemical Co., Milwaukee, Wis. 

was evaporated to a residue. This residue was dissolved in 1 ml of acetone, 
and 5 ml of hexane was added. The precipitated heptaacetate (IV) (16 
mg) was recovered by filtration. 

The compound had a melting point of 175O (lit. (4) mp 187’1; [a]g 
-95.1’ (c 1.20, chloroform) [lit. (4) [(Y]D -136’ (c 1.22, chloroform)]; IR 
(KBr): v- 2920,1725,1630,1615,1500,1420,1370,1215, and 1070 cm-’; 
mass spectrum: m/e 728 (M+) (0.2%), 686 (l.O), 644 (0.3),470 (!LO), 428 
(30), 386 (53), 344 (67), 328 (lo), 302 (loo), 286 (30), 273 (17), 259 (77), 
233 (27), 199 (13), 157 (43), 153 (lo), 137 (27), 134 (7), and 109 (7). The 
NMR spectrum (CDC13) showed singlets a t  6 2.10 (12H) and 2.30 (9H), 
attributable to aromatic and aliphatic acetate groups, respectively. 

Isolation of Gallic Acid (V)-Elution of the polyamide column with 
methanol-water (31) afforded a fraction (332 mg) containing V. Treat- 
ment of this fraction with methanol-chloroform afforded crystals of V 
(12 mg) with a melting point of 230-235’ whose physical properties (IR, 
UV, NMR, and mass spectra) were identical to those of an authentic 
sample5. 
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COMMUNICA TlONS 

Improved GLC Determination of 
Ethambutol 

Keyphrases 0 Ethambutol-GLC analysis in biological fluids 0 
GLC-analysis, ethambutol in biological fluids Tuberculostatic an- 
tibacterials-ethambutol, GLC analysis in biological fluids 

To the Editor: 

Several GLC procedures have been reported for the 
determination of ethambutol in biological fluids (1-4). 
Only the methods (3,4) using electron-capture detection 
are sensitive enough to measure ethambutol concentra- 
tions in patient samples of plasma and dialysate. We 
modified the previously published method (3,4) to provide 
a more sensitive and precise procedure that is particularly 
useful for the determination of low ethambutol levels in 
biological samples. 

Appropriate plasma aliquots (10-100 pl) were mixed 
with 50 p1 of the internal standard [(+)-2,2'-(ethylenedi- 
imino)di-l-propano1] solution (10 pg/ml) and deionized 
water to give a final volume of 0.5 ml. The mixtures were 
extracted with 5 ml of chloroform for 10 min under alkaline 
conditions. Portions of the chloroform extract were 
transferred to another tube and evaporated to dryness 

W 
v) 
2 

v) 
w 
U 

E! 

a b 

I 

- 
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Figure 1-Gas-liquid chromatograms of control plasma (a) and control 
plasma to which the internal standard (0.5 gg) ( I )  and ethambutol (0.01 
gg) (ZZ) uwre added (b). 

Table I-Recovery of Ethambutol from Plasma using Electron- 
CaDture Detection (n = 5) 

Ethambutol Ethambutol Recoverya, 
Added, ng Found, ng ?6 

10 9.37 f 0.84 93.7 f 8.4 ~. 

20 
30 
50 
70 

18.79 1.13 93.4 f 5.1 
30.15 f 2.72 103.5 f 9.1 

102.4 f 2.3 51.19 f 1.13 
68.49 f 5.02 97.8 f 7.2 

100 98.70 f 4.92 98.7 f 4.9 
- 98.3 f 4.2 10- 100 b 

Expressed as mean f SD. *n = 30. 

under nitrogen. Residues were dissolved in 0.5 ml of 
spectroquality ethyl acetate. 

Derivatization was initiated by adding 20 pl of trifluo- 
roacetic anhydride and was complete in 1 hr at 50". The 
contents of the tube were dried with a nitrogen stream to 
remove excess trifluoroacetic anhydride. Residues of the 
trifluoroacyl derivatives were reconstituted in 0.5 ml of 
anhydrous ethyl acetate, and 1-2 p1 was injected into the 
gas-liquid chromatograph equipped with a 63Ni-elec- 
tron-capture detector. GLC conditions were the same as 
those described previously (3,4). 

Figure 1 presents gas-liquid chromatograms of control 
and blank plasma to which 0.01 pg of ethambutol and 0.5 
pg of the internal standard were added. Retention times 
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logical fluids such as saliva, cerebrospinal fluid, and dial- 
ysate. 
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To the Editor: 
There is considerable concern about the safety of the 

widely used analgesic agent propoxyphene (dextropro- 
poxyphene) (1). Under certain circumstances, death from 
propoxyphene may occur following ingestion of quantities 
only slightly larger than the upper limit of the recom- 
mended therapeutic dosage (1). 

Propoxyphene is subject to pronounced presystemic 
(“first-pass”) biotransformation; only a small fraction of 
the absorbed dose enters the general circulation in un- 
metabolized form (2-4). This effect may be due to both 
hepatic and prehepatic biotransformation of the drug 
during absorption (5). Plasma concentrations of pro- 
poxyphene in patients without functioning kidneys are 
considerably higher than in normal subjects after oral 
administration of the drug (6). Indirect evidence suggests 
that this result is due to decreased presystemic biotrans- 
formation in the patients (6). However, since propoxy- 
phene could not be administered by intravenous injection, 
a decreased systemic clearance or apparent volume of 
distribution of the drug in anephric patients could not be 
excluded definitively. For this reason, the systemic clear- 
ance and apparent volume of distribution of propoxyphene 
after intravenous injection have now been determined in 
normal rats and in rats with renal failure. 

Male Sprague-Dawley rats, 260-350 g, received a single 
5-mg/kg iv dose of either uranyl nitrate (7) or an equal 
volume of saline solution. Five days later, when serum urea 
nitrogen concentrations had increased to 150 f 37 mg/100 

I r 4.0 

0.04 ’ I I 1 I I 1 
2 4 6 

HOURS 
Figure 1-Serum concentrations of propoxyphene as a function of time 
after intravenous injection of 3H-propoxyphene at -8 pglkg.  Key: 0 ,  
normal rat; and 0, rat with experimental renal failure. The curues were 
fitted to the data by nonlinear least-squares regression analysis. (The 
two vertical axes are displaced relative to one another.) 

ml (mean f SD) in the uranyl nitrate-treated animals (as 
compared t o  15 f 8 mg/100 ml in normal rats), all animals 
received a single dose of tritium-labeled propoxyphene, 
8.3 f 1.9 pg/kg (mean f S D ) ,  through an indwelling can- 
nula in the jugular vein (8). 

Blood samples (0.25-1 ml) were obtained serially for 6 8  
hr after injection. Serum was separated, adjusted to pH 9.8, 
and extracted with butyl chloride; the unmetabolized drug 
was isolated by TLC (9) and quantified by scintillation 
spectrometry. An aliquot of the injected solution was as- 
sayed similarly. The concentration-time curve was fitted 
to a biexponential equation by a digital computer (lo), with 
the concentrations weighted as their reciprocals (Fig. 1). 
The systemic clearance was calculated from the injected 
dose and the area under the concentration-time curve. The 
apparent volume of distribution was calculated by dividing 
the systemic clearance by p. 

Compared to surgical methods, injection of uranyl ni- 
trate produces a more reproducible (as determined by 
serum creatinine and urea nitrogen concentrations) renal 
failure model. The animals appear to be in better health 
than after surgery. There was no evidence of hepatocellular 
damage after a single injection of uranyl nitrate in that 
glutamic-pyruvic transaminase concentrations in serum 
were normal’. Concomitant injection of tritium-labeled 
and unlabeled propoxyphene and assay of serum samples 
by scintillation spectrometry (after TLC) and by GLC 

’ K. M. Ciacomini, S. M. Roberts, and G .  Levy, unpublished data. 
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received a single dose of tritium-labeled propoxyphene, 
8.3 f 1.9 pg/kg (mean f S D ) ,  through an indwelling can- 
nula in the jugular vein (8). 

Blood samples (0.25-1 ml) were obtained serially for 6 8  
hr after injection. Serum was separated, adjusted to pH 9.8, 
and extracted with butyl chloride; the unmetabolized drug 
was isolated by TLC (9) and quantified by scintillation 
spectrometry. An aliquot of the injected solution was as- 
sayed similarly. The concentration-time curve was fitted 
to a biexponential equation by a digital computer (lo), with 
the concentrations weighted as their reciprocals (Fig. 1). 
The systemic clearance was calculated from the injected 
dose and the area under the concentration-time curve. The 
apparent volume of distribution was calculated by dividing 
the systemic clearance by p. 

Compared to surgical methods, injection of uranyl ni- 
trate produces a more reproducible (as determined by 
serum creatinine and urea nitrogen concentrations) renal 
failure model. The animals appear to be in better health 
than after surgery. There was no evidence of hepatocellular 
damage after a single injection of uranyl nitrate in that 
glutamic-pyruvic transaminase concentrations in serum 
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T a b l e  I-Effect of Renal  F a i l u r e  on Pharmacokine t ics  of 
Propoxyphene  i n  R a t s  

Renal 
Pharmacokinetic Normal Failure 

Constant Rats Rats  

Syst.emic clearance, ml/min/kg 61.4 f 11.7“ 59.1 f 13.2 
(47.8-75.i) (38.5-78.0) 

Apparent volume of distrihution, 10.4 f 3.2 8.3 f 2.1 
literdkg (6.24-1 3.4) (6.22-1 1.9) 

Mean f SI). n = 6; the range is given in parentheses 

yielded essentially identical results, showing that the tri- 
tium exchange was negligible. 

The propoxyphene clearance and apparent volume of 
distribution values for normal rats and rats with experi- 
mental renal failure are listed in Table I. Clearance was 
high and comparable in magnitude to the hepatic plasma 
flow rate (11). The apparent volume of distribution was 
very large and comparable to that reported for humans (4). 
There were no significant differences in the kinetic con- 
stants between rats with normal and impaired renal 
function. 

Rats, like humans, eliminate propoxyphene almost ex- 
clusively by biotransformation (12). Systemic clearance 
of propoxyphene in humans is somewhat higher than the 
hepatic plasma flow rate (4); the two values are similar in 
the rat. Therefore, the systemic clearance of propoxyphene 
is primarily a function of the hepatic blood flow rate and 
should be relatively insensitive to changes in the activity 
of hepatic drug metabolizing enzyme systems. Hepatic 
blood flow is not reduced, and the blood plasma flow rate 
may actually increase in renal failure (13). The results of 
this study are consistent with these considerations in that 
the systemic clearance of propoxyphene was not affected 
by experimental renal dysfunction. This finding and the 
apparent lack of effect of‘ renal dysfunction on th volume 
of distribution of propoxyphene support the conclusion 
that higher plasma propoxyphene concentrations in ane- 
phric patients following oral administration are probably 
due to decreased presystemic biotransformation of the 
drug (6). 
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To the Editor: 

cis-Platinum(I1) diaminedichloride is a promising an- 
titumor agent for the treatment of testicular cancer. Al- 
though the exact mechanism of its action is not fully un- 
derstood, i t  is known that the agent reacts with DNA (1) 
and inhibits DNA synthesis (2). Recent studies showed 
that the antitumor agent reacts with DNA bases to  form 
complexes of different composition (3). 

In our study of the reaction of &-platinum with phar- 
maceutical additives, we observed a rather unusual reac- 
tion between the antitumor agent and sodium bisulfite. 
When sodium bisulfite solutions (0.005-0.2 M) were mixed 
directly in the spectrophotometric cell with freshly pre- 
pared cis-platinum solution M )  in pH 4.2, 0.5 M 
acetate buffer, the absorbance at  280 nm increased. At this 
wavelength and concentration, cis-platinum has no ab- 
sorbance; sodium bisulfite was present in both the sample 
and the blank. 

The increase in the absorbance at  280 nm exhibited a lag 
time, followed by a rapid change, and finally leveled off 
(Fig. 1). However, the rate of change in absorbance varied 
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To the Editor: 
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though the exact mechanism of its action is not fully un- 
derstood, i t  is known that the agent reacts with DNA (1) 
and inhibits DNA synthesis (2). Recent studies showed 
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Percutaneous Absorption of Nitroglycerin 
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Figure 2-UVspectra of solutions containing I X 10-2 M sodium bi- 
sulfite and varying amounts of cis-platinum. Key: I ,  4 pglml; 2,8 pglml; 
3,12 pgfml; and 4,16 pglml. 

in nonlinear fashion as a function of the bisulfite concen- 
tration. Furthermore, in the presence of nitrogen or con- 
centrations of ethanol or methanol as low as 1 X M y  
no reaction was observed indicating autoxidation. 

When 0.5 ml of 1 M sodium bisulfite (pH 4.2) was added 
to different concentrations of cis-platinum (0.1-0.5 ml of 
1 mg of cis-platinum/ml) in water and the reaction mixture 
was left for 5 min at  room temperature and diluted with 
pH 4.2 acetate buffer to 25 ml, the maximum absorbance 
at  280 nm varied linearly with the cis-platinum concen- 
tration (Fig. 2). 

The absorbance at 280 nm remained constant for several 
hours. Although the exact mechanism of this interesting 
reaction is not known at this time, such a chemical reaction 
possibly may occur in oioo between the antitumor agent 
and the enzymes containing a sulfhydryl group found in 
the body. 

Furthermore, in view of the enhancement of the UV 
absorbance of cis-platinum in the presence of bisulfite, this 
reaction can be used for the analysis of the drug in dosage 
forms. This observation also is important from the phar- 
maceutical standpoint when the drug is added to intra- 
venous fluids containing antioxidants such as sodium bi- 
sulfite. It may be possible that the antioxidant will inac- 
tivate the drug in the intravenous fluids prior to admin- 
istration. 
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To the Editor: 

We wish to report the percutaneous absorption of ni- 
troglycerin in the rhesus monkey, an animal model that has 
been shown to be similar to humans (1,2). 

Sublingual nitroglycerin therapy has been the principal 
treatment for the symptomatic relief of angina pectoris. 
Sublingual nitrates are very effective, but their symp- 
tomatic improvements are not long lasting. Recently, ni- 
troglycerin administered topically as an ointment was 
shown to be clinically effective for angina (3), and the 
slower absorption rate after topical administration results 
in a longer duration of action than after sublingual ad- 
ministration. Oral administration of nitroglycerin is not 
effective. 

Our objective was to study some parameters of the 
percutaneous absorption of nitroglycerin. We wanted first 
to determine if there is an optimal site for absorption be- 
cause the anatomical site of application affects skin ab- 
sorption (4,5). We then wanted to ascertain if the size of 
the application area affects the absorption of nitroglyc- 
erin. 

The study was done in vivo with the rhesus monkey 
(Macaca rnulata). Nitroglycerin (40 mg, 5 pCi) labeled 
with carbon 14 was applied to a 2-cm2 area of skin. The 
areas tested were the chest, arm (upper inside), inner thigh, 
and postauricular region. After the application, each area 
was occluded with aluminum foil and adhesive tape for 24 
hr. Then the occlusion was removed, and the site was 
washed with soap and water. 

In addition, absorption of an identical dose was deter- 
mined on the chest using a surface area of 50 cm2. For this 
larger surface area, it was necessary to dissolve the dose in 
250 p1 of absolute ethanol. This solution was applied, and 
the ethanol was gently evaporated. Alcohol does not sig- 
nificantly alter nitroglycerin absorption (6). Percutaneous 
absorption was determined by the urinary excretion of 
carbon 14. 

Absorption was quantified on the basis of the percent 
of radioactivity excreted in urine for 5 days following ap- 
plication of a known amount of the labeled compound to 
the skin. Daily urinary excretion values were corrected for 
excretion of radioactivity by other routes and retention of 
radioactivity in the body by administration of an intra- 
venous dose of [ 14C]nitroglycerin (1). Urinary radioactivity 
represents only the apparent nitroglycerin absorption. The 
potential for skin metabolism of nitroglycerin during ab- 
sorption is unknown. 

After intravenous administration of [ 14C]nitroglycerin, 
59.0 f 1.9 ( S E M )  % of the dose was excreted in the urine 
in 5 days. Percent absorptions were 13.4 f 1.2 (chest), 12.9 
f 1.2 (arm), 8.9 f 1.4 (postauricular), and 14.8 f 2.2 
(thigh). None of the absorption values for doses applied 
to the 2-cm2 areas was statistically different from each 
other. The majority of the unabsorbed dose in each case 
was recovered in the wash. Absorption of an identical dose 
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in nonlinear fashion as a function of the bisulfite concen- 
tration. Furthermore, in the presence of nitrogen or con- 
centrations of ethanol or methanol as low as 1 X M y  
no reaction was observed indicating autoxidation. 

When 0.5 ml of 1 M sodium bisulfite (pH 4.2) was added 
to different concentrations of cis-platinum (0.1-0.5 ml of 
1 mg of cis-platinum/ml) in water and the reaction mixture 
was left for 5 min at  room temperature and diluted with 
pH 4.2 acetate buffer to 25 ml, the maximum absorbance 
at  280 nm varied linearly with the cis-platinum concen- 
tration (Fig. 2). 

The absorbance at 280 nm remained constant for several 
hours. Although the exact mechanism of this interesting 
reaction is not known at this time, such a chemical reaction 
possibly may occur in oioo between the antitumor agent 
and the enzymes containing a sulfhydryl group found in 
the body. 

Furthermore, in view of the enhancement of the UV 
absorbance of cis-platinum in the presence of bisulfite, this 
reaction can be used for the analysis of the drug in dosage 
forms. This observation also is important from the phar- 
maceutical standpoint when the drug is added to intra- 
venous fluids containing antioxidants such as sodium bi- 
sulfite. It may be possible that the antioxidant will inac- 
tivate the drug in the intravenous fluids prior to admin- 
istration. 

(1) J. J. Roberts, in “Platinum Coordination Complexes in Cancer 
Chemotherapy,” T. A. Connors and Roberts, Eds., Springer, Berlin, 
Germany, 1974, pp. 79-97. 
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(3) V. Kleinwachter and R. Zaludova, Chem. Biol. Interact., 16,207 
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To the Editor: 

We wish to report the percutaneous absorption of ni- 
troglycerin in the rhesus monkey, an animal model that has 
been shown to be similar to humans (1,2). 

Sublingual nitroglycerin therapy has been the principal 
treatment for the symptomatic relief of angina pectoris. 
Sublingual nitrates are very effective, but their symp- 
tomatic improvements are not long lasting. Recently, ni- 
troglycerin administered topically as an ointment was 
shown to be clinically effective for angina (3), and the 
slower absorption rate after topical administration results 
in a longer duration of action than after sublingual ad- 
ministration. Oral administration of nitroglycerin is not 
effective. 

Our objective was to study some parameters of the 
percutaneous absorption of nitroglycerin. We wanted first 
to determine if there is an optimal site for absorption be- 
cause the anatomical site of application affects skin ab- 
sorption (4,5). We then wanted to ascertain if the size of 
the application area affects the absorption of nitroglyc- 
erin. 

The study was done in vivo with the rhesus monkey 
(Macaca rnulata). Nitroglycerin (40 mg, 5 pCi) labeled 
with carbon 14 was applied to a 2-cm2 area of skin. The 
areas tested were the chest, arm (upper inside), inner thigh, 
and postauricular region. After the application, each area 
was occluded with aluminum foil and adhesive tape for 24 
hr. Then the occlusion was removed, and the site was 
washed with soap and water. 

In addition, absorption of an identical dose was deter- 
mined on the chest using a surface area of 50 cm2. For this 
larger surface area, it was necessary to dissolve the dose in 
250 p1 of absolute ethanol. This solution was applied, and 
the ethanol was gently evaporated. Alcohol does not sig- 
nificantly alter nitroglycerin absorption (6). Percutaneous 
absorption was determined by the urinary excretion of 
carbon 14. 

Absorption was quantified on the basis of the percent 
of radioactivity excreted in urine for 5 days following ap- 
plication of a known amount of the labeled compound to 
the skin. Daily urinary excretion values were corrected for 
excretion of radioactivity by other routes and retention of 
radioactivity in the body by administration of an intra- 
venous dose of [ 14C]nitroglycerin (1). Urinary radioactivity 
represents only the apparent nitroglycerin absorption. The 
potential for skin metabolism of nitroglycerin during ab- 
sorption is unknown. 

After intravenous administration of [ 14C]nitroglycerin, 
59.0 f 1.9 ( S E M )  % of the dose was excreted in the urine 
in 5 days. Percent absorptions were 13.4 f 1.2 (chest), 12.9 
f 1.2 (arm), 8.9 f 1.4 (postauricular), and 14.8 f 2.2 
(thigh). None of the absorption values for doses applied 
to the 2-cm2 areas was statistically different from each 
other. The majority of the unabsorbed dose in each case 
was recovered in the wash. Absorption of an identical dose 
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on the chest from a surface area of 50 cm2 was significantly 
( p  < 0.002) greater (36.4 f 4.3%) than the absorption from 
the smaller surface area. Therefore, differences in these 
anatomical sites did not affect absorption, but increasing 
the size of the skin surface area did increase absorption. 

The anatomical site of application has been shown to 
affect. the percutaneous absorption of compounds in hu- 
mans (4 ,5)  and the rhesus monkey (7). Site dependence 
for absorption of nitroglycerin has been reported in the rat 
(8) and humans (9). In the human study, the topical dose 
and the surface area were not controlled, but both of these 
parameters affect absorption (2). 

Two points should be stressed. First, the topical dose 
and the surface area must be controlled in percutaneous 
absorption studies. Second, future studies may show that 
nitroglycerin absorption can vary with some anatomical 
sites. However, there also will be anatomical sites where 
absorption is similar. Therefore, a patient may have the 
convenience of choosing a preferred site. 
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REVIEWS 

GLC and HPLC Determination of Therapeutic Agents, Parts 1-111. 

Part I edited by K. TSUJI and W. MOROZOWICH. 
Parts I1 and 111 edited by K. TSUJI. 
Dekker, 270 Madison Ave., New York, NY 10016. 
Part I: 1978,415 pp., 18 X 26 cm, Price $37.50. 
Part IJ: 1978, 432 pp., 18 X 26 cm, Price $45.00. 
Part 111: 1979, 528 pp., 18 X 26 cm, Price $45.00. 

Part J has chapters entitled: Theory and Instrumentation, Column 
Selection in GLC, Column Selection in HPLC, Derivatization Techniques 
in Gas-Liquid Chromatography, Derivatization Techniques in HPLC, 
The Mass Spectrometer as a Detector for Gas-Liquid Chromatography, 
Isolation of Samples ,Prior to Chromatography, Preparative HPLC: Small 
Scale and Trace Collection, Preparative HPLC: Milligram Quantities, 
Quality Control in GLC, Automation and Quality Control in HPLC, 
Computer Interfacing, and Data Processing. Much new material as well 
as an exhaustive critical review of the literature is included. The writing 
has an immediacy and authority which are most welcome, indicating that 
the authors are directly involved with the techniques they describe. The 
volume is recommended to all in the field who wish to update their 
knowledge of the theory and practice of GLC and HPLC. It is particularly 
recommended to graduate students and would make an excellent course 
text except for one problem: an index is available only in Part  111. Use 
of the index is made more annoying since the three parts are successively 
paginated so that the index does not immediately indicate the volume 
to open. 

Part I1 is devoted to therapeutic drug monitoring with GLC and HPLC. 
I t  contains chapters 14-24, which give scientific methods and detailed 
directions for individual drugs. In addition to the literature review, there 
are author-preferred-and-tested methods for each drug. The drug classes 
covered are: narcotic analgesics, narcotic antagonists and related drugs, 
central nervous system (CNS) depressants, cocaine and phenylethyl- 
amines, hallucinogens, cannabis preparations, barbiturates, anticon- 
vulsants, salicvlates, aniline derivatives, pyrazolones, synthetic opiate-like 

(Chromatographic Science Series, Vol. 9). 

drugs of low potency and low addictive potential, analgesic combinations, 
nonbarbiturate hypnotics, glutethimide, methaqualone, anorexigenics, 
antipsychotics, antianxiety agents, antidepressives, stimulants, antihy- 
pertensives, pulmonary and vasoactive drugs, antimicrobials, antimy- 
cotics, antiparasitics, adrenocorticosteroids, androgens, estrogens, and 
antifertility steroids. In addition, there are chapters on preservatives and 
on the determination of residues in gaseous sterilants. 

The editor has been extremely careless in Part 11, allowing the same 
material about the same drug to appear in two different chapters. For 
example, Fig. 9 of Chapter 14, showing GLC analysis of opium alkaloids, 
is reproduced as Fig. 15 of Chapter 16. The duplicated information in- 
volves the narcotic analgesics, barbiturates, amphetamine, papaverine, 
and, perhaps, others. 

Part 111 continues with the drugs used in metabolic diseases, those that 
affect endocrine functions and nutritional agents. Drug classes included 
are: nonsteroidal anti-inflammatories, prostaglandins, cardiac glycosides, 
antiarrhythmics, vasodilators, oral anticoagulants (there are no methods 
for heparin in this collection), antidiabetics, diuretics, lipid- and cho- 
lesterol-lowering agents, thyroid agents, X-ray contrast agents, nucleo- 
sides and nucleotides, alkaloids, antihistamines and antitussives, 
water-soluble vitamins, fat-soluble vitamins, amino acids and peptides, 
sugar and sugar alcohols, and saccharin. The last chapter deals with serum 
lipid and fatty acid analysis. 

The methods reported in Parts I1 and I11 include sample preparation 
(including separation from clinical samples or drug fcmnulations and 
derivatization) as well as the determinations. Most chapters contain a 
summary table of the drugs included in it, choosing between GLC and 
HPLC as the method of choice and giving the chromatographic condi- 
tions. 

It is an amusing coincidence that while this review was being prepared, 
the August issue of “Chromatography Newsletter” was received, which 
was devoted entirely (15 pages) to drug analysis, thus showing again that 
reviews, no matter how well done, can only supplement and not substitute 
for current periodicals. 

These three volumes are an indispensible reference to all scientists who 
use or intend to use GLC and HPLC, particularly drug analysts, forensic 
scientists, clinical chemists, and biochemists. Good use of the collection 
will be made by “anyone concerned with the potency, purity, stability, 
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on the chest from a surface area of 50 cm2 was significantly 
( p  < 0.002) greater (36.4 f 4.3%) than the absorption from 
the smaller surface area. Therefore, differences in these 
anatomical sites did not affect absorption, but increasing 
the size of the skin surface area did increase absorption. 

The anatomical site of application has been shown to 
affect. the percutaneous absorption of compounds in hu- 
mans (4 ,5)  and the rhesus monkey (7). Site dependence 
for absorption of nitroglycerin has been reported in the rat 
(8) and humans (9). In the human study, the topical dose 
and the surface area were not controlled, but both of these 
parameters affect absorption (2). 

Two points should be stressed. First, the topical dose 
and the surface area must be controlled in percutaneous 
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pharmacokinetics and mechanisms of actions of drugs.. . .” 
The type is clear and readable. The books have glossy paper covered 

boards, are easy t‘o open, and lie flat, as are typical of Marcel Dekker 
volumes. 

Despite the nuisances and repetitiveness noted, the set is highly rec- 
ommended. 

Reviewed by Murray M. Tuckerman 
School of Pharmacy 
Temple University 
Philadelphia, PA 19140 

The Chemistry of Antitumor Antibiotics, Vol. 1. By WILLIAM A. 
REMERS. Wiley-Interscience, One Wiley Drive, Somerset, NJ 08873. 
1979.289 pp. 15 X 22.5 cm. 
A lack of fundamental knowledge concerning many aspects of the bi- 

ological sciences still restricts most oncologists to dealing with the 
treatment rather than the causes of cancer. Nevertheless, encouraging 
results have been attained with many drugs in the treatment of certain 
neoplastic diseases such as acute lymphocytic leukemia, Burkitt’s lym- 
phoma, choriocarcinoma, Hodgkin’s disease, squamous cell cancer, and 
Wilm’s tumor, Many of these remissions were achieved by the use of 
antitumor antibiotics. 

Antibiotics are unique in their extreme diversity of chemical structures 
and in the fact that the “rational approach” followed so enthusiastically 
in the design of other classes of antineoplastic agents has played only a 
minor role in the discovery of their striking effects. As a result, infor- 
mation gained by assessing the antitumor activity of these antibiotics 
may be more objective than studies of more conventional drug classes. 
There can he little doubt that the information will contribute significantly 
to the future design of better antineoplastic agents and will provide a 
guide to the proper selection of agents for use in combination chemo- 
therapy. 

Since the discovery in 1952 that actinomycin D (dactinomycin) shows 
activity against experimental tumors, antibiotics have gained firm ground 
as a unique class of agents for the management of cancer. As a result, 
numerous studies on this subject mushroomed, and publications were 
scattered in every possible chemical, biological, pharmacological, and 
medical journal. Although some reviews and chapters were published 
occasionally on certain antitumor antibiotics, this book is the first of its 
type in which pertinent information in this area has been assembled in 
a comprehensive yet precise and clear manner. Dr. Remers’effort should 
be appreciated by investigators working in this field. His achievement 
is particularly admired by those who have tried to compile similar in- 
lormation, even on a smaller scale. 

Volume 1 of this book is divided into five chapters: the actinomycins, 
the anthracyclines, the aureolic acid group, the bleomycins and 
phleomycins, and the mitomycins and porfiromycins. A t  least one 
member of each of these categories has recognition in cancer chemo- 
therapy [e.g., actinomycin D, adriamycin (doxorubicin), mithramycin, 
hleomycin Bz, and mitomycin C, respectively]. Each chapter.has a concise, 
general introduction and is divided further into specific discussions in- 
cluding the discovery, isolation, and characterization, structural eluci- 
dation, possible mode of action, chemical synthesis and biosynthesis, and 
structure-activity relationships. Three of these five chapters also include 
the chemical transformations among related antibiotics. 

Since many antibiotics discussed in this book tend to form chelates 
or complexes with certain metal ions, the author has emphasized re- 
peatedly a significant point which, if not noticed, would cause confusion 
and misinterpretation by other investigators. This point is that physical 
properties such as optical rotation often are inlluenced by traces of metals 
nnd other impurities that are difficult to separate or remove from the pure 
compound. This case is especially true with antibiotics of the aureolic 
acid group in which samples with the same chemical structure were as- 
signed as different antibiotics based on the observed discrepancy in 
specific rotation values. 

This reviewer agrees with the author’s comment that in a field where 
anticancer activity is the primary goal of synthesis and structural mod- 
ification, it is surprising that not enough data have been published on 
the inhibition of experimental tumors. Judging from the many elegant 
total or partial syntheses recorded in this book, I cannot help but wonder 
whether the lengthy ones under the name of an alternate synthesis or a 
novel approach are of value to other investigators. Indeed, the aim of a 

chemical synthesis is t o  identify the structural assignment, to devise a 
practical method for more plentiful procurement of a specific antibiotic, 
or to facilitate analog synthesis. With the current limited funding in re- 
search, perhaps now is the best time for every dedicated investigator to 
reassess the true value and implication of his or her own work. 

The order of tetracyclic rings in the anthracycline antibiotics (Chapter 
2) given in this book was from the aromatic ring (ring A) toward the ali- 
cyclic ring (ring D) in which the glycoside is attached. However, on p. 88 
and p. 102, ring A was designated as the alicyclic ring. In the literature, 
the conflicting order of rings A - D or D - A has been assigned and has 
aroused unnecessary confusion. Since the original Italian investigators 
[Arcamone et  al., Cazz. Chim. Ital., 100,949 (197011 designated the ali- 
cyclic ring on the aglycone portion as ring A, perhaps such assignment 
should be honored rather than the general order of assignment in this 
book. The author also may wish to change the cell line of He La to HeLa 
in forthcoming books. 

This reviewer also would like to add one piece of interesting informa- 
tion concerning the phleomycin antibiotics. Although it is known that 
the low therapeutic indexes of phleomycins hamper their use as anti- 
bacterial or antitumor agents, the addition of certain thioethers of purine 
or related heterocyclic compounds as potentiators (“amplifiers”) permits 
the use of phleomycins at much lower levels, thereby raising their ther- 
apeutic indexes to potentially useful levels [Grigg et al., J .  Bacteriol., 107, 
599 (1971); and Brown et al., Austr. J .  Chem., 31,397 (1978) and the 
references cited therein]. 

A11 in all, this is a well-written and valuable book. Readers can follow 
easily the historical development of important antibiotics and recognize 
the work that has been accomplished as well as areas that still need to 
be studied. This book should be of interest to chemists, biochemists, 
toxicologists, pharmacologists, and clinicians who are interested in re- 
search. 

Reviewed by C. C. Cheng 
Mid-America Cancer Center 
University of Kansas Medical Center 
Kansas City, KS 66103 

The Alkaloids: The Fundamental  Chemistry-A Biogenetic Ap- 
proach. (Studies in Organic Chemistry Series, Vol. 7). By D. R. 
DALTON. 270 Madison Ave., New York, NY 10016. 1979. x + 789 pp. 
18 X 26 cm. Price $49.50 (A special price of $29.50 is available in the 
United States and Canada on orders of five or more copies). 
The alkaloids represent the largest and most diverse group of plant- 

derived natural products, with well over 10,000 known members of the 
class involving 300 different ring systems. In view of their importance, 
including their significance in pharmacy and medicine, it is surprising 
that few textbooks on alkaloids have appeared in recent years. Thus, 
apart from reviews in “The Alkaloids” series, the Chemical Society 
Specialist Periodical Reports of the same name, and specialized reviews 
such as the one by Shamma and Moniot on isoquinoline alkaloids, no 
comprehensive general treatment of the alkaloids has appeared since that 
edited by Pelletier almost a decade ago. The publication of the book that 
is the subject of this review is thus a timely event and one that will be 
welcomed by all researchers involved in the alkaloid field. 

The book is an outgrowth of a course taught by the author at  Temple 
University, and this is the origin of its greatest strength and its greatest 
weakness. The strength of the book is that  it provides for the first time, 
in one place, a unified account of the biosynthesis and chemistry of the 
alkaloids. It is organized along biosynthetic lines rather than along the 
traditional lines of previous works. Thus, instead of chapters on subjects 
such as the ipecac (ipecacuanha) alkaloids or the cinchona alkaloids, there 
are chapters on alkaloids derived from ornithine, lysine, nicotinic acid, 
tyrosine, and tryptophan and on alkaloids derived by introduction of 
nitrogen into a terpenoid skeleton. Although the traditional classification, 
largely by plant of origin, does group alkaloids of similar type, our present 
understanding of alkaloid biosynthesis makes the approach adopted in 
this book logical and desirable. Furthermore, the discussion of the bio- 
synthesis and the chemistry of each alkaloid is integrated within each 
chapter rather than having the biosynthesis discussed in a separate 
chapter. This feature allows the reader to appreciate the synthetic ap- 
proaches to the alkaloids more readily, particularly those that are mod- 
eled on an actual or presumed biosynthetic pathway. 

The major weakness of the book as a standard reference on the alka- 
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pharmacokinetics and mechanisms of actions of drugs.. . .” 
The type is clear and readable. The books have glossy paper covered 

boards, are easy t‘o open, and lie flat, as are typical of Marcel Dekker 
volumes. 

Despite the nuisances and repetitiveness noted, the set is highly rec- 
ommended. 

Reviewed by Murray M. Tuckerman 
School of Pharmacy 
Temple University 
Philadelphia, PA 19140 

The Chemistry of Antitumor Antibiotics, Vol. 1. By WILLIAM A. 
REMERS. Wiley-Interscience, One Wiley Drive, Somerset, NJ 08873. 
1979.289 pp. 15 X 22.5 cm. 
A lack of fundamental knowledge concerning many aspects of the bi- 

ological sciences still restricts most oncologists to dealing with the 
treatment rather than the causes of cancer. Nevertheless, encouraging 
results have been attained with many drugs in the treatment of certain 
neoplastic diseases such as acute lymphocytic leukemia, Burkitt’s lym- 
phoma, choriocarcinoma, Hodgkin’s disease, squamous cell cancer, and 
Wilm’s tumor, Many of these remissions were achieved by the use of 
antitumor antibiotics. 

Antibiotics are unique in their extreme diversity of chemical structures 
and in the fact that the “rational approach” followed so enthusiastically 
in the design of other classes of antineoplastic agents has played only a 
minor role in the discovery of their striking effects. As a result, infor- 
mation gained by assessing the antitumor activity of these antibiotics 
may be more objective than studies of more conventional drug classes. 
There can he little doubt that the information will contribute significantly 
to the future design of better antineoplastic agents and will provide a 
guide to the proper selection of agents for use in combination chemo- 
therapy. 

Since the discovery in 1952 that actinomycin D (dactinomycin) shows 
activity against experimental tumors, antibiotics have gained firm ground 
as a unique class of agents for the management of cancer. As a result, 
numerous studies on this subject mushroomed, and publications were 
scattered in every possible chemical, biological, pharmacological, and 
medical journal. Although some reviews and chapters were published 
occasionally on certain antitumor antibiotics, this book is the first of its 
type in which pertinent information in this area has been assembled in 
a comprehensive yet precise and clear manner. Dr. Remers’effort should 
be appreciated by investigators working in this field. His achievement 
is particularly admired by those who have tried to compile similar in- 
lormation, even on a smaller scale. 

Volume 1 of this book is divided into five chapters: the actinomycins, 
the anthracyclines, the aureolic acid group, the bleomycins and 
phleomycins, and the mitomycins and porfiromycins. A t  least one 
member of each of these categories has recognition in cancer chemo- 
therapy [e.g., actinomycin D, adriamycin (doxorubicin), mithramycin, 
hleomycin Bz, and mitomycin C, respectively]. Each chapter.has a concise, 
general introduction and is divided further into specific discussions in- 
cluding the discovery, isolation, and characterization, structural eluci- 
dation, possible mode of action, chemical synthesis and biosynthesis, and 
structure-activity relationships. Three of these five chapters also include 
the chemical transformations among related antibiotics. 

Since many antibiotics discussed in this book tend to form chelates 
or complexes with certain metal ions, the author has emphasized re- 
peatedly a significant point which, if not noticed, would cause confusion 
and misinterpretation by other investigators. This point is that physical 
properties such as optical rotation often are inlluenced by traces of metals 
nnd other impurities that are difficult to separate or remove from the pure 
compound. This case is especially true with antibiotics of the aureolic 
acid group in which samples with the same chemical structure were as- 
signed as different antibiotics based on the observed discrepancy in 
specific rotation values. 

This reviewer agrees with the author’s comment that in a field where 
anticancer activity is the primary goal of synthesis and structural mod- 
ification, it is surprising that not enough data have been published on 
the inhibition of experimental tumors. Judging from the many elegant 
total or partial syntheses recorded in this book, I cannot help but wonder 
whether the lengthy ones under the name of an alternate synthesis or a 
novel approach are of value to other investigators. Indeed, the aim of a 

chemical synthesis is t o  identify the structural assignment, to devise a 
practical method for more plentiful procurement of a specific antibiotic, 
or to facilitate analog synthesis. With the current limited funding in re- 
search, perhaps now is the best time for every dedicated investigator to 
reassess the true value and implication of his or her own work. 

The order of tetracyclic rings in the anthracycline antibiotics (Chapter 
2) given in this book was from the aromatic ring (ring A) toward the ali- 
cyclic ring (ring D) in which the glycoside is attached. However, on p. 88 
and p. 102, ring A was designated as the alicyclic ring. In the literature, 
the conflicting order of rings A - D or D - A has been assigned and has 
aroused unnecessary confusion. Since the original Italian investigators 
[Arcamone et  al., Cazz. Chim. Ital., 100,949 (197011 designated the ali- 
cyclic ring on the aglycone portion as ring A, perhaps such assignment 
should be honored rather than the general order of assignment in this 
book. The author also may wish to change the cell line of He La to HeLa 
in forthcoming books. 

This reviewer also would like to add one piece of interesting informa- 
tion concerning the phleomycin antibiotics. Although it is known that 
the low therapeutic indexes of phleomycins hamper their use as anti- 
bacterial or antitumor agents, the addition of certain thioethers of purine 
or related heterocyclic compounds as potentiators (“amplifiers”) permits 
the use of phleomycins at much lower levels, thereby raising their ther- 
apeutic indexes to potentially useful levels [Grigg et al., J .  Bacteriol., 107, 
599 (1971); and Brown et al., Austr. J .  Chem., 31,397 (1978) and the 
references cited therein]. 

A11 in all, this is a well-written and valuable book. Readers can follow 
easily the historical development of important antibiotics and recognize 
the work that has been accomplished as well as areas that still need to 
be studied. This book should be of interest to chemists, biochemists, 
toxicologists, pharmacologists, and clinicians who are interested in re- 
search. 

Reviewed by C. C. Cheng 
Mid-America Cancer Center 
University of Kansas Medical Center 
Kansas City, KS 66103 

The Alkaloids: The Fundamental  Chemistry-A Biogenetic Ap- 
proach. (Studies in Organic Chemistry Series, Vol. 7). By D. R. 
DALTON. 270 Madison Ave., New York, NY 10016. 1979. x + 789 pp. 
18 X 26 cm. Price $49.50 (A special price of $29.50 is available in the 
United States and Canada on orders of five or more copies). 
The alkaloids represent the largest and most diverse group of plant- 

derived natural products, with well over 10,000 known members of the 
class involving 300 different ring systems. In view of their importance, 
including their significance in pharmacy and medicine, it is surprising 
that few textbooks on alkaloids have appeared in recent years. Thus, 
apart from reviews in “The Alkaloids” series, the Chemical Society 
Specialist Periodical Reports of the same name, and specialized reviews 
such as the one by Shamma and Moniot on isoquinoline alkaloids, no 
comprehensive general treatment of the alkaloids has appeared since that 
edited by Pelletier almost a decade ago. The publication of the book that 
is the subject of this review is thus a timely event and one that will be 
welcomed by all researchers involved in the alkaloid field. 

The book is an outgrowth of a course taught by the author at  Temple 
University, and this is the origin of its greatest strength and its greatest 
weakness. The strength of the book is that  it provides for the first time, 
in one place, a unified account of the biosynthesis and chemistry of the 
alkaloids. It is organized along biosynthetic lines rather than along the 
traditional lines of previous works. Thus, instead of chapters on subjects 
such as the ipecac (ipecacuanha) alkaloids or the cinchona alkaloids, there 
are chapters on alkaloids derived from ornithine, lysine, nicotinic acid, 
tyrosine, and tryptophan and on alkaloids derived by introduction of 
nitrogen into a terpenoid skeleton. Although the traditional classification, 
largely by plant of origin, does group alkaloids of similar type, our present 
understanding of alkaloid biosynthesis makes the approach adopted in 
this book logical and desirable. Furthermore, the discussion of the bio- 
synthesis and the chemistry of each alkaloid is integrated within each 
chapter rather than having the biosynthesis discussed in a separate 
chapter. This feature allows the reader to appreciate the synthetic ap- 
proaches to the alkaloids more readily, particularly those that are mod- 
eled on an actual or presumed biosynthetic pathway. 

The major weakness of the book as a standard reference on the alka- 
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loids is that is is not thoroughly referenced. It only has 480 references, 
fewer than 20 of which are from 1975 or later. In contrast, the earlier and 
somewhat shorter work by Pelletier, which dealt largely with alkaloid 
chemistry, boasted 1750 references. In the present work, the lack of ref- 
erences is made up to some extent by references to review articles a t  the 
end of each chapter, but these reviews are, of course, of even earlier vin- 
tage than the book itself. The book thus is not a good source for the latest 
information in alkaloid research, particularly in such rapidly developing 
fields as indole alkaloid biosynthesis. In addition, it also is not compre- 
hensive; several classes of alkaloids are not discussed a t  all. 

The book sets out to be a textbook, however, and it is within this 
framework that it should be judged. As the author modestly states in the 
epilogue, “The major objective.. . is to provide the beginning student 
with an appreciation of order in structure type and biogenetic reasoning. 
Hopefully, some chemistry was also learned.” Any person who takes the 
time to work through this book is certain to achieve these objectives and 
much more. The discussion of both biosynthesis and chemistry is lucid 
and concise, and the structural diagrams are excellent in quality and 
abundant in quantity. The only minor improvements that could be 
suggested would be for the initial diagrams to carry the numbering system 
for that structural type and for more diagrams to be oriented so that the 
reader does not have to turn the book around to see them. 

In conclusion, the author has written an excellenttextbook on the al- 
kaloids, and it can be recommended as the book of choice for any scientist 
wishing to become acquainted with this fascinating area of natural 
products. Persons needing detailed and up-to-date information in a 
specific area will have to supplement this book with material from review 
articles and the recent literature. 

Reuiewed by David G. I. Kingston 
Department of Chemistry 
Virginia Polytechnic Institute 

and State Uniuersity 
Blacksburg, VA 24061 

The Pharmaceutical Codex, 11th Ed. The Pharmaceutical Press, One 
Lambeth High St., London SEI 7JN, England. 1979. I101 pp. 17 X 25 
cm. Price E27. 
The 11th edition of “The British Pharmaceutical Codex,” now called 

“The Pharmaceutical Codex,” contains over 1400 entries in a single al- 
phabetical sequence. Over 900 monographs on synthetic drug substances 
and natural products used in medicine are included. A typical drug 
substance monograph features the full chemical name, structural and 
molecular formulas, molecular weights, synonyms and trade names, 
physical characteristics such as solubility and specific rotation, stability 
and storage information, identification tests, metabolism, actions and 
uses, and preparations. Entries for drug classes also are included. 

Diseases and minor ailments are discussed with respect to the cause 
and nature o f  the disorder, its major signs and symptoms, and its treat- 
ment with reference to the use of drugs. Entries on analytical techniques 
such as IR and UV spectrophotometry are included. 

The first appendix describes the analytical reagents mentioned in the 
text. The second appendix gives reduced facsimile reproductions of IR 
spectra for more than 300 drug substances to aid in their identification. 
A comprehensive index with over 10,000 entries concludes the book. 

This book is a useful reference for those concerned with the manu- 
facture, formulation, distribution, dispensing, and quality control of drugs 
and medicines for human or veterinary use. 

Staff Reuceui 

NOTICES 

Surface of Normal and Malignant Cells. Edited by RICHARD 0. 
HYNES. Wiley, One Wiley Drive, Somerset, NJ 08873.1979.471 pp. 
15 X 23 cm. Price $65.00. 

Cell Substrates: Their Use in the Production of Vaccines and Other 
Biologicals. Edited by JOHN C. PETRICCIANI, HOPE E. HOPPS, 
and PAUL J. CHAPPLE. Plenum, 227 W. 17th St., New York, NY 
10011.1979.220 pp. 16 X 25 cm. Price $29.50. 
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Springer-Verlag New York Inc., 44 Hartz Way, Secaucus, NJ 07094. 
1979.206 pp. 16 X 24 cm. Price $48.40. 

Standard Operating Procedures in Toxicology. Edited bq G. E. PAGET 
and R. THOMSON. University Park Press, 233 E. Redwood St., Bal- 
timore, MD 21202. 1979.650 pp. 21 X 30 cm. Price $39.50. 

Common Medicines: An Introduction for Consumers. By DAVID J.  
GEORGE. W. H. Freeman, 660 Market St., San Francisco, CA 94104. 
1979.197 pp. 21 X 28 cm. Price $6.00. 

Bailey’s Industrial Oil and Fat Products, 4th Ed., Vol. 1. Edited by 
DANIEL SWERN. Wiley, One Wiley Drive, Somerset, NJ 08873.1979. 
841 pp. 15 X 23 cm. Price $45.95. 

Circulating Catecholamines and Blood Pressure. Edited by W. H. 
BIRKENHAGER and H. E. FALKE. University Park Press, 233 E. 
Redwood St., Baltimore, MD 21202. 1979. 71 pp. 14 X 23 cm. Price 
$12.50. 

Human Toxicology. Edited by AUBIN HEYNDRICKX. European 
Press, Ghent, Belgium. 1978.221 pp. 17 X 24 cm. 

The Interpretation of Quanta1 Responses in Biology. By P. S. HEW- 
L E l T  and R. L. PLACKETT. University Park Press, 233 E. Redwood 
St., Baltimore, MD 21202. 1979.82 pp. 14 X 23 cm. Price $11.95. 

The Alkaloids, Vol. 9. A Specialist Periodical Report. Senior Reporter, 
M. F. GRUNDON. The Chemical Society. 1979.273 pp. 14 X 22 cm. 
Price $70.00. (Available from the American Chemical Society, 1155 
16th St., N.W., Washington, DC 20036.) 
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cm. Price $61.50. (Available from the American Chemical Society, 1155 
16th St., N.W., Washington, DC 20036.) 
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233 E. Redwood St., Baltimore, MD 21202.1978.475 pp. 12 X 19 cm. 
Price $22.75. 

Workshop on Ursodeoxycholic Acid. Edited by R. H. DOWLING, A. F. 
HOFMANN, and L. BARBARA. University Park Press, 233 E. Red- 
wood St., Baltimore, MD 21202. 1979. €% pp. 15 X 24 cm. Price 
$9.95. 

Nucleosides As Biological Probes. By ROBERT J. SUHADOLNIK. 
Wiley, One Wiley Drive, Somerset, NJ 08873.1979.346 pp. 14 X 23 cm. 
Price $37.50. 

Modern Organic Elemental Analysis. By T. S. MA and ROBERT C. 
RITTNER. Dekker, 270 Madison Ave., New York, NY 10016.1979. 
518 pp. 15 X 23 cm. Price $45.00. 

Arachidonic Acid Metabolism in Inflammation and Thrombosis. Edited 
by K. BRUNE and M. BAGGIOLINL Birkhauser Boston Inc., 380 
Green St., P.O. Box 2007, Cambridge, MA 02139. 1979.301 pp. 17 X 
24 cm. Price $38.00. 
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Limitedness of Man. By D. G. GARAN. Philosophical Library, 15 E. 
40th St., New York, NY 10016. 1979. 310 pp. 14 X 22 cm. Price 
$9.75. 
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loids is that is is not thoroughly referenced. It only has 480 references, 
fewer than 20 of which are from 1975 or later. In contrast, the earlier and 
somewhat shorter work by Pelletier, which dealt largely with alkaloid 
chemistry, boasted 1750 references. In the present work, the lack of ref- 
erences is made up to some extent by references to review articles a t  the 
end of each chapter, but these reviews are, of course, of even earlier vin- 
tage than the book itself. The book thus is not a good source for the latest 
information in alkaloid research, particularly in such rapidly developing 
fields as indole alkaloid biosynthesis. In addition, it also is not compre- 
hensive; several classes of alkaloids are not discussed a t  all. 

The book sets out to be a textbook, however, and it is within this 
framework that it should be judged. As the author modestly states in the 
epilogue, “The major objective.. . is to provide the beginning student 
with an appreciation of order in structure type and biogenetic reasoning. 
Hopefully, some chemistry was also learned.” Any person who takes the 
time to work through this book is certain to achieve these objectives and 
much more. The discussion of both biosynthesis and chemistry is lucid 
and concise, and the structural diagrams are excellent in quality and 
abundant in quantity. The only minor improvements that could be 
suggested would be for the initial diagrams to carry the numbering system 
for that structural type and for more diagrams to be oriented so that the 
reader does not have to turn the book around to see them. 

In conclusion, the author has written an excellenttextbook on the al- 
kaloids, and it can be recommended as the book of choice for any scientist 
wishing to become acquainted with this fascinating area of natural 
products. Persons needing detailed and up-to-date information in a 
specific area will have to supplement this book with material from review 
articles and the recent literature. 

Reuiewed by David G. I. Kingston 
Department of Chemistry 
Virginia Polytechnic Institute 

and State Uniuersity 
Blacksburg, VA 24061 
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IDENTIFYING “THE BAD CHARACTERS” 

The so-called “Lannett decision” threw into question the authority of the Food 
and Drug Administration to require its approval of a duplicative drug product before 
that product is placed in distribution on the open market. At this writing, the effect 
of the court decision is still in question for various reasons including FDA appeals 
and differing decisions by courts in other judicial districts. 

In the meantime, however, certain manufacturers have proceeded to market 
products without submitting them for FDA review and approval. The FDA has been 
seizing many of these products-particularly in those judicial districts where de- 
cisions have not been handed down that are adverse to its claim that federal law 
gives it the authority to require premarketing drug approval. 

Nevertheless, at least a few unapproved products have gotten into general dis- 
tribution. Moreover, according to the FDA, several of these products have been 
poorly formulated in a manner to make them less than satisfactory for their intended 
clinical uses, and the problem presented by these defective products has been widely 
publicized. 

In an effort to avoid creating therapeutic problems for patients, pharmacists have 
been strongly advised to avoid purchasing and dispensing any products lacking 
FDA’s approval. Indeed, pharmacists have been warned that they expose themselves 
to  potential legal liability and to possible malpractice suits by using such prod- 
ucts-particularly if patient injury were to result. 

This well-intended advice has been offered from a variety of sources. In addition 
to a veritable bombarding of mailings from certain major pharmaceutical companies, 
pharmacists have gotten such cautions from state boards of pharmacy, from editors 
in the pharmaceutical press, from various professional associations, from attor- 
ney-pharmacists a t  conferences and symposia, and so on. 

Indeed, a report in the drug press even quoted FDA Commissioner Jere E. Goyan 
as telling his Bureau of Drugs staff in mid-February that the situation concerning 
“unapproved generics”-the problem that some manufacturers may be marketing 
drugs illegally-is one that calls for an information campaign directed a t  the 
pharmacist. According to the Commissioner, “We have ta go very heavily to phar- 
macy and say, ‘Look, you’re taking a terrible risk.’ ” 

We do not quarrel in the least with the Commissioner’s assessment that dis- 
pensing unapproved drugs constitutes a very serious risk to both the pharmacist 
and the patient. But what we do wonder is whether the Commissioner, and all the 
other well-meaning dispensors of “Dutch-uncle advice” noted above, recognize or 
appreciate the pharmacist’s real problem. 

We are personally convinced that virtually all pharmacists would shun such 
unapproved drug products if-and that’s a very big “if”-they could immediately 
identify which products are approved or which are not. Fully 99% of the nation’s 
pharmacists have the integrity and intelligence to avoid dealing with products of 
such questionable quality; and most of the other 1% are a t  least wise enough to do 
so, even if they are not motivated out of professional integrity. 

Imagine for a moment the confusion that would reign if the millions and millions 
of automobiles in this country were all being driven around without license plates. 
The vehicles themselves still might be properly registered with the respective state 
vehicle departments, but there would be no outward evidence of such registration, 
or verification of registration, or means of identification, or the like, displayed on 
each automobile for all to see. To say that this would be a chaotic situation is a gross 
understatement. 

And yet, when it comes to marketed drug products, we have no reliable sys- 
tem-short of telephoning the FDA offices in Washington concerning each indi- 
vidual drug product-for identifying those that have been so approved. Hence, there 
is no ready means of being able to distinguish them from products that  may be on 
the market without having gone through the FDA’s new drug application (NDA) 
or abbreviated new drug application (ANDA) approval process. 

In mid-December, APhA President William S. Apple and this writer met with 
FDA officials and made a strong pitch for the agency to permit (or to require) drug 
manufacturers to carry the NDA or ANDA approval number in the labeling of those 
drug products that  do, in fact, have such approval. In the past, and continuing at 
least to the time of this writing, FDA has prohibited the inclusion of such infor- 
mation as part of the product labeling on grounds that it constituted a form of in- 
appropriate advertising; that is, the FDA was concerned that the approval number 
would be interpreted by consumers as an FDA endorsement of the product or that 
the product had a “seal of approval” from the federal government. 

However justified this prohibition may have been in the past, present circum- 
stances have drastically changed. In our opinion, if pharmacists are going to be able 
to exercise due care in product selection and dispensing, and if the health and 
welfare of patients are to be duly guarded, then it is essential that the FDA rescind 
its restriction and permit approved products to be appropriately identified for the 
benefit of all pertinent parties. -EGF 
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Abstract 0 Three viscometric methods for estimating the extent of as- 
sociation in binary liquid mixtures were employed to determine the 
maximum hydration of acetone, dimethyl sulfoxide, dioxane, 1-propanol, 
and 2-pyrrolidinone in aqueous solution. Two of the methods are based 
on the increase in viscosity or the decrease in fluidity of binary aqueous 
solutions caused by association between water and the second component, 
i e., by hydration of the second component. The composition of maximum 
hydration is that a t  which the deviation of experimental viscosities or 
fluidities from additive viscosities or fluidities reaches a maximum. Ad- 
ditive values are calculated by interpolation between the viscosities or 
fluidities of water and the second liquid component. Additivity would 
be observed in ideal solutions, i.e., in the absence of hydration. The first 
method of interpolation uses the Kendall equation, d1zcalc = @:'&*, to 
calculate the fluidities, 4, of the mixtures (subscript 12) from the fluidities 
and mole fractions, x ,  of water (subscript 1) and the second liquid (sub- 
script 2). The Kendall equation has a theoretical basis and is applicable 
where the viscosities, 7, of water and the second liquid are of the same 
order of magnitude, differing by less than a factor of five. The maximum 
number of bound water molecules per molecule of the second component 
was 3 for acetone and dimethyl sulfoxide, 4 for dioxane, and 5.7 for pro- 
panol. The second method of interpolation is based on the empirical 
Kendall-Monroe equation, 7:43cal, = x17:l3 + ~ ~ 7 : / ~ ,  which is applicable 
to mixtures where the viscosities of the two pure components differ by 
a factor of 10 or more. The resultant hydration ratio of one water molecule 
per molecule of pyrrolidinone is confirmed by the separation of the solid 
monohydrate at lower temperatures. A novel and universal method de- 
termines the maximum hydration as the composition a t  which the acti- 
vation energy for viscous flow of the mixtures, indicative of the size of 
the flow units, goes through a maximum. This method requires viscosity 
data of higher accuracy and a t  more than one temperature. Its hydration 
results agreed with those of the other two methods where the latter were 
applicable. The change in the activation energy of water with temperature 
was used to obtain a relative measure of the degree of self-association in 
liquid water as a function of temperature. 

Keyphrases 0 Hydration-water-miscible organic liquids in aqueous 
solution, determination using three viscometric methods Binary liquid 
mixtures-extent of hydration, three viscometric methods 0 Viscos- 
ity-determination of extent of hydration of water-miscible organic 
liquids in aqueous solution Organic solvents-extent of hydration in 
aqueous solution, viscosity data 

The extent of hydration of water-miscible organic liq- 
uids is of interest because it affords estimates of the 

number of water molecules associated with the organic 
functional groups present in the molecules of these liquids 
as well as in other compounds containing the same func- 
tional groups, including drugs, polymers, and constituents 
of biological membranes and cells. 

For example, a knowledge of the maximum number of 
water molecules associated with an ether group, obtained 
from studies of binary liquid systems comprising water and 
model ethers (l), was essential to  understanding the hy- 
dration of micelles of nonionic polyoxyethylated surfac- 
tants, making i t  possible to  distinguish between water 
molecules bound to ether groups by hydrogen bonding and 
those mechanically trapped in the coiled and interpene- 
trating chains of the polyoxyethylene moieties of the sur- 
factants (2). Information concerning the maximum hy- 
dration of hydroxyl groups (3) may lead to  a better un- 
derstanding of the transport properties of aqueous solu- 
tions of natural or synthetic polyhydroxylated polymers 
and of the water vapor permeability of their films (4). 

Finally, the composition of maximum hydration of sol- 
vents such as dimethyl sulfoxide (5) is important in con- 
nection with their use as vehicles for drugs and as reaction 
media. 

THEORETICAL 

Association in a binary liquid system usually can be detected by the 
deviation of the experimental values of an intensive property of the so- 
lutions from the additive values of the property. Additive values are cal- 
culated by linear interpolation between the two values of that  property 
belonging to the two pure components as a function of composition. 
Additive values are observed experimentally in the absence of association 
between molecules of the two liquids in their binary mixtures. Association 
leads to deviations from additivity. Such deviations frequently reach 
maximum values a t  a stoichiometric composition corresponding to the 
complex formed between the two components or a t  the composition of 
maximum hydration when water is one of the two liquid components. 

Among the properties tested as suitable indicators are density and 
partial molar volume, refractive index and molar refraction, dielectric 
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constant, magnetic susceptibility, IR and LJV absorption spectra, and 
heat of mixing (6). Fluidity, 6,  or its reciprocal, viscosity, 8, is a reliable 
and sensitive property for detecting association between strongly (7) and 
weakly (1,3,5,8,9)  interacting compbnents. 

Kendall and Kendall-Monroe Equations-The first equation used 
to calculate the fluidities of binary aqueous mixtures by interpolation 
between the fluidity of water and that of the second liquid component 
was the Kendall equation (10): 

I<lg $12 cslr = . X I  log ( [ J i l l  t X 2  log 4 2  (Eq. 1) 

where x represents mole fraction and subscripts 1 ,2 ,  and 12  refer to water, 
the second liquid component, and their mixtures, respectively. This 
equation is obeyed by ideal o r  nearly ideal solutions (11). 

Association between the two components causes the observed fluidity 
of their mixtures to he smaller than that calculated by Eq. 1. The com- 
position corresponding to the greatest deviation of the experimental 
fluidit,). from that calculated hy Eq. 1 is the composition a t  which the 
association between the two liquids is most extensive. Deviations in 
fluidity are defined as: 

A& = a 1 2  caic - 612 pxp (Eq. 2)  

while percent relative deviations in fluidity are calculated as: 

relative deviation IIJ = 100&/4~12 (Eq. 3) 

The Kendall equation is easily derived from Eyring's theory of the 
viscosity of liquids (12) for the case where the molar volumes and, hence, 
the viscosities of the two pure liquid components are of comparable orders 
of magnitude. Molar volume refers to the volume of 1 mole of the kinetic 
or flow unit. If the liquid is self-associated, e g . ,  a dirner, the molar volume 
to be used is twice the ratio of the monomeric molecular weight to density. 
Molar volume is then related to the size of the holes or vacant sites which, 
according to the relaxation theory of transport phenomena, exist in liq- 
uids and determine their transport properties (13). 

The Kendall equation is applicable to pairs of miscible liquids whose 
viscosities do not differ by too much, e . g .  by less than a factor of 5. In that 
case, the flnidities of the mixt,ures calculated by means of Eq. 1 are correct 
in the absence of association hetween the two components. Therefore, 
where association does occur, the composition of maximum interaction 
is that corresponding to the maximum difference, A4, between calculated 
and observed fluidities. 

When the fluidities of the two liquid components differ appreciably, 
Kendall and Monroe (14)  proposed t,he following empirical equation to 
calculate t.he viscosities of hinary mixtures byinterpolation between the 
viscosities of t,he pure components: 

?g& = x l q ; ' ~  + 4 ' 3  0%. 4) 

Equation 4 correctly predicts the viscosity of binary mixtures of non- 
associated liquids when there is an appreciable difference between the 
viscosities and, hence, the molar volumes of the two liquids (7, 14). De- 
viations of the observed viscosities of aqueous solutions from the 
viscosities calculated by means of Eq. 4 can be used to determine the 
composition Corresponding to maximum hydration only if the second 
liquid is considerably more viscous than water, having a viscosity at  room 
temperature of at least 10 o r  15 cps. Deviations in viscosity are defined 
as: 

= ~ I Z  rxi, - 8 1 2  cnlc (Eq. 5) 

while percent relative deviations in viscosity are calculated as: 

relative deviation TJ = 100 Aq/712 exp (Eq. 6) 

Neither Eq. 1 nor 4 is universally applicable. They are mutually ex- 
clusive; furthermore, Eq. 4 lacks a theoretical basis. Therefore, there is 
a need for a general method of determining the composition of most ex- 
tensive hydration of binary systems. Such a method, while still based on 
rheology because of the large relative deviations observed, does not em- 
ploy deviations from viscosities calculated by interpolation. 

Activation Energy for Viscous Flow as a Measure of Associa- 
tion-The ac t ivahn  energy for viscous flow, AE, is defined by the 
Arrhenius-Gusman-Andrade equation (1  1): 

or: 

where T is the absolute temperature; R is the gas constant, 1.98717 cal/ 
mole/degree; A is another constant; and AE is expressed in calories per 
mole. 

Mixtures of simple liquids generally exhibit Newtonian flow behavior, 
so that TJ and, hence, AE are independent of shear stress. Plots of log 8 
uersus 1/T are sometimes very slightly convex toward the reciprocal 
temperature axis, especially over temperature ranges broader than -30". 
The AE values used in the present study were calculated from viscosity 
data taken within temperature ranges of 520'. The Arrhenius equation 
was obeyed over these narrow ranges, and AE was calculated by the 
method of least squares. 

When viscosity data a t  only two temperatures, TI and Tz, were con- 
sidered, AE was calculated from the integrated form of Eq. 8: 

\Tz - El 
The energy of activation for viscous flow of a single liquid is related 

to its latent heat of vaporization. Liquids are mobile because of the 
presence of holes or vacant sites. According to Eyring's theory for viscous 
flow, the flow of liquids in shear consists of molecules squeezing past their 
neighbors to occupy such vacant sites. The activation energy for viscous 
flow is used mostly to form new holes ( 1  1-13). The size of the holes and, 
hence, the magnitude of the activation energy must increase as the flow 
unit increases. For binary aqueous mixtures, more extensive hydration 
of the second liquid increases the size of the flow unit and should increase 
the activation energy. Accordingly, the activation energy should go 
through a maximum a t  the composition at which the association is most 
extensive, i .e.,  at which the greatest number of water molecules are as- 
sociated with each molecule of the second liquid. The composition cor- 
responding to the highest activation energy is the composition of maxi- 
mum hydration. 

EXPERIMENTAL 

Materials-Purification methods and properties of dimethyl sulfoxide 
(5), 1,4-dioxane (1, 15), and 1-propanol (3) were described previously; 
2-pyrrolidinone' (also called 2-pyrrolidone or y-butyrolactam) was pu- 
rified by fractional distillation and repeated crystallization by freezing 
until the freezing point could not be increased further. The final value 
of 25.64" is in good agreement with the published values of 25.57' (16) 
and 25.67'' (17). Because solid pyrrolidinone monohydrate separates a t  
room temperature over a wide range of compositions (16), measurements 
for the water-pyrrolidinone system were made a t  temperatures above 
its melting point of 30.4'. 

Acetone' was dried with anhydrous sodium sulfate and distilled twice 
from a 4-A molecular sieve. Its normal boiling point, refractive index, and 
density a t  25" (Table I) are in good agreement with published values (18, 
19). 

Water was double distilled. Water-solvent mixtures were prepared 
in batches of -100 g by weighing the two liquids to the nearest milligram. 
Selected properties of the six purified liquids are listed in Table I. 

Methods-The temperatures during the measurements were main- 
tained constant within f0.01'. Viscosities were measured with Can- 
non-Fenske glass capillary viscometers for which the flow times exceeded 
250 sec. The kinetic energy correction was thus too small to he considered. 
Duplicate measurements, made on fresh portions of the solutions, agreed 
within 0.2 sec. Densities were determined with a Sprengel-Ostwald 
pycnometer of 25-ml capacity. Duplicate measurements were identical 
within f0.00003 g/ml or better. 

RESULTS 

Evaluation of Three Methods-The three viscometric methods for 
determining the composition at  which binary mixtures of miscible liquids 
are most extensively associated were applied to aqueous solutions of 
acetone, dimethyl sulfoxide, dioxane, propanol, and pyrrolidinone. The 
data are plotted in Figs. 1-9 and summarized in Table 11. 

The activation energies for viscous flow for the various aqueous solvent 
systems were computed as follows. For acetone, new viscosity data at 20 
and 25" were obtained because the AE values calculated from Ref. 19 as 
a function of x2 were too irregular. While AE went through a maximum 
a t  xz = 0.24, A4 went through maxima at  x ?  = 0.26 for 20' and a t  x z  = 

(Eq. 8) Practical grade. Eastman Organic Chemicals. 
ACS reagent, spectrn grade. Eastman Organic Chemicals 
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Table I-Some Properties of Purified Materials 

Normal Refractive 
Boiling Viscosity, cps, at  Density at  Index 

Solvent Point 20.00° 25.00" 25', g/ml a t  25"" 

Water 100.00 1.0020 o.a9o:3 0.9971 i . 3 m  

Dimethyl i8 . .wh 2.207 2.000 1.0957 1.4768 

1-Propanol 97.20 2.193 1.938 0.7997 i . 3 m  

Acetone 56.15" 0.3175 0.4028 0.7845 1.3563 

sulfoxide 
1,4-Dioxane 101.4' 1.310 1.196 1.0280 1.4198 

2-Pyrrolidinone 25.64"' 9.109(' 7.693f' 1.0996d - 

i i .ai0h 

1.0958' 

Sodium D line. * Melting point. E'rerzing point. At 35.00'. At 40.00°. 

0.25 for 25" (Figs. 1 and 3). These three values of x 2  are identical within 
the precision of the methods. 

The AE values for water-dimethyl sulfoxide mixtures (Fig. 3) are based 
on viscosity data of Ref. 20 a t  25,35, and 45'; of Ref. 21 a t  25 and 45"; 
and on new data a t  20" combined with published data a t  25' (5). The 
three sets of data agree well with one another. The A E  values for 
waterdioxane mixtures (Fig. 6) are based on data of Ref. 22 a t  20,23, and 
30" plus new data a t  20" combined with published data a t  25" (1,23). 

The viscosity data of Refs. 3 and 24 for water-propanol mixtures are 
in good agreement. The AE values are based on data of both references 
a t  25 and 30". The melting points of solid pyrrolidinone and its mono- 
hydrate, 25.6 and 30.4", respectively (16, 17), require higher working 
temperatures. Published viscosity data at 31,35,40,45, and 50" (17) were 
supplemented by new data a t  37 and 45", especially for determining AE 
(Fig. 8).  

The disparity between the viscosities of the second liquid and water 
is relatively small for acetone (1:3 ratio; seventh column of Table II), 
dimethyl sulfoxide and propanol(2:l ratio), and dioxane (approximately 
equal). Therefore, the Kendall equation (Eq. 1) should provide the correct 
fluidity or viscosity in the absence of association. Consequently, the 
composition of maximum deviation, A@, defined by Eq. 2 should be the 
composition corresponding to the highest hydration. 

The applicability of the method based on the Kendall equation is 
corroborated by the excellent agreement between the composition of 
maximum hydration, x p ,  obtained from A@ and A E  for the first four 
liquids in Table I1 (compare the x p  values in the second and sixth col- 
umns). The x 2  values calculated by the Kendall-Monroe equation (Eq. 
4) and Aq (Eq. 5), shown in the fourth column, disagree with the x p  values 
determined by the other two methods. 

The following additional point confirms the use of A@ rather than Aq 
for the first four systems. The maximum deviation in A@ and A E  for 
water-dioxane mixtures occurred a t  x 2  = 0.20 and 0.19, corresponding 
to a maximum hydration ratio of four water molecules per dioxane mol- 
ecule or two water molecules per ether group. This hydration ratio of two 
is to be expected because each ether oxygen has two lone or unshared 
electron pairs. The same ratio also was found experimentally for linear 
polyfunctional ethers (1,8). The x 2  value corresponding to a maximum 
in Aq, 0.23, would result in a hydration ratio of 3.35 or only 1.67 water 
molecules per ether group. 

The viscosity of pyrrolidinone is 12-13 times higher than that of water 
a t  comparable temperatures, indicating that the Kendall-Monroe 
equation and Aq rather than the Kendall equation and A@ should provide 
the composition corresponding to maximum hydration. Both A E  and 
Aq result in x p  = 0.51 for maximum hydration, compared to x p  = 0.15 

'"ii 
O r  I 1 I I I I 

0 0.1 0.2 0.3 0.4 0.5 0.6 

x2 

Figure 1-Difference between calculated and experimental fluidities 
of water-acetone mixtures as a function of the mole fraction, x2, ofac- 
etone. Key: 0,  Ref. 29at 20°; 0, present work at 20'; A, Ref. 19a t  25'; 
and A, present work a t  25'. 

from A@. The following is direct evidence for the correctness of the unit 
hydration ratio in liquid water-pyrrolidinone mixtures and of the 
methods for determining this ratio. The solid monohydrate has a con- 
gruent melting point at 30.4'. The maximum in the water-pyrrolidinone 
phase diagram corresponding to this compound is relatively sharp rather 
than flat (16). These facts indicate that the monohydrate is stable in the 
liquid state above the melting point as well as in the solid state below it 
and that dissociation in the melt a t  temperatures close to the melting 
point is not extensive (25). Hence, the monohydrate largely persists over 
the 31-45' range in which the viscosity measurements were con- 
ducted. 

Precision of Three Methods-The points of most plots of A@ and 
A? uersus x 2  fell right on the curves because the usual experimental errors 
have only moderate effects on A@ and Aq. Compositions of maximum 
deviation can be located with a precision of 0.005. Extensive sets of vis- 
cosity data by different investigators agreed within 0.01 of the x p  value 
corresponding to maximum hydration. 

The viscosities of water and the other five pure solvents were deter- 
mined by five or more measurements each and were practically identical 
with the literature values reported for the carefully purified liquids a t  
comparable temperatures. If the viscosities of the pure components are 
assumed to be free of experimental error, the standard deviation of Aq 
is the same as that of 712 exp according to Eq. 5. Since fluidity is the re- 
ciprocal of viscosity, the standard deviation of $12 expand A$ is equal to 
the standard deviation of 712 exp divided by the square of that  viscosity 
(26). 

Table  11-Maximum Hydration of Organic Solvents According to the  Three  Viscometric Methods 

Compositions of Maximum A as Mole Fraction xq 

and Relative Deviations According to 
Relative Relative 

Second Deviation Deviation 

Hydration 
Ratiof 

at 25' Component Component &a (/I , 170 AqC V d .  9% AE' 
Acetone 0.25 
Dimethyl 0.23 

Dioxane 0.20 
Propanol 0.15 
Pvrrolidinone 0.15 

sulfoxide 

78 0.17 
208 0.32 

107 0.23 
142 0.24 
- 0.51 

- 0.24 0.34 
- 0.26 2.25 

- 0.19 1.34 
- 0.15 2.18 
49 0.51 12.7W 

3.0 
3.2 

4.1 
5.7 
1.0 

(I Calcuiated with Eq. 2 at 35" except for pyrrolidinone. Calculated with Eq. 3. Calculated with Eq. 5 at 25" except for pyrrolidinone. d Calculated with &. 6. e Calculated 
with Eq. 8 o r  9. f Based on weighted average ot'x:, frrim A4 (first four systems) or A7 (last system) and A E .  6 At 35". 
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01 

XI 
Figure %-Difference between experimental and calculated uiscosities 
of water-acetone mixtures as a function of the mole fraction, xz, of ac- 
etone. Key: 0.  Ref. 19at 21)'; 0, present work at 20"; A, Ref.  19at 25"; 
and A, present work at 25". 

Experimental errors in the viscosity and temperature measurements 
greatly affect the activation energy values. Points of AE uersus x 2  plots 
were more widely scattered about the curves than those of the other two 
methods, and some published sets of q uersus x 2  values a t  different 
temperatures could not be used due to lack of precision in the viscosity 
measurements. 

The experimental errors in maintaining and measuring temperatures 
were small compared to those incurred in measuring viscosities. Since 
AE and Ta re  exponential terms in Eq. 7 or, alternatively, since viscosity 
appears as a logarithmic term in Eqs. 8 and 9, the experimental errors 
in q affect A E  less than would comparable errors in T (26). However, two 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 

X 1  

Figure 3-Actirmtion energies for iiisc0u.s flow of water-acetone and 
water-dimethyl sulfoxide mixtures as a function of the mole fraction, 
x2, of the organic liquids. Key: A, dimethyl sulfoxide, Ref. 20; A, di- 
mpthyl sulfoxide, Ref. 21: 0 ,  dimethyl sulfoxide, present work; and 0,  
acetone, present uwrk. 

I I I I I 

2.5 

2.0 

B 
6 a 

1.5 

1.0 

1 0.2 0.3 0.4 0.5 0.6 0.7 
X l  

Figure 4-Differences between calculated and experimental fluidities 
and oiscosities of water-dimethyl sulfoxide mixtures as a function of 
the mole fraction, x2, of dimethyl sulfoxide at 25". Key: 0, A& and 0 ,  
All. 

or more pairs of 1, T measurements are required to determine each value 
of the dependent variable AE to eliminate the unknown preexponential 
factor A ,  which varies with composition. This requirement raises the 
standard deviation of AE substantially, increasing it above the standard 
deviations of A@ and Aq. 

Use of the activation energy for viscous flow to determine the compo- 
sition of maximum association between two liquids thus requires a larger 
number of more accurate viscosity measurements than does use of the 
maximum deviation in fluidity or viscosity. The present values for x 2  of 
maximum hydration obtained from maxima in activation energies are 
only good to f0.015. The greatest uncertainty is in the water-dimethyl 
sulfoxide and water-pyrrolidinone systems, where the curves have flat 
peaks. 

STRUCTURAL CONSIDERATIONS 

Possible structures for the most extensively hydrated species prevalent 
in the water-solvent systems are discussed here. The 3:l hydration ratio 
found in the acetone and dimethyl sulfoxide systems is probably repre- 
sented (5) by Structure I, where two water molecules are hydrogen 
bonded to the carbonyl or sulfoxide oxygen while a third water molecule 
is associated with the organic molecule by attraction between the negative 
end of its dipole and the positive end of the carbonyl or sulfoxide di- 
pole. 

IR studies (27) showed that carbonyl groups can bind two water mol- 
ecules through their two lone electron pairs. Hydrogen bonding increases 

I 
H3C \y I CH, 
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Figure 5-Differences between calculated and experimental fluidities 
and viscosities of water-dioxane mixtures as a function of the mole 
fraction, x2, of dioxane at 25". Key: 0. Ref. 1 ;  0 ,  Ref.  22; and A, Ref. 
23. 
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Figure 6-Actioation energy for ucscous flow of water-dioxane mixtures 
as a function of the mole fraction, x2, of dioxane. Key: 0 ,  Ref.  22; and 
0,  present work. 
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I1 
the dipole moment of the carbonyl group, enhancing its binding of a third 
water molecule by dipole-dipole attraction. 

The three aprotic solvents acetone, dimethyl sulfoxide, and dioxane 
can only act as proton acceptors in hydrogen bonding with water. The 
simple and integer hydration ratios of 3 1  for the carbonyl and sulfoxide 
groups and 2:l for the ether group may be due to this fact. The high and 
fractional hydration ratio of propanol probably results because this sol- 
vent acts as a proton donor as well as acceptor, forming hydrogen-bonded 
clusters consisting, on the average, of 5.67 water molecules for each pro- 
panol molecule. Hydrophobic interaction (28) probably plays a role in 
forming such clusters-uiz., the structure of the water molecules sur- 
rounding the normal propyl chain is enhanced or tightened. Accordingly, 
such clusters may consist of water molecules hydrogen bonded to the 
hydroxyl group of propanol and other water molecules bunched around 
its hydrocarbon chain and hydrogen bonded to each other. 

The following two experimental observations are consistent with the 
existence of such clusters and with the enhancement of the water struc- 
ture around the propyl chain (3). In the homologous series of lower al- 
cohols, the hydration ratio at 25" decreases with the hydrocarbon chain 
length of the alcohol, from 5.7 for 1-propanol to 4.0 for ethanol and 1.4 
for methanol. For propanol, the hydration ratio or cluster size decreases 
with increasing temperature, being 5.7,5.3,4.9, and 4.6 a t  25,30,40, and 
50°, respectively. The hydration ratio of ethanol decreases merely from 
4.0 to 3.7 while that of methanol remains practically constant, increasing 
from 1.4 to 1.5 between 25 and 50" (3). The effect of alkyl chain length 
on the hydration of monofunctional alcohols and aprotic solvents is under 
investigation. 

The monohydrate of pyrrolidinone is probably represented chiefly by 
Structure 11, where the hydrogen-bonded water molecule participates 
in a six-membered ring. 

COMPARISON WITH OTHER METHODS 

Other  Viscometric Methods-Viscosity maxima for binary liquid 
mixtures have frequently been reported. For instance, the compilation 
of Raridon and Kraus (29) covered 39 aqueous mixtures of organic sol- 
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Figure 7-Differences between calculated and experimental fluidities 
and viscosities of water-propanol mixtures as a function of the mole 
fraction, x2, of propanol at 25O. Key: 0, Ref. 3; and 0,  Ref. 24. 
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They claimed that  the empirical parameter d provides a useful measure 
of the  interaction hetween pairs of liquids, reaching a maximum a t  the 
composition of strongest interaction (32). One shortcoming of their work 
is tha t  only four mixtures were determined for each of the  14 binary 
systems, making the  location of the composition corresponding to  the  
maximum value of d for each system vague. 

A more serious shortcoming is that  the 14 pairs of liquids studied all 
had viscosities of  the same order of magnitude. If the present data  for the 
water-pyrrolidinone system are  used to calculated by Eq. 11, the  maxi- 
mum value of d is reached a t  a mole fraction of pyrrolidinone close to  
unity, corresponding to  a hydration ratio close to  zero. Thus,  Fort and 
Moore's treatment has the  same shortcoming as  the  Kendall equation, 
which it resembles. I t  fails for binary systems where one of the two 
components has an appreciably higher viscosity than the other. The  only 
universal viscometric method for determining the composition of maxi- 
mum association, applicable to  pairs of liquids of widely differing as  well 
a s  of comparable viscosities, is the one based on the  activation energies 
of viscous flow described previously. 

Other T r a n s p o r t  Properties-Differential diffusion coefficients in 
the wat.er-acetone system a t  25" (33,34), as well as at 35,45, and 55' (:33), 
went, through minima a t  a mole fraction of acetone of about 0.25, con- 
firming the maximum hydration ratio of 3:l obtained by the viscometric 
methods. Relative deviation, in percent, is defined by equations analogous 
to Eqs. 5 and 6, with viscosity replaced by the  differential diffusion 
coefficient. T h e  relative deviations of the  latter at the  composition of 
maximum deviation were in the  -200 t o  -300% range. 

For the  systems of deuterated water-dimethyl sulfoxide and water-- 0 0.2 0.4 0.6 0.8 1.0 
Y .. I 

~i~~~~ 8 - . ~ ~ ~ i ~ ~ ~ i ~ ~  cnergic,,y f o r  L,i,srous water-propanol and 
ulater-pyrro~idinrna mix tures  as a funct ion of 
t h p  organic liquids, K ~ ~ , .  o, propanol, K c / ,  3,. A, pr f lpano l ,  R e f ,  24; and 
0 ,  pyrrolidinone. prasent work. 

deuterated dimethyl sulfoxide a t  26", self-diffusion measurements were 
made in x:! increments of 0.1. Minima in the  self-diffusion coefficients 
of water and of dimethyl sulfoxide were observed a t  a mole fraction of 
dimethyl sulfoxide of -0.3. This  composition could correspond either 
to t.he oresent 3:l or to the lower 2:l hvdration ratio. T h e  measurements 

fraction, x2, 

vents at 25'. Viscosities were measured a t  only five compositions for each 
hinary system. making the determination of the composition of maximum 
viscosity by interpolation uncertain. Their estimated x2 values corre- 
sponding to  maximum viscosity were 0.14 for acetone, 0.35 for dimethyl 
sulfoxide, 0.24 for dioxane, and 0.29 for propanol (29). 

Viscosity maxima in binary solvent mixtures are  of practical impor- 
tance, 4.g.. when using such mixtures as  reaction media, bu t  do not  nec- 
essarily coincide with the maxitnum association between the two solvents. 
As was pointed out  in several publications as  early as 1913 and 1917, the  
most extensive association between two liquids, as  well as  the  possible 
formation of stoichiometric complexes of the highest solvation number 
hetween them, occurs a t  the  composition a t  which the  deviation of the 
experimental viscosity function goes through a maximum rather than 
at the composition of the viscosity maximum (1. 7, 10, 14, 22). Further-  
more, the choice of the correct viscosity function for calculating additive 
viscosities is important. This  requirement was demonstrated in the 
present work by the discrepancies between the compositions of maximum 
deviation from experimental viscosities or fluidities calculated with the 
Kendall (Eq. 1) and Kendall-Monroe (Eq. 4) equations. 

Despite these considerations, the maximum in the  viscosity of 
water-dimethyl sulfoxide mixtures at approximately x 2  = 0.35 (20, 21, 
30-32) has been attributed to a 2:l association complex (20, 21, 30, 
31). 

T h e  following are  additional arguments against equating the compo- 
sition of maximum viscosity with the composition of  maximum associa- 
tion. With water-acetone mixtures, maximum viscosity a t  room tem- 
perature was reached at x 2  = 0.14 (19.29). This  composition would cor- 
respond to a hydration ratio of6,  which is improbable, because six water 
molecules cannot be in close cont.act with a single carbonyl group. In the 
water--pyrrolidinotie system, the highest viscosity is that  of pure pyrro- 
lidinone; i . v . .  there is no viscosity maximum a t  an intermediate compo- 
sition. However, there is a pronounced association maximum a t  the 
composition of the monohydrate, signaled hy a maximum in the deviation 
of  the experimental viscosity from tha t  calculated by Eq. 4 at.*? = 0.50. 
which amounts to one-half of the ex;ieriniental viscosity. 

Fort and Moore (32 )  introduced a correction term into the  Kendall 
equation (Eq.  1 1 ,  changing i t  to: 

log ~ 1 2  ,,xr, = X I  10:: 91 + .X? log t)q t XIX2d (Eq. 10) 

Comparison of Eq. I 0  with Eq. 1 results in: 

were made by NMR, using a pulsed magnetic field-gradient spin-echo 
technique (35). 

Compound Formation-The most direct corroboration for the 
maximum hydration ratio is the existence, on the  binary phase diagram, 
of a solid hydrate wit.h a congruent meking point stable a t  lower tem- 
peratures. In  agreement with the present hydration ratios of 3:l for di- 
methyl sulfoxide and 1:l for pyrrolidinone, a solid trihydrate was isolated 
for the former (36) and a monohydrate was isolated for the latter (16). 
T h e  other solvents form no  stable solid hydrates (37). 

Thermodynamic  Parameters-When water is mixed with aprotic 
solvents, hydrogen bonds hetween water molecules are broken while 
hydrogen bonds between water and solvent molecules are  formed. Hy- 
drogen bonds of protonated solvents like propanol are  broken as  well. 
T h e  enthalpy of mixing depends in par t  on t h e  difference between the 
numbers and energies of these two or three kinds of hydrogen bonds. The 
breaking u p  of clusters of water molecules when adding solvent o r  of 
clusters of solvent molecules when adding water increases the  entropy 
of mixing while the  association between water and solvent molecules 
decreases it. T h e  net entropy change of mixing depends in par t  on the 
difference between the numbers and sizes of these two or three types of 
clusters. Enthalpy and entropy of mixing thus depend on the difference 
between two opposite processes, and their vari 
does not provide a good indication of the comp 
sociation between water and the  solvent. 

Dimethyl sulfoxide and acetone can bind only two water molecules by 
hydrogen bonding (Ref. 27 and below). T h e  third water molecule is held 
by Keesom forces, which are  considerably weaker than hydrogen bonds 
and are  probably not detected in calorimetric measurements. This  dif- 
ference in bond energies is another reason why thermodynamic functions 
are  not reliable parameters for determining the  maximum hydration of 
solvents. Excess functions are  used in the discussion here since t.hey 
represent the  magnitude of deviation from ideality. 

T h e  maximum hydration ratio of dioxane is 4:1, with t,wo water mol- 
ecules hydrogen bonded to each ether group (1,8, and present results, 
Table  11). T h e  excess enthalpy of mixing goes through a minimum at a 
mole fraction of dioxane of 0.14 or  0.15 (37-39), which would correspond 
to  a hydration ratio of 6.1 or 5.7:1, while the excess entropy of mixing goes 
through a minimum a t  x2 = 0.27 ( 3 7 ) .  Excess enthalpy and entropy of 
mixing are  thus at  variance with one another and with previous and 
present results. 

Mixing of water and dimethyl sulfoxide is noticeably exothermic. The 
excess enthalpy of mixing a t  25" goes through a minimum a t  mole frac- 
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Table 111-Maximum Deviations of Density and Dielectric Constant for Five Water-Solvent Systems 

Maximum Deviations According to - 
Density Dielectric Constant 

Tempera- Hydration Relative Tempera- Hydration Relative 
Solvent ture X S  Ratio" Deviation". '%. Reference ture x q  Ratioa Deviationb, '% Reference 

Acetone 20O 0.45 1.2 -4.3 18, 19, p' 2.50 0.39 1 .ti -49 58 
Dimethyl 2 5 O  0.30 2.3 +5.6 5 2.5" 0.26 3.0 t4 .1  5,69 

Propanol 2 . 5 O  0.37 1.7 -6.1 3, 24 20" 0.36 1.8 -72 58 

sulf'oxide 
Dioxane 25' 0.24 3.2 t3.0 15 " 5 0  0.32 2.1 - 182 60,61 

I'yrrolidinone 3.5' 0.33 3.0 +4.8 17. p 350 0.50 1 .0 -17 17 
40° 0.31 2.2 t4 .6  17, P 40" 0.50 1 .o -17 17 

" Ratio water molecules to molecule solvent. Calculated with equations analogous to Eqs. 5 and 6. Present work. 

tions of dimethyl sulfoxide of 0.34 (40, 41) or 0.36 (42), which would 
translate into hydration ratios of 1.9 or 1.81. The excess enthalpy of 
mixing in the water-acetone system at 20" goes through a minimum a t  
a mole fraction of acetone of 0.18 (43). This composition would correspond 
to a hydration ratio of 4.6:l. 

Heat capacities of liquid mixtures are perhaps more pertinent than 
enthalpies since they depend in part on the size of the clusters of asso- 
ciated molecules. The excess molal heat capacity a t  25" goes through a 
maximum a t  a mole fraction of acetone of 0.24, corresponding to the 
present hydration ratio of 3:l. It is much smaller and nearly independent 
of composition in the water-dimethyl sulfoxide system (44). The cohesive 
energy density of binary mixtures depends in part on the extent of as- 
sociation since it represents the energy of vaporization per molar volume. 
The excess cohesive energy density a t  25" goes through a maximum a t  
a mole fraction of dimethyl sulfoxide of 0.25 (45), corresponding to the 
present hydration ratio of 3:l. 

Spectroscopic Methods-The main difficulty in using absorption 
spectroscopy to determine the maximum hydration of organic solvents 
in binary mixtures with water is that spectroscopic methods are restricted 
almost exclusively to the strongest intermolecular bonds-uir., hydrogen 
bonds. Dipole-dipole interactions between molecules have, in most cases, 
only minor effects on their IR, UV, Raman, and NMR spectra and usually 
go undetected. Additional reasons why spectroscopic methods are not 
well suited for determining maximum hydration are the frequent use of 
a third, "inert" solvent and the difficulty of proper band assignment. 

The maximum hydration ratio of pyrrolidinone was identified correctly 
as unity from the IR spectra (46) because the attraction between water 
and pyrrolidinone is based mainly on hydrogen bonds. In the water- 
acetone system, a maximum of two water molecules can be bound to the 
carbonyl group by hydrogen bonds (27), which is to be expected in view 
of the fact that the carbonyl oxygen has two unshared electron pairs. IR 
(47-49), UV (491, and NMR (50) measurements have identified mainly 
water-acetone "complexes" of 1:l and 1:2 molar ratios, in part because 
this was the range of compositions in which most spectra were investi- 
gated. Both 2:l and 3:l or 4:l complexes were reported also, although it 
is difficult to reconcile the binding of more than two water molecules by 
hydrogen bonds to one carbonyl oxygen having two lone electron pairs. 
Water molecules bound to acetone by dipole-dipole forces (Structure 
I) could not have been detected by the spectroscopic techniques used in 
Refs. 47-50. 

In the water-dimethyl sulfoxide system, IR (41,51), UV (41), Raman 
(52,53), and NMR (54) spectra have identified 21.1:1, and 1:2 complexes. 
The third water molecule, bound to dimethyl sulfoxide by dipole-dipole 
forces (5,36), cannot be disclosed by these spectroscopic techniques. 

NMR relaxation techniques are better suited to determine maximum 
hydration because they depend largely on the size and symmetry of 
water-solvent clusters. The reorientation of these clusters or complexes 
is the most important motion in the relaxation process. In particular, 
excess nuclear spin-lattice relaxation times, 2'1, reach a minimum and 
excess relaxation rates, 1/'7'1, reach a maximum a t  the composition cor- 
responding to the maximum intermolecular association (55,56). Use of 
mixtures of deuterated acetone with water and heavy water with acetone 
resulted in a maximum relaxation rate at  25" a t  a mole fraction of acetone 
of -0.20 (55). Since the authors only studied compositions of x2 = 0.10, 
0.20, and 0.40 in the pertinent range, the maximum could equally well 
be located at x:! = 0.25 but not as high as 0.33. Accordingly, the maximum 
hydration ratio of acetone lies between 4 and 2.7:1, a result compatible 
with the present 3.0:l value. The use of excess functions might have 
shifted the x2 value corresponding to maximum hydration. 

The water-dimethyl sulfoxide system was investigated over narrower 
composition intervals. The absolute value of the excess relaxation time 
went through a maximum a t  a mole fraction of dimethyl sulfoxide of 0.25, 

leading the author to describe "compound formation" resulting in a 3:l 
molecular complex (56). While this result does not preclude the existence 
of a 2:l complex in mixtures of lower water content, the most highly hy- 
drated complex has a 3:l hydration ratio, in agreement with the present 
results. Other studies of proton spin-lattice plus spin-spin relaxation 
times over a range of temperatures found maxima in relaxation rates a t  
a mole fraction of dimethyl sulfoxide of about 0.35 (571, but these authors 
used 1/7'1. The use of excess relaxation rates would shift the maxima 
toward somewhat lower dimethyl sulfoxide mole fractions or higher hy- 
dration ratios. 

Density-Compositions of maximum deviations and relative devia- 
tions of calculated from experimental densities for the five binary systems 
are summarized in Table 111. Positive relative deviations indicate that 
experimental densities were higher than calculated densities, i.e., that 
volume contractions occurred during mixing. In aqueous mixtures of 
acetone and propanol, experimental densities were actually smaller than 
those calculated. The absolute values of the relative deviations are small, 
ranging from 3 to 6%. 

If the compositions of maximum density deviation corresponded to 
maximum hydration ratios, these would be quite different from the ratios 
obtained by viscometry. However, excess densities do not necessarily 
reach maxima at the composition of most extensive association for the 
following reason. When two highly structured liquids like water, propanol, 
o r  pyrrolidinone are mixed, the structures of both liquids are broken up 
and new structures or association complexes are formed. Even acetone 
and dioxane, which have little structure of their own in the pure state, 

0 0.2 0.4 0.6 0.8 
x2 

3.0 

2.8 

2.6 

u) 

2.4 4 

2.2 

2.0 

I .8 

Figure 9-Differences between calculated and experimental fluidities 
and oiscosities of water-pyrrolidinone mixtures as a function of the mole 
fraction, x2, of pyrrolidinone at 3 7 O .  Key: 0, A &  and 0 ,  A?. 
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are effective i n  hreaking up the structure of water in aqueous mixtures. 
Calculated densities depend on the density and, hence, on the short-range 
order and structure in pure wat,er and in the second pure liquid. These 
prvperties of one pure liquid are unrelated to corresponding properties 
of the second pure liquid and of the clusters formed by association be- 
tween the two. A highly structured liquid like propanol and a liquid with 
little association like acetone hoth caused monotonic decreases in density 
when mixed with water while aqueous mixtures of the nonpolar dioxane 
had a density maximum at an intermediate composition. Therefore, ex- 
cess density does not constitute a suitable property for determining the 
composit ion of maximum association, contrary t,o what had been assumed 
hy the author (16). 

Dielectric Constants-Deviations of experimental dielectric con- 
stants from those interpolated according to equations analogous to Eqs. 
5 and 6 were calculated from literature data for the five aqueous systems. 
Compositions corresponding to the maximum deviations, hydration ratios 
corresponding to these compositions, and relative deviations are listed 
in Tahle 111. Hydration ratios agree with those obtained from the visco- 
metric met.hods in the cases of dimethyl sulfoxide and pyrrolidinone. 
However, in the former system, the experimental dielectric constants were 
higher than those calculated for the corresponding compositions, resulting 
in positive relative deviations; in the latter system and in the other three, 
the calculated dielectric constants were higher than the corresponding 
experimental values. 

Pure propanol and, presumably, liquid pyrrolidinone as well have high 
values for the Kirkwood correlation factor (62). Those of the aprotic 
solvents acetone and dimethyl sulfoxide are low, namely, close to unity, 
while dioxane has a zero dipole moment (62). When added to water in low 
concentrations, propanol, acetone, and dioxane decrease the dielectric 
constant of water. In the water-acetone and water-dioxane systems, the 
correlation factors (62) and the experimental dielectric constants (58, 
60.61) decrease monotonically with increasing mole fraction of the or- 
ganic component over the entire range of compositions. The addition of 
water to propanol and of  propanol to water break their respective 
structures, and the correlation factor of the mixtures reaches a minimum 
around x 2  = 0.5 (62). Surprisingly, the experimental dielectric constants 
of water-propanol (58) and water-pyrrolidinone (17) mixtures decrease 
monotonically with increasing x2 over the entire range of composi- 
tions. 

'The case of dimethyl sulfoxide is even more puzzling since its aqueous 
mixtures constitute the only one of the five systems studied in which 
experimental dielectric const.ants are larger than the corresponding 
calculated values. The cause for the high dielectric constant of pure di- 
methyl sulfoxide (46.4 at 25" from Ref. 59) is poorly understood (63). 
Therefore, it seems useless to speculate on why the deviations of the di- 
electric constants are positive in the water-dimethyl sulfoxide system 
and negative in the other four systems. The agreement between the 
compositions corresponding to  a maximum positive deviation in the di- 
met.hyl sulfoxide mixtures and a maximum negative deviation in the 
pyrrolidinone mixtures and the compositions of maximum hydration 
obtained by the viscometric methods may be fortuitous. Until the theory 
for dielectric constants of aqueous solutions of nonelectrolytes is better 
understood (62), it seems preferable not to use the excess dielectric 
constants of such mixtures for determining the composition of maximum 
hydration. 

Miscellaneous Methods--Ultrasonic velocity in water-dimethyl 
sulfoxide mixtures reaches a maximum a t  a mole fraction of dimethyl 
sulfoxide of 0.27 at  20" (64). The excess velocity, i.e., the deviation of the 
experimental velocity from the velocity calculated by equations analogous 
to Eqs. 5 and 6, reaches a maximum at x? = 0.25. The maximum relative 
deviation, which occurs at  that  composition, amounts to 1670. 

The adiabatic compressibility a t  20°, calculated as the reciprocal of 
the product of density and the square of the sound velocity, goes through 
a minimuni a t  xy = 0.27 (64). The excess adiabatic compressibility goes 
through a minitnun: a t  a slightly lower x:! value. The relative deviation 
reaches a maximum value of -42% at that  composition. The excess 
cornpressihility of a mixture is expected to reach a minimum and the 
excess sound velocity is expected to reach a maximum at the composition 
at which the intermolecular association is most extensive. Therefore, 
these data confirm the present. hydration ratio of 3:l. 

The solubility of hydrogen at  2.5' and a constant partial pressure of 
1 atm in water-dimethyl sulfoxide mixtures goes through a minimum a t  
if mole fraction oldimethyl sulfoxide of about 0.28 (65). Since solubilities 
were measured i n  mole fraction increments of 0.2, the minimum could 
he located equally well a t  x "  = 0.25 o r  0.33, corresponding to hydration 
ratios of:<: I o r  2: 1. The hydrogen molecule, as a small and nonpolar probe, 
should cause only minimal disturhance of the association clusters between 

water and dimethyl sulfoxide molecules, so the minimum solubility 
should occur a t  the composition of maximum association. Symons (65) 
interprets his measurements in terms of an equilibrium between a 3:l 
and a 2:l water-dimethyl sulfoxide complex. His maximum hydration 
of 3:l is in agreement with the present findings. 

The reason why excess molar refraction is not suitable for determining 
the composition of maximum hydration is given in Ref. 5.  

CONCLUSION 

The composition at which water and the second liquid component are 
most extensively associated is marked by a minimum or  maximum in an 
excess property of the binary mixture that expresses the difference be- 
tween the experimental and the calculated values of this property rather 
than by a minimum or maximum in the experimental value of the prop- 
erty. Excess enthalpy and entropy of mixing as well as absorption spec- 
troscopy methods only detect intermolecular association by hydrogen 
bonding but not by dipole-dipole at,traction. When the two components 
interact mainly by hydrogen bonding, as in the water-pyrrolidinone 
system, maximum hydration ratios obtained from excess thermodynamic 
functions or by absorption spectroscopy agree with those obtained by 
viscometric methods. When additional water molecules are bound by 
dipole forces, spectroscopic methods result in erroneously low maximum 
hydration ratios comprising only hydrogen-bonded water molecules. This 
is the case with the water-dimethyl sulfoxide and water-acetone systems, 
where absorption spectra and thermodynamic excess functions identified 
the 2:l hydrogen-bonded complex as possessing the highest hydration 
ratio, whereas transport and relaxation methods revealed the existence 
of the 3:l complex. 

Relaxation methods that depend on the size of the clusters or com- 
plexes give maximum hydration ratios in good agreement with visco- 
metric methods. Since all transport properties depend on cluster size, 
they result in identical maximum hydration ratios when properly inter- 
preted. These hydration ratios are relevant to chemical and biological 
processes affected by the solvation of functional groups. 

The most direct validation of the hydration ratios determined by vis- 
cometric methods is that  they agreed wit.h the composition of solid hy- 
drates stable a t  lower temperatures in the two instances where such solid 
hydrates exist. For instance, the fact that  a solid dimethyl sulfoxide tri- 
hydrate was found demonstrates that dimethyl sulfoxide possesses the 
bonding capacity and geometric requirements to bind three water mol- 
ecules. Any method producing a hydration ratio of <3:1 as the maximum 
ratio is in error. 

The use of the activation energy for viscous flow of binary mixtures 
to determine the composition of maximum association requires a greater 
number and more accurate viscosity measurements than the use of iso- 
thermal viscosities or fluidities. By comparison with the other suitable 
methods already discussed, viscometric techniques require less elaborate 
equipment that is easier to operate, have comparable or better repro- 
ducibility, and result in relative deviat.ions that are as large or larger. 

APPENDIX: VARIATION I N  SELF-ASSOCIATION OF 
LIQUID WATER WITH TEMPERATURE DETERMINED 

FROM TEMPERATURE DEPENDENCE O F  ACTIVATION 
ENERGY FOR VISCOUS FLOW 

In this section, the variation of the activation energy for viscous flow 
of water with temperature is used to provide a relative estimate of the 
degree of self-association in the pure liquid as a function of temperature. 
The activation energy of water, unlike that of most liquids, depends 
markedly on temperature because of an exceptionally extensive self- 
association (66-68). 

The activation energies for viscous flow a t  constant volume of nonas- 
sociated liquids are small and independent of temperature. The experi- 
mental activation energies, AE,  measured a t  constant pressure and de- 
fined by Eqs. 7-9 vary with temperature to the same limited extent as 
do the specific volumes and, hence, the free space or volume of the holes 
in these liquids (11,13,69). For associated liquids, the size of the holes 
and, therefore, the viscosities and activation energies for viscous flow are 
larger than for nonassociated liquids of comparable molecular size be- 
cause the flow units are larger. 

The degree of association decreases with increasing temperature. Since 
the activation energy for viscous flow is primarily expended in creating 
the holes or vacant sites required for flow, it too should decrease with 
increasing temperature. The activation energy is proportional to the size 
of a hole which, in turn, is proportional to the size of a flow unit and the 
degree of association. Therefore, any decrease of the latter with increasing 

376 1 Journal of Pharmaceutical Sciences 
Vol. 69, No. 4, April 1980 



Table IV-Activation Energy for Viscous Flow, Slope of t he  AE 
versus Temperature  Curve, and Median Cluster Size for Liquid 
Water 

d ( A E )  
Tempera- AE, d T  ’ 

ture kcal/mole kcal/mole/OK ia 
0” 5.5 

10“ 4.58 
20” 4.20 
30” 3.89 
40” 3.66 
50” 3.47 

11.26 
0.043 8.86 
0.034 7.S6 . ~ . .  

0.026 
0.020 
0.015 

7.0b 
6.5 
6.1 

60” 3.34 0.014 5.6* 
70” 3.22 0.010 5.3c 
80” 3.12 0.008 5.lC 
90” 3.06 0.004 4.9c 

100” 2.9 4.5c 

a Median cluster size From Ref. 68. Calculated by Eq. 12. 

temperature should be reflected in a comparable decrease in the activa- 
tion energy. The variation of the activation energy with temperature can, 
therefore, be used as a measure of the variation in the degree of associa- 
tion of the liquid with temperature. 

Three sets of data for the viscosity of water a t  1 atm from 0 to 100” in 
increments of 5” are reported in the literature (66, 70). The activation 
energies for viscous flow derived from the three sets are in good agreement 
up to 70”. Table IV lists the best values of AE as a function of tempera- 
ture and the values of the slope of the AE uersus temperature curve, 
A ( h E ) / A T ,  in kcal/mole/”K. As shown, AE decreases fast with increasing 
temperature near the melting point where the association of water mol- 
ecules is extensive and, consequently, the reduction in association per 
degree temperature increase is appreciable. This reduction and the slope 
of the AE uersus temperature curve level off as the temperature ap- 
proaches the normal boiling point. Considering the association in liquid 
water in the range between its freezing point and normal boiling point, 
over half of the association disappears between 0 and 20’ because over 
half of the drop in AE occurs over that  temperature range. 

The extensive dissociation of clusters of associated water molecules 
over a relatively narrow temperature interval above the melting point 
of ice is confirmed qualitatively by several techniques. Most of the in- 
vestigations dealing with self-association in water are based on spectro- 
scopic methods and provide estimates mainly for the fraction of un- 
bonded and hydrogen-bonded protons. The various results differ con- 
siderably (51). 

In a statistical thermodynamic treatment, water was assumed to consist 
of clusters in equilibrium having a continuous size distribution. The 
median cluster size,;, was calculated from partition functions and found 
to decrease with increasing temperature (68). These values of j ,  estimated 
between 0 and 60°, are included in Table IV. The following linear relation 
between AE and j is obtained from the tabulated data, with a correlation 
coefficient of 0.9995: 

j = -2.884 + 2.555 AE (E:q. A l )  

The close correlation between cluster size and activation energy for vis- 
cous flow corroborates the use of the latter in estimating the relative size 
of the flow unit and its variation with temperature for pure, extensively 
associated liquids like water. 
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Spectra of Radical Cations of Phenothiazine Derivatives in 
Solution and Solid State 
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Abstract  The IIV and visible spectra of radical cations of several 
phenothiazine derivatives were studied using different solvents. The 
establishment of a relationship between these hands and the RZ and Rlo 
substituents was att.empted. The influence of the disolvents on the bands 
also was studied. The characteristic charge transfer band was observed 
in the solid state using diffuse reflectance spectroscopy. The Ry sub- 
stituent did not appear to influence the band, while the Rlosuhstituent 
influenced the hand considerably, probably due to steric effects. 

Keyphrases 0 I’henothiazine--derivatives, spectra in solution and solid 
state, effect of Rz and RID substituents Psychotropic drugs-pheno- 
thiazine derivatives, spectra in solution and solid state, effect of Ra and 
Rlo suhstituents 0 Spectroscopy-LJV and visible spectra of phenothi- 
azine derivatives, solution and solid state 

Psychotropic drugs are fundamental in the treatment 
of mental disorders. Increased knowledge of the physico- 
chemical properties of these products would help in un- 
derstanding their interaction with live organisms. 

One important property of these drugs is that they are 
oxidized easily (1). The idea that phenothiazines could act 
in humans in an oxidized form (2) was supported by the 
fact that several oxidized compounds are observed in the 
degradation products ( 3 ) .  This paper describes a study of 
the oxidized form of these phenothiazine derivatives in 
solution and in the solid state. 

An attempt was made to relate the derivatives according 
to their R:! and Rlo suhstituents, semiconductor properties, 
dissociation constants (4), and ability to form complexes 
( 5 ) .  The phenothiazine derivative cation radicals were 
prepared in a solid state, and their diffuse reflectance 
spectra were studied. The IJV and visible spectra of these 
radicals in solution also were studied. 

EXPERIMENTAL 

Materials- Phenothiazine derivatives with RS and Rlo substituents 
were used (Tahle I ) .  The products were pharmacologically pure and were 
used as supplied commercially. Perchloric acid (70%) and potassium 
dichromate were the oxidizing agents. The solvents were distilled water, 
acetonitrile, and sulfuric acid (2  and 9 N). 

A UV-visible spectrophotometer was used to obtain the solution 
spectra; for the diffuse reflectance spectra. the corresponding attachment 
was used. 

Method-A literature method (6) was used to obtain the cation radi- 
cals in the solid state. The proposed formula for these products is (6): 

The melting points o f t h e  products ranged from 175 to 223O. The 
radicals rapidly dissolved in all of the solvents used. An intense color 
appeared, corresponding to the oxidized form. The radicals remained 
indefinitely stable only with 9 N HzSOJ due to its high acidity. 

The formation of charge transfer complexes in the solid state was 
studied by diffuse reflectance spectroscopy. Tablet preparation was the 
same as that used for the IR method except that naphthalene (7) was the 
solvent. 

RESULTS 

Solutions were prepared from polycrystalline powder of the cation 
radicals in 9 N HSSO?. Table I1 gives the wavelengths corresponding to  
the absorption peaks of the radicals in 9 N H2S04, both in the visible and 
the UV range (Fig. 1). The reference used to study the effect of the sub- 
stituents was promazine. 

UV Spectra-The LJV spectra of derivatives with a constant Rz sub- 
stituent and various Rlo suhstituents were studied. Derivatives with R2 
= H and various Rln substituents (I-V) showed no change from the ref- 
erence spectrum. This observation showed that the Rlo substituent does 
not influence the I JV  electron transitions. In derivatives with R2 = C1 and 
various Rlo substituents, the Rz substituent caused a bathochromic shift 
of 4 nm throughout the spectrum (Table 11). The second peak in the 
spectra of derivatives with Rz = CF:3 and various Rlo suhstituents dis- 
appeared. 

Derivatives with a constant Rlosubstituent and various Rz suhstituents 
were considered. The effect of the R2 substituent was observed in the 
promazine (I and VI-VIII) and perazine (V and X-XIII) families (Table 
IT). The chlorine derivatives featured a 4-nm bathochromic shift in all 
bands. The other substituents caused more pronounced shifts throughout 
the spectrum, together with the disappearance of the second peak [de- 
rivatives with RS = OCH:% or S02N(CH&]. 
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Spectra of Radical Cations of Phenothiazine Derivatives in 
Solution and Solid State 
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Abstract  The IIV and visible spectra of radical cations of several 
phenothiazine derivatives were studied using different solvents. The 
establishment of a relationship between these hands and the RZ and Rlo 
substituents was att.empted. The influence of the disolvents on the bands 
also was studied. The characteristic charge transfer band was observed 
in the solid state using diffuse reflectance spectroscopy. The Ry sub- 
stituent did not appear to influence the band, while the Rlosuhstituent 
influenced the hand considerably, probably due to steric effects. 

Keyphrases 0 I’henothiazine--derivatives, spectra in solution and solid 
state, effect of Rz and RID substituents Psychotropic drugs-pheno- 
thiazine derivatives, spectra in solution and solid state, effect of Ra and 
Rlo suhstituents 0 Spectroscopy-LJV and visible spectra of phenothi- 
azine derivatives, solution and solid state 

Psychotropic drugs are fundamental in the treatment 
of mental disorders. Increased knowledge of the physico- 
chemical properties of these products would help in un- 
derstanding their interaction with live organisms. 

One important property of these drugs is that they are 
oxidized easily (1). The idea that phenothiazines could act 
in humans in an oxidized form (2) was supported by the 
fact that several oxidized compounds are observed in the 
degradation products ( 3 ) .  This paper describes a study of 
the oxidized form of these phenothiazine derivatives in 
solution and in the solid state. 

An attempt was made to relate the derivatives according 
to their R:! and Rlo suhstituents, semiconductor properties, 
dissociation constants (4), and ability to form complexes 
( 5 ) .  The phenothiazine derivative cation radicals were 
prepared in a solid state, and their diffuse reflectance 
spectra were studied. The IJV and visible spectra of these 
radicals in solution also were studied. 

EXPERIMENTAL 

Materials- Phenothiazine derivatives with RS and Rlo substituents 
were used (Tahle I ) .  The products were pharmacologically pure and were 
used as supplied commercially. Perchloric acid (70%) and potassium 
dichromate were the oxidizing agents. The solvents were distilled water, 
acetonitrile, and sulfuric acid (2  and 9 N). 

A UV-visible spectrophotometer was used to obtain the solution 
spectra; for the diffuse reflectance spectra. the corresponding attachment 
was used. 

Method-A literature method (6) was used to obtain the cation radi- 
cals in the solid state. The proposed formula for these products is (6): 

The melting points o f t h e  products ranged from 175 to 223O. The 
radicals rapidly dissolved in all of the solvents used. An intense color 
appeared, corresponding to the oxidized form. The radicals remained 
indefinitely stable only with 9 N HzSOJ due to its high acidity. 

The formation of charge transfer complexes in the solid state was 
studied by diffuse reflectance spectroscopy. Tablet preparation was the 
same as that used for the IR method except that naphthalene (7) was the 
solvent. 

RESULTS 

Solutions were prepared from polycrystalline powder of the cation 
radicals in 9 N HSSO?. Table I1 gives the wavelengths corresponding to  
the absorption peaks of the radicals in 9 N H2S04, both in the visible and 
the UV range (Fig. 1). The reference used to study the effect of the sub- 
stituents was promazine. 

UV Spectra-The LJV spectra of derivatives with a constant Rz sub- 
stituent and various Rlo suhstituents were studied. Derivatives with R2 
= H and various Rln substituents (I-V) showed no change from the ref- 
erence spectrum. This observation showed that the Rlo substituent does 
not influence the I JV  electron transitions. In derivatives with R2 = C1 and 
various Rlo substituents, the Rz substituent caused a bathochromic shift 
of 4 nm throughout the spectrum (Table 11). The second peak in the 
spectra of derivatives with Rz = CF:3 and various Rlo suhstituents dis- 
appeared. 

Derivatives with a constant Rlosubstituent and various Rz suhstituents 
were considered. The effect of the R2 substituent was observed in the 
promazine (I and VI-VIII) and perazine (V and X-XIII) families (Table 
IT). The chlorine derivatives featured a 4-nm bathochromic shift in all 
bands. The other substituents caused more pronounced shifts throughout 
the spectrum, together with the disappearance of the second peak [de- 
rivatives with RS = OCH:% or S02N(CH&]. 

376 1 Journal of Pharmaceutical Sciences 
Vol. 69. No. 4, April 1980 

0022-35491 801 0400-03 78$0 1.001 0 
@ 1980. American Pharmaceutical Association 



Table I-Products and  Their  Characterist ics 

Salt Clinical Use Product R2 Rio 
I 

I1 

111 

IV 

V 

VI 
VII 

VIII 

IX 

X 

XI 

XI1 

XI11 

XIV 

xv 

XVI 

XVII 

Promazine" 

Trimeprazineb 

H 

H 

HCI 

Tartrate 

Tranquilizer 

Antipruritic 

Ethopropazine 

Diethazine * 
H 

H 

HCI 

HCI 

Anti parkinsonian, 
anticholinergic 

Antiparkinsonian, 
anticholinergic 

Tranquilizer 

Tranquilizer 
Tranquilizer 
Tranquilizer 

Analgesic 

Perazine' 

Chlorpromazine 
Triflupromazined 
Methoxypromazine * 

HCI 

HCI 
HCI 
Maleate 

Maleate Methotrimeprazineb I 
CH3 

Prochlorperazinee 

Trifluoperazined 

Thiethylperazinef 

Thioproperazineb 

Perphenazineg 

Fluphenazined 

Properiziazine 

HCI Tranquilizer 

2 HCI Tranquilizer 

Dimaleate 

Maleate 

HC1 

2 HCI 

Antiemetic 

Tranquilizer 

Tranquilizer 

Tranquilizer 

Base 

Thioridazineh HCI Tranquilizer 

Rhodia. Specia. Promonta. Squibb. Upjohn. f Sandoz. I: Schering USA. Bayer. 

In derivatives where RZ = CF3, no shift was produced in the bands 
compared to the same derivatives with Rz = H, but the second peak 

Therefore, these bands correspond to a - ~ *  transitions (with the excep- 
tion of the SR type, which was not studied). 

The bathochromic shifts could have been produced by an instability 
in the fundamental state caused by the substituent and possible stability 
in the excited state. Where bands remained unaltered, it was assumed 
that the substituents did not interact with the a-structure of the ring. 
I t  is difficult to explain the effect of certain substituents, such as OCH3 
and CFB, which caused the disappearance of some bands. The influence 

disappeared. 
For derivatives where Rz = SCH3 or SCzH5, an intense bathochromic 

shift was present in the first peak, the second peak remained a t  265 nm, 
and a transition peak appeaied (245-228 nmjthat  seemed to represent 
a vibratory structure. This transition could have been caused by the sulfur 
atom in the substituent [the same bands also appeared a t  the same 
wavelengths in the spectra of identical neutral products @)I. 

Visible Spectra-The influence of the Rz substituent on the first band 
was studied. 

For the molecular series of I and VI-VIII, the results in Table I1 indi- 
cate that the substituents caused bathochromic shifts except for Rz = 
CF3, where a hypsochromic effect existed in the first band. The same shift 
occurred with the perazine-derived molecules (V and X-XIII). 

The effect of the Rlo substituent in the first band of the visible zone 
was observed in I-V. The values in Table I1 for these compounds show 
that not only the reduction in the number of carbons between the two 
nitrogens of the alkyl chain and of the nucleus, but also the introduction 
of substituents in the chain, produced small bathochromic shifts. 

For the second and third bands, where a vibratory structure appeared 
to exist, the Rlo substituent produced bathochromic effects. Contrary 
to the case with the first band, the Rz substituent did not exert such a 
pronounced effect as the Rlo substituent (5). 

Analysis of Spectra with Different Solvents-A comparison of 
spectra using different solvents showed that the characteristic bands did 
not undergo any change. As a result, it was deduced that a difference in 
the polarity of the solvent did not produce a shift in the bands assigned 
to these compounds. I t  follows that the transition cannot be of the n-a 
type where any influence of the solvent polarity would be pronounced. 

Table  11-UV and Visible Spectra of the  Radical Cations of 
Some Phenothiazines Derivatives in Solution 

Product UV A,,,, nm Visible A,,,, nm 

I 
I1 

I11 
1v 
V 

VI 
VII 

VIII 
IX 
X 

XI 

272,264,212 518,775-865 
272.265.212 520.780-875 
27i; 264; 210 520: 792-890 
272,265,212 523,785-882 
272,265,212 517,774-860 
276.268.212 534.775-865 

272: 214 505: 770-858 
2821 228 573; 760s-820 
282,224 575,770s-825 

276,268.217 535,775-865 
272: 212 505: 775-860 

XI1 
XI11 
XIV 
XV 

XVI 
XVII 

210 405; 465~-493,650,830s, 910 
216 525,778-865 
215 537,775-867 
212 505,775-860 
208 530,775-860 
210 363,4ooS-470,495,650,830,900 
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14 n 

0-- 
200 240 280 320 360 400 

h,  nm 
Figure  1-Plot of abarirbance versus IlV lonuelength for promazine 
radical catron i t ]  9 N HzS‘04. 

1 ~ 1 ’  the H 1 0  suhstituent appears on the electronic transition of the lowest 
energy transitions (with vihr:itional structure) in the visible range. This 
fact was attrihuted to the effect olthe Rl,, interaction on the vibrational 
states. 

Solid-state Spec t ra  of Cation Radicals-The diffuse reflection 
spectra contained one band at  500 nm and another very wide band of 
equal intensity a t  600-1200 nm. There were no other transitions in the 
field until 2000 nm. 

A comparison was made with the visible spectrum of a cation radical 
in solution (curve e, Fig. 2). The locat.ion of the first hand corresponded 
with the spectrum of the same radical in solution (515 nm). although it 
was slightly displaced toward the hlue zone. These transitions of the 
monomer were affected by the field of the other cations and caused a shift 
in the T-T* hands. The second band, wide and equal in intensity to the 
first hand, was attrihuted to a charge transfer transition and appeared 
to  superimpose on the electronic transition of the monomer in solution 
that appeared at 750-870 nm. This band exhibited the typical charac- 
teristics of a charge transfer: it was wide and wit.hout defined maxima. 

To  study the influence of the Rlo substituent, I, 11, IV, and V were 
considered (Fig. 2). If the maximum of this hand is considered to be -1000 
nrn, the promazine and perazine maxima were shifted toward the blue 
zone while t.he maxima of trimeprazine and diethazine were shifted 
toward the red zone. 

900 1000 1500 
A. nm 

Figure 2-Solid-statr rrflwtancr spectra of radical cations (reflectance 
versus A ) .  K c y :  a. diethnzine; b. proninzine; c ,  perazine; and d, tri- 
meprnainv. Thc~ iisihlc s p t c t r u m  O /  the perazine radical cation in sul- 
furic. acid also is shourn ( 1 , ) .  

Study of the influence of the H.2 suhstituent in the perazine family 
showed that the ahsorpt.ion peak varied slightly from 900 nm. Therefore, 
the Rlo lateral chain appears to exert a greater effect than the Rz suh- 
stituents in the solid state. The influence of the Rlo chain could he due 
to steric effects. This steric effect is augmented by an increase in the chain 
length and the different configurat.ions that may result. This chain could 
insert itself between two radicals in the same column and the separation 
between them would increase, thus diminishing the possibility of a charge 
transfer and shifting the maximum toward the hlue zone. Magnetic 
susceptihility studies could be conducted to verify this supposition. 
Promazine and perazine compounds should exhibit greater paramag- 
netism t.han the trimeprazine and diet hazine compounds’. 

The transition was attrihuted to a charge transfer in the solid state and 
is thought to  he caused through t.hose ion radicals that  are sufficiently 
close to overlap their half-complete *-orbitals. 

Phenothiazine and its derivatives in neutral form are puckered by the 
heteroatoms (9). 

In phenothazine oxidation, the positive charge is distributed 
throughout the nucleus, and the phenothiazine ion subsequently has to  
adopt a plane spatial structure for st,ability. On the other hand, it was 
concluded from electron-proton resonance studies (10, 11) that the 
positive charge is centered on the hetero ring. A definitive solution could 
he achieved by an X-ray diffraction study of these ions in the solid state. 
These ions could he in the form of infinitely long columns (12); this type 
of‘ structure has been proposed lor several ion salts (13). 

The columns are believed to he formed by equidistant ion radicals (14). 
The separation of t,hese ion radicals within the same column also could 
be studied by X-ray analysis. The columnar structure and the interplanar 
distance between the ions comprising the column can lead to charge 
transfer complexes. Here, the bond can he described as being formed by 
the overlap of half-complete a-orbitals of a donor molecule, D ,  and an 
acceptor, A.  In this case, A and D are equal, and it follows t.hat each 
molecule participates in the format ion of overlapping orbitals. With two 
identical radicals, greatest interaction would take place when the two ions 
are superimposed. 

The existence of distinct suhstituents capable of producing a large 
steric effect when interposed between two radicals o f  the same column 
appeared to have a marked influence on the packing distance of the cation 
derivatives in this study. 

The apparent opposition that exists between the formation of solid 
structures with the participation of charge transfer bonding forces and 
the existence of unpaired electrons of these ion radicals, which in turn 
exhibit semiconductor properties associated with the unpaired electrons 
(15), should he considered. Likewise, the decrease in paramagnetic 
properties as a result of charge transfer interactions should be noted. 
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Abstract  CI Fourteen n-alkanols (CI-CI?. Ct.,, and C I ~ ) ,  13 tu,w-n-al- 
kanediols ( C 2 C C l 2 ,  (214 ,  and C16). and 13 w-chloro-tr-alkanols (C2-C12, 
c14. and Cl6) were tested against Aspcrgilhs nigrr. Trichoderma uiride, 
and Myrotheciurn ilerrucaria in Sabouraud dextrose agar at  pH 4.0 and 
5.6. Toxicity to C'andida albicans, Trichophyton rnentagrophytes. and 
Mucor mttcedo was determined in the same medium a t  pH 5.6 and 7.0 
in the absence and presence of 10% beef serum. The fungitoxicity of these 
alcohols was influenced by chain length and insignificantly by the pH 
of the medium and the presence of heefserum. The Clo-member of each 
series was most active; the order of activity of the three groups was 
chloroalkanols > alkanols > alkanediols. Compared to the fatty acids, 
the order of fungitoxicity on a weight basis was 2-alkynoic acids > 2- 
alkenoic acids > w-chloroalkanols > alkanoic acids > 2-bromoalkanoic 
acids > 2-fluoroalkanoic acids > n-alkoxyacetic acids > n-alkanols > 
n,w-n-alkanediols. 

Keyphrases 0 Antifungal activity-n -alkanols. cup-n-alkanediols, and 
w-chloro-tr-alkanols, in uitro, effect of chain length, pH, and adsorbents 
0 Structure-activity relationships-n-alkanols. cu,w-n-alkanediols, and 
w-chloro-r-alkanols, antifungal activity, in uitro, effect of chain length 
0 n-Alkanols-antifungal activity, in ui t ro ,  effect of  chain length, pH, 
and adsorbents o,w-n -Alkanediols-antifungal activity, in uitro, effect 
of chain length, pH, and ads0rbent.s 0 o-Chloro-cY-alkanols-antifungal 
activity, in t l i f ro, effect of chain length, pH, and adsorbents 

In the examination in these laboratories of the effect of 
structural modification on the antifungal activity of fatty 
acids, systematic studies were made on the fungitoxicity 
of alkanoic acids (l), 2-alkenoic acids (a ) ,  2-alkynoic acids 
( 3 ) ,  2-fluoroalkanoic acids (I) ,  2-bromoalkanoic acids (2), 
n,w-alkanedicarboxylic acids (4), and alkoxyacetic acids 
( 5 ) .  Two major factors that  influence the fungitoxicity of 
fatty acids are the partition coefficient and the absence or 
presence of adsorbents such as albumin in the growth 
medium. Among the factors that  determine the partition 
coefficient are chain length, pKa, and pH of the medium 
( 3 ) .  

BACKGROUND 

I t  was established that the intact carboxyl group was not essential for 
fungitoxicity. The alkyl carboxamides were less toxic than the carboxylic 
acids at pH 4.0 hut were equally toxic at  pH 5.6. The pH of the medium 
had little effect on the activity of the amides, hut beef serum had a 
deactivating effect on both the acids and amides. Chain length was a 
determining factor for the toxicity of the amides as well as the acids 
(6 ) .  

Esters were reported to be markedly less fungitoxic than the acids (7). 
This finding was confirmed for the methyl esters of the alkanoic and 2- 
fluoroalkanoic acids (8) and 2-alkynoic acids (3) .  An exception to these 
observations was that Trichophyton rnentagrophytes was inhihited 
equally by the esters and free acids. The  pH of the medium and the ab- 
sence or presence of beef serum in the medium did not greatly affect the 
toxicity of the esters to  the fungus. 

The antifungal activity of nonionizing compounds is affected only 
slightly by the pH of the medium. The serum effect on fatty acids, amides, 
and esters can be rationalized on the basis of hydrogen bonding. Com- 
pounds containing carboxyl and carboxamide functions are hound more 
strongly by beef serum because they possess both donor hydrogen atoms 
and acceptor oxygen atoms, whereas the esters possess only acceptor 
oxygen atoms (9). 

The purpose of the present study was to examine the fungitoxic action 
of the n-alkanols, cu,w-n-alkanediols, and w-chloro-n-alkanols. These 
nonionizing compounds would not be expected to undergo strong hy- 
drogen bonding with adsorbents. 

It was reported previously that the wood-dest.roying fungus, Madison 
517 on an agar malt extract medium, was inhibited by n-alkanols. n- 
Decanol was the most inhibitory of the series (10). The same effect was 
observed for Prnicilliurn glaucum in an inorganic medium containing 
sucrose or lactose as the carbon source (11). This observation was con- 
firmed in agar media, but n-dodecanol was the most effective alcohol I'or 
t,he protection of wood (12). No systematic studies of the tu.o-n-al- 
kanediols or w-chloro-n-alkanols have been reported. 

The present work concerns the in uitro testing of 14 n-alkanols (CI-CI?. 
C14, and CIe), 13 cqw-n-alkanediols ( C . L - C ~ ~ .  Cj4. and CIS). and 1 3  
w-chloro-tu-alkanols ( C Z - C ~ ~ ,  Cl4, and CIA) against Aspergillus nigrr. 
Trichtderrna uiridu, and Myrotheciurn t,crrrrt.ario in Sabouraud clext.rose 
agar at  pH 4.0 and 5.6. Candida albicans, T. rnentugrophytcs, and Mucor 
mucedo also were tested in the same medium at pH 5.6 and 7.0 in the 
absence or presence of 10% beef serum. Also included in these tests were 
1 1-bromo-1-undecanol for comparison of analogous chloro and bromo 
compounds and 1,6-dichlorohexane and 1,9-dichlorononane for com- 
parisons with the corresponding chloroalkanols. 

EXPERIMENTAL 

Some compounds were obtained from commercial sources1. The 
w-chloroalkanols (Cg and C~-CIO (la),  Cll (14), and C.12, C14, and C I ~  (IS)] 
were prepared by published methods. 

The  test fungi included A. niger (ATCC 1004). 7'. uiride (ATCC 8678), 
M .  uerrucaria (ATCC 9095C). C. albicans (ATCC 10231). T.  mentci- 
grophytes (ATCC 9129), and M. mucedo (ATCC 7941). 

The  compounds were tested against A. niger, T. uiride, and M .  rcr- 
rucari in Sabouraud dextrose agar? a t  pH 4.0 and 5.6 according to pub- 
lished methods (1 ). Graded levels of test compound dissolved in dimethyl 
sulfoxide ( I )  were incorporated into the growth medium, which then was 
inoculated with the respective fungus. The inoculum consisted of 1 drop 
of spore suspension delivered from a &nil Mohr pipet containing 6 X lofi 
spo resh l  in 0.85% NaCl solution. Incubation took place at 28" for 5 
days. 

For T.  mentagrophytes, C. albicans, and M. n7uced0, the methods 
described previously were used (16). Graded levels of test compounds 
dissolved in I were added to Sabouraud dextrose agar a t  pH 5.6 and 7.0 
alone and supplemented with 10% beef serum". The  inocula o f  T. men- 
tagrophytes and M. mucedo consisted of 1 drop of spore suspension 
containing 6 X lofi sporedml, and the inoculum of C. albicans was 1 drop 
of a suspension obtained from a 20-hr culture in Sabouraud dextrose 
broth2 incubated a t  37'. The test plates with 7'. rnentagrophytes were 
incubated a t  '28' for 5 days, and those with C. albicans and M. m u c ~ d o  
were incubat,ed a t  37" for 20 hr. 

The  results reported are the number of levels of compounds causing 
100% inhibition of the test organisms. The compounds were tested at lo', 
lo3, and lo2 kg/ml. All tests were carried out in I-plate petri dishes4. 

The  results were weighted by calculating the ant.ifunga1 spectrum 
index, defined as the sum of the numher of levels of complete inhihition 
multiplied by the number of organisms inhibited within the defined 
system (17, 18). 

The CI-. C ~ - C I Z - ,  CIC, GIG-. and Cia-alkanols, the c2-c~~- and Cte-n,o-al- 
kanediols, and 3-chloro-1-propanol, 6-chloro-1-hexanol, 11-hromo-1-undecanol, 
l,fi-dichlorohexane, and 1,9-dichlorononane were obtained from Aldrich Chemical 
Co., Milwaukee, Wis. The Cz-alkanol was obtained from U S .  Industrial Chemicals 
Co., New York, N.Y. The C~~-~u,w-alkanedioI was obtained from Eastman Kodak 
Co.. Rochester, N.Y. 2-Chlorci-1-ethanol and 4-chloro-1-butanol were obtained from 
Matheson, Coleman and Bell, Norwood, Ohio. 

Difro. Detroit, Mich. 

Falcon, Oxnard, Calif. 
' Miles Laboratories, Kankakee, Ill. 
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Table I-Antifungal Activity of n-Alkanols, a,w-n-Alkanediols, and  w-Chloro-a-alkanols at pH 4.0 and 5.6 against A. niger, T. viride, 
and M. verrucaria i n  Sabouraud Dextrose Agar 

Inhihition Levels Inhibition Levels .... 

a t  pH 4.0 Anti fungal at  pH 5.6 Antifungal 
A .  T .  M .  Spectrum A .  T .  M .  Spectrum 

I1 niger uiride uerrucaria Index' niger viride uerrucaria Index 

8 
9 

10 
11 
12 
14 
I6 

) 

:1 
4 
5 
6 

- 

i 
9 

10 
1 1  
12 
14 
16 

0 
0 
0 
0 
1 
1 
1 
1 
1 
2 

0 
0 
0 

0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
0 
0 
0 

0 
1 
1 
1 
I 
) 

1 

) - 

- 
3 
3 
1 
0 
0 
0 

0 
0 
0 

0 0 
0 1 
(I 1 
1 1 
1 1 
1 1 
1 1 
1 1 
3 1 
3 3 
2 2 
2 3 
0 0 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 
1 1 
1 1 
1 2 
2 2 
1 1 
0 0 
0 0 
0 0 

0 1 
1 1 
1 1 

3 3 
3 3 
2 3 
1 2 
0 0 

1 0 
0 1 
0 1 

1 5  
24 
18 
10 
0 
0 

0 
0 
0 
0 
0 
4 
9 

12 
16 
9 
0 
0 
0 

HO(CHz),,OH 

CI(CHz),OH 
1 
9 
9 
9 

12 
18 
18 
27 
27 
21 
10 
6 
0 

1 
Miscellaneous 

1 
1 

0 
0 
0 
0 
1 
1 
1 
1 
1 
2 
2 
0 
0 
0 

0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
0 
0 
0 

0 
1 
1 
1 
1 
2 
2 
3 
3 
1 
0 
0 
0 

0 
0 
0 

0 
0 
0 
1 
1 
1 
1 
1 
3 
3 
2 
2 
0 
0 

0 
0 
0 
0 
0 
1 
1 
1 
2 
1 
0 
0 
0 

0 
1 
1 
1 
1 
2 
2 
3 
3 
3 
2 
1 
0 

1 
0 
0 

0 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
3 
0 
0 

0 
0 
0 
0 
0 
1 
1 
2 
2 
1 
0 
0 
0 

1 
1 
1 
1 
2 
2 
2 
3 
3 
3 
3 
2 
0 

1 
1 
0 

0 
1 
1 
4 
9 
9 
9 
9 

15 
21 
18 
10 
0 
0 

0 
0 
0 
0 
0 
4 
9 

12 
15 
9 
0 
0 
0 

1 
9 
9 
9 

12 
18 
18 
27 
27 
21 
10 
6 
0 

4 
1 
0 

" C(~mpi iund~ were incorporated in the test medium at lo4, lob?, and lo2 gcglml. Key to inhihition levels: 3 = inhihition at all levels of the compound. 2 = inhihition at 
Sum t h r  two highest levels. I = inhihition at the highest level only, and 0 = compound inactive at the highest level tested. 

111 the iiumher 111 levels olinhihition multiplied hy the number of organisms inhihited. 
Number o f  methylene groups in the chain. 

RESULTS 

The results of the tests of the ti -alkanols, o,w-n-alkanediols, and 
w-chloro-tu-alkanols against .4. nigcr, T. uiride, and M .  uerrucaria are 
given in Table I; the results of the tests against C. albicans, T. rnenta- 
groph.vtes. and M .  mucedo are given in Table 11. 

A comparison of the fungitoxicity of the alkanols based on the com- 
bined antifungal spectrum indexes at pH 4.0 and 5.6 (Table I) reveals that 
the homologs of chain length CT,-CIZ were most active against A. niger, 
7'. tiride, and M .  ucrrucaria. The order of activity of the compounds 
tested was C ~ O  > CII  > C g  > C12 > C" = C7 = CS = C5 > C., > C S  = Cz. 
Similarly, for the alkanediols, the most active members of the series were 
the C;-CI !-compounds; the order of activity was Clo > Cg > CI1 = Cg > 
C;. For the w-chloro-n.-alkanols, the most fungitoxic compounds were 
hetween C:j and C l 4 ;  the order of activity was Clo = CS > C11 > CS = C7 
> Cfi > C12 > C:, = C4 = C:3 > C14 > CZ. Varying the pH between 4.0 and 
5.6 did not affect the funpitoxicity of the three classes of compounds 
significantly. 

The most fungitoxic alkanols against. I'. albicans, 7'. rnentagrophytes, 
and M .  miccvdri were the Cs-C12-compounds; the overall order of toxicity 
W B S  C l l  = C,,) > C I 2  > C9 = C8 > Ci > Cs = Cs > C4 > CI4 = C:,. For the 
alkancdiols. the Ci.-Cjs-compounds were the most toxic; the order of 

toxicity was Clo > C11 > C g  = Cx = C7 > C12. The chloroalkanols were 
most fungitoxic a t  chain lengths between C g  and C11 in the order Clo = 
Cs > C I I  = Cg = C7 > Cs = Cs = C Z  > C4 = CS > Clz. Raising the pH from 
5.6 to 7.0 and adding beef serum to the growth medium caused no sig- 
nificant deactivation of the anti fungal activity of the three classes of 
compounds. 

11 -Bromo-1 -undecanol was less fungitoxic than the analogous alkanol, 
chloroalkanol, and alkanediol. 1,6-Dichlorohexane and 1,9-dichlorono- 
nane were markedly less toxic than the analogous alkanols, chloroalka- 
nols, and alkanediols, with the 6-carbon compound being more active 
than the 9-carbon compound. 

DISCUSSION 

It  is apparent (Tables I and 11) that the chain length influences anti- 
fungal activity in each homologous series of compounds. A chain length 
of 10 carbon atoms seems to be optimal for maximal fungitoxicity. This 
result was observed previously for the alkanols (10-12). The relationship 
between the chain length and the partition coefficient with respect to the 
antifungal activity of fatty acids was discussed previously (3) .  This con- 
stant was employed in the application of regression analysis to fungi- 
toxicity (19). 
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Table 11-Antifungal Activity of n-Alkanols, a.w-n-Alkanediols, and w-Chloro-a-alkanols at pH 5.6 and 7.0 against C. albicans, 2'. 
mentagrophytes, and M. mucedo in Sabouraud Dextrose Agar in the Absence and Presence of Beef Serum a 

Inhibition Levelsb 
C. albicans T. mentagrophytes M. mucedo 

pH 5.6 pH 7.0 pH 5.6 pH 7.0 pH 5.6 pH 7.0 Antifungal 
Without With Without With Without With Without With Without With Without With Spectrum 

n c  Serum Serum Serum Serum Serum Serum Serum Serum Serum Serum Serum Serum Indexd 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
13 
15 
17 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
14 
16 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
14 
16 

0 
0 
0 
1 
1 
1 
1 
2 
2 
2 
2 
2 
0 
0 
0 

0 
0 
0 
0 
0 
1 
1 
1 
2 
1 
0 
0 
0 

1' 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
0 
0 

1 
0 
0 

0 
0 
0 
1 
1 
1 
1 
2 
2 
2 
2 
2 
0 
0 
0 

0 
0 
0 
0 
0 
1 
1 
1 
2 
1 
0 
0 
0 

1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
0 
0 

1 
0 
0 

0 
0 
0 
1 
1 
1 
1 
2 
2 
2 
2 
2 
0 
0 
0 

0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
0 
0 
0 

1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
0 
0 

1 
0 
0 

0 
0 
0 
1 
1 
1 
1 
2 
2 
2 
2 
2 
0 
0 
0 

0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
0 
0 
0 

1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
0 
0 

1 
0 
0 

0 
0 
0 
0 
1 
1 
2 
2 
2 
2 
3 
3 
1 
0 
0 

0 
0 
0 
0 
1 
1 
1 
1 
1 
2 
3 
1 
0 

2 
1 
1 
2 
2 
2 
2 
3 
3 
3 
0 
0 
0 

3 
1 
2 

2 2 
2 2 
2 2 
3 3 
2 3 
1 1 
0 0 
0 0 

HO(CH*),OH 
0 0  

0 0 
0 0 
0 0 
1 1 
1 1 
1 1 
1 1 
1 1 
2 2 
3 3 
1 1 
0 0 

CI(CH ) OH 
+2 

1 1 
1 1 
2 2 
2 2 
2 2 
2 2 
3 3 
3 3 
3 3 
0 0 
0 0 
0 0 

Miscellaneous 
3 3 
1 1 
2 1 

0 
0 
0 
0 
1 
1 
2 
2 
2 
2 
3 
2 
1 
0 
0 

0 
0 
0 
0 
1 
1 
1 
1 
1 
2 
3 
1 
0 

2 
I 
1 
2 
2 
2 
2 
3 
3 
3 
0 
0 
0 

3 
1 
1 

0 
0 
1 
1 
1 
1 
1 
1 
1 
2 
1 
1 
0 
0 
0 

0 
0 
0 
0 
0 
1 
1 
1 
2 
1 
0 
0 
0 

1 
1 
1 
1 
1 
2 
2 
2 
2 
1 
0 
0 
0 

1 
1 
0 

0 
0 
1 
1 
1 
1 
1 
1 
1 
2 
1 
1 
0 
0 
0 

0 
0 
0 
0 
0 
1 
1 
1 
2 
1 
0 
0 
0 

1 
1 
1 
1 
1 
2 
2 
2 
2 
1 
0 
0 
0 

1 
1 
0 

0 
0 
1 
1 
1 
1 
1 
1 
1 
2 
1 
1 
0 
0 
0 

0 
0 
0 
0 
0 
1 
1 
1 
2 
1 
0 
0 
0 

1 
1 
1 
1 
1 
2 
2 
2 
2 
1 
0 
0 
0 

1 
1 
0 

0 
0 
1 
1 
1 
1 
1 
1 
1 
2 
1 
1 
0 
0 
0 

0 
0 
0 
0 
0 
1 
1 
1 
2 
1 
0 
0 
0 

1 
1 
1 
1 
1 

2 
2 
2 
1 
0 
0 
0 

1 
1 
0 

3 - 

0 
0 
4 

16 
36 
3 6 
48 
60 
60 
12 
72 
66 

4 
0 
0 

0 
0 
0 
0 
4 

36 
36 
36 
54 
48 
12 
4 
0 

"' 

a 
36 
36 
48 
48 
72 
72 
84 
84 
72 
4 
0 
0 

60 
16 
6 

" C'. albicans and M. mucedo were incubated at 3 7 O  for 30 hr, and 7'. mentngrnphytes was incubated at  2So for 5 days. Compounds were incorporated in the test medium 
at  lo4, lo3, and lo2 pglml. Key to inhibition levels: 3 = inhihition a t  all levels of  the compound, 2 = inhibitinn at the two highest levels, 1 = inhibition at the highest level 
m l y ,  and 0 = compound inactive at  the highest level tested. Number of methylene groups in the chain. Sum of the number of levels of inhibition multiplied 1)y the 
number nf organisms inhibited. 

The order of fungitoxicity of the three classes of compounds was 
chloroalkanols > alkanols > alkanediols. This finding suggests that, in 
addition to possessing a certain degree of amphiphilicity, each compound 
also should have a lipophilic and a hydrophilic end. These concepts are 
consistent with the results obtained with the fatty acids and derivatives 
(1-6,s). 

Although these data do not indicate a mechanism of action for the al- 
kanols and related compounds, i t  is clear that  alkylation plays no part 
in the fungitoxic reaction. The bromoalkanol, which is a better alkylating 
agent than the corresponding chloro compound, is a poorer antifungal 
agent. 

The antifungal activity of alkanols can be modified by altering the 
w-end of the molecule. Conceivably, an w-substituted alkanol could be 
prepared with superior antifungal activity. Such a compound also would 
have the advantage of its activity not being affected significantly by a pH 
change or the presence of serum. 

Since an attempt is being made at  generalizing the antifungal activity 
of the substituted straight-chain alkanes, it is not unreasonable to com- 
pare the activity of the alkanols with the carboxylic acids. Totaling the 
antifungal spectrum indexes of the seven most active members of each 

series of compounds a t  pH 4.0 and 5.6 for A. niger, T. uiride, and M. 
uerrucaria gives the order of fungitoxicity for six types of fatty acids 
and three types of alcohols, on a weight basis, as 2-alkynoic acids (336) 
> 2-alkenoic acids (288) > w-chloroalkanols (266) > alkanoic acids (264) 
> 2-bromoalkanoic acids (253) > 2-fluoroalkanoic acids (228) > n-alk- 
oxyacetic acids (220) > alkanols (205) > a,w-alkanediols (98) (3,s). 
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Abstract C] New inst rumentation to measure the  flexure breaking 
strength of capsule-shaped (.ahlets was developed. It consisted of a me- 
chanical linkage to apply the breaking load at a uniform rate and  a 
strain-gauge instrumented cantilever heam t o  convert the load to a 
proportional millivolt response on a recorder. A recorder tracing was 
obtained of increasing load with time, with a break in the tracing denoting 
the tahlet's flexure breaking strength. Measurements were made for 
different tahlet hardnesses, and a plot of tablet hardness t w s u s  flexure 
hreaking strength yielded a profile of the mechanical strength of the 
tablet. T h e  instrnmentation was shown to have application for deter- 
mining ihe effects of' tablet thicknesses, tahlet ingredients, tablet sizes, 
cup  deplhs, and bisect dimensions on tablet strength. 

Keyphrases Flexure breaking strengt h-determination for capsule- 
shaped tahlets, new instrumentation Tablet hreakage-capsule-shaped 
tahlets. determination of llexure breaking strength, new instrumentation 

Hardness. tablets-flexure breaking strength, determination for 
capsule-shaped tablets, new instrumentation 

Although tablet breakage is a problem often encoun- 
tered in the manufacture, packaging, and distribution of 
capsule-shaped tablets, little information is available on 
the subject. Several factors that need to be studied for their 
effects on breakage are the ingredients, size, shape, and 
dimensions of the tablets. To evaluate these factors, the 
flexure breaking strength of the tablet must be determined. 
At present, there is no generally accepted mechanical 
method to measure the flexure breaking strength of tablets 
with sufficient accuracy and precision. 

BACKGROUND 

A widely used but subjective flexure test employed in practice is to  
hreak the tablet hetween the thumb and fingers and to evaluate both the 
force necessary t o  break the tablet and the  sharpness of the  snap. An 
instrument constructed to siinnlat,e the manual method was described 
( 1  t in which ii pneumatic tahlet hardness tester was modified by the  ad-  
dition of two auxiliary pieces, one attached to the  plunger and the  other 
to the anvil. Increasing pressure is applied through the plunger on  the 
center of the tahlel lace until it breaks to  measure the fracture resistance. 
These invtsti,u:itors foiind that the  fracture resistance was directly pro- 
portional t o  tahlr t  thickness and pointed out  the  importance of t.his 
finding for reducing tahlet breakage. They also indicated that  additional 
research was neceswry to dvsign a n  inst.rument tha t  would be more 
versatile and accurate. 

In another study, a flexure tester was constructed by attaching a knife 
edge and two fulcrums to the platens of a motorized tablet hardness tester 
(2). T h e  flexure tester was found to he a rapid, reproducihle instrument 
for determining the tablet tensile strength ot'very strong tahlets but could 
not be used for very weak tablets. 

Two related procedures have heen developed to measure resistance 
to  bending. I n  one procedure, mercury is added to provide the weight to  
hreak the tablet ( 3 ) .  In the other procedure. a special tablet form is used 
that is unrelated to the  manufactured produc't (4 ) .  Both procedures, 
however, are  impractical for use in industry. 

T h e  objective of this study was to  develop new instrumentation that 
can be calibrated readily for increased accuracy, measure a wide range 
of tablet strengths, and be of practical use in a product development 
lahnratory. This paper describes the instrument developed and indicates 

F 

Figure 1-Instrumentation for  mcasuring flexure brcaking strength. 
Ke?,: A. motor-dritwn cam; R, p/unpcr; (', rnpsule-shaped tablet:D, anoil; 
E, cantiletwr beam; F. strain gaugc~s: and  G ,  weight platform for cali- 
bration. 
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Abstract C] New inst rumentation to measure the  flexure breaking 
strength of capsule-shaped (.ahlets was developed. It consisted of a me- 
chanical linkage to apply the breaking load at a uniform rate and  a 
strain-gauge instrumented cantilever heam t o  convert the load to a 
proportional millivolt response on a recorder. A recorder tracing was 
obtained of increasing load with time, with a break in the tracing denoting 
the tahlet's flexure breaking strength. Measurements were made for 
different tahlet hardnesses, and a plot of tablet hardness t w s u s  flexure 
hreaking strength yielded a profile of the mechanical strength of the 
tablet. T h e  instrnmentation was shown to have application for deter- 
mining ihe effects of' tablet thicknesses, tahlet ingredients, tablet sizes, 
cup  deplhs, and bisect dimensions on tablet strength. 

Keyphrases Flexure breaking strengt h-determination for capsule- 
shaped tahlets, new instrumentation Tablet hreakage-capsule-shaped 
tahlets. determination of llexure breaking strength, new instrumentation 

Hardness. tablets-flexure breaking strength, determination for 
capsule-shaped tablets, new instrumentation 

Although tablet breakage is a problem often encoun- 
tered in the manufacture, packaging, and distribution of 
capsule-shaped tablets, little information is available on 
the subject. Several factors that need to be studied for their 
effects on breakage are the ingredients, size, shape, and 
dimensions of the tablets. To evaluate these factors, the 
flexure breaking strength of the tablet must be determined. 
At present, there is no generally accepted mechanical 
method to measure the flexure breaking strength of tablets 
with sufficient accuracy and precision. 

BACKGROUND 

A widely used but subjective flexure test employed in practice is to  
hreak the tablet hetween the thumb and fingers and to evaluate both the 
force necessary t o  break the tablet and the  sharpness of the  snap. An 
instrument constructed to siinnlat,e the manual method was described 
( 1  t in which ii pneumatic tahlet hardness tester was modified by the  ad-  
dition of two auxiliary pieces, one attached to the  plunger and the  other 
to the anvil. Increasing pressure is applied through the plunger on  the 
center of the tahlel lace until it breaks to  measure the fracture resistance. 
These invtsti,u:itors foiind that the  fracture resistance was directly pro- 
portional t o  tahlr t  thickness and pointed out  the  importance of t.his 
finding for reducing tahlet breakage. They also indicated that  additional 
research was neceswry to dvsign a n  inst.rument tha t  would be more 
versatile and accurate. 

In another study, a flexure tester was constructed by attaching a knife 
edge and two fulcrums to the platens of a motorized tablet hardness tester 
(2). T h e  flexure tester was found to he a rapid, reproducihle instrument 
for determining the tablet tensile strength ot'very strong tahlets but could 
not be used for very weak tablets. 

Two related procedures have heen developed to measure resistance 
to  bending. I n  one procedure, mercury is added to provide the weight to  
hreak the tablet ( 3 ) .  In the other procedure. a special tablet form is used 
that is unrelated to the  manufactured produc't (4 ) .  Both procedures, 
however, are  impractical for use in industry. 

T h e  objective of this study was to  develop new instrumentation that 
can be calibrated readily for increased accuracy, measure a wide range 
of tablet strengths, and be of practical use in a product development 
lahnratory. This paper describes the instrument developed and indicates 

F 

Figure 1-Instrumentation for  mcasuring flexure brcaking strength. 
Ke?,: A. motor-dritwn cam; R, p/unpcr; (', rnpsule-shaped tablet:D, anoil; 
E, cantiletwr beam; F. strain gaugc~s: and  G ,  weight platform for cali- 
bration. 
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Figure 2-Dimensions of the plunger and anvil in millimeters. 

how the measurements may be used in product development to evaluate 
factors affecting tablet breakage. 

EXPERIMENTAL 

The flexure tester (Fig. 1) was constructed by modifying the plunger 
tip and anvil of instrumentation described previously for measuring 
granule strength (5). Dimensions of the modified plunger tip and anvil 
are given in Fig. 2. 

The flexure tester consists of a mechanical linkage for applying the load 
a t  a uniform rate and a strain-gauge instrumented cantilever beam and 
recorder for measuring the magnitude of the applied load. T o  measure 
flexure breaking strength, a single capsule-shaped tablet (C) is placed 
on the anvil (D), and the cam (A) is rotated at a uniform rate. Rotation 
of the cam a t  one revolution per 45 sec is controlled by a link chain, gear 
motor', and speed control switch2. 

The plunger (B) presses down across the middle of the tablet and bends 
the instrumented cantilever beam (E), thereby deforming the strain 
gauges (F). This deformation results in a millivolt response across the 
strain-gauge bridge circuit, which is measured on a recorder3 with a 0- 
2-mv range for 25.4-cm full scale and a chart speed of 0.33 cm/sec. A 
tracing is obtained of increasing load with time, and a measurement of 
the tablet breaking strength is obtained a t  tablet breakage. The cam 
makes one complete revolution for each measurement. 

The calibration procedure is built into the instrumentation and is 
performed each time the instrument is operated. A linear relationship 
exists between the weight on the calibration platform and the millivolt 
response on the recorder. The instrument is calibrated by adding weights 
to the calibration platform and adjusting the gain and zero controls to 
obtain the desired full-scale deflection on the recorder. Full-scale de- 
flection can be varied from 200 g to 10 kg. 

A typical recorder tracing of a flexure breaking strength measurement 
is shown in Fig. 3. The load is applied at a uniform rate by the speed 
control switch, which regulates the descent rate of the plunger. A break 
in the tracing of the increasing load with time indicates the tablet flexure 
breaking strength. In this tracing, the flexure breaking strength is 3 kg. 

Table  I-Typical Flexure Breaking Strength and Tablet  
Hardness Values (fSD) 

Flexure 
Tablet Tablet Breaking Tablet 

mm mg kg kgC 
Thicknessn, Weight, Strength f SD, Hardness f SD, 

6.299 588 1.25 f 0.05 4.97 f 0.08 
7.80 f 0.21 6.325 620 1.97 f 0.15 

11.01 f 0.66 6.325 650 2.79 f 0.14 
6.350 680 3.99 f 0.30 15.34 f 0.78 

a All tablets were 7.035 mm wide and 17.900 mm long. Mean of six measure- 
ments. c Mean of 10 measurements. 

After the breaking point, the backswing develops because the load is 
relieved abruptly and the cantilever beam rapidly rises until it contacts 
the plunger. Six replicate measurements were made, and the mean is 
reported. 

Tablet hardness4 measurements were made by the diametral com- 
pression of capsule-shaped tablets through their major axes. Ten replicate 
measurements were made, and the mean is reported. Typical tablet 
hardness and flexure breaking strength measumnents and their relative 
standard deviations are listed in Table I. The tablet mechanical strength 
profile was obtained by a least-squares line plot of tablet hardness uersus 
flexure breaking strength. 

Materials used in this study were USP, NF, or pharmaceutical grade. 
Lactose tablets contained 89.5% direct-compression lactose, 10% corn- 
starch, and 0.5% magnesium stearate. Capsule-shaped tablets, 7.035 X 
17.900 mm, were prepared with one punch of a rotary tablet press5 a t  a 
rate of 24 tabletdmin using one station to minimize tooling variations. 
Tablets of other sizes were prepared on a modified single-punch tablet 
press6. 

RESULTS AND DISCUSSION 

The effects of fpur different tablet thicknesses on the mechanical 
strength profile of lactose capsule-shaped tablets are shown in Fig. 4. 
From this profile, it is apparent that, a t  the same tablet hardness, an 
increase in tablet thickness resulted in an increase in flexure breaking 
strength. A t  10-kg tablet hardness, for example, tablets prepared at  a 
thickness of 5.08 mm (line A) had a flexure breaking strength of 2.2 kg, 
whereas tablets prepared a t  a thickness of 7.62 mm (line D) had a 
breaking strength of 3.4 kg. 

The effects of various tablet formulations on the mechanical strength 
profile of tablets prepared a t  a constant thickness were studied. Mea- 
surements on 10 formulations are shown in Fig. 5. The formulations were 
prepared by either direct compression or wet granulation, and an attempt 
was made to vary the type and concentrations of fillers, binders, disin- 
tegrants, and lubricants. The formulation and ingredients did not sig- 
nificantly alter the mechanical strength of the tablet. The data indicate 
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Figure 5-Effects of 10 formulations on the mechanical strength of a 
7.035 x 17.900 x 6.350-mm capsule-shaped tablet. Key: 0,  direct- 
compression lactose (89.5% ), cornstarch (10% ), and magnesium stea- 
rate (0.5% ); X, unmilled dibasic calcium phosphate dihydrate (89.5% ), 
cornstarch (10% ), and magnesium stearate (0.5% ); 0 ,  unmilled dibasic 
calcium phosphate dihydrate (44.75 7; 1, direct-compression lactose 
(44.7*5%)), cornstarch (10% ), and magnesium stearate (0.5% 1; 0,  di- 
rect-compression lactose (44.75% ), microcrystalline cellulose (44.75% ), 
cornstarch (20% ), and magnesium stearate (0.5% ); 0, unmilled dibasic 
calcium phosphate dihydrate (44.75% ), microcrystalline cellulose 
(44.75% ), cornstarch (10% ), and magnesium stearate (0.5%); *, un- 
milled dibasic calcium phosphate dihydrate (77% ), microcrystalline 
cellulose (20% ), and stearic acid ( 3 8  ); I, dibasic calcium phosphate 
granules prepared by wet granulation (89.5% ), cornstarch (10% 1, and 
magnesium stearate (0.5% ); A, calcium sulfate granules prepared by 
uiet granulation (95% ), sodium carboxymethyl starch (4% ), and hy- 
drogenated vegetable oil (I  % ); +, calcium sulfate granules prepared 
by wet granulation (89.5% ),cornstarch (10% 1, and magnesium stearate 
(0.5% ); and A, calcium sulfate granules prepared by wet granulation 
(64.570 ), n-cellulose (25% ), cornstarch (10% ), and magnesium stearate 
(0..5% ). 

HARDNESS, kg 

that, for this specific tablet configuration, there is a linear relationship 
between the tablet crushing strength as determined by the tablet hard- 
ness measurement and the flexure breaking strength. 

The mechanical strength of different size lactose tablets is shown in 
Fig. 6. At the lower tablet hardness values, the differences in breaking 
strengths between the different size tablets were small; at .the higher 
tablet hardness values, the differences were significantly greater. The 
oval tablet (line D) had greater breaking strength than the capsule-shaped 
tablet. Since each breakage problem represents a unique set of conditions, 
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Figure 6-Effects of different size tooling on the mechanical strength 
(if lactose tablets. Key: A,  tablet of 5.156 (width) X 16.612 (length) X 
5.105 (thickness) mm; R,  tablet of 7.035 (width) X 17.900 (length) X 
6.350 (thickness) rnm; C, tablet of 7.112 (width) X 22.987 (length) X 
7.239 (thickness) mm; and D, oval-shaped tablet of 7.976 (width) X 
19.177 (length) X 6.655 (thickness) mm. 
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Figure 7- effect.^ of tablet concavity on the mechanical strength of a 
7.035-mm wide X 17.900-mm long X 6.350-mm thick lactose capsule- 
shaped tablet. Key: A, 1.143 mm deep; B, 1.8034 mm deep; and C, 2.235 
mm deep. 

0 2 4 6 8 10 12 14 

Figure 8-Effects of the bisect bar dimensions on the mechanical 
strength of a 7.035-mm wide X 17.900-mm long X 6.350-mm thick lactose 
capsule-shaped tablet. Key: A, no bisect bar; A, 0.762-mm wide and 
0.381-mm deep bisect bar; and C, 1.524-mm wide and 0.381-mm deep 
bisect bar. 

HARDNESS, kg 

the size and configuration of the tablet must be evaluated in terms of the 
specific problem. Where the cross-sectional area of the tablet may be the 
critical parameter in coating tablets, the length may be the critical pa- 
rameter in a bottle-filling operation. 

The effect of the concavity of the tablet on the mechanical strength 
of lactose tablets was evaluated (Fig. 7 ) .  Tablets were prepared with 
shallow (1.143 mm), medium (1.803 mm), and deep (2.235 mm) cups in 
which the overall dimensions of the tablet were maintained a t  7.035 X 
17.900 X 6.350 mm. Tablets made with the shallow cup had significantly 
less breaking strength a t  the same tablet hardness than did either the 
medium or deep cup tablets. At 12-kg tablet hardness, the shallow cup 
had a breaking strength of only 2.4 kg compared to the standard cup value 
of 3.3 kg and the deep cup value of 3.6 kg. 

The effect of the bisect on the mechanical strength of lactose tablets 
also was evaluated (Fig. 8). Using the same size tooling, tablets were 
prepared with no bisect, a 0.762-mm wide and 0.381-mm deep bisect, and 
a 1.524-mm wide and 0.381-mm deep bisect. Surprisingly, the bisect did 
not significantly alter the mechanical strength of these tablets. 
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Abstract The release through silicone rubber membranes of benzo- 
caine suspended in carbomer hydrogels containing different concentra- 
tions of low molecular weight polyols (ethylene glycol, propylene glycol, 
glycerol, and sorbitol) was studied to establish general principles and 
procedures for control of the effects on percutaneous absorption caused 
by changes in drug solubility and/or diffusivity in the vehicle. The effect 
of the additives on the release is expressed in terms of the relative released 
amount, i.e., the ratio, Q/Qw, of the amount of drug released from each 
additive-containing gel to the amount released at  the same time from the 
additive-free gel. The experimental Q/Qw values are correlated with 
values calculated by a simple equation involving known or readily mea- 
surable parameters such as the drug concentration in the gel, the drug 
solubility in the pure liquid phase, and the viscosity of this phase. Deri- 
vation of such a relationship from a known equation describing the ve- 
hicle-controlled release of suspended drugs was possible because an in- 
verse proportionality was observed between drug diffusivity in the gels 
and the viscosity of the respective solvents. This relationship is inter- 
preted with respect to current theories on drug diffusion in diluted 
gels. 

Keyphrases 0 Absorption, percutaneous-benzocaine, release from 
suspension hydrogels, influence of solvent power and microscopic vis- 
cosity of vehicle, in uitro 0 Benzocaine-percutaneous absorption, re- 
lease from suspension hydrogels, influence of solvent power and micro- 
scopic viscosity of vehicle, in uitro Hydrogels, suspension-percuta- 
neous absorption of benzocaine, influence of solvent power and micro- 
scopic viscosity of vehicle, in uitro Vehicles-suspension hydrogels, 
percutaneous absorption of benzocaine, influence of solvent power and 
microscopic viscosity of vehicle, in uitro 0 Percutaneous absorption- 
benzocaine, release from suspension hydrogels, influence of solvent power 
and microscopic viscosity of vehicle, in uitro 

Low molecular weight polyols are used extensively as 
humidity conditioners in dermatological hydrogels. Pro- 
pylene glycol, glycerol, and sorbitol usually are introduced 
in these dosage forms to prevent undesirable solid films 
from forming on the skin following water evaporation. In 
addition to vehicle stability, drug bioavailability can be 
affected profoundly by these additives through their effect 
on physicochemical factors controlling passive absorption, 
such as the solubility and diffusivity of the drug in the 
vehicle and the resistance of the skin barrier to drug pen- 
etration. 

The effect of varying the solubility of the penetrant in 
the vehicle on transepidermal penetration was investigated 
thoroughly (1-3). Other investigators (4) found that drug 
diffusion in the vehicle may provide a rate-limiting step 
in absorption if the drug is suspended in the vehicle. On 
the other hand, in uiuo studies have not fully clarified, 
except in certain cases, the effect of excipients on skin re- 
sistance to drug penetration. 

From the results of in uiuo studies on propylene glycol, 
the most studied of these polyols (5), a precise conclusion 
cannot be drawn as to whether this substance exerts its 

effect on drug penetration by influencing the physico- 
chemical properties of the vehicle or those of the skin or 
both. This uncertainty is due to the fact that, in most of 
these studies, the physicochemical parameters relative to 
the vehicle and the drug, namely, the solubility and ap- 
parent diffusivity of the drug in the vehicle, were not 
controlled suitably to allow assessment of the effects of the 
excipient on the skin barrier. These parameters must be 
considered for an appropriate evaluation of the release 
properties of topical vehicles. 

This paper discusses an in uitro study of drug release 
from hydrogels containing low molecular weight polyols. 
The purpose of this study was to establish general princi- 
ples and procedures for control of the effects on percuta- 
neous absorption caused by the additive-induced changes 
in drug solubility and diffusivity in these vehicles. Al- 
though convenient methods for determining the solubility 
and the diffusion coefficient of drugs in semisolid media 
have been developed (6-9), investigation of possible cor- 
relations of these parameters with the more readily mea- 
surable drug solubility in the liquid phase of gels and the 
viscosity of this phase, respectively, was desired. 

Propylene glycol, ethylene glycol, glycerol, and sorbitol 
were the additives studied because they are used widely 
in commercial preparations. Benzocaine (ethyl p-amino- 
benzoate) was selected as a model of a neutral, topical drug 
with low water solubility. 

THEORETICAL 

The effect on drug release to the skin by variations of the solubility 
and/or diffusivity of the drug in the vehicle depends on whether the 
rate-controlling step of release occurs in the skin (Case A), in the vehicle 
(Case B), or in both the skin and the vehicle (Case C ) .  

In Case A, such variations are expected to exert no effect on the release 
rate since this rate depends on skin parameters, which are presumed 
constant, and on the thermodynamic activity of the drug in the vehicle, 
which is independent of the vehicle properties, above saturation (10). For 
two vehicles characterized by different values of drug solubility and/or 
diffusivity, Q2/Q1 = 1, where the ratio Qz/QI of the amount of drug re- 
leased per unit area a t  any given time from Vehicle 2 to that released a t  
the same time from Vehicle 1 is defined as the relative released amount 
from Vehicle 2 with respect to Vehicle 1. 

Higuchi (1 1) derived the following equation for Case B: 

8 = d ( 2 A  - S ) S D t  (Eq. 1) 

where D, A,  and S are the apparent diffusivity, the total concentration, 
and the solubility of the drug in the vehicle, respectively. Equation 1 is 
valid for vehicles in which the apparent diffusion coefficient is constant, 
the suspended drug is finely dispersed, the dissolution of the drug is much 
faster than its diffusion through the vehicle, and the total drug concen- 
tration is a t  least threefold greater than the solubility. With Eq. 1, the 
following expression for the relative released amount can be derived: 

0022-354918010400-0387$0 7.0010 
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(Eq. 2) 

where the drug concentration is assumed to be the same in the two ve- 
hicles. 

In Case C ,  &/Q1 is expected to vary from 1 to the value expressed by 
Eq. 2, depending on the resistance the drug encounters in its diffusion 
through the respective vehicles relative to that in the skin’. 

Equation 2 should he suitable for evaluating the maximum effect on 
the in  uioo release of a drug to the skin attributable to variations of drug 
sc.lubility and/or diffusivity in the vehicle. Greater or opposite effects 
should be ascribed to modifications of the barrier properties of skin due 
to skin--vehicle interactions. 

The convenience of Eq. 2 for controlling the solubility and diffusivity 
effects obviously is connected with the ease of determination of these 
parameters. For gels, Eq. 2 can be modified to contain such readily 
nieasurable parameters as drug solubility in the solvent of the gel and 
the viscosity of this solvent. If the gel substance does not interact sig- 
nificantly with the drug, the solubility and diffusion coefficient of the 
drug in the gel should be practically the same as in the pure liquid. The 
diffusivity in  homogeneous liquids, D1. can be expressed through the 
viscnsity of the liquid, 9, and can be expected to range from: 

(Eq. 3) 

f o r  so!utes whose molar volume, u ,  is equal to the molar volume of the 
solvent, to: 

when the molar volume of the solute is significantly greater than that of 
the solvent’ (12). 

Suhstitution in Eq. 2 of the appropriate expressions of D1 ( i e . ,  Eq. 3 
or 4) in place of the respective D and of the drug solubility in the solvent 
o f t  he gel, S1, in place of the respective S leads to: 

(Eq. 5) 

tor Solvents 1 and 2, having either similar or different molecular volumes 
approximately equal to or smaller than that of the drug in the former case 
and considerahly smaller than that of the drug in the latter, or to: 

(Eq. 6) 

where the molecular volume of Solvent 1 is significantly greater than that 
of Solvent 2 and approaches the value of the diffusing particle. 

As stated, Eqs. 5 and 6 are applicable to gels where the interactions of 
the drug with the chains of the gel polymer are either absent or unim- 
portant. Actually, these equations also are valid where such interactions 
are strictly mechanical if the volume fraction of the gel substance is the 
same in Gels I and 2, and is not so high that the diameter of the gel pores 
approaches the diffusing particle diameter. In these conditions, the dif- 
fusion Coefficient in the gel is proportional to that in the solvent, Dl 
(12): 

It 6, the volume frartion of the gel substance, is the same in Gels 1 and 
2, then Eq. 2 for these gels again may be transformed into Eq. 5 or 6. On 
the other hand, the complications arising when the drug or some com- 
ponents of the liquid phase undergo complexation by the gel polymer rule 
out the application of simple Eq. 5 o r  6 to such systems. 

EXPERIMENTAL 

Materials--Ethylene glycol3, propylene glycol3, glycerol3, sorbito14, 
and carboxg.polymethylen~~ (carboxyvinyl polymer) were used as re- 

I This analysis assumes the same release mechanism for the two vehicles being 
compared. T h e  case of different mechanisms is not considered since it generally 
would reyuirr large variations of solubility and diffusivity. 

Striclly speaking, a corrertion for nonsphericity of the diffusant should lie 
introduced in the expression 01 D for  large particles. However, this correction has 
heen ignored since it  amounts tu <lo%, for all but the most elongated structures 
! I ? ) .  

Carlo Rrba 5 p . A . .  Milan. Italy. 
Istituto Chrtni~iterapico Italiano, Milan, Italy. 

.’ (’arIii)pil 934. B. F. Goodrich Chemical Co.. Cleveland, Ohio. 

Table I-Solubility, Diffusivity, and Viscosity Data at 30” 

Drug Drug 
Solubility Diffusivity 
in Solvent, in Gel, D ,  Viscosity, 9, cm2/sec cps 

D9, 

Gel Sl, mg/ml cm2/sec X 106 CPS x 106 

Solvent 

wa 1-31 8.6 
EG 25 2.37 4.5 
EG 36 3.35 4.1 
PG 17.5 2.44 4.7 

0.8 6.88 
1.60 7.2 
2.08 8.53 
1.58 7.33 

PG 30 4.07 3.7 2.16 7.99 
G 50 2.50 1.7 4.60 7.8 
G 66n 3.77 0.79 11.8 9.32 
s 54.5“ 1.05 - 12.3 - 

The solubility and diffusivity data for this gel were obtained from previous 
reports (7-9). 

ceived. The neutral sodium salt of carboxypolymethylene was prepared 
as described in the literature (13). Benzocaine3 was crystallized to a 
constant melting point of 91.5O and micronized6. The average diameter 
of the particles (microscopic analysis) was 2.0 pm (geometric). Simethi- 
cone7 (dimethyl polysiloxane, silicone rubber) sheeting in a labeled 
thickness of -127 pm was used as the membrane. 

Vehicles, Apparatus, and Procedures-Hydrophilic gels containing 
1% (w/v) carboxypolymethylene sodium salt were obtained from water 
(Gel W) and from the following aqueous polyols: 25% (w/w) ethylene 
glycol (Gel EG 25), 36% (w/w) ethylene glycol (Gel EG 361,1730 (w/w) 
propylene glycol (Gel PG 17.5), 30% (w/w) propylene glycol (Gel PG 301, 
50% (w/w) glycerol (Gel G 50), 66% (w/w) glycerol (Gel G 66), and 54.5% 
(w/w) sorbitol (Gel S 54.5). 

Solution gels, each containing benzocaine concentrations corresponding 
to 20 and 40% of the solubility in the respective solvents, and suspension 
gels, each containing I1 mg of micronized benzocaine/ml, were prepared 
following literature procedures (7,8). The apparatus and procedures used 
for the release experiments with the solution (9) and suspension (7) gels 
were reported previously. 

The apparent impermeability of the membrane to the polyols was 
demonstrated by the use of a previously described permeation cell and 
an apparatus (14) where the nongelled polyol-water mixtures without 
the drug were the internal solutions and water was the external phase. 
The periodic acid test (15) performed on this phase after 8-hr runs gave 
a negative result in all cases. Each release experiment was performed a t  
least three times, and the averaged data were used for the individual 
plots. 

Solubility Determinations-Benzocaine solubility in the solvent 
systems of the gels was determined by equilibrating excess benzocaine 
with the solvent at  30°. Samples then were withdrawn and rapidly filtered 
through a 0.22-pm pore filte8. The clear solutions were diluted with 
distilled water and spectrophot~metrically~ analyzed a t  286 nm. 

Diffusivity Determinations-The diffusion coefficient of benzocaine 
in the gels at  30° was calculated from the release data obtained from the 
solution gels according to a reported numerical method of analysis (9). 
The computations were executed with a computerlo. 

RESULTS AND DISCUSSION 

Solubility of Drug, Microscopic Viscosity of Gels, and Drug 
Diffusivity in Gels-The values of the solubility, S1, of benzocaine in 
the solvents of the gels studied are listed in Table I, together with the 
viscosity” of the solvents, 1, and the diffusion coefficient, D, of drug in 
the gels. These values were determined by a recently developed method 
based on numerical analysis of release data (9). Accordingly, two drug 
concentrations, corresponding to 20 and 40% solubility in the solvent, 
were run for each gel; the respective values of diffusivity obtained from 
the computations were compared to ascertain the independence of con- 
centration. This independence existed for all gels investigated since the 
diffusivity values determined at the two drug concentrations were within 
experimental error. Table I reports the average values. The diffusion 
coefficient of benzocaine in the gel containing sorbitol was not determined 
since previous work showed concentration dependence of this parameter 
(9). 

6 Jet mill model dMRS-80, Fryma Maschinen AC. Rheinfelden, Switzerland. ’ Silastir, Medical Products Division, Dow Corning Corp., Midland, Mich. 
GSWP 01300, Millipore Filter Corp.. Bedford, Mass. 
Beckman DU sDectroDhotometer. 

L01BM370/168. ’ ’ 

l 1  Rheomat-30 viscosimeter, Contraves. Zurich, Switzerland. 
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Figure 1-Solubility of benzocaine in polyol-water mixtures a t  30”. 
Key: m, propylene glycol; A ,  ethylene glycol; 0 ,  glycerol; and L,  sor- 
bitol. 
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The concentration independence of diffusivity in Gels W, G 50, G 66, 
EG 25, EG 36, PG 17.5, and PG 30 points to the absence of self-aggrega- 
tion of the benzocaine molecules over the concentration ranges investi- 
gated (12). Complexation of the drug by the gel substance also can be 
excluded, because previous work indicated that the addition of carbox- 
ypolymethylene sodium salt to solutions of benzocaine in water or in 
water-glycerol did not alter the thermodynamic activity of the drug (8). 
Then the values reported in Table I for the solubility in the solvents also 
may be referred to as the drug solubility in the corresponding gels. 

The dependence of the parameters in Table I on solvent composition 
can be visualized best in Figs. 1-3. Table I and Fig. 1 show that the sol- 
ubility of benzocaine in the solvent mixtures increased with increasing 
content of propylene glycol, ethylene glycol, or glycerol, but the opposite 
effect was produced by sorbitol. For a given composition of the water- 
additive mixture, ascent in the polyol series from ethylene glycol to sor- 
bitol resulted in a progressive solubility decrease. Such a decrease was 
more evident for higher additive concentrations. The greater solvent 
power of propylene glycol with respect to ethylene glycol probably was 
due to the moderately lower polarity of the propylene glycol molecule. 

A substantial inverse proportionality between the diffusion coefficient 
in the gels and the viscosity of the respective solvents can be noticed on 
comparing the data in Figs. 2 and 3. This relationship is confirmed in 
Table I by the Da products approximating a constant and in Fig. 4 by the 
linear trend of the D versus 1/11 plot with a least-squares intercept ap- 
proximating zero. Such a relationship agrees with the theory. Once 
complexation is excluded, only mechanical interactions between the 
diffusing species and the gel substance can be anticipated. Then, a t  the 
low concentrations of the gel polymer used in the present work, a pro- 
portionality between the diffusion coefficient of the drug in the gel and 
that in the solvent should exist and should be expressed by Eq. 7. Com- 
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Figure 2-Viscosity of polyol-water mixtures a t  30’. Key: 8.  vroovlene 
glycol; A ,  ethylene glycol; and 0 ,  glycerol. 

0 50 100 
POLYOL, % 

Figure 3-Diffusiuity of benzocaine in the polyol-containing hydrogels. 
Key: 8,  propylene glycol; A ,  ethylene glycol; and 0 ,  glycerol. 

pliance of the latter coefficient with (or, in fact, an approximation to) Eq. 
3 or 4 should account for the relationship between D and 11 emerging from 
the present data. Equation 4 seems more appropriate since the molecular 
volume either of water or of the polyols is in all cases smaller than that 
of the diffusing particle. 

According to the foregoing considerations, the viscosity of the solvent 
mixtures should represent the effective microscopic viscosity of the re- 
spective gels; in turn, the composition of the liquid phase of gels should 
be substantially the same as that of the corresponding nongelled solvents. 
The assumption of an inverse proportionality between D and q ,  although 
substantially reasonable, is in fact an approximation. The nonzero in- 
tercept of the D versus l /v plot in Fig. 4 hardly is attributable only to 
experimental errors. This observation may be better explained by ad- 
mitting that in the presence of increasing additive concentrations, the 
diffusion coefficient in the liquid phase of gels deviates toward higher 
values than those expressed by Eq. 4. Furthermore, the volume fraction 
of solvent immobilized by the polymer might decrease, thus causing a 
decrease of the mechanical interactions of the diffusing particle with the 
gel network and, consequently, an increase of the diffusion coefficient 
in the gel with respect to that in the solvent (Eq. 7). 

Influence of Solubility and Microscopic Viscosity on Release- 
Silicone rubber membranes similar to those used in this investigation 
were employed previously (4) for simulating skin. Their permeability to 
the drug is not supposed to be influenced by the polyols since none of 
them was found in the receiving phase. The degree of fineness of the 
suspended benzocaine, the concentration of the drug, and the concen- 
tration of the gel polymer all were kept constant so that the differences 
in release could not be attributed to these variables. 

The plots in Fig. 5 show that either the solubility of the drug or the 
microscopic viscosity of the gels markedly affected release. Substantially 

l o t  / 

1/11, CPS 

Figure 4-Plot of benrocaine diffusivity in the hydrogek versus the 
inverse viscosity of the respective solvents. Key: m, propylene glycol- 
containing gels; A ,  ethylene glycol-containing gels; 0 ,  glycerol-con- 
taining gels; a n d r ,  additive-free Gel W. The linear regression param- 
eters are slope = 6.65 and intercept = 0.44. 
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Figure 5-Plot of data on release from the suspension hydrogels 
showing the amount of benzocaine releasedpef  unit area as Q function 
of time. The total drug concentration w a s  11 mglml. Key:  L, Gel W; A, 
(:el S 54.5; e, Gel G 66; and B, Gel G 50. The plots for Gels h'G %5, EG 
36, PG 17.5, and PG 30 are nearly sirperimposable on that  for Gel w. 
distinct release patterns were shown by gels differing only in a single 
parameter (compare the data in Table I and Fig. 5 for Gels G 66 and S 
54.5 and for Gels PG 17.5 and G 50). The data also indicate that the drug 
solubility and the gel microviscosity exerted their effects in opposite 
directions, with the former related directly and the latter related inversely 
to release. This effect can explain the substantially identical release 
pattern shown by gels differing in both parameters such as Gels W, EG 
25 (or PG 17.5). and PG 30 (or EG 36) since any increase in the drug 
solubility was paralleled by an increase in the microscopic viscosity. 

In light of the considerations stated under Theoretical, the results 
point to possible utilization of Eq. 5 for controlling the effect on release 
of varying the described parameters. Such an effect may be represented 
through the relative released amount, i.e.. the ratio, QIQw, of the amount 
of drug released from each additive-containing gel to the amount released 
at  the same time from the additive-free Gel W. The plots in Fig. 6 were 
intended to verify the time dependence of QIQw for each gel; a compar- 
ison of the values of Q/& determined a t  the end of the release experi- 
ments ( t  = 25.2 X lo3 sec) with those calculated by Eq. 5 is given in Table 
11. 

The relat,ive released amount was time dependent for gels (G 50, G 66, 
and S 54.5) that showed a marked deviation from the Q/Qw value of unity 
determined a t  t = 25.2 X lo3 sec. Such a deviation was essentially less 
than that. calculated by Eq. 5. On the other hand, a fair correspondence 
existed a t  all t,imes between the experimental and the calculated Q/Qw 
values when the lat,ter value approximated one (see the data for PG 17.5, 
1% 30, EG 25, and EG 36). These results are in compliance with the 
theoretical considerations for Case C, and they appear to substantiate 
a vehicle--membrane-controlled release for the present gels. The in- 
creasing deviation of Q/Qw from unity with time toward the value ex- 
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Figure 6-Plots of f h e  relatiue released amount .  B/Qw, versus t ime. 
1ic.y: A, (,",/ S.i-1.5; e. Grl  G 66; B, Gel C 50; and L.  Grl  PC 17.5. The  
plots  for ( ;c~l ,s  I'C; SO, 6 G  2.5, and E(: 36 are nearlv superimposable on 
thcit  for (;c/ f 7.5.  

Table 11-Comparison of Experimental Relative Released 
Amount. WQW. with Values Calculated bv Ea. 5 

Gel Experimental ( t  = 25.2 X lo3 sec) Calculated 

EG 25 1.04 0.93 
EG 36 1.07 0.94 
PG 17.5 1.01 0.94 
PG 30 1.06 0.99 
G 50 0.69 0.56 
G 66 0.58 0.41 
s 54.5 0.36 0.22 

pressed by Eq. 5 is in agreement with the statement in previous reports 
(7,16) that the vehicle-membrane-controlled release model evolves with 
time toward the vehicle-controlled model. Also, the present experimental 
evidence supports the view that Eq. 5 expresses the maximum effect on 
release produced by variations of the drug solubility and/or the gel 
microviscosity. 

In Fig. 7, the experimental values of the relative released amount de- 
termined at  t = 1.2 X lO:'sec, t = 3.6 X lo3 sec, and t  = 25.2 X lo3 sec for 
all gels are plotted uersus the values calculated by Eq. 5. The alignment 
of points clearly indicates that a definite relationship existed between 
the experimental vehicle-membrane-controlled Q/Qw and the calculated 
vehicle-controlled values. This result points to the usefulness of such plots 
as calibration curves of the effects of the solubility and the diffusivity 
of the drug in the applied phase on quasi-steady-state12 drug penetration 
through a membrane. Curves of this type, if obtained from in uiuo ex- 
periments, should he indicative of the absence of vehicle-induced changes 
in skin permeability to drug; in this event, they could enable the pre- 
diction of the relative released amount once the parameters in Eq. 5 are 
determined. The more general Eq. 2 should be used to construct similar 
calibration curves when dealing with vehicles not meeting the require- 
ments of Eq. 5. 

CONCLUSIONS 

In summary, Eq. 5 is proposed as a tool for controlling the effects of 
polyol additives, usually introduced in dermatological hydrogels, on 
important physiccxhemical factors influencing drug release such as the 
solubility and diffusivity of the drug in the vehicle. This equation has been 
shown to predict the maximum effect on benzocaine penetration through 
silicone rubber membranes associated with changes in the described 
parameters. A precise correlation exists between the experimental values 
of the relative released amount and the values calculated by Eq. 5. This 
finding points to the potential usefulness of this equation for constructing 
calibration curves of the effects of drug solubility and diffusivity in the 
vehicle on quasi-steady-state drug penetration through skin. 

Although a silicone rubber membrane is far from being perfectly rep- 

12 According to the rpsull:. 0 1  a pirvivus work ( 7 ) .  linear concentration gradients 
of' the drug in the membrane should exist alter the  early times of the  release ex- 
periments. 
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resentative of skin with regard to drug penetration, it nevertheless pro- 
vides the requirements for the present comparative study where the 
following assumptions were made: 

1. Skin transport is passive. 
2. The skin parameters relevant to drug penetration are not influenced 

by the vehicle. 
3. The vehicle composition does not change significantly during re- 

lease. 
Derivation of Eq. 5 from Higuchi’s Eq. 1 (11) was possible because an 

inverse proportionality was observed between the diffusivity of drug in 
gels and the viscosity of the respective solvents. Such a relationship is 
justifiable considering the current theories on diffusion in diluted gels, 
as long as the viscosity of each solvent is accepted as the microscopic 
viscosity of the corresponding gel and self-aggregation or complexation 
of the drug is excluded. All of the gels studied in the present work (except, 
perhaps, the gel containing sorbitol) met the requirement of Eq. 5 that 
the molecular volume of the components of the liquid phase be sub- 
stantially smaller than that of the diffusing drug. The cases of molecular 
volume of solvent approaching or exceeding that of the drug might de- 
serve investigation for the applicability of Eq. 5 or 6. 

It is hoped that the present study will help to rationalize the com- 
pounding of pharmaceutical gels and, furthermore, that the suggested 
principles and procedures for controlling the vehicle parameters will be 
useful in in uiuo studies intended to assess the effects of excipients on 
skin permeability to drugs. 
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Abstract Three suspensions of 0.1% [3H)dexamethasone were pre- 
pared with mean particle sizes of 5.75,11.5, and 22.0 pm. The suspensions 
were dosed topically to the right eyes of rabbits. Their bioavailability was 
compared by measuring aqueous humor and corneal levels over 5 hr. A 
statistically significant rank-order correlation was observed between 
increasing drug levels and decreasing particle size. 

Keyphrases Dexamethasone-ophthalmic suspensions, bioavail- 
ability, effect of particle size, rabbits 0 Bioavailahility-dexamethasone, 
ophthalmic suspensions, effect of particle size, rabbits Ophthalmic 
preparations-dexamethasone suspensions, bioavailability, effect of 
particle size, rabbits 

In the development of an aqueous suspension for topical 
use in the eye, the size of the suspended particles often is 
governed by their irritation potential. Although the par- 
ticle size is an important consideration in irritation and 
comfort, the ophthalmic bioavailability of the drug can be 
influenced by particle size according to one or two possible 
in uiuo mechanisms. If the particle induces tearing, rapid 
drainage of the instilled dose could reduce bioavailability 
(1,2). In addition, the dissolution rate of particles residing 

in the conjunctival sac just after dose instillation should 
influence ophthalmic bioavailability. 

Few published articles have indicated the importance 
of particle size in ophthalmic bioavailability. Sieg and 
Robinson (2) studied the bioavailability of a 0.1% oph- 
thalmic fluorometholone suspension and demonstrated 
that the particles were retained within the conjunctival sac 
longer than the corresponding saturated solution and 
contributed significantly to the quantity of drug pene- 
trating the cornea. By comparing the area under the 
aqueous humor-time curve for the 0.1% suspension and 
the saturated solution, -78% of the area was determined 
to come from the retained particles. Therefore, the disso- 
lution rate for poorly soluble drugs may influence the rate 
and extent of penetration into eye fluids. 

The present study was conducted in rabbits to deter- 
mine the importance of particle size in the ophthalmic 
bioavailability of a 0.1% dexamethasone suspension. 
Dexamethasone was chosen because of its clinical signifi- 
cance and because of the availability of tritiated dexa- 
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resentative of skin with regard to drug penetration, it nevertheless pro- 
vides the requirements for the present comparative study where the 
following assumptions were made: 

1. Skin transport is passive. 
2. The skin parameters relevant to drug penetration are not influenced 

by the vehicle. 
3. The vehicle composition does not change significantly during re- 

lease. 
Derivation of Eq. 5 from Higuchi’s Eq. 1 (11) was possible because an 

inverse proportionality was observed between the diffusivity of drug in 
gels and the viscosity of the respective solvents. Such a relationship is 
justifiable considering the current theories on diffusion in diluted gels, 
as long as the viscosity of each solvent is accepted as the microscopic 
viscosity of the corresponding gel and self-aggregation or complexation 
of the drug is excluded. All of the gels studied in the present work (except, 
perhaps, the gel containing sorbitol) met the requirement of Eq. 5 that 
the molecular volume of the components of the liquid phase be sub- 
stantially smaller than that of the diffusing drug. The cases of molecular 
volume of solvent approaching or exceeding that of the drug might de- 
serve investigation for the applicability of Eq. 5 or 6. 

It is hoped that the present study will help to rationalize the com- 
pounding of pharmaceutical gels and, furthermore, that the suggested 
principles and procedures for controlling the vehicle parameters will be 
useful in in uiuo studies intended to assess the effects of excipients on 
skin permeability to drugs. 
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Abstract Three suspensions of 0.1% [3H)dexamethasone were pre- 
pared with mean particle sizes of 5.75,11.5, and 22.0 pm. The suspensions 
were dosed topically to the right eyes of rabbits. Their bioavailability was 
compared by measuring aqueous humor and corneal levels over 5 hr. A 
statistically significant rank-order correlation was observed between 
increasing drug levels and decreasing particle size. 
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In the development of an aqueous suspension for topical 
use in the eye, the size of the suspended particles often is 
governed by their irritation potential. Although the par- 
ticle size is an important consideration in irritation and 
comfort, the ophthalmic bioavailability of the drug can be 
influenced by particle size according to one or two possible 
in uiuo mechanisms. If the particle induces tearing, rapid 
drainage of the instilled dose could reduce bioavailability 
(1,2). In addition, the dissolution rate of particles residing 

in the conjunctival sac just after dose instillation should 
influence ophthalmic bioavailability. 

Few published articles have indicated the importance 
of particle size in ophthalmic bioavailability. Sieg and 
Robinson (2) studied the bioavailability of a 0.1% oph- 
thalmic fluorometholone suspension and demonstrated 
that the particles were retained within the conjunctival sac 
longer than the corresponding saturated solution and 
contributed significantly to the quantity of drug pene- 
trating the cornea. By comparing the area under the 
aqueous humor-time curve for the 0.1% suspension and 
the saturated solution, -78% of the area was determined 
to come from the retained particles. Therefore, the disso- 
lution rate for poorly soluble drugs may influence the rate 
and extent of penetration into eye fluids. 

The present study was conducted in rabbits to deter- 
mine the importance of particle size in the ophthalmic 
bioavailability of a 0.1% dexamethasone suspension. 
Dexamethasone was chosen because of its clinical signifi- 
cance and because of the availability of tritiated dexa- 
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methasone, which permits determination of low drug levels 
in aqueous humor. 

EXPERIMENTAL 

Materials-Two millicuries of tritiated dexamethasone dissolved in 
benzene-ethanol (9:t) was obtained commercially'. Nontritiated dexa- 
methasone2 was used as received. Other chemicals were reagent grade. 

Preparat ion of Particle-Size Dexamethasone Fractions-Tri- 
tiated dexamethasone in benzene-ethanol(91) was evaporated to dryness 
using a nitrogen stream and was redissolved in 0.5 ml of absolute alcohol. 
An alcoholic solution containing 120 mg of nontritiated dexamethasone 
in 5.6 ml was heated to 65' and was added to 0.4 ml of the tritiated alco- 
holic dexamethasone solution. This supersaturated solution was trans- 
ferred to a test tube, submerged in an ice bath a t  O', and sonified3 for 10 
min until crystallization occurred. 

Crystals were harvested 2,9, and 24 hr following sonification by re- 
moving 2 ml of the resulting suspension at each time increment and fil- 
tering through a 0.45-pm membrane4. The three fractions of dexameth- 
asone crystals were air dried and removed carefully from the membrane. 
The dried microfine powder was assumed to contain tracer homoge- 
neously throughout its crystalline structure. 

Suspension Preparation-Five milliliters of 0.1% dexamethasone 
suspension was prepared separately from the three microfine powder 
fractions using a vehicle consisting of 0.9% NaCI, 0.05% polysorbate 80, 
and water for injection. Each suspension was sonified for 30 sec to achieve 
uniform dispersion of the particles and was stored in several small vials 
a t  4' for <4 weeks. 

Particle-Size Measurement-Several suspensions were formulated 
with narrow and nearly nonoverlapping particle-size distributions using 
an adapted sonification technique (3-5). The suspensions were formu- 
lated as simply as possible. Viscosity-inducing agents were omitted be- 
cause their effect on particle-size growth is not known. Particle-size 
distributions of each suspension were performed with a research micro- 
scope5. The eye-piece micrometer had been calibrated previously using 
a stage micrometer. 

A t  least 300 particles were measured for each determination of the 
particle-size distribution. Microscopic examinations confirmed that the 
particles were well dispersed with no evidence of agglomeration. At the 
end of the study, the suspensions were examined again for the mean 
particle size and distribution; no differences were noted as a function of 
storage conditions. 

Procedure-New Zealand White rabbits without observable eye de- 
fects, 1.5-3.0 kg6 and 2-3 months old, were used. Four to six rabbits were 
studied at each time interval for each preparation. The animals were 
randomized with respect to the formulation each received. A single 50-pl 
dose7 was administered to the right eye. The lower lid was pulled away 
from the globe, and the drop was allowed to fall onto the cornea, with the 
excess falling into the conjunctival sac. The eyelid was returned carefully 
to its normal position. 

The rabbits were sacrificed by rapid injection of 20 cm of air into the 
marginal ear vein at  intervals of 0,0.33,0.67,1,1.67,2.5, and 5 hr. Aqueous 
humor samples of about 0.15 ml were removed from the anterior chamber 
with a 27-gauge needle attached to a 1-ml tuberculin syringe and were 
added quantitatively to a counting vial6 in volumes of 0.125-0.175 ml. 
Ten milliliters of scintillation fluidg was added to each vial. 

Immediately following removal of the aqueous humor samples, 8-mm 
corneal buttons were removed with the use of a trephinelo, blotted once 
on each side, weighed, and immediately place in a counting vial containing 
1.0 ml of tissue solubilizer". The mixture was allowed to stand overnight 

I Lot 1022-145, [6,7-3H]dexamethasone. New England Nuclear, Boston, 
Mass. 

Lot 18C-01302, Sigma Chemical Co., St. Louis, Mo. 
Model W140 sonifier cell disruptor (Heat Systems-Ultrasonics, Plainview, 

N.Y.) equipped with a QBSPG probe (Branson Sonic Power Co., Danbury, 
Conn.) 

Millipore. 
Bausch & Lomb Optical (10.. Rochester, N.Y. 
Three rabbits weighed 3 kg, and the remainder weighed between 1.5 and 2.2 

kg; data from the larger rabbits fell within the range of data from the smaller rab- 
bits. 

Eppendorf pipet, Brinkmann Instruments, Westbury, NY 11590. 
8 Low-potassium glass vials with polyseal cone-lined screw caps, Packard In- 

Insta-gel, Packard Instrument Co.. Downers Grove. IL 60515. 
strument Co., Downers Grove, 1L 60515. 

Louis, MO 63122. 
' 0  Martinez disposable corneal trephine, 8 mm, Storz Surgical Instruments, St. 

Soluene 350, Packard Instrument Co.. Downers Grove, IL 60515. 

Table I-Particle Statistics for Dexamethasone Suspensions 

CV for 

Suspen- dima, d,,, b, d,,,', Particles Systeme, 
Number of Randomized 

sion pm pm pm perDosed % 

A 2.19 3.50 6.75 1,114,200 0.095 
B 8.80 9.90 11.50 49,200 0.450 
C 18.93 20.4 22.0 5.630 1.3 

(I Length number diameter or arithmetic mean, BndlZn.  * Volume number di- 
ameter, (Znd3/2n)"3.  e Volume surface diameter, Znd3 Znd*. d Calculated from 
the particle number, 6 / x d ; , p  e Calculated from u = & (from Ref. 7). 

to permit dissolution of the cornea. Ten milliliters of scintillation fluid12 
then was added to each vial. The vials were allowed to adapt to the dark 
overnight before counting. A minimum of 10,000 counts was obtained 
(2% counting error) for each sample. The internal standardization method 
(6) was used to determine counting efficiencies and, therefore, permitted 
the quantity of steroid13 present in each sample to be calculated. 

RESULTS AND DISCUSSION 

The specific activities of Suspensions A, B, and C were 10.3,11.4, and 
11.2 pCilmg, respectively. The radiochemical purity of each tracer before 
and after preparation of each suspension as well as a t  the end of the study 
was approximately 98%14. A particle-size analysis was performed on each 
suspension prior to use (Fig. 1). 

The particle statistics and diameters of each 0.1% dexamethasone 
suspension are shown in Table I. The mean volume surface diameter, d,,, 
which emphasizes surface characteristics (7), was used to express the 
mean particle size. Measurements of 5.75,11.5, and 22.0 pm were obtained 
for Suspensions A, B, and C, respectively. The d,, parameter was con- 
sidered appropriate since the GI absorption rate of poorly soluble, weakly 
acidic, and, particularly, neutral drugs has been shown to be dissolution 
rate limited (8-10). After sonification, crystallization continued. The 
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DIAMETER, pm 

l 2  Dimilume-YO, Packard Instrument Co., Downers Grove, 1L 60515. 
l 3  Quantification of total quantities of tracer does not permit differentiation 

between metabolites and intact drug. Therefore. steroid, as used here, should be 
considered apparent. 

I' Fifty microliters of each suspension was dissolved in an equal quantity of 
methanol and chromatographed with chloroform-methanol (9:l). The radio- 
chemical purity was determined using a model 7230 radiochromatographic scanner. 
Packard Instrument Co., Downers Grove, IL 60515. 
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Table 11-Dexamethasone Concentration in  Aqueous Humor and Cornea following Topical Application of 0.1 % Suspensions of 
Varying Mean Particle Size 

Micrograms per Milliliter Micrograms per Gram 
of Aqueous Humor of Cornea 

Number of Suspension Suspension Suspension Suspension Suspension Suspension 
t ,  hr Eyes A" Bb C' P A" Bb C' P 

0.33 5 0.079 (0.016)d 0.061 (0.043) 0.024 (0.006) <O.Ole 5.8 (2.56) 4.11 (0.79) 2.50 (1.68) <0.05 
0.67 6 0.215 (0.151) 0.093 (0.013) 0.0696 (0.011) <O.Ole 5.01 (2.84) 3.46 (1.18) 2.05 (0.62) <0.025e 
1 .o 6 0.249 (0.069) 0.103 (0.037) 0.064 (0.023) <0.01 4.56 (1.14) 2.24 (0.84) 0.412 (0.81) <0.01 
1.67 5 0.193 (0.112) 0.139 (0.083) 0.082 (0.03) NS 2.81 (2.47) 2.39 (1.22) 1.40 (0.93) NS 
2.5 5 0.106 (0.054) 0.098 (0.020) 0.037 (0.018) <0.01' 1.44 (0.75) 1.44 (0.31) 0.519 (0.25) <0.025 
5.0 4 0.035 (0.091) 0.021 10.009) 0.009 10.003) NS' 0.576 (0.36) 0.371 (0.19) 0.221 (0.09) NS 

~ ~~ ~ 

0 Mean particle size = 5.75 pm. b Mean particle size = 11.5 pm. c Mean particle size = 22.0 pm. Number in parentheses represent 1 SD. Determined by one-way 
analysis of variance for heterogeneous variances: all other data sets were determined by the standard one-way analysis of variance for homogeneousvariances. NS = not 
significant or p > 0.05. 

particle size increased after 2 hr. Relatively narrow distributions were 
achieved, but some overlap occurred. Removal of crystals from the filter 
after drying and subsequent handling produced some particle commi- 
nution that contributed to this overlap. 

The averaged aqueous humor levels of dexamethasone obtained after 
dosing with the 0.1% preparations are shown in Fig. 2. A rank-order 
correlation is observed between increasing drug levels and decreasing 
particle size. 

Because of the small sample size used at certain time intervals, a het- 
erogeneous variance resulted. The assumption of homogeneous variances, 
which is required by a standard one-way analysis of variance, was tested 
with the use of Bartlett's test of homogeneity of variances (11). Of the 
12 time points, five produced x2 distributions of p < 0.05, indicating 
heterogeneous variances for these data sets. The iemaining seven data 
sets could be treated with the standard one-way analysis of variance 
(Table 11). 

When an equal number of cases (or eyes) is used in each treatment 
population, the effect of heterogeneous variances is less important in 
producing erroneous F distributions (12, 13). Nevertheless, an analysis 
of variance for heterogeneous variances was applied to the appropriate 
data sets (12,13). This method differs from the standard method in that 
the means are weighted according to the reciprocal of the sample variance, 
and a corrected error mean square term takes the weighting into account 
(12). An analysis of variance indicated a statistically significant difference 
for the aqueous humor levels of dexamethasone at  each sampling time 
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Figure 2-Mean deramethasone concentration in the aqueous humor 
of rabbits (n = 4-6) after dosing with 50 p l  of 0.1 % suspensions of 
varying particle size. Key: 0, d,. = 5.75 prn (Suspension A ) ;  A, d,, = 
11.5 prn (Suspension B) ;  and 0, d, = 22.0 prn (Suspension C). 

except the 1.67- and 5-hr intervals. Table I1 lists the probability values 
calculated for the data. 

Although dissolution rates were not determined for each formulation, 
the results agree with the expected findings. Suspension A, with its 
smaller particle size, would be expected to have a more rapid dissolution 
rate and, providing absorption is dissolution rate controlled, would show 
a higher C,,, and an earlier time to peak than Suspension B or C. In 
comparing Suspensions B and C, Suspension B, which had a smaller 
particle size, showed a higher Cmax but had an identical apparent time 
to peak. More frequent sampling may have permitted a separation of time 
to peak for Suspensions B and C. The area under the aqueous humor- 
time curves through the five sampling periods diminished for Suspensions 
A-C. This effect would occur if the residence time of particles in the 
conjunctival sac for each suspension was relatively short in comparison 
to their respective dissolution rates. 

Figure 3 shows similar results obtained for corneal levels of drug with 
time. A statistical difference also was determined between Suspensions 
A-C for corneal drug levels for most sampling times (Table 11). An ap- 
parent time to peak was observed at  0.33 hr; however, earlier sampling 
periods might have indicated an earlier time to peak. The area under each 
curve shows reduced absorption as the particle size increased. 

Suspensions A and B, but not C, showed a parallel decline from 2.5 to 
5 hr for the aqueous humor levels. For the corneal data, Suspensions A 
and C, but not B, showed a parallel decline. The reason for this obser- 
vation may be related to each suspension; however, more data points in 
this region are needed to draw a firm conclusion. 
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According to the data presented, Figs. 2 and 3 suggest that  as the 
particles increase in size, the in uiuo dissolution rate decreases such that 
the particles are removed from the conjunctival sac before dissolution 
is completed. Therefore, both the rate and the extent of penetration into 
aqueous humor are decreased. 

It is possible that as particle size increases, a potential for discomfort 
is created. As a consequence, tearing could be induced and a progressively 
decreasing residence time might occur. No clear distinction has been 
made regarding an upper limit in particle size that would be considered 
comfortable and, therefore, would not induce tearing. Sieg and Robinson 
(2) stated that the particle size should be <10 pm to minimize particle 
irritation in the eye. However, shape and concentration are additional 
factors that make it difficult to select a specific particle size above which 
irritation or discomfort might result. From observing the animals during 
the study, there was no reason to believe that dexamethasone induced 
tearing a t  a concentration of 0.1% and an average size of 5.75-22 pm. 
Nevertheless, the present data do not rule out this possibility. 

A potential source of variability between ophthalmic suspensions with 
different particle sizes could be differences in the amount of the admin- 
istered dose. Table I lists the volume number diameter, d,,, from which 
the number of particles per dose can be calculated. In low-strength sus- 
pensions such as 0.1% dexamethasone, as the drug particle size increases 
t,he number of particles per dose falls rapidly (i.e., inversely with the cube 
of d,,), potentially increasing the standard deviation of the drug con- 
centration in a randomized dose. The last column in Table I illustrates 
this point. 

Although a limited number of animals was used in the study, the results 

suggest that  ophthalmic dexamethasone suspensions can be optimized 
for bioavailability by using suspensions with particles as small as possible. 
This approach would promote a rapid dissolution rate and reduce the 
chance of tearing and, therefore, would minimize rapid drainage as well 
as the variability in the quantity of dose administered. 
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Abstract Cimetidine given orally without food after an overnight fast 
produces a blood concentration curve with a pronounced second peak 
that does not appear after parenteral administration or when the drug 
is taken with food. The following interpretation of this kinetic phenom- 
enon is proposed: 1. The drug cumulates in a tissue or organ that is well 
perfused in the first-pass transfer. 2. The hepatic parenchymal tissue 
and the bile phase are the most likely storage areas. 3. The high capacity 
of the cumulation may be due to the formation of conjugates or other 
modifications of the drug with a pronounced affinity for the hepatic- 
biliary system. 4. The rate of cumulation is much higher in the first-pass 
transfer than from the systemic circulation, possibly due to the difference 
in the drug concentrations and the conjugation rate. 5. The cumulation 
appears to occur by a competitive process. 6. Absorbed elements of food 
seem to compete in this process. 7. The second peak apparently is the 
result of a rapid release of drug and bioreversible drug compounds from 
the hepatic-biliary system with subsequent reabsorption. 8. This release 
may occur spontaneously but appears to be triggered by food intake. A 
pharmacokinetic model constructed according to this interpretation 
showed good agreement with data from oral, intravenous, and intra- 
muscular administration. The special problems associated with the 
evaluation of bioavailability in the presence of reabsorption are dis- 
cussed. 

Keyphrases Cimetidine-pharmacokinetics, bioavailability, humans 
Pharmacokinetics-cimetidine, humans Bioavailability-cimeti- 

dine, humans 

Blood levels of cimetidine in humans after oral dosing 
(1-8) and intravenous administration (2,5,6) have been 
analyzed with respect to the pharmacological response (2), 
influence of a meal on absorption (3), biliary distribution 
and secretion (4), and bioavailability (1, 5, 6). The drug 

shows unusual pharmacokinetic behavior in producing a 
significant secondary peak in the drug concentration 
profile after oral dosing on a fasting stomach but not after 
intravenous administration (5-7). No attempts have been 
made to describe the pharmacokinetics of the phenom- 
enon. 

A conventional two-exponential model has been applied 
(61, but such a model does not account for the secondary 
peaks. Bodemar et al. (8) stated that: “A second absorption 
peak could be explained by enterohepatic circulation of 
cimetidine, although a preliminary report by Spence et al. 
(4) seems almost to exclude this possibility.” Considering 
the possibility of delayed absorption of some of the cime- 
tidine or a varying absorption rate a t  different segments 
of the GI tract (6), the same authors (1) stated that: “Cal- 
culations from the present results indicate that the con- 
sideration from a hypothetical delayed absorption is as 
much as 50% of total AUC in some patients. Delayed ab- 
sorption of this magnitude, however, is unlikely and this 
second peak following oral administration of cimetidine 
remains to be explained.” 

This study was intended to evaluate the pharmacoki- 
netics of cimetidine and to explain its kinetic discrepancy 
using the data of Walkenstein et al. (5). It is proposed that 
the phenomenon can be described best in terms of dis- 
continuous reabsorption. The special problems associated 
with the evaluation of bioavailability in the presence of 
reabsorption are discussed. 
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Abstract Cimetidine given orally without food after an overnight fast 
produces a blood concentration curve with a pronounced second peak 
that does not appear after parenteral administration or when the drug 
is taken with food. The following interpretation of this kinetic phenom- 
enon is proposed: 1. The drug cumulates in a tissue or organ that is well 
perfused in the first-pass transfer. 2. The hepatic parenchymal tissue 
and the bile phase are the most likely storage areas. 3. The high capacity 
of the cumulation may be due to the formation of conjugates or other 
modifications of the drug with a pronounced affinity for the hepatic- 
biliary system. 4. The rate of cumulation is much higher in the first-pass 
transfer than from the systemic circulation, possibly due to the difference 
in the drug concentrations and the conjugation rate. 5. The cumulation 
appears to occur by a competitive process. 6. Absorbed elements of food 
seem to compete in this process. 7. The second peak apparently is the 
result of a rapid release of drug and bioreversible drug compounds from 
the hepatic-biliary system with subsequent reabsorption. 8. This release 
may occur spontaneously but appears to be triggered by food intake. A 
pharmacokinetic model constructed according to this interpretation 
showed good agreement with data from oral, intravenous, and intra- 
muscular administration. The special problems associated with the 
evaluation of bioavailability in the presence of reabsorption are dis- 
cussed. 
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Blood levels of cimetidine in humans after oral dosing 
(1-8) and intravenous administration (2,5,6) have been 
analyzed with respect to the pharmacological response (2), 
influence of a meal on absorption (3), biliary distribution 
and secretion (4), and bioavailability (1, 5, 6). The drug 

shows unusual pharmacokinetic behavior in producing a 
significant secondary peak in the drug concentration 
profile after oral dosing on a fasting stomach but not after 
intravenous administration (5-7). No attempts have been 
made to describe the pharmacokinetics of the phenom- 
enon. 

A conventional two-exponential model has been applied 
(61, but such a model does not account for the secondary 
peaks. Bodemar et al. (8) stated that: “A second absorption 
peak could be explained by enterohepatic circulation of 
cimetidine, although a preliminary report by Spence et al. 
(4) seems almost to exclude this possibility.” Considering 
the possibility of delayed absorption of some of the cime- 
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of the GI tract (6), the same authors (1) stated that: “Cal- 
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sideration from a hypothetical delayed absorption is as 
much as 50% of total AUC in some patients. Delayed ab- 
sorption of this magnitude, however, is unlikely and this 
second peak following oral administration of cimetidine 
remains to be explained.” 

This study was intended to evaluate the pharmacoki- 
netics of cimetidine and to explain its kinetic discrepancy 
using the data of Walkenstein et al. (5). It is proposed that 
the phenomenon can be described best in terms of dis- 
continuous reabsorption. The special problems associated 
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SUBJECT 7 q\ SUBJECT 8 

U 
Scheme I 

THEORY 

The proposed pharmacokinetic model (Scheme I) was developed 
considering the reported kinetic behavior of cimetidine and encompasses 
the kinetics after oral, intravenous, and intramuscular administration. 

Oral Administration-The drug is presented into the absorption 
compartment, G (the gut), where a fraction, Fcl, of the dose, D ,  is ab- 
sorbed by a first-order process intq the central, sampleable compartment, 
1. The remaining fraction, 1 - F G ~ ,  of the drug goes into a compartment, 
B, in the first-pass transfer process. No assumptions are made about the 
type of transfer process from G to B because the kinetic behavior of the 
system does not depend on the rate of input into B but only on the 
amount of drug in B at a particular time, TB.  A t  this time, a fraction, FB, 
of the drug cumulated in B is released momentarily into the absorption 
compartment. 

The first-pass elimination reported for cimetidine (5,6) is incorporated 
into 1 - Fcl for simplification. The drug is eliminated from the central 
compartment and transferred into compartment B and a peripheral 
compartment, 2, by first-order processes. 

Intravenous and Intramuscular Administration-It has been 
shown that there are no significant differences in the blood level profiles 
between intravenous and intramuscular administration (5). The ab- 
sorption from an intramuscular injection appears so rapidly that kinet- 
ically it can be considered as an intravenous administration. Therefore, 
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pharmacokinetic model (Scheme 1) to cimetidine- data from oral, in- 
travenous, and intramuscular administration. The curves and data are 
staggered vertically one unit for clarity. 

SUBJECT I 2  SUBJECT I I 

Figure 2-Simultaneow least-squares f i t  of Eqs. 1 and 2 for the 
pharmacokinetic model (Scheme I)' to cimetidine data from oral, in- 
travenous, and intramuscular administration. The curves and data are 
staggered vertically one unit /or clarity. 

the same model was applied for the two administrations. It is the same 
model as discussed, except that the input is a bolus input into the central 
compartment. 

The differences in the response profiles with respect to the presence 
or the absence of the secondary peak from an oral or parenteral admin- 
istration is accounted for by the relative magnitude of the transfer rate 
of the drug from G to B and from 1 to €3. A significant G to B transfer 
gives rise to a pronounced secondary peak. However, a slow 1 to B 
transfer, competing with elimination and distribution, results in only a 
small drug cumulation in B and an insignificant secondary peak, which 
may be difficult to detect in the blood level data (Figs. 1 and 2): 

The choice of a discontinuous cyclic transfer process in the model is 
justified from physiological considerations (9, 10). Theoretical as well 
as simulation studies also indicate that secondary peaks cannot be ob- 
tained from linear compartmental systems with continuous cyclic transfer 
processes (11,12). 

Regression Equat ionsThe  following response equations are readily 
derived by standard means (13). After intravenous and intramuscular 
administration: 

and after oral administration: 

where: 

while after oral administration: 
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Table I-Least-Squares Parameter  Estimates 
~~ 

Subject Mean 
Parameter 1 2 3 4 5 6 7 8 9 10 11 12 (CV,%) 
TL 0.41 0.19 0.18 0.15 0.10 0.04 0.00 0.03 0.00 0.13 0.21 0.02 0.12 (99) 
TB (iv), hr 2.00 3.81 1.47 3.42 3.34 4.01 3.58 3.52 5.13 0.93 0.80 1.41 2.78(50) 
TB (im), hr 2.'88 1.51 1.25 1.25 2.70 0.65 0.96 0.75 1.50 1.51 0.45 1.50 1.41 (53) 
TB (PO), hr 2.04 1.46 2.76 1.96 1.93 1.94 1.00 2.90 3.00 1.82 1.44 2.60 2.07 (30) 
K A ,  hr-' 2.24 2.80 7.75 2.59 6.22 3.68 1.21 1.22 1.04 1.91 2.81 0.95 2.87 (74) 
K12, hr-' 7.12 1.42 0.92 2.27 0.69 2.02 1.50 2.32 1.41 0.90 1.86 1.70 2.01 (84) 
Kzl ,  hr-I 3.20 2.24 0.84 2.09 0.96 1.77 3.15 1.91 1.15 0.91 1.95 1.40 l.SO(45) 
K I B ,  hr-' 0.95 0.19 0.44 0.0003 0.06 0.65 0.67 0.16 0.81 0.08 0.11 0.32 0.37 (88) 
K,I, hr-' 2.75 0.92 0.82 1.56 0.95 1.17 1.03 1.08 1.01 0.95 1.13 1.18 1.21 (43) 
F c  I 0.37 0.39 0.41 0.57 0.37 0.48 0.62 0.62 0.44 0.36 0.39 0.36 0.45 (22) 
FB (jv) 0.21 0.27 0.50 0.21 0.42 0.21 0.20 0.27 0.13 0.64 0.19 0.34 0.30 (51) 
FB (im) 0.20 0.28 0.10 0.20 0.40 0.61 0.80 0.30 0.12 0.43 0.19 0.32 0.33 (63) 
FB (PO) 0.20 0.28 0.10 0.20 0.50 0.20 0.80 0.50 0.12 0.44 0.20 0.32 0.32 (63) 
V, liters 15.7 35.2 35.0 25.3 51.2 33.9 40.0 36.2 31.0 34.7 28.5 34.6 33.5 (25) 

where: 

The truncation function used in Eqs. 1 and 2 is defined by: 

(x)+ = max(0,x) (Es. 11) 

Data Treatment'-With the interactive program FUNFIT (14). Eqs. 
1 and 2 were fitted simultaneously by nonlinear least-squares regression 
to the oral, intravenous, and intramuscular data for each of the 12 subjects 
(5). All estimated microparameters are common for the functions de- 
scribing the intravenous, intramuscular, and oral data except for the time, 
TB, and the fraction, FB, of drug release from B (Table I). 

RESULTS AND DISCUSSION 

To elucidate the unusual kinetic behavior of cimetidine, it is appro- 
priate to summarize the most pertinent findings in the literature: 

F1. Cimetidine taken orally without food after an overnight fast 
produces a pronounced secondary peak in most subjects (1,5). 

F2. The secondary peak does not seem to be present when the drug 
is taken orally with food (1). 

F3. Intravenous and intramuscular administrations of cimetidine 
do not result in secondary peaks as occur after oral administration (1, 
5). 

F4. With food, the initial rise in plasma cimetidine concentration 
appears more slowly than if the drug is taken without food on a fasting 
stomach (1,3). 

P5. Mean blood levels after equal doses of cimetidine given orally 
or parenterally do not differ significantly after 4 hr (5,6). 

F6. The drug appears to be completely and rapidly absorbed in the 
therapeutic dosing range after oral administration (1,5). 

F7. The extent of absorption apparently does not differ when the 
drug is administered on a fasting stomach with or without food (1). 

F8. The bioavailability ol the drug after oral administration is -700/0 
of the intravenous bioavailahility. The reduction appears to be due to 
a first-pass effect rather than a drug release rate-limited absorption (1, 
5). 

F9. The AUC appears to be proportional to the oral dose in the 
therapeutic dosing range (1,6). 

F10. Cimetidine is eliminated mainly oia the kidneys (2). An average 
of 0.75 of the drug is recovered unchanged in the urine after parenteral 
administration, while only 0.5 of it is recovered after oral administration 
(5). 

F11. A small amount of material derived from cimetidine is excreted 
in the feces after intravenous administration of radiolabeled drug (6). 

F12. The fecal radioactivity accounts for an average of 10% of orally 
administered labeled cimetidine regardless of the dose (400 or 800 mg) 
(6). 

F13. An average of 70% of the radioactivity administered is recovered 
in the urine of healthy human subjects after an oral dose of 200 mg of 
labeled cimetidine. 

~~ 

The figures were drawn by a Tektronix 4662 penplotter controlled by an IBM 
370/145 computer. 

F14. The concentration of cimetidine is approximately five times 
higher in the bile than in the blood of patients undergoing exploratory 
surgery of the common bile duct (4). 

F15. The conjugation reaction is of considerable significance for the 
biliary excretion of a drug since it produces a substrate with particularly 
suitable properties for the hepatic system (15-17). 

F16. Several isolated studies on the fate of orally administered con- 
jugates indicate that they are reabsorbed largely after hydrolysis in the 
gut and that this step is important in relation to the enterohepatic cycle 
(15,17,18). 

F17. Substances showing a bile-blood concentration ratio substantially 
larger than one appear to be transferred into the bile across the paren- 
chymal cell wall by an active transport process (4,15). 

FlS. Substances actively transferred by the liver cells compete for 
transport across the hepatic membrane into the bile.(15, 19-22). 

F19. Many compounds secreted in the bile have a marked affinity for 
localizing in hepatic parenchymal tissue (22-24). 

F20. The gallbladder releases most of its bile content into the duo- 
denum shortly after the intake of a meal, particularly when the meal is 
eaten on a fasting stomach (9, 10). 

F21. The release of bile into the duodenum stimulates the flow of 
pancreatic juice (25). 

F22. Spontaneous contractions of the gallbladder occur in the fasting 
stage (9). 

F23. The volume difference between a full and contracted gallbladder 
is -30-50 cm3 (9). 

F24. It takes the gallbladder 1.5-2 hr to fill after a full contraction 
(9). 

F25. Cimetidine results in marked inhibition of both gastric acid and 
pepsin secretion (2). 

Kinetic Interpretation-In studying the cimetidine data from in- 
travenous, intramuscular, and oral administrations (1,5) together with 
the described findings, the following interpretation of this drug's unusual 
kinetic behavior was reached: 

1. The secondary peak appears to be due to a rapid release from a drug 
depot. The depot is located in a tissue or organ that is well perfused by 
the drug in the first-pass transfer. The bile and the hepatic parenchymal 
tissues are the most likely primary storage areas (F11, F14, F15, F19, and 
F20) (26). 

2. The time for the release appears to coincide with the intake of food 
in most cases. The 2-hr interval between oral drug intake and breakfast 
agrees well with the start of the second peak (Figs. 1 and 2). The mean 
value of TB is 2.1 hr (Table I) (F20 and F22). 

3. Drug transfer into the depot occurs mainly in the first-pass process 
(F1 and F3). 

4. This transfer is significantly inhibited, possibly by the way of 
competitive active membrane transport, when the drug is taken with food 
(F2, F17, and F18). The excretion of bile in response to food also may play 
a role if the smaller amount of bile in the hepatic system reduces the 
uptake rate or capacity of the system. 

5. The transfer rate of drug into the depot from the systemic circula- 
tion is slow compared to the first-pass transfer (F1 and F3). This effect 
possibly is due to a pronounced drug concentration difference at  the depot 
site for the two administration routes. The drug concentration is large 
in the first-pass perfusion of the depot organ before the drug reaches the 
general systemic circulation. However, when the drug is introduced 
parenterally in the systemic circulation, a substantial dilution takes place 
before it reaches the depot organ. The higher metabolic activity a t  the 
first-pass route also may contribute to a larger uptake of drug by the 
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Table 11-Pharmacokinetic Parameters  

Subject Mean 
Parameter 1 2 3 8 4 5 6 7 9 10 11 12 (CV,%) 

t 112, hr 0.98 1.37 2.28 1.13 1.67 1.51 1.08 1.64 1.92 1.92 1.40 1.70 
AUC (iv). 7.35 9.73 11.85 7.60 6.32 8.35 8.13 7.89 10.49 9.31 9.38 7.74 

Kglmlhr 
AUC (im). 

pg/AIkr 
AUC (PO), 

dmi /h r  

AUC (iv), 
l i tershr 

AUC (im), 
l i tershr 

l i tershr 

l i tershr 
AUC (PO)/ 

AUC (iv) 
AUC ( o) /  

A UZ(im) 

D (iv)/ 

D (im)/ 

DT'/ 
AUC (PO), 

V.K~I, 

D T " ~  

7.39 

3.57 

40.8 

40.6 

43.1 

43.1 

0.49 

0.48 

0.51 

9.59 

5.32 

30.8 

31.3 

32.4 

32.4 

0.55 

0.56 

0.57 

10.69 

5.06 

25.3 

28.1 

28.8 

28.8 

0.43 

0.47 

0.49 

7.60 

5.01 

39.5 

39.5 

39.5 

39.5 

0.66 

0.66 

0.66 

6.31 

4.29 

47.5 

47.6 

48.5 

48.5 

0.68 

0.68 

0.69 

7.91 

4.67 

35.9 

37.9 

39.6 

39.6 

0.56 

0.59 

0.62 

9.18 

7.30 

36.9 

32.7 

41.3 

41.3 

0.90 

0.80 

1.00 

7.77 

6.41 

38.0 

38.6 

39.3 

39.3 

0.83 

0.81 

0.84 

10.14 

5.13 

28.6 

29.6 

31.2 

31.2 

0.49 

0.51 

0.53 

9.27 

5.86 

32.2 

32.5 

33.0 

33.0 

0.63 

0.63 

0.65 

9.36 7.73 

4.84 4.27 

32.0 38.7 

32.0 38.8 

32.2 40.8 

32.2 40.8 

0.52 0.55 

0.52 0.55 

0.52 0.58 

depot (F8, F15, and F16). 
6. Cimetidine possibly is stored in the depot both in the parent form 

and as conjugates or complexes. The large capacity of the hepatic system 
for storage and hiliary excretion of conjugates may explain the magnitude 
of the secondary peak (F15 and F16). 

Capacity of Hepatic System for Recycling-The theory of en- 
terobepatic recycling to explain the second peak phenomenon has been 
criticized mainly because of the magnitude of the peak relative to the 
concentration of cimetidine found in the bile (4) and the estimated 
amount of bile secreted by the hepatic system into the intestine (9). 
However, it is difficult to evaluate the mechanism and capacity of the 
hepatic system for drug recycling. Data obtained with chronic biliary 
fistulas or with draining T-tubes after cholecystectomy may have to  be 
interpreted with caution because of the inevitable loss of bile salts (27). 
In addition, liver disease in humans is a collection of functional and 
structural disabilities including inflammatory, neoplastic, and degen- 
erative disorders in which the parenchyma, the biliary tree, and the 
vascular supply may be substantially affected (28, 29). Therefore, the 
disease state of the patient would play a significant role in the biliary 
excretion of the drug. 

The studies of biliary secretion of cimetidine involved patients 
undergoing exploratory surgery of the common bile duct (4). Presumably, 
the patients did not have a normal hepatic-biliary function. The surgery 
seems to have had a pronounced effect on the pharmacokinetics since 
the peak venous concentration of cimetidine often differed by more than 
100% in the same individual during the study. In contrast, the nonoper- 
ative studies involving healthy subjects showed a remarkably small in- 
traindividual variation in the blood drug levels (1,5). The concentration 
of cimetidine in the bile found in the operative study (4) apparently was 
based on an assay that considers only free, untransformed drugs (3). 
Conjugates or other modifications that may be present in high concen- 
trations (F15) and may be responsible for a significant recycling (F16) 
apparently were not included. 

Pharrnacokinetic Model-The pharmacokinetic model proposed 
(Scheme I) is a highly simplified functional model constructed according 
to the given interpretation. The B compartment represents the depot 
of the drug that is partly released, FB, a t  some time, TB, soon after or 
during a meal or spontaneously before a meal (F22). The model appears 
to agree well with the data (Figs. 1 and 2) and shows that the transfer of 
the drug into B in the first pass (C to B )  is primarily responsible for the 
cumulation of the drug in B while the systemic transfer (1 to B )  only plays 
a minor role (Figs. 1 and 2 and Table I). 

The least-squares estimate of TB after oral administration is 2.1 hr, 
which is not significantly different from the time (2 hr) for the intake of 
food after oral drug administration (F20). Although it is difficult to detect 
a secondary peak or hump in the data from the parenteral administra- 
tions, nonlinear regression analysis indicates a small degree of recycling 
in some cases (Figs. 1 and 2). However, due to the sparseness and limited 

1.55 (25) 
8.68 (18) 

8.58 (15) 

5.14 (20) 

35.5 (17) 

35.8 (16) 

37.5 (16) 

37.5 (16) 

0.61 (23) 

0.64 (24) 

0.64 (24) 

accuracy of the data, i t  is difficult to determine TB and the magnitude 
of the recycling effect after parenteral administration. This situation is 
reflected in the coefficients of variation of the TB values; they are ap- 
proximately the same for intravenous and intramuscular administrations 
but significantly larger than those for oral administration (Table I). 

Bioavailability-An interesting aspect of the recycling phenomenon 
is its influence on the AUC values and the interpretation of bioavailability 
calculations based on comparisons of such values. The ratio between AUC 
values in such cases cannot be used as a relative measure of the extent 
of drug absorption since the AUC is dependent on the extent of recycling. 
Therefore, the AUC does not properly reflect the extent of primary ab- 
sorption. Thus, the evaluation of the extent of first-pass effect and the 
evaluation of bioequivalency of oral drug delivery systems are compli- 
cated using the model-independent AUC approach, so other techniques 
may be worth considering. However, the AUC still is a useful parameter 
since, physiologically and pharmacologically, it is a more meaningful 
parameter than a parameter that  measures the extent of primary ab- 
sorption. 

By using the intravenous and intramuscular administrations as ref- 
erence dosage forms and the integrated form of the regression equations 
to calculate the AUC values, the bioavailability of the oral dosage was 
0.61 in both cases (Table 11). This value corresponds well to the reported 
values of 0.62 and 0.59 obtained by log-linear trapezoidal integration 
(5). 

It is evident that  in the presence of recycling it is not possible to cal- 
culate F, the fraction of the dose given that reaches the systemic circu- 
lation, by a model-independent approach. With the present model, F can 
be calculated according to: 

F = ( F c l D  + F B D B ) / D  (Eq. 12) 

The mean value of 0.64 obtained in this way (Table 11) agrees with the 
quantities of drug and drug metabolites found in the urine and the feces 
(F10, F12, and F13). 

The oral data showing the pronounced secondary peak were from an 
oral administration taken on a fasting stomach without food. Two hours 
was allowed to pass before food intake. Other investigations indicated 
that the second peak will not be present when cimetidine is taken orally 
with food (1). It has been recommended that cimetidine be taken with 
food to obtain the best therapeutic effect. Thus, the second peak seems 
to be an artifact from the experimental design and may not be of much 
significance in the practical therapeutic setting. This result raises the 
question of how appropriate it is to fast a subject before and during a 
pharmacokinetic study. It may not be appropriate if the objective is to 
estimate the normal pharmacokinetic behavior of a population or to 
provide practical guidelines for dosage regimens. 

However, the particular experimental design does reveal an interesting 
pharmacokinetic phenomenon that may be of significance in organ and 
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administered cephalosporin antibiotic, have been de- 
scribed in detail and compared with those of cephalothin, 
cephaloridine, and cefazolin (1). With few exceptions, ce- 
foranide was more active than these reference antibiotics 
against major Gram-negative pathogens, and it inhibited 
their growth at plasma and urinary concentrations readily 
achievable in humans. 

This report describes the pharmacokinetics of the lysine 
salt (I) of this cephalosporin antibiotic in normal subjects 
following single and multiple intravenous and intramus- 
cular doses. 

EXPERIMENTAL 

Drug Doses and  Administration Routes-All doses are expressed 
in terms of free acid equivalents of ceforanide. The drug was prepared 
immediately before administration as sterile solutions in vials containing 
283 mg of drug. For intramuscular injection, the vial contents were re- 
constituted with sterile water USP to yield concentrations of 283 mg/ml. 
The intramuscular injections were administered in the outer quadrant 
of the gluteal muscle as 2 ml of solution for the 566-mg dose and as 4 ml 
of solution for the 1132-mg dose. For intravenous administration, the 
antibiotic was reconstituted in sterile physiological saline solution USP 
to give a final concentration of 1132 or 2264 mg in 50 ml of solution. Fifty 
milliliters of either solution was administered into an antecubital vein 
by 30-min constant-rate infusion using a compact infusion pump'. 

Volunteers and  Study Design-The drug was administered to 24 
normal adult males, 22-40 years old, with an average weight (&'El of 
72.5 f 1.3 kg and an average body surface area (&SE)  of 1.90 f 0.02 
m2. 

Six randomly selected subjects were given 556 and 1132 mg im and 1132 
and 2264 mg iv twice daily at 12-hr intervals for a total of 19 successive 
doses over 10 dosing days (a second dose was not administered on the last 
dosing day). The morning dose was given before breakfast. 

Sample Collection-Plasma and urine specimens were collected after 
the first, ninth, and 19th doses. Plasma samples were collected from the 
intravenous subjects immediately before dosing (zero time), a t  15 and 
30 min during the infusion (the 30-min sample was collected a t  the end 
of the infusion and also constituted the zero-time postinfusion sample), 
and then a t  0.25, 0.50, 1.0, 2.0, 4.0, 6.0. 8.0, and 11.5 hr after infusion 
termination. Plasma samples were collected from the intramuscular 
subjects immediately before dosing (zero time) and at  0.25,0.50,0.75,1.0, 
1.5, 2.5,4.0,6.0,9.0, and 12 hr after dosing. 

Complete urine samples were collected from all subjects over the 0-2-, 
2-4-, 4-6-, 6 9 - ,  and 9-12-hr intervals after the start of dosing. After the 
19th dose, a 12-24-hr urine sample also was collected. 

Heparinized blood samples, 10 ml, were collected by venipuncture2. 
The contents of the tubes were mixed gently and then immediately placed 
in a chipped ice bath where they were kept until plasma was separated 
by centrifugation at  4O. At least 3 ml of plasma was withdrawn and placed 
in polypropylere tubes with caps. 

The urine sanples were refrigerated a t  4O while being collected. The 
subjects were instructed to empty their bladders a t  the end of each col- 
lection interval. The total volume and pH of each urine sample were 
measured and recorded. Immediately thereafter, 10-ml aliquots of each 
urine sample were transferred to polypropylene bottles. 

The plasma and urine samples were flash frozen by immersion in an 
ethanol-dry ice bath and stored a t  or below -2OO until they were thawed 
for assay. 

Antibiotic Assay-Plasma and urine concentrations of ceforanide 
were determined by standard cup-plate bioassay techniques (2) using 
Klebsiella pneumoniae (Bristol A9977)3 as the bioassay organism. Other 

1 Model 975, Harvard Apparatus Co., Millis, Mass. 
2 Vacutainer tubes, Becton-Dickinson, Rutherford, N.J. 

FpZq peripheral 

Scheme I-Open, first-order, two-compartment model of drug distri- 
bution 

microorganisms cannot be expected to yield equivalent, valid results for 
the bioassay of ceforanide. All bioassay results are expressed in terms of 
free acid equivalent concentrations. 

The lower sensitivity limit of the assay was equivalent to a plasma 
concentration of 2.0 pg/ml. The linear concentration ranges for the 
cup-plate assay were 0.s5.0 bg/ml for plasma and 1-10 pg/ml for urine. 
The mean coefficient of variation [(standard deviation of zone diame- 
ter/mean zone diameter) X 1001 of replicate cup-plate assays of the 
standards was 3.10%. 

Determination of Plasma Protein Binding-Ceforanide was added 
to fresh, pooled, heparinized 90% human plasma at  concentrations of 27, 
53,99, and 200 pg/ml, and the samples were incubated a t  37' for 15 min 
with gentle shaking. Replicate solutions were prepared in aqueous pH 
7.40 buffer containing 0.05 M NaCl and 0.10 M N-tris(hydroxymethy1)- 
methyl-2-aminoethanesulfonic acid4 and were treated similarly. These 
samples were subjected to centrifugal ~l t raf i l t ra t ion~.  

The drug concentrations in the filtrates were determined by the same 
cup-plate assay technique used for plasma and urine analyses. The 
concentration in the plasma filtrate as a percentage of the total concen- 
tration in the unfiltered plasma sample was subtracted from 100% to 
determine the percentage bound to plasma protein. Ceforanide did not 
bind to the ultrafiltration membrane. 

Bioautographic Analysis for Urinary Metabolites with Antibiotic 
Activity-Urine samples were diluted with 0.1 M potassium phosphate 
buffer (pH 7.0) and spotted on 1.2 X 57-cm strips of filter paper6. The 
strips were developed overnight in the descending mode using n-buta- 
nol-acetic acid-water (W1525). Then they were air dried, overlaid on 
seed agar inoculated with Bacillus subtilis (A9506A), and incubated 
overnight a t  28O. Inhibition zones were visualized by spraying with 1.2% 
triphenyltetrazolium chloride in 1.25% dextrose solution. The R/ value 
of ceforanide was 0.3. 

Pharmacokinetic Analysis-Mean plasma concentrations during 
and after intravenous infusion of the first doses were fitted to an open, 
first-order, two-compartment model of drug distribution (Scheme I) (3). 
The fitting was performed according to Marquardt's algorithm (4) using 
a digital computer program. The best-fit parameters found by this pro- 
cedure were corrected by the Loc+Riegelman procedure (5) to obtain the 
equivalent parameters that  could be found on instantaneous bolus in- 
travenous administration of the same drug doses. This procedure yielded 
an equation of the form C = A exp (-at)  + B exp (-f i t) ,  where C is the 
plasma concentration, t is time, A and B are coefficients, and a and pare  
exponents. The A, B, a, and fl  parameters and the urinary excretion data 
were processed further, allowing the various pharmacokinetic parameters 
to be calculated by standard procedures (6). 

The individual subject's observed peak plasma concentrations, C,,,, 
and the time to peak plasma concentrations, t,.,, by both dosing routes 
and a t  all dose levels were tabulated, and the mean values and standard 
errors were calculated. The individual area under the plasma concen- 
tration-time curves from t = 0 to t = m (AUC) were calculated for the 
first dose by the trapezoidal rule: 

Ke1 

AUC = ncl (C,+I + C,)(k+l - t,)/2 + C,/p (Eq. 1) 

where Cl = 0 a t  tl  = 0. The p term is the slope of a plot of the natural 
logarithms of the 3-12-hr plasma concentrations versus time as deter- 
mined by linear regression analysis. The AUC values for the ninth and 
19th doses were calculated between 0 and 12 hr. The observed terminal 
plasma half-life, t 112, was calculated from p by: 

t 1/2 = 0.693/p (Eq. 2) 

for all subjects. The individual AUC and t l / z  values also were tabulated, 
and their means and standard errors were calculated. 

,=1 

~~~ ~ 

This microorganism IS a mutant strain of K pneumoniae (A9977) specifically 

DF50A Centriflo membrane cones, Amicon, Lexington, Mass. 
Whatman No 1. 

selected by the Department of Microbiological Research, Bristol Laboratories. 
4 Calbiochem. Los Angeles. Calif. 
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Table I-Ceforanide Binding to Human Plasma Proteins 

Plasma Concentration, 
d m l  Percent Bound" 

27 
53 
99 

200 

83.0 (0.0) 
82.8 (0.2) 
80.7 (0.0) 
76.0 (1.1) 

~ 

0 Mean (iSL2) of triplicate determinatmns. 

The absorption profile following intramuscular administration was 
determined from the mean plasma concentration data using the Loo- 
Riegelman method (7). 

The absolute percentage bioavailability following intramuscular ad- 
ministration was determined by linear regression analysis of a plot of 
AUC twsus dose for the intravenous and intramuscular data and by: 

l O O F  = (U,JUi") x 100 (Eq. 3) 

where l00F is the absolute percentage bioavailability and CJ is the fraction 
of the dose excreted in the urine in 12  hr. 

Statistical Analysis-The various observed and calculated phar- 
macokinetic parameters by each dosing route and a t  each dose level were 
compared between dosing groups by the t test for group comparisons. 
The statistical tests (both the t test and linear regression analyses) were 
analyzed for significance a t  p = 0.05. All references to significant or 
nonsignificant results refer t.o the tests for statistical significance. 

When comparisons were performed between study days within a given 
dosing group, a t test for paired comparisons was used, except in one case. 
Since there were data for only four subjects for the first 1132-mg, iv 
infusion dose but there were data for all six subjects for the ninth and 19th 
doses, these data sets also were compared by a t test for group compari- 
sons so that two subjects did not have to he omitted at the ninth and 19th 
doses. These t tests for group comparisons yielded the same results as 
the t tests for paired comparisons. 

The results of the absolute bioavailability analyses of urinary excretion 
data were subjected to a t test of the null hypothesis that  the true mean 
hioavailahility was 100%. These tests also were analyzed for significance 
at  p = 0.05. 

RESULTS 

Plasma Protein Binding-These results are summarized in Table 
I. The binding over the 27-200-pg/ml rang6 was essentially constant a t  
80.6%. Investigations of the binding of other cephalosporin antibiotics, 
using the same technique and the same pooled plasma sample as for ce- 
foranide, indicated 89.7% protein binding for cefazolin between 25 and 
205 wg/ml, 50.0% for cefoxitin between 11 and 88 pg/ml, 44.7% for ce- 
furoxime between 9 and 75 pg/ml, and 82.7% for cefamandole (either as 
the sodium salt or as cefamandole nafate) between 8 and 88 pg/ml. 

Bioautographic Analysis-No evidence was found for the presence 
of any ceforanide metabolite(s) with antibiotic activity in urine. 

I 1 
0 2 4 6 8 10 12 

HOURS 
Figure 1 -Mean plasma ( onrentrations during 0.5 hr following intra- 
oenous infusion of thc first dose t o  normal humans. Key: 0,  1132-mg 
d o w ;  and 0 .  '7'763-mg dosc. 

G I  . 
d - 4  

' \  . 
\ 

0'' '. 
9 . 

0 2 4 6 8 10 12 
HOURS 

Figure 2-Mean plasma concentrations following intramuscular ad- 
ministration of the first dose to normal humans. Key: o, 566-mg dose; 
and 0 ,  1132-mg dose. 

Plasma and Urine Levels-Figures 1 and 2 are semilogarithmic plots 
of the mean concentration uersus time data for the first intravenous and 
intramuscular doses. There were data from six subjects for each dosage 
route and dosage level on all dosing days, except for the first 1132-mg iv 
dose where there were only four subjects. A t  that time, one infusion pump 
developed a minor mechanical problem. Therefore, the starting time and 
exact dose administered to two of the subjects were unknown, although 
it was estimated that they received -85% of the dose. Neither plasma nor 
urine samples were collected from these two subjects on the 1st day. The 
mechanical problem was resolved immediately, and there were no other 
difficulties with dosing throughout the study. 

The various observed mean plasma parameters after intravenous and 
intramuscular administration are listed in Table 11. The mean peak 
concentrations did not change significantly over the 19 drug doses by 
either route or a t  any given dose level, indicating that there was no ten- 
dency toward accumulation of ceforanide when administered every 12 
hr, even though there was an appreciably detectable trough plasma 
concentration immediately before the next dose was given. The mean 
time of peak concentrations after intramuscular dosing did not change 
significantly over the duration of the study, indicating that the absorption 
profile of ceforanide did not change on repeated administration. 

The terminal plasma half-lives (2.7-3.2 hr) remained essentially con- 
stant throughout the study by both routes and dose levels. Figure 3 is a 
rectilinear plot of the mean area under the plasma concentration-time 
curve uersus dose for the intravenous and intramuscular data from the 
first, ninth, and 19th doses. Linear regression analysis indicated that the 
areas by the two dosage routes were on the same statistically significant 
straight line and that they intercept was not significantly different from 
zero ( p  = 0.05). Therefore, the absolute bioavailahility was 100% following 
intramuscular administration. The reciprocal of the slope of this line was 
the plasma clearance, (21,. of the drug, 50.2 ml/min/1.73 m2. 

The mean urinary recoveries are listed in Table 111. The compound was 
excreted through the kidneys a t  high concentrations. On the average, 85% 
of the administered dose was recovered in the urine within 12 hr of the 
start of injection. There were no statistically significant differences in 
total excretion after intramuscular or intravenous administration, which 

Table  11-Mean Observed Plasma Parameters  for  Ceforanide a 

Peak 
Concen- Plasma 

Dose, Dose tration, Peak Half-Life, 
Route mg Number pg/ml Time,hr hr 

Intravenous 1132 1 
9 

19 
2264 1 

9 
19 

Intramus- 566 1 
cular 9 

19 
1132 1 

9 
19 

136 (14) 
128 (4) 
125 (2) 
222 (10) 
240 (4) 
240 (4) 
38.0 (1.9) 
40.7 (2.7) 
39.8 (1.8) 
74.3 (2.8) 
76.0 (1.8) 
75.7 (2.0) 

0.5 
0.5 
0.5 
0.5 ~~ 

0.5 
0.5 

1.04 (0.10) 
1.12 (0.12) 
1.08 i0.14j 
1.33 (0.10) 
1.00 (0.11) 
0.92 (0.05) 

3.06 (0.16) 
2.83 (0.15) 
2.65 (0.11) 
2.88 (0.09) 
2.80 (0.28) 
2.70 (0.08) 
3.25 (0.23) 
2.84 (0.31) 
3.04 (0.40) 
3.24 (0.26) 
3.11 (0.34) 
2.78 (0.14) 

Standard errors in parentheses. 
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Table 111-Mean Urinary Recovery of Ceforanide a 
~~ ~~~ 

Dose, Dose Percent Recovery during Collection Intervals after Start  of Injection 
Route mg Number 0-2hr 2-4 hr 4-6 hr 6-9 hr 9-12 h r  12-24 hr Emula t ive  

Intravenous 1132 1 34.5 (2.5) 24.5 (0.8) 
9 34.3 (7.3) 18.1 (3.3) 

19 30.2 (2.0) 34.8 (4.0) 
2264 1 33.3 (3.8) 26.8 (4.0) 

9 29.7 (4.9) 23.7 (2.7) 
19 32.6 (2.7) 32.7 (4.4) 

Intramuscular 566 1 19.6 (1.5) 26.1 (0.7) 
9 23.7 (3.7) 30.1 (2.2) 

19 23.8 (6.6) 25.3 (1.7) 
1132 1 18.1 (2.5) 26.1 (0.6) 

9 23.2 (1.3) 28.2 (0.8) 
28.8 (1.9) 

~ ~ _ _ _ _ _  
19 23.8 (2.6) 

Standard errors in parentheses. Sample not collected. 

also is indicative of 100% bioavailability of ceforanide on intramuscular 
administration. 

The data in Table 111 were converted to urinary excretion rates during 
each urine collection interval and plotted versus the plasma concentra- 
tions at  the midpoints of the collection intervals (Fig. 4). The data yielded 
a statistically significant straight line by linear regression analysis. The 
y intercept was not significantly different from zero. Therefore, urinary 
excretion of ceforanide may be treated as a reaction following apparent 
first-order kinetics. The slope of the plot was equivalent to the renal 
clearance, Cl,, of ceforanide, 34.9 ml/min/1.73 m2. 

The mean plasma concentrations for the first intravenous doses of 
ceforanide were analyzed using the open, two-compartment model of drug 
distribution (Scheme I). The central compartment, with a volume of 
distribution of V1, is comprised of well-perfused tissues and includes the 
blood plasma. The peripheral compartment, with a volume of distribution 
of Vp, is comprised of more poorly perfused tissues. Both Kl2 and Kp1 
are first-order rate constants for drug transfer between the central and 
peripheral compartments; K,i is the first-order rate constant for drug 
elimination, which occurs only from the central compartment. The total 
volume of the drug distribution in the body is v d s s  (the volume of dis- 
tribution a t  steady state). If it is assumed that drug clearances from the 
central to the peripheral compartments and from the peripheral to the 
central compartments are equal (Le., ViKlp  = VpKz l ) ,  then V Z  = 
K1pV1/Kp1 and v d s s  can be calculated as v d s s  = V1 + Vp. According to 
this model, the plasma clearance can be calculated as Cl, = V I K , ~ .  

The best-fit values for the pharmacokinetic parameters are listed in 
Table IV. The results for the 1132- and 2264-mg iv doses were essentially 
identical; the differences between doses were attributed to normal in- 
tersubject differences between two panels of subjects. The half-lives (3.08 
and 2.89 hr) were almost identical to those found by direct linear re- 
gression analysis of the data of individual subjects (3.06 and 2.88 hr, Table 
11). The overall Cl, found by direct pharmacokinetic analysis of the mean 
intravenous infusion data, 45.9 ml/min/1.73 m2, was close to the Cl, of 
50.2 ml/min/1.73 m2 found by plotting the area under the curve uersus 
dose for all subjects for both the intravenous and intramuscular data. 

The most important, but not exclusive, factor controlling the terminal 
half-life of ceforanide was the elimination rate constant, K,l. The rate 
constant for drug transfer from the peripheral to the central compart- 
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Figure 3-Area under the plasma concentration versus time curve as 
a function of dose. Key: 0, intramuscular; and 0,  intrauenous. 

13.9 (1.1) 11.3 (0.5) 5.9 (0.6) -* 91.2 (3.6) 
11.7 (1.1) 9.2 (1.0) 4.9 (0.7) - 78.3 (9.3) 
12.7 ( 2 4  8.6 (1.1) 4.8 (0.6) 3.5 (0.7) 83.9 (4.6) 
11.1 (2.5) 9.4 (1.3) 4.5 (0.6) - 85.1 (5.4) 
14.9 (1.6) 9.1 (1.1) 4.9 (0.6) - 83.7 (17.8) 
15.8 (1.0) 9.1 (0.6) 4.3 (0.5) 4.0 (0.6) 98.6 (3.0) 

16.7 (0.8) 11.7 (1.0) 5.7 (0.2) - 79.8 (1.7) 
14.4 (1.3) 15.0 (3.4) 6.4 (4.2) - 89.5 (2.8) 
13.0 (2.4) 13.0 (0.5) 5.4 (1.0) 4.7 (1.9) 90.5 (1.2) 
15.5 (2.3) 11.2 (1.2) 7.1 (0.9) ~~ 78.1 (3.4) 
14.9 (1.8) 11.4 (1.2) 6.1 (0.5) ~ 83.9 (2.5) 
18.1 (1.31 10.5 (1.4) 6.0 (1.1) 5.0 (0.6) 92.3 (2.2) 

ment, Kp1, was about three times larger than K,i and, therefore, cannot 
be process limiting. 

The mean values listed for the pharmacokinetic parameters in Table 
IV were used to determine the intrinsic intramuscular absorption profile 
according to the LmRiegelman procedure (7). The results are presented 
in Fig. 5 as a semilogarithmic plot of the percentage of dose unabsorbed 
uersus time. The values for the 566- and 1132-mg doses essentially were 
superimposable and formed a straight line. Intramuscular absorption 
of the drug can be considered to be a passive process proceeding by ap- 
parent first-order kinetics. The first-order intramuscular absorption rate 
constant, K,, was 1.19 hr-l, yielding an absorption half-time of 35 min. 
lntramuscular absorption of ceforanide had no dose-dependent fea- 
tures. 

DISCUSSION 

Ceforanide has linear, dose-independent pharmacokinetic properties 
in humans. These properties are compared to those of several other 
parenteral cephalosporin antibiotics in Table V. Its plasma half-life, 2.9 
hr, is the longest of any of these antibiotics; cefazolin, a t  1.8 hr, has the 
next longest plasma half-life. Concomitant with its extended half-life, 
ceforanide has the lowest rates of plasma and renal clearance. These 
factors result in the prolonged in uiuo duration of ceforanide. Peak plasma 
levels of ceforanide following intramuscular administration would be 
higher than those reported for equivalent doses of cephalothin, 
cephaloridine, cefoxitin, cefuroxime, and cefamandole and should be 
similar to peak plasma concentrations following the intramuscular ad- 
ministration of cefazolin. Volumes of distribution are in the range of the 
values of the two-compartment model reported for cephalothin and ce- 
foxitin and are 1.4- to 1.8-fold higher than these volumes of distribution 
for cefazolin. These relatively high volumes of distribution, coupled with 
high peak plasma concentrations and prolonged duration, suggest fa- 
vorable distribution of the drug to tissue sites. Ceforanide was excreted 
in the urine in 12 hr, suggesting little or no contribution of biliary ex- 
cretion or metabolism to drug elimination. 

The linear, dose-independent kinetics of ceforanide permit prediction 
of plasma concentrations that would result from different dosage regi- 
mens. For instance, the predicted mean peak plasma concentrations after 
intramuscular injection of 500 and 1000 mg should be about 34 and 66 
pg/ml, respectively. The peak plasma concentration and time to peak on 
intravenous administration can be controlled by controlling the size and 
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Table V-Comparison of Pharmacokinetic Parameters  for  Various Parenteral Cephalosporin Antibiotics 8 

Parameter 

CI,, ml/min/1.73 m2 
Cl,, ml/min/1.73 m2 
Renal excretion, % of dose 
t l o ,  hr 
Percent protein bound 
Peak levels, pg/ml 

V1, liters 
V,,.,. liters 

500 mg im 
1000 mg im 

~~ 

Ceforanide Cephalothin Cephaloridine Cefazolin Cefoxitin Cefuroxime 

45.9 472 167 62 331 150 
34.9 214 125 64 2 9 ~ 3 1  139 
85 52 75 100 90-100 95 

81 65 8-3 1 90 50 45 

34 6-8 30 11-70 11 26 
66 15-20 40 3&75 22 40 
7.92 7.76 - 4.44 6.88 - 

12.0 14.3 - 8.48 13.3 - 

2.98 0.56 0.6-1.5 1.80 0.666 1.17 

Cefamandole 

24 1 

100 

83 

15 
36 

- 

0.90 

- 

Protein binding values for cefbranide, cefazolin, cefoxitin, cefuroxime, and cefamandole were obtained in this lahoratory. All  other cefuroxime values are from Ref. 
8. All other cefamandole values are from Refs. 9 and 10. All other values for cephalothin. cephaloridine, cefazolin, and cefoxitin are from Ref. 11. 

Table VI-Estimated Mean Duration of Plasma Ceforanide 
Concentrations 

Duration (hr) at  Plasma 
Concentrations 

Mode of Dose, Greater Than or Equal to 
Administration mg 6.25 pg/ml 8.0 pglml 12.5 pg/ml 

Intramuscular 500 9.6 8.2 6.2 
1000 12.8 11.6 9.4 

lntravenous bolus 1000 10.4 9.3 7.4 
2000 13.3 12.3 10.4 

Constant rate 1000 10.5 9.5 7.6 
intravenous infusion 2000 13.5 12.5 10.5 
for 30 min 

Constant rate 1000 10.8 9.7 7.8 
intravenous infusion 2000 13.8 12.7 10.8 
tor 60 min 

mode of the intravenous injection. The predicted mean peak plasma 
concentrations resulting from a 0.5-hr constant-rate infusion would occur 
a t  0.5 hr and would be 103 pg/ml for a 1000-mg dose and 205 pglrnl for 
a 2000-mg dose. If the doses remain the same and are infused over 1 hr, 
the peak concentrations a t  1 hr should be 88 pg/ml for 1000 mg and 176 
pglml for 2000 mg. If these doses are given by true bolus intravenous 
injection, the immediate peak plasma concentrations should be 126 pg/ml 
a t  1000 mg and 252 pg/ml at  2000 mg. 

The varying modes of administration also would affect the periods over 
which observed plasma concentrations would exceed the given minimum 

o (10 ao 120 160 200 
PLASMA CONCENTRATION, rnghiter 

Figure 4--Renal cxcr~tion rate as a function of plasma concentration. 
Key: e, 1132 mg iu; 0 , 2 2 6 4  mg iu; D, 566 mg im; and 0 , 1 1 3 2  mg in .  

fi 1007 

I 
1 1.5 2 2.5 

HOURS 
Figure 5-Percentage of dose unabsorbed as a function of time ac- 
cording t o  the Loo-Riegelman method ( 7 ) .  Key: 0 , 5 6 6 - m g  dose; and 
@, 1132-mg dose 

plasma concentrations. Table VI lists the estimated periods that plasma 
concentrations would exceed 6.25, 8.0, and 12.5 pg/ml (standard con- 
centrations in a geometrically diluted minimum inhibitory concentration 
series) using these modes of parenteral administration. If ceforanide is 
dosed a t  12-hr intervals, a 500-mg im dose would exceed 6.25 Fg/ml for 
about 80% of that period and would exceed 12.5 pglml for about 52% of 
that period. If the intramuscular dose is increased to lo00 mg, the plasma 
concentration would exceed 6.25 pg/ml for the entire 12-hr period and 
would exceed 12.5 pg/ml for about 78% of that period. From the point of 
view of maintaining a proper peak-to-trough plasma concentration re- 
lationship, a 500-mg im dose every 12 hr is reasonable. The kinetic rela- 
tionships pertaining to constant-rate intravenous infusion of ceforanide 
are such that increasing the infusion time for a given dose from 0.5 to 1 
hr would lower the peak concentration without appreciably lengthening 
the duration of plasma concentrations above the given minimum 
levels. 

Ceforanide demonstrated no tendency to accumulate. It yielded high 
and prolonged plasma concentrations and has useful distribution prop- 
erties. These favorable properties, together with its good antibacterial 
activity, suggest that it could be effective in treating bacterial infections 
in humans when administered a t  12-hr intervals. This regimen is 
undergoing clinical trials. 
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Abstract  o Nitrofurantoin, 200 mg, was administered orally to 11 
subjects in an aqueous reference dispersion and in five suspensions having 
the same rheogram. Algin, carbomer, guar gum, methylcellulose, and 
colloidal magnesium aluminum silicate were the five suspending agents 
employed. Complexation was demonstrated by dialysis between nitro- 
furantoin and methylcellulose and between nitrofurantoin and carbomer; 
however, physiological availability was not altered by the interaction. 
The viscosity increase slowed absorption and urinary excretion, thus 
delaying the time of the maximum excretion rate without a decrease in 
bioavailability. A clinically acceptable urinary nitrofurantoin concen- 
tration was maintained for a t  least 2 hr longer by a viscosity increase. 

Keyphrases Nitrofurantoin-suspensions, effect of viscosity on ab- 
sorption 0 Suspensions-nitrofurantoin, effect of viscosity on absorption 

Bioavailability-nitrofurantoin suspensions, effect of viscosity on 
absorption Antibacterial agents-nitrofurantoin suspensions, effect 
of viscosity on absorption 

Based on the few literature reports, it is difficult to 
generalize the effect of viscosity on the absorption and 
availability of medicinal compounds from oral liquids. 
Malone et af. (1) noted that increasing viscosity by in- 
creasing the concentration of sucrose in aqueous solutions 
of phenobarbital sodium progressively lengthened the 
induction time of narcosis in rats. Davison et al. (2) found 
that methylcellulose delayed the absorption from orally 
administered sodium salicylate solutions as demonstrated 
by the reduction of brain and plasma salicylate levels. 

Levy and Jusko (3) concluded that the decrease in ab- 
sorption by the ligated rat stomach of alcohol and salicylic 
acid from solutions containing methylcellulose was due to 
the slower movement of the drug molecule to the absorbing 
membrane. Harper and Wordan (4) reported that the LDw 
values of isoniazid (isonicotinic acid hydrazide) in rats were 
3300,2650, and 2000 mg/kg in acacia solution, gelatin so- 
lution, and water, respectively, and they concluded that 
the apparent toxicity was influenced by the vehicle. Hewitt 
and Levy (5) reported that, contrary to expectation, the 
oral administration of thiamine and riboflavin in highly 
viscous methylcellulose solutions did not affect the rate 
and extent of absorption. Ashley and Levy (6) showed that 
the absorption of phenolsulfonphthalein was decreased 
during the 1st hr by the addition of algin (sodium alginate) 
to the solution but that the total amount absorbed was 
unchanged. 

BACKGROUND 

Suspending agents are added to suspensions to  increase the viscosity 
so that the sedimentation rate is slowed and the measurement of a proper 
dose is simplified. Because a suspending agent improves the physical 
properties of a suspension, it may concomitantly affect the absorption 
of the medicinal compound by the increased viscosity or by complexation. 
I t  has been shown that the dissolution rate of a solid is inversely pro- 
portional to the viscosity of the dissolution medium (7). 

Since the dissolution rate often is the limiting factor in availability of 
a relatively insoluble medicinal compound in an orally administered 
suspension, viscosity would be expected to affect absorption. Seager (8) 
found that methylcellulose affected the excretion after the oral admin- 
istration of a nitrofurantoin suspension so that less nitrofurantoin was 
excreted and the time of maximum excretion was delayed by 1 hr. 

This study was conducted to determine, by a urinary recovery tech- 
nique, the effect of suspending agents (algin, carbomer, guar gum, 
methylcellulose, and colloidal magnesium aluminum silicate) on the 
absorption of nitrofurantoin. Because the main concern was to determine 
if the viscosity affected GI absorption, all formulations containing a 
suspending agent had the same viscosity. 

EXPERIMENTAL 

Suspension Preparation-Nitrofurantoin' was classified by a sonic 
sifter*, and the 70-140-mesh fraction (157 pm) was used. Nitrofurantoin, 
200 mg, was dispersed in 20 g of vehicle. Each vehicle was prepared by 
making dispersions of various concentrations of the suspending agent, 
and their viscosities were measured by a rotational viscometer3. Guided 
by these results, more appropriate concentrations then were prepared, 
and their viscosities were measured. For each suspending agent, a con- 
centration was found experimentally that provided a rheogram similar 
to that of a 2% aqueous solution of methylcellulose, 4000 cps. 

Dialysis-Dialysis was carried out a t  37O in cellophane tubing4 tied 
into a sac with distilled water as the dialysis medium. The nitrofurantoin 
dispersion, 50 ml, was placed in the cellophane sac, which was soaked 
previously for 24 hr to achieve hydration; then the open end was tied. The 
sac was immersed in 100 ml of distilled water, sealed in the container, and 
attached to a submersion rotato+. 

At 3,6,12,24, and 36 hr, one dialysis sac of a series was removed, fluid 
volume inside and outside of the sac was measured, and the nitrofurantoin 
concentration in the fluid inside and outside of the sac was determined 
from spectrophotometric measurements a t  367 nm. Equilibrium was 
always attained in <36 hr. 

Protocol-All suspensions were coded and distributed according to 
the Latin square law (9) so that two of the initial 12 volunteers received 
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Abstract  o Nitrofurantoin, 200 mg, was administered orally to 11 
subjects in an aqueous reference dispersion and in five suspensions having 
the same rheogram. Algin, carbomer, guar gum, methylcellulose, and 
colloidal magnesium aluminum silicate were the five suspending agents 
employed. Complexation was demonstrated by dialysis between nitro- 
furantoin and methylcellulose and between nitrofurantoin and carbomer; 
however, physiological availability was not altered by the interaction. 
The viscosity increase slowed absorption and urinary excretion, thus 
delaying the time of the maximum excretion rate without a decrease in 
bioavailability. A clinically acceptable urinary nitrofurantoin concen- 
tration was maintained for a t  least 2 hr longer by a viscosity increase. 
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Based on the few literature reports, it is difficult to 
generalize the effect of viscosity on the absorption and 
availability of medicinal compounds from oral liquids. 
Malone et af. (1) noted that increasing viscosity by in- 
creasing the concentration of sucrose in aqueous solutions 
of phenobarbital sodium progressively lengthened the 
induction time of narcosis in rats. Davison et al. (2) found 
that methylcellulose delayed the absorption from orally 
administered sodium salicylate solutions as demonstrated 
by the reduction of brain and plasma salicylate levels. 

Levy and Jusko (3) concluded that the decrease in ab- 
sorption by the ligated rat stomach of alcohol and salicylic 
acid from solutions containing methylcellulose was due to 
the slower movement of the drug molecule to the absorbing 
membrane. Harper and Wordan (4) reported that the LDw 
values of isoniazid (isonicotinic acid hydrazide) in rats were 
3300,2650, and 2000 mg/kg in acacia solution, gelatin so- 
lution, and water, respectively, and they concluded that 
the apparent toxicity was influenced by the vehicle. Hewitt 
and Levy (5) reported that, contrary to expectation, the 
oral administration of thiamine and riboflavin in highly 
viscous methylcellulose solutions did not affect the rate 
and extent of absorption. Ashley and Levy (6) showed that 
the absorption of phenolsulfonphthalein was decreased 
during the 1st hr by the addition of algin (sodium alginate) 
to the solution but that the total amount absorbed was 
unchanged. 

BACKGROUND 

Suspending agents are added to suspensions to  increase the viscosity 
so that the sedimentation rate is slowed and the measurement of a proper 
dose is simplified. Because a suspending agent improves the physical 
properties of a suspension, it may concomitantly affect the absorption 
of the medicinal compound by the increased viscosity or by complexation. 
I t  has been shown that the dissolution rate of a solid is inversely pro- 
portional to the viscosity of the dissolution medium (7). 

Since the dissolution rate often is the limiting factor in availability of 
a relatively insoluble medicinal compound in an orally administered 
suspension, viscosity would be expected to affect absorption. Seager (8) 
found that methylcellulose affected the excretion after the oral admin- 
istration of a nitrofurantoin suspension so that less nitrofurantoin was 
excreted and the time of maximum excretion was delayed by 1 hr. 

This study was conducted to determine, by a urinary recovery tech- 
nique, the effect of suspending agents (algin, carbomer, guar gum, 
methylcellulose, and colloidal magnesium aluminum silicate) on the 
absorption of nitrofurantoin. Because the main concern was to determine 
if the viscosity affected GI absorption, all formulations containing a 
suspending agent had the same viscosity. 

EXPERIMENTAL 

Suspension Preparation-Nitrofurantoin' was classified by a sonic 
sifter*, and the 70-140-mesh fraction (157 pm) was used. Nitrofurantoin, 
200 mg, was dispersed in 20 g of vehicle. Each vehicle was prepared by 
making dispersions of various concentrations of the suspending agent, 
and their viscosities were measured by a rotational viscometer3. Guided 
by these results, more appropriate concentrations then were prepared, 
and their viscosities were measured. For each suspending agent, a con- 
centration was found experimentally that provided a rheogram similar 
to that of a 2% aqueous solution of methylcellulose, 4000 cps. 

Dialysis-Dialysis was carried out a t  37O in cellophane tubing4 tied 
into a sac with distilled water as the dialysis medium. The nitrofurantoin 
dispersion, 50 ml, was placed in the cellophane sac, which was soaked 
previously for 24 hr to achieve hydration; then the open end was tied. The 
sac was immersed in 100 ml of distilled water, sealed in the container, and 
attached to a submersion rotato+. 

At 3,6,12,24, and 36 hr, one dialysis sac of a series was removed, fluid 
volume inside and outside of the sac was measured, and the nitrofurantoin 
concentration in the fluid inside and outside of the sac was determined 
from spectrophotometric measurements a t  367 nm. Equilibrium was 
always attained in <36 hr. 

Protocol-All suspensions were coded and distributed according to 
the Latin square law (9) so that two of the initial 12 volunteers received 
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Table I-Mean Excretion Rate  (fSD) and  Mean Cumulative Milligrams (fSD) of Nitrofurantoin Excreted for  11 Subjects a f t e r  Ora l  
Administration of a n  Aqueous Reference Dispersion and Aqueous Suspensions Containing Various Suspending Agents 

Colloidal Magnesium 
Methylcellulose Suspension Aluminum Silicate Suspension 
Rate, Cumulative Rate, Cumulative 

Reference Dispersion 
Rate, Cumulative 

Hours m g h r  Excretion, mg m g h r  Excretion, mg mglhr Excretion, mg 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Hours 

8.44 f 9.82 
11.17 f 4.08 
15.32 f 5.76 
9.13 f 6.34 
6.05 f 4.34 
3.38 f 3.03 
0.73 f 0.67 
0.34 f 0.21 
0.14 f 0.12 
0.09 f 0.11 
0.08 f 0.08 
0.05 f 0.03 

8.44 f 9.82 
19.61 f 12.64 
34.93 f 14.23 
44.06 f 14.57 
50.11 f 14.54 
53.49 f 13.88 
54.22 f 13.00 
54.56 f 13.00 

0.1 2 f 6.75 
13.03 f 8.00 
13.06 f 6.60 

6.12 f 6.75 
19.15 f 12.22 
32.21 f 14.67 

3.25 f 3.49 
8.23 f 6.49 
9.17 f 3.36 

3.25 i 3.49 
11.48 f 9.77 
20.65 f 11.68 ~~ 

7.55 f 5.00 
5.75 f 5.88 
3.21 f 5.39 

39.76 f 13.09 
45.51 f 11.64 
48.73 f 12.90 

9.24 f 5.16 
10.75 f 7.73 
6.77 f 6.58 

29.89 f 10.86 
40.64 f 8.47 
47.41 f 10.04 

1.59 f 2.09 
0.44 f 0.38 

50.32 f 13.57 
50.76 f 10.31 

3.97 f 5.30 
1.90 f 3.97 
0.49 f 0.42 

51.38 f 12.13 
53.28 f 13.25 
53.77 f 14.55 54.70 f 13.32 

54.79 f 13.66 
54.87 f 8.41 

0.64 f 1.27 
0.22 f 0.23 
0.30 f 0.40 

51.40 f 10.85 
51.62 f 11.62 
51.92 f 7.76 

0.21 f 0.16 
0.11 f 0.06 
0.12 f 0.02 

53.98 f 10.45 
54.09 f 12.84 
54.21 f 4.04 54.92 f 0.06 0.37 f 0.48 52.29 f 0.07 

Guar Gum Suspension 
Rate, Cumulative 
mghr  Excretion, mg 

Carbomer Suspension 
Rate, Cumulative 
melhr Excretion, mg 

Algin Suspension 
Rate, Cumulative 
m g h r  Excretion, mg 

~~ ~ 

3.19 f 3.38 
10.38 f 7.38 
16.14 f 8.29 
13.68 f 5.19 
13.15 f 6.11 
5.45 f 6.14 

3.19 f 3.38 6.37 f 6.64 6.37 f 6.64 
19.47 f 14.76 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

5.14 f 4.72 
11.18 f 8.34 

5.74 f 4.72 
16.92 f 15.19 13.57 10.31 

29.71 f 17.95 
43.39 f 19.41 
56.54 f 17.41 

13.10 f 8.79 
15.35 f 7.94 
15.33 f 9.79 

34.82 2 17.22 
50.15 f 22.34 
58.27 f 23.66 

14.01 f 6.34 
14.00 f 8.30 
9.30 f 5.66 
5.26 f 4.31 
2.96 f 4.08 
2.54 f 5.91 
3.85 f 7.36 
1.50 f 3.00 
1.10 f 1.87 
0.47 f 0.49 

30.93 f 16.14 
44.93 f 17.27 
54.23 f 19.97 
59.49 f 13.07 
62.45 f 10.80 
64.99 f 9.71 
68.84 f 14.57 
70.34 f 17.31 
71.44 f 19.00 
71.91 f 22.35 

8.12 f 6.27 
4.72 f 5.76 
2.22 f 4.52 
1.61 f 3.08 
0.59 f 0.98 
0.16 f 0.10 
0.08 f 0.09 

0 

62.99 f 23.68 
65.21 f 23.60 
66.82 f 28.04 
67.41 f 20.46 
67.57 f 28.81 
67.65 f 31.09 
67.65 f 31.05 

16.99 f 20.00 
64.11 f 22.39 
64.81 f 23.47 
69.14 f 21.68 
65.29 f 22.90 
65.44 f 26.78 
65.58 f 26.00 

2.12 f 2.85 
0.70 f 1.09 
0.33 f 0.49 
0.15 f 0.18 
0.15 f 0.08 
0.14 f 0.06 

the same suspension. Two weeks elapsed between each urinary study. 
One subject did not complete the study; the study was completed with 
two healthy female and nine healthy male subjects, 24-35 years old and 
40-70 kg. 

Each subject drank 300 ml of water upon arising. After 30 min, the 
bladder was voided, and the suspension was swallowed. The participants 
were instructed to allow adequate time for the suspension to drain from 
the container. Two 5-ml portions of water were used to rinse any residue 
from the container, and each portion was swallowed. No food or fluids 
were ingested for 6 hr. 

Urine samples were collected a t  1-hr intervals for 12 hr. Volumes were 
measured, and aliquots were retained in amber vials for analysis. The 
urinary pH was determined a t  the time of each sample collection, and 
the values ranged from 5.3 to 7.0. For a given subject, the pH fluctuation 
did not exceed 1 pH unit. No attempt was made to control the urinary 
PH. 

Analytical Method-The urine analysis was carried out in duplicate 
by the method of Conklin and Hollifield (10) on the collection day. To 
protect the nitrofurantoin from light, amber glassware was used. 

Statistics-The significance of the difference between suspensions 
containing different suspending agents and the reference dispersion was 
calculated using the Student two-tailed t test (p = 0.05). 

Table 11-Mean Time (fSD) of the Maximum Excretion Ra te  
and  Mean Percent  (fSD) of the Oral Dose Excreted in 12 h r  for  
11 Subjects 

Maximum Percent Oral 
Preparation Rate, hr Dose Excreted 

Aqueous reference 2.6 f 0.8 27.5 f 6.9 
Methylcellulose 2.9 f 1.4 26.1 f 6.5 
Colloidal magnesium 4.0 f 1.7 27.1 f 6.5 

aluminum silicate 
Algin 4.0 f 1.6 35.9 f 8.0 

Guar gum 3.8 f 0.7 33.8 f 12.0 
Carbomer 4.0 f 1.3 32.9 f 11.7 

6oool 
RESULTS AND DISCUSSION 

T o  compare the effect of several suspending agents on the absorption 
and urinary excretion of nitrofurantoin from an oral suspension, the 
viscosity should be the same for all suspensions. A 2% aqueous solution 
of methylcellulose, 4000 cps, was selected because it had a moderately 
high viscosity. This selection accented the factor of viscosity, but the 
suspension was pourable from the container. Figure 1 shows that the 
rheological characteristics of a 1.6% algin6 solution, a 0.3% carbomer' 
solution, a 1.0% guar gums solution, a 2.0% rnethyl~ellulose~ solution, and 
a 5.0% colloidal magnesium aluminum silicatelo dispersion are similar. 

Shah and Sheth (11) demonstrated in uitro that  the dialysis rate of 
nitrofurantoin was reduced by the presence of methylcellulose. They 
thought that this effect was due to the drug complexation in solution with 

4 
0.3 3 6 12 30 

REVOLUTIONS PER MINUTE 
Figure 1-Riheologicnl profiles of five suspending vehicles. Key:  0, 
algin; A ?  carbomer; ., guargum; 0, methylcellulose, 4000 cps; and  A, 
colloidal magnesium aluminum silicate. 

Kel in M V , Kelco Co. 
Car%opol934. B. F. Goodrich Chemical Co. 

8 Supercol GF, Henkel Co., General Mills Chemicals. 
9 Methocel90 HG Premium, 4000 cps, Dow Chemical Co. 

10 Veegum, R. T. VanderhiTt Co. 
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Table 111-Mean Nitrofurantoin Concentration in the Urine of 11 Subjects a f t e r  Oral  Administration of 200 mg of Nitrofurantoin 

E" 
2 
L a 
2 

4 
5 

2 50-- 

40- 

w > 
30- 

3 

0 20- 

10- 

Urinary Concentration 

Reference Algin Carbomer Guar Gum Methylcellulose Aluminum Silicate 
Colloidal Magnesium 

Suspension Suspension Suspension Suspension Suspension Hours Dispersion 

1 1: 12,000 
2 1:8400 
3 1:4400 

1:25,000 
1:7700 
1:5000 

1:50,000 
1:9000 
1:5000 

4 1:5600 1:5000 1:5000 
5 1:8300 1:5000 1:5000 ~ ~~~ 

6 1: 15,000 1: 11,100 
7 1:126,000 1:15,100 
8 1 :200.000 1:17,200 

1:8300 
1:33,300 
1: 100,000 

9 1:357;000 1:14,200 1: 140,800 
10 
11 
12 

1:52;600 
1:52,600 
1:125.000 

the polymer. A nitrofurantoin-suspending agent interaction (complex- 
ation) possibly could affect absorption and urinary excretion. Nitrofu- 
rantoin and each suspending agent were dialyzed until equilibrium was 
attained. Aqueous dispersions of nitrofurantoin with carbomer and with 
methylcellulose gave ratios of the concentration in the internal com- 
partment to that in the external compartment of 1.22 and 1.26, respec- 
tively, thus indicating interaction between nitrofurantoin and carbomer 
and between nitrofurantoin and methylcellulose such that less nitrofu- 
rantoin diffused through the membrane. Such an interaction could in- 
terfere with absorption and subsequent urinary excretion. No interaction 
occurred with algin, guar gum, and colloidal magnesium aluminum sili- 
cate. 

In a blind study, 11 subjects ingested 200 mg of nitrofurantoin in var- 
ious suspensions of the same viscosity and in an aqueous dispersion a t  
2-week intervals. No nitrofurantoin was detected in the urine of any 
subject after 12 hr. The half-life was determined by plotting the logarithm 
of the amount excreted after administration of the aqueous dispersion 
against time (12). The average half-life was 1.03 f 0.45 hr. This result 
agrees with the literature values that range from 0.3 to 1.0 hr (13). 

The excretion rate and the cumulative milligrams excreted were de- 
termined and plotted for each subject. From these data, the percent of 
the orally administered dose excreted in the urine and the time of the 
maximum excretion rate were determined for each subject. Data for each 
individual are not given to conserve space. The mean (+SD) excretion 
rate and the cumulative amount (&SD) excreted for 11 subjects are given 
in Table I for the aqueous reference dispersion and for the five suspen- 
sions. Figure 2 shows the mean cumulative amount of nitrofurantoin 
excreted as a function of time for each suspension. 

The mean percent (fSD) of the oral dose excreted is given in Table 
11. The significance of the difference between the aqueous reference 
dispersion and the means in Table I1 was calculated using the Student 
t test. The percent of the oral dose recovered in the urine was not di- 
minished significantly by any suspending agent, even though in uitro 
interaction had been demonstrated between nitrofurantoin and meth- 
ylcellulose and between nitrofurantoin and carbomer. This result indi- 
cates that under physiological conditions, complexation, as demonstrated 
by dialysis, does not interfere with GI absorption. Because complexation 
did not alter physiological availability, any changes in urinary excretion 
may be attributed to the effect of viscosity. 

The excretion rates were plotted against time for each subject. The 
times of the maximum excretion rate for each of the 11 subjects were 
averaged to give the mean time ( fSD)  of the maximum excretion rate 
given in Table 11. The significance of the difference between the mean 
time of the maximum excretion rate of the aqueous reference dispersion 
and the suspensions with various suspending agents (Table 11) was de- 
termined using the Student t test. The differences between the time of 
the maximum excretion rate of the aqueous reference dispersion and the 
test suspensions were significant. 

Nitrofurantoin suspended with methylcellulose reportedly (8) delays 
the maximum absorption time by 1 hr relative to an aqueous reference 
dispersion. In this study, the time at  which the average maximum ex- 
cretion rate occurred for the preparation containing methylcellulose was 
only 0.3 hr longer than that of the aqueous reference dispersion, with the 
time of the maximum excretion rate varying from 1 to 6 hr for the 11 
subjects. The reason for this wide variation without a significant differ- 
ence between the aqueous reference dispersion and the suspension con- 
taining methylcellulose is unknown. 

As shown in Table 11, the mean time of the maximum excretion rate 

1:20.000 1:25.000 1:50.000 
1:5500 
1:5000 
1:5000 
1:6600 

1:10;000 
1: 10,000 
1 : 10,000 
1:10,000 

1: 1 1,100 1:20;000 
1:33,300 1:33,300 
1 :50,000 1: 125,000 
1:200,000 1 :90,000 

1 : 10;000 
1: 10,000 
1 : 10,000 
1:10,000 
1:11,100 
1:14,200 
1:33,300 
1:142,800 

was increased by 1.4 hr for the experimental viscosity induced by algin, 
carbomer, guar gum, and colloidal magnesium aluminum silicate in 
comparison to an aqueous dispersion. Thus, the increased viscosity of 
these oral suspensions delayed absorption and excretion but did not di- 
minish total absorption. Since increasing viscosity slows diffusion, mo- 
bility, and the dissolution rate, one would anticipate slower absorption 
and excretion. 

Because nitrofurantoin is rapidly excreted in the urine, slower ab- 
sorption could maintain a clinically recommended concentration of 
1:100,000-1:200,000 (14) in the urine for a longer time. The mean nitro- 
furantoin concentration in the urine of 11 subjects after the oral ad- 
ministration of 200 mg of nitrofurantoin is given in Table 111. With 
1:1OO,ooO as the nitrofuranbin concentration needed for the clinically 
acceptable bacteriostatic effect, the reference dispersion is acceptable 
for 6 hr. The suspensions containing carbomer, guar gum, and colloidal 
magnesium aluminum silicate are acceptable for 8 hr. The suspensions 
containing methylcellulose and algin are acceptable for 7 and 11 hr, re- 
spectively. 

An increase in viscosity of the investigated suspensions delayed ab- 
sorption; consequently, urinary excretion was delayed without a decrease 
in availability. As a result, the concentration in the urine was maintained 

60 '.I 
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a t  a clinically useful concentration for a longer time. In the studied sus- 
pensions, the viscosity maintained an acceptable concentration in the 
urine for at  least 2 hr longer than that obtained from an aqueous dis- 
persion. 
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Abstract When spread from organic solvents onto electrolyte solu- 
tions, the Ca2+ ionophores A23187 (I) and X537A (11) formed films with 
relatively high surface pressures and surface potentials. Ionophore I had 
collapse pressures between 16 and 19 dynedcm and nearly equal surface 
activity on distilled water and on 1000 mEq of either sodium chloride or 
calcium chloride. Film pressure did not reveal appreciable ion selectivity. 
However, the surface potential of I on calcium chloride solution was 
higher than that on sodium chloride, and the potential difference, A(AV), 
of 40 mv was independent of the electrolyte concentration. In contrast, 
the ion selectivity of I1 was dependent on the electrolyte concentrations 
since the A(AV) value between calcium chloride and sodium chloride was 
maximal (130 mv) on 1000 mEq and negligible on 500- and 2000-mEq 
salt solutions. The isotherms of phospholipid-ionophore films were 
markedly different from those of the individual components, although 
they revealed ionophore characteristics a t  low film pressures and phos- 
pholipid behavior a t  high film pressures. The magnitude of the surface 
potential indicated that dipalmitoyl phosphatidylcholine enhanced, 
whereas mitochondria1 lipid and cardiolipin reduced, the preference of 
the two ionophores for Ca2+ over Na+. Since the ion selectivity was 
manifested most a t  both high electrolyte and high lecithin concentrations, 
the ionophore probably prefers the low dielectric constant of neutral lipid 
membranes to complex with the selected cation. 

Keyphrases 0 Membrane systems-surface properties, interaction of 
electrolytes and lipids with Ca2+ ionophores 0 Surface pressure-films 
of Ca2+ ionophores on electrolyte solutions, effect of membrane lipids 

Surface potential-films of Ca2+ ionophores on electrolyte solutions, 
effect of membrane lipids 0 Ionophores, Ca2+--surface properties of 
films on electrolyte solutions, effect of membrane lipids 

The ubiquitous occurrence and importance of Ca2+ in 
biological processes (enzymatic as well as mechanical) 
prompt interest in the modes of its availability, translo- 
cation, and action. The transport of ions in and out of cells 
may be aided by certain organic molecules, referred to as 
ionophores (1). These molecules are expected to influence 
metabolic (2) and physical (3) properties of cells in culture 
as well as in uiuo. 

Questions have been raised as to whether and how Ca2+ 
may stimulate or inhibit specific membrane and intracel- 
lular enzymes (4) and the contractile activity of systems 
within both the plasma membrane and the cytoplasm. 
Although extensive work has been published on the 
physicochemical properties of numerous ionophores and 
their interactions with natural and artificial membranes 
(I), little is known about the surface behavior of the Ca2+ 
ionophores A23187 (mol. wt. 523, I) and X537A (mol. wt. 
590,II); this information is important since at least some 
of the action of the ionophore develops at  membranes, 
whose structure and function are controlled by surface 
phenomena. 

As in the case of valinomycin (5,6), surface activity and 
surface potential should reflect certain structural char- 
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a t  a clinically useful concentration for a longer time. In the studied sus- 
pensions, the viscosity maintained an acceptable concentration in the 
urine for at  least 2 hr longer than that obtained from an aqueous dis- 
persion. 
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Abstract When spread from organic solvents onto electrolyte solu- 
tions, the Ca2+ ionophores A23187 (I) and X537A (11) formed films with 
relatively high surface pressures and surface potentials. Ionophore I had 
collapse pressures between 16 and 19 dynedcm and nearly equal surface 
activity on distilled water and on 1000 mEq of either sodium chloride or 
calcium chloride. Film pressure did not reveal appreciable ion selectivity. 
However, the surface potential of I on calcium chloride solution was 
higher than that on sodium chloride, and the potential difference, A(AV), 
of 40 mv was independent of the electrolyte concentration. In contrast, 
the ion selectivity of I1 was dependent on the electrolyte concentrations 
since the A(AV) value between calcium chloride and sodium chloride was 
maximal (130 mv) on 1000 mEq and negligible on 500- and 2000-mEq 
salt solutions. The isotherms of phospholipid-ionophore films were 
markedly different from those of the individual components, although 
they revealed ionophore characteristics a t  low film pressures and phos- 
pholipid behavior a t  high film pressures. The magnitude of the surface 
potential indicated that dipalmitoyl phosphatidylcholine enhanced, 
whereas mitochondria1 lipid and cardiolipin reduced, the preference of 
the two ionophores for Ca2+ over Na+. Since the ion selectivity was 
manifested most a t  both high electrolyte and high lecithin concentrations, 
the ionophore probably prefers the low dielectric constant of neutral lipid 
membranes to complex with the selected cation. 
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electrolytes and lipids with Ca2+ ionophores 0 Surface pressure-films 
of Ca2+ ionophores on electrolyte solutions, effect of membrane lipids 
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The ubiquitous occurrence and importance of Ca2+ in 
biological processes (enzymatic as well as mechanical) 
prompt interest in the modes of its availability, translo- 
cation, and action. The transport of ions in and out of cells 
may be aided by certain organic molecules, referred to as 
ionophores (1). These molecules are expected to influence 
metabolic (2) and physical (3) properties of cells in culture 
as well as in uiuo. 

Questions have been raised as to whether and how Ca2+ 
may stimulate or inhibit specific membrane and intracel- 
lular enzymes (4) and the contractile activity of systems 
within both the plasma membrane and the cytoplasm. 
Although extensive work has been published on the 
physicochemical properties of numerous ionophores and 
their interactions with natural and artificial membranes 
(I), little is known about the surface behavior of the Ca2+ 
ionophores A23187 (mol. wt. 523, I) and X537A (mol. wt. 
590,II); this information is important since at least some 
of the action of the ionophore develops at  membranes, 
whose structure and function are controlled by surface 
phenomena. 

As in the case of valinomycin (5,6), surface activity and 
surface potential should reflect certain structural char- 
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acteristics of the ionophore molecule and could be related 
to two phenomena: ( a )  the ability of the ionophore to 
complex with the various ions, and ( b )  the modifications 
brought about in the architecture of the membrane when 
the ionophore picks up or delivers the ion or when the 
ionophore finally lodges in or crosses the membrane. 

This paper describes the surface pressure and surface 
potential characteristics of films of ionophores I and I1 on 
various concentrations of sodium chloride and calcium 
chloride solutions. To evaluate the influence of membrane 
lipids on these parameters, films of mixtures of the iono- 
phore with dipalmitoyl phosphatidylcholine, total mito- 
chondrial lipids, and cardiolipin also were studied. 

EXPERIMENTAL 

The sodium salts of ionophores 1 and I1 were used'. Routine TLC (2) 
showed that the dipalmitoyl phosphatidylcholine and beef heart car- 
diolipin2 were homogeneous, and they were not purified further. Rat liver 
mitochondria3 were prepared according to published methods (7); the 
total lipid was extracted by shaking the aqueous mitochondria1 suspen- 
sion once with four volumes of chloroform-methanol (2:l) and then with 
four volumes of chloroform. 

TLC was performed with precoated silica gel G plates4, chloroform- 
methanol-water-concentrated ammonium hydroxide (70302:4) as the 
solvent, and the appropriate lipid standards. The lipid pattern was typical 
of mitochondria, with phosphatidylcholine > phosphatidylethanolamine 
> cardiolipin > sphingomyelin. For all practical purposes, this lipid 
composition of mitochondria is independent of either the organ or the 
animal species (8). 

The lipids for the film preparation were dissolved to give 1 mg/ml in 
chloroform-methanol (85:15), and the solutions were stored a t  -20' for 
no longer than 2 weeks. During the experiments, the lipid solutions were 
kept in ice. The organic solvents were of the highest spectroscopic grade. 
Water was distilled twice (9). The electrolyte solutions, prepared with 
freshly distilled water and reagent grade salts, were foamed to remove 
surface-active contaminants (10) and were stored for no longer than 3 
days a t  room temperature. 

The techniques for the determinations of surface pressure and surface 
potential were described previously (lo), except that a circular constant 
area trough was used (11) instead of a rectangular trough. Measured 
volumes of the lipid or ionophore solution in organic solvent were applied 
onto a 20-cm2 area, and the values of surface pressure and surface po- 
tentials were related to the quantity of the material applied per square 
centimeter or to the apparent molecular area of the ionophore and other 
lipid. 

RESULTS AND DISCUSSION 

The surface pressure and surface potential values are averages from 
three experiments, with deviations of f0.2 dyne/cm and f5 mv, respec- 
tively. The r and A V  effects of the ionophores revealed characteristics 
that  should be related to their molecular structures. 

Theoretical  Considerations-Since the two monocarboxylic acid 
ionophores, I and 11, are complex molecules, the effects of the electrolyte 
on surface pressure and surface potential may not be predicted a t  once. 
Such a prediction, however, will contain information or suggestions about 
several possible phenomena: (a)  interaction of the electrolyte cation with 
the ionized carboxylic group of the ionophore; ( b )  discrimination between 
Na+ and Ca2+ in terms of surface pressure and/or surface potential; (c) 
conformational changes, which are known to occur during such interac- 
tions in bulk (1); ( d )  rigidity or flexibility of the ionophore molecule; ( e )  
electrolyte penetration into the interface (12); and ( f )  changes in the 
interfacial structures of the water of hydration (13) and in the distribution 
of dipoles (13,14). 

Each of these effects is expected to contribute to both surface pressure 
and surface potential but, unfortunately, cannot be evaluated individually 
in the present state of the art. Nevertheless, determinations of surface 

These salts were supplied by Dr. Robert J. Hosley of Eli Lilly. Indianapolis. Ind., 

Gift of Dr. R. Rezek, Departments of Neurology and Biochemistry, Albert 

and Dr. W. Scott of Hoffmann-La Roche, Nutley, N.J., respectively. 
2 Applied Science Laboratories, State College, Pa. 

Einstein Colle e of Medicine, New York, NY 10461. 
4 Analtech, hewark, N.J. 
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Figure 1-Surface pressure-area curues and surface potential-area 
curves of ionophores I and I1 spread on distilled water (O), I M NaCl 
(A), and 0.5 M CaCl2 ( 0 )  at 25'. 

pressure and surface potential of the Ca2+ ionophores can be used to 
establish empirical correlations between structure and function, corre- 
lations that are fundamental to future biological studies. 

Effects of Electrolyte on Ionophore Surface Pressure-Area 
( * -A)  and Surface Potential-Area (A V-A) Curves-Figures 1 and 
2 describe experiments in which films of ionophores I and I1 were spread 
on distilled water and on aqueous solutions containing three concentra- 
tions of either sodium chloride or calcium chloride (150,1000, and 2000 
mEq). The film pressure, in dynes per centimeter, and the surface po- 
tential, in millivolts, are related to the apparent molecular area of each 
ionophore on water and on aqueous solutions of 1000 mEq of sodium 
chloride or calcium chloride in Fig. 1 and to the electrolyte concentration 
a t  the molecular area of 50 Az for each ionophore in Fig. 2. The two io- 
nophores were surface active with I1 more than I; according to their 
surface potentials, they discriminated differently between Na+ and 
Ca2+. 

*-A Curues-Films of I1 were more expanded but had higher collapse 
pressures than those of I on the aqueous electrolytes; this difference could 
be ascribed to the greater flexibility of 11, which requires constraints to 
build up pressure as compared to the more rigid I molecule, whose iso- 
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CONCENTRATION, mEq 
Figure 2-Influence of electrolyte concentration on the surface pressure 
and surface potential of ionophores I and I1 at the molecular area of 50 
A 2  at 25'. Key: 0, sodium chloride; and 0 ,  calcium chloride. 

Journal of Pharmaceutical Sciences I 407 
Vol. 69, No. 4. April 1980 



1 
- a DPL-I (1 :1 I DP L DPL-II (1 : 1 )  

50 

n c  

U 
2 0 50 100150 0 50100150 0 50100150 
"I  

AREA, Azlmolecule 
Figure 3-lnflucnce of ionophorcs I and I1 on the surface pressure-area 
and surface potential-area curiics of dipalmituyl lecithin in mixed films 
sprcwd o n  1.0 M NaCl ( 0 )  and 0.Fj M CaClz ( 0 )  at Z 5 O .  The apparent 
molc.czlar areas arv averagrs of the areas of lecithin and the iono- 
phor t ,  

therm on distilled water did not differ much from that on the subphase 
containing various electrolyte concentrations. The slow rise of pressure 
with compression indicates that 11 must encounter difficulty in making 
a film on distilled water (Fig. 1); I1 was much more surface active than 
I on electrolyte solutions. The collapse pressures on 1000 mEq of sodium 
chloride or calcium chloride were 30 dynes/cm for I1 and 18 dynes/cm for 
1. 

The virtual identity of the isotherms of I 1  on solutions of 1000 mEq 
of sodium chloride or calcium chloride means that, a t  this electrolyte 
concentration, the ionophore cannot distinguish between Na+ and Ca2+ 
on the basis of surface tension or surface pressure. Ionophore I1 did dis- 
tinguish between the cations at  lower concentration, where its isotherm 
on 150 mEq of calcium chloride (Fig. 2)  was markedly mcm expanded 
(higher) than that on sodium chloride. At present, no explanation is 
available for this effect, which is the opposite of the film contraction 
expected from the interaction of Ca2+ with negatively charged lipids (15). 
The complexity of the ionophore molecule may be responsible for nu- 
merous deviations from the surface behavior of a straight-chain lipid. 

The two ionophores were similar in that, on both electrolytes a t  all 
concentrations studied, they reached the different collapse or saturation 
pressures at  an apparent. molecular area of 50 p\z, below which the r and 
AV values were quite stahle. For reasons given earlier (6), interpretation 
of the apparent molecular area must be postponed until an exact deter- 
mination is made o f  the effective number of ionophore molecules per 
square centimeter and their orientation in the film, parameters that  are 
not accessible a t  present. 

AV-A ('urLics-Unlike surface pressure, the surface potential revealed 
marked ion select.ivities for both ionophores. 

On distilled water, the surface potential of I was 200 mv higher than 
that of 11. At all areas, I distinguished sodium chloride from water by 20 
mv in favor of sodium chloride and sodium chloride from calcium chloride 
by -10 mv in favor of calcium chloride. Unlike I, 11 showed a marked de- 
pendence of K and AV on the electrolyte concentrat,ion (Fig. 2) and dis- 
tinguished markedly well hetween Na+ and Caz+ at  one electrolyte 
concentration (1000 mEq), although hy a much greater difference (130 
mv) as compared to 40 mv for 1. 

The K - A  curves of I1 on 1000 mEq of sodium chloride and calcium 
chloride were nearly superimposable. The AV-A curve of I1 on sodium 
chloride was 300 mv higher than that on water; on calcium chloride, it 
was 1:10 mv higher than that, on sodium chloride (Fig. 1). In contrast, the 
selectivity of I for Ca'+ was ahout t.he same (40 mv) a t  all electrolyte 
concentrations (Fig. 2) .  

These differences in surface behavior between the t,wo ionophores are 
consistent with a rigid structure f o r  I and a flexible structure for 11. A t  
present, it is not possible to relate these observations to the conforma- 
tional changes that the ionophores undergo in bulk ( l ) ,  primarily because 
~ ) t '  a lack of spectroscopic methods capahle of viewing the interface di- 
rectly in silu. 

Lipid Influence on Ion Selectivity and Surface Behavior of the 
lonophorc-The foregoing data show that ionophores I and I1 are surface 
active and distinguish hctween Na+ and Ca2+ in the absence of membrane 

lipids. Since the transport of Ca2+ by the ionophore across the membrane 
could imply some interaction of the ionophore with the membrane 
structures that negotiate Ca2+ with the ionophore, information about 
t,he membrane behavior of the ionophore may be attained by a study of 
the interaction of the electrolyte with films of ionophore and phospholipid 
mixtures. 

Three mixtures were studied: dipalmitoyl phosphatidylcholine- 
ionophore, mitochondria1 lipid-ionophore, and cardiolipin-ionophore. 
The lipid mixtures in chloroform-methanol (85:15) were spread on the 
aqueous subphase containing 1000 mEq of sodium chloride or calcium 
chloride. This electrolyte concentration was chosen for convenience, since 
the surface potential effects were largest; they were small a t  either lower 
or higher salt concentrations. 

Dipalmitoyl Phosphatidylcholine-Figure 3 shows the r-A and 
AV-A curves of dipalmitoyl lecithin (DPL) and equal weight mixtures 
of it with I and I1 on 1000 mEq of sodium chloride or calcium chloride. 

With this salt concentration, the dipalmitoyl lecithin films were slightly 
more expanded, and t.he A V  values were appreciably higher than on more 
dilute solutions [e.g., 100 mEq (12)); dipalmitoyl lecithin did not signif- 
icantly discriminate between Na+ and Ca2+. However, both ionophores 
influenced appreciably the FA and AV-A curves of the phospholipid 
in the dipalmitoyl lecithin-ionophore film, in which dipalmitoyl lecithin 
seemed to enhance markedly the ion selectivity of the ionophore (Ca2+ 
over Na+), especially in terms of surface potential. 

The r-A and AV-A curves of the mixtures were quite different from 
those of individual components. The pressure-area curves of the mixed 
films had an ionophore character (expanded) a t  low pressure. A t  the 
average molecular area of 150 A2, the pressure was near zero for the di- 
palmitoyl lecithin-I system and near 20 dynes/cm for dipalmitoyl leci- 
thin-11. This observation st.rengthens the suggestion that 1 is rigid 
whereas I1 is flexible and thus is more compressible than I. 

Although the disappearance of the ionophore character from the mixed 
ionophore-lecithin film in terms of film pressure could suggest that, a t  
high pressure, the ionophore may be squeezed out of the mixed film, 
which then resumes the lecithin character, this mechanism may not be 
valid because the surface potential increase a t  high pressure is that  of a 
unique lecithin-ionophore mixture, far above the A V  of lecithin alone. 
The mode of the ionophore-lecithin interaction thus remains to be in- 
vestigated. 

Whereas the dipalmitoyl lecithin-ionophore mixtures did not distin- 
guish between Na+ and Ca2+ by the surface pressure, they did distinguish 
between the cations markedly well by the surface potential, especially 
a t  high pressure where the A(AV) difference between calcium chloride 
and sodium chloride reached -150 mv for both ionophores as opposed 
to 40 mv for I and 130 mv for I1 in the absence of dipalmitoyl lecithin. The 
fact that  the selectivity between Na+ and Ca2+ was manifested a t  high 
film pressure and high electrolyte concentration is reminiscent of the 
Na+-K+ discrimination of valinomycin films, which required 700-1000 
mEq of electrolyte and film pressures above 20 dynes/cm to show a dra- 
matic effect of K+ on the surface potential (5,6,16). Indeed, the presence 
of lipid brings about a low dielectric constant (favorable to ionic inter- 
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Figure 4-Influence of ionophores I and I I  on thp surface pressure-area 
and surface potential-area curves of mitochondria/ lrpid in mixed films 
spread on I 0 M NaCl (0 )  and 0 5 M CaClz ( 0 )  at 25" The apparent 
molecular area\  are calculated auerageb of the areas of ionophore and 
mitochondria1 l i p d  
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Figure 5-Influence of ionophores I and I1 on the surface pressure-area 
and surface potential-area curves of cardiolipin on 1.0 M NaCl (0) and 
0.5 M CaClz (0 )  at 2 5 O .  The apparent molecular areas are auerages of 
the areas of cardiolipin and the ionophore. 

actions) and high surface potentials (6,131. The fact that  this effect was 
not seen a t  higher electrolyte concentrations is interesting, has no ex- 
planation as yet, and clearly reflects a specificity that calls for optimal 
conditions of dose response in the interaction of Ca2+ with the iono- 
phore. 

Mitochondrial Lipid-The film was made by spreading the total lipid 
extract of rat liver mitochondria as a model of a membrane containing 
negatively charged groups, namely, the two phosphate groups of car- 
diolipin (diphosphatidylglycerol). Unlike dipalmitoyl lecithin, the mi- 
tochondrial lipid (ML) conferred little ion-discriminating ability to either 
ionophore (Fig. 4). 

Although a high collapse pressure of the mitochondrial lipid was re- 
vealed in the isotherm of mixed films of the ionophore with this lipid, the 
surface potential of the mixture reflected an ionophore character in the 
sense that its AV-A curve was lifted to a constant saturation value that 
extended over the entire area range. However, the AV effect of the elec- 
trolyte in the two mixtures was not different from that of the mitochon- 
drial lipid alone. 

Cardiolipin--Since the major ionic component of mitochondrial lipid 
is cardiolipin, the behavior of the cardiolipin-ionophore mixed film was 
evaluated to see if the behavior of the mitochondrial lipid could be as- 
cribed to cardiolipin. The results (Fig. 5) confirm that possibility. 

More evident than with the total mitochondrial lipid was the con- 
traction in the molecular area of cardiolipin in the presence of CaZ+ as 
compared to Na+ (Fig. 5), a discrimination that is known for acidic 
phospholipids (15,17) but was not so apparent and was modified partially 
with the mixed ionophore-cardiolipin films (Fig. 5). As with the mito- 
chohdrial lipid and with cardiolipin alone, the surface potential of the 
cardiolipin-ionophore mixed film showed a modest separation in AV 
between Na+ and Ca2+, with the value for Ca2+ higher as expected. 

An unusual feature of the ionophore-cardiolipin mixed film was the 
maximum in surface potential, between pressures of 20 and 22 dynes/cm, 
above which, although the pressure continued to rise until saturation, 
the surface potential decreased appreciably on sodium chloride and on 
calcium chloride solutions. This unusual behavior is reminiscent of the 
AV-A curve of gangliosides (18). Since the film pressure continued to 
rise, one can argue that the film was not collapsing and that the fall in 
surface potential could be accounted for by reorganization of molecules 
and/or dipoles so as to produce a film with a higher dielectric constant, 
an excess of r-oriented ionic dipoles (including water), or both (6.13, 
19-21). 

CONCLUSIONS 

In the surface chemistry literature, there has been a misleading ten- 
dency to speculate or even make conclusions about the orientation of 
molecular groups and dipoles from surface potential data. That approach 
has been challenged; but for a variety of reasons that are given elsewhere 
(6,12,13, 19-22), quantitative models must be postponed until the mo- 
lecular correlates of surface potentials are understood. Such models may 
be derived only after information is obtained about the detailed molecular 
topography of the films at the air-water interface; such experiments in- 
volving radiolabels and direct spectroscopy of the interface cannot be 

done in the present state of the art  (12). Meanwhile, empirical compari- 
sons and correlations are valuable. 

The comparisons between Na+ and Ca2+ were based on equivalent 
concentrations instead of uncomparable ionic strength (0.225 for calcium 
chloride and 0.150 for sodium chloride). This choice was made to avoid 
blurring of the data by electrostatic effects due to ion binding competition 
in such different equivalent concentrations. For similar reasons, in 
working with ionophore-phospholipid mixtures, the empirical K-A re- 
lationships were preferred to graphs of mean molecular area versus mole 
fraction. 

Unlike prostaglandins (23) [carboxylic acids that produced films with 
very small surface pressures (0-9 dynes/cm) and surface potentials (-10 
to +250 mv)], I and I1 were quite surface active and had fairly large sur- 
face potentials. Both the surface pressure and especially the surface po- 
tential values were influenced by certain electrolyte concentrations. As 
observed with acidic phospholipids (15, 17) and fatty acids (24) a t  pH 
5.7, the AV values on calcium chloride were higher than those on sodium 
chloride, indicating preferential involvement or binding of Ca2+. How- 
ever, a t  certain low and high electrolyte concentrations, the two iono- 
phores, especially 11, could not distinguish between Na+ and Ca2+. Dis- 
crimination between Na+ and Ca2+ in terms of surface potential was 
enhanced markedly when the ionophore was mixed with dipalmitoyl 
lecithin; it was diminished when the ionophore was mixed with acidic 
lipids, either mitochondrial lipids or cardiolipin, despite the fact that such 
lipids interacted with Ca2+ with a marked surface potential effect. 

The monolayer experiments suggest that, in the presence of Ca2+, both 
ionophores prefer the hydrophobic medium of membranes and are ad- 
mitted more easily into membranes containing high doses of neutral or 
hydrophobic phospholipid. These concepts of surface science could be 
exploited in the interpretation of the behavior of ionophores in experi- 
ments that  are aimed a t  differentiating between cell types on the basis 
of the ionophore’s selectivity for Ca2+ and for the membrane lipid. 
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Abstract  0 The release of digoxin and its simultaneous conversion to 
digoxigenin bisdigitoxoside, digoxigenin monodigitoxoside, and digoxi- 
genin in a USP dissolution test medium were followed by high-pressure 
liquid chromatography. Two products, Tablets A and B, were manu- 
factured by solvent deposition and simple blending methods, respectively. 
Tablet A released digoxin faster than Tablet B in distilled water and in 
artificial intestinal juice, and no decomposition was observed. In the USP 
dissolution test medium, the rate of hydrolysis to digoxigenin hisdigi- 
toxoside was almost equal to that of hydrolysis to digoxigenin monodi- 
gitoxoside, and a comparat.ively large formation rate of digoxigenin was 
observed. Concentrations of digoxin and its decomposition products were 
described by differential equations that included dissolution rates of 
digoxin (rapidly dissolving digoxin and digoxin crystals) and an apparent. 
hydrolysis rate. In  the earlier stage of dissolution, hydrolysis was rate 
determining; in the later stage, dissolution became the rate-determining 
step for overall digoxin degradation. T o  suppress digoxin hydrolysis in 
the USP dissolution test medium, a developmental formulation study 
was performed. The incorporation of magnesium oxide and magnesium 
hydroxide-aluminum hydroxide in the tablet formulations inhibited 
digoxin hydrolysis by 15.3 and 14.5%, respectively, after dissolution for 
90 min without serious delay of drug release. 

Keyphrases 0 Digoxin-dissolution and degradation in acidic solution, 
high-pressure liquid chromatography, kinetic study 0 Dissolution- 
digoxin tablets, biphasic dissolution 0 Stability-digoxin in acidic so- 
lution, high-pressure liquid chromatography, kinetic study, incorporation 
of antacid 0 Antacids-suppression of digoxin degradation 

The bioavailability of digoxin preparations was reported 
to  vary significantly among brands and batches (1-5). 
Many studies revealed the correlation between the disso- 
lution rate and the bioavailability of digoxin, but little 
attempt was made to separate digoxin from its degraded 
glycosides (6-8). Digoxin reportedly was hydrolyzed in 
acidic media (9), and the therapeutic efficacy may have 
decreased as a result (10). Although the absorption kinetics 
of digoxin, digoxigenin bisdigitoxoside, and digoxigenin 
monodigitoxoside were in the same range, the blood con- 
centrations of the latter two substances were five to  six 
times lower than that of digoxin (11). The cardioactivity 
of digoxigenin was one-tenth of that of digoxin, but the 
other compounds possessed approximately the same ac- 
tivity (12). 

I t  was of interest to study the dissolution and simulta- 
neous hydrolysis of digoxin in vitro since they may be 
potential causes of the variation of bioavailability and 
clinical efficacy in different digoxin formulations. To  in- 
vestigate digoxin hydrolysis, a quantitative assay that 
distinguishes between digoxin and its decomposition 
products is required. All ofthe current assays (13-15) fail 
to  determine digoxin and its decomposition products in- 
dividually without additional separations, except for a 
high-performance liquid chromatographic method (16). 

The purposes of the present investigation were to  use 
high-pressure liquid chromatography (HPLC) to study the 
hydrolysis of digoxin released from tablets during disso- 
lution and to establish a pharmaceutical method of pre- 
venting digoxin hydrolysis in an acidic medium. 

EXPERIMENTAL 

Materials-Digoxin, digoxigenin bisdigitoxoside, digoxigenin mo- 
nodigitoxoside, and digoxigenin were used as received'. The following 
materials were USP grade: lactose, cornstarch, magnesium hydroxide- 
aluminum hydroxide, and magnesium oxide. Synthetic aluminum silicate 
was JP grade. The other reagents were reagent grade unless otherwise 
stated. 

T o  prepare Tablet A, a 5% chloroform-ethanol solution (2:l v/v) of 
digoxin was deposited on lactose-cornstarch (7:3 w/w) diluent and 
granulated with 1070 cornstarch paste t.o make -0.2% digoxin granules. 
The granules were Compressed to tablets of 7 mm in diameter and 120 
mg in weight by a single-punch tableting machine? (17). 

To  prepare Tablet B, digoxin crystals were blended with lactose- 
cornstarch ( 7 3  w/w) diluent to give a 10% digoxin powder. The powder 
was diluted repeatedly in the same manner to give a final digoxin content 
of -0.2%. The resultant digoxin-diluent mixture was granulated and 
compressed to give tablets of the same size as Tahlet A following the 
described procedure (17). 

Tablets A and B each contained 0.25 mg of digoxin. A digoxin powder 
mixture also was prepared containing antacids to study the effect of 
antacids in suppressing digoxin hydrolysis in acidic media. This mixture 
was prepared by dissolving 0.25 g of digoxin crystals in 50 ml of etha- 
nol-chloroform (1:2 v/v) solution and incorporating the resulting solution 
in 20 g of magnesium hydroxide-aluminum hydroxide, synthetic alu- 
minum silicate, or magnesium oxide. After mixing, the solvents were 
evaporated by heating on a thermostated water bath a t  40' for 4 hr. The 
powder mixture was blended with lactose-cornstarch ( 7 3  w/w) diluent 
and granulated with 10% cornstarch paste, and the mixture was dried and 
passed through a 32-mesh screen. The digoxin content of 120 mg of the 
powders was 0.25 mg. 

Analyses of Digoxin and Glycosides-Spectrofluorometry was 
performed to determine the total amount of digoxin and glycosides. For 
the separate determination of digoxin and glycosides, an HPLC method 
was developed. 

Spectrofluorometr~-The digoxin concentration in solution was de- 
termined with a spectr~fluorometer~ following the assay described for 
the dissolution testing of digoxin tablets in USP XIX (13). 

HPLC-The separation conditions developed by Castle (16) were 
modified for the present experiments. A high-pressure liquid chroma- 
tograph4 was used. The eluent was monitored spectrophot.ometricaIly 
a t  220 nm. The separation utilized a column5 (4 mm X 15 cm) operating 
a t  1.5 ml/min with 25% acetonitrile solution as the mobile phase. 

The retention volumes for digoxin, digoxigenin hisdigitoxoside, di- 
goxigenin monodigitoxoside, and digoxigenin were 12.1,7.2,4.5, and 3.8 
ml, respect,ively. The practical detection limit'for digoxin was 50 ng. The 
resolution between the closest peaks of digoxigenin and digoxigenin 
monodigitoxoside was maintained a t  >1.3. 

For the quantitation of digoxin and glycosides, aqueous standard so- 
lutions were prepared by dissolving accurately weighed quantities of 
digoxin, digoxigenin bisdigitoxoside, digoxigenin monodigitoxoside, and 
digoxigenin and treating these solutions in the same manner as the sample 
solution. The amounts of the components were determined by comparing 
the peak heights with those of the standard solutions. 

Dissolution Study-The dissolution tests for Tablets A and B were 
performed using a rotating-basket apparatus6 described in USP XIX. 
Six tablets were used to determine the dissolution rate at 37' in 250 ml 
of distilled water, USP dissolution test medium (0.6% HCI), and artificial 

Boehringer, Mannheim GMBH, West Germany. 
L' Kimura KM-2, Okada Seiko Co., Tokyo, .Japan. 

Hitachi MPF-4, Hitachi Ltd., Tokyo, Japan. 
The chromatographic system consisted of a 6000 A pump and a U6K universal 

injector (Waters Associates, Milford, Mass.) coupled with a SF-770 detector 
(Schoeffel Instrument Corp., Westwood, N.J.). 

LiChrosorb RP-18 (5 pm), Merck, Darmstadt, West Germany. 
Toyama Sangyo Co., Osaka, Japan. 
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RESULTS AND DISCUSSION 

Dissolution-The individual determination of digoxin, digoxigenin 
bisdigitoxoside, digoxigenin monodigitoxoside, and digoxigenin was ac- 
complished satisfactorily by HPLC as shown in Fig. 1. The total amount 
of digoxin detected by the conventional spectrofluorometric method was 
consistent with the HPLC results. 

Digoxin instability in gastric juice was confirmed by analysis of digoxin 
and its degraded materials and was suggested as a possible cause of de- 
creased oral efficacy (10). Degradation steps or pathways of digoxin in 
acidic media have been considered (18). The glycoside bond in the mo- 
noglycoside was suggested as being more resistant to acid hydrolysis than 
the bisglycoside and digoxin (9). Digoxin decomposition is closely related 
to reduced cardiac action. The rate constant of digoxigenin appearance 
might be clinically significant because of the lowered pharmacological 
action. 

Figure 2 shows the dissolution of digoxin from Tablets A and B in 
distilled water and in artificial intestinal juice. Tablet A released digoxin 
faster than did Tablet B; their t 112 values were 1 and >60 min, respec- 
tively, which suggested that Tablet B would not meet the USP XIX re- 
quirement. This difference in the dissolution rates resulted mainly from 
the production procedure, because the same lot of digoxin crystals was 
incorporated in both digoxin tablets. For Tablet A, digoxin was deposited 
on diluents after complete dissolution in ethanol-chloroform, which 
might have resulted in easier dissolution of digoxin crystals. This deposit 
might be the amorphous layer, the existence of which was demonstrated 
by ball milling the digoxin crystals (19). No digoxin decomposition was 
observed in distilled water and in artificial intestinal juice; earlier work 
showed that digoxin mainly undergoes degradation at  acidic pH (9, 
10). 

The amount of digoxin that dissolved from Tablet A in the USP XIX 
dissolution medium increased remarkably in a short time. Digoxin release 
reached a peak in -6 min, and this release was followed by a gradual 
decrease that was related to the increase of decomposed digoxin. The 
digoxigenin bisdigitoxoside concentration reached a plateau in 10 min, 
while the digoxigenin monodigitoxoside concentration increased linearly 
with the time. These findings suggest that the degradation rate of digoxin 
to digoxigenin bisdigitoxoside is almost equal to the degradation rate of 
digoxin to digoxigenin monodigitoxoside and that a comparatively high 
formation rate of digoxigenin exists. In a previous study (20) with a 
conventional solvent extraction method, 75% of the dissolved digoxin was 
degraded 60 min after the initiation of the dissolution test in the USP 
XIX dissolution test medium; that finding supports results obtained in 
this study. 

After the disintegration of digoxin tablets, the digoxin dissolution is 
assumed to consist of two stages; the dissolution of digoxin into the me- 
dium from crystals and the simultaneous hydrolysis of digoxin by acid. 
It also is assumed that a freely soluble amorphous layer exists in crystals 
(21) and that the hydrolysis of digoxin at the surface.of the digoxin solid 
is negligibly small compared to that in solution. 

With these assumptions, the following differential equations are ob- 
tained for the description of the dissolution and degradation: 

Figure 1-Typical high-pressure liquid chromatogram of digoxin and 
its hydrolyzed products. Key: 1 ,  digoxigenin (0.50 pg); 2, digoxigenin 
monodigitoxoside (0:50 pg); 3, digoxigenin bisdigitoxoside (0.50 pg); and 
4,  digoxin (2.5 pg). 

intestinal juice7 at  a basket rotation speed of 100 rpm. A t  the specified 
time, 5 ml of the test medium was withdrawn and filtered immediately 
through a membrane filter8 (pore size of 0.22 pm). 

With the USP dissolution test medium, 1.5 ml of SQrensen borate 
buffer (0.2 M, pH 10.0) was added to prevent further digoxin hydrolysis. 
Five milliliters of the dissolution medium was added at each sampling 
time to maintain a constant volume. Sample solutions wereanalyzed by 
spectrofluorometry and HPLC after appropriate dilution with distilled 
water. 

JP IX second disintegration test fluid dissolve 35.8 g of dibasic sodium phos- 
phate in 6 ml of 10% HCI and distilled water to make 1MX) ml. The solution pH is 
-7.5. 

Millipore, Japan Millipore Ltd., Tokyo, Japan. 

Q t 

I I I I 4 I 

0 10 20 30 40 50 60 
MINUTES 

Figure 2-Dissolution of digorin tablets in distilled water or in artificial 
intestinal juice at 37’. Key: 4,  fluorometry, Tablet A i n  distilled water; 
0 ,  HPLC, Tablet A in distilled water; 8,  fluorometry, Tablet B in dis- 
tilled water; 0 ,  HPLC, Tablet B in distilled water; 0, fluorometry, 
Tablet A in artificial intestinal juice; 0, HPLC, Tablet A in  artificial 
intestinal juice; A, fluorometry, Tablet B in artificial intestinal juice; 
and A, HPLC, Tablet B in artificial intestinal juice. 
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MINUTES 
Figure3-Dissolution and degradation of digoxin Tablet A in the USP 
XIX dissolution test medium a t  37". Key: a, total amount dissolved; 
0, digoxin; Q, digoxigenin; A, digoxigenin monodigitoxoside; and 0, 
digoxigenin bisdigitoxoside. 

dAldt = -Kdi,A (Eq. 1) 

dBldt = KdissA - Kdeg,B (Eq. 2) 

dCldt = KdegrR (Eq. 3) 

(Eq. 4) 

where A = A I  t AII, B = B I  t BII, C = CI + CII, and A0 = AOI t AOII, in 
which A,  B, C, and Ao are the amounts of solid digoxin, digoxin in solu- 
tion, digoxin degradation products (total amount of digoxigenin mono- 
digitoxoside, digoxigenin bisdigitoxoside, and digoxigenin), and initial 
digoxin, respectively. The subscripts I and I1 denote the amorphous di- 
goxin and digoxin crystals, respectively. 

When t = 0, A = Aoand B = C = 0. When t = infinity,A = B = Oand 
C = Ao. Under these conditions, Eqs. 1-4 were integrated to give the 
following solutions: 

(Eq. 5) 

A + B  + C = Ao 

A = Ao exp(-Kdi,t) 

For both solids I and 11, the same solutions are given. Therefore, the re- 
sidual digoxin dissolved in the solution could be described by the fol- 
lowing equation: 

- exp(-Kdeg,t)] (Eq. 8)  

For Tablets A and B, the dissolution data were fitted to Eq. 8 by the 
least-squares methodg. Figures 3 and 4 show the data points for the re- 
lease of digoxin from Tablets A and B in the USP XIX dissolution test 
medium. Table I summarizes the rate constants calculated by the itera- 
tive least-squares method. The Kdegr value is in good agreement with that 
determined in a hydrolysis study of digoxin in solution (20). 

Tablet A should have essentially the same dissolution rate constants, 
KdissI and KdissIl. as those of Tablet B. However, in this study, these ki- 
netic constants were expressed as apparent constants which included 

~ ~~ ~ ~ ~ ~ ~ ~ 

Y Calculations were made by a digital computer, IBM S/370 model 158, with the 
NONLIN FORTRAN program developed by C M Metzler. G L. Elfring, and A. 
d McEwen, The Upjohn Co , Kalamazoo, Mich 

Table I-Values of and K d e  of Digoxin Obtained from 
Dissolution Tests of Tablet  A and Tablet  B 

Parameter Tablet A Tablet B 
1.23 0.269 
0.00995 0.00429 

0.0367 (0.0216)= 

* From Ref. 20. 

effective surface area. Therefore, the differences of the diffusion rates 
indicate the existence of a more soluble layer and smaller digoxin crystals 
in Tablet A. The degradation rate constant was smaller than K&,j hut 
was larger than KdissIl in both Tablets A and B. This result indicates that 
degradation was rate determining in the earlier dissolution stage while 
dissolution became the rate-determining step in the later stage. 

Suppression of Digoxin Hydrolysis-Digoxin is adsorbed by some 
antacids in aqueous solution (22). Moreover, when a large amount of an 
antacid is incorporated into a drug, the bioavailability of the drug may 
be reduced considerably (23). However, when specific antacids that have 
a large adsorption capability and dissolve comparatively quickly in acidic 
solution are selected, the stability of digoxin preparations can he en- 
hanced without serious delay of drug release. 

In this study, digoxin powders containing magnesium hydroxide- 
aluminum hydroxide, synthetic aluminum silicate, or magnesium oxide 
were placed in the dissolution apparatus in two positions, outside and 
inside the basket, to study the influence of granule dispersion on hy- 
drolysis. The release of digoxin and hydrolyzed glycosides from digoxin 
powders in the USP XIX dissolution test medium was observed at dif- 
ferent basket rotation speeds (Table 11). 

When the sample was placed inside the basket a t  a rotation speed of 
50 rpm, magnesium oxide and magnesium hydroxide-aluminum hy- 
droxide prevented the degradation of digoxin in the dissolution medium 
most, although the latter compound suppressed the release of digoxin. 
Aluminum silicate released digoxin more easily than did the other ant- 
acids but showed little antidegradation effect. When powders were placed 
outside the basket a t  a rotation speed of 100 rpm, synthetic aluminum 
silicate showed an inhibitory effect that  probably was due to a reduced 
digoxin release rate because it released only 44.2% of the total amount 
of digoxin; magnesium hydroxide-aluminum hydroxide released 98.3% 
of the digoxin in 30 min. When samples were placed inside the basket a t  
a rotation speed of 100 rpm, magnesium oxide and magnesium hydrox- 
ide-aluminum hydroxide released 100% of the digoxin in 30 min and still 
exerted a degradation inhibitory effect. 

The dissolution rate was influenced considerably by the stirring con- 
ditions and the sample position in the dissolution apparatus. However, 
all samples showed reduced decomposition compared to that of the ref- 

, A 

V I I I 0 10 20 30 40 50 60 I 

MINUTES 
Figure 4-Dissolution and degradation of digoxin Tablet B in  the USP 
XIX dissolution test medium a t  37". Key: a, total amount dissolved; 
0, digoxin; *, digoxigenin; A, digoxigenin monodigitoxoside; and 0, 
digoxigenin bisdigitoxoside. 
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Table 11-Effect of Antacids on  Digoxin Hydrolysis in the USP XIX Dissolution Test Medium 

Basket Total Amount Residual Digoxin 
Rotation Speed, Dissolved, 96 in Solution, 70 
Sample Location Antacidn 10 min 20 min 30 rnin 10 min 20 min 30 rnin 

100 rpm, outside A 59.5 87.8 98.3 84.3 
the basket B 30.0 39.8 44.2 78.3 

Reference 96.4 99.3 100 77.3 
50 rpm, inside A 29.3 42.8 59.4 84.5 

the basket B 37.1 55.4 73.7 70.4 
C 30.5 46.3 66.3 77.5 

Reference 56.4 60.4 69.4 76.4 
100 rpm, inside A 94.8 99.7 100 75.4 

the basket C 94.4 89.5 100 75.0 
Reference 94.7 94.0 100 72.5 

0 A = magnesium hydroxide-aluminum hydroxide, B = synthetic aluminum silicate, and C = magnesium oxide. 

erence sample, which contained no antacid. Throughout the dissolution 
test, the dissolution medium pH was constant (1.3-1.4). and no significant 
influence of antiacidic agents on the medium pH was observed. This 
finding suggests that  suppressed degradation of digoxin in the acidic 
medium by the incorporation of specific antacids is due to the antiacidic 
effect of those substances a t  the local dissolution site but is not due to 
an overall change in pH of the dissolution medium. 
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Abstract  Egg lecithin was adsorbed significantly by cholesterol 
monohydrate crystals. Adsorption data obtained a t  initial concentrations 
of <1.1 mM lecithin fitted the Langmuir equation. The calculated ad- 
sorption capacity suggested formation of a lecithin bilayer or a mixed 
bilayer of lecithin and cholesterol. The amount of lecithin adsorbed was 
highly dependent on the cholate concentration in the incubation medium. 
Minimal adsorption was observed a t  -5 mM cholate. The presence of 
quaternary ammonium salts and dioctyl sodium sulfosuccinate caused 
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desorption. The finding of an adsorptive layer supported the existence 
of an interfacial barrier that  controls cholesterol dissolution. 

Keyphrases 0 Adsorption-formation of adsorptive lecithin layer on 
cholesterol, effect of detergents Lecithin-adsorption by cholesterol, 
effect of total bile acid concentration, lecithin concentration and type 
of bile acid 0 Cholesterol-effect of lecithin adsorption on cholesterol 
dissolution, interfacial barrier formation 

The main constituent of most gallstones is cholesterol 
monohydrate, which is insoluble in water. The bile con- 
taining bile acids and phospholipid can dissolve some 
cholesterol in mixed micelles. Recent investigations (1-4) 

established that the in uitro dissolution of both human 
cholesterol gallstones and cholesterol monohydrate crys- 
tals in bile salt-lecithin media and human bile is controlled 
largely by an interfacial barrier.’The cholesterol mono- 
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Table 11-Effect of Antacids on  Digoxin Hydrolysis in the USP XIX Dissolution Test Medium 

Basket Total Amount Residual Digoxin 
Rotation Speed, Dissolved, 96 in Solution, 70 
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The main constituent of most gallstones is cholesterol 
monohydrate, which is insoluble in water. The bile con- 
taining bile acids and phospholipid can dissolve some 
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Figure 1-Lecithin adsorption by cholesterol monohydrate in pH 7.4 
Iromethaminr buffer with a constant cholate-lecithin molar ratio of 
. i R .  

hydrate dissolution rate in artificial bile is -20 times as 
slow as that predicted for diffusion-controlled dissolu- 
tion. 

The possibility arises that lecithin adsorbs onto the 
cholesterol surface and forms a condensed layer that re- 
strains dissolution of cholesterol and thus acts as the in- 
terfacial barrier. The present study examined the in oitro 
adsorption of lecithin onto cholesterol and the effect of 
cholate Concentration on binding. 

EXPERIMENTAL 

Materials-Commercial cholesterol' was ground in a mortar and 
stored in the dark in a desiccator saturated with water vapor. Differential 
scanning calorimetry2 confirmed the hydrate nature of the crystals. The 
surface area of the cholesterol monohydrate powder was determined by 
an air permeability method (5). 

Radioactive lecithin was prepared by mixing 10 mg of egg lecithin? 
in chloroform-methanol with 2 pCi of ~-a-distearoyl[l-'~C]phos- 
phatidyl~holine~ in benzene-ethanol. Before use, TLC confirmed the 
purity of the egg lecithin to he >99%, and the radiochemical purity of 
distearoylphosphatidylcholine was >95%. 

The mixture was dried in an argon atmosphere and dissolved in 5 ml 
of pH 7.4,O.l M tromethamine buffer5 containing 0.05 M NaCl and 4.6 
mM sodium cholate5. The lecithin concentration was determined by 
measuring the phosphorus content by a method described previously 
(6). 

Benzalkonium chloride Ph.Nord.63, ly~olecithin~, and dioctyl sodium 
sulfosuccinatefi were used as received. Octadecyltrimethylammonium 
chloride' was dried in oacuo. 

Adsorption Measurements-Cholesterol monohydrate, 0.50 g, was 
introduced into 2 ml of incubation medium in centrifuge tubes. The in- 
cubation medium was pH 7.4,O.l M tromethamine buffer containing 0.05 
M NaCl with varying amounts of radioactive lecithin and sodium cholate. 
The tubes were filled with argon before closing. The powder was dispersed 
in the incubation medium by sonication in a bath-type instrument for 
10 min. 

After incubation in a circulating shaker a t  room temperature for 4 hr, 
the tubes were centrifugated. The supernate, 100 pl, was added to 5 ml 
of scintillation fluidR, and the radioactivity was counteds. The amount 
o f  lecithin that was adsorbed was the difference between the initial and 
the equilibrium concentrations of the incubation medium. The effect of 
different substances on the adsorption of lecithin was measured by adding 
the substances a t  equilibrium, incubating for 4 hr, and remeasuring the 
radioactivity in the supernate. 

Merck, Darmstadt. West Germany. 

Lipid Produrts Ltd. (England). 
Applied Science I,ahoratories. 
Sigma ('hemica1 Co. 
Aerosol O'r, Cyanamid. 

7 Arquad 18/50. Akzo Chemie Klnited Kingdom) 
* Pico-Fluor 15, Packard. 
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'' Perkin-Elmer DSC-1R. 
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Figure 2-Langmuir plot of lecithin adsorption in p H  7.4 tromethamine 
buffer with a constant cholate-lecithin molar ratio of 3.8. 

RESULTS AND DISCUSSION 

Adsorption at Constant Cholate-Lecithin Ratio-The adsorption 
of lecithin by cholesterol monohydrate from a medium with a cholate- 
lecithin molar ratio of 3.8 is shown in Figs. 1 and 2. The molar ratio of 3.8 
is within the size range of physiological bile (4). 

Figure 1 shows a plot of the amount of lecithin adsorbed per gram of 
cholesterol uersus the equilibrium lecithin concentration. Since the 
isotherm becomes linear a t  low concentrations and shows a limiting value, 
the binding can he described by the Langmuir adsorption equation: 

where m is the amount adsorbed, ceq is the equilibrium concentration, 
and b and K are constants. By transformation of Eq. 1, the following 
expression is derived: 

(Eq. 2) 

from which the constants can be determined. At sufficiently high con- 
centrations, rn approached the limiting value, b. Thus, b is a measure of 
the adsorbent capacity, and K is the adsorption intensity. 

In Fig. 2, the results were plotted according to Eq. 2; the best straight 
line through the experimental data was calculated by the least-squares 
method. The values of b and K were determined from the intercept and 
the reciprocal of the regression line slope. The b value was 1.34 Fmoleslg, 
and K was 1.8 X lo5 literslmole. 

The effective area occupied by a lecithin molecule in a pure lecithin 
monolayer is 96 A2; but in mixtures with cholesterol (38 A*/molecule), 
the area occupied by a lecithin molecule is reduced, depending on the 
amount of cholesterol built into the layer (7). For example, when there 
are two or three lecithin molecules for one molecule of cholesterol, 1 m2 
is occupied by 1.67 or 1.76 pnoles of lecithin, respectively. A monolayer 
formed entirely of lecithin is occupied by 1.72 pnoles of lecithin/m2. 

I 
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Figure 3-Effect of cholate concentration on lecithin adsorption at 
various initial lecithin concentrations. Key: 0,0.50 mM lecithin; 0.0.38 
mM lecithin; and A, 0.18 mM lecithin. 
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Figure 4-Langmuir plot of lecithin adsorption in pH 7.4 tromethamine 
buffer with 12.2 mM cholate. 

The surface area of the cholesterol powder was determined to be 0.4 
m2/g, which gives the experimental adsorptive capacity of 3.3 pmoles of 
lecithin/m2 of cholesterol. Thus, the results are consistent with formation 
of a lecithin bilayer or a mixed bilayer. 

A hydrophobic layer composed of lecithin or lecithin and cholesterol 
possibly could form the interfacial barrier for cholesterol dissolution in 
bile. A study conducted with liposomes showed that lecithin mixed with 
cholesterol forms condensed layers with reduced permeability (8). 

Effect of Bile Salt Concentration-To investigate the effect of the 
bile salt concentration on adsorption, incubation was performed with 
cholate concentrations in the 0.05-50 mM range and a t  different initial 
lecithin concentrations. The results in Fig. 3 show that no simple corre- 
lation exists between cholate concentration and lecithin adsorption. The 
profiles showing a minimum a t  about 5 mM cholate, and decreased ad- 
sorption a t  concentrations greater than -12 mM suggest that  different 
mechanisms are involved. 

A possible explanation of the minimum can be derived from the work 
of Shankland (9), who found that stable mixed micelles are formed only 
when the solution contains enough cholate to give the critical micelle 
concentration, which was 5 mM sodium cholate. This finding means that 
adsorption is highly dependent on how cholate molecules are associated 
in the solution. Since the detergent action of bile salts influences the 
structural integrity of liposomes (lo), a similar effect on the adsorptive 
layer is expected a t  the higher cholate concentrations. 

Adsorption experiments were carried out with a constant cholate 
concentration of 12.2 mM. The results are plotted in Fig. 4, and the 
constants of Eq. 2 were determined to  be b = 1.29 pmoles/g and K = 8.8 
X lo3 liters/mole. The result shows a low adsorption intensity but the 
same adsorption capacity as in the experiment with a constant cholate- 
lecithin molar ratio. 

Desorption-Different substances were added to the incubation 
media to examine their effect on the adsorptive layer. Figure 5 shows the 
adsorption of lecithin from a 12.2 mM cholate solution measured before 
and after the addition of 1% octadecyltrimethylammonium chloride, 
benzalkonium chloride, or dioctyl sodium sulfosuccinate, These deter- 
gents caused desorption, especially dioctyl sodium sulfosuccinate, which 
prevented the formation of an adsorptive layer. Lysolecithin a t  1% had 
no effect on adsorption. 

If the adsorptive layer of lecithin is the interfacial barrier of dissolution, 
substances that cause desorption of lecithin may act as dissolution ac- 
celerators. Kwan et al. (11) found that amines andquaternary ammonium 
compounds were effective cholesterol dissolution accelerators. 

P 

0.15 0.20 0 0.05 0.10 
ceq,mM 

Figure 5-Effect of additive on lecithin adsorption in p H  7.4 tro- 
methamine buffer with 12.2 mM cholate. Key: - - -, no additioe; 0, 1% 
octadecyltrimethylammonium chloride; A, 1 7; benzalkonium chloride; 
and .,1% dioctyl sodium sulfosuccinate. 

The interfacial barrier is believed to be clinically important in gallstone 
dissolution (3). The observation of an adsorptive lecithin layer may 
contribute to the understanding of dissolution kinetics. The type of bile 
acid, the total bile acid concentration, and the lecithin concentration 
influence dissolution (12). These parameters also affect the formation 
of an adsorptive layer like the factors that  increase the dissolution rate 
decrease adsorption. Preliminary experiments show that substitution 
of cholate with chenodeoxycholate leads to less lecithin adsorption onto 
cholesterol. The significance of the adsorptive layer in cholesterol dis- 
solution as well as of the adsorption behavior under physiological con- 
ditions with various conjugated bile acids is not known. 

By elucidating the t rpe and structure of the rate-limiting barrier and 
the factors influencing it for dissolution, it may be possible to search for 
substances that reduce or destroy the barrier and thereby accelerate 
dissolution. 
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Abstract A series of cyclohexylaldoximes was examined for their sweet 
or bitter taste using discriminant analysis. The structures of the molecules 
were described using molecular connectivity. A two-variable linear 
discriminant function and critical value were computed that correctly 
assigned 17 of the 20 molecules to their observed sweet or bitter taste 
categories. The same discriminant function can predict correctly the taste 
categories of seven of eight additional molecules. 

Keyphrases 0 Aldoximes-influence of molecular structure on sweet 
or bitter taste, discriminant analysis, molecular connectivity, taste cat- 
egory prediction 0 Molecular connectivity indexes-aldoximes, influ- 
ences of molecular structure on sweet or bitter taste 0 Sweeteners, 
noncaloric-analysis of aldoximes for potential use as sweeteners, mo- 
lecular connectivity indexes, discriminant analysis 

A safe, stable, noncaloric sweetener continues to be an 
active research objective. The ban on cyclamate and the 
suspicion concerning the safe use of saccharin necessitate 
research for sweet-tasting molecules. 

BACKGROUND 

The prevailing hypothesis about the chemical structure governing 
sweet taste was proposed by Shallenberger and Acree (1) and extended 
by Kier (2). In essence, the hypothesis describes three structural features 
necessary, but not sufficient, for sweet taste. The first and second features 
are the presence of a potential hydrogen bond donor, designated AH, and 
the presence of a hydrogen bond acceptor, B (1). The optimum separation 
between A and B is about 3 A. The third feature is a nonpolar region, X, 
capable of dis ersion interaction at  a receptor (2). It is a region of atoms 
located -3.5 8: from A and -5.5 A from B. 

One problem in the search for noncaloric sweeteners is the common 
occurrence of a bitter taste among a series of molecules under investi- 
gation. The bitter taste also can coexist with a sweet taste in the same 
molecule. A classic example is the perception of a bitter aftertaste with 
saccharin. 

Some insight into structural influence on this taste dichotomy was 
revealed by Solms (3), who recorded that five D-amino acids are sweet 
while their L-forms are bitter. This finding implicates a stereochemical 
factor in the sweet and bitter response. Receptors for 6itter and sweet 
taste have been shown to be activated by similar structural features so 
that closely related molecules impart either or both sensations (4). 

The design of noncaloric sweeteners could be improved significantly 
if the structural characteristics influencing bitter and sweet taste could 
be discriminated. This knowledge would permit the design of molecules 
with an unambiguous taste. 

A recent report (5) on a series of oximes presented an opportunity for 
such a discriminative structural analysis. In that study, 51 molecules were 
analyzed for taste potency and relative sweet-bitter contribution. The 
results from this oxime study ( 5 )  were used in these laboratories to ana- 
lyze the structures by molecular connectivity, and a discrimination 
analysis was performed to find the best structural representation dis- 
criminating between these two  tastes. 

For the present study, 10 molecules were selected from each taste 
category based on the largest percentage of sweet (or bitter) taste and 
the most potent taste response. All 20 molecules selected were aldoximes 
(Tables I and 11). 

Structural  Analyses and Discrimination Analysir tThe structural 
descriptions of the molecules in Tables I and I1 were made using molec- 
ular connectivity (6). Numerous studies on the structure-activity rela- 
tionships of drug molecules have employed molecular connectivity to 
quantitate molecular structure effectively (6-9). 

Discriminant analysis is an approach to differentiate between two or 
more classes of molecules. The procedure is a search for a linear combi- 
nation of structural variables that describes a line, plane, or general 
surface that separates the molecule classes in the optimum manner. The 
value of y is related to the linear discriminant function by: 

y = C l X l  + C2XZ + . . . + cnxn (Eq. 1) 

The function separates the categories with as little overlap as possible, 
thus providing discrimination between the categories. The coefficients, 
c,, are determined so that the distance between the categories is maxi- 
mized whereas the distance between members of the same category is 
minimized. 

The analysis also produces the critical value, y*, so that molecules with 
y > y* are assigned to one category and those with y < y* are assigned 
to the other category. The ratio of the between-category variance to the 
within-category variance is proportional to other statistical quantities 
such as D2 (the Mahalanobis generalized distance), T2 (defined by Ho- 
telling), and the more standard F value (10). 

The quality of the discriminant function may be assessed in three ways: 
comparison of the F value to tabulated values, determination of the 

3.5 

3.0 

,x" 

2.5 

2.0 

EXPERIMENTAL 

Selection of Sweet- and Bitter-Tasting Molecules-Two taste 
characteristics that were defined previously (5) were considered in the 
present study to differentiate between sweet and bitter molecules. The 
first characteristic, taste potency compared to a 0.25 M sucrose solution, 
is a measure of taste intensity, regardless of whether the molecule is sweet 
or bitier. The other characteristic is the percentage of the taste identified 
as sweet and t.hat identified as bitter. 
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I I I I I 
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'X 
Figure 1-Projection of y = y* on 'x, 4 ~ p p l a n e .  Key: 0, bitter mole- 
cules; and 0, sweet molecules. 
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Table I-Discriminant Analysis of Sweet-Tasting Aldoximes Ft+H-+HI 

Taste Potency Percent of Taste, 
Compound R Relative to Sucrose SweetBitter 'X 4xP Y - Y *  

I 370 60125 5.736 2.552 0.32 

I1 1150 50/10 5.364 2.337 0.70 

I11 50 65/10 6.244 2.965 -0.67 

IV 

V 

VI 

8- 55 

55 

135 

4811 3.932 1.707 i.41 

40116 4.432 1.884 1.33 

6517 6.274 2.788 0.05 

200 7013 4.432 1.884 1.33 

500 7813 4.826 2.026 1.25 

IX -OQ- 225 9012 5.864 2.625 0.18 

0.05 

VII #- 
VIII U \ 

X 300 9211 6.274 2.788 

Table 11-Discriminant Analysis of Bitter-Tasting Aldoximes R-C€D-N4H 

Taste Potency Percent of Taste, 
Compound R Relative to Sucrose Sweetmitter 'X 4xP Y - Y '  

I Hoj-o- 4 
-0 

I1 Hox3-- -0 11 

6/70 7.098 3.489 -1.67 

4/93 7.158 3.384 -1.19 

I11 30 5/73 6.598 2.930 -0.11 
HO 

IV 

V 

VI 
-0 - .  

'0 P 
VIII \ 0 P- 
IX \P 0 

VII 

1.5 

2 

50 

28 

140 

92 

0150 4.432 1.884 1.33 

2/65 4.432 1.884 1.33 

0170 7.658 3.797 -2.19 

2/52 6.274 2.853 -0.20 

0175 5.864 2.743 -0.27 

Of67 6.214 2.853 -0.20 

X 320 0150 5.398 3.240 -2.77 

percentage of molecules correctly classified, and prediction of the clas- y = 1.211x - 3.884xp 
sification of molecules not included in the original study. 

and the critical value is: 

RESULTS y* -i -3.27 

The best h e a r  discriminant function, using two molecular connectivity When each y value is solved for the sweet (Table I) and bitter (Table 11) 
molecules, values of y > -3.27 are assigned to the sweet category while index variables, is: 
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Table 111-Taste Prediction from Discriminant Analysis R+Hkh'-KJH 

Taste Potency Percent of Taste, 
Compound R Relative to Sucrose SweetiBitter 'X 4xP Y -Y*  

I 

I1 

I11 

IV 

v 

VI 

VII 

VIII 

IX 

90 

80 

52 

24 

40 

10 

175 

10 

8 

50115 

50120 

53/22 

3919 

5515 

0136 

14/34 

0138 

4/18 

4.432 

6.274 

5.864 

5.364 

3.308 

5.236 

5.364 

7.958 

6.037 

1.884 

2.788 

2.625 

2.519 

0.697 

2.528 

2.444 

3.593 

2.725 

1.32 

0.05 

0.18 

0.00 

4.568 

-0.20 

0.28 

-1.04 

-0.01 

values of y < -3.27 are assigned to the bitter category. Therefore, when 
y - y* is negative, the molecule is classified as bitter. The discriminant 
function is projected onto the 'x, 4xp plane for y = y *  (Fig. 1) to illustrate 
the assignments to the two taste categories. 

The discriminant function correctly assigns nine of the 10 sweet-tasting 
molecules (Table I) and eight of the 10 bitter-tasting molecules (Table 
11). The average percentage of correct assignment is 85%. The statistical 
significance can be stated as the T2 value, which in this case is 5.9. 

DISCUSSION 

The linear discriminant function is an equation featuring two molecular 
connectivity indexes, 'x and 4xp. These indexes, weighted by the coef- 
ficients in the equation, describe two structural characteristics that  in- 
fluence whether a molecule is sweet or bitter. 

The indexes convey structural information that is familiar to the me- 
dicinal chemist. The 'x index describes the size of the molecule in terms 
of the number of bonds. Within the equation, the ' x  index indicates that 
the more bonds there are, the larger they value will be. When 'x is large 
enough, y > y *  and the molecule is classified as sweet. The influence of 
size as expressed by ' x  is countered by the information conveyed by 4xp. 
This index, as a negative term in the linear discriminant function, leads 
to lowery values when 4xp increases. The value of *xP is influenced by 
the size of the molecule as well as by the substituents. 

The indexes in the linear discriminant function indicate that the value 
of y is greater than that of y* when the number of first-row atoms in the 
substituent of cyclohexylaldoxime is four or less. Thus, a tert-butyl group 
(i.e.,  Compound IX, Table 111) has a y  - y* of virtually zero. Substituents 
with more than four first-row atoms, particularly if they are branched, 
give a y value less than y* (Table 11). The structural conclusions are that 
larger, more branched substituents on cyclohexylaldoximes increase the 
tendency for the molecule to be bitter. In contrast, smaller substituents, 
with four or fewer first-row atoms, influence sweet taste (Table I) .  

Another observation that can be made about the influence of structure 
on taste, based on the linear discriminant function, is that the two chi 
indexes are not of the valence class. This finding means that unsaturation 
or heteroatoms in the 20 molecules are not critical to the structures that 
influence the sweet or bitter taste. This conclusion is correct to the extent 
that  85% of the molecules are assigned correctly. 

For the three incorrectly assigned molecules (111 in Table I and IV and 
V in Table II), a molecular connectivity index of the valence type may 
be necessary for the correct assignment. However, the addition of a third 
molecular connectivity index in the discrimination analysis failed to 
improve the number of correctly assigned molecules in Tables I and 11. 

The three incorrectly assigned molecules in Tables I and I1 have the 
lowest taste potencies among their respective taste classes. This obser- 
vation suggests that  high taste potency is important in the categorization 
of molecules as bitter or sweet tasting. 

A test of the linear discriminant function and the molecular connec- 
tivity indexes that describe strcctures is the ability of the function and 
the associated critical value, y*, to predict the taste categories of mole- 
cules not in the original study. For this test, nine additional molecules 
were selected from the study of Acton and Stone (5). based on their taste 
potencies and sweet-bitter taste ratios that favored one or the other 
category (Table 111). 

Calculation of the 'x and 4xp indexes for each molecule and compu- 
tation of y - y *  for the linear discriminant function formed the basis of 
the taste category predictions shown in Table 111. The first five molecules 
are reported to be sweet. The predictions for 1-111 and V are correct. The 
prediction for IV is ambiguous since y = y*. 

Compounds VI-IX are classified as bitter tasting. The solution of y 
- y* predicts VI, VIII, and IX to be bitter. Compound VII is predicted 
incorrectly. 

'Thus, seven of the predictions were correct, one was incorrect, and one 
was ambiguous. Without IV, the correct prediction for seven of eight 
compounds gave an accuracy of 87%, the same quality of classification 
as obtained with the assignments in Tables I and I1 combined. 

The results of the study are encouraging in that molecular connectivity 
indexes appear to encode sufficient information about the structure in- 
fluencing the taste category of cyclohexylaldoximes so that the discri- 
minant analysis can assign correctly 17 of 20 molecules to the sweet or 
bitter taste category. Furthermore, the analysis based on these indexes 
can predict the taste category of additional molecules with the same ac- 
curacy. The study shows one approach to the possible separation of bitter 
taste from candidate molecules of interest as noncaloric sweeteners. 
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Abstract 0 Sodium dichloroacetate, a potential antidote for lactic aci- 
dosis, was administered intravenously to rats, dogs, and four humans. 
In three rats, maximum plasma sodium dichloroacetate concentrations 
were 120-164 pglml after a IOO-mg/kg dose and declined with half-lives 
of 2.1-4.4 hr. In two dogs, maximal concentrations of 447 and 508 pg/ml 
were attained after a lOO-mg/kg dose. The subsequent decline was rela- 
tively slow with approximate half-lives of 17.1 and 24.6 hr. An intravenous 
infusion of 10 mg/kg was administered over 20 min to two human subjects. 
Two other subjects received 20 mg/kg. After the infusion, maximum 
plasma concentrations of 19.9 and 24.7 pg/ml were seen with the lower 
dose and 57.3 and 74.9 pg/ml were achieved with the higher dose. 
Thereafter, concentrations declined rapidly with half-lives of 20-36 min. 
The observed large interspecies differences in half-lives could be ex- 
plained in terms of differences in the apparent volume of distribution 
and/or clearance. 

Keyphrases Pharmacokinetics-sodium dichloroacetate, plasma 
concentration level-time curve, rats, dogs, humans 0 Sodium dichlo- 
roacetate-pharmacokinetics, plasma concentration levels, rats, dogs, 
humans 0 Clearance, intrinsic-plasma sodium dichloroacetate con- 
centration, pharmacokinetics, rats, dogs, humans 

Sodium dichloroacetate (I) has been reported to reduce 
normal or elevated blood lactate and pyruvate levels in 
animals by activating the pyruvate dehydrogenase enzyme 
complex (1-3). Oral administration of I to patients having 
nonketotic diabetes mellitus also led to an appreciable 
lowering of plasma lactate concentrations (4). The com- 
pound has been of possible interest as an intravenous 
antidote in patients suffering from lactic acidosis. This 
study was undertaken to provide information on the bio- 
logical disposition of I in animals and humans since no data 
are available. 

EXPERIMENTAL 

Materials-Labeled’ and unlabeled2 sodium dichloroacetate were 
used. The material labeled in both carbon atom positions had a specific 
activity of 23.4 pCi/mg. Radiochemical purity, determined by TLC on 
silica gel plates in ethanol-chloroform-concentrated ammonium hy- 
droxide-water (53:30151.5), was >98%. 

Animal Experiments-Each of three male Sprague-Dawley rats, 
160-170 g, was given an intravenous injection of 14C-I, diluted 1:20 with 
nonlabeled I, in a tail vein. The compound (100 mg/kg) was administered 
as a 10% aqueous solution. At specified times, animals were subjected to 
light ether anesthesia, and a 0.2-0.3-ml blood sample was collected in a 
heparinized centrifuge tube through a glass capillary by puncture of the 

’ New England Nuclear Corp., Boston, Mass. 
Synthesized in these laboratories. 

suborbital sinus. Animals then were permitted to recover until the next 
sampling time. 

Each of two male beagles, 9.0 and 10.5 kg, was given 100 mg of I/kg as 
a 20% aqueous solution intravenously in the cephalic vein. Animals were 
placed in individual metabolism cages. At specified times, blood was 
collected from a jugular vein without anesthesia. 

Human Study-Four normal subjects, having given informed consent, 
participated after an overnight fast. Subjects 1 and 2, ages 42 and 38years, 
respectively, each weighed -70 kg. Subjects 3 and 4, ages 52 and 26 years, 
respectively, weighed 80 and 83 kg. In each case, the history, physical 
examination, ECC, and all laboratory tests were within normal limits. 

Following the collection of the control urine sample and the drawing 
of a control blood specimen from Subjects 1 and 2, a 10-mg/kg dose of I 
dissolved in 100 ml of saline was infused over 20 min. Blood specimens 
were obtained from the contralateral antecubital vein at  the time the 
infusion was completed. Specimens were drawn subsequently a t  1 (40 
min after termination of the infusion), 2,3,4,6,8,10,12,24,32, and 48 
hr. All urine was collected for 96 hr with collection periods ending at 1, 
2,4,8,12,24,48,72, and 96 hr. 

Several weeks later, the procedure was repeated on Subjects 3 and 4, 
the sole change being that each received 20 mg/kg. All subjects were given 
a standard breakfast after the 4th hr. They remained under clinical ob- 
servation for 8 hr. 

Blood specimens were centrifuged as soon as they were collected. 
Plasma was separated and stored frozen until analysis. The urinary 
volume was measured and recorded. Aliquots of 20 ml from each urine 
sample were labeled and frozen for analysis. 

Analysis of Unchanged I-Plasma and urine I concentrations were 
analyzed by a reported GLC method (5) as modified (6). Briefly, the 
method involved addition of trichloroacetic acid as an internal standard 
and 14% boron trifluoride in methanol as the derivatizing reagent. The 
resulting methyl esters of I and the internal standard were exttacted with 
benzene and analyzed on a Chromosorb 101 column using an electron- 
capture detector. 

Preliminary analyses of plasma samples obtained from human subjects 
indicated that many specimens contained very low I concentrations. 
Therefore, method sensitivity was improved from 300 ng/ml as reported 
previously (6) to 40-50 ng/ml by three minor modifications: (a) the vol- 
ume of solvent used in the extraction was reduced from 2 to 0.5 ml; ( 6 )  
between the extraction and centrifugation steps, the entire contents of 
the vial were transferred to a 5-ml centrifuge tube to facilitate aliquot 
removal; and (c) the volume of extract analyzed was changed from 2 to 
3 pl. The linearity of standard curves obtained during analysis demon- 
strated that these changes had no effect on the accuracy and precision 
of the results. 

Analysis of Total Radioactivity-A 10-p1 aliquot of plasma or urine 
was dissolved in 15 ml of scintillation cocktail and counted3. External 
standardization was used to correct for quenching. The cocktail had the 
following composition: naphthalene, 400 g; 2,5-diphenyloxazole, 20 g; 
2,2’-p-phenylenebis(4-methyl-5-phenyloxazole), 1.2 g; dioxane, 2920 ml; 
toluene, 540 ml; and methanol, 140 ml. 

3 lntertechnique model SL-40 liquid scintillation spectrometer. 
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centration, pharmacokinetics, rats, dogs, humans 

Sodium dichloroacetate (I) has been reported to reduce 
normal or elevated blood lactate and pyruvate levels in 
animals by activating the pyruvate dehydrogenase enzyme 
complex (1-3). Oral administration of I to patients having 
nonketotic diabetes mellitus also led to an appreciable 
lowering of plasma lactate concentrations (4). The com- 
pound has been of possible interest as an intravenous 
antidote in patients suffering from lactic acidosis. This 
study was undertaken to provide information on the bio- 
logical disposition of I in animals and humans since no data 
are available. 

EXPERIMENTAL 

Materials-Labeled’ and unlabeled2 sodium dichloroacetate were 
used. The material labeled in both carbon atom positions had a specific 
activity of 23.4 pCi/mg. Radiochemical purity, determined by TLC on 
silica gel plates in ethanol-chloroform-concentrated ammonium hy- 
droxide-water (53:30151.5), was >98%. 

Animal Experiments-Each of three male Sprague-Dawley rats, 
160-170 g, was given an intravenous injection of 14C-I, diluted 1:20 with 
nonlabeled I, in a tail vein. The compound (100 mg/kg) was administered 
as a 10% aqueous solution. At specified times, animals were subjected to 
light ether anesthesia, and a 0.2-0.3-ml blood sample was collected in a 
heparinized centrifuge tube through a glass capillary by puncture of the 

’ New England Nuclear Corp., Boston, Mass. 
Synthesized in these laboratories. 

suborbital sinus. Animals then were permitted to recover until the next 
sampling time. 

Each of two male beagles, 9.0 and 10.5 kg, was given 100 mg of I/kg as 
a 20% aqueous solution intravenously in the cephalic vein. Animals were 
placed in individual metabolism cages. At specified times, blood was 
collected from a jugular vein without anesthesia. 

Human Study-Four normal subjects, having given informed consent, 
participated after an overnight fast. Subjects 1 and 2, ages 42 and 38years, 
respectively, each weighed -70 kg. Subjects 3 and 4, ages 52 and 26 years, 
respectively, weighed 80 and 83 kg. In each case, the history, physical 
examination, ECC, and all laboratory tests were within normal limits. 

Following the collection of the control urine sample and the drawing 
of a control blood specimen from Subjects 1 and 2, a 10-mg/kg dose of I 
dissolved in 100 ml of saline was infused over 20 min. Blood specimens 
were obtained from the contralateral antecubital vein at  the time the 
infusion was completed. Specimens were drawn subsequently a t  1 (40 
min after termination of the infusion), 2,3,4,6,8,10,12,24,32, and 48 
hr. All urine was collected for 96 hr with collection periods ending at 1, 
2,4,8,12,24,48,72, and 96 hr. 

Several weeks later, the procedure was repeated on Subjects 3 and 4, 
the sole change being that each received 20 mg/kg. All subjects were given 
a standard breakfast after the 4th hr. They remained under clinical ob- 
servation for 8 hr. 

Blood specimens were centrifuged as soon as they were collected. 
Plasma was separated and stored frozen until analysis. The urinary 
volume was measured and recorded. Aliquots of 20 ml from each urine 
sample were labeled and frozen for analysis. 

Analysis of Unchanged I-Plasma and urine I concentrations were 
analyzed by a reported GLC method (5) as modified (6). Briefly, the 
method involved addition of trichloroacetic acid as an internal standard 
and 14% boron trifluoride in methanol as the derivatizing reagent. The 
resulting methyl esters of I and the internal standard were exttacted with 
benzene and analyzed on a Chromosorb 101 column using an electron- 
capture detector. 

Preliminary analyses of plasma samples obtained from human subjects 
indicated that many specimens contained very low I concentrations. 
Therefore, method sensitivity was improved from 300 ng/ml as reported 
previously (6) to 40-50 ng/ml by three minor modifications: (a) the vol- 
ume of solvent used in the extraction was reduced from 2 to 0.5 ml; ( 6 )  
between the extraction and centrifugation steps, the entire contents of 
the vial were transferred to a 5-ml centrifuge tube to facilitate aliquot 
removal; and (c) the volume of extract analyzed was changed from 2 to 
3 pl. The linearity of standard curves obtained during analysis demon- 
strated that these changes had no effect on the accuracy and precision 
of the results. 

Analysis of Total Radioactivity-A 10-p1 aliquot of plasma or urine 
was dissolved in 15 ml of scintillation cocktail and counted3. External 
standardization was used to correct for quenching. The cocktail had the 
following composition: naphthalene, 400 g; 2,5-diphenyloxazole, 20 g; 
2,2’-p-phenylenebis(4-methyl-5-phenyloxazole), 1.2 g; dioxane, 2920 ml; 
toluene, 540 ml; and methanol, 140 ml. 

3 lntertechnique model SL-40 liquid scintillation spectrometer. 

0022-3549/80/0400-04 19$01.00/0 
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Table I-Daily Standard Curves (Peak Height Ratios) 
Generated during Analyses in Human Plasma 

Sodium Dichloroacetate 
Dav 0.05 u d m l  0.2 u d m l  1 p d m l  5 pg/ml 10 Fg/ml . -  . _  

1 0.267 0.967 3.807 16.45 20.17 
0.282 1.027 3.809 16.81 22.07 

2 0.376 1.178 3.684 15.57 22.42 
0.197 - - 17.30 23.82 

n 0.261 0.976 3.613 17.90 21.71 
n 3nx 1 n m  3.473 17.17 22.08 

4 0.226 1.187 3.636 18.58 25.30 
0.277 1.184 4.135 20.58 22.95 

5 0.265 0.937 2.833 12.21 17.12 
0.255 - 3.622 13.96 20.36 

Mean 0.271 1.060 3.623 16.65 21.80 
CV" 17.45 10.00 9.66 14.10 10.24 

a Overall coefficient of variation is 12.66%. 

Table  11-Plasma Sodium Dichloroacetate Levels (Micrograms 
oer Milliliter) i n  Rats  a f t e r  a 100-mdkg iv Dose a 

Rat A Rat B Rat C 
Time 14c GL€ 14c GLC I4C GLC 

10 rnin 195.0 150.0 126.5 85.7 209.0 163.5 
20 rnin 178.0 122.0 165.9 120.0 191.8 149.0 
30min 171.8 117.5 160.8 100.5 181.0 131.8 

1 hr 161.8 83.7 157.4 74.3 175.3 118.8 
2 hr 153.6 50.0 153.9 47.5 171.4 87.5 
3 hr 134.7 33.3 125.9 33.3 146.0 67.2 
4 hr 11fi.9 22.0 120.2 19 142.7 52.5 - .-- _. . 

6 hr 115.3 20.3 ii5.5 12 127.8 43.2 
24 hr 38.5 NSb 51.2 ND' 48.8 3.8 
28 hr 46.8 ND 44.6 ND 45.3 1 
48 hr 26.7 ND 25.3 ND 23.7 0 
52 hr 31.0 ND 26.1 ND 27.1 0.05 
72 hr 17.4 ND NS NS 16.7 0 
96 hr 16.6 ND NS NS 16.5 1 

a Results are given in terms of hoth total radioactivity and GLC analysis. NS 
= no sample. <' ND = not det.ectable. 

Distribution of I between Plasma and  Erythrocytes-To 2 ml of 
heparinized fresh human blood obtained from three healthy volunteers 
was added 0.2 ml of an aqueous solution of 14C-I to provide concentrations 
of 0.5,5, and 50 pg/ml. The mixtures were incubated for 1 hr a t  37' in a 
shaking water bath and cooled. Triplicate 0.1-ml aliquots were combusted 
in a sample oxidizer4. The resulting 14C02 was trapped and counted for 
the estimation of radioactivity in whole blood. The remaining blood 
samples were centrifuged, and radioactivity in triplicate 0.1-ml plasma 
aliquots was analyzed similarly by combustion and counting. In a separate 
experiment, the stability of I in whole blood for 1 hr a t  37O was ascer- 
tained. 

Stability of I in Frozen Plasma-To I-ml aliquots of human plasma 
obtained from healthy volunteers was added 1 pg of I in 50 pl of water. 
The aliquots were sealed, stored at -20°, and analyzed in triplicate after 
periods ranging from 1 week to 6 months. 

Pharmacokinetic Calculations-Pharmacokinetic parameters were 
calculated using standard procedures and assuming a one-compartment 
open model with constant-rate intravenous infusion (7). Half-lives were 
obtained with the least-squares method after logarithmic transformation 
of concentrations. Plasma clearance (8) was calculated as the ratio of the 
dose and the area under the concentration-time curve. The apparent 
volume of distribution was obtained as the ratio of clearance and the 
elimination rate constant, the latter value having been derived from the 
corresponding half-life estimate. 

The importance of using blood clearance rather than plasma clearance 
in the calculation of intrinsic clearance was demonstrated previously (8, 
9). Blood clearance was obtained from plasma clearance using a constant 
correction factor of 0.688. The value was obtained assuming a mean he- 
matocrit of 0.45 and a mean distribution ratio of 4:l between plasma and 
the cellular fraction of blood for I (see Results): 

(Eq. 1) 

where F is the correction factor, H is the hematocrit, and B and P rep- 
resent concentrations in equal-volume aliquots of whole blood and 
plasma, respectively. 

Intrinsic clearance was obtained from the blood clearance as described 
(9) by: 

(Eq. 2) 

where Cli, and Clbl refer to the intrinsic and blood clearance, respectively, 
and Q indicates the hepatic blood flow rate. An approximate mean value 
of 1500 ml/min was used for the calculations in conformity with literature 
reports (9). 

RESULTS 

Reproducibility of GLC Method-Standard curves generated daily 
in conjunction with the analyses of human plasma samples are summa- 
rized in Table I. Each of the five curves represents five concentrations 
of I, usually in duplicate determinations, ranging from 0.05 to 10 pg/ml. 
Daily variations in the individual standard curves were acceptable, with 
the relative standard deviations ranging from 9.66 to 17.45% and giving 
an overall value of 12.66% over 5 days. 

Animal Studies-Plasma levels in three rats after 100 mg/kg iv are 
summarized in Table 11. Maximal concentrations of unchanged I ranged 
between 120 and 164 pg/ml. Subsequent declines of plasma concentra- 
tions occurred with half-lives of 2.1-4.4 hr. Total radioactive materials 
attained maximal concentrations of 166-209 pg/ml (expressed as un- 
changed I). Thus, a t  the peak concentration, unchanged I in plasma 
represented the bulk of total radioactivity. However, the subsequent 
decline of the total radioactivity concentrations was considerably less 
rapid, and apparent half-lives of 21-36 hr could be estimated, indicating 
extensive metabolism and slow elimination of metabolites. 

Plasma levels of unchanged I in two dogs after 100 mg/kg iv are sum- 
marized in Table 111. Maximum concentrations of 447 and 508 pg/ml were 
measured in the first plasma samples at 5 min. The subsequent decline 
was slow. Sampling in one animal was continued for 48 hr. In the other 
animal, sampling had to be discontinued after 24 hr because of collapsing 
veins and the formation of hematomas. Nevertheless, approximate 
half-lives of 17.1 and 24.6 hr could be estimated in the two animals. 

Human Studies-No subjective or objective changes or signs of clinical 
activity were noted in any subject upon intravenous infusion of I. 

Plasma concentrations of unchanged I are summarized in Table IV. 

Table 111-Plasma Sodium Dichloroacetate Levels (Micrograms 
D e r  Milliliter) in Dogs following a 100-mdka iv Dose 

Time Dog 1 Dog 2 

5 min 447 508 
15 rnin 418 502 
30 rnin 412 439 
45 min 

1 hr 
1.5 hr 

2 hr 
3 hr 

412 
390 
298 
300 
290 

4iO 
418 
206 
384 
314 

4 hr 266 341 
5 hr 290 - 
6 hr 278 - 

24 hr 155 192 
28 hr 163 - 
48 hr 50 - 

Table IV-Plasma Sodium Dichloroacetate Concentrations 
(Micrograms pe r  Milliliter) in Humans a f t e r  a n  Intravenous 
Infusion 

Hours" 
10-mg/kg Dose 

Subject 1 Subject 2 
20-mg/kg Dose 

Subject 3 Subject 4 

0.:33b 24.7 19.9 57.3 74.9 
1 3.27 4.44 29.3 46.8 
2 0.304 0.585 5.96 11.2 
3 0.086 0.117 0.623 4.68 
4 <0.04 <0.04 0.140 0.608 

<0.04 <0.04 <0.04 0.175 
8 <0.04 _ _  <0.04 <0.04 
6 

t'ackard model 306. 
All sam les collected at  10, 12,24,32, and 48 hr after dosing contained 10.04 

f i g  of Vml. !End point of 20-min infusion. Sample lost during analysis. 
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The highest concentrations were obtained immediately after the end of 
the infusion. Subjects 1 and 2, receiving 10 mg/kg, had maximum values 
of 19.9 and 24.7 pg/ml, respectively. Maximum concentrations of 57.3 
and 74.9 pg/ml were seen in Subjects 3 and 4 after 20 mg/kg. 

Concentrations of I declined rapidly following monoexponential ki- 
netics. The values decreased t~ <0.04 pg/ml, the sensitivity of the method, 
a t  4 hr after the lower dose and at  6 or 8 hr after the higher dose. 

Urinary excretion of unchanged I became negligible after the first 8 
hr; in all subjects, cumulative excretion amounted to considerably less 
than 1% of the dose. 

The pharmacokinetic parameters are summarized in Table V. Half- 
lives in the four subjects ranged from 20 to 36 min. Values for the ap- 
parent volume of distribution were 15.5-25.3 liters. Plasma clearance 
ranged from 294 to 813 ml/min, and the corresponding values for blood 
clearance were 427-1180 ml/min. Hematocrit in the four subjects had 
a mean value of 0.45 (range of 0.43-0.49). 

The following values were obtained for intrinsic clearance: Subjects 
1 and 2,4125 and 5530 ml/min; and Subjects 3 and 4,1140 and 600 ml/ 
min. Expressed on the basis of unit body weight, these values were 59.3, 
80.0, 14.2, and 7.2 ml/(min kg), respectively. 

The stability of I stored in frozen human plasma for 6 months was 
demonstrated in separate experiments. 

In an in uitro study using fresh blood from three subjects, an average 
of 80% (range of 72-94%) of I present in whole blood was in the plasma. 
The distribution between plasma and the cellular fraction was inde- 
pendent of the concentration in the 0.5-50-pg/ml range. 

DISCUSSION 

After an intravenous infusion, I in human plasma declined.monoex- 
ponentially over a 200-500-fold concentration range, corresponding to 
a range of 7-9 half-lives. These findings permitted a relatively simple 
pharmacokinetic analysis. Examination of the individual pharmacoki- 

netic parameters (Table V) suggests some dose dependence because the 
apparent volume of distribution and the plasma clearance decreased with 
a doubling of the dose. Although this observation is necessarily limited 
by the size of the study, it suggests capacity-limited elimination. 

Intrinsic clearance refers to the maximum capacity of an organ to re- 
move the drug irreversibly by all pathways when blood flow to the organ 
is not rate limiting (10). The metabolism of I has not been explored in 
detail, but Demaugre et al. (11) demonstrated its hepatic biotransfor- 
mation to oxalate. The present results show that the intrinsic clearance 
of I was considerably greater than, and the elimination presumably 
limited by, blood flow in subjects receiving 10 mghg. In subjects receiving 
20 mghg, intrinsic clearance was considerably lower, lending support 
to the hypothesis of capacity-limited metabolism. Corresponding intrinsic 
values expressed on the basis of unit body weight indicated even more 
clearly the dose-dependent pharmacokinetics of I. A doubling of the dose 
led to an approximately sevenfold decrease in intrinsic clearance, yet the 
systemic (plasma or blood) clearance values decreased only by a factor 
of two or three. Thus, when the elimination rate is limited by hepatic 
blood flow, systemic clearance appears to reflect only partially any large 
changes occurring in intrinsic clearance. 

Pharmacokinetic parameters also were estimated for rats and dogs. 
Average values and ranges of the animal and human data are summarized 
in Table VI for comparison. The large difference in the half-lives of I 
between humans and dogs may reflect the difference in clearance. In 
contrast, the observed difference in half-lives between humans and rats 
is consistent with the relatively high value of the apparent volume of 
distribution in the latter species. 

In the present study, the I elimination rate in humans was dose de- 
pendent and limited by hepatic blood flow. The role of blood flow ap- 
peared to diminish with increasing dose. Elimination of high doses was 
not flow limited in rats and, particularly, in dogs since hepatic blood flow 
substantially exceeded intrinsic clearance5. The large differences seen 
show the difficulty in predicting the biological disposition and toxicity 
of therapeutic doses of a drug in humans from animals given large 
doses. 
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Abstract  A simple assay for benzimidazole in plasma and GI fluids 
using high-performance liquid chromatography was developed. The 
benzimidazoles were extracted using ether and were chromatographed 
with methanol-ammonium carbonate mixtures as the eluting solvents. 
Benzimidazole was detectable in 4 ml of plasma or GI fluid to a limit of 
20 nglml. 

Keyphrases 0 Benzimidazoles-analysis, high-performance liquid 
chromatography, GI fluids, plasma 0 High-performance liquid chro- 
matography-analysis, benzimidazoles, GI fluids, plasma 0 Anthel- 
mintics-benzimidazoles, high-performance liquid chromatographic 
analysis, GI fluids, plasma 

The benzimidazole anthelmintics are characterized by 
low mammalian toxicity and a broad spectrum of activity 
against GI nematodes. Some members of the group also are 
active against lungworms, tapeworms, and liver flukes in 
humans, cattle, sheep, and other animals. This paper de- 
scribes a simple assay for this important group of anthel- 
mintics using high-performance liquid chromatography 
(HPLC). 

BACKGROUND 

The anthelmintic activity of the benzimidazole anthelmintics appears 
t o  be the result of the length of time over which the parasite is exposed 
to  the drug rather than the peak concentration to which the parasite is 
exposed. Thus, administration of the drug in divided doseg usually in- 
creases anthelmintic activity (1). The drugs exert their activity on the 
parasites by inhibiting glucose uptake (2) andlor by inhibiting the enzyme 
fumarate reductase (3). Differences between members of the group ap- 
pear to be more a result of differing pharmacokinetics of the drugs in the 
host animal than of different inherent anthelmintic activity. However, 
there is a lack of data on the pharmacokinetics of these drugs, probably 
because of analytical problems. 

Most published data on benzimidazole pharmacokinetics are from 
experiments using radiolabeled drug without distinguishing between 
the parent drug and the metabolites. A method was published for the 
analysis of fenbendazole using fluorescence spectrophotometry, but this 
method also fails to distinguish the parent drug from the metabolites (4). 
A radioimmunoassay for oxfendazole (5) was reported recently, but this 
complex method requires the raising of an antiserum, and some cross- 
reactivity with metabolites occurs. 

This paper describes a sensitive HPLC method for the analysis of ox- 
fendazole, fenbendazole, and albendazole, the most potent members of 
the group, in body fluids. The method can be adapted for the other five 
members of the group that are marketed in the United Kingdom. 

EXPERIMENTAL 

Materials-Analar reagents were used, and the HPLC solvents were 
distilled. 

Extraction-The method is applicable to plasma, rumen fluid, abo- 
masal fluid, and duodenal fluid. 

T o  4 ml of plasma or GI fluid in a 50-ml stoppered tube were added 4 
ml of phosphate buffer (pH 7.4) and 20 ml of ether. The tube was shaken 
for 10 min on a rotary mixer. Then 16 ml of the ether layer was removed 
to a clean test tube, and 20 ml of ether was added to the first tube, which 
was shaken again for 10 min. Twenty milliliters of ether was removed and 
combined with the initial 16 ml of ether. 

The ether was evaporated slowly on a dry bath a t  60" under nitrogen 
to a volume of about 6 ml and then was transferred to a conical 10-ml glass 

tube. The 50-ml tube was washed with several milliliters of ether, and 
the washings were added to the conical tube. The ether then was evapo- 
rated to dryness, the walls of the conical tube were rinsed with ether, and 
the solution was evaporated again to dryness. The residue in the tube was 
redissolved in 50 pl of methanol with the aid of an ultrasonic bath. If 
higher concentrations were expected, larger volumes of methanol were 
used. Five microliters of this solution was used for HPLC analysis. 

HPLC-The HPLC system consisted of a solvent delivery pump' and 
a variable-wavelength UV detector2 with a 100 X 8-mm column3 packed 

5 
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INJECT MINUTES 
Figure 1-High-performance liquid chromatogram of oxfendazole (I), 
thiabendazole (2), cambendazole (3). rnebendazole ( 4 ) ,  oxibendazole 
(5 ) ,  albendazole (6). fenbendazole (7). and parbendazole (8) in meth- 
anol-ammonium carbonate (0.05 M) (6535).  Five microliters of a so- 
lution containing 10 pglml of each benzimidazole in methanol was used 
for injection. 

1 Model 110, Altex, Berkeley, Calif. 
2 Model CE 2012, Cecil Instruments, Cambrid e, England. 
3 Shandon Southern Products Ltd., Runcorn, Eheshlre, England. 
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Table I-Recoveries of Benzimidazoles added to Plasma, Rumen 
Fluid. and Abomasal Fluid 

Recovery, % 
Rumen Abomasal 

Compound Plasma Fluid Fluid 

Fenbendazole 83-100 (n = 10) 82-105 (n = 9) 83-112 ( n  = 8) 
Oxfendazole 70-97 (n = 10) 70-97 (n = 6) 72-92 (n = 12) 
Albendazole 73-103 (n = 9) 72-90 (n  = 4) 87-93 ( n  = 4) 

Table 11-Estimation of Oxfendazole in Abomasal Fluid 

Oxfendazole Oxfendazole Ratio of 
Added, Measured, Mean f SEM, Assayed 

Pi3 SE % to Added 

1.5 1.03 1.08 f 0.03 2.8 0.72 
1.08 
1.13 

6.20 
6-10 

7.5 5.90 6.07 i 0.09 1.5 0.81 

_._. 

15 12.10 11.57 f 0.27 2.3 0.77 
11.20 
11.40 

24.20 
26.10 

30 24.50 24.93 f 0.59 2.4 0.83 

with ODs-Hypersil lo4. The solvent flow rate was 1.5 mllmin, and the 
detector wavelength was 292 nm. 

The drug concentration in the samples was calculated with the aid of 
calibration curves prepared by adding known drug amounts (0.05-10 
pglml) to blank plasma or GI fluids. The standard samples were run 
through the procedure, and the peak heights of drug in the sample were 
compared with the calibration curve prepared from the standard sam- 
ples. 

RESULTS AND DISCUSSION 

The new broad-spectrum benzimidazoles have limited solubility in 
both water and organic solvents. While this feature enhances their action 
by slowing drug dissolution after oral dosage, it also producds difficulties 
in analysis because the concentrations found in plasma and in the GI 
contents are low and are present for long periods. The method described 
here is sensitive and practical for the evaluation of the pharmacokinetica 
of the benzimidazoles. 

The retention times of the benzimidazoles varied considerably, and 
Fig. 1 shows a chromatogram of the eight benzimidazoles using a solvent 
mixture of methanol-ammonium carbonate (0.05 M) (6535). For the 
analysis of individual benzimidazoles with longer retention times, re- 
tention times can be shortened by increasing the proportion of methanol 
in the solvent mixture. For example, parbendazole has a retention time 
of 3.6 min in 85:15 methanol-ammonium carbonate. 

Recoveries were determined by measuring standard concentrations 
(0.2-5.0 pg/ml) of some benzimidazoles added to plasma, rumen fluid, 
and abomasal fluid (Table I). The method is sufficiently sensitive to 
measure plasma and GI fluid concentrations down to 0.02 pglml with 4 
ml of sample or 0.01 pg/ml with 8 ml of sample. 

The accuracy and precision of the method for oxfendazole were de- 
termined by adding known amounts of oxfendazole to 4 ml of abomasal 
fluid. Samples of each known concentration then were assayed in tripli- 
cate (Table 11). It was determined that the recovery losses were due to 
the extraction procedure rather than to benzimidazole degradation. 

Fenbendazole, oxfendazole, and albendazole, which are the most potent 
compounds of the benzimidazole series and have the broadest spectrum 
of activity, were administered at 10 mg/kg to three sheep with permanent 
ruminal and abomasal fistulae. Samples of plasma, ruminal fluid, and 

w 
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Figure 2-Typical chromatograms obtained using the method on 
samples from a sheep dosed with oxfendazole (10 mglkg). Key: a, p l a s m  
before oxfendazole administration; b, plasma at 12 hr after adminis- 
tration; c, abornasal fluid at 12 hr; d ,  ruminal fluid at 12 hr; and e,  ox- 
fendazole standard (10 pglml). 

abomasal fluid were withdrawn at  intervals for measurement of the 
benzimidazole concentration5. 

Under the conditions described, no interfering substances were en- 
countered in any fluid. The peaks encountered were symmetrical and, 
except at the lowest concentrations, were well defined. Typical chro- 
matagrams for oxfendazole are shown in Fig. 2. 

The mean peak concentrations encountered in the three sheep for 
oxfendazole were 0.8, 0.4, and 4.6 pglml in plasma, ruminal fluid, and 
abomasal fluid, respectively. Oxfendazole w a  detectable for up to 11 days 
after administration. For fenbendazole, the mean peak concentrations 
were 0.13, 3.4, and 2.6 pg/ml, respectively, and it was detectable in all 
sheep 120 hr after administration. Fenbendazole was metabolized to 
oxfendazole (its equivalent sulfoxide metabolite), and the kinetics of the 
oxfendazole formed were similar to those of the administered oxfenda- 
zole. 

Albendazole was not detectable in any plasma samples, although it 
could be detected in ruminal and abomasal fluids a t  maximum concen- 
trations of 0.3 and 4.9 pglml, respectively. Albendazole was detectable 
in ruminal and abomasal fluids for a t  least 72 hr after administration. 
Metabolites (sulfoxide and sulfone) were found in high concentration 
in the plasma and abomasum after albendazole administration and were 
present for more than 48 hr. These metabolites did not interfere with the 
assay of the parent drug, but they also could be assayed by this 
method. 
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Abstract Solubilities in isooctane and water were determined for 
several C1-phenolic esters of prostaglandin Fze and prostaglandin EZ and 
acetates having the same phenol moiety. Linear free energy relationships 
for solubility among the series were observed with slopes of -1. These 
results suggest that the contributions of the phenyl substituent to the 
free energies of these processes are similar in the three series, even though 
the structure of the acyl moiety is varied. In addition, aqueous solubility 
was separated into two thermodynamic components, reflecting transfer 
from the solid phase to an inert solvent and transfer from the inert solvent 
to water, to evaluate the relative effects of various substituents on the 
escaping tendency of the drug from the solid phase and on solution in- 
teractions. It was found that polar, hydrogen-bonding functional groups 
in many cases do not bring about increased water solubility because of 
a corresponding increase in intermolecular interaction in the solid 
phase. 

Keyphrases Prostaglandins-prodrugs, structure-thermodynamic 
activity and structure-aqueous solubility relationships 0 Prodrugs- 
prostaglandins, structure-thermodynamic activity and structure- 
aqueous solubility relationships Solubility-prostaglandin prodrugs, 
solubility in isooctane and water 

The physicochemical properties of a drug affect every 
aspect of drug design, from initial purification to optimi- 
zation of drug concentration in the receptor region. Con- 
sequently, relationships between molecular structure and 
physical properties are extremely useful to the pharma- 
ceutical or medicinal chemist. Predictive relationships are 
particularly important in prodrug design since the primary 
goal often is the improvement of pharmaceutical or 
pharmacodynamic properties of already active compounds 
through modifications of physical properties. 

A variety of prostaglandin prodrugs have been synthe- 
sized in an attempt to improve the pharmaceutical or bi- 
ological properties of the parent compounds (1-5). Among 
the problems encountered with prostaglandins are solid- 
state instability and their frequent existence as liquids, 
which pose difficulties in handling and formulation. In the 
E:! series, some crystalline high-melting C1-phenolic esters 
with improved solid-state stability were reported (1). A 
rough correlation was observed between the melting points 
of the esters and the parent phenols, suggesting that strong 
intermolecular interactions existing in the crystalline 
phenols may be retained upon ester formation. Similar 
melting-point correlations were observed for C1-phenolic 
esters in the prostaglandin Fea series'. 

This report describes an attempt to gain a more quan- 
titative understanding of the effect of various prodrug 
moieties on aqueous solubility and on the thermodynamic 
activity of drugs in the pure crystalline solid as reflected 
by alkane solubility. Alkane and aqueous solubilities have 
been determined for several phenolic C1-esters of prosta- 
glandins of the E2 and F2a series and for acetates having 
the same phenolic moieties. Linear free energy relation- 
ships between series with slopes of -1 have been observed 

1 W. Morozowich, The Upjohn Co., Kalamazoo, Mich., personal communica- 
tion. 

in the alkane and aqueous solubilities, suggesting that the 
effect of a given substituent on the free energies of these 
processes is similar in all three series.Such relationships 
may be useful in the prediction of solubilities of other 
prostaglandin derivatives. 

EXPERIMENTAL 

The compounds examined in this study and their melting points are 
listed in TabIe I*. The syntheses of the prostaglandin & esters were re- 
ported previously (1). The C1-phenolic esters of prostaglandin Fza and 
the corresponding acetates were prepared by a similar procedure3. 

Solubilities were determined by various methods, depending on the 
particular difficulties encountered with each compound. For pure, rela- 
tively soluble compounds, 10-50-mg samples were shaken in vials con- 
taining 10-25 ml of solvent at 25' for at least 24 hr. These solutions were 
filtered or centrifuged to remove undissolved solid; after the appropriate 
dilutions or concentrations, they were analyzed for dissolved drug. 

Solution concentrations were determined spectrophotometridp only 
if solubilities were quite high. Thus, the isooctane and water solubilities 
of acetates having solubilities greater than 2 X M were determined 
by UV analysis, as were the isooctane solubilities of the biphenyl, naph- 
thyl, and p-acetylphenyl esters of prostaglandin Ez. In the spectropho- 
tometric analyses, solubilities were determined as a function of the 
amount of solid added to the vials. A constant apparent solubility sug- 
gested that impurities did not contribute significantly to the UV ab- 
sorbance reading. 

All other analyses were performed by high-pressure liquid chroma- 
tography5 (HPLC) using a reversed-phase column6 and acetonitrile- 
water solvent systems. Sample detection was a t  254 nm. 

In many cases, especially for compounds having low aqueous solubility 
but much higher solubility in isooctane, the method proposed by Higuchi 
et al. (6) was utilized. Solid samples, 10-50 mg, were shaken in vials a t  
2 5 O  in both isooctane and water for not less than 24 hr. When possible, 
the saturation solubility in both phases was determined as described 
previously. Because of the low water solubility in isooctane and vice versa 
(7), it was assumed that solubilities in water-saturated isooctane or in 
isooctane-saturated water were equal within experimental error to the 
solubilities in the pure solvents. 

Water solubilities of extremely insoluble compounds or compounds 
that appeared to adsorb readily to glassware, filters, etc., were determined 
by recycling the solvent through a cartridge containing a filter' and a 
1-20-mg sample. The change in UV absorbance was monitored at 254 
rims. The solvent was pumped9 through the filtration system at -10-15 
ml/min. 

This system offered several advantages over conventional methods: 
1. By monitoring absorbance with time, one can ascertain whether 

equilibrium is established within the system. 
2. Withdrawal of filtered samples can be done easily and rapidly with 

a minimum temperature change. 
3. Possible adsorption onto extraneous glassware or onto the filter no 

1onger.is a problem since all components become saturated with so- 
lute. 

Equilibrium solubilities generally were approached within 1 day for 

2 Compounds used in this study were provided by W. Morozowich and S. L. 

3 &. Morozowich and S. L. Douglas, The Upjohn Co., Kalamazca, Mich.. pemnal 

"Zeiss DMR-21. 

6 Lichrosorb RP-8,10 p, Merck, Darmstadt. West Germany. 
7 Swinnex-13 filter unit with 0.45-jtm pore size filters (type HA), Millipore Corp., 

9 FMI RP-58 solvent pump. 

Dou las. The Upjohn Co., Kalamazoo, Mich. 

communication. 

DuPont model 840 liquid chromatograph. 

Bedford, MA 01730. 
Altex detector 153-00. 
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Table I-Melting Points of Investigated Compounds 
~ 

Phenolic Moiety 

~~ ~ ~~ ~ ~~ ~~ ~~ 

Acyl Moiety 
Prostaglandin Fzu Prostaglandin Ez Acetic Acid 

Phenyl 

p-Biphenyl 

8-Naphthyl 

p-Nitrophenyl 

p- Acetylphenyl 

p-Benzamidophenyl 

p-Acetamidophenyl 

p-Carbamoylphenyl 

p - (p - Acetamidobenzamido) phenyl 

p-Ureidophenyl 

N -Acetyl-L-tyrosinamide 

N -Benzoyl-L-tyrosinamide 

a-Semicarbazono-p-tolyl 

2-0x0-5-indolinyl 

p43-Pheny1ureido)phenyl 

n 

n 

n 

0 0 

n 

O 
- Q - c H T H c - N H ,  n 

I 
HNC-CHj 

I1 
0 

0 

0 

59-60.6' 

114.3-116.8' 

98.8-iooo 

- 

85.3-86.5' 

139.8-143.80 

114-115.8' 

129.5-130.8' 

165.6-168.2' 

133.8-1350 

io9.aii3.80 

Liquid 

91.8-92.80 

79.3-80.3' 

- 

76.8-77.80 

132.8-135.00 

102.3-103.3' 

106.3-108.3' 

173.2-176.2' 

105.3-108.3' 

137.3-140.8' 

142.5-144.3' 16o.ai64.80 

iio.aii3.30 

109.ai i2 .0~ 

145.0-147.3' 

125.3-126.5' 

- 

- 

Liquid 

87.0-88.0' 

68.9-69.9' 

81-82' 

52.1-53.7' 

172-173' 

154-156' 

175-184.1' 

256-260' 

189.6-191.2' 

222-225.7' 

221.7-228' 

194-198' 

14C147' 

igaiggo 

the major component, although impurities often leached out of the solid 
phase more slowly. Because impurities often contributed more to the UV 
absorbance than did the compound of interest, HPLC analysis of the 
saturated solution was necessary. All solubilities are reported in moles 
per liter. 

RESULTS AND DISCUSSION 

Molecular Structure-Aqueous Solubility Relationships-Aqueous 
solubilities of prostaglandin Ez and Fzu derivatives and their corre- 
sponding acetates are listed in Table 11. Plots of log solubility of the 
prostaglandin Fk esters and the prostaglandin Ez esters versus log sol- 
ubility of the acetates are shown in Figs. 1 and 2. These quantities were 
obtained experimentally. Slopes of -1 (Fig. 1: slope = 0.98, r = 0.9467; 
Fig. 2 slope = 1.03, r = 0.9468) are observed. 

Since log solubility is proportional to the solution free energy, the plots 
in Figs. 1 and 2 are indicative of approximate linear free energy rela- 
tionships for solubility; the effect of a substituent on the solution free 
energy in one series is linearly related to its effect in another series. Slopes 
of 1, aa observed in the series of compounds examined, suggest that not 

only is there a proportionality in free energy but that the substituent 
effects on solubility are nearly the same for both prostaglandin series and 
the acetates. This effect was not known to be observed previously for polar 
crystalline materials. These observations should not be extrapolated to 
other series since the constancy in substituent group contributions 
probably depends on similar crystal lattice arrangements of molecules 
in all compounds examined. 

The aqueous solubilities in Table I1 are listed from highest to lowest. 
There appears to be no correlation between the apparent polarity of the 
phenol moiety and aqueous solubility. This lack of correlation illustrates 
the inadequacy of simple maxims such as "like dissolves like" for pre- 
dicting relative solubilities of solids in water. A more quantitative un- 
derstanding of the relationship between molecular structure and aqueous 
solubility can be gained by separating aqueous solubility into two ther- 
modynamic components. 

Separation of Aqueous Solubility into Two Thermodynamic 
Components-As shown in Scheme I, the solution free energy of a drug 
in water can be expressed as a s u m  of the energies from the escape of the 
drug from the crystal into an inert solvent and the transfer of the drug 
from an inert solvent to water. 
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Table 11-Water Solubilities of C1-Phenolic Esters of Prostaglandin Fzrr and Prostaglandin Ez and Acetates Having the Same Phenol 
Moiety 

Water Solubility, M 
Acetate Prostaglandin Ez Prostaglandin Fzn Phenol Moiety 

3.0 X lo-* 1.6 x 10-5 5.0 x 10-5 

- 2.9 X 6.0 x 10-5 

4.4 x 10-5 8.3 x 10-5 2.3 X 

0 
II 

\NHO-- CH, 

0 
II 

0 

1.3 X 1.7 x 10-4 1.4 x 10-4 

1.1 x 10-2 

Liquid 

5.4 x 10-5 

Liquid 

9.5 x 10-5 

9.1 x 10-5 

3.2 x 10-3 

2.9 x 10-3 

2.8 x 10-5 

1.1 x 10-5 

6.9 x 10-5 

2.1 x 10-5 

2.5 X 

3.9 x 10-7 

1.6 x 10-5 

5.7 x 10-7 

1.4 x 10-3 

3.6 x 10-4 

0 
I! 

,C-NH, 

‘NHC, 
- @ C H , - - C H  

I1 
0 

n 

1.3 x 10-4 4.7 x 10-7 1.8 x 

7.2 x 10-5 

3.9 x 10-5 

2.3 x 10-7 

6.6 X 

3.0 x 10-7 

9.6 x 10-8 

10 

3.9 x 10-5 -9.8 X 2.8 x 10-7 

3.6 x 10-5 - - 

vapor pressures of the drug above the solid phase give relative escaping 
tendencies directly (8), but these quantities are not easily measured for 
most compounds. Consequently, it has been suggested (9,lO) that solu- 
bility in a relatively inert solvent such as an aliphatic hydrocarbon should 
be employed to compare escaping tendencies of drugs from the solid 
phase. 

By choosing the infinitely dilute solution of the solute in an alkane 
solvent as the reference state and setting the thermodynamic activity of 
a hypothetical 1 M solution equal to 1, the thermodynamic activity of a 
drug in the solid phase may be defined as its alkane solubility (providing 
that the solubility is low). Differences in the free energies thus obtained 
reflect differences in such interactions as hydrogen bonding and Debye 
forces and the entropic content between the two states (10). Whereas 
specific interactions may be quite significant in the solid phase, solution 
interactions between the drug substance and alkane solvent are expected 
to be nonspecific and not highly sensitive to minor changes in molecular 
structure. 

Alkane Solubilities-The alkane solubilities of acetates reported here 
were determined by direct measurement as described under Erperi- 

Component 1: Drug Escape from Crystal into Inert Soluent-The 
excaping tendency of a compound from its solid phase obviously is de- 
pendent on the strength of the intermolecular forces in the crystal. A 
priori attempts to predict the magnitude of these forces from molecular 
structural considerations still are largely undeveloped. Ideally, partial - experimentally determined c 

______-------,--------------- 

dissolved 
inert solvent 

*---------+ 
Isolld] 

calculated from group 
contribution theory 

A G h i d - ~ z ~  = AGLid-inert solvent + AG:nert solvent-water 

Scheme I-Separation of aqueous solubility into two thermodynamic 
components 
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Table 111-Isooctane Solubilities of C1-Phenolic Esters of Prostaglandin Fzr and Prostaglandin Ez and Acetates Having the Same 
Phenol Moiety 

Isooctane Solubility, M 
Phenol Moiety Acetate Prostaglandin Fz, Prostaglandin E2 

*NH!!-CH3 

0 

0 
-@-CH=-N-NHC-NH, n 

n 

Y) n 
,C-NH2 

'NHC-CH~ 
I 
0 

- 

9.6 X 

6.2 X 

4.4 x 10-2 

'1.6 X lo-* 

1.8 x 10-5 

1.7 x 10-5 

5.8 X 

1.9 x lo-' 

1.8 X 

1.7 X 

5.4 x 10-5 

3.3 x 10-6 

1.7 X 

2.8 X 

4.1 X 

3.9 x 10-90 

1.8 x 10-90 

5.4 x 10-10" 

5.5 x lo-"" 

1.1 x lo-"" 

6.2 X 10-*2" 

- 

1.9 x 10-5 

1 x 10-5 

2.7 x 10-5 

6.7 X 

1.4 X 10-*" 

8.7 x 10-9" 

1.8 x 10-90 

5.5 x lo-"" 

2.8 X lo-"" 

1.0 x lo-"" 

0 

eNH!*NH!I-CH3 -1.3 x 10-9 2.4 x 10-13" 5.5 x 10-13" 

0 Estimated from water solubility data (Table 11) and alkane-water partition coefficients (Table V). 

mental. Prostaglandin alkane solubilities were in many cases too low to 
measure experimentally. These values were estimated from their water 
solubilities and alkanewater partition coefficients estimated from group 
contribution theory (the method employed for calculating alkane-water 
partition coefficients of highly insoluble prostaglandin esters will be 
described). 

-7.OV - -4.0 -3.0 -2.0 
LOG WATER SOLUBILITY OF ACETATES 

Figure 1-Log water solubility of prostaglandin Fz, C1-phenolic esters 
versus those of acetates hauing the same phenol moiety. 

Table I11 gives the alkane solubilities of the C1-esters of prostaglandins 
& and F2a and the corresponding acetates. Plots of log alkane solubility 
in the prostaglandin series uersus log alkane solubilities of the corre- 
sponding esters in the acetate series are shown in Figs. 3 and 4. The plots 

-7.0 

I 

-4.0 -3.0 -2.0 
LOG WATER SOLUBILITY OF ACETATES 

Figure 2-Log water solubility of prostaglandin Ez C1-phenolic esters 
versus those of acetates having the same phenol moiety. 
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0 
Table IV-Log Isooctane-Water Partition Coefficient and Group Contribution to  the Free Energy of Transfer of CHJA-o*X 
Phenyl Substituents in Various Acetates 

Log Partition Coefficient of 
0 - 

X C H , C ! O e X  Talk' A( ACk+.dhe)~ ,  kcal/mole 

-0 3.05 1.92 -2.62 

2.43 1.30 -1.77 

-H 
--NO2 

0 - 
I1 

-C-CH, 
0 

1.13 0.0 0.0 
0.73 -0.39 0.53 

0.30 

-0.64 

-0.83 

-1.77 

1.13 

2.41 
0 

-NHPCH,  -2.80 -3.92 5.3 
II 

0 n 
-0-NH, -2.60 -4.72 6.4 

-3.87 

-3.78 

-4.5 

-5.0 

-5.0 

-5.6 

6.8 

6.8 

7.6 
0 

-NHC-NH, -5.3 -6.4 8.7 
I1 

0 0 

T& = log partition coefficient of RCO ' +x minus log partition coefficient of RC-0 " +H in isooctane-water systems. 

are linear with slopes of -1 (Fig. 3 slope = 0.89, r = 0.994; Fig. 4 slope 
= 0.96, r = 0.9967). The linear free energy correlations observed in the 
alkane solubilities are a direct consequence of the observed correlations 
in the aqueous solubilities since group contribution theory w~88 employed 
in estimating the alkane-water partition coefficients used in calculating 
many of the alkane solubilities. Nevertheless, the exercise is useful be- 

-5k 

-12 - 

-9 -8 -7 -6 -5 -4 -3 -2 -1 
LOG ALKANE SOLUBILITY OF ACETATES 

Figure %-Log alkane solubility of prostaglandin Fza C1-phenolic esters 
versus those of acetates haoing the same phenol moiety. 

cause it enables one to separate structural effects on thermodynamic 
activity in the solid phase from structural effects on interactions in so- 
lution. 

Some interesting observations can be made from Table 111 on the effect 

-5 t 

-12t / 
1 1 ,  

-9 -8 -7 -6 -5 -4 -3 -2 -1 
LOG ALKANE SOLUBILITY OF ACETATES 

Figure &-Log alkane solubility of prostaglandin E l  C1-phenolic esters 
versus those of acetates haoing the same phenol moiety. 
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Table V-Calculated a Log Isooctane-Water Partition 
Coefficients of Prostaglandin Fz0 and Prostaglandin E2 para- 
Substituted Phenvl Estersmb 

UI 
K -14, 

-16 

Log Partition Coefficient 
Prosta- Prosta- 

Phenol Moiety glandin Fz,. glandin Ez 

1.46 

0.84 (0.77) 

(-0.46) 

-0.85 (-0.71) 

-1.28 (-1.47) 

-2.2 

-4.4 

-5.2 

-5.4 

2.26 (2.61) 

1.64 (1.69) 

(0.34) 

-0.05 (-0.20) 

-0.48 (-0.22) 

-1.42 

-3.6 

-4.4 

-4.6 

n 

-5.4 -4.6 

0 0 

0 

-6.1 

-6.8 

-5.3 

-6.0 

a Calculated values were obtained from: 

log partition coefficientpmUkndln +. = 

log partition coefficientp,au(lkndi. + ( * d x  
where (?T&)X values are listed in Table IV. * Experimental values are given in 
parentheses. 

of molecdar structure, particularly the incorporation of hydrogen- 
bonding substituents into the molecule, on the escaping tendency of drug 
from the solid phase. For example, a difference of over 3000-fold in the 
alkane solubility of p-acetylphenyl acetate compared to p-acetamido- 
phenyl acetate shows the dramatic influence of a single hydrogen-bonding 
moiety on crystalline energy. This factor represents a difference of -4.8 
kcal in free energy, a difference that can be rationalized in terms of hy- 
drogen-bonding differences in the crystals. Replacement of a terminal 
methyl group with a phenyl group (p-acetamidophenyl acetate versus 
p- benzamidophenyl acetate) has a small influence on alkane solubility, 
while addition of another acetamido substituent again lowers the solu- 
bility by the equivalent of 5.6 kcal in free energy. 

Clustering of points is evident in Figs. 3 and 4. Points a t  high alkane 
solubilities represent compounds containing no hydrogen-bonding phenyl 
substituents, while addition of a single hydrogen-bonding group results 
in a second cluster of points 3-4 log units lower in solubility. 

Component 2: Transfer of Drug from Inert Solvent to Water-Pre- 
diction of organic solvent-water partition coefficients from molecular 
structures is complicated by the present lack of understanding of so- 
lute-solvent interactions at  the molecular level. Consequently, a semi- 
empirical approach often is employed based on the group contribution 
concept (11). 

Briefly, it is assumed that the free energy of the partitioning process 

-2 

Y 5.9 kcol 

i 
(3 -6 a: 

Solid 
I O f l  

R ~ O Q C N H ~  

fl 0 
R~OQNHCNH, 

Figure 5-Relative free energy diagram illustrating the effect of polar 
substituents on the thermodynamic activity of drug in the solid, on the 
free energy of transfer from alkane to water, and on aqueous solubility 
in which RCOO represents prostaglandin Fz,.. 

can be divided into independent contributions from the constituent 
groups in a molecule. 

Alkane-Water Partitioning Behavior-Logs of the partition coeffi- 
cients a t  25' for acetates containing various substituted phenyl moieties 
are listed in Table IV. In most cases, these values were determined from 
solubility ratios, which are assumed to be reliable estimates of partition 
coefficients because isooctane and water are almost completely immis- 
cible and because the solubilities usually were sufficiently low so that 
solute-solute interactions in solution were considered negligible. 

Phenyl acetate was chosen as a reference compound for determining 
group contributions of various substituents to the free energy of transfer 
from water to isooctane. The standard free energy of transfer of a drug 
containing a substituent, X, from water to isooctane can be expressed 
as: 

(Eq. 1) 
where: 

in which C is expressed in moles per liter. 
The change in transfer free energy brought about by substitution is: 

Values of A(AG&-&)x for various substituents on the phenyl ring, 
derived from the acetate partition coefficients, also are listed in Table 
Iv along with ?f& values that represent the quantity log PCRX/PCRH. 

Partition coefficient data for the prostaglandin esters were generated 
from solubility ratios when possiblg or were estimated from group con- 
tributions. This calculation was done by adding the value for a phenyl 
substituent obtained from acetate partitioning data (Table IV) to the 
measured log of the partition coefficient of the unsubstituted phenyl ester 
of either prostaglandin Ez or F2,. to obtain the log of the partition coef- 
ficient for the substituted phenyl prostaglandin ester. Calculated values 
of log partition coefficient for the substituted phenyl esters of prosta- 
glandins Fz,. and Ez are shown in Table V (experimental values in pa- 
rentheses). 

Influence of Polar, Hydrogen-Bonding Substituents on Aqueous 
Solubility-Because of the large effect of polar groups on the partitioning 
behavior of a molecule, it  occasionally is suggested that the introduction 
of polar groups into a molecule should increase aqueous solubility. The 
underlying assumption is that log solubility is inversely related to log 
partition coefficient, as has been shown for liquid solutes. However, the 
effect of polar groups capable of hydrogen bonding on the crystal lattice 
energies also must be considered for solids. 

A diagram of relative free energy levels of solute in the solid phase, in 
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the aqueous solution standard state, and in the isooctane standard state 
(Fig. 5) illustrates the effect of polar groups in a series of prostaglandin 
F2. esters. An alkane solution of drug at infinite dilution was chosen as 
the reference state according to the convention proposed previously (9, 
10). Thus, the free energies of various derivatives in isooctane arbitrarily 
were set equal to zero so that relative energies in the solid phase and in 
water could be compared. Polar substituents dramatically lowered the 
energy level of a drug in the solid phase and in water relative to an alkane 
solution; but the free energy difference between solid and aqueous so- 
lution, which is reflected by aqueous solubility, remained similar upon 
addition of increasingly polar substituents. 

The conclusion is that polar, hydrogen-bonding substituents may not 
result in increased aqueous solubility. Even though lipophilicity as 
measured by partition coefficients may be decreased drastically, the effect 
of polar groups on the thermodynamic activity of a drug in the solid may 
tend to offset the change in lipophilicity (Fig. 5). Both thermodynamic 
components of aqueous solubility must be considered in predicting 
aqueous solubility. 
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Abstract 0 Conjunctival mucins from albino rabbits were fractionated 
using gel filtration and anion-exchange chromatography. Charge ho- 
mogeneity of the various Conjunctival mucin fractions was confirmed by 
polyacrylamide gel electrophoresis. The molecular weight characteristics 
of the isolated fractions varied with the analytical scheme employed. Two 
schemes yielded mucins with molecular weights of lo4, lo5, and lo6. 
However, when anion-exchange chromatography was the first step in the 
fractionation scheme, the dominant mucin had a molecular weight of 1.7 
X lo5. In contrast, when gel filtration chromatography was the first step, 
the dominant mucin had a molecular weight of 5.7 X lo4. It was postu- 
lated that during migration through the anion-exchange matrix, the low 
molecular weight Conjunctival mucin underwent trimer formation. 
Comparison with the mucin fractions isolated from tear mucoid threads 
revealed that the scheme beginning with anion-exchange chromatography 
preserved the fractionation pattern seen in tear mucoid threads. This 
result implies that conjunctival mucins undergo an association prior to 
or after their entry into the tear film. The molecular event of interest in 
this process is self-association of the species with a molecular weight of 
5.7 X lo4, resulting in a trimer with a molecular weight of 1.7 X 105. This 
trimer appears to resist deaggregation on exposure to a medium of lesser 
ionic strength. Several explanations are offered for its formation as well 
as for its stability. The implication of multiple conjunctival (tear) mucins 
for tear film stability also is discussed. 

Keyphrasee 0 Mucins-isolation from rabbit conjunctiva, fractionation 
by gel filtration and anion-exchange chromatography, determination of 
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The strategic role assumed by Conjunctival mucin in tear 
film stability has been recognized, but not understood, for 

many years. Alteration in either its chemical nature or 
quantity (probably both) has been implicated in kerato- 
conjunctivitis sicca as well as other dry-eye syndromes 
(1-5), all of which are characterized by poor wetting of the 
corneal epithelium. It has been proposed that this fasci- 
nating substance derives its role from both the surface 
activity it is expected to exhibit at the air-tear and tear- 
corneal epithelium interfaces and the molecular events 
following its absorption at these two interfaces. 

Principally because Conjunctival mucins have never 
been isolated or identified, statements about their surface 
activity are based on experiments using bovine submax- 
illary mucin (6-9). In contrast, three tear mucins have been 
isolated (lo), but the interrelationship between tear and 
Conjunctival mucins is unknown. The tear mucins were 
shown to possess an amino acid and carbohydrate com- 
position not shared by typical epithelial mucins (10,ll). 
Since the function it serves depends on its structure, 
considerable caution must be exercised in extrapolating 
the findings on surface activity of bovine submaxillary 
mucin to conjunctival and tear mucins. Successful isolation 
of Conjunctival mucins, in reasonable quantity and purity, 
is important in understanding the mechanisms by which 
they confer stability to the tear film. This study is a first 
attempt in this direction; specifically, it concerns identi- 
fying conjunctival mucins present in a crude Conjunctival 
extract. 

The three tear mucins isolated by Iwata and Kabasawa 
(10) from tear mucoid threads on the Conjunctival surface 
of albino rabbits possessed molecular weights of 4 X lo5, 
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the aqueous solution standard state, and in the isooctane standard state 
(Fig. 5) illustrates the effect of polar groups in a series of prostaglandin 
F2. esters. An alkane solution of drug at infinite dilution was chosen as 
the reference state according to the convention proposed previously (9, 
10). Thus, the free energies of various derivatives in isooctane arbitrarily 
were set equal to zero so that relative energies in the solid phase and in 
water could be compared. Polar substituents dramatically lowered the 
energy level of a drug in the solid phase and in water relative to an alkane 
solution; but the free energy difference between solid and aqueous so- 
lution, which is reflected by aqueous solubility, remained similar upon 
addition of increasingly polar substituents. 

The conclusion is that polar, hydrogen-bonding substituents may not 
result in increased aqueous solubility. Even though lipophilicity as 
measured by partition coefficients may be decreased drastically, the effect 
of polar groups on the thermodynamic activity of a drug in the solid may 
tend to offset the change in lipophilicity (Fig. 5). Both thermodynamic 
components of aqueous solubility must be considered in predicting 
aqueous solubility. 
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is important in understanding the mechanisms by which 
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attempt in this direction; specifically, it concerns identi- 
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extract. 
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5 X lo4, and 1.4 X lo4. Conspicuously absent was the mucin 
with a molecular weight of lo6, a species commonly seen 
in epithelial mucins. However, this result probably is an 
artifact since the gel filtration medium employed, Seph- 
adex G-150, does not fractionate proteins with molecular 
weights exceeding 4 X lo5. Nevertheless, the isolation of 
multiple tear mucin fractions is intriguing because mul- 
tiple fractions rarely have been isolated for simple proteins 
such as insulin and growth hormone. Moreover, since 
mucins in the precorneal area of the eye are derived from 
both the Conjunctival (12) and lacrimal (13) glands and 
their composition varies with the source, it was of interest 
to see if the three tear mucin fractions were primarily of 
Conjunctival origin. The results of the present study indi- 
cate that this is the case. 

The three objectives of this study were: ( a )  to examine 
the type of mucins derived from the conjunctiva, as well 
as the interrelationship among them; ( b )  to learn how these 
mucins are related to those identified in the tear film; and 
( c )  to gain further insight into tear film stability. The in- 
terrelationship between tear and Conjunctival mucins will 
be reported later. The present paper concerns the inter- 
relationship among conjunctival mucins and their probable 
roles in tear film stability. 

EXPERIMENTAL 

Materials-Male albino rabbits', 1.8-2.4 kg, were used. 
The following chemicals and reagents were used as received: synthetic 

N- acetylneuraminic acid2, 3,5-diaminobenzoic acid dihydrochloride2, 
chromatographic gels, polyacrylamide gel4, polyacrylamide gel basic 
buffer5 (pH 8.9), protein assay kit6, anion-exchange chromatographic 
gel', tracking dye solution8 (acidic), trichloroacetic acidg, Blue Dextran 
2O0O1O, Sephadex G-251° (fine), rabbit albumin", y-globulin", bovine 
submaxillary mucin'2 (type I), Coomassie brilliant blue G-2501*, and 
f~rnarase'~. 

Analytical Methods-Protein Assay-In addition to its absorbance 
at 280 nm, A ~ M ,  the protein content of the column eluate was monitored 
using the protein assay kit. This assay is based on the differential color 
change of the dye in response to various protein concentrations (14). I t  
was performed following the procedure outlined by the manufacturer 
(15). 

Fluorornetric Assay for Sialic Acid-A fluorometric assay (16) that 
can detect as little as 0.2 ng of sialic acid was adopted; the more widely 
used thiobarbituric acid assay (17) was found to underestimate sialic acid 
levels as a result of sialic acid degradation following its liberation from 
mucins (11). 

The procedure was conducted as follows. To 10 pl of a sample con- 
taining sialic acid in a 1-ml ampul14 was added 500 pl of 0.005 M 3,5- 
diaminobenzoic acid dihydrochloride in 0.125 N HCl. The ampul was 
sealed and placed in an oven at  100' for 16 hr. After cooling to room 
temperature, the contents of the ampul were transferred to a 5-ml volu- 
metric flask and brought to volume with 0.05 N HCl. The fluorescence 
intensity was measured in a fluorescence spectrophotometer'6 with the 
excitation wavelength set a t  425.8 nm and the emission wavelength at  
507.5 nm. A standard curve was established daily using freshly prepared 
N-acetylneuraminic acid solutions. 

Collection of Rabbit Conjunctivas-Rabbits were sacrificed with 

1 Klubertanz, Edgerton, Wis. * Aldrich Chemical Co., Milwaukee, Wis. 
3 Bio-Gel A 5m, Bio-Rad Laboratories, Richmond, Calif. 
4 Bio-Phore 4,7.5,12%, Bio-Rad Laboratories, Richmond, Calif. 
E. Bio-Phore, Bio-Rad Laboratories, Richmond, Callf. 

7 DEAE Bio-Gel A, Bio-Rad Laboratories, Richmond, Calif. 
8 Bio-Rad Laboratories, Richmond, Calif. 
9 Mallinckrodt, St. Louis, Mo. 

Pharmacia Fine Chemicals AB, Uppsala, Sweden. 
11 Schwarz/Mann, Oran eburg, N.Y. 
12 Sigma Chemical Co., 8t. Louis, Mo. 
13 United States Biochemical Corp., Cleveland, Ohio. 

Bio-Rad Protein A m y  Kit 11, Bio-Rad Laboratories, Richmond, Calif. 

14 Wheaton Scientific, Millville, N.J. 
15 Model MPF-4, Perkin-Elmer, Norwalk, Conn. 

a rapid intravenous injection of pentobarbital sodium into a marginal 
ear vein. The corneal and conjunctival surfaces were washed thoroughly 
with 0.9% NaCl solution and blotted dry with tissue. A single incision was 
made at  the upper nasal palpebral conjunctiva and was continued 
clockwise along the lid margin and terminated at the bulbar conjunctiva 
around the limbus. Each conjunctiva was rinsed carefully in saline, frozen, 
and stored frozen at  -20' for a period not to exceed 3 months. Approxi- 
mately 98 g of conjunctivas was collected from 150 rabbits. 

Extraction of Conjunctival Mucins-The entire extraction was 
conducted in a cold room maintained at 4 O .  Approximately 90 g of con- 
junctivas was suspended in 450 ml of 0.01 M ammonium acetate buffer 
a t  pH 7.2 and homogenized in a blender for 10 min. The mixture was 
stirred constantly for 24 hr in the presence of toluene. 

The homogenate was filtered through four layers of adsorbent 
cheesecloth, prerinsed in the buffer, and centrifuged at  15,000 rpm for 
30 min at 4' in a centrifugeI6. The supernate was filtered first through 
filter paperI7 and then through a 0.65-pm filterls, both of which were 
placed in a buchner funnel connected to a water aspirator. The filtrate 
was lyophilized in a freeze-drying apparatu~ '~ at  65 /.tm Hg and -55' for 
48 hr. The residue, denoted as conjunctival crude extract, was a yellowish 
powder and was stored in a desiccator placed in a freezer a t  -20'. Ly- 
ophilization was assumed to cause no changes in the mucin; this as- 
sumption was shown to be the case with bovine submaxillary mucin 
(18). 

The Conjunctival crude extract represented about 2.5% of the initial 
Conjunctival weight. 

Anion-Exchange Chromatography of Conjunctival Crude Ex- 
tract-Approximately 70 mg of conjunctival crude extract was dissolved 
in 2.5 ml of 0.01 M ammonium acetate buffer a t  pH 7.2. Two milliliters 
of the resulting solution was layered onto an anion-exchange column (1.5 
X 20 cm) that had been preequilibrated for 16 hr at 4' with the buffer. 
After the entire sample entered the gel, the column was washed with two 
bed volumes (100 ml) of the buffer at a constant flow rate of 58.5 mlhr  
controlled by a peristaltic pump. The column then was eluted at the same 
flow rate with a linear gradient consisting of 200 ml each of 0.1 and 1 M 
NaCl, both dissolved in 0.01 M ammonium acetate at pH 7.2. Fractions 
of 1.5 ml were collected. The content of every third tube was measured 
for its absorbance at  280 nm and for sialic acid, protein, and sodium 
chloride concentrations. 

Finally, the contents of several tubes were pooled, followed by desalting 
on a column (5 X 60 cm) of Sephadex G-25 (fine). The column was eluted 
with double-distilled water at a constant flow rate of 150 m l h .  Fractions 
of 18.5 ml were collected. The proteins emerged with the void volume 
(-30% of total bed volume), while the salt emerged with -80% of the total 
bed volume. Fractions containing protein were lyophilized at  -55' and 
65 pm Hg for 48 hr. 

The lyophilizate was reconstituted with 0.01 M ammonium acetate 
buffer a t  pH 7.2. The behavior of the proteins contained therein was 
studied next on a chromatographic gel filtration column. 

Gel Filtration of Conjunctival Crude Extract-Sample preparation 
and layering onto a column (1.5 X 60 cm) of chromatographic gel were 
essentially the same as described for anion-exchange chromatography. 
The column was eluted at  a constant flow rate of 8.8 mlhr  with the buffer. 
Fractions of 1.5 ml were collected. The contents of appropriate tubes were 
examined at  280 nm for their protein and sialic acid content. Based on 
the results of these assays, certain tubes were selected for polyacrylamide 
gel electrophoresis. The contents of several tubes were pooled and ly- 
ophilized, and selected fractions were chromatographed further on an 
anion-exchange column (1.5 X 30 cm). 

Molecular Weight Estimation-The molecular weight of various 
mucin fractions was estimated by calibrating a gel filtration column in 
the manner described previously (19-23). This procedure has been em- 
ployed to estimate the molecular weight of tear mucins (10); consequently, 
a meaningful molecular weight comparison can be made between con- 
junctival and tear mucins. 

A gel chromatography column (1.5 X 60 cm) was calibrated using the 
following proteins (or protein mixture): bovine submaxillary mucin (2.26 
mg/ml) and rabbit y-globulin (8.76 mg/ml), rabbit serum albumin (5.0 
mg/ml), fumarase (5.0 mg/ml), and Blue Dextran 2000 (2.62 mg/ml). All 
solutions were prepared in 0.01 M ammonium acetate buffer a t  pH 7.2. 
To the Blue Dextran 2000 solution was added also 0.1 M NaCl. Two 
milliliters of sample was layered onto the column, which then was eluted 

Sorvall RC-5B refrigerated superspeed centrifuge wing an SS-34 rotor, W o n t  
Instruments, Newtown, Conn. 

l7 Whatman No. 2. 
l8 Millipore. 
19 New Brunswick Scientific Co., New Brunswick, N.J. 
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Scheme I-Fractionation of Conjunctival Crude Extract by Procedure A .  [" Area under the curve (referred to A m  versus the tube number profile). 
b Not performed or determined. Sialic acid in 10 p1 of solution. Insufficient data to  give an accurate estimate.] 

with 0.01 M ammonium acetate buffer a t  pH 7.2 at  a flow rate of 8.8 
mlhr .  Fractions of 1.5 ml were collected, and the absorbance of every 
third tube was measured a t  280 nm. 

The position of the peak maximum in the elution diagram, i.e., ab- 
sorbance versus tube number, was taken as the elution volume, V,. The 
correlation between molecular weight and elution behavior was analyzed 
by plotting K,, uersus log molecular weight. The regression equation for 
the plot is: 

K,,. = 1.497 - 0.228 log molecular weight (Eq. 1) 

1). The chromatogram displayed in Fig. 2 indicates that three peaks 
(A-C) emerged with the wash and that four peaks (D-G) emerged with 
the gradient. The major peaks were F and G, hereafter referred to as 

(r = -0.995, r 2  = 0.989), where K,, is the partition coefficient of the solute 
between the liquid phase and the gel phase. 

Polyacrylamide Gel Electrophoresis-Polyacrylamide gel elec- 
trophoresis was performed at  4O using precast 4, 7.5, and 12% polyac- 
rylamide gels and basic buffer a t  pH 8.9. The sample solution was mixed 
with tracking dye solution in a ratio of -3:l. Thirty microliters of the 
resulting mixture was layered onto a gel using a microbiopet6. 

At the end of electrophoresis, each gel was carried through three steps 
leading to the visualization of protein bands: 

1. The proteins were fixed onto the gel by immersing the gel for 90 min 
in a mixture of 12.5% trichloroacetic acid and 25% isopropanol. 

2. The precipitated proteins were stained by immersing the gel for 6 
hr in a Coomassie brilliant blue G-250 solution (the staining solution was 
0.05% dye, 10% isopropanol, and 10% acetic acid). 

3. The excess stain on the gel was removed in a diffusion destainerZ0 
filled with a mixture of 7% acetic acid and 25% ethanol. 

The procedure outlined by Wardi and Michos (24) for staining glyco- 
proteins on polyacrylamide gels was unsatisfactory for conjunctival 
mucins, probably due to the low sialic acid content of the glycoproteihs. 
No further attempt was made to improve visualization of these glyco- 
proteins on the gels. 

RESULTS 

Fractionation Procedure A-Scheme I summarizes the results ob- 
tained by chromatographing the crude conjunctival extract. The results 
were displayed as the ratio of area under each elution peak in a chro- 
matogram (AUC) relative to an appropriately chosen reference peak; as 
the sialic acid content, in both amount and percent, corresponding to each 
peak; and, where appropriate, as the molecular weight corresponding to 
each peak as well as the number of protein bands yielded by each peak 
upon performing polyacrylamide gel electrophoresis. 

Thus, anion-exchange chromatography on the crude extract yielded 
seven fractions, in close agreement with the seven bands observed in 
electrophoresis of the extract on a 12% polyacrylamide gel (Gel C in Fig. Figure I-Polyacrylamide gel electrophoresis of anion-exchange 

chromatography gradient Fractions 2 (G2) and 3 (G3)  using 12% 
polyacrylamide gels. Key: Gel A, anion-exchange gel G2; Gel B ,  anion- 
exchange gel G3; and Gel C, conjunctival crude extract. 2o Model 172A, Bio-Rad Laboratories, Richmond, Calif. 
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Figure 2-Chromatography of conjunctival crude extract on anion-exchange gel. The column was 1.5 X 30 cm and was eluted first with 100 ml 
of 0.01 M ammonium acetate at pH 7.2 and then with a linear sodium chloride gradient consisting of 200 ml each of 0.1 and 1 M NaCt, both in 0.01 
M ammonium acetate at pH 7.2. The flow rate was 58.50 mllhr. Fraction volumes were 1.5 ml. 

Fractions G2 and G3, respectively (Scheme I). Fraction G2 was eluted 
a t  0.032 M NaCl, while Fraction G3 was eluted at  0.118 M NaCI. In con- 
trast, under essentially the same chromatographic conditions, bovine 
submaxillary mucin eluted as a single peak at 0.146 M NaCl (Fig. 3). 

The electrophoretic'patterns due to Fractions G2 and G3 (Gels A and 
B) shown in Fig. 1 revealed that nearly all of the bands seen in the con- 
junctival crude extract (Gel C) represented these two fractions. A t  least 
three bands (0,2, and 3 cm from the origin) due to Fractions C2 and G3 
overlapped, reflecting, in part, the slight overlap between Fractions G2 
and G3 as they were eluted from the anion-exchange column. Never- 
theless, both fractions contained characteristic mucins. They were the 
two bands at  0.5 and 0.8 cm on Gel A, corresponding to Fraction G2, and 
the four bands at  1.3, 4, 5.5, and 1.4 cm on Gel B, corresponding to 
Fraction G3. The last three bands due to Fraction G3 were of higher 
charge density than the two bands due to Fraction G2. Together with the 
abundance of the band at  3 cm, this finding was consistent with the elu- 
tion of Fraction G3 at a higher sodium chloride concentration. The major 
protein also was different for Fractions G2 and G3. In Fraction G2, the 
major protein migrated 1.8 cm into the gel; in Fraction G3, it migrated 
3 cm into the gel. 

The similarity in composition between Fractions G2 and G3 is apparent 
not only in their electrophoretic patterns (Fig. 4) but also in their chro- 
matograms (Figs. 5 and 6).  Moreover, according to Scheme I, both 
Fractions G2 and G3 contained mucins with molecular weights on the 
order of 105 and lo6. The major fraction contained the lower molecular 
weight species; the area of the peak, B, containing it was approximately 
15 times that of the peak'containing the 106 species. 

Two conclusions can be drawn from these observations. First, the 
elution of these two species, with a 10-fold difference in molecular weight, 
must be inversely related to their charge density since they eluted at the 
same sodium chloride concentration. Second, each species of a given 
molecular weight existed in two charge densities since it was eluted at  
sodium chloride concentrations differing by a factor of approximately 
four, i.e., 0.032 and 0.118 M. These results indicate that four mucins, in 
suitable combinations of molecular weight and charge density, were 
present in Fractions G2 and G3. 

In summary, Procedure A yielded mucins with molecular weights on 
the order of l(r (Fraction C2) and lo5 and 106 (both from Fractions G2 
and G3). Unlike other epithelial mucins, the major mucin was not the one 
with a molecular weight of 106. Rather, it was the one with a molecular 
weight of 105. This pattern is remarkedly consistent with that Seen in tear 
mucins. The 105 and lo6 species are heterogeneous with respect to 
charge. 

Fractionation Procedure B-Scheme I1 summarizes the results 
obtained by chromatographing the conjunctival crude extract according 
to Procedure B. 

As shown in Scheme I1 and Fig. 7, chromatography of the conjunctival 

crude extract on chromatographic gel yielded five peaks. Peak E did not 
contain proteins, as indicated by the protein assay. The molecular weight 
of the species contained in peak D was too low to be a protein. Therefore, 
pioteins were detected only in peaks A, B, and C; this conclusion was 
confirmed by polyacrylamide gel electrophoresis (Fig. 8). Since all of the 
proteins reacted positively to the sialic acid assay, they were glycopro- 
teins. 

As with Procedure A, Procedure B did not yield the mucin with a mo- 
lecular weight of -lo6 as the major m u c h  Unlike Procedure A, Procedure 
B yielded a major mucin with a molecular weight of -I@, not -105. 
Clearly, the pattern seen in tear mucins was not preserved. The impli- 
cation of this finding was elaborated upon previously. Briefly, trimer 
formation probably occurred as the mucin with a molecular weight of 
-10' migrated through the anion-=change matrix and a similar matrix 
may exist on the conjunctival surface. 

TUBE NUMBER 
Figure 3-Chromatography of bovine submaxillary mucin on anion- 
exchange gel. The plots represent Azm (0) and the sodium chloride 
concentration ( A ) .  The column was 1.5 X 30 cm and was eluted at 4' 
with a linear sodium chloride gradient at a flow rate of 58.5 mllhr. 
Fraction volumes were 1.46 ml. 
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Figure 4-Comparison of electrophoretic patterns of anion-exchange 
gel-chromatographic gel Fraction G2, peak B (Gel A ) ;  anion-exchange 
gel-chromatographic gel Fraction G3, peak B (Gel B);  and chromato- 
graphic gel peak C (Gel C )  on 12% polyacrylamide gels. 

The fact that the species with molecular weights of -lo4 and -lo5 were 
heterogeneous with respect to charge is evident in the electrophoretic 
patterns (Fig. 8) and the anion-exchange chromatograms (Figs. 9 and 10). 
The absence of multiple bands in the gel (A) layered with the 106 species 
should be expected from its inability to enter the gel. In contrast, 
anion-exchange chromatography resolved this species into three fractions, 
which eluted at 0.1, 0.105, and 0.135 M NaCl (Fig. 9). Similarly, four 
fractions were resolved for the mucins with a molecular weight of -lo4. 
They eluted at 0,0.02,0.1, and 0.154 M NaCl (Fig. 10). 

- 
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Figure 5-Chromatography of anion-exchange gel gradient Fraction 
G2 on chromatographic gel. The column was 1.5 X 60 cm and was eluted 
with a flow rate of 8.8 mllhr. Fraction volumes were 1.5 ml. 

Figure 6-Chromatography of anion-exchange gel gradient Fraction 
G3  on chromutographic gel. The column was 1.5 X 60 cm and was eluted 
with a flow rate of 8.8 mllhr. Fraction volumes were 1.5 ml. 

DISCUSSION 

This investigation showed that multiple conjunctival mucins exist, each 
differing in molecular weight and charge density. This finding is in accord 
with the isolation of multiple tear mucins in the precorneal area by Iwata 
and Kabasawa (10). There is evidence that the high molecular weight 
conjunctival mucins are aggregates of some monomer unit, and studies 
are underway to elucidate the mechanisms governing self-association and 
the factors contributing to stability of the resulting aggregates. 

The remainder of this report will be devoted to an evaluation of the 
mucin extraction procedure, the conjunctival mucin fractionation 
schemes, postulated mechanisms of conjunctival mucin trimer formation, 
and the physiological significance of multiple conjunctival mucins in tear 
film stability. 

Extraction of Mucin from Rabbit Conjunctivas-A caution exer- 
cised in this research was to isolate mucins from conjunctivas free from 
those in the precorneal area. To this end, each conjunctiva was rinsed with 
copious quantities of physiological saline following surgical removal from 
the eye. This rinsing should rid the surface of most of the adherent mucin 
and tear proteins since mucin was reported to be removed readily during 
increased tear secretion (25) and upon touching the conjunctival surface 
with a filterla (26,27). 

Another caution exercised in this research was to minimize denatur- 
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Figure 7-Chromatography of Conjunctival crude extract on chroma- 
tographic gel column (1.5 X 60 cm). The flow rate was 8.8 mllhr, and the 
fraction volumes were 1.5 ml. 
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1. Gel Filtration Chromatography 
conjunctival crude extract 

gel chromatography I 
A 

molecular weight 1.9 x 106 

polyacrylamide gel electrophoresisc (bands) 1 

AUC ratio“ 1 
sialic acid, % 16.4 

2. Anion-Exchange Chromatography 
Fraction A 

I 
I anion-exchange gel 

s D E 
2.3 X 105 5.7 x 104 1.2 x 103 140, 

1 11 1 
2.4 2.4 10 5.6 
4 3 2 0 

- 2.3 X 105 5.7 x 104 1.2 x 103 140, 
1 11 1 

2.4 2.4 10 5.6 
4 3 2 0 

- 

Fraction C 

anion-exchange gel I 
I 

w Ash 

M NaCl 0.1 
AUC ratio 1.2 

graqient 
1 I 

0.105 0.135 
1 1.3 

w h h  

0 
0.8 

gradient 
I 

0:02 
1 

0.10 0.154 
2.9 14.5 

Scheme 11-Fractionation of Conjunctiual Crude Extract by Procedure B. [ORatio of area under the curve (referred to A280 versus tube number 
profile). Not determined. 12% gel.] 

ation of conjunctival mucins during isolation. Gross fractionation of 
proteins from nonproteinaceous material by ammonium sulfate and 
ethanol precipitation is a step used in the fractionation schemes for many 
proteins (28). Such a treatment, while considered to be mild for most 
proteins, caused degradation of bovine and porcine submaxillary mucins 
(29-31). Because of this concern, the conjunctival crude extract was 
fractionated using chromatography as the first step. 

In addition, since the slow process of denaturation would be delayed 
almost indefinitely if the temperature is low enough (32), all operations 
from tissue homogenization to chromatographic elution were conducted 
at 4O in a cold room. Similarly, to optimize stability of the glycoproteins 
on storage, the conjunctiva was frozen immediately following its removal 
a t  the temperature of a dry ice-acetone mixture. Thus, the ongoing gly- 
coprotein synthesis is arrested and, depending on their quantities, such 
proteins may appear as mucin fractions when the crude extract is chro- 
matographed. Similarly, unless they are membrane bound, the enzymes 
responsible for the biosynthesis (and, perhaps, degradation) of glyco- 
proteins may be isolated. Neither possibility was vigorously investigated 
in this work. 

An assumption made in this study was that little or none of the gly- 
coproteins found in membranes (33) was isolated. Isolation of membrane 
glycoproteins often requires treatment of the cells with enzymes such as 
trypsin (34, 35) or chemicals such as lithium diiodosalicylate, phenol, 
aqueous pyridine, and sodium dodecylsulfate (36,37). Since none of these 
agents was employed in the present study, the assumption seemed rea- 
sonable. 

Influence of Fractionation Procedure on Conjunctival Mucin 
Trimer Formation-Two major findings emerged from fractionation 
of conjunctival mucins by Procedures A and B. First, both procedures 
yielded multiple mucin fractions. This finding agrees with the observation 
that mucins, unlike simple proteins, are polydisperse and microhetero- 
geneous (38) and tend to yield several fractions during chromatographic 
separation. In general, the number of mucin fractions for a given m u c h  
ranges from two to five; they differ primarily in their threonine, serine, 
sialic acid, and carbohydrate content as well as on their molecular weights 
(11). Conjunctival mucins with molecular weights on the order of 104, lo5, 
and lo6 were isolated in this work. 

Second, the molecular weight of the dominant fraction was affected 
by the isolation procedure. When anion-exchange chromatography was 
the first step in fractionation, the dominant mucin possessed a molecular 
weight of 1.7 X 105. In contrast, when gel filtration was the first step, the 
dominant mucin possessed a lower molecular weight (5.7 X lo4). The two 
fractions behaved similarly in polyacrylamide gel electrophoresis (Fig. 
4). According to  these electrophoretic patterns, the proteins concerned 
had the same charge density, suggesting that the mucin with a molecular 
weight of 5.7 X lo4 underwent trimer formation when placed in an elec- 
trostatic field, which also was present a t  the positively charged surface 
of the anion-exchange gel. The trimer thus formed resisted deaggregation 
when it was exposed subsequently to the lesser charged media, Sephadex 
G-25 and the chromatographic gel. This finding indicates that simple 
electrostatic interaction was not the major stabilizing factor; short-range 
interactions such as hydrophobic bonding may play a more important 
role. 

Conjunctival Mucin Trimer: Postulated Mechanisms of Its For- 
mation and  Stability-Self-association has been observed in over 300 
proteins (39,40) and is particularly prevalent in proteins with high mo- 

lecular weights. According to Reithel (39), proteins with molecular 
weights exceeding 6.6 X 104 should be considered as aggregates. Conse- 
quently, it is reasonable to consider the conjunctival mucin with a mo- 
lecular weight of 1.7 X l@ as an aggregate of a monomer with a molecular 
weight of 5.7 X 104, a value that is at the upper monomer molecular weight 
limit. The same probably is true of the conjunctival mucin with a mo- 
lecular weight of 1.9 X le. In proteins, dimers and tetramers are common; 
multirners with an odd number of monomers are rare. On this basis, the 
conjunctival mucin trimer may be an oddity. 

Several glycoproteins exist in an associated form. They include canine 
tracheal mucin (41), several submaxillary mucins (41,42), erythrocyte 
membrane glycoprotein (43,44), and sucrase (invertme)-isomaltase, a 
membrane-bound glycoprotein complex located on the brush border of 
the small intestine (45-48). The majority of these glycoproteins resist 
deaggregation by urea, guanidine hydrochloride, and sodium dodecyl- 
sulfate, agents known to disrupt hydrogen and hydrophobic bonds. As 
indicated previously, the conjunctival mucin trimer appears to be stable 
to deaggregation in a medium of low ionic strength. 

A B C D E F 
Figure 8-Polyacrylamide gel electrophoresis on fractions obtained 
by chromatographing conjunctiual crude extract on a chromatographic 
gel column (1.5 X 60 cm) using 12% polyacrylamide gels. Key: Gel A, 
peak A; Gel B, peak B; Gel C, peak C; Gel D, peak D; Gel E, peak E; and 
Gel F, conjunctival crude extract. 
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The mechanisms governing conjunctival mucin self-association, trimer 
formation in particular, have not been studied. However, two mechanisms 
can be postulated: the bulk mechanism and the surface mechanism. In 
the bulk mechanism, a monomer-trimer equilibrium already exists in 
the bulk. An ion-exchange gel promotes aggregation by preferentially 
adsorbing the trimers, thus effectively shifting the equilibrium in favor 
of the trimer. 

At least three possibilities can be explored for the surface mechanism. 
A pH effect cannot be a possibility because the microenvironmental pH 
is higher than the bulk pH due to repulsion of hydrogen ions from the 
positively charged gel surface. The higher pH favors ionization of sialic, 
glutamic, and aspartic acids, and the attendant electrostatic repulsion 
among the molecules concerned hinders aggregation. 

On the other hand, the ion-exchange gel may promote aggregation by 
providing the proper matrix to immobilize a glycoprotein molecule 
through electrostatic interaction between negative charges on the gly- 
coprotein molecule and positive charges in the matrix.This interaction 
conceivably can initiate unfolding of the glycoprotein, thereby exposing 
its hydrophobic moieties and allowing hydrophobic interaction with 
another glycoprotein molecule to occur (Scheme 111). Alternatively, as 
a glycoprotein binds to the ion-exchange gel, the Ca2+ ions known (49-51) 
to be associated with its sialic acid are displaced and become available 
for bridging the unbound sialic acids of two glycoprotein molecules 
(Scheme IV). 
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Figure lO---Chromatograp/iy of Fraction C (mol. w t .  5.7 X l o 4 )  f rom 
chromatographic gel on anion-exchange gel. The column was 1.5 X 30 
cm and I U Q S  eluted with Q 0.01 b/l ammonium acetate wash (100 nd) 
followed by a gradient composed of200 ml each ofO.l and 1 M NaCl in 
0.01 M ammonium acetate buffer at p H  7.2. Fractions of 1.4 ml were 
collected. The flow rate ions 56.0 mllhr. 

The third possibility centers on elution of bound glycoprotein from 
the ion-exchange gel. As the ionic strength of the eluting buffer increases, 
the thickness of the electrical double layer about a glycoprotein molecule 
decreases. This effect allows two or more glycoprotein molecules to ap- 
proach each other, thus favoring aggregation (Scheme V). However, in 
light of the stability of the aggregate in a medium whose ionic strength 
is 10 times less, this mechanism appears unlikely. 

Like the mechanisms governing its formation, the apparent stability 
of the resulting aggregate has not been studied. Hill et al. (52) studied 
the aggregation of ovine submaxillary mucins and its desialylated (asi- 
alomucin) and deglycosylated (apomucin) variants. They found that the 
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Scheme IV 
apomucin did not aggregate whereas the asialomucin and parent mucin 
did, indicating that the carbohydrate portion of the molecule, with many 
hydrogen bonding sites, was necessary for aggregation. 

Physiological Significance of Multiple Conjunctival Mucins in 
Tear Film Stability-A mucin layer adhering to the corneal surface has 
been considered an integral tear film component (53) since the tear film 
structure was proposed by Wolff (54) in 1946. The corneal epithelium 
is an intrinsically hydrophobic, low-energy surface, and a mucin layer 
a t  its surface generally is accepted as necessary to achieve complete 
wetting by tears. In fact, Mishima (55), as early as 1965, demonstrated 
that wiping the corneal surface rendered it unwettable by tears. This 
finding was confirmed subsequently by the in uitro experiments of Lemp 
et al. (8). Since then, the surface activity that mucin is expected to exhibit 
a t  the tear-corneal epithelium interface and, to a lesser extent, a t  the 
tear-lipid interface has captured the attention of researchers. To date, 
the mystery surrounding the driving force for tear film stability remains 
far from solved. 

The principal reasons underlying this dilemma are the lack of infor- 
mation about the chemical nature of Conjunctival mucins and the precise 
mechanisms by which they exercise their roles. Understanding the 
mechanisms by which each conjunctival mucin exercises its roles requires 
knowledge of factors contributing to thin film stability (or rupture). 

Several factors contribute to rupture of thin liquid films (56). They 
include dissolution of the film liquid into the adjoining bulk phase, e.g., 
evaporation, drainage of interlamellar liquid, gravitational convection, 
and marginal regeneration a t  the film borders. Although these factors 
originally were proposed for films that are a t  most 0.1 Fm thick, they 
should also hold for a tear film that is 10 times thicker. Of course, some 
factors such as evaporation and drainage may predispose the tear film 
to rupture more readily than others. 

Thus, Conjunctival mucin can stabilize the tear film in several ways. 
For instance, it may interact with the meibomian lipids, resulting in a 
mixed film that is surface rheologically stable. This film, when coupled 
with another surface rheologically stable layer a t  the corneal epithelial 
surface, can resist drainage. Drainage also can be reduced by increased 
bulk viscosity due to mucin. On the other hand, the evaporation tendency 
of the tear may be diminished due to the mixed mucin-lipid film and the 
diffusional barrier secondary to hydration of mucin in the bulk. Addi- 
tionally, the shape and net charge of the mucin molecule can affect tear 
film stability through their influence on the surface activity, hydration, 
and surface and bulk viscosity of the mucin. I t  is clear that  the surface 
activity of the mucin is just one of the many elements contributing to tear 
film stability. 

It is useful to speculate about the functions performed by each con- 
junctival mucin. There are a t  least three Conjunctival mucins with mo- 
lecular weights of 1.9 X lo6, 1.7 X lo5, and 5.7 X lo4. I t  is reasonable to 
expect each Conjunctival mucin to possess a characteristic shape, degree 
of hydration, solubility, and surface activity, although each mucin has 
not been studied with regard to each property. Thus, the mucin with a 
molecular weight of 5.7 X lo4, being a monomer and like other epithelial 
mucins, may have clearly delineated hydrophobic and hydrophilic regions 
and, therefore, may be well suited to adsorb at the superficial meibomian 
lipid layer as well as at the corneal epithelial surface. 

The trimer, with its hydrophobic regions being buried by the prominent 
oligosaccharide mantle, may be the most soluble mucin despite its mo- 
lecular weight. This characteristic helps to retain water of hydration, thus 
establishing a diffusional barrier to tear evaporation and eventually 
stabilizing the tear film. The trimer may be the least surface-active mucin 
and may interact minimally with either the air-tear or tear-cornea in- 
terface. 

As the molecular weight exceeds 1.7 X lo5, aqueous solubility dimin- 
ishes, meaning that the mucin with a molecular weight of 1.9 X 106 prefers 
the interface to the bulk. Due to its molecular inflexibility compared to 
the mucin monomer, it is unlikely to be the species forming the monolayer 
at the corneal surface. However, it may exercise an important role in 
multilayer formation because less of i t  is necessary to achieve extensive 
surface coverage. Multilayer formation by the high molecular weight 
mucin a t  the corneal surface is roughly equivalent to viscoelastic film 
formation at  the surface. This result not only allows lubrication of the 
surface but also hinders drainage of the liquid film. 

This discussion implies that  tear film stability hinges on an intricate 
balance among various Conjunctival mucins. Therefore, a strategy to 
control dry-eye syndromes must involve selection of a polymer that be- 
haves similarly to Conjunctival mucins, i.e., one that has the ability to 
self-associate to yield various fractions in the proper proportion and with 
the proper degree of hydration and affinity for interfaces. Selection of 
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the proper polymer alone may not be sufficient; it may be necessary to 
fabricate i t  into a unit possessing anion-exchange properties. 

SUMMARY 

Several mucins have been isolated from the albino rabbit conjunctiva. 
The preponderance of each mucin depends on whether gel filtration or 
anion-exchange chromatography is the first step in fractionation. As 
reported previously, the conjunctival mucins bear a closer resemblance 
to the tear mucins in their molecular weights when anion-exchange 
chromatography is the first step. The discrepancy centers on the anion- 
exchange fraction with a molecular weight of 1.7 X lo5 and the gel fil- 
tration fraction with a molecular weight of 5.7 X 104. It is postulated that 
self-associatioq (trimer formation) induced by the microenvironment 
of the ion-exchange gel occurs. I t  is postulated also that the same se- 
quence of events exists during transit of conjunctival mucin from the 
goblet cell to the precorneal area of the eye. The resulting scenario is one 
in which the mucin with a molecular weight of 1.7 X 105 is a major tear 
mucin component. 

The physiological advantage of having multiple rather than single 
fractions in the precorneal area has yet to be elucidated. Nevertheless, 
it seems reasonable to expect each mucin to perform a specific role in tear 
film stability. An evaluation of each conjunctival mucin with regard to 
its amino acid and carbohydrate composition, hydration, shape, and 
structure is desirable. Factors conferring stability to the mucin possessing 
a molecular weight of 1.7 X 105, a trimer of the one with a molecular 
weight of 5.7 X 104, should be identified. Studies are underway in these 
laboratories to investigate trimer formation and stability. 
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Abstract 0 A modified balance was used to measure the adhesive force 
between the film coating and the tablet surface of 10 commercial film- 
coated tablets. The adhesiveness or force required to remove the film 
coating from a unit area of tablet surface ranged from 1.06 to 4.67 X lo4 
Nm-2. Measurement of at least eight film coatings from the sides of four 
tablets was calculated to be required to obtain a result with 95% confi- 
dence. The method also was useful in studying the influence of solvents 
and humidity on bonding of the film coating to the tablet. 

Keyphrases Adhesiveness-commercial film-coated tablets, mea- 
surement of force between film coating and tablet surface, effect of sol- 
vents and humidity on bonding of film to tablet surface Tablets- 
commercial film-coated preparations, measurement of adhesion of film 
coating to tablet surface, effect of solvents and humidity on bonding of 
film to tablet surface 0 Film-coated tablets-measurement of adhesion 
of film coating to tablet surface, effect of solvents and humidity on 
bonding of film to tablet surface 

Although film coating has been used in pharmacy for 
over 25 years, limited research has been conducted on the 
measurement of the adhesive force between the film coat 
and the tablet surface. The first method suggested for 
studying the adhesion of a film coating to a film-coated 
tablet was a peel test in which a section of the film coating 
was peeled from the tablet by a tensile tester (1, 2). To 
overcome the deficiencies of the peel test, an instrument 
was designed for removing the film normal to the interface 
between the film coating and the tablet surface (3, 4). 
Examination of the tablet and the film after removal 
showed that a rupture occurred at  the boundary between 
the film surface and the tablet surface (5). 

In the last 15 years, there has been an emphasis on 
quality assurance, increased testing, and stringent speci- 
fications for pharmaceuticals. Although coated tablets are 
evaluated in terms of exposure to moisture and chipping 
of the coating during handling, no test is used to express 
quantitatively the adhesiveness of a coating to a tablet. A 
method for measuring the adhesiveness would be useful 
in developmental work to evaluate tablet excipients (6), 
solvents (l), polymeric coating materials, humidity effects, 
formulations, and processes; it also would be useful in 
quality control to ensure uniformity of application. 

This report demonstrates the feasibility of measuring 
the force required to remove a film coating from a film- 
coated tablet and explores the range of adhesiveness that 
has been acceptable on marketed film-coated tablets. The 
usefulness of the adhesive force measurement in deter- 
mining solvent and humidity effects on adhesiveness also 
is demonstrated. 

EXPERIMENTAL 

Instrumentation-An analytical balance' was modified by replacing 
the left pan and pan support with a metal ring attached by a nylon cord. 
The coated tablet was attached to the metal ring by a hook with a 35-mm 
shaft, which was soldered at  a right angle to an 18-mm circular stainless 
steel plate. A backing cut from a rubber stopper was carved on one side 

1 Model 220, Voland & Sons, New Rochelle, N.Y. 

to fit any curvature of the tablet and was attached by double-sided ad- 
hesive tape2 to the circular plate. Preliminary work showed that a backing 
was required to ensure even compressive force over the entire surface of 
the tablet when the adhesive tape was applied to the coated tablet. An- 
other piece of double-sided adhesive tape was applied to the second 
surface of the backing. 

The coated tablet was positioned carefully and pressed firmly onto the 
adhesive tape attaching it to the assembly (Fig. 1). The assembly holding 
the coated tablet was hooked onto the metal ring and nylon cord attached 
to the left arm, and the balance was balanced by counterweights. The 
tablet then was clamped on its edge into a fixed position during the 
measurement using two sets of screws attached to a heavy metal base. 
The weight applied to the right pan was increased until the film coating 
separated from the tablet. 

In preparation for measurement, the coating on the edge of the tablet 
was removed with a razor blade to ensure that the force was used to re- 
move only the film coating from the upper tablet surface and to eliminate 
any coating effect at the tablet edge. 

The dimensions of each tablet and the film-coating thickness were 
measured by a micrometer3. For round, flat tablets, the surface area is 
m2. When the same relationship is used to estimate the surface area of 
tablets prepared with standard concave punches, an error of -5% is in- 
troduced (4). 

Humidity-Relative humidities (RH) of 0,20,45, 70, and 90% were 
obtained using various concentrations of sulfuric acid and water (7). 
Tablets of each commercial product were placed in aluminum cups and 
were kept a t  each of the five humidities for 2 weeks at  room temperature. 
The adhesive force was measured immediately after removal from the 
humidity chamber. 

Preparation of Film-Coated Tablets-Tablets with a hardness of 
8 f 1 kg were prepared in batches of 20,000 using a standard concave 
11.11-mm punch and die set in a single-punch tablet machine4. Each 
tablet contained 10 mg of FD&C Red No. 3,380 mg of dicalcium phos- 
phates, 20 mg of cornstarch, 85 mg of microcrystalline cellulose6, and 5 
mg of magnesium stearate. 

Nylon c o r d  

r i n g  6 

I 1 l d m m  

k-7 5 m m  -4 
Figure 1-Components of the adhesiveness tester. 

2 Tuck carpet bond. 

4 Stokes A-3. 
6 Encom ress, Edward Mendell Co., Carmel, N.Y. 
6 Avicel h 1 0 1 ,  FMC Corp., Philadelphia, Pa. 

Screw gauge, Ames Co., Waltham, Mass. 
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Table I-Average Adhesive Force (fSD). Adhesiveness, and Thickness 

Product 
Fronta 

Surface, g 

A d  
B' 
Cf  

E 
F' 

I 
J (colored) 
J m  (white) 

D; 

y h  

236 f 21.3 
493 f 52.7 
365 f 56.0 
358 f 60.0 
103 f 16.4 
284 f 24.6 
316 f 29.5 
391 f 36.0 
296 f 31.3 
390 f 32.1 
- 

Adhesive Force 
Backa 

Surface, g Averageb, g 

235 f 23.8 235 f 18.2 
492 f 44.9 493 f 44.0 
356 f 56.4 360 f 44.6 
357 f 71.0 357 f 49.6 
112 I 16.2 107 f 16.5 ~ _ _  ~ ~. ~ ~. ~ 

292 f 24.4 
296 f 33.3 

288 f 22.3 
306 f 27.7 

386 f 40.7 
275 f 28.0 

390 f 28.6 
285 f 29.0 

- 

294 f 45.5 

Averageb. N 

2.31 
4.83 
3.53 
3.51 
1.05 
2.82 
3.00 
3.81 
2.80 
3.82O 
2.88O 

Adhesiveness 
Area, cm2 X Nm-2 

1.31 1.76 
1.30 3.72 
1.31 2.69 
1.28 2.74 
0.99 
1.41 
1.51 

1.06 
2.00 
1.99 

1.89 2.02 
0.60 4.67 
1.55 2.46 
1.55 1.86 

Thickness', 
mm 

0.108 
0.085 
0.100 
0.100 
0.062 
0.108 
0.245 
0.138 
0.097 
0.059 
0.059 

a Average of 10 measurements. Erythromycin stearate (250 mg), Lederle 
lot 437-1 13. Bristamycin (250 mg), Bristol lot L3118. I SK-Erythromycin (250 mg), Smith Kline & French lot 142367. g Robimycin (250 mg), A. H. Robins lot 72-23-11. 
h Triaminic, Dorsey lot A53493. Unipen (500 mg), Wyeth lot 1740664. Stresstabs 600, Lederle lot 247-137. Ethril (250 mg), Squibb lot 26305. ' Betaphen-VK (250 
mg). Bristol lot R4544. 

Average of measurements of 10 front and 10 back surfaces. Average of four measurements. 

Cama Inlay, Dorsey lot M43438. 

Approximately 2000 tablets were coated in a 20-cm coating pan that 
was rotating at  25 rpm. With the organic solvent systems, six applications 
of 25,20,15,12,8, and 5 ml of coating solution were applied, with drying 
between each application. The aqueous solution was applied in eight 
applications of 4 ml each. The coating solution contained 4.9% (w/v) 
hydroxypr~pylcellulose~, 1.0% (w/v) propylene glycol 4000, and the sol- 
vent system to 100 ml. The solvent systems were methylene chloride- 
methanol (9:1), 95% ethanol, acetone-water (91), chloroform, and dis- 
tilled water. 

RESULTS AND DISCUSSION 

Ten commercial film-coated tablets of various shapes and sizes were 
selected (Table I). With the modified balance, the intact film coating was 
pulled from these tablets without tearing or rending. Close examination 
showed that only traces of the substrate were pulled from the tablet 
surface with the film coating and that a rupture occurred a t  the interface 
between the film coating and the tablet as reported previously (5). The 
integrity of a removed film coating was not affected by the lettering in- 
dentations on the surfaces of Products D-G and J. 

Adhesive force is the force required to pull a film coating from the 
tablet surface. Adhesiveness may be defined as the force required to re- 
move the film coating from a unit area of the tablet surface. 

The adhesive force was measured on both sides of 10 tablets of each 
product. For all tablets except Product J, there was no significant dif- 
ference in the adhesive force measured on either tablet surface (Table 
I). Thus, there was no disturbance of the film coating on the opposite 
surface of the tablet when the adhesion of one side was measured (3). 

Product ,J was a double-layered tablet with a white side and a colored 
side. Because the substrate was different on the two sides, the adhesive 
force would not necessarily he the same on each surface. 

Since there was no difference in adhesive force on either side of the 
film-coated tablet, the adhesiveness was calculated using the average 
adhesive force of 20 film coatings. For the 10 products studied, adhe- 
siveness ranged from 1.06 to 4.67 X lo4 Nm-2. 

There presently is no standard for the adhesiveness of film coating. 
Because the adhesiveness of a coating reflects the bonding between the 
film coating and the substrate and the physical stability of the fh -coa ted  
tablet, its evaluation is important in film-coating development and in 
product evaluation. Although the data were collected from commercial 
film-coated products of different formulations that probably were coated 
by more than a single process, they provide a range of values that de- 
scribes the variation in coating adhesiveness of products that already were 
marketed and were regarded as acceptable from the viewpoint of pro- 
cessing, resistance to the environment, and handling. 

In any test, the number of determinations must be decided to provide 
a statistically valid sample. T o  calculate the sample size, n,  a tolerance 
interval containing a certain proportion, p,  of the population must be 
developed. When both the population mean and the standard deviation 
are known, p f ko may be used as a tolerance level, where p is the pop- 
ulation mean, 0 is the population standard deviation, and k is a con- 
stant. 

When both the population mean and the standard deviation are un- 
known, the tolerance limits, which will include on the average a propor- 

Klucel, Hercules, Wilmington, Del. 

Table 11-Adhesiveness of Film-Coated Tablets at Various 
Relative Humidities 

Adhesiveness X Nm-2 
Product 0% 20% 45% 70% 90% 

A 1.36 2.08 1.90 1.30 1.96 _. ~ .. 
0 - a 1.54 2.38 2.28 - 

a - 
C 
E 0.77 0.84 0.75 1.22 
F 1.38 1.52 1.71 1.66 2.30 

a Spongy and deformed. 

Table 111-Adhesiveness of Hydroxypropylcellulose Coatings 
Applied from Various Solvent Systems 

Adhesive Force" Area, Adhesiveness 
Solvent System g N cm2 X 10-4,Nm-2 

methanol (9:l) 
Methylene chloride- 295.0 2.89 0.97 2.98 

Ethanol. 95% 237.0 2.32 0.97 2.39 
Acetone-water (9:l) 199.5 1.96 0.97 2.02 
Chloroform 142.5 1.40 0.97 1.44 
Water 70.5 0.69 0.97 0.71 

Average obtained from 10 film-coated tablets. 

tion, p,  of the normal universe, are: - 
(Eq. 1) 

where5 is the mean of a sample of n observations, S is the sample stan- 
dard deviation, and t l - n . n - l  is a Student t value for n -1 degrees of 
freedom that is exceeded in absolute value by the probability, a. 

By equating the tolerance intervals, the minimum number of obser- 
vations, n, needed to provide a significant result is obtained with 

Ks,p = t l -n,n-1 p < x  (Eq. 2) 
n S m a x  

To determine the number of film-coated tablets needed, the adhesive 
force values of both sides of the tablet were averaged and the standard 
deviations were calculated (Table I). The estimated population mean 
of 313.6 f 107.2 g was taken as the mean of the nine product means 
(Product J was excluded). A tolerance level of 313.6 f 214.4 g was selected 
a t  which k equals 2. 

The standard deviation, S,,,, of Product D that had the highest value 
amone the film-coated tablets was used. Thus: 

The value of Ks.p, which relates sample size, n, and tolerance intervals, 
is obtained from the statistical table (8). For a 95% confidence limit, the 
minimum n that gives a Ks,p value of 54.323 is 4. Thus, at least four 
film-coated tablets are required; the adhesive force is measured on their 
eight film coatings to give a statistically significant result with 95% con- 
fidence. 

Influence of Humidity-The influence of humidity on the film- 
coating adhesiveness is shown in Table 11. With Products E and F, there 
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was a linear relationship with a slight increase in adhesiveness as the 
relative humidity was increased. 

With Products A and C, the maximum value of adhesiveness occurred 
at -30% RH. With Product A, a minimum value of adhesiveness was 
reached at 70% RH, and then the adhesiveness increased with a further 
increase in humidity. With Product C at  RH, the tablet and the 
coating became spongy and deformed so that measurements could not 
be made. 

Since the coating material, solvent, coating process, and substrate were 
unknown, speculation on these differences serves no useful purpose; 
however, the results confirm the applicability of this method to the de- 
tection of changes occurring in a film-coated product. 

Influence of Solvent-The solvent from which a film coating is ap- 
plied may affect the adhesion of the film to the substrate (2). When hy- 
droxypropylcellulose was applied from the five solvent systems shown 
in Table 111, there was a twofold difference (1.44-2.98 X lo4 Nm-*) in 
adhesiveness among the organic solvents. When hydroxypropylcellulose 
was applied from aqueous solution, the adhesiveness (0.71 X 104 Nm-2) 
was one-fourth to one-half as great as that from the organic solvents. 

Applications-The method may be used to evaluate the stability of 
a film-coated tablet to moisture and its physical stability during ship- 
ment. The method also may be used in product development to express 

quantitatively the bonding between the film coating and the tablet sur- 
face and to compare the effect of various solvents on the bonding. 
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Abstract 0 Death in ventricular fibrillation was induced consistently 
in desoxycorticosterone acetate-pretreated rats by the /3-adrenergic 
agonist isoproterenol but not by norepinephrine or epinephrine, both of 
which possess a- as well as j3-adrenergic activity. Aminophylline, which 
enhances P-adrenergic activity, and phenoxybenzamine, an a-receptor 
blocking agent, were used to study the roles of a- and j3-adrenergic 
stimulation in the production of ventricular fibrillation. With the addition 
of aminophylline, both norepinephrine and epinephrine produced death 
in ventricular fibrillation, and the existing cardiotoxicity of isoproterenol 
was potentiated. Similarly, in the presence of phenoxybenzamine, doses 
of norepinephrine and epinephrine that had been well tolerated became 
lethal. Interventions that favor j3-adrenergic preponderance, either by 
enhancing j3-effects or by blocking protective a-adrenergic activation, 
apparently increase the arrhythmogenic propensity of norepinephrine 
and epinephrine in steroid-pretreated rats. The similarity of some forms 
of stress to the experimental protocol of chronic steroid treatment fol- 
lowed by acute catecholamine exposure is discussed. 

Keyphrases Ventricular fibrillation-role of a- and 6-adrenergic 
activity, desoxycorticosterone acetate-pretreated rats 0 Arrhyth- 
mias-catecholamine induced, effect of steroid pretreatment 0 Ami- 
nophylline-effect on catecholamine-induced arrhythmias, steroid- 
pretreated rats 0 Phenoxybenzamine-effect on catecholamine-induced 
arrhythmias, steroid-pretreated rats 

Earlier studies in this laboratory showed that, following 
pretreatment of the albino rat with the steroid desoxy- 
corticosterone acetate and saline as the drinking fluid, the 
administration of isoproterenol elicited severe cardiac 
arrhythmias at dose levels that otherwise are well tolerated 
(1,2). The enhanced cardiotoxicity was reflected in a shift 
of the isoproterenol LD50 from 680 mg/kg (3) in untreated 
rats to 14.5 pg/kg in desoxycorticosterone acetate-sa- 
line-pretreated rats (4), a nearly 47,000-fold potentiation. 

The deaths produced by this drug-drug interaction usually 
occurred within 60 min and consistently were due to ven- 
tricular fibrillation, while the mortality observed in un- 
treated rats developed over 24 hr and usually was attrib- 
utable to acute heart failure, lung edema, and shock. Re- 
cent studies showed that prednisone, administered either 
subcutaneously or orally, also can sensitize the myocar- 
dium to the arrhythmogenic effect of isoproterenol(4). It 
has been suggested that this type of drug interaction may 
expose patients such as asthmatics, taking steroids and 
isoproterenol simultaneously, to potentially life-threat- 
ening cardiac arrhythmias ( 5 ) .  

The mechanism underlying this phenomenon is not well 
understood. Alterations in the myocardial electrolyte 
content may be a factor in the increased myocardial vul- 
nerability to isoproterenol. Electrolyte changes such as 
those seen with this treatment (6) have been well docu- 
mented as increasing the propensity of the heart to ar- 
rhythmias and ventricular fibrillation (7). 

The ability of steroids to affect protein synthesis also 
might be important in the sensitization process. In pre- 
liminary studies, agents that inhibit protein synthesis 
blocked the steroid-induced myocardial sensitization to 
isoproterenol(8). 

The present investigation was undertaken to determine: 
( a )  whether norepinephrine and epinephrine, which are 
both a- and 0-adrenergic agonists, exhibit enhanced ar- 
rhythmogenic activity following steroid pretreatment 
comparable to that observed with isoproterenol; and ( b )  
whether aminophylline, an agent administered frequently 
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was a linear relationship with a slight increase in adhesiveness as the 
relative humidity was increased. 

With Products A and C, the maximum value of adhesiveness occurred 
at -30% RH. With Product A, a minimum value of adhesiveness was 
reached at 70% RH, and then the adhesiveness increased with a further 
increase in humidity. With Product C at  RH, the tablet and the 
coating became spongy and deformed so that measurements could not 
be made. 

Since the coating material, solvent, coating process, and substrate were 
unknown, speculation on these differences serves no useful purpose; 
however, the results confirm the applicability of this method to the de- 
tection of changes occurring in a film-coated product. 

Influence of Solvent-The solvent from which a film coating is ap- 
plied may affect the adhesion of the film to the substrate (2). When hy- 
droxypropylcellulose was applied from the five solvent systems shown 
in Table 111, there was a twofold difference (1.44-2.98 X lo4 Nm-*) in 
adhesiveness among the organic solvents. When hydroxypropylcellulose 
was applied from aqueous solution, the adhesiveness (0.71 X 104 Nm-2) 
was one-fourth to one-half as great as that from the organic solvents. 

Applications-The method may be used to evaluate the stability of 
a film-coated tablet to moisture and its physical stability during ship- 
ment. The method also may be used in product development to express 

quantitatively the bonding between the film coating and the tablet sur- 
face and to compare the effect of various solvents on the bonding. 
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Abstract 0 Death in ventricular fibrillation was induced consistently 
in desoxycorticosterone acetate-pretreated rats by the /3-adrenergic 
agonist isoproterenol but not by norepinephrine or epinephrine, both of 
which possess a- as well as j3-adrenergic activity. Aminophylline, which 
enhances P-adrenergic activity, and phenoxybenzamine, an a-receptor 
blocking agent, were used to study the roles of a- and j3-adrenergic 
stimulation in the production of ventricular fibrillation. With the addition 
of aminophylline, both norepinephrine and epinephrine produced death 
in ventricular fibrillation, and the existing cardiotoxicity of isoproterenol 
was potentiated. Similarly, in the presence of phenoxybenzamine, doses 
of norepinephrine and epinephrine that had been well tolerated became 
lethal. Interventions that favor j3-adrenergic preponderance, either by 
enhancing j3-effects or by blocking protective a-adrenergic activation, 
apparently increase the arrhythmogenic propensity of norepinephrine 
and epinephrine in steroid-pretreated rats. The similarity of some forms 
of stress to the experimental protocol of chronic steroid treatment fol- 
lowed by acute catecholamine exposure is discussed. 

Keyphrases Ventricular fibrillation-role of a- and 6-adrenergic 
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mias-catecholamine induced, effect of steroid pretreatment 0 Ami- 
nophylline-effect on catecholamine-induced arrhythmias, steroid- 
pretreated rats 0 Phenoxybenzamine-effect on catecholamine-induced 
arrhythmias, steroid-pretreated rats 

Earlier studies in this laboratory showed that, following 
pretreatment of the albino rat with the steroid desoxy- 
corticosterone acetate and saline as the drinking fluid, the 
administration of isoproterenol elicited severe cardiac 
arrhythmias at dose levels that otherwise are well tolerated 
(1,2). The enhanced cardiotoxicity was reflected in a shift 
of the isoproterenol LD50 from 680 mg/kg (3) in untreated 
rats to 14.5 pg/kg in desoxycorticosterone acetate-sa- 
line-pretreated rats (4), a nearly 47,000-fold potentiation. 

The deaths produced by this drug-drug interaction usually 
occurred within 60 min and consistently were due to ven- 
tricular fibrillation, while the mortality observed in un- 
treated rats developed over 24 hr and usually was attrib- 
utable to acute heart failure, lung edema, and shock. Re- 
cent studies showed that prednisone, administered either 
subcutaneously or orally, also can sensitize the myocar- 
dium to the arrhythmogenic effect of isoproterenol(4). It 
has been suggested that this type of drug interaction may 
expose patients such as asthmatics, taking steroids and 
isoproterenol simultaneously, to potentially life-threat- 
ening cardiac arrhythmias ( 5 ) .  

The mechanism underlying this phenomenon is not well 
understood. Alterations in the myocardial electrolyte 
content may be a factor in the increased myocardial vul- 
nerability to isoproterenol. Electrolyte changes such as 
those seen with this treatment (6) have been well docu- 
mented as increasing the propensity of the heart to ar- 
rhythmias and ventricular fibrillation (7). 

The ability of steroids to affect protein synthesis also 
might be important in the sensitization process. In pre- 
liminary studies, agents that inhibit protein synthesis 
blocked the steroid-induced myocardial sensitization to 
isoproterenol(8). 

The present investigation was undertaken to determine: 
( a )  whether norepinephrine and epinephrine, which are 
both a- and 0-adrenergic agonists, exhibit enhanced ar- 
rhythmogenic activity following steroid pretreatment 
comparable to that observed with isoproterenol; and ( b )  
whether aminophylline, an agent administered frequently 
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Table I-Effect of Norepinephrine and  Epinephrine on  the  
Desoxycorticosterone Acetate-Saline-Pretreated R a t  

Table 111-Effect of Aminophylline on Catecholamine 
Cardiotoxicity 

[-Norepinephrine 
Dose, Bitartrate 
udkn n Mortality, % 

[-Epinephrine 
Bitartrate 

n Mortality, % 

7 0 
5 0 
7 0 
5 0 

5 0 
5 0 

to asthmatics alone or with steroids and catecholamines, 
affects the existing interaction between corticoids and 
adrenergic agonists. 

EXPERIMENTAL 

Male albino rats, 25G300 g, were pretreated with desoxycorticosterone 
acetate (I) and saline as the drinking fluid. Pellets of the steroid were 
implanted subcutaneously and provided a constant source of 1 over the 
entire 21-day pretreatment period. The methodology for the manufacture 
and implantation of these pellets was described previously (4). Except 
where noted, all animals received steroid pretreatment. 

All drug solutions were prepared in normal saline immediately prior 
to injection, except for phenoxybenzamine, which was suspended in a 10% 
acacia solution. All drugs were administered subcutaneously. Amino- 
phylline, 75 mg/kg, was administered to rats 10 min prior to the cate- 
cholamines; chlorisondamine, 10 mg/kg, and phenoxybenzamine, 4 
mg/kg, were given 30 min before the catecholamines. 

Animals were observed for 90 min following catecholamine adminis- 
tration, and mortality rates were noted. ECG's were monitored from se- 
lected animals in each group to observe arrhythmias and to verify that 
mortality was due to ventricular fibrillation. The ECG was obtained by 
taping gold-plated disk electrodes to each limb of the rat, which otherwise 
was unrestrained. 

The data obtained are reported as mortality rates. This selection was 
made because mortality rates reflect both the relative toxicities of the 
various agents and their relative arrhythmogenic activity since early death 
was attributable consistently to ventricular fibrillation. 

A X-square analysis was used to determine significant differences be- 
tween treatment groups. Linear regression was used to determine the 
best-fit lines through data points on the graphs and to calculate LDm 
v a 1 u e s . 

RESULTS 

Effect of Norepinephrine and Epinephrine-Several doses of 
norepinephrine and epinephrine were administered to I-saline-pretreated 
rats (Table I). Within the dose ranges used, there was no mortality. The 
ECG's recorded from some rats did not show any of the tachyarrhythmias 
usually seen with isoproterenol in I-saline-pretreated rats. The largest 
dose of epinephrine did elicit bradyarrhythmias, which often are seen 
with the substantial elevations of blood pressure produced by this dose 

Table 11-Toxicity of Aminophylline in the 
Desoxycorticosterone Acetate-Saline-Pretreated Ra t  

Number of Mortality, 
Treatment Group n Deaths % 

I Aminophylline (75 9 
mg/,kg) 

I1 Aminophylline + 
handling 

9 

7 77 

6 67 

I11 Aminophylline + 17 14 82 
saline in'ection 

saline injection + 
chlorisondamine 

aminophylline + 
saline injection 

p < 0.001 compared to Group 111. 

IV Aminophylline + 15 1 70 

V Nosteroid; 10 0 0" 

I-Galine 
and 

Aminophylline, Chloris- 
ondamine 

Dose, Chlorisondamine LDso, Mortality, 
unlkrr n Mortalitv. % udkn  n % 

1-Saline, and 

!-Norepinephrine 30 13 
bitartrate 100 10 

200 16 
300 20 

I-Epinephrine 10 11 
bitartrate 30 10 

loo 8 
1 -1soproterenol 2 10 

bitartrate 3 9  
10 10 

8 
50 110 
62 
90 15 On 
18 
60 28.2 
87 
20 
44 3.63 
90 

10 0" 

a p < 0.001 compared to the group with aminophylline. 

of epinephrine. However, these bradyarrhythmias are unlike the ar- 
rhythmias produced by isoproterenol. 

Cardiotoxicity of Aminophylline-The administration of amino- 
phylline, 75 mg/kg, to I-saline-pretreated rats resulted in a 77% incidence 
of mortality (Table 11). Animals in Group I1 were handled 10 min after 
aminophylline administration and showed a 67% incidence of mortality. 
Group 111 animals were given an injection of normal saline (0.1 m1/100 
g) 10 min after aminophylline administration, resulting in a mortality 
rate of 82%. 

Although a direct effect of aminophylline on the heart could not be 
ruled out, past experience showed that 8-adrenergic stimulation was 
necessary to produce these deaths in ventricular fibrillation. To determine 
whether reflex release of endogenous catecholamines in response to the 
stress of handling, the injections, or simply the laboratory environment 
was the cause of these deaths, the ganglionic blocking agent chlori- 
sondamine, 10 mg/kg, was used. Animals in Group IV received this agent 
30 min prior to aminophylline admininstration (Table 11). Ganglionic 
blockage was expected to prevent reflex release of catecholamines and 
to help determine whether the observed toxic effect was attributable to 
a direct action of aminophylline on the heart. 

Following chlorisondamine administration, the combination of ami- 
nophylline followed by a saline injection produced only a 7% mortality 
rate, a highly significant decrease from the 82% seen without chlori- 
sondamine. This result was compatible with the assumption that 
stress-induced reflex release of catecholamines, and not a direct effect 
of aminophylline, was responsible for the observed high death rate. 

The importance of steroid pretreatment to this response is illustrated 
by the data for Group V (Table 11). These animals were given amino- 
phylline, 75 mg/kg, followed by a saline injection, but they did not receive 
I-saline pretreatment. Their mortality rate was significantly different 
( p  < 0.001) from that of Group 111, which had received steroid pretreat- 
ment in addition to the aminophylline and saline injections. 

Toxicity of Catecholamines following Aminophylline-In this 
study and all following studies, chlorisondamine was used routinely to- 
gether with aminophylline to block endogenous catecholamine release 
in order to evaluate the effect of aminophylline on administered cate- 
cholamines. 

Table I11 shows the effect of aminophylline on norepinephrine and 
epinephrine toxicity. Unlike the initial study in which administration 
of the two agonists produced no fatality, dose-dependent increases in the 
mortality rate were observed with both catecholamines. Data for iso- 
proterenol have been included to show its relative potency. The calculated 
LDm values show that isoproterenol was nearly seven times more potent 
than epinephrine, which, in turn, was about four times more active than 
norepinephrine. The role of aminophylline in eliciting this cardiotoxicity 
is seen when comparing the effect of equal catecholamine doses in its 
presence and absence. Table 111 shows that in the presence of amino- 
phylline, chlorisondamine, and I-saline, norepinephrine, 300 pg/kg, and 
epinephrine, 100 pg/kg, produced mortality rates of 90 and 87%, re- 
spectively, Without aminophylline, neither drug produced any mortality 
at equal dose levels. 

Unlike norepinephrine and epinephrine, isoproterenol produced 
ventricular fibrillation deaths without aminophylline, but i t s  effect with 
aminophylline was enhanced greatly (Fig. 1). The isoproterenol used in 
this study was the racemic hydrochloride salt, not the I-isomer of the 
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Figure 1-Effect of aminophylhe (75 mglkg) on isoproterenol car- 
diotoxicity in desoxycorticosterone acetate-saline-pretreated rats after 
ganglionic blockage with chlorisondamine (10 mglkg). 

bitartrate used in all other studies. The curve on the right represents 
isoproterenol toxicity following I-saline pretreatment alone. The addition 
of aminophylline (and chlorisondamine to prevent release of endogenous 
catecholamines) produced a marked shift to the left, decreasing the LDm 
value from 14.5 to 3.06 pg/kg, a nearly fivefold potentiation (95% confi- 
dence limits of the potentiation were 2.48-9.4 times). 

Effect of a-Blockage on Catecholamine Toxicity-While isopro- 
terenol alone could produce ventricular fibrillation deaths in I-saline- 
pretreated rats, norepinephrine and epinephrine did so only in the 
presence of aminophylline. Phenoxybenzamine, an a-adrenergic blocking 
agent, was used to determine whether the potent a-agonist properties 
of norepinephrine and epinephrine were protecting the animals from 
fibrillation deaths (Fig. 2). Norepinephrine, 300 pglkg, produced no 
deaths in Ihaline-pretreated rats, but with the addition of the a-blocker, 
a 40% mortality rate was produced. Similarly, 100 Ng of epinephrine/kg 
was nontoxic in steroid-pretreated rats; but in combination with 
phenoxybenzamine, it produced a 70% mortality rate. 

Phenoxybenzamine itself did not show any acute toxicity in I-saline- 
pretreated rats. Ten animals injected with the drug followed by a saline 
injection did not exhibit any signs of the lethal interaction. Blockage of 
the a-adrenergic component of norepinephrine and epinephrine ap- 
parently allows the unopposed 8-adrenergic activity to produce fibril- 
lation deaths in these animals in a manner similar to that of the pure 
8-agonist isoproterenol. 

Effect of Norepinephrine on Isoproterenol Cardiotoxicity-The 
interaction between a- and 8-adrenergic stimulation was examined from 
a different perspective. In this study, a dose of I-isoproterenol, which 
produced a 75% mortality rate, was administered 10 min after 300 jig of 
norepinephrinebg. As shown in Fig. 2, this dose of norepinephrine pro- 
duced fibrillation deaths only if its a-adrenergic activity was blocked. 
Since the a-agonist component of norepinephrine prevented this cate- 
cholamine from inducing fibrillation deaths, it was expected that i t  also 
might attenuate the response of the pure 8-agonist isoproterenol. This 

NOREPINEPHRINE 
( W u d k g )  

80 I 

t I-SALINE + I-SALINE + 
CH LORlSONDAMlNE 1 CH LOR ISONDAMINE 

I-SALINE + I-SALINE + 
CHLOR ISONDAMINE + CH LORISONDAMINE + 
PHENOXYBENZAMINE . PHENOXYBENZAMINE 

Figure %-Effect of phenoxybenzarnine on the cardiotoxicity of nor- 
epinephrine and epinephrine in desoxycorticosterone acetate-saline- 
pretreated rats. 

I I 

I-SALINE + 
ISOPROTERENOL (10 figlkg) + 
NOREPINEPHAINE (300 fig/kg) I GROUP Ill 

+ 
ISOPROTERENOL 

(10 fig/kgj 
GROUP I - . - . . . 

I-SALINE + 
NOREPINEPHRINE 

(300figlkg) 
GROUP II 

Figure 3-Effect of norepinephrine on the cardiotoxicity of isoprote- 
renal in desoxycorticosterone acetate-saline-pretreated rats (Group 
I versus Group III ,  p < 0.01). 

effect did, in fact, occur (Fig. 3). The addition of norepinephrine reduced 
the mortality rate attributable to isoproterenol alone from 75 to 8%. 

DISCUSSION 

Injections of norepinephrine and epinephrine can produce lethal car- 
diac arrhythmias in steroid-pretreated rats when combined with either 
aminophylline or the a- blocking agent phenoxybenzamine. The car- 
diotoxicity of isoproterenol, already established following steroid pre- 
treatment alone, is enhanced greatly by aminophylline. Comparison of 
the LD50 value of isoproterenol in untreated rats to that of I-saline- 
pretreated rats also given aminophylline shows a decrease from 680 mgkg 
to 3.06 jiglkg, a >200,000-fold increase in toxicity. The effect of amino- 
phylline is so great that even the amounts of norepinephrine and epi- 
nephrine released endogenously as a stress response become lethal in its 
presence. 

The ability of both phenoxybenzamine and aminophylline to increase 
the cardiotoxicity of adrenergic agonists may relate to the importance 
of 8-adrenergic stimulation in this phenomenon. Norepinephrine and 
epinephrine contain potent a-adrenergic agonist activity in addition to 
their 8-properties. Phenoxybenzamine and aminophylline each can upset, 
in a different way, the relative balance between a- and P-tone in favor 
of &activity. The protective effect of a-stimulation may be due to its 
ability to raise the fibrillation threshold (9,101. This effect would decrease 
the vulnerability of the heart to fibrillation induced by 8-stimulation, 
reducing both the morbidity and mortaIity of the drug interaction. 

Phenoxybenzamine may upset the &-balance by removing the 
a-component by receptor blockage. Aminophylline may produce its effect 
through its synergistic activity with P-adrenergic stimulation. This result 
might be accomplished through the adenylate cyclase system. /%Activity 
has been closely related to this system (ll), and aminophylline, a potent 
phosphodiesterase inhibitor (12,13), would prevent the degradation of 
formed adenosine-3’,5’-monophosphate (cyclic AMP) and enhance the 
activity of agents, such as 8-agonists, whose actions depend on the 
elaboration of cyclic AMP. By either blocking a-receptors or enhancing 
8-stimulation, the net effect is to promote a 8-preponderance, resulting 
in ventricular fibrillation. 

The demonstrated beneficial effect of norepinephrine on isoproterenol 
cardiotoxicity is consistent with this theory. In this situation, potent 
a-adrenergic stimulation was added to an environment that was unbal- 
anced favorably for 8-adrenergic activity. By reestablishing a balance 
between a- and &activity, the appearance of lethal arrhythmias was 
suppressed. The j3-adrenergic component of norepinephrine may have 
played a small role in the diminution of the effect of isoproterenol. It is 
a weaker 8-agonist than isoproterenol and, therefore, can act as a partial 
antagonist a t  certain dosage combinations with isoproterenol. However, 
this effect alone could not produce the observed decrease in mortality, 
from 75 to 8%. Hence, the potent a-activity of norepinephrine must have 
played the major role in decreasing the cardiotoxic response to isopro- 
terenol. 

The finding that endogenously released catecholamines can trigger 
ventricular fibrillation in steroid-pretreated rats fits well with current 
theories concerning the pathology of stress. Balazs et 01. (14) found that 
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both cold and isolation stress increased the heart’s sensitivity to isopro- 
terenol and speculated that steroid hormones released by stress may have 
sensitized the myocardium to the 8-agonist. Raab (15) also suggested that 
stress-induced discharge of adrenal corticoids may enhance the cardio- 
toxicity of endogenously released catecholamines. In discussing unex- 
pected sudden death during sleep, he implicated a combination of 17- 
hydroxycorticosteroids, which reach peak levels during sleep, and 
dream-induced catecholamine discharges as being contributory to a fatal 
cardiotoxic interaction (16). The prolonged administration of steroids 
followed by exposure to catecholamines, as seen in the present study, may 
mimic the hormonal milieu produced by chronic stress, resulting in the 
similarity of toxic sequelae. 

The applicability of these experimental findings to the clinical setting 
has to be determined. However, the data point out the potential danger 
of chronic steroid treatment. In such instances, there might be increased 
risk not only from administered catecholamines but also from agents that 
potentiate the effects of endogenous catecholamines, such as amino- 
phylline and possibly monoamine oxidase inhibitors, and from agents 
that produce catecholamine discharge, such as tyramine, an ingredient 
of many foods. 
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Abstract A highly selective and sensitive analytical procedure for the 
determination of trinitroglycerin and four metabolites in whole blood 
was developed. Trinitroglycerin and its metabolites were extracted from 
whole blood with ethyl acetate and analyzed by high-pressure liquid 
chromatographv using the thermal energy analyzer detector. Linearity 
of response was observed over the 1-1000-ng range. The applicability of 
this method to the analysis of whole blood from dogs orally dosed with 
trinitroglycerin is described. 
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analysis of parent drug and metabolites in whole blood 0 High-pressure 
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metabolites in whole blood 

The analysis of trinitroglycerin in blood has been per- 
formed primarily by electron-capture GLC (1-3). Although 
this method possesses high sensitivity and some selectivity 
for trinitroglycerin, it requires extensive cleanup proce- 
dures and solvent purification. Furthermore, it does not 
adequately account for the primary metabolites of trini- 
troglycerin, the isomeric mono- and dinitroglyceryl esters. 
A recent report (4) described the detection of ethylene 
glycol dinitrate esters in water by use of the thermal energy 

analyzer. It was thought that the analyzer detection system 
also may be applicable to the analysis of trinitroglycerin 
in complex matrixes such as whole blood. 

This report describes the development of a high-pres- 
sure liquid chromatographic (HPLC) method to determine 
trinitroglycerin as well as the primary isomeric dinitro- and 
mononitroglyceryl metabolites in whole blood. The ap- 
plication of this methodology to the blood of dogs orally 
dosed with trinitroglycerin is described. 

EXPERIMENTAL 

Reagents-Acetone1 and ethyl acetate’ were glass distilled. Trini- 
troglycerin2 was used as a powder (10% trinitroglycerin in lactose). N- 
Nitro~odipropylamine~ was supplied as a standard solution in isooctane. 
All other chemicals and solvents were standard reagent grade and were 
used without further purification. Authentic samples of 1,3- and 1,2- 
dinitroglycerols and 1- and 2-mononitroglycerols were obtained‘. 

Apparatus-The chromatographic system ‘consisted of a liquid 
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both cold and isolation stress increased the heart’s sensitivity to isopro- 
terenol and speculated that steroid hormones released by stress may have 
sensitized the myocardium to the 8-agonist. Raab (15) also suggested that 
stress-induced discharge of adrenal corticoids may enhance the cardio- 
toxicity of endogenously released catecholamines. In discussing unex- 
pected sudden death during sleep, he implicated a combination of 17- 
hydroxycorticosteroids, which reach peak levels during sleep, and 
dream-induced catecholamine discharges as being contributory to a fatal 
cardiotoxic interaction (16). The prolonged administration of steroids 
followed by exposure to catecholamines, as seen in the present study, may 
mimic the hormonal milieu produced by chronic stress, resulting in the 
similarity of toxic sequelae. 

The applicability of these experimental findings to the clinical setting 
has to be determined. However, the data point out the potential danger 
of chronic steroid treatment. In such instances, there might be increased 
risk not only from administered catecholamines but also from agents that 
potentiate the effects of endogenous catecholamines, such as amino- 
phylline and possibly monoamine oxidase inhibitors, and from agents 
that produce catecholamine discharge, such as tyramine, an ingredient 
of many foods. 
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Abstract A highly selective and sensitive analytical procedure for the 
determination of trinitroglycerin and four metabolites in whole blood 
was developed. Trinitroglycerin and its metabolites were extracted from 
whole blood with ethyl acetate and analyzed by high-pressure liquid 
chromatographv using the thermal energy analyzer detector. Linearity 
of response was observed over the 1-1000-ng range. The applicability of 
this method to the analysis of whole blood from dogs orally dosed with 
trinitroglycerin is described. 
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The analysis of trinitroglycerin in blood has been per- 
formed primarily by electron-capture GLC (1-3). Although 
this method possesses high sensitivity and some selectivity 
for trinitroglycerin, it requires extensive cleanup proce- 
dures and solvent purification. Furthermore, it does not 
adequately account for the primary metabolites of trini- 
troglycerin, the isomeric mono- and dinitroglyceryl esters. 
A recent report (4) described the detection of ethylene 
glycol dinitrate esters in water by use of the thermal energy 

analyzer. It was thought that the analyzer detection system 
also may be applicable to the analysis of trinitroglycerin 
in complex matrixes such as whole blood. 

This report describes the development of a high-pres- 
sure liquid chromatographic (HPLC) method to determine 
trinitroglycerin as well as the primary isomeric dinitro- and 
mononitroglyceryl metabolites in whole blood. The ap- 
plication of this methodology to the blood of dogs orally 
dosed with trinitroglycerin is described. 

EXPERIMENTAL 

Reagents-Acetone1 and ethyl acetate’ were glass distilled. Trini- 
troglycerin2 was used as a powder (10% trinitroglycerin in lactose). N- 
Nitro~odipropylamine~ was supplied as a standard solution in isooctane. 
All other chemicals and solvents were standard reagent grade and were 
used without further purification. Authentic samples of 1,3- and 1,2- 
dinitroglycerols and 1- and 2-mononitroglycerols were obtained‘. 

Apparatus-The chromatographic system ‘consisted of a liquid 
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Figure 1-High-pressure liquid chromatogram of ethyl acetate con- 
centrates of trinitroglycerin in whole blood ( a ) ,  ethyl acetate extract 
of whole blood ( b ) ,  and ethyl acetate concentrate (c). 

chromatograph5 with gradient elution capability. A 250 X 4.6-mm Li- 
chrosorb Si-606 (5-pm) column was used. The solvent system was isooc- 
tane-ethyl acetate-acetone, 54:6:40 (v/v) for 10 min isocratically and 
programmed to 9:1:90 (v/v) over 5 min at a flow rate of 1.4 ml/min. The 
detection of trinitroglycerin was accomplished with a thermal energy 
analyzer7 using the following parameters: furnace temperature, 450'; 
argon flow rate, 15 ml/min; and oxygen flow rate, 5 ml/min. 

Extraction-Whole blood, 2 ml, was combined with 100 rl of 1 M 
AgN03. The silver nitrate was added to inhibit trinitroglycerin degra- 
dation before extraction (3). Extraction was achieved by rapid injection 
of ethyl acetate (2 ml, then 5 X 1 ml) into the whole blood solution. The 
organic layers were drawn off after each injection, combined, dried, and 
filtered through a short column of anhydrous sodium sulfate. The dried 
extract was concentrated to 500 pl using a gentle nitrogen stream. Then 
500 p1 of isooctane was added, and the solution was concentrated to 500 
PI. 

Dosing-A female beagle8 dog (13.5 kg) was fasted overnight, with free 
access to water, and dosed by gavage over 10 min with 6.7 g of lactose 
containing 10% trinitroglycerin (670 mg) incorporated into canned dog 
food. At various times thereafter, blood (2 ml) was drawn from the 
cephalic vein into a heparin-containing syringe and then was placed in 
a vial containing silver nitrate. 

Quantitation-Quantitation of the samples was achieved by the in- 
ternal standard method; the internal standard was N-nitrosodipro- 
pylamine. A known amount of the internal standard was added to the 
sample before extraction. Peak areas were determined with the aid of an 
integrator-recorderg. 

Model 3500B, Spectra-Physics, Santa Clara, Calif. 
E. Merck, Darmstadt, West Germany. 
Model 502/LC, Analytical Instrument Division, Thermo Electron Corp., Wal- 

Hewlett-Packard model 3380A. 

tham, Mass. 
a AKC registered, Marshall Research Animals, North Rose, N.Y. 

Figure 2-High-pressure liquid chromatogram of whole blood extract 
of trinitroglycerin and metabolites after 10 min in an orally dosed 
dog. 

RESULTS AND DISCUSSION 

HPLC was applied previously to the analysis of trinitroglycerin and 
the primary hydrolysis products, 1,3- and 1,2-dinitroglycerols, in 
wastewaters from trinitroglycevin production (5). The sensitivity and 
specificity of this technique were improved greatly when it was coupled 
to the thermal energy analyzer detector. 

Figure 1 shows a normal-phase HPLC profile of an ethyl acetate extract 
of trinitroglycerin spiked in whole blood, an unspiked ethyl acetate ex- 
tract of whole blood, and an ethyl acetate solvent control concentrate 
using the thermal energy analyzer detector. The relatively interfer- 
ence-free baseline of the spiked and unspiked whole blood extracts 

Table I-Relative Responses and  Detection Limits for  
Trinitroglycerin and Metabolites 

Response 
Ratio, DPNa/ Lower Limit of 

Compound compound Detection *, ng 

Trinitroglycerin 0.89 0.5 

2-Mononitroglycerol 2.1 3.0 
1-Mononitroglycerol 2.6 3.0 

1,3-Dinitroglycerol 0.90 1.0 
1,2-Dinitroglycerol 1.4 1 .o 

0 N-Nitrosodipropylamine. Per 100-pl injection. 

Table 11-Precision of the HPLC-Thermal Energy Analyzer 
Method for Trinitroglycerin 8 

0 bserved 
Spiked (Mean f SD) Range * 

13.2 
37.6 
75.2 

12.5 f 1.5 
34.7 f 2.0 
73.1 f 6.7 

10.5-14.6 
32.2-37.0 
65.1-82.1 

Nanograms per milliliter of whole blood. n = 5. 
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Table 111-Quantitative Distribution of Trinitroglycerin and Metabolites (Micrograms pe r  Milliliter) in Dog Blood a f t e r  Oral  
Administration of Trinitroglycerin 

Minutes 
Compound 10 20 30 60 90 120 150 180 240 300 360 

1.5- 

1.0 

~~ 

- - - - __ - - - - - Trinitroglycerin 0.019 
1,3-DinitroglyceroI 0.081 0.107 0.100 0.161 0.285 0.723 0.458 1.50 0.545 0.628 0.192 
1,2-Dinitroglycerol 0.278 0.308 0.293 0.425 0.775 1.73 0.915 3.89 1.20 1.13 0.315 
1-Mononitroglycerol 0.085 0.094 0.131 0.226 0.308 0.749 0.566 0.758 1.17 2.25 0.707 
2-Mononitroglycerol 0.058 0.061 0.099 0.225 0.310 0.748 0.676 0.955 1.42 3.37 0.907 

-_--- 2-Mononi troglycerol 
1 -Mononitroglycerol - 1.2-Dinitroglycerol ---- 1.3-Dinitroglycerol 

1 1 1 1 1 1 1 1 1 1 1 1  

demonstrates the selectivity of the thermal energy analyzer detector for 
trinitroglycerin in the presence of numerous coextractants. Ethyl acetate 
was chosen as the extraction solvent because of its ability to extract the 
more polar mono- and dinitroglyceryl metabolites from whole blood; these 
metabolites also are responsive to the thermal energy analyzer detector. 
This selectivity for organonitrates permits the quantitative analysis of 
the 1,2- and 1,3-dinitroglyceryl and 1- and 2-mononitroglyceryl esters 
(Fig. 2), which could only be qualitatively estimated by previous GLC 
methods (2,3). Linear gradient programming allows for the analysis of 
trinitroglycerin and its four nitro-containing metabolites in 17 min. This 
programming also flushes the column to remove nonresponsive polar 
materials and it prolongs column life. 

Internal as well as external standard quantitation methods can be 
applied to the quantitative analysis of trinitroglycerin using the thermal 
energy analyzer. With N-nitrosodipropylamine as an internal standard, 
the relative responses of trinitroglycerin and its metabolites to this 
standard, along with the lower limits of detection for each compound, 
appear in Table I. For trinitroglycerin, a linear response was obtained 
over the 1-1000-ng range with a correlation coefficient of 0.99. 

Ethyl acetate proved to be an efficient extraction solvent for trinitro- 
glycerin and its metabolites in whole blood. Since ethyl acetate readily 
emulsifies with whole blood upon shaking, rapid injection of the ethyl 
acetate into the blood from a syringe and removal of the separated phases 
by syringe provided adequate extraction efficiency with little emulsion 

problem. Due to the partitioning of this solvent in whole blood, repeated 
injections were performed for quantitative removal. The precision of the 
HPLC-thermal energy analyzer method is shown in Table 11, which gives 
recovery values for spiked blood samples. 

The sensitivity of this method for whole blood was 0.5 ng (25% scale 
deflection) with the thermal energy analyzer detector at an attenuation 
of 8. The sensitivity of previously reported GLC methods using elec- 
tron-capture detection was 0.5-0.1 ng in serum only after extensive 
cleanup and sample preparation (2,3). The present method has the ad- 
vantage of minimal sample preparation and is useful in situations where 
large samples of serum are not readily available (such as rat and mouse 
studies); it should be applicable to the study of therapeutic doses of 
trinitroglycerin in humans. 

T o  test the applicability of the method, a beagle dog was dosed orally 
(force fed) with trinitroglycerin (49.6 mg/kg). Blood samples were re- 
moved a t  yarious times and analyzed over 6 hr. The quantitative dis- 
tribution of trinitroglycerin and its metabolites appears in Table 111. As 
reported previously (3, 6), trinitroglycerin is metabolized rapidly; no 
trinitroglycerin (<0.5 ng/ml) was detected 20 min after administration. 
However, the 1,2- and 1,3-dinitroglyceryl and the 1- and 2-mononitro- 
glyceryl metabolites increased to high levels in a parallel fashion and 
started to decline 5 hr after administration. This finding is consistent with 
results reported by Hodgson and Lee (7), who found maximum carbon-14 
activity in blood 4 hr after oral administration of [14C]trinitroglycerin 
to rats. A plot of log C uersus time appears in Fig. 3. 

The relative distribution of metabolites in the blood observed in this 
study paralleled that found by DiCarlo et al. (8) in the urine of rats orally 
dosed with [I4C]trinitroglycerin, indicating similar disposition routes of 
trinitroglycerin for the two species. In both cases, the deesterification 
appeared to  be stepwise. 

The data show that there was a slight preference to deesterify a t  the 
primary carbon atom. In the early stages of metabolism, the 1,2-dini- 
troglycerol concentration was three times that of the l,3-dinitroglycerol 
isomer. This ratio fell to <2.0 (the expected value if deesterification oc- 
curred equally at  primary and secondary carbons) a t  6 hr. At the same 
time, the ratio of 2-mononitroglycerol to 1-mononitroglycerol increased 
from an initial value of 0.68 to 1.5 over 5 hr. Since the source of 2-mo- 
nonitroglycerol is 1,2-dinitroglycerol (assuming a stepwise process) and 
the source of 1-mononitroglycerol is both the 1,2- and 1,3-dinitroglycerols, 
the ratio increase of 2-mononitroglycerol to 1-mononitroglycerol indicates 
that the 2-position is less reactive to deesterification than is the l-posi- 
tion. 

The present study demonstrates the utility of the thermal energy an- 
alyzer detector in the analysis of organonitrates in blood. The application 
of this method to tissues and other complex matrixes should be useful 
in pharmacological studies. 
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Abstract To obviate the myocardial depressant action of propranolol, 
the use of this drug in combination with a positive inotropic agent, 
mannitol, was studied in the ischemic heart of the dog. Mannitol(25%) 
administered priorto propranolol augmented myocardial contractility, 
as shown by an upward shift of the relationship between the pressure 
change with time and the mean left atrial pressure. Subsequent admin- 
istration of propranolol did not offset the positive inotropic response to 
mannitol whereas it markedly reduced the heart rate from a control 
ischemic value of 127.8 f 3.4 to 109 f 4.0 beats/min. The myocardial 
oxygen requirement, as determined by the tension-time index per min- 
ute, decreased 26.3 f 1.2% below the control ischemic value. These 
findings suggest that hypertonic mannitol augments contractility in the 
ischemic failing heart while sustaining the desirable negative chronotropic 
action of propranolol. This procedure may potentiate the beneficial ef- 
fects of propranolol on the myocardial oxygen balance and serve as an 
effective therapeutic modality in the control of acute irreversible isch- 
emia. 

Keyphrases 0 Propranolol-P-adrenergic blocking activity, effect on 
myocardial contractility, oxygen requirement, and heart rate, combined 
action of propranolol and hypertonic mannitol, hemodynamic changes 
in dogs /3-Adrenergic blocking activity-effects of propranolol on 
ischemic failing heart, effects of hypertonic mannitol, dogs Myocardial 
depressants-propranolol, effects of hypertonic mannitol, P-adrenergic 
blocking activity, dogs 

Propranolol, a @-adrenergic blocking agent, was intro- 
duced for clinical use in 1968. The value of this drug in the 
control of reversible ischemia (angina) has been estab- 
lished and reviewed extensively (1). Reversible myocardial 
ischemia suggests that there is a temporary imbalance 
between the myocardial oxygen supply and demand and 
the inability of the coronary vessels to provide adequate 
oxygenated blood. If the oxygen supply cannot be im- 
proved, the only way to establish the myocardial oxygen 
balance is to reduce the oxygen demands of the heart. 
Propranolol achieves this goal by reducing the heart rate 
and cardiac contractility. 

The role of @-adrenergic blockade in the treatment of 
irreversible myocardial ischemia (acute myocardial in- 
farction) has been controversial. @-Adrenergic blockade 
has been demonstrated to reduce the area of myocardial 
ischemia in the dog heart following experimental occlusion 
of the anterior descending coronary artery (2,3). Studies 
in humans also have provided evidence that propranolol 
may reduce the area of ischemia, as evidenced by a reversal 
of the S-T segment elevation during acute myocardial in- 
farction (4). Similar results were obtained using the car- 
dioselective @-blocking drug practolol(5). 

Nevertheless, most reports have implied that 0-adren- 
ergic blockade is contraindicated in acute myocardial in- 
farction because it decreases myocardial contractility and 
may aggravate or precipitate heart failure (6-8). Accord- 
ingly, the present study was undertaken to determine 
whether administration of a nonadrenergic positive ino- 
tropic agent, such as hypertonic mannitol(9-11), in con- 
junction with propranolol may prevent myocardial de- 
pression. A second objective was to evaluate the combined 

effects of mannitol and propranolol in myocardial oxygen 
requirements during generalized left ventricular ischemia 
in the intact canine heart. To date, the combined admin- 
istration of hypertonic mannitol to obviate propranolol- 
induced myocardial depression in the intact dog has not 
been investigated. The results of these experiments could 
have important therapeutic implications. 

EXPERIMENTAL 

Healthy’male and female mongrel dogs, 16-21 kg, were anesthetized 
by intravenous administration of chloralose (60 mg/kg). The trachea was 
intubated, and ventilation was instituted with a respiratory pump. The 
heart was exposed through a left thoracotomy at the f i  intercostal space 
by pericardiotomy, and the left main coronary artery was dissected free 
from the adjacent connective tissue. 

Left ventricular pressure was recorded with a transducer attached to 
a polyethylene catheter, which was introduced into the left ventricle 
through the apex. Mean systemic arterial and left atrial pressures were 
measured through polyethylene cannulas inserted via the carotid artery 
and left atrial appendage, respectively, and connected to transducers. 
The maximal rate of left ventricular pressure development was obtained 
with an €2-C differentiator, the amplitude of which was a linear function 
of 70 Hz. All variables were recorded on a polygraph. 

After all parameters had stabilized following the surgical procedures, 
the mean left atrial and mean systemic pressures, changes in the left 
ventricular pressure, and heart rates were obtained. Control coronary 
occlusions were performed to determine the effects of ischemia alone. 
Generalized left ventricular ischemia was produced by gradual closure 
of a coarse cotton snare surrounding the left main coronary artery. The 
magnitude of ischemia was monitored by assessing the left ventricular 
myocardial contractility, which was evaluated by relating the change in 
the left ventricular pressure to the mean left atrial pressure. The latter 
parameter is an approximation of the left ventricular end diastolic 
pressure (12), and it was selected to avoid the artifacts generated by 
undamped catheters. Alterations in contractility produced by various 
interventions were used to assess their effects on the severity of myo- 
cardial ischemia. It was assumed that changes in the myocardial oxygen 
requirements mediated by the infused drugs affected the magnitude of 
ischemia and, thereby, myocardial contractility. 

Alterations in myocardial oxygen requirements were evaluated using 
the tension-time index, which was obtained by multiplying the mean 
aortic systolic pressure by the duration of the systole (13). Mean systolic 
arterial pressure was estimated by: 

mean systolic pressure = a - (a  - b/3) (Eq. 1) 

where a represents the peak systolic pressure and b is the aortic valve 
closure pressure (14). 

Twelve dogs were divided into two equal study groups. In the first 
group, the effects of propranolol (0.5 mg/kg iv) in the ischemic failing 
heart were studied. After the onset of ischemia in the second group, the 
dogs were treated with hypertonic mannitol(25 g/100 ml) infused through 
the cannulated femoral vein at 3.82 d m i n  by an infusion pump, and the 
responses to mannitol alone were recorded. Following recovery, the effects 
of mannitol plus propranolol(O.5 mg/kg) were assessed. 

Serum osmolality was checked before, during, and after mannitol 
infusion and was consistent with the expected level (17 mOsm above the 
control value). Each experimental animal was used as its own control 
before any intervention was made in each experiment. The control state 
was considered to be the ischemic stage before treatment. The magnitude 
of ischemia was monitored by the decline in myocardial contractility. The 
standard t test, as described by Snedecor and Cochran (15). was used for 
group comparisons; the t test for paired comparison was used as presented 
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Table I-Effect of Partial Occlusion of the Main Left Coronary Artery on Left Ventricular Hemodynamics * 
~~ ~ 

Parameter 
Change 

Control Ischemia from Control, % 

Heart rate, beatshin 106.5 f 2.5 125.3 f 3.0 16.8 f 1.1 
Mean systemic arterial pressure, mm Hg 105.6 f 2.0 98.4 f 2.3 6.8 f 1.1 

Mean left atrial pressure, mm Hg 4.8 f 0.7 10.7 f 1.5 122.8 f 3.3 
Ventricular ejection time, msec 197.1 f 3.4 221.7 f 3.2 12.6 f 1.5 

14.5 f 1.9 Maximal rate of left ventricular pressure development (dpldt), mm Hdsec 

Mean systolic arterial pressure, mm Hg 117.8 f 2.1 108.8 f 2.0 -7.6 f 0.7 

2633 * 108.3 2298 f 109.4 

All values are expressed as the mean * SEM of 12 experiments, and p < 0.001 for each parameter. 

Table 11-Effect of Generalized Left Ventricular Ischemia on 
Tension-Time Index 

Change 
from 

Parameter Control Ischemia Control, % p 

Tension-time index 23.2 f 0.6 24.2 f 0.6 4.5 f 1.1 <0.01 
per heat, 
mm Hg sec 

per min, 
mm Hg sechin  

Tension-time index 2502 f 114 3057 f 117 22.7 f 1.9 <0.001 

Each value is expressed as the mean f SEM of 12 experiments. 

by Hill (16). All results are expressed with their standard error of the 
mean. 

RESULTS 

Ischemia-After partial occlusion of the left main coronary artery, 
myocardial contractility showed a rapid and pronounced decline (Fig. 
1). As shown in Fig. 2, concurrent with the rise in the mean left atrial 
pressure (122.8 f 3.3%), the left ventricular pressure fell (14.5 f 1.9%); 
the heart rate increased from 106.5 f 2.5 to 125 f 3 beats/min whereas 
the mean systemic arterial pressure exhibited a moderate fall (6.8 f 1.1%). 
The data are summarized in Table I. Table I1 shows the effect of gener- 
alized left ventricular ischemia on the tension-time index. 

Propranolol-The hemodynamic changes following propranolol 
administration during generalized left ventricular ischemia are illustrated 
in Fig. 3. The mean left atrial pressure rose from an average control level 
of 8.9 f 1.6 to 14.7 f 2.3 mm Hg whereas the change in the left ventricular 
pressure decreased by 21 f 2.5%, indicating a decline in cardiac con- 
tractility (Table 111). Figure 4 depicts the myocardial depressant effect 
of propranolol in the ischemic failing heart. Although the heart rate fell 
substantially (17.9 f 1.4%), the myocardial oxygen requirements did not 
decrease significantly, as evidenced by the tension-time index per minute. 
Propranolol evidently raised the tension-time index per beat by 
lengthening the systolic ejection time, as a result of which the tension- 
time index per minute failed to decrease (Fig. 5). 

Mannitol-As shown in Fig. 4, infusion of hypertonic mannitol en- 
hanced myocardial contractility in the ischemic heart; the mean left atrial 
pressure fell from the control ischemia value of 15.3 f 2.1 to 6.7 f 1 mm 
Hg whereas the change in the left ventricular pressure increased by 18.1 
f 1% (Table 111). No significant changes in the heart rate and the mean 

I CONTROL 

ISCHEMIA 

2000 ** 

0 5 10 
MEAN LEFT ATRIAL PRESSURE, mm Hg 

Figure &-Effect of partial occlusion of the main left coronary artery 
on myocardial contractility. The x axis shows the mean left atrial 
pressure. and the y axis shows the maximal rate of left oentricular 
pressure deuelopment (dp/dt). 

systemic arterial pressure were noted. Although the heart rate remained 
essentially unaltered, the tension-time index per minute fell substantially 
(Fig. 5) .  By decreasing the systolic ejection time (12 f 0.4%) (Table 1111, 
mannitol lowered the tension-time index per beat, thereby reducing the 
tension-time index per minute (Table IV). 

Mannitol plus Propranolol-Administration of propranolol subse- 
quent to mannitol infusion produced a progressive rise in the change in 
the left ventricular pressure (18.7 f 0.7% above the control ischemia level) 
accompanied by a fall in the mean left atrial pressure (41 f 4.5% below 
the control ischemia value), indicating a rise in myocardial contractility 
(Fig. 4). The heart rate fell from an average control ischemia value of 127.8 
f 3.4 to 109 f 4 beats/min whereas the mean systemic arterial pressure 
remained essentially unaltered (Table 111). The resulta clearly show that 
hypertonic mannitol may prevent the myocardial depressant action of 
propranolol (Fig. 4) but not its negative chronotropic effect (Fig. 3). 

Direct comparison of the effects of mannitol and of mannitol plus 
propranolol in myocardial oxygen requirements were made in the same 
animals (Fig. 5). Propranolol administration subsequent to mannitol 
infusion greatly decreased the tension-time index per minute (26.7 f 1.2% 
below the control ischemic value); this decrease was much greater than 
that achieved when mannitol was administered alone (9.7 1.2%). 

DISCUSSION 

The present investigation demonstrates the ability of hypertonic 
mannitol to prevent the myocardial depressant action of propranolol in 
the ischemic failing canine heart without increasing the myocardial 
oxygen requirements. These results are in accord with reported obser- 
vations (9) that infusion of hypertonic mannitol markedly improved 
ventricular function in the failing heart-lung preparation following oc- 
clusion of the left anterior descending coronary artery. The fact that the 
increased myocardial contractility was not accompanied by ECG S-T 
segment elevation suggested that the positive inotropic effects of man- 
nitol are not oxygen wasting (9). 

The effect of hypertonic mannitol on myocardial contractility is in- 
dicated by the rate of rise of the left ventricular pressure, an index of vigor 
of the left ventricular contraction. The change in the left ventricular 
pressure is determined mainly by the ventricular end diastolic volume 
and myocardial contractility (17). The decrease in the left ventricular 
pressure changes and the rise of the mean left atrial pressure manifested 
after the induction of ischemia indicate a depression of cardiac con- 
tractility (Fig. 1). As shown in Fig. 3, the rise in the left ventricular 
pressure changes that occurred concurrently with a fall in the mean left 
atrial pressure after mannitol infusion clearly shows the cardiotonic ef- 
fects of mannitol in the ischemic failing heart. 

The possible mechanisms by which hypertonic mannitol exerts its 
positive inotropic effects in the ischemic tissue are not known at present. 
It has been postulated that its osmotic action may decrease cellular edema 

HEART RATE MAP MLAP dp/dt 

50- 40- 0 2000L 
Figure 2-Hemodynamic parameters measured before and after oc- 
clusion of the main left coronary artery. Parameters studied were heart 
rate, mean systemic arterial pressure (MAP), mean left atrial pressure 
(MLAP), and maximal rate of left uentricular pressure deoelopment 
(dp/dt). Key: 0, control; and 0, ischemia. 
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Table 111-Hemodynamic Changes ,I after Administration of Propranolol, Mannitol, and Propranolol plus Mannitol during 
Generalized Left Ventricular Ischemia 

CONTROL PROPRA- CONTROL I MANNlTOL I ISCWMIA , NOLOL I ISCHEMIA ; ! 

Heart Rate, Mean Arterial Mean Systolic Mean Left Atrial Ventricular Ejection dp/dt, mm 
Condition beats/min Pressure, mm Hg Pressure, mm Hg Pressure, mm Hg Time, msec Hdsec 

CONTROL I PROFRA~ 
ISCHEMIA 1 NOLOL 8 ! MANNlTOL 

Control ischemia 
Ischemia plus 

propranolol 
Percent change 

from control 
P 
Control ischemia 
Ischemia plus 

mannitol 
Percent change 

from control 

Fost control 
ischemia 

Control ischemia 
Ischemia plus 

propranolol plus 
mannitol 

Percent change 
from control 

P 
Postcontrol 

ischemia 

122.7 f 4.5 
100.5 f 3.1 

17.9 f 1.4 

<0.005 
128.0 f 3.6 
131.3 f 4.5 

2.5 f 1.3 

<0.5 
127.7 f 2.9 

127.8 f 3.4 
109.0 f 4.0 

14.8 f 1.4 

<0.005 
129.3 f 4.1 

95.8 f 3.0 
92.3 f 2.8 

3.6 f 0.5 

<0.5 
101.0 f 2.9 
99.8 f 2.7 

1.1 f 0.4 

<0.5 
103.5 f 3.3 

99.2 f 2.5 
97.0 f 2.2 

2.1 f 0.8 

<0.2 
101.0 f 2.2 

106.8 f 3.0 
102.8 f 2.7 

3.5 i 0.6 

<0.2 
107.2 i 3.2 
108.3 f 3.0 

0.6 f 0.3 

<0.5 
111.0 f 3.0 

109.0 f 2.6 
106.7 f 2.2 

2.4 f 0.6 

<0.2 
109.0 f 2.3 

8.9 i 1.6 
14.7 2.3 

74.3 f 7.2 

<0.025 
15.3 f 2.1 
6.7 i 1.0 

46.0 i 2.0 

<0.01 
12.3 i 1.7 

11.9 i 1.9 
6.7 i 1.0 

41.0 f 4.5 

<0.01 
11.1 f 1.9 

~~ 

220.8 f 2.4 
264.2 f 3.0 

19.2 f 1.8 

<0.001 
222.0 f 5.9 
196.7 f 5.9 

12.0 i 0.4 

2086 f 98.0 
1639 f 60.2 

21.0 f 2.5 

<0.005 
2510 f 144.0 
2965 f 177.0 

18.1 f 1.0 

<0.001 
227.0 f 5.0 

220.0 f 6.2 
193.3 i 4.9 

12.1 f 0.5 

<0.005 
222.0 f 5.1 

<0.025 
2554 f 166 

2534 f 142 
3009 f 170 

187 f 0.7 

<0.025 
2515 f 142 

0 Each value is expressed as the mean f SEM of six experiments. dp/dt = maximal rate of Lett ventricular preaaure development. 

and thereby enhance blood flow, which, in turn, may improve organ 
function (18). Ames et al. (19) stressed that edematous cells may impede 
blood flow within an organ and thus may impair nutritional circulation 
in the tissues. Summers and Jamison (20) used the silicone rubber 
technique to visualize the patency of the renal vasculature during isch- 
emia to demonstrate, in the rat kidney, that cellular edema during 
transient ischemia may obstruct small vessels and thus intensify tiseue 
damage. Apparently, the lumen of minute vessels, although narrowed 
by compression from the surrounding edematous cells, permitted the 
passage of the silicone rubber particles but not of the erythrocytes. In- 
travascular injection of hypertonic mannitol reestablished a normal 

HE4RT RATE 
Beatn/mln. 

Figure 3-Hemodynamic changes after administration of proprano 
monnitol, and propranolol plus mannitol during generalized left uen- 
tricular ischemia. Parameters measured are indicated on the y axis: 
heart rate, mean systemic arterial pressure (MAP), mean left atrial 
pressure (MLAP), and maximal rate of left ventricular pressure de- 
velopment (dp/dt). 

vascular pattern, reduced tissue injury, and improved renal function (20). 
Osmotic shrinkage of the swollen cells presumably reduced the extra- 
vascular pressure exerted on the vascular bed, thus enhancing the blood 
flow. 

Although hypertonic mannitol augmented collateral as well as total 
coronary blood flow in experimentally induced ischemia (91, the increase 
observed in myocardial contractility may not be totally dependent on 
changes in myocardial perfusion. It was demonstrated recently that hy- 
pertonic mannitol also exerts a positive inotropic effect in the isolated 
cat papillary muscle (11). The developed tension and the rate of tension 
rise were significantly greater when the papillary muscles were treated 
with mannitol regardless of whether mannitol was introduced before or 
later in the hypoxic period (11). 

It has been postulated that a decrease in the intracellular volume 
produced by the osmotic action of hypertonic mannitol may increase the 
degree of activation of the myocardial contractile elements. This in- 
creased contractile activity may be a result of an increased calcium con- 

3000, 

u a2 
r 
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E 
r' 2000, B 
8 

I" 
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T I  

4 i i 2  16 
MEAN LEFT ATRIAL PRESSURE, mm Hg 

Figure 4-Effect of propranolol, mannitol, and mannitol plus pro- 
pranolol on myocardial contractility during generalized left ventricular 
ischemia. The x axis shows the meon left atrial pressure, and the y axis 
shows the maximal rate of left ventricular pressure development 
(dp/dt). Key: 0, ischemia plus propranolol (p < 0.005); A, ischemia plus 
mannitol (p < 0.025); and U, ischemia plus propranolol plus mannitol 
(p < 0.025). 
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Table IV-Effect of Propranolol. Mannitol, and Propranolol plus Mannitol during Generalized Left Ventricular Ischemia on 
Tension-Time Index * 

Control Ischemia Level of Postcontrol 
Parameter Ischemia plus Drug Change, $70 Significance Ischemia 

2F;;;p:mn;101 
- ** Tension-time index per beat, 23.8 f 0.5 14.2 f 2.1 

mm Hg sec 

mm Hg sec/min 
Tension-time index per minute 2953 f 145 2738 f 161 -7.3 f 1.3 NS - 

Mannitol 
24.6 f 1.0 

-9.7 f 1.2 * 3192 f 191 

** Tension-time index per beat, 24.7 f 0.9 2 1- -11.9 f 0.6 

Tension-time index per minute, 3163 f 171 2862 f 182 
mm Hg sec 

mm Hg sec/min 
Propranolol plus Mannitol 

Tension-time index per beat, 24.1 f 0.9 20.6 f 0.7 -13.9 f 1.1 * *  23.9 f 0.8 

3077 f 173 Tension-time index per minute 3075 f 177 2258 f 146 -26.7 f 1.2 ** mm Hg sec 

mm Hg sec/min 
a Each value is expressed as the mean f SEM of six experiments. *, p < 0.05; **, p < 0.001; and NS, not significant ( p  > 0.05). 

centration in a superficial area of the muscle fiber (21). In contrast, Ap- 
stein et al. (22) were unable to observe any increase in contractility in the 
isolated hypoxic tissue by mannitol. However, this discrepancy may be 
explained by the fact that Apstein et al. used smaller concentrations of 
mannitol than those used by the other investigator. 

The present study shows that hypertonic mannitol enhances myo- 
cardial contractility in the ischemic failing heart without raising myo- 
cardial oxygen demands. Although the mean arterial oxygen levels were 
not measured directly in this investigation, the changes in the tension- 
time index reflected alterations in the myocardial oxygen requirements 
(13). These observations were consistent with the findings of Sarnoff et 
al. (23), who showed that norepinephrine may exert a positive inotropic 
effect in the ischemic failing heart without augmenting mean arterial 
oxygen levels; the inotropic action of norepinephrine was associated with 
a marked decrease in the left ventricular end diastolic volume (23). This 
effect, according to the Laplace principle, tends to lower myocardial 
tension and offsets the rise in the mean arterial oxygen levels produced 
by increased contractility. A similar effect also was demonstrated in the 
pharmacologically depressed dog after ouabain administration (24). 

Although the decrease in ventricular tension may prevent a rise in the 
mean arterial oxygen levels associated with augmentation of myocardial 
contractility, the present results suggest that the systolic ejection time 
also may be an important factor. Figure 4 and Tables I11 and IV show that 
mannitol augmented myocardial contractility whereas the heart rate and 
the mean systemic arterial pressure were not altered significantly. As 
contractility rose and the systolic ejection time decreased, the tension- 
time index per beat fell. The fact that the tension-time index per minute 
was lowered significantly, although neither the heart rate nor the mean 
systolic pressure was decreased, indicates that augmentation of myo- 
cardial contractility may diminish myocardial oxygen requirements in 
the failing heart by decreasing the systolic ejection time. 
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Figure 5-Effect of propranolol, mannitol, and propranolol plus 
mannitol on the tension--time index during generalized ventricular 
ischemia. The y axis shows the tension-time index per beat (TTllbeat); 
the x axis shouls the tension-time index per minute (TTIlmin).  

In contrast, propranolol, through reduced contractility (Fig. 4) and a 
lowered heart rate (Table III), produced no significant decrease in 
myocardial oxygen requirements. Figure 5 demonstrates the effects of 
propranolol on the tension-time index; the tension-time index per minute 
was not altered significantly whereas the tension-time index per beat 
exhibited a pronounced increase. The results show that propranolol raised 
the myocardial oxygen demands by increasing the systolic ejection time 
(Table III), thereby offsetting the oxygen-sparing effect of its negative 
chronotropic action. This observation suggests that the principal benefit 
of 8-adrenergic blocking drugs such as propranolol lies in their ability 
to lower the heart rate rather than to reduce myocardial contractility. 
Consistent with this view are the findings of Balcon (25), who showed that 
propranolol could not reduce the pain threshold in patients in whom 
angina was produced by electrical pacing of the heart. Evidently, the 
failure of the drug to exert its negative chronotropic activity prevented 
its beneficial effect. The most pronounced decreases in myocardial oxygen 
requirements were noted in this study when the myocardial depressant 
action of propranolol was prevented by administration of hypertonic 
mannitol (Fig. 5). 

Furthermore, when the mean systolic pressure was multiplied by the 
heart rate, there was a significant drop in the tension-time index per 
minute after the combined administration of mannitol with propranolol 
(Fig. 5). The fall in this product was much greater than that achieved by 
mannitol or propranolol alone. This result was due largely to the fact that 
propranolol lowered the heart rate whereas the systolic ejection times 
and the mean systolic pressures, as compared to mannitol, were not very 
different. 

The findings of the present investigation suggest that augmentation 
of contractility in the ischemic failing heart by a positive nonadrenergic 
agent may potentiate the beneficial effects of propranolol on the myo- 
cardial oxygen balance and prevent cardiac depression. Mannitol is an 
inotropic agent with highly desirable properties since it does not produce 
any unwanted hemodynamic or ECG changes. Finally, the ability of 
mannitol to augment myocardial perfusion (9) may be of great physio- 
logical importance. Although further studies are required, augmentation 
of myocardial contractility and the reduction in heart rate brought about 
by the combined action of mannitol and propranolol may prove to be an 
effective therapeutic modality in the control of acute irreversible isch- 
emia. 
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Abstract 0 A novel method for the synthesis of methyl dialkylmalonuric 
esters was developed using the base-catalyzed ring opening of an iso- 
propylidene malonic ester with urea as the key step. The rates of cycli- 
zation of these malonuric esters to the corresponding barbituric acids then 
were studied a t  buffer concentrations ranging from 0.01 to 1.00M. The 
reaction was shown to be general base catalyzed, and the reaction rate 
was found to be subject to a deuterium isotope effect, k H 2 0 / k D 2 0  = 1.3. 
The thermodynamic activation parameters also were determined. A 
three-step mechanism for the conversion of malonuric esters to barbituric 
acids was proposed; it involved a rapid cyclization step, followed by 
proton removal by a general base catalyst and a rate-determining collapse 
of the resulting tetrahedral intermediate aided by a general acid. 

Keyphrases 0 Dialkylmalonuric esters-synthesis, cyclization to bar- 
bituric acids 0 Barbituric acids-mechanism for formation by cyclization 
of malonuric acids Activation parameters-cyclization of dialkyl- 
malonuric esters to barbituric acids 

Numerous barbituric acids have been synthesized over 
the past 75 years, but the mechanism of the reaction has 
not been defined. Barbituric acids usually are prepared by 
reacting a malonic ester with urea in the presence of a basic 
catalyst. The mechanism proposed some years ago (1) in- 
volved the formation of an intermediate malonuric ester 
(I), followed by rapid ring closure to the barbituric acid 
product (Scheme I). 

The fact that malonuric esters undergo facile cyclization 

I 
Scheme I 
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in basic media was suggested in 1907 (21, and later these 
esters were shown to cyclize rapidly in weakly basic solu- 
tion (1). In a continuing effort to elucidate the mechanism 
of the reaction between malonic esters and urea, the 
present study focuses on the cyclization step. 

BACKGROUND 

Although no kinetic studies on the cyclization of malonuric esters have 
been reported, hydrolysis of barbituric acids in alkaline solution has been 
investigated. Such hydrolyses produce various products, including the 
malonuric acid. A complete scheme for the alkaline decomposition of 
barbiturates was given by Aspelund (3), and a kinetic study on the hy- 
drolysis rate of barbituric acid derivatives was reported by Garrett et al. 
(4). The latter report stated that malonuric acids are capable of hydrolysis 
to the barbituric acids at  pH 7-10, and the enthalpy (AH’) and entropy 
(AS*) of activation were determined for the hydrolysis of numerous 
barbituric acids. 

One facet of the present investigation involved determination of the 
mechanism of base catalysis in the cyclization of esters of diethyl- 
malonuric acid. The classical experiment for distinguishing general base 
catalysis from specific base catalysis involves determining the reaction 
rate in a series of buffers of constant pH but with varying concentrations 
of total buffer species at constant ionic strength (5). General base catal- 
ysis, which requires catalysis by all bases present, is demonstrated if the 
reaction rate depends on the total absolute buffer concentration. Specific 
base catalysis is independent of the absolute buffer concentration. 

UV spectrophotometry was employed to monitor the cyclization re- 
action of the malonuric esters. A pH 10 buffer system was chosen since 
a t  that  pH the barbituric acid product exists as the monoanionic species 
(99+%), which absorbs strongly at  240 nm (6), facilitating easy assessment 
of its formation rate. 

This method also was used to measure the reaction rates in deuterium 
oxide since a comparison of rates in heavy uersus light water can be 
valuable in mechanism elucidation. Jencks (7) reported that because of 
zero-point energy differences and different stretching frequencies, rate 
constants for OH and OD bond cleavage can be 10-fold larger for hy- 
drogen than for deuterium. 

Determination of the thermodynamic activation parameters also was 
undertaken. The entropy and enthalpy of activation were obtained from 
plots of log k/T uersus 1/T (8). 
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product (Scheme I). 
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in basic media was suggested in 1907 (21, and later these 
esters were shown to cyclize rapidly in weakly basic solu- 
tion (1). In a continuing effort to elucidate the mechanism 
of the reaction between malonic esters and urea, the 
present study focuses on the cyclization step. 

BACKGROUND 

Although no kinetic studies on the cyclization of malonuric esters have 
been reported, hydrolysis of barbituric acids in alkaline solution has been 
investigated. Such hydrolyses produce various products, including the 
malonuric acid. A complete scheme for the alkaline decomposition of 
barbiturates was given by Aspelund (3), and a kinetic study on the hy- 
drolysis rate of barbituric acid derivatives was reported by Garrett et al. 
(4). The latter report stated that malonuric acids are capable of hydrolysis 
to the barbituric acids at  pH 7-10, and the enthalpy (AH’) and entropy 
(AS*) of activation were determined for the hydrolysis of numerous 
barbituric acids. 

One facet of the present investigation involved determination of the 
mechanism of base catalysis in the cyclization of esters of diethyl- 
malonuric acid. The classical experiment for distinguishing general base 
catalysis from specific base catalysis involves determining the reaction 
rate in a series of buffers of constant pH but with varying concentrations 
of total buffer species at constant ionic strength (5). General base catal- 
ysis, which requires catalysis by all bases present, is demonstrated if the 
reaction rate depends on the total absolute buffer concentration. Specific 
base catalysis is independent of the absolute buffer concentration. 

UV spectrophotometry was employed to monitor the cyclization re- 
action of the malonuric esters. A pH 10 buffer system was chosen since 
a t  that  pH the barbituric acid product exists as the monoanionic species 
(99+%), which absorbs strongly at  240 nm (6), facilitating easy assessment 
of its formation rate. 

This method also was used to measure the reaction rates in deuterium 
oxide since a comparison of rates in heavy uersus light water can be 
valuable in mechanism elucidation. Jencks (7) reported that because of 
zero-point energy differences and different stretching frequencies, rate 
constants for OH and OD bond cleavage can be 10-fold larger for hy- 
drogen than for deuterium. 

Determination of the thermodynamic activation parameters also was 
undertaken. The entropy and enthalpy of activation were obtained from 
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Scheme 11-Synthesis of methyl esters of dialkylmalonuric acids 

EXPERIMENTAL 

Synthesis of Reactants-The methyl esters of diethylmalonuric acid 
and ethylisoamylmalonuric acid were prepared by the sequence shown 
in Scheme 11. This reaction represents a novel procedure for the prepa- 
ration of various methyl dialkylmalonuric esters from the readily avail- 
able malonic esters. The isopropylidene malonate (111, prepared by a 
modified method of Davidson and Bernhard (91, serves as a convenient 
intermediate for the base-catalyzed conversion to the malonuric acid. 
This reaction presumably occurs uia a nucleophilic attack of urea on the 
carbonyl group of I1 with simultaneous ring opening and elimination of 
acetone. 

The ethyl ester of diethylmalonuric acid was prepared by the sequence 
shown in Scheme 111. Preparation of the intermediate diethylmalonyl 
chloride monoethyl ester (111) was accomplished using standard proce- 
dures, and its conversion into the malonuric ester was reported previously 
(1). In this instance, the acyl isocyanate was not isolated but was treated 
immediately upon generation with aqueous ammonia to give a mixture 
of the desired ethyl ester of diethylmalonuric acid and a substantial 
amount of the ethyl ester of diethylmalonamic acid, which was separated 
by fractional crystallization from ligroin. 

Reagents-Ethanolamine was redistilled. Concentrated hydrochloric 
acid was refluxed until a constant vapor temperature of 107' was ob- 
tained, and then it was standardized as 6.36 M against tris(hydroxy- 
methy1)aminomethane. Reagent grade potassium chloride, sodium bi- 
carbonate, and sodium carbonate were used without further purification. 
The deuterium oxide, 99.8% pure, was used as received. Sodium deuter- 
iocarbonate was prepared by dissolving 0.5 g of sodium bicarbonate in 
10 ml of deuterium oxide and evaporating the solution to dryness (10). 
Syntheses'--Diethylmulonic Acid-Diethy1 diethylmalonate, 79.5 

ml(O.37 mole), was added dropwise to a refluxing solution of 123 g (2.20 
moles) of potassium hydroxide in 500 ml of ethanol. After the mixture 
was heated for 3-4 hr, a white solid began to separate. Then the mixture 
was cooled, and the precipitate was filtered off and washed once with cold 
ethanol. 

The solid was purified by dissolving it in water, acidifyjng the solution, 
and collecting the crystalline free acid by filtration. The yield was 39.4 
g (67%) of colorless crystals, mp 122-127' [lit. (11) mp 125'); IR (KBr): 
3440 (OH), 1700 (C=O), 1410, and 915 cm-*. 

Isopropylidene Diethylmalonate (II)-Sulfuric acid (0.5 ml) was 
added cautiously to a mixture of 10.0 g (62.5 mmoles) of diethylmalonic 
acid and 7.6 ml (70 mmoles) of isopropenyl acetate. Then a second 
equivalent (70 mmoles) of isopropenyl acetate was added, and the mixture 
was heated briefly to 40'. It then was stirred for 4-5 hr a t  room temper- 
ature. After removal of the volatiles a t  reduced pressure, the residue was 
dissolved in ether, washed with sodium bicarbonate and water, and dried 
over magnesium sulfate. 

Removal of the ether left an orange oil. This oil was vacuum distilled 
to yield 2.9 g (23%) of a colorless liquid, bp 97-100" (0.3 mm), which 

' Melting points were determined with a Fisher Mel-Temp apparatus and are 
uncorrected. IR spectra were recorded on a Perkin-Elmer model 457 grating spec- 
trophotometer, and NMR spectra were recorded on a Hitachi Perkin-Elmer R-20R 
spectrometer. Elemental analyses were performed by Galbraith Lahoratories, 
Knoxville. Tenn. 

\ /  C 
w*' 'CONHmNH, 

Scheme 111-Synthesis of ethyl diethylmalonurate 

crystallized on standing to a colorless solid, mp 35-37.5'; IR (KBr): 1785 
and 1755 (C=O) ern-'; NMR (acetone-d6): 6 1.93 (q, 4H, CHz), 1.66 [s, 
6H, C(CH&], and 0.87 (t, 6H, CH3). 

Anal. -Calc. for C10H1604: C, 60.04; H, 8.06; saponification equivalent 
200. Found: C, 60.16; H, 7.90; saponification equivalent 201. 

Methyl Diethylmalonurate-A solution of isopropyIidene diethyl- 
malonate (2.00 g, 10 mmoles) and urea (0.90 g, 15 mmoles) in 20 ml of dry 
dimethyl sulfoxide was added slowly, with stirring, to a solution of 2.24 
g (20 mmoles) of potassium tert-butoxide in 20 ml of dimethyl sulfoxide. 
Stirring was continued a t  room temperature for 4 hr. Then the mixture 
was poured into 100 ml of ice water and extracted once with 50 ml of 
ether. 

The aqueous layer was acidified with hydrochloric acid'and extracted 
three times with 50 ml of ether. These extracts were dried over magne- 
sium sulfate, and the solvent was removed under vacuum, depositing a 
crystalline residue. This residue was recrystallized from water, yielding 
0.47 g (25%) of diethylmalonuric acid as colorless platelets, mp 158-161' 
[lit. (12) mp 162'1; IR (KBr): 1710,1650, and 1250 cm-I. 

An ethereal solution containing a three- to fivefold excess of diazo- 
methane (generated from N-methyl-N-nitroso-p-toluenesulfonamide2) 
a t  0' was added, with stirring, to an ether solution of 0.26 g (1.3 mmoles) 
of diethylmalonuric acid a t  Oo. The mixture was stirred for 1 hr a t  room 
temperature, and the ether then was evaporated under a nitrogen stream 
to yield an oil that solidified on cooling. The solid was recrystallized from 
ligroin to give 116 mg (42% yield) of colorless needles, mp 112-114.5'; IR 
(KBr): 3420, 1725, 1700, and 1585 cm-I; NMR (CDC13): 6 3.70 (s, 3H, 
OCH3), 1.90 (q, 4H, CHz), and 0.78 (t, 6H, CH:j). 

Anal.-Calc. for CgH16N204: C, 49.99; H, 7.46. Found: C, 50.04; H, 
7.46. 

Mathyl Ethylisoamylmalonura te-Methyl ethylisoamylmalonurate 
was prepared from diethyl ethylisoamylmalonate by the same route as 
for methyl diethylmalonurate. It was obtained as colorless crystals from 
ligroin, mp 7476O [lit. (13) mp 7475'1; IR (KBr): 3410,1740,1715,1690, 
and 1570 an-'; NMR (CDC13): 6 3.70 (s, 3H, OCHs), 1.85 (m, CH2), and 

General Buffer Preparation3-Buffers for the kinetic studies were 
prepared with ethanolamine in carbon dioxide-free distilled water and 
were adjusted to pH 10.0 with constant boiling hydrochloric acid. Po- 
tassium chloride was added when necessary to maintain the ionic 
strength. The buffers were prepared on a cold plate a t  the experimental 
temperature a t  concentrations of 0.011,0.110, and 1.100M with respect 
to ethanolamine so that, upon dilution with the malonuric ester solutions, 
the final concentrations for the kinetic studies were 0.010,0.100, and 1.O00 
M, respectively. 

For the deuterium oxide study, the buffers were prepared from sodium 
carbonate and sodium deuteriocarbonate to give a final concentration 
of 0.18 M total buffer a t  pH 10.0 and 15". 

General Spectrophotometric Method4-Malonuric ester solutions 
were prepared with either carbon dioxide-free distilled water or degassed 
deuterium oxide a t  M and were used on the same day. The malonuric 

0.80 [d, 6H, CH(CH&]. 

Diazald, Aldrich Chemical Co. 
All pH measurements were made with a Corning model 10 pH meter equipped 

with a glass electrode and a potassium chloride reference electrode. The meter was 
standardized with buffer solutions at the experimental temperature before use. 

UV spectral data were obtained on a Beckman DK-'LA recording spectropho- 
tometer. 
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Table I-First-Order Rate  Constants for the Cyclization of 
Diethylmalonuric Esters 

k ,  min-’ a 
Methvl Ethvl 

Medium Diethylmalbnurate Diethylmaionurate 

0.01 M Bufferbsc 0.61 0.28 
0.10 M Bufferbsc 0.79 0.38 
1.00 M Bufferb,c 1.07 0.51 
Waterc,d 0.93 0.43 
Deuterium oxidecae 0.70 0.33 

The k values represent an average of at least six determinations. * Ethanol- 
amine-hydrochloric acid buffer; the ionic strength was maintained at 0.51 M with 
potassium chloride. Reaction temperature of 15.0 f 0.1’. Buffered with sodium 
carbonate-sodium bicarbonate at 0.18 M .  Buffered with sodium carbonate- 
sodium deuteriocarbonate at 0.18 M .  

ester solution, tLe appropriate buffer, and the cell compartment of the 
spectrophotometer were preequilibrated at the experimental temperature 
(*O.lo).  The reactions were initiated by injecting 0.3 ml of the malonuric 
ester solution from a calibrated syringe into the spectrophotometer cell 
already containing 2.7 ml of buffer. The solution was agitated and placed 
quickly into the spectrophotometer cell compartment. Absorbance at 
240 nm was recorded as a function of time compared to the pure buffer 
solution reference. 

Data for the calculation of the rate constants were obtained directly 
from the absorbance plots and were treated by the Guggenheim method 
(14). 

RESULTS 

The cyclization of the dialkylmalonuric esters was studied in aqueous 
ethanolamine-hydrochloric acid buffers at pH 10.0 over total buffer 
concentrations ranging from 0.01 to 1.00 M. The rate constants for the 
methyl and ethyl esters of diethylmalonuric acid are given in Table I. The 
rates varied with total absolute buffer concentration, consistent with a 
mechanism involving general base catalysis. Since the reaction is an ester 
aminolysis, the mechanism proposed by Bunnett and Davis (15) impli- 
cating general base catalysis in the reaction of butylamine with ethyl 
formate might he expected to apply. In addition, general base catalysis 
in the aminolysis of phenyl acetate was observed (lo), and susceptibility 
to general base catalysis appears to he a general characteristic of ester 
aminolysis reactions (15). 

The thermodynamic activation parameters are shown in Table I1 for 
the same two esters and the methyl ester of ethylisoamylmalonuric acid. 
The values of the thermodynamic parameters indicate that the variation 
in overall cyclization rates was due largely to the AS* term. The AH* 
values were all close (<5% difference) and actually in reverse order to the 
measured rates. The methyl ester, which reacted fastest, had the highest 
AH* value. However, the AS* values were significantly different and 
closely paralleled the observed rates. In fact, a plot of AS* uersus k for 
the three esters was linear. Combining the AH* and AS* terms produced 
an overall AC* that paralleled the observed rate differences. 

The cyclization rates in water and deuterium oxide containing sodium 
carbonate-bicarbonate buffers also are shown in Table I. Both esters 
showed a rate decrease in deuterium oxide of approximately the same 
magnitude, kHzO/kDzO = 1.3. 

I 

DISCUSSION 

A probable mechanism for the cyclization of malonuric esters, based 
on the general mechanism for ester aminolysis given by Bunnett and 

Table 11-First-Order Rate Constants and  Activation 
Parameters  for the  Cyclization of Dialkylmalonuric Esters 

0 -9 /OY 
R / ‘co-NH 

cyclization 

k, C-NH2 
II 

\ /+-OR’ - - R‘c’ )co C 
R ’ \CONHCONH, 

-0 
\ /T catalysis 

R\C’c-*z )CO+B--  k2 

R ’ ‘CO-NH 

R’ 

I -  
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0 

C-NH 

CO-NH 

II 

/ \  
‘\C/ 

R 
‘CO / t ROH + B- 

Scheme IV-Proposed mechanism for cyclization of dialkylmalonuric 
esters to barbituric acids 

Davis (15), is shown in Scheme IV. Several kinetic pathways are possible, 
depending on which step is rate determining. If the cyclization step is slow 
(k2  and k 3  > k l ) ,  the reaction is subject to specific base catalysis since 
the strongest base in the medium, OH-, should eliminate catalysis by the 
weaker bases once the cyclization occurs. However, if catalysis is rate 
limiting ( k l  > k2 and k3) .  then general base catalysis is observed since 
all basic species present should catalyze these steps a t  individual mea- 
surable rates. 

Since the reaction rate of both the methyl and ethyl esters has been 
shown experimentally to decrease by a factor of 1.8 as the total buffer 
concentration is varied 100-fold, the reaction must be subject to general 
base catalysis, and the rate-determining step is either the catalytic step, 
k p ,  or the collapse of the tetrahedral intermediate aided by the general 
acid (HB), k3. The measured deuterium isotope effect, k t3 lkD = 1.3, tends 
to implicate k g  as the limiting step. Even though the ohserved isotope 
effects are small compared to normal d2 isotope effects, k H / k D  values in 
the range of 1.1-1.5 have been reported for the general base-catalyzed 
reaction of phenyl acetate with glycine and ammonia (10). 

The observations that substitution of an isoamyl group for an ethyl 
group in the acyl portion of the malonuric ester caused a rate decrease Activation 

Methyl diethylmalonurate 0.59 1.06 1.91 18.8 -3.2 19.7 
Methyl ethylisoamylmalo- 0.47 0.80 1.49 18.4 -5.1 19.9 

Ethyl diethylmalonurate 0.29 0.51 0.89 17.9 -7.8 20.1 

concentration was 1.00 M, and the ionic strength was 0.59 M. 

nurate 

a The k values represent an average of at least six determinations. The buffer 

- B- 
NH,CONH, - NH&ONH * 
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Abstract 0 The distribution of tetracycline into human red blood cells 
was studied in uitro a t  37'. The drug was taken up rapidly by the cells, 
and its distribution equilibrium was reached after -10 min of incubation. 
The steady-state distribution ratio of the drug between the red cells and 
extracellular fluid of 0.9% NaCl solution was 2.84, while the distribution 
ratio between the cells and the plasma solution was 0.9. The reduced 
cellular uptake in plasma was due to binding of the drug to plasma 
components. Calcium ions in plasma appeared to reduce tetracycline 
uptake by the red cells. The red cell distribution of tetracycline in dogs 
was in close agreement with the in uitro data using the washed human 
red cells. A dog suffering from severe hypoalbuminemia showed greater 
uptake of the drug by the erythrocytes, while a normal healthy dog ex- 
hibited the red cell-plasma distribution ratio of 0.98. The release rate 
of tetracycline from the preloaded cells into normal saline solution in- 
dicated that the release was directly proportional to the cellular con- 
centration of the drug; the first-order release rate was -1.38 hr-l. 

Keyphrases 0 Tetracycline-distribution in red blood cells Anti- 
bacterials-tetracycline, distribution in red blood cells Drug distri- 
bution-tetracycline, uptake by red blood cells 

One important function of red blood cells is to store 
hemoglobin, which carries and 'supplies oxygen to various 
tissues in the body. Drugs can enter red blood cells and 
bind to the intracellular constituents (1-3). For many 
drugs, however, erythrocyte uptake means that less drug 
is available a t  the site of pharmacological action. 

Plasma and serum concentrations have been monitored 
commonly to study the pharmacokinetics of drugs in the 
body, with the assumption that drug levels in the plasma 
and serum are linearly related to drug concentrations in 
whole blood. Although several drugs such as chlorthalidone 
(4) and salicylate (5) were shown to accumulate signifi- 
cantly in the red cells, several reports (6-8) indicated that 
extensive plasma protein binding lowers the red cell uptake 
of the drug by reducing the free plasma drug concentration. 
In patients suffering from hypoalbuminemia, the basic 
pharmacokinetic parameters of the drug thus can be dif- 
ferent from those obtained in normal patients (9,lO). 

This study was an attempt to elucidate the in uitro and 
in uiuo distribution characteristics of tetracycline into red 
blood cells and to measure the effects of the normal plasma 
components on the red cell uptake of this drug. 

EXPERIMENTAL 

Materials and Equipment-Tetracycline hydrochloride', pento- 
barbital sodium*, trichloroacetic acid3, calcium chloride3, and human 
serum albumin2 were used as received. A rotating apparatus4 with mul- 
tiple sample holders was immersed in a water bath, which was kept at 37 

American Cyanamid Co., Pearl River, N.Y. 

J. T. Baker Chemical Co.. Phillipsburg, N.J. 
* Sigma Chemical Co., St. Louis, Mo. 

' Menold, Lester, Pa. 

f 1' by a controlled-temperature circulating pump5. Fluorescence 
measurements were made using a spectrophotofluorometer6 equipped 
with a 150-w xenon lamp and a R-447 photomultiplier tube. 

Preparation of Red Cell Suspensions for In Vitro Distribution 
Studies-Human blood, obtained from either healthy young volunteers 
or a local blood bank", was centrifuged at 1200Xg for 8 min. The packed 
red cells were obtained after removing the plasma water and buffy layer 
containing leukocytes. The cells then were washed three times with iso- 
tonic buffer solution (pH 7.4). After the final washing, the cells were 
suspended in either 0.9% NaCl solution or human plasma solution con- 
taining varying amounts of tetracycline (5, 10, 20, 30, and 50 pg/ml). 
These concentrations are slightly higher than normal clinical concen- 
trations of the drug in patients (11). 

Distribution of Tetracycline into Cells-The distribution of tet- 
racycline into the red cells was measured by assaying the drug both in 
the extracellular fluid and in the cells after incubating the samples con- 
sisting of 5 ml of washed cells and 5 ml of 0.9% NaCl solution or human 
plasma containing 20 Mg of tetracycline/ml in a rotating water bath (40 
rpm) at 37 f lo. Following the incubation for different time intervals (3, 
5, 10,15,20, and 30 min), the cells were separated by centrifugation at 
1200Xg for 8 min for the assay of the drug in the cells and in the me- 
dium. 

Effect of pH on Cellular Uptake of Tetracycline-Five milliliters 
of red cells was suspended in 5 ml of phosphate buffer solution (pH 6.7, 
7.4, or 8.0) containing 20 pg of tetracycline/ml. After incubation for 15 
min in a rotating water bath at  37 f lo, the cells were separated by cen- 
trifugation. The concentration ratio of tetracycline between the medium 
and red cells was determined for each pH solution. 

Drug Release Rate from Red C e l l g T h e  release rate of tetracycline 
from the preloaded cells into 0.9% NaCl solution was measured by 
assaying the drug in the extracellular fluid after incubation of the samples 
in a rotating water bath at 37 f 1'. Initially, 5 ml of washed red cells, 
preequilibrated with 5 ml of tetracycline solution (20 pg/ml) in 0.9% NaCl 
solution for 15 min, was mixed with 5 ml of 0.9% NaCl solution; this 
mixture was subjected to incubation in a rotating water bath at  37 f 1' 
for 10 min. After centrifugation at  1200Xg for 8 min, the tetracycline 
concentration in the extracellular medium was measured. The remaining 
cells then were reequilibrated with an equal volume of fresh 0.9% NaCl 
solution for 10 min, followed by centrifugation and assay of the drug in 
the extracellular fluid. The procedure was repeated five times. 

Effect of Plasma Albumin and Calcium Ion on Red Cell Uptake 
of Tetracycline-The cellular uptake of tetracycline was measured in 
the solutions containing plasma albumin (4%) and/or calcium chloride 
(2.5 X M). The results then were compared with the distribution 
of tetracycline between the red cells and 0.9% NaCl solution. 

Red Cell Uptake of Tetracycline in  Dogs-In uiuo distribution of 
tetracycline between the plasma and red cells was determined in a healthy 
beagle dog (Dog A) and in another beagle dog (Dog B) suffering from 
hypoalbuminemic conditions. The red cell counts for Dogs A and B were 
5.59 X lo6 and 5.48 X 106/ml, respectively. The normal ranges of the av- 
erage red cell counts and albumin levels in dogs are 5.26 X 106-6.57 X 
106/ml and 3.1-4.0%, respectively. The dogs received a bolus intravenous 
injection of 10 mg of tetracycline/kg, and the blood samples taken at 
different time intervals were assayed for the drug both in the cells and 
in the plasma. 

Assay of Tetracycline in Cells and Extracellular Fluids-A 
spectrophotofluorometric method (12) was used. This method measures 

Haake E52, Berlin-Lichterfied. West Germany. 
Model MPF-4, Perkin-Elmer Corp., Norwalk, Conn. 
St. Mary's Hospital, Athens, Ga. 
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Figure I-Effect of incubation time on red cell uptake of tetracycline 
(20 pglml). Washed human red cells were incubated for different times 
in 0.9% NaCl solution (a, drug in red cells; and b, drug in extracellular 
fluid) and in human plasma (c, drug in extracellular fluid). 

the fluorescence intensity of the tetracycline-pentobarbitalkalcium 
complex at  525 nm when it is activated at  390 nm. 

RESULTS AND DISCUSSION 

Figure 1 shows the distribution profile of tetracycline into the red cells 
as a function of time during the incubation of the washed cells in an equal 
volume of 0.Wo NaCl solution containing 20 pg of tetracyclinelml. During 
the first 10 min of incubation, the drug was taken up rapidly by the cells, 
and the steady-ptate distribution ratio between the red cells and extra- 
cellular fluid was -2.84. The large distribution into the cells probably 
was due to the significant binding of tetracycline to the intracellular 
components. However, when tetracycline was subjected to equilibration 
between the human plasma and erythrocytes, the distribution ratio be- 
tween the red cells and plasma was 0.9 f 0.12 (Fig. 1, curve c). 

Since plasma contains various proteins and also divalent cations that 
form lipid-insoluble complexes with tetracycline (13), studies were done 
to identify the plasma components responsible for the lowered cellular 
uptake of the drug in the plasma as compared with that in 0.9% NaCl 
solution. Figure 2 compares the distribution ratios of tetracycline between 
the red cells and 0.9% NaCl solution (bar A) in the presence of various 
additives. When both calcium (2.5 X M) and serum albumin (4%) 
were added to 0.9% NaCl solution, the steady-state distribution ratio of 

Table I-Effect of pH on Steady-State Tetracycline 
Concentrations in Red Cells and Extracellular Fluid at 37". 

Measured Tetracycline Concentration *, 
pglml 

pH 6.7 pH 7.4 pH 8.0 

Red blood cells 14.78 14.72 14.79 
Medium 5.14 5.24 5.27 
Red cell-medium ratio 2.88 2.81 2.81 

a Initial extracellular concentration was 20 pg/ml. Average of three experi- 
ments. 

A 
1 C 

TYPE OF MEDIUM 
Figure 2-Distribution ratios of tetracycline between the red cells and 
extracellular fluids in the presence of various additives a t  3 7 O .  TIie 
extracellular fluids were 0.9% NaCl solution containing 20 Mg of tet- 
racyclinelml (A) ;  20 pg of tetracyclinelml and 2.5 X M CaCl2 (B);  
20 pg of tetracyclinelml and 4% albumin (C); and 20 pg of tetracy- 
clinelml, 2.5 X M CaC12, and 4 %  albumin (D); and human plasma 
containing 20 pg of tetracycline/ml (E). The vertical bars (I) represent 
the standard error of the mean. 

tetracycline between the cells and medium was significantly lower (bar 
D) than that in the solution containing calcium (bar B) or albumin (bar 
C) alone. However, the cellular uptake of tetracycline in human plasma 
(bar E) was still lower than that in 0.9% NaCl solution containing calcium 
and albumin (bar D). 

These results indicate that the components other than calcium and 
albumin in the plasma also were responsible for the lowered drug parti- 
tioning into the cells. Globulins in the plasma possibly may provide ad- 
ditional binding sites to tetracycline. Nevertheless, the distribution of 
tetracycline into the red cells observed in this study was somewhat similar 
to the rate of uptake of tetracycline by Escherichia coli cells. Franklin 
and Higginson (14) found that tetracycline rapidly entered the bacterial 
cells, and its distribution equilibrium between the cells and extracellular 
medium was reached within 10 min of incubation. 

Figure 3 illustrates the effect of tetracycline concentration on the red 
cell uptake in 0 . s  NaCl solution. The steady-state distribution ratio 
between the cells and extracellular fluid generally was the same among 
the different total tetracycline concentrations studied. When the con- 
centration of tetracycline was increased from 5 to 50 pglml, the distri- 
bution of the drug into the cells also was increased while the steady-state 
distribution ratio between the red cell and the medium was maintained 

TETRACYCLINE CONCENTRATION 
BEFORE INCUBATION, pglml 

Figure 3-Eflects of tetracycline concentration on the uptake of tet- 
racycline by red blood cells suspended in 0.9% NaCl solution a t  3 7 O .  
Key: 0, red blood cells; and @, 0.9% NaCl solution. 
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Table 11-Distribution of Tetracycline into Red Blood Cells in 
Two Dogs 

Dog A Dog Ba 

Body weight, kg 24 16.5 16.6 

Albumin, % 2.98 1.52 1.84 
Hematocrit, % 44.5 37.4 36.9 
Red cell-plasma ratio 0.98 1.97 1.74 

Intravenous dose, mg/kg 10 10 10 
Total protein, % 6.81 5.32 5.54 

The data were obtained 2 weeks apart. 

at 2.84. This finding probably was due to the fact that a large amount of 
tetracycline could partition into the cellular components of the red 
cells. 

Table I shows the effect of pH on the distribution of tetracycline into 
the red cells. Between pH 6.7 and 8.0, the steady-state distribution ratio 
of the drug remained nearly the same. Since tetracycline undergoes ex- 
tensive ionization in this pH range, the transport of this drug across 
cellular membranes probably was mediated by facilitated diffusion as 
suggested previously (15). 

Figure 4 shows the steady-state concentrations of tetracycline in the 
red cells and the medium after each successive 10-min equilibration with 
0.970 NaCl solution. The rate of drug release apparently was an expo- 
nential function of the drug concentration in the cells, and the concen- 
tration-dependent release rate was - 1.38 hr-l. The large release rate 
constant of the drug from the red cells as compared to its relatively slow 

15 & 

I\ 

. 
O\ 0 

0 12 24 36 48 60 
MINUTES 

Figure 4-Tetracycline concentrations in red blood cells ( 0 )  and in 
0.9% NaCl solution (0) after Successive 10-min incubations. 

elimination rate constant (0.07 hr-l) in humans (11) indicates that 
elimination of tetracycline from the body usually was not affected by the 
red cell uptake of the drug. Tetracycline wil l  be released quickly from the 
erythrocytes as the drug in the blood disappears from the body by elim- 
ination. 

It is generally recognized that the pharmacokinetic behavior of the drug 
in the normal healthy population may differ from that in patients suf- 
fering from chronic illness. Several investigators (9,10,16) showed that 
hypoalbuminemic patients tend to suffer more often than normal patients 
from adverse drug reactions. Table I1 compares the distribution of tet- 
racycline in the blood of a dog suffering from severe hypoalbuminemia 
(1.68%) to that of a normal healthy dog. Dog A, with a normal albumin 
level (2.98%), had a cell-plasma distribution ratio of 0.98; Dog B, which 
suffered from hypoalbuminemia, showed a distribution ratio of 1.8, which 
was nearly two times higher than that in Dog A. These findings are in 
close agreement with the results obtained from the in vitro experiments 
using the human plasma and the solutions containing different addi- 
tives. 

In summary, tetracycline rapidly enters red blood cells, forming a 
steady-state distribution equilibrium with the extracellular fluid within 
10 min of incubation. The steady-state distribution ratio of the drug 
between the red cells and extracellular fluid of 0.9% NaCl solution was 
2.84, while the distribution ratio between the cells and the plasma solution 
was 0.9. The low cellular uptake in the plasma was due to binding of the 
drug to the plasma components. A dog suffering from severe hypoal- 
buminemia exhibited much greater red cell uptake of tetracycline. The 
large release rate of the drug from the cells found in this study indicates 
that the elimination rate of tetracycline from the body is not influenced 
by the cellular uptake of the drug. 
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Abstract A new microbiological method was developed for the assay 
of neomycin and spiramycin. These antibiotics usually cannot be guan- 
titated individually when they are combined in a pharmaceutical prep- 
aration since both act on the same test organism. By inducing resistance 
to each antibiotic in Staphylococcus aureus, two new strains were ob- 
tained. Quantitation can be accomplished easily with these strains. 

Keyphrases 0 Neomycin-microbiological determination with spir- 
amycin Spiramycin-microbiological determination with neomycin 
0 Staphylococcus aufeus-microbiological determination of antibiotic 
mixtures, induced resistance to neomycin and spiramycin 

The combination of two or more antibiotics in a phar- 
maceutical preparation is used widely in the therapy of 
several infections to permit reduction of the dose of a po- 
tentially toxic drug, to prevent the development of bac- 
terial resistance, and to develop a synergistic effect. The 
last of these uses probably is the most important. 

However, these mixtures frequently create problems in 
the quantitation of their components by microbiological 
procedures. Arret et al. (see Ref. 1) prepared tables with 
which approximate results may be obtained. Similar tables 
should be prepared in each laboratory for every antibiotic 
combination. 

BACKGROUND 

Arret et al. demonstrated that if the test organism used for the assay 
of one antibiotic (A) is not affected by a second antibiotic (B), no problem 
results. However, if the test organism is affected by both antibiotics, er- 
roneous high or low values are obtained. Therefore, more specific methods 
must be developed to eliminate the effect of B. Such methods could in- 
volve: (a)  inactivation of B, ( b )  use of a different test organism that is 
sensitive to A and relatively resistant to B, (c) separation of the antibiotics 
by differential solubility techniques, and ( d )  compensation for the 
presence of B by its addition to every solution of A used for the standard 
response curve. 

Grove and Randall (2) presented numerous applications of these 
possibilities. For instance, they discussed the use of specific enzymes or 
chemical inactivators to eliminate certain antibiotics from action and 
the extraction of one antibiotic with a solvent in which the other is not 
soluble. However, the preferred technique is to choose as the test or- 
ganism a microorganism that is very sensitive to one antibiotic and is not 
sensitive to the other antibiotic. 

An organism can be made resistant to an antibiotic by forcing its growth 
in media containing increasing amounts of the antibiotic until the desired 
resistance is attained. This organism then can be used as a test organism. 
This paper describes a microbiological method to quantitate two anti- 
biotics mixed in a pharmaceutical dosage form. 

EXPERIMENTAL 

Materials-The equipment used was that required by the USP XIX 
(3) cylinder-plate assay, and the assay plates were prepared (3) using 
antibiotic medium No. 11 for the base layer and No. 1 for the inoculum 
layer. Sample and standard solutions were diluted in phosphate buffer 
solution No. 3 (pH 8). 

Neomycin sulfate USP was used as the standard. The test organisms 
were Staphylococcus aureus (ATCC 6538P) and Bacillus subtilis (ATCC 
6633). 

Table I-Precision and Accuracy of the Determination of 
Neomycin and Spiramycin 

Precision a t  Accuracy a t  
95% Confidence 95% Confidence 

Interval, Interval, 
Antibiotic % f S D  % f S D  

Neomycin 105 f 2.8 98.6 f 2.0 
Spiramycin 95.4 f 3.07 102 f 1.6 

Table 11-Results for  Neomycin and Spiramycin in Stability 
Samples 

SamDle 
Neomycin, Spiramycin, 

% % 

6 months a t  room temperature 107,106 
100.107 
93; 104 

107,116 
6 months a t  37O 

6 months a t  45" 

97,94 
94,93 
97,98 
93,93 
89,87 
82,82 
84,88 
92.88 

105,100 
105,100 
107,105 
102,106 
71,69 
78,773 
76,74 
69,70 
66,60 
65,66 
62,62 
64.66 

Resistance to  Spiramycinl-The test organism was inoculated 
successively in a series of tubes of medium No. 1 containing increasing 
amounts of the antibiotic. From 1 unit of spiramycin base/ml in the first 
tube, the concentration was increased until a strain was obtained that 
was able to grow in a medium containing 20 units of spiramycin base/ml. 
Assays by the cylinder-plate method were made to confirm that the 
microorganism was resistant to this spiramycin concentration. 

Resistance to  Neomycin-By following steps similar to those used 
for spiramycin, S. aureus was inoculated successively in tubes of medium 
No. 1 containing increasing amounts of the antibiotic, from 1 to 10 pg of 
neomycin base/ml of culture medium. Assays by the cylinder-plate 
method also were made to confirm the resistance of the atrain ob- 
tained. 

With this technique, two new strains were obtained. One strain was 
resistant to 20 IU of spiramycin base/ml of medium (for the determina- 
tion of neomycin), and the other strain was resistant to 10 pg of neomycin 
base/ml of medium (for the determination of spiramycin). 

Method-Analyses were performed as described in the USP under 
the cylinder-plate method (3). The basic steps of this method are: (a )  
inhibition of growth by different dilutions of the antibiotic placed in 
cylinders on agar plates inoculated with the test organism, ( b )  mea- 
surement of the zones of inhibition, and (c) quantitative estimation by 
interpolation of the values obtained in a standard curve. 

Statistical Evaluation-To determine the precision of the method, 
repeated assays were carried out in a homogeneous sample of a topical 
solution for cattle containing, in 100 ml, 2.0 mg of neomycin base (as the 
sulfate), 2.0 mg of spiramycin base (as the adipate), and 2.5 mg of flu- 
methasone with polyethylene glycol-water as the vehicle. 

For accuracy, a placebo of the dosage form was dosed with known 
amounts of the antibiotics (5,8, and 10 mg of neomycin base/g and 5,8, 
and 10 IU of spiramycidg), and recovery assays were done after ho- 
mogenization. The results are given in Table 1. 

1 The spiramycin was obtained from the World Health Organization. 
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The specificity of the method was determined with dosage form sam- 
ples maintained for 6 months at room temperature, 37O, and 45’. The 
results are given in Table 11. 

RESULTS AND DISCUSSION 

A microbiological method for the determination of neomycin and 
spiramycin mixed in pharmaceutical preparations was developed. The 
initial plan was to develop a Staphylococcus strain that was resistant to 
spiramycin for the determination of neomycin and to develop a Bacillus 
strain that was resistant to neomycin for the determination of spir- 
amycin. 

Resistance to spiramycin in S. aureus was obtained easily. However, 
since the E. subtilis inoculum was a spore suspension, a strain resistant 
to neomycin was not obtained. Therefore, since S. aureus also is recom- 
mended for the evaluation of spiramycin (4). this microorganism was 
chosen for both antibiotics. 

This method may be used as a quality control procedure for samples 

of production batches as well as in stability studies since substances 
produced by degradation products of excipients or other active ingredi- 
ents do not interfere. The assay may be carried out without special 
preparation of the sample. This technique may be used in the assay of 
mixtures of other antibiotics by inducing resistance in the proper 
microorganisms. 
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Abstract Europium and praseodymium chiral NMR shift reagents 
were used to differentiate between dextro- and levomethorphan. The 
enantiomeric shift differences ( AAb) demonstrated by the singlet asso- 
ciated with the methoxy protons were large enough to identify the leoo- 
and dextro-isomers and to allow for the determination of as little as 10% 
of one enantiomer in the presence of the other in a prepared mixture. The 
analytical method is rapid and can analyze samples as small as 1 mg. 

Keyphrases Dextromethorphan-NMR determination with levo- 
methorphan Levomethorphan-NMR determination with dextro- 
methorphan Enantiomers-NMR determination of dextromethorphan 
and levomethorphan mixtures, chiral lanthanide shift reagents 0 NMR 
spectroscopy-determination of dextro- and levomethorphan mixtures, 
chiral lantbanide shift reagents 0 Analgesics, narcotic-levomethorphan, 
NMR identification with dextromethorphan Antitussives, nonnar- 
cotic-dextromethorphan, NMR identification with levomethorphan 

The determination of the enantiomeric purity of a 
substance is an important aspect of the regulatory process. 
This determination is especially important in cases such 
as methorphan where the levo- and racemic forms of the 
drug are regulated narcotics while the dextro-isomer is a 
widely used nonnarcotic antitussive. 

BACKGROUND 

Specific rotation (1) is the standard method used to distinguish dex- 
tromethorphan from levomethorphan. This method is simple and accu- 
rate if there is an adequate amount of sample and if one can be reasonably 
certain that there are no interfering compounds. The hanging microdrop 
technique (2). which has a sensitivity of 0.2 pg, also is used. However, 
these approaches cannot serve as identification tests and they cannot 
accurately detect one enantiomer in the presence of the other. 

Chiral lanthanide nuclear magnetic shift reagents may be utilized in 
the development of rapid, sensitive, and accurate assays of enantiomeric 
purity. Shaath and Soine (3) recently demonstrated the utility of this 
approach in the determination of the enantiomeric purity of isoquinoline 
alkaloids. By using a europium chiral shift reagent, they differentiated 

rapidly between the components of five enantiomeric pairs and accurately 
detected an enantiomeric mixture of 95:5. 

This paper reports the application of the chiral lanthanide shift re- 
agents to the identification of the methorphan enantiomera and the de- 
termination of one isomer in the presence of the other. 

EXPERIMENTAL 

Instrumentation-A 60-MHz NMR spectrometer’ equipped with 
a Fourier transform system2 was used for all spectra. 

Reagents and Chemicals-Deuterated chloroform was used as 
purchased3. 

Dextro- and levomethorphan were supplied as their hydrobromide 
salts4, and the free bases were prepared according to the NF procedure 
(1). Stock solutions (0.16 M) of the free bases were prepared by dissolving 
220 mg of the respective enantiomer in 5.00 ml of deuterated chloroform. 
Enantiomeric mixtures were prepared from the two stock solutions. 

The europium and praseodymium chiral shift reagents were used as 
purchased5. Stock solutions (0.2 M in deuterated chloroform) were pre- 
pared in a dry box under a nitrogen atmosphere before the start of each 
series of experiments. Each solution was stored in a sealed vial equipped 
with a septum and sampled using a microliter syringe. 

Procedure-The appropriate methorphan solution (0.4 ml) was 
placed in an NMR tube equipped with a rubber septum. The shift reagent 
then was added sequentially in 2 0 4  increments. An NMR spectrum with 
64 additive pulses was run after each addition, and the peak chemical 
shifts were computer recorded. 

The peak height ratios associated with the various molar ratios of levo- 
and dextromethorphan were measured after the addition of 300 pl of the 
europium shift reagent or 260 pl of the praseodymium shift reagent. 

RESULTS AND DISCUSSION 

The effect of the europium shift reagent on the NMR spectrum of an 
equimolar mixture of dextro- and levomethorphan is shown in Fig. 1. The 
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Aidrich Chemical Co., MilwaGkee, WI 53233. 
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The specificity of the method was determined with dosage form sam- 
ples maintained for 6 months at room temperature, 37O, and 45’. The 
results are given in Table 11. 

RESULTS AND DISCUSSION 

A microbiological method for the determination of neomycin and 
spiramycin mixed in pharmaceutical preparations was developed. The 
initial plan was to develop a Staphylococcus strain that was resistant to 
spiramycin for the determination of neomycin and to develop a Bacillus 
strain that was resistant to neomycin for the determination of spir- 
amycin. 

Resistance to spiramycin in S. aureus was obtained easily. However, 
since the E. subtilis inoculum was a spore suspension, a strain resistant 
to neomycin was not obtained. Therefore, since S. aureus also is recom- 
mended for the evaluation of spiramycin (4). this microorganism was 
chosen for both antibiotics. 

This method may be used as a quality control procedure for samples 

of production batches as well as in stability studies since substances 
produced by degradation products of excipients or other active ingredi- 
ents do not interfere. The assay may be carried out without special 
preparation of the sample. This technique may be used in the assay of 
mixtures of other antibiotics by inducing resistance in the proper 
microorganisms. 
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Abstract Europium and praseodymium chiral NMR shift reagents 
were used to differentiate between dextro- and levomethorphan. The 
enantiomeric shift differences ( AAb) demonstrated by the singlet asso- 
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The determination of the enantiomeric purity of a 
substance is an important aspect of the regulatory process. 
This determination is especially important in cases such 
as methorphan where the levo- and racemic forms of the 
drug are regulated narcotics while the dextro-isomer is a 
widely used nonnarcotic antitussive. 

BACKGROUND 

Specific rotation (1) is the standard method used to distinguish dex- 
tromethorphan from levomethorphan. This method is simple and accu- 
rate if there is an adequate amount of sample and if one can be reasonably 
certain that there are no interfering compounds. The hanging microdrop 
technique (2). which has a sensitivity of 0.2 pg, also is used. However, 
these approaches cannot serve as identification tests and they cannot 
accurately detect one enantiomer in the presence of the other. 

Chiral lanthanide nuclear magnetic shift reagents may be utilized in 
the development of rapid, sensitive, and accurate assays of enantiomeric 
purity. Shaath and Soine (3) recently demonstrated the utility of this 
approach in the determination of the enantiomeric purity of isoquinoline 
alkaloids. By using a europium chiral shift reagent, they differentiated 

rapidly between the components of five enantiomeric pairs and accurately 
detected an enantiomeric mixture of 95:5. 

This paper reports the application of the chiral lanthanide shift re- 
agents to the identification of the methorphan enantiomera and the de- 
termination of one isomer in the presence of the other. 

EXPERIMENTAL 

Instrumentation-A 60-MHz NMR spectrometer’ equipped with 
a Fourier transform system2 was used for all spectra. 

Reagents and Chemicals-Deuterated chloroform was used as 
purchased3. 

Dextro- and levomethorphan were supplied as their hydrobromide 
salts4, and the free bases were prepared according to the NF procedure 
(1). Stock solutions (0.16 M) of the free bases were prepared by dissolving 
220 mg of the respective enantiomer in 5.00 ml of deuterated chloroform. 
Enantiomeric mixtures were prepared from the two stock solutions. 

The europium and praseodymium chiral shift reagents were used as 
purchased5. Stock solutions (0.2 M in deuterated chloroform) were pre- 
pared in a dry box under a nitrogen atmosphere before the start of each 
series of experiments. Each solution was stored in a sealed vial equipped 
with a septum and sampled using a microliter syringe. 

Procedure-The appropriate methorphan solution (0.4 ml) was 
placed in an NMR tube equipped with a rubber septum. The shift reagent 
then was added sequentially in 2 0 4  increments. An NMR spectrum with 
64 additive pulses was run after each addition, and the peak chemical 
shifts were computer recorded. 

The peak height ratios associated with the various molar ratios of levo- 
and dextromethorphan were measured after the addition of 300 pl of the 
europium shift reagent or 260 pl of the praseodymium shift reagent. 

RESULTS AND DISCUSSION 

The effect of the europium shift reagent on the NMR spectrum of an 
equimolar mixture of dextro- and levomethorphan is shown in Fig. 1. The 
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F i u r e  1-NMR spectra of an equimolar mixture of dextro- and leuomethorphan. Key: I ,  no shift reagent added; 2, a substrate to shift reagent 
molar ratio of 80:l; and 3, a substrate to shift reagent molar ratio of 1:l .  

singlet associated with the N-methyl protons at 2.9 ppm broadened and 
disappeared at  a substrate to reagent molar ratio of 801. This result 
suggests that the nitrogen atom is the site of pseudocontact or dipolar 
interaction between the methorphan and the shift reagent. 

The induced shifts (A6) and the enantiomeric shift differences (AA6) 
for the singlet due to the methoxy protons are shown in Figs. 2 and 3, 
respectively. The europium shift reagent had little effect on the spectra 
up to a substrate to shift reagent molar ratio of 83. Continued addition 
of the shift reagent shifted the signal associated with the dextro-isomer 
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0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 
MOLAR RATIO OF EUROPIUM REAGENT TO SUBSTRATE 

Figure 2-Induced chemicalshift (AS) of the methoxy protons versus 
the europium shift reagent to substrate molar ratio, with A6 = 6t - 60, 
where 60 is the chemical shift of the initial signal and 6 t  is the chemical 
shift of the signal after the addition of the shift reagent. Key: 0, dex- 
tromethorphan; and O, levomethorphan. 

downfield while the signal associated with the leuo-isomer remained 
relatively constant. The maximum resolution of the signals occurred at  
a substrate to reagent molar ratio of -1:l. Beyond this point, peak 
broadening tended to collapse the peaks. The signal from the dextro- 
isomer was the one most affected by this broadening, with the result that 
the peak height associated with dextromethorphan was 85% of the cor- 
responding peak height for levomethorphan at a 5050 ratio of the two 
isomers. 
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MOLAR RATIO OF EUROPIUM REAGENT TO SUBSTRATE 
Figure 3-Enantiomeric shift differences (AA6) between the methoxy 
protons of dextromethorphan and levomethorphan versus the europium 
shift reagent to the substrate molar ratio, with AA6 = A60 - A&, where 
A60 is the induced chemical shift for the methoxy protons of dextro- 
methorphan and A ~ L  is the induced chemical shift for the methoxy 
protons of leuomethorphan. 
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Figure 4-Peak height ratio of the leuomethorphan methoxy proton 
signal to the dextromethorphan methoxy proton signal versus the molar 
fraction of leuomethorphan in dextromethorphan. 
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MOLAR RATIO OF PRASEODYMIUM REAGENT 
TO SUBSTRATE 

Figure 5-Induced chemical shift (As) of the methoxy protons versus 
the praseodymium shift reagent to substrate molar ratio, with A6 = 6 t  
- 60, where 60 is the chemical shift of the initial signal and 6t is the 
chemical shift of the signal after the addition of the shift reagent. Key: 
0, leuomethorphan; and 0, dextromethorphan. 

The peak height ratios that correspond to prepared solutions of various 
molar ratias of the two enantiomers are shown in Fig. 4. The peak heights 
were determined by direct measurement to an adjusted baseline. The 
peak heights of shoulders were determined by dropping a vertical line 
to intersect the tangent of the slope of the larger peak. In this manner, 
as little as 10% of the leuo-isomer could be estimated in the presence of 
the dextro-isomer. At  this level, the signal associated with the leuo-isomer 
appeared as a shoulder of the signal associated with the dextro-isomer, 
with a peak height of -1:lO. 
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Figure 6-Enantiomeric shift differences (AA6) between the methoxy 
protons of dextromethorphan and leuomethorphan versus the praseo- 
dymium shift reagent to substrate molar ratio, with AA6 = A ~ D  - A&, 
where A ~ D  is the induced chemical shift for the methoxy protons of 
dextromethorphan and A ~ L  is the induced chemical shift for the me- 
thoxy protons of leoomethorphan. 

The induced shifts (As) and the enantiomeric shift differences (AA6) 
of the methoxy protons after the addition of the praseodymium reagent 
are shown in Figs. 5 and 6, respectively. The effects of this reagent on the 
spectra of the deztro- and leuo-isomers were similar to those observed 
with the europium reagent, except that the signal associated with dex- 
tromethorphan was shifted upfield. The maximum resolution between 
the two methoxy signals occurred at  a substrate to reagent molar ratio 
of 108. The peak height ratios associated with the various molar ratios 
of the two enantiomers also were similar to those determined with the 
europium shift reagent. However, the peak broadening associated with 
the praseodymium reagent was greater than that observed with the eu- 
ropium reagent, making the praseodymium reagent less sensitive as an 
analytical probe for the detection of one isomer in the presence of the 
other. 

In conclusion, the chiral lanthanide shift reagents can be used to 
identify the enantiomers of methorphan. This method rapidly and ac- 
curately differentiates between dextromethorphan and levomethorphan, 
with detection and estimation of as little as 10% of one isomer in the 
presence of the other. 
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Abstract 0 Many lipid-soluble extracts from various marine organisms 
have a nonspecific depressant effect on smooth muscle contractions. 
Novel compounds isolated from such lipid-soluble extracts were tested 
for their effects on the respiration of rat liver mitochondria and produced 
potent stimulation or inhibition of oxygen uptake by the mitochon- 
dria. 

Keyphrases 0 Oxidative phosphorylation-effect of marine natural 
products on mitochondrial respiration 0 Adenosine diphosphate- 
stimulating and inhibitory effects on mitochondrial respiration by 
compounds from marine organisms, oxidative phosphorylation De- 
pressants, smooth muscle-novel marine compounds Respiration, 
mitochondrial-effect of marine natural products 

Der Marderosian (1) observed that marine organisms 
offered enormous potential for the development of new 
and different pharmaceuticals, and he cited examples of 
the pharmacological activities from marine sources known 
a t  that time. In addition, Der Marderosian stressed the 
difficulties in handling the crude extracts for biological 
screening and the problems inherent in the extraction and 
characterization of the compounds responsible for the 
biological activity. While research of marine natural 
products in pharmacology and microbiology has continued 
since that time, there has been little biochemical experi- 
mentation, and marine natural products have not been 
tested yet in the field of energy metabolism. 

During routine screening of compounds isolated from 
marine organisms in these laboratories, i t  was observed 
that many compounds obtained from organic solvent ex- 
traction depressed the contractile activity of mammalian 
smooth muscle preparations. The most sensitive tissue to 
the inhibitory action was the isolated guinea pig ileum. The 
inhibition was nonspecific in that the contractions pro- 
duced by acetylcholine, histamine, nicotine, and 5-hy- 
droxytryptamine were affected equally. One possible mode 
of action of the compounds was inhibition of energy me- 
tabolism. Therefore, in the present experiments, the 
compounds were tested for their effects on oxygen uptake 
by isolated rat liver mitochondria. 

EXPERIMENTAL 

Mitochondria were prepared by homogenizing rat liver in 20 volumes 
of solution (pH 7.0) containing 225 mM mannitol, 75 mM sucrose, and 
0.5 mM ethylenediaminetetraacetic acid using a polytef pestle and a glass 
tube. From the supernate obtained after centrifugation at 500Xg for 5 
min, the mitochondria were precipitated by centrifugation at  9OOOXg for 
5 min. The mitochondrial pellet was washed twice by resuspension in the 
described solution, followed by centrifugation at  9OOOXg for 5 min. The 
washed mitochondrial pellet was resuspended in 2 ml of the preparation 
medium. 

Mitochondria1 respiratory activity was measured in a medium con- 
taining 225 mM mannitol, 75 mM sucrose, 20 mM tromethamine hy- 
drochloride, and 10 m M  monobasic potassium phosphate adjusted to pH 
7.4. The reaction vessel was a 4-ml glass cell, and oxygen uptake was 
measured with a polytef-covered oxygen electrode connected to a pOz 
module and a pen recorder. The temperature was 23.5'. Additions to the 

mitochondrial suspension (2.53 mg of protein) were made.with mi- 
crosyringes through a rubber seal in the sidearm of the reaction vessel 
in a manner essentially the same as that described by Estabrook (2). 

Because the compounds tested had low water solubility, they were 
dissolved in dimethyl sulfoxide to suitable dilutions such that 1-10 p1 
of solution was added to the reaction vessel. Control experiments showed 
that <50 pl of dimethyl sulfoxide had no effect on the oxygen uptake of 
the rat liver mitochondria. Protein determinations were carried out ac- 
cording to Lowry et al. (3). Results are expressed as micromoles of oxygen 
consumed per minute per milligram of protein. 

I 1 

1 spry 51.LM I 
Figure 1-Inhibitory effect of isospongiaquinone on the respiration 
of isolated rat liver mitochondria (RLM).  Additions to the reaction 
vessel are as indicated, and numerals on the trace indicate micromoles 
of oxygen consumed per liter per minute per milligram of mitochondrial 
protein. 

I 

- 
Figure 2-Effect of dihydrocyperaquinone in stimulating the respi- 
ration of rat liver mitochondria ( R L M ) .  In Panel 4, increasing concen- 
trations of dihydrocyperaquinone above 100 p M  gradually decreased 
the initially stimulated respiration. 
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Table I-Effects on Respiration of Isolated Rat  Liver Mitochondria by Novel Lipid-Soluble Compounds from Marine Organisms 

Concentration for Concentration for 
50% Inhibition of 100% Increase of 

Reference Compound Structure Organism Respiration, pM Respiration, pM 
Marine State.3 State 4 

Sponge (Spongiidae) Isospongiaquinone 1 

Dihydroisospongiaqui- 
none 

Sponge (Spongiidae) 1 

Dihydrocyperaquinone Cyperaceae (Remirea lo00 
martima) 

4 

Costatol Red alga (Plocamium 20-30 
costatum) 

6 

- 13( R )  , ~ ~ - E P O X Y -  
6,10,14-trirnethyl- 
5,9-pentadecadiene- 
2-one 

5,9-pentadecadiene- 
2,13-dione 

6,10,14-Trimethyl- 

Brown alga 
(Cystophora 
moniliformis ) 

5 

0 

Brown alga 
(Cystophora 
moniliformis ) 

3 
0 

0 
OH 
I 

9 Furanoquinol Soft coral 10 

on 
I 

10 Furospongenol Sponge (Spongia) 20 

11 - Red alga (Ptilonia 
australasica) 

20 

HCCl 

12 Plocamene E Red alga (Plocamium 150-300 
cartrlagineum) 

30 

5 

13 

Dehydrocyclospongia- 
quinone 

Heterocladol 

Sponge (Spongiidae) 30 

Red alga (Laurencia 60 
filijormis) 

60 

(continued) 
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Table I-Continued 

Concentration for Concentration for 
50% Inhibition of 100% Increase of 

Marine State 3 state 4 
Reference Compound Structure Organism Respiration, pM Respiration, pM 

14 Filiformin 

15 Acetoxyfimbrolide c~,-c..+) 

Br 

15 - 

16 - 

17 - 

Red alga (Laurencia 150 - 
filiformis ) 

Red alga (Delisea 
firnbriata) 

Red alga (Delisea 
fimbriata) 

260 

260 

300 

130 

After a steady State 4 respiration (4) was established with substrates 
of 10 mM malate and 10 mM glutamate, the test compound was added 
to the reaction vessel; adenosine diphosphate was added -5 min later. 
Thus, the effects on both State 4 (resting, adenosine diphosphate-limited) 
and State 3 (active, adenosine diphosphate-stimulated) respiration were 
assessed in each trial. Each compound was tested a t  three or more con- 
centrations on three batches of mitochondria to estimate an accurate 
concentration for doubling of State 4 respiration (ix., uncoupling action) 
or inhibition of the adenosine diphosphate-stimulated respiration to 
one-half of its control value. 

RESULTS AND DISCUSSION 

The chemical isolation and structural determinations of the com- 
pounds isolated from marine organisms in these laboratories have been 
reported, and the references are given in Table I. The structures of the 
tested compounds, the organisms from which the compounds were ex- 
tracted, and the mean compound concentration required to produce 
doubling of oxygen uptake in mitochondria in State 4 (uncoupling effect) 
or 50% inhibition of oxygen uptake in State 3 respiration are summarized 
in Table I. The estimated effective potencies for each compound were 
very similar in the different mitochondria1 batches. 

Several compounds were very potent in either stimulating or inhibiting 
respiration. The most potent compounds were two closely related sub- 
stances, isospongiaquinone and dihydroisospongiaquinone, extracted 
from a sponge of the family Spongiidae (5). Both compounds produced 
-50% inhibition of State 3 respiration a t  1 pM; at 5 pM, considerable 
depression of State 4 respiration also was seen. The effect of isospong- 
iaquinone is illustrated in Fig. I. 

The most potent stimulant of State 4 respiration was dihydrocypera- 
quinone (6), which approximately doubled State 4 respiration at 4 r M .  
As the dihydrocyperaquinone concentration was increased, State 3 res- 
piration gradually decreased, as is usual with compounds that uncouple 
oxidative phosphorylation. However, concentrations of 1 mM were 
needed to produce 50% inhibition of the State 3 respiration (Fig. 2). 

Several other compounds showed mixed effects. The halogenated 
compounds costatol (71, heterocladol (13), and acetoxyfimbrolide (15) 

130 

““7 Brown (Cystophora alga 

torulosa) 
OH 

Sponge (Phyllospongia 
dendyi) 

200 

all showed mixed stimulation of State 4 and inhibition of State 3 respi- 
ration such that, while State 4 respiration could be approximately dou- 
bled at the concentrations shown in Table I, there was little or no further 
stimulation of respiration by adenosine diphosphate. As the concentra- 
tion of these compounds was increased further, decreased stimulation 
of State 4 respiration was observed. However, such mixed effects on mi- 
tochondrial respiration were not always apparent with halogenated 
compounds. Filiformin and the pentabromopyrone from Ptilonia aus- 
tralasica (11) produced only inhibition with no uncoupling action. 

While the precise site of action of these novel marine compounds in 
the respiratory chain is unknown, their nonselective inhibitory effects 
on smooth muscle preparations may be explained largely by the inhibition 
of electron transport or the uncoupling of oxidative phosphorylation (18, 
19). In addition, compounds that uncouple oxidative phosphorylation 
affect the permeability of many excitable cells (20). Other enzyme systems 
also may be inhibited by these compounds because it was shown recently 
that several halogenated compounds isolated from red algae and from 
the sea hare Aplysia dactylornela prolonged pentobarbital-induced 
sleeping times and blood pentobarbital levels in mice, probably by in- 
hibiting pentobarbital metabolism (21,22). 
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Abstract A series of substituted pyridines was investigated as inhib- 
itors of cytochrome P-450-catalyzed reactions. The relative potencies 
for the in uitro inhibition of aminopyrine demethylation and aniline 
hydroxylation are reported for a series of 2-, 3-, and 4-substituted pyri- 
dines. 
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Cytochrome P-450 is the terminal oxygenase responsible 
for the metabolism of many drugs and xenobiotics. Nu- 
merous pyridine-containing compounds such as metyra- 
pone and ellipticine are known to inhibit cytochrome P- 
450-catalyzed reactions (1,2). It has been suggested that 
potent inhibitors of cytochrome P-450-catalyzed oxida- 
tions may be useful therapeutically in the prevention of 
chemical-induced cancer (2). Another potential use of 
cytochrome P-450 inhibitors is to increase the half-lives 
for drugs, thus increasing their therapeutic effective- 
mess. 

The nonselective nature of the known inhibitors of cy- 
tochrome P-450-mediated reactions limits their thera- 
peutic application. For example, metyrapone is used to 
inhibits steroid 11-P-hydroxylase, but it also is a potent 
inhibitor of many other cytochrome P-450 transformations 
(1,3). 

To develop leads in designing potent substrate-selective 
inhibitors of hepatic cytochrome P-450-catalyzed reac- 
tions, the ability of some simple pyridine compounds to 
inhibit the metabolism of aniline and aminopyrine was 
investigated. 

EXPERIMENTAL 

Male Sprague-Dawley rats were sacrificed by cervical dislocation, and 
their livers were excised and placed in ice-cold isotonic 1.15% KC1-tro- 

methamine [tris(hydroxymethyl)aminomethane] buffer (0.1 M, pH 7.4). 
The following steps were performed at  0-4O. The liver was pressed 
through a tissue press, and the mince was weighed and homogenized' in 
three volumes of ice-cold isotonic potassium chloride-tromethamine 
buffer. 

The homogenate was centrifuged for 20 min at  9OOOXg in an ultra- 
centrifuge2 using a No. 30 rotor. The supernate was withdrawn and 
centrifuged at 78,OOOXg for 60 min. Then the supernate was decanted, 
and the pellet was resuspended in tromethamine buffer so that 1 ml of 
buffer contained microsomes from 250 mg of liver. The protein content 
was determined using the method of Lowry et 4.1. (4). 

Aniline hydroxylase activity was determined by the analysis for p- 
hydroxyaniline. Metabolic reactions were run in 25-ml erlenmeyer tlasks. 
The 5-ml reaction volume contained microsomal protein (10 mg), glu- 
cose-6-phosphate (30 a), nicotinamide adenine dinucleotide phosphate 
(4 pM), magnesium chloride (50 pM), glucose-6-phosphate dehydroge- 
nase (2 units), inhibitor in tromethamine buffer (pH 7.4), and substrate 
(1.09 pM) in buffer (pH 7.4). The reaction components, except the sub- 
strate, were preincubated for 5 min at  37' in a metabolic incubator under 
oxygen (flow rate >lo00 ml/min) a t  100 oscillations/min. Substrate then 
was added, and the reaction was incubated for 30 min. The production 
of p-hydroxyaniline was analyzed as described by Netter and Seidel 
(5). 

Aminopyrine demethylation was determined by the analysis of form- 
aldehyde. The 5-ml reaction volume contained the same cofactors used 
for aniline hydroxylation. The aminopyrine concentration was 8 mM. 
Formaldehyde was analyzed by the method of McMahon and Easton 
(6). 

All samples were run in duplicate, and each experiment was repeated. 
The 150 values were calculated from three inhibitor concentrations. 
All compounds were prepared by literature methods, and their physical 

constants corresponded to the literature values (7-9). 

RESULTS AND DISCUSSION 
The inhibition of aniline and aminopyrine metabolism by the substi- 

tuted pyridines is shown in Table I. Inhibition of aniline metabolism was 
highly dependent on the position of substitution on pyridine. The 4- 
substituted pyridines were the most potent inhibitors of aniline metab- 
olism, and the 3-substituted pyridines were more potent inhibitora than 
the 2-substituted pyridines. The presence of a hydroxyl group in the in- 
hibitors lowered their ability to inhibit aniline metabolism. The decreased 
lipid solubility of the hydroxyl-substituted pyridines may be involved 
in their lower inhibitory activity. 

Potter-Elvejhem-type homogenizer. * Beckman L5-40. 
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Cytochrome P-450 is the terminal oxygenase responsible 
for the metabolism of many drugs and xenobiotics. Nu- 
merous pyridine-containing compounds such as metyra- 
pone and ellipticine are known to inhibit cytochrome P- 
450-catalyzed reactions (1,2). It has been suggested that 
potent inhibitors of cytochrome P-450-catalyzed oxida- 
tions may be useful therapeutically in the prevention of 
chemical-induced cancer (2). Another potential use of 
cytochrome P-450 inhibitors is to increase the half-lives 
for drugs, thus increasing their therapeutic effective- 
mess. 

The nonselective nature of the known inhibitors of cy- 
tochrome P-450-mediated reactions limits their thera- 
peutic application. For example, metyrapone is used to 
inhibits steroid 11-P-hydroxylase, but it also is a potent 
inhibitor of many other cytochrome P-450 transformations 
(1,3). 

To develop leads in designing potent substrate-selective 
inhibitors of hepatic cytochrome P-450-catalyzed reac- 
tions, the ability of some simple pyridine compounds to 
inhibit the metabolism of aniline and aminopyrine was 
investigated. 

EXPERIMENTAL 

Male Sprague-Dawley rats were sacrificed by cervical dislocation, and 
their livers were excised and placed in ice-cold isotonic 1.15% KC1-tro- 

methamine [tris(hydroxymethyl)aminomethane] buffer (0.1 M, pH 7.4). 
The following steps were performed at  0-4O. The liver was pressed 
through a tissue press, and the mince was weighed and homogenized' in 
three volumes of ice-cold isotonic potassium chloride-tromethamine 
buffer. 

The homogenate was centrifuged for 20 min at  9OOOXg in an ultra- 
centrifuge2 using a No. 30 rotor. The supernate was withdrawn and 
centrifuged at 78,OOOXg for 60 min. Then the supernate was decanted, 
and the pellet was resuspended in tromethamine buffer so that 1 ml of 
buffer contained microsomes from 250 mg of liver. The protein content 
was determined using the method of Lowry et 4.1. (4). 

Aniline hydroxylase activity was determined by the analysis for p- 
hydroxyaniline. Metabolic reactions were run in 25-ml erlenmeyer tlasks. 
The 5-ml reaction volume contained microsomal protein (10 mg), glu- 
cose-6-phosphate (30 a), nicotinamide adenine dinucleotide phosphate 
(4 pM), magnesium chloride (50 pM), glucose-6-phosphate dehydroge- 
nase (2 units), inhibitor in tromethamine buffer (pH 7.4), and substrate 
(1.09 pM) in buffer (pH 7.4). The reaction components, except the sub- 
strate, were preincubated for 5 min at  37' in a metabolic incubator under 
oxygen (flow rate >lo00 ml/min) a t  100 oscillations/min. Substrate then 
was added, and the reaction was incubated for 30 min. The production 
of p-hydroxyaniline was analyzed as described by Netter and Seidel 
(5). 

Aminopyrine demethylation was determined by the analysis of form- 
aldehyde. The 5-ml reaction volume contained the same cofactors used 
for aniline hydroxylation. The aminopyrine concentration was 8 mM. 
Formaldehyde was analyzed by the method of McMahon and Easton 
(6). 

All samples were run in duplicate, and each experiment was repeated. 
The 150 values were calculated from three inhibitor concentrations. 
All compounds were prepared by literature methods, and their physical 

constants corresponded to the literature values (7-9). 

RESULTS AND DISCUSSION 
The inhibition of aniline and aminopyrine metabolism by the substi- 

tuted pyridines is shown in Table I. Inhibition of aniline metabolism was 
highly dependent on the position of substitution on pyridine. The 4- 
substituted pyridines were the most potent inhibitors of aniline metab- 
olism, and the 3-substituted pyridines were more potent inhibitora than 
the 2-substituted pyridines. The presence of a hydroxyl group in the in- 
hibitors lowered their ability to inhibit aniline metabolism. The decreased 
lipid solubility of the hydroxyl-substituted pyridines may be involved 
in their lower inhibitory activity. 
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Table I-Inhibition of In Vitro Metabolism of Aniline and  Aminopytine by Substi tuted Pyridines 

Inhibitor 

4-(n-Pentoxy)pyridine (I) 
1 -(4-Pyridyl)pentane (11) 
I-(4-Pyridyl)pentanol(III) 
143-Pyridyl)pentane (IV) 
1-(3-Pyridyl)pentanol (V) 
1-(2-Pyridyl)pentane (VI) 
1-(2-Pyridyl)pentanol (VII) 

~ 

150 of AminopyrineC 
150 of Aniline Is0 of Anilinea, M Is0 of Aminopyrine*, M 

4.9 x 10-6 1.1 x 10-4 22.4 
5.3 x 10-6 1.0 x 10-4 18.9 
1.1 x 10-5 1.3 x 10-4 11.8 
9.6 x 10-5 1.0 x 10-4 10.4 
1.6 x 10-4 1.35 x 10-4 0.8 
3.6 x 10-4 1.8 x 10-4 0.5 

0.2 2.7 x 10-4 1.35 x 10-3 
~ 

Aniline concentration = 1.09 pM. * Aminopyrine concentration = 8 mM. c A ratio of >1 indicates that the compound is a more potent inhibitor of aniline hydroxylation 
than of aminopyrine demethylation. 

Aminopyrine demethylation showed much less sensitivity to inhibition 
by the 4-substituted pyridines than did aniline hydroxylation. In each 
case, the pyridine compounds that contained an alcohol functional group 
were less potent inhibitors than the corresponding alkylpyridines. The 
magnitude of this effect was significantly less than that observed for in- 
hibition of aniline metabolism. The most potent inhibitors of aminopy- 
rine demethylation, 1-(4-pyridyl)pentane (11) and 1-(3-pyridyl)pentane 
(IV), were only 2.7 times as active as the least potent compound, 1-(2- 
pyridy1)pentanol (VII). A similar comparison of the most potent inhibitor 
of aniline hydroxylation, 4-(n-pentoxy)pyridine (I), and VII reveals a 
275-fold difference in potency. 

The most selective inhibitors of this series were the 4-substituted py- 
ridines. Compound I was 22 times more potent an inhibitor of aniline 
hydroxylation than it was an inhibitor of aminopyrine demethylation. 
The differential in potency of inhibitors for the two substrates suggests 
that appropriate molecular modifications on pyridine compounds may 
produce substrate-selective inhibitors of cytochrome P-450 reactions. 
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Abstract 0 Solid dispersions of morphine in tristearin, B-sitosterol, and 
cholesterol were prepared by evaporation of their ethanol solutions. 
Weight ratios of morphine-lipid of 1:1, 1:3, and 1:4.5 were prepared. 
Dissolution studies of the solid dispersions and morphine were conducted 
in a simulated GI medium a t  3 7 O .  The release rates of morphine from the 
tristearin dispersions were the slowest. The 1:l morphine-tristearin 
dispersion was administered orally to rats. Free and total morphine levels 
in rat urine were determined by spectrofluorometric and enzymatic im- 
munoassay procedures, respectively. The morphine-tristearin dispersion 
yielded a higher percentage of free morphine after 24 and 48 hr as com- 
pared with morphine and its sulfate. 

Keyphrases  Morphine-tristearin-solid dispersion, reduced 
presystemic inactivation, rats Analgesics-morphine, solid dispersion 
containing tristearin, reduced presystemic inactivation, rats 0 Dissolu- 
tion-morphine-tristearin solid dispersion, in vitro 

Orally administered morphine produces a poorer anal- 
gesic response as compared with the parenteral route (1). 
In addition, the LD50 of orally administered morphine in 
rats was 905 f 144 mg/kg, whereas it was 237 f 6 mg/kg 
with the intravenous dose. 

In the past, the major organ responsible for first-pass 
metabolism has been assumed to be the liver. Incubation 
of morphine with liver tissue was shown to result in inac- 
tivation (2). Although the drug-metabolizing capacity of 
the gut mucosa has been known for many years (3), the 
involvement of the intestinal wall in the biotransformation 
of opiates has been observed only recently (4). By using 
tritium-labeled morphine in rats, approximately two- 
thirds of the overall first-pass effect (82%) of morphine was 
estimated to be due to extraction and/or metabolism in the 
intestine and the remaining one-third occurs in the liver 
(5). 

It  was of interest to determine if solid dispersions of 
morphine in lipids might reduce the extent of first-pass 
inactivation after oral administration. It was demonstrated 
previously (6) that orally administered progesterone gave 
higher blood levels when the hormone was solvent depos- 
ited on lactose as a solid solution with cholesterol or its 
acetate ester. Pate1 and Jarowski (7) reported that urinary 
excretion of unmetabolized salicylate was increased when 
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Table I-Inhibition of In Vitro Metabolism of Aniline and  Aminopytine by Substi tuted Pyridines 

Inhibitor 

4-(n-Pentoxy)pyridine (I) 
1 -(4-Pyridyl)pentane (11) 
I-(4-Pyridyl)pentanol(III) 
143-Pyridyl)pentane (IV) 
1-(3-Pyridyl)pentanol (V) 
1-(2-Pyridyl)pentane (VI) 
1-(2-Pyridyl)pentanol (VII) 

~ 

150 of AminopyrineC 
150 of Aniline Is0 of Anilinea, M Is0 of Aminopyrine*, M 

4.9 x 10-6 1.1 x 10-4 22.4 
5.3 x 10-6 1.0 x 10-4 18.9 
1.1 x 10-5 1.3 x 10-4 11.8 
9.6 x 10-5 1.0 x 10-4 10.4 
1.6 x 10-4 1.35 x 10-4 0.8 
3.6 x 10-4 1.8 x 10-4 0.5 

0.2 2.7 x 10-4 1.35 x 10-3 
~ 

Aniline concentration = 1.09 pM. * Aminopyrine concentration = 8 mM. c A ratio of >1 indicates that the compound is a more potent inhibitor of aniline hydroxylation 
than of aminopyrine demethylation. 

Aminopyrine demethylation showed much less sensitivity to inhibition 
by the 4-substituted pyridines than did aniline hydroxylation. In each 
case, the pyridine compounds that contained an alcohol functional group 
were less potent inhibitors than the corresponding alkylpyridines. The 
magnitude of this effect was significantly less than that observed for in- 
hibition of aniline metabolism. The most potent inhibitors of aminopy- 
rine demethylation, 1-(4-pyridyl)pentane (11) and 1-(3-pyridyl)pentane 
(IV), were only 2.7 times as active as the least potent compound, 1-(2- 
pyridy1)pentanol (VII). A similar comparison of the most potent inhibitor 
of aniline hydroxylation, 4-(n-pentoxy)pyridine (I), and VII reveals a 
275-fold difference in potency. 

The most selective inhibitors of this series were the 4-substituted py- 
ridines. Compound I was 22 times more potent an inhibitor of aniline 
hydroxylation than it was an inhibitor of aminopyrine demethylation. 
The differential in potency of inhibitors for the two substrates suggests 
that appropriate molecular modifications on pyridine compounds may 
produce substrate-selective inhibitors of cytochrome P-450 reactions. 
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Abstract 0 Solid dispersions of morphine in tristearin, B-sitosterol, and 
cholesterol were prepared by evaporation of their ethanol solutions. 
Weight ratios of morphine-lipid of 1:1, 1:3, and 1:4.5 were prepared. 
Dissolution studies of the solid dispersions and morphine were conducted 
in a simulated GI medium a t  3 7 O .  The release rates of morphine from the 
tristearin dispersions were the slowest. The 1:l morphine-tristearin 
dispersion was administered orally to rats. Free and total morphine levels 
in rat urine were determined by spectrofluorometric and enzymatic im- 
munoassay procedures, respectively. The morphine-tristearin dispersion 
yielded a higher percentage of free morphine after 24 and 48 hr as com- 
pared with morphine and its sulfate. 

Keyphrases  Morphine-tristearin-solid dispersion, reduced 
presystemic inactivation, rats Analgesics-morphine, solid dispersion 
containing tristearin, reduced presystemic inactivation, rats 0 Dissolu- 
tion-morphine-tristearin solid dispersion, in vitro 

Orally administered morphine produces a poorer anal- 
gesic response as compared with the parenteral route (1). 
In addition, the LD50 of orally administered morphine in 
rats was 905 f 144 mg/kg, whereas it was 237 f 6 mg/kg 
with the intravenous dose. 

In the past, the major organ responsible for first-pass 
metabolism has been assumed to be the liver. Incubation 
of morphine with liver tissue was shown to result in inac- 
tivation (2). Although the drug-metabolizing capacity of 
the gut mucosa has been known for many years (3), the 
involvement of the intestinal wall in the biotransformation 
of opiates has been observed only recently (4). By using 
tritium-labeled morphine in rats, approximately two- 
thirds of the overall first-pass effect (82%) of morphine was 
estimated to be due to extraction and/or metabolism in the 
intestine and the remaining one-third occurs in the liver 
(5). 

It  was of interest to determine if solid dispersions of 
morphine in lipids might reduce the extent of first-pass 
inactivation after oral administration. It was demonstrated 
previously (6) that orally administered progesterone gave 
higher blood levels when the hormone was solvent depos- 
ited on lactose as a solid solution with cholesterol or its 
acetate ester. Pate1 and Jarowski (7) reported that urinary 
excretion of unmetabolized salicylate was increased when 
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Table I-Dissolution of Morphine and Morphine-Lipid Solid Dispersions in Simulated GI Media at 37" 

Weight Percent Dissolved at 
Samule Ratio 15 rnin 30 rnin 60 rnin 90 min 120 min 150 rnin 

Morohine 
Simulated Intestinal Fluid 

l:o 53.9 70.4 81.6 
Morphine-cholesterol 1:l 59.8 70.4 84.3 

1 ..? 69.7 79.7 91.2 
1:4.5 

Morphine-B-sitosterol 1:l 
87.9 
65.4 

- 
93.9 
71.4 

74.4 
48.9 

1:3 47.6 64.4 71.4 
k4.5 47.9 64.8 77.3 

Morphine-tristearin 1:1 
1:3 
1:4.5 

7.6 
3.9 
1.9 

15.2 
12.5 
6.6 

23.8 
22.9 
9.5 

Simulated Gastric Fluid 
Morphinea l:o 99.4 99.8 - 
Morphine-tristearina 1:l 50.2 57.8 66.1 

Morphine equivalent of 250 mg. 

salicylic acid was given to humans as a solid solution in 
cholesteryl n-decylate. 

This investigation concerned the in uitro dissolution rate 
of morphine (I) .from solid dispersions containing choles- 
terol (11), ,f3-sitosterol (III), or tristearin (IV). Based on the 
in uitro data, a candidate was selected for an in uiuo study 
in rats. Measurement of the urinary excretion and its bi- 
ologically inactive glucuronide showed whether first-pass 
inactivation was reduced. 

EXPERIMENTAL 

Materials-The following materials were obtained commercially: 
morphine', morphine sulfate pentahydrate', cholesterol2, j3-sitostero13, 
tristearin4, absolute ethanol5 (ACS), chloroform5 (ACS), isopropano15 
(ACS), hydrochloric acid5 (ACS), sodium hydroxide5 (ACS), citric acid 
monohydratefi (laboratory grade), potassium chloride5 (ACS), monobasic 
potassium phosphate5 (ACS), boric acid5 (ACS), dibasic anhydrous so- 
dium phosphate5 (ACS), ammonium hydroxide5 (ACS), opiate antibody 
reagent7 (Reagent A), opiate enzyme immunoassay reagent' (Reagent 
B), bacterial suspension7, buffer7, and laboratory chows. 

Equipment-The following equipment was used: a differential 
scanning calorimeter with a recorderg, a turret spectrofluorometer with 
a Servo recorderlo, a dissolution basket stirrer'l, a grating spectropho- 
tometer with digital display12, a microsample spectrophotometer with 
thermal controlI3, a gyrotory incubator shaker1', a zeromatic pH rneterl2, 
a polytherm water bath with thermal control15, US. standard sieve No. 
60Ifi, a Swinny adaptoP (13 mm), a filter diskI7 (13 mm, 0.45 pm), a 
medium porosity sintered-glass fi€terla (ASTM 10-15 M), and polycar- 
bonate metabolism units19. 

Preparation of Morphine-Lipid Solid Dispersions-Powdered 
morphine base (1 g) was blended with powdered lipid (cholesterol, /3-si- 
tosterol, or tristearin) in drug-lipid ratios of 1:1,1:3, and 1:4.5. The blend 
was dissolved in sufficient absolute ethanol (-300 ml). The solutions were 
magnetically stirred while the solvent was evaporated in a gentle stream 
of air. The residue was dried to constant weight at 37', passed through 
a 60-mesh sieve, and manually bottle blended. Portions of the blended 

S. B. Penick, Lyndhurst, N.J. * K & K Laboratories, Plainview, N.Y. 
3 Amend Drug & Chemical Co., New York, N.Y. 
4 ICN Pharmaceuticals, Plainview, N.Y. 
J. T. Baker Chemical Co., Phillipsburg. N.J. 

6 Fisher Scientific Co., Fair Lawn, N.J. 
7 S p a  Corp., Palo Alto, Calif, 
8 Ralston Purina Co., St. LOUIS, Mo. 
9 Model DSC-19, Perkin-Elmer, Norwalk, Conn. 

11 Models 53 and 48-158, Hanson Research Corp., Northridge, Calif. 
l2 Model DB-GT, Beckman Instrument Co., Fullerton, Calif. 

I4 Model G-25, New Brunswick Scientific Co., New Brunswick. N.J. 
I5 Bench Scale Equipment Co., Dayton, Ohio. 

Farrand Optical Co., New York, N.Y. 

Gilford Instrument Co., Oberlin. Ohio 

Newark Wire Cloth Co., Newark, N.J. 
Millipore Corp., Bedford, Mass. 
Pyrex Laboratories, New York, N.Y. 

l9 Econo-cage, Maryland Plastics Inc., New York, N.Y. 

88.2 
90.9 
94.5 
96.5 
77.1 
80.3 
87.9 
29.4 
27.8 
12.2 

- 
76.7 

92.9 
92.9 
95.9 
97.2 
81.3 
86.9 
92.9 
33.1 
32.1 
13.6 

- 
83.3 

96.8 
93.9 
96.8 
97.5 
83.3 
87.6 
95.5 
37.0 
34.1 
16.5 

- 

88.3 

material were assayed for morphine. Only those samples assaying 100 
f 5% were used in the dissolution study. 

Differential Scanning Calorimetry-Thermal analyses were per- 
formed on the 1:l ratio of morphine-tristearin, morphine, and tristearin 
using a differential scanning calorimeter. Aluminum pans and lids were 
used for all samples. Studies were conducted from 20 to 300' with ni- 
trogen as the effluent gas (20 ml/min). Temperature calibrations were 
made using indium (156.6') and tin (231.9") as standards with scanning 
speeds of 10°/10 mm/min (morphine-tristearin and morphine) and 10"/5 
mm/min (tristearin). The transition temperature was determined by 
extrapolating a linear portion of the leading edge of the endothermic peak 
to the baseline. 

Spectrophotometric Absorption and Calibration Curves for 
Morphine in  Selected Solveot Systems-Absorption spectral curves 
for morphine base (100 pg/ml) in four solvent systems were drawn. The 
absorption maxima were 288 nm for ethanol and 286 nm for distilled 
water and simulated gastric and intestinal fluids. The morphine con- 
centration in these solvent systems obeyed Beer's law. Incorporation of 
the three lipids did not alter the absorbance values for morphine. 

Dissolution Studies-The dissolution procedure was described 
previously (8). It was established that 144 mg of morphine forms a satu- 
rated solution in 500 rnl of distilled water a t  37". Consequently, sink 
conditions were maintained since only 30 mg of morphine equivalent was 
used in the dissolution studies in simulated gastric fluid (without pepsin) 
and simulated intestinal fluid (without pancreatin). A basket speed of 
50 rpm was used for all samples. 

Morphine stability in simulated gastric fluid was excellent for 72 hr 
a t  37' (absorbance increase of 0.42%). However, in simulated intestinal 
fluid, a similar absorbance increase was seen after 2 hr; after 24 hr, the 
absorbance increase was 3.74%. Five-milliliter aliquots were withdrawn 
at 15,30,60,90,120, and 150 rnin by a pipet adapted with a sintered-glass 
filter (medium porosity). The dissolution medium volume (500 ml) was 
maintained by replacement of 5-ml aliquots of preheated simulated GI 
fluids. 

The dissolution data are shown in Table I. Each data point represents 
the average of two readings. Concentrations were corrected by taking into 
account the amount of morphine discarded in prior 5-ml aliquots. 

Morphine Bioavailability in Rats-Eight male Sprague-Dawley 
rats, 350-450 g, were allowed free access to water and laboratory food. 
An aqueous vehicle waa used for the oral intubation of morphine, mor- 
phine sulfate, and morphine-tristearin (1:l). The aqueous vehicle con- 
tained methylcellulose 4000 (0.4%), benzyl alcohol (O.Wo), polysorbate 
80 (0.5%), and sodium chloride (0.9%). Each rat was placed in individual 
metabolism cages, and each animal served as its own control. 

The dosing volume employed for the solution (morphine sulfate) or 
the suspensions (morphine or morphine-tristearin) was 3.5-4.5 ml/kg. 
The morphine equivalent administered was 15 mg/kg. Blank urine was 
collected for 24 hr after oral administration of the placebo vehicle. After 
oral administration of one morphine candidate, 24-hr urine samples were 
collected over 4 days. All samples were frozen immediately. 

Aliquots of each 24-hr urinary collection were proportionally pooled 
and filtered through a 0.45-pm filter disk. Proportional pooling was 
necessary to provide adequate urine volumes for the assays. The filtered 
urine was diluted 1: lO with distilled water and assayed for free and total 
morphine. Weekly intervals were maintained between experiments. 

Total Morphine Assay in Rat Urine (9)-The proportionally pooled 
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Table 11-Percent of Free and Total Morphine Recovered from the Urine of Rats Given 15 mg of Morphine Equivalent& Orally 

Drug 

Percent Recovered 
in 24 hr 

Free Total 

Percent Recovered 
in 48 hr 

Free Total 

Morphine sulfate 
Morphine 
Morphine-tristearin 

(1:l) 

23.80 
21.31 
32.45 

40.46 
25.57 
36.35 

39.66 
30.90 
45.82 

61.71 
35.43 
51.63 

urine from the eight rats that had been diluted with distilled water was 
treated with 1 N HCl or NaOH if the pH was outside the 5.5-8 range. 
Fifty microliters of the diluted urine sample was added to 250 p1 of buffer. 
Fifty microliters of the morphine antibody (Reagent A) was added fol- 
lowed by 50 pl of the enzyme-labeled morphine (Reagent B). 

The reaction mixture (1.1 ml) was aspirated into a spectrophotometer, 
which automatically activated the enzymatic immunoaasay printer. After 
a 10-sec delay for thermal equilibration, the initial absorbance was 
printed. After an additional 40 sec, a second absorbance was measured 
and recorded, followed by a printing of the differences between these 
values. The amount of morphine in the urine sample was determined by 
reference to a standard curve. The data points in the standard curve were 
determined by applying the identical assay on pooled blank urines spiked 
with known quantities of morphine. The results are summarized in Table 
11. 
Free Morphine Assay in Rat  Urine (10)-Two milliliters of the 

diluted urine sample was transferred to a 15-ml borosilicate glass-stop- 
pered centrifuge tube. The pH of the solution was adjusted between 9 
and 10 with 3.7 N NH4OH. Four milliliters of chloroform-isopropanol 
(33 v/v) was added, and the mixture was shaken manually for 60 sec. The 
organic layer was evaporated to dryness on a water bath at  85’ under a 
stream of air, and the residue was dried in an oven at  100’ for 10 min. 
Concentrated sulfuric acid (0.1 ml) was added to the residue and mixed. 
One milliliter of distilled water was added, followed by 1 ml of concen- 
trated ammonium hydroxide. After thorough shaking, the samples were 
autoclaved for 15 min at  120’ at 1.5-18 psi. 

The solution was transferred to a 7 X 150-mm round, borosilicate glass 
cell, and its fluorescence was determined in an automated turret spec- 
trofluorometer using a No. 4-77 filter in combination with a 410-nm in- 
terference filter. This filter combination provided an excitation wave- 
length maximum a t  392 nm with an emission wavelength maximum at  
425 nm. 

The spectrofluorometer was equipped with an 85-w high-intensity 
mercury. vapor lamp, quartz lenses, and 0.2-mm slits. Sample readings 
were recorded in 20 sec. The emission monochromator drum dial was set 
at 410 nm, and all samples were scanned to 510 nm. 

The recorded curve was cut out and weighed. Its concentration then 
could be determined from a standard curve prepared by plotting con- 
centration uersus curve weight. The standard solutions were prepared 
by diluting a stock solution of morphine in pooled, blank rat urine (100 
gg/ml) with distilled water. These solutions were assayed spectrofluo- 
rometrically as described, and the recorded curves were cut out and 
weighed. 

RESULTS 

The thermograms for morphine and morphine-tristearin revealed that 
the melting point of morphine base was not significantly lowered in the 
presence of an equal weight of tristearin. A similarity in the transition 
temperature of morphine-tristearin indicated the presence of crystalline 
morphine base in the solid dispersion. The slope ratios of the endothermic 
peaks for morphine and morphine-tristearin were coincident. ”him result 
indicates that essentially no morphine decomposition occurred during 
the preparation of the solid dispersion (11). The thermograms showed 
no evidence for the existence of polymorphic forms. 

On the basis of the dissolution data in Table I, the solid dispersion of 
morphine-tristearin (1:l) was selected for the in uiuo study in rats. Only 
37% of the morphine in this solid dispersion had dissolved in 150 min, 
whereas 53.9% of morphine base alone had dissolved in 15 min. The more 
dilute dispersions (1:3 and 1:4.5) were not considered in the interest of 
using as little tristearin as possible. 

Dissolution studies in simulated gastric fluid were conducted with a 
larger morphine equivalent (250 mg) since the 30-mg equivalent dissolved 
too rapidly. AE expected, the dissolution of morphine base wb essentially 
complete in 15 min. Solid dispersions of morphine in ch.olestero1 or 
j3-sitosterol were ineffective in altering the morphine dissolution rate. 

The in viuo results in Table I1 indicate that a reduction in first-pass 
inactivation was achieved by the administration of morphine base or its 
1:l solid dispersion in tristearin. Thus, at the end of 24 hr, 58.8% of the 
total morphine recovered was unmetaboliied when morphine sulfate was 
administered orally. After the base was administered, 83.3% of the total 
morphine recovered was unmetabolized. Oral administration of the 1:l 
solid dispersion yielded 89.3% of unmetabolized morphine. The recovery 
data after 72 hr reveal that the rank order in free morphine collected was 
solid dispersion > morphine sulfate > morphine base. Oral administra- 
tion of morphine sulfate yielded the largest values for total morphine at  
the three time intervals studied. On the other hand, the percentage of 
free morphine was highest a t  all time intervals after oral administration 
of the 1:l solid dispersion. 

Oguri et al. (12) reported that after 30 mg of morphine equivalentkg 
was administered subcutaneously to rats, free urinary morphine recov- 
ered during 24 hr amounted to 19.5% of the dose; total morphine conju- 
gate recovered during this time was 3.5% of the dose. The higher per- 
centage of free morphine recovered by this administration route is not 
surprising since intestinal wall enzymatic inactivation is significantly 
bypassed. The reduced total recovery was attributed to biliary excretion 
of morphine and its conjugates by the rat. 

Cwhin et al. (13) reported that urinary free morphine recovered during 
24 hr after an oral dose of morphine sulfate (30 mg/kg) was given to dogs 
ranged from 10 to 15%; morphine conjugates recovered during this period 
ranged from 60 to 70%. Yeh et al. (14) administered morphine hydro- 
chloride subcutaneously to cats (morphine equivalent of 20 mg/kg). 
During the first 48 hr after dosing, urinary recovery of free morphine 
amounted to 19.2 f 1.5%; morphine conjugates recovered during this 
period amounted to 48.4 & 2.4% of the dose. 

The following explanation is proposed for the interesting results ob- 
tained with the 1:1 morphine-tristearin dispersion. Release of morphine 
from the lipid dispersion occurs more efficiently beyond the pylorus 
where contact is made with the fat-emulsifying bile secretions. Inhibition 
of the intestinal wall enzymes by the emulsified lipid component permits 
a portion of the simultaneously released morphine molecules to evade 
inactivation partially. Two-thirds of the total morphine inactivation in 
rats occurs in the gut wall and one-third occurs in the liver (5). 

The lesser recovery of total morphine from the morphine-tristearin 
solid dispersion as compared with morphine sulfate was not unexpected 
in view of the slow dissolution rate of the former substance in simulated 
GI media. The superioi oral absorption efficiency of morphine from the 
solid dispersion as compared with morphine base may be the result of 
‘smaller drug particle size in the solid dispersion. The facile in uiuo ab- 
sorption of a neutral lipid molecule such as tristearin may expose finely 
divided morphine base molecules for rapid dissolution and absorp- 
tion. 

The reduction in first-pass inactivation should stimulate further re- 
search on the use of lipid dispersions with drugs enzymatically inactivated 
after oral administration. 
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Abstract o Two previously reported but unidentified phenylbutazone 
degradation products were isolated from a tablet that was stored at  60' 
for 203 days. The compounds, ct W-phenylcarbamoy1)A"caproylhy- 
drazobenzene and a-hydroxy-a-(N-phenylcarbamoy1)-N-caproylhy- 
drazobenzene, were isolated by chromatography, identified by mass and 
NMR spectrometry, and synthesized by the reaction of aniline with 
phenylbutazone or its hydroxy analog, respectively. 

Keyphrases 0 Phenylbutazone-tablets, identification of degradation 
products Anti-inflammatory agents-phenylbutazone, tablets, iden- 
tification of degradation products Degradation products-phenyl- 
butazone, tablets, identification 

In a recent study on the stability of phenylbutazone 
formulations under stress conditions (l), one formulation 
(G) was found to contain one or more compounds previ- 
ously unidentified in degradation of the drug. These 
compounds are a-(N-phenylcarbamoy1)-N-caproylhy- 
drazobenzene (I) and a-hydroxy-a-(N-phenylcarbam- 
oy1)-N-caproylhydrazobenzene (TI). This paper describes 
the isolation, identification, and synthesis of I and 11. 

EXPERIMENTAL 

Materials-Tablets of Formulation G (1) were obtained directly from 
the manufacturer. Phenylbutazone' (III), cyclohexane2, chloroform2, 
methanol2, ethyl acetate2, and acetic acid3 were used as received. Phenyl 
phthalate4 was recrystallized from acetone2-water, and 1,2-diphenyl- 
4-n-butyl-4-hydroxypyrazolidine-3~5-dione (IV) was prepared by the 
method described previously (1,2). TLC plates5 precoated with silica gel 
G-60 F-254, 60-200-mesh silica gel6, diatomaceous earth', and nylon 
tubings were used. 

Equipment-The gas chromatographg was equipped with a flame- 
ionization detector and a U-shaped glass column packed with 5% OV-7 
on Gas Chrom Q7 (100-120 mesh). NMR spectra were obtained on a 
90-MHz instrumentlo; chemical shifts are reported in parts per million 
from tetramethylsilane, the internal standard. All spectra were recorded 
in deuterated chloroformll (CDC13). Mass spectral2 were recorded at  an 
ionizing potential of 70 ev, and the samples were introduced via the direct 
probe at 120 and 130'. Accurate mass measurements were made by the 
peak matching technique. 

1 Mount Royal Chemicals, Montreal, Quebec, Canada. 
2 Caledon Laboratories, Georgetown, Ontario, Canada. 
3 J. T. Baker Chemical Co., Phillipshurg, N.J. 
4 Aldrich Chemical Co., Milwaukee, Wis. 
f, Brinkmann Instruments, Toronto, Ontario, Canada. 
6 E. Merck. Darmstadt, West Germany. 
7 Celite 545, Chromatographic Specialties, Brockville, Ontario, Canada. 
8 ICN Pharmaceuticals, Cleveland, Ohio. 
9 Varian Aerograph 2100. 

10 Bruker HFX-90 spectrometer. 
l 1  Stohler isotope chemicals, Waltham, Mass. 
12 AEI MS-9 mass spectrometer. 

TLC Solvent System A (3) consisted of cyclohexane-chloroform- 
methanol-acetic acid (603055), and Solvent System B was chloro- 
form-ethyl acetate (8020). Filter paper-lined TLC? tanks were equili- 
brated with the solvent system for 30 min prior to use. Spots were visu- 
alized by UV light a t  254 nm and by spraying with a solution of 0.5% po- 
tassium dichromate in 20% (v/v) H2S04. 

Isolation of Degradation Products from Formulation G-Five 
tablets (equivalent to 500 mg of phenylbutazone), which had been stored 
for 203 days at  60°, were finely powdered, wetted with ethyl acetate, and 
triturated with 2 g of diatomaceous earth until the mixture was uniform. 
The triturate was placed at  the top of a nylon column containing 200 g 
of 60-200-mesh silica gel, which had been deactivated with 30 ml of water 
and dry packed into a 0.03 X I-m nylon column. A 500-ml solution of 
Solvent System A was added until the solvent front reached the bottom 
of the column. The tube was incised into 5-cm sections, and the location 
of each compound on the column was established by removing small 
portions of the silica gel from the different incised sections of the nylon 
tube, extracting these portions with ethyl acetate, and spotting aliquots 
directly onto a TLC plate. 

The spots were visualized with the potassium dichromate spray, and 
the spots containing the components of interest immediately developed 
a bright-purple color. The sections of interest then were cut; the degra- 
dation products were extracted from the silica gel with ethyl acetate, 
concentrated under nitrogen, and rechromatographed on a TLC plate 
using Solvent System A to remove residual phenylbutazone. The Rf 
values of I, 11, and I11 in this system were 0.37,0.37, and 0.43, respec- 
tively. 

The band containing the mixture of I and I1 was visualized by spraying 
the edges of the TU: plate with dichromate spray. The band was scraped 
off and extracted with ethyl acetate, and the eluate was reduced to a small 
volume under nitrogen. Resolution of I and I1 was effected by TLC using 
Solvent System B. Isolation was carried out by elution with ethyl acetate 
and evaporation under nitrogen. The Rf values of I, 11, and 111 using 
Solvent System B were 0.56,0.50, and 0.58, respectively. 

Syntheses-Compound I-A solution of 308 mg (1 mmole) of 111 and 
180 mg of aniline (100% excess) in 15 ml of chloroform was heated under 
nitrogen at 45' for 48 hr in a culture tube. Compound I was separated 
from unreacted phenylbutazone by TLC (System A), and the spot was 
scraped from the plate and eluted with ethyl acetate. Traces of I1 were 
removed by subsequent TLC using Solvent System B. Crystallization 
from ethanol-water (9010) gave pure I, mp 197-199'; NMR (CDC13): 
6 8.9 (s, NH), 8.5 (s, CONH), 7.4-6.8 (m, 15H, aromatic), 4.2 (t, CH), 2.0, 
1.5, and 0.87 (n-butyl) ppm; mass spectrum (70 ev, 120'): mle 401 (M' 
5.3%), 307 (7.1), 218 (12.5), 184 (48.1), 148 (13.1), 120 (18.1),93 (100),and 
77 (72.3). The GLC13 rebention time was 11.0 min or 0.92 relative to the 
internal standard, phenyl phthalate. 

Compound II-Compound I1 was prepared from 1,2-diphenyl-4-n- 
butyl-4-hydroxypyrazoline-3,5-dione (IV) by the procedure described 
for the synthesis of I. Compound I1 also can be obtained from I11 by 
carrying out the reaction under an oxygen atmosphere. After purification 
by TLC, crystallization from ethanol-water (9O:lO) yielded 11, mp 

13 With 5% OV-7 on Gas Chrom Q (100-120 mesh) in a U-shaped glass column 
under isothermal conditions at 230". All other conditions were described preViouely 
(4). 
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Abstract o Two previously reported but unidentified phenylbutazone 
degradation products were isolated from a tablet that was stored at  60' 
for 203 days. The compounds, ct W-phenylcarbamoy1)A"caproylhy- 
drazobenzene and a-hydroxy-a-(N-phenylcarbamoy1)-N-caproylhy- 
drazobenzene, were isolated by chromatography, identified by mass and 
NMR spectrometry, and synthesized by the reaction of aniline with 
phenylbutazone or its hydroxy analog, respectively. 

Keyphrases 0 Phenylbutazone-tablets, identification of degradation 
products Anti-inflammatory agents-phenylbutazone, tablets, iden- 
tification of degradation products Degradation products-phenyl- 
butazone, tablets, identification 

In a recent study on the stability of phenylbutazone 
formulations under stress conditions (l), one formulation 
(G) was found to contain one or more compounds previ- 
ously unidentified in degradation of the drug. These 
compounds are a-(N-phenylcarbamoy1)-N-caproylhy- 
drazobenzene (I) and a-hydroxy-a-(N-phenylcarbam- 
oy1)-N-caproylhydrazobenzene (TI). This paper describes 
the isolation, identification, and synthesis of I and 11. 

EXPERIMENTAL 

Materials-Tablets of Formulation G (1) were obtained directly from 
the manufacturer. Phenylbutazone' (III), cyclohexane2, chloroform2, 
methanol2, ethyl acetate2, and acetic acid3 were used as received. Phenyl 
phthalate4 was recrystallized from acetone2-water, and 1,2-diphenyl- 
4-n-butyl-4-hydroxypyrazolidine-3~5-dione (IV) was prepared by the 
method described previously (1,2). TLC plates5 precoated with silica gel 
G-60 F-254, 60-200-mesh silica gel6, diatomaceous earth', and nylon 
tubings were used. 

Equipment-The gas chromatographg was equipped with a flame- 
ionization detector and a U-shaped glass column packed with 5% OV-7 
on Gas Chrom Q7 (100-120 mesh). NMR spectra were obtained on a 
90-MHz instrumentlo; chemical shifts are reported in parts per million 
from tetramethylsilane, the internal standard. All spectra were recorded 
in deuterated chloroformll (CDC13). Mass spectral2 were recorded at  an 
ionizing potential of 70 ev, and the samples were introduced via the direct 
probe at 120 and 130'. Accurate mass measurements were made by the 
peak matching technique. 

1 Mount Royal Chemicals, Montreal, Quebec, Canada. 
2 Caledon Laboratories, Georgetown, Ontario, Canada. 
3 J. T. Baker Chemical Co., Phillipshurg, N.J. 
4 Aldrich Chemical Co., Milwaukee, Wis. 
f, Brinkmann Instruments, Toronto, Ontario, Canada. 
6 E. Merck. Darmstadt, West Germany. 
7 Celite 545, Chromatographic Specialties, Brockville, Ontario, Canada. 
8 ICN Pharmaceuticals, Cleveland, Ohio. 
9 Varian Aerograph 2100. 

10 Bruker HFX-90 spectrometer. 
l 1  Stohler isotope chemicals, Waltham, Mass. 
12 AEI MS-9 mass spectrometer. 

TLC Solvent System A (3) consisted of cyclohexane-chloroform- 
methanol-acetic acid (603055), and Solvent System B was chloro- 
form-ethyl acetate (8020). Filter paper-lined TLC? tanks were equili- 
brated with the solvent system for 30 min prior to use. Spots were visu- 
alized by UV light a t  254 nm and by spraying with a solution of 0.5% po- 
tassium dichromate in 20% (v/v) H2S04. 

Isolation of Degradation Products from Formulation G-Five 
tablets (equivalent to 500 mg of phenylbutazone), which had been stored 
for 203 days at  60°, were finely powdered, wetted with ethyl acetate, and 
triturated with 2 g of diatomaceous earth until the mixture was uniform. 
The triturate was placed at  the top of a nylon column containing 200 g 
of 60-200-mesh silica gel, which had been deactivated with 30 ml of water 
and dry packed into a 0.03 X I-m nylon column. A 500-ml solution of 
Solvent System A was added until the solvent front reached the bottom 
of the column. The tube was incised into 5-cm sections, and the location 
of each compound on the column was established by removing small 
portions of the silica gel from the different incised sections of the nylon 
tube, extracting these portions with ethyl acetate, and spotting aliquots 
directly onto a TLC plate. 

The spots were visualized with the potassium dichromate spray, and 
the spots containing the components of interest immediately developed 
a bright-purple color. The sections of interest then were cut; the degra- 
dation products were extracted from the silica gel with ethyl acetate, 
concentrated under nitrogen, and rechromatographed on a TLC plate 
using Solvent System A to remove residual phenylbutazone. The Rf 
values of I, 11, and I11 in this system were 0.37,0.37, and 0.43, respec- 
tively. 

The band containing the mixture of I and I1 was visualized by spraying 
the edges of the TU: plate with dichromate spray. The band was scraped 
off and extracted with ethyl acetate, and the eluate was reduced to a small 
volume under nitrogen. Resolution of I and I1 was effected by TLC using 
Solvent System B. Isolation was carried out by elution with ethyl acetate 
and evaporation under nitrogen. The Rf values of I, 11, and 111 using 
Solvent System B were 0.56,0.50, and 0.58, respectively. 

Syntheses-Compound I-A solution of 308 mg (1 mmole) of 111 and 
180 mg of aniline (100% excess) in 15 ml of chloroform was heated under 
nitrogen at 45' for 48 hr in a culture tube. Compound I was separated 
from unreacted phenylbutazone by TLC (System A), and the spot was 
scraped from the plate and eluted with ethyl acetate. Traces of I1 were 
removed by subsequent TLC using Solvent System B. Crystallization 
from ethanol-water (9010) gave pure I, mp 197-199'; NMR (CDC13): 
6 8.9 (s, NH), 8.5 (s, CONH), 7.4-6.8 (m, 15H, aromatic), 4.2 (t, CH), 2.0, 
1.5, and 0.87 (n-butyl) ppm; mass spectrum (70 ev, 120'): mle 401 (M' 
5.3%), 307 (7.1), 218 (12.5), 184 (48.1), 148 (13.1), 120 (18.1),93 (100),and 
77 (72.3). The GLC13 rebention time was 11.0 min or 0.92 relative to the 
internal standard, phenyl phthalate. 

Compound II-Compound I1 was prepared from 1,2-diphenyl-4-n- 
butyl-4-hydroxypyrazoline-3,5-dione (IV) by the procedure described 
for the synthesis of I. Compound I1 also can be obtained from I11 by 
carrying out the reaction under an oxygen atmosphere. After purification 
by TLC, crystallization from ethanol-water (9O:lO) yielded 11, mp 

13 With 5% OV-7 on Gas Chrom Q (100-120 mesh) in a U-shaped glass column 
under isothermal conditions at 230". All other conditions were described preViouely 
(4). 
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Scheme I I  
175-176°;NMR(CDC1&b9.4 (s,NH),9.0(s,CONH),7.5-7.2 (m,15H, 
aromatic), 5.4 (broad, OH), 2.0,1.2, and 0.70 (n-butyl) ppm; mass spec- 
trum (70 ev, 130O): m/e 417 (M+ 10.3%), 324 (11.5), 207 (12.7), 184 (100), 
164 (16.5), 119 (13.4), 93 (89.5). 85 (28.3), 81 (14.2), and 77 (77.3). The 
GLC13 retention time was 11.0 min or 0.92 relative to the internal stan- 
dard, phenyl phthalate. 

RESULTS AND DISCUSSION 

The mass spectra of I and I1 contained major peaks at  mle 401 (5.3%) 
and 417 (10.3), respectively, corresponding to their molecular ions. The 
possible fragmentation patterns of I and I1 are presented in Scheme I. 
The mass spectra of I and I1 differ from those of their respective pre- 
cursors, I11 and IV (2, 5), in that they exhibit major losses of aniline at  
m/e 93 (100 and 90%, respectively), indicating the presence of open-ring 
compounds. The loss of aniline seems to occur with ring closure in the 
mass spectrometer, giving ions at  mle 307 (7.1%) and 324 (11.5). Most 
fragments in the mass spectrum can be rationalized by McLafferty re- 
arrangements (5,6). 

The most common ions in the mass spectra of pyrazolidinediones are 
the series of peaks at  183, 184, and 185, which are characteristic of hy- 
drazobenzene frdgments. The ion a t  mle 184 may originate from the 
molecular ions of I or I1 by a McLafferty rearrangement with a loss of 
phenyl isocyanate. A characteristic fragment in pyrazolidinediones is the 
loss of phenyl isocyanate as a neutral molecule or as an ion at mle 119 
(5.1% for I and 13.4% for 11). The formation of the fragment a t  mle 184 
in the mass spectra of I and I1 is rationalized by a proton transfer from 
the anilide portion (2). The formation of the ion at  mle 85 in 11, attrib- 
utable to (CaHwC=+), indicates the presence of the hydroxyl group 
at  carbon 4. 

The NMR spectra of I and I1 in deuterochloroform showed two singlets 
due to NH protons at  6 8.9 and 8.5 and 9.4 and 9.0 ppm, respectively. One 
of these NH signals corresponds to an amide function. This assignment 
is supported by the chemical shifts and by the fact that one singlet dis- 
appears slowly when deuterated water is added, while the other disap- 
pears immediately. The chemical shifts of the methine proton in I (4.2 
ppm, triplet, J = 8.0 Hz, HCCH) and 5.4 ppm for the hydroxylic proton 
in I1 are in agreement with the chemical shifts of the equivalent proton 
in the free a-carboxy compounds reported previously (7). Integration 
of the aromatic protons revealed the presence of three aromatic rings. 
The complexity of the aromatic pattern in the spectra of I and 11, as 
compared to that of 111, suggests that the plane of symmetry was de- 
stroyed, an observation that supports the proposed structure of I and 
11. 

Compounds I and I1 may have formed in Formulation G by the reaction 
of aniline with I11 and IV, respectively (Scheme 11). The source of the 
aniline required for the formation of these compounds is not known. It 
may originate from the degradation of 111 by an unusual excipient-in- 
duced mechanism. The presence of I1 in the tablets can be rationalized 
in terms of air oxidation of I a t  carbon 4 (2). On the basis of previous re- 
sults (l) ,  the ring opening of the lactam-type compounds by aniline seems 
to be more probable than hydrolysis of 111 and IV to a-carboxy-N-ca- 
proylhydrazobenzene and a-carboxy-a-hydroxy-N-caproylhydrazo- 
benzene, respectively (2,7), followed by combination with aniline. Ant- 
acid formulations would be expected to show degradation uia hydrolysis, 
and the presence of relatively high concentrations of carboxy compounds 
in antacid formulations subjected to 60" storage for 18 months is in accord 
with this expectation. These antacid formulations showed only traces 
of the previously unidentified I and 11, thus giving indirect evidence for 
:he ring-opening reaction with aniline. 
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Abstract 0 Aliquots of aqueous solutions in which indicine N-oxide may 
be degraded were mixed with 0.5 M formic acid (1:3) to adjust the pH to 
-2-4 to quench the reaction and to ensure adequate TLC resolution. 
Silica-coated aluminum sheets were used to isolate indicine N-oxide by 
cutting the appropriate region from the chromatogram. By a modification 
of a known procedure, the silica gel then was treated with an acetic an- 
hydride-diglyme mixture, and the mixture was heated to convert the drug 
to a pyrrole, which was then coupled with 4-dimethylaminobenzaldehyde 
to produce a color. The absorbance of the resulting solution was deter- 
mined at 566 nm, and the apparent molar absorptivity, t, based on the 
final indicine N-oxide concentration was 6.13 X lo4. The recovery was 
-92%. and the assays were readily reproducible with a coefficient of 
variation of 4.4%. 

Keyphrases 0 Indicine N-oxide-stability-indicating colorimetric assay 
using TLC Alkaloids-indicine N-oxide, stability-indicating colori- 
metric assay using TLC Antineoplastic agents, potential-indicine 
N-oxide, stability-indicating colorimetric assay using TLC 

Indicine N-oxidel (I), an unsaturated pyrrolizidine al- 
kaloid found in Heliotropiurn indicurn Linn (Boragina- 
ceae) (l), is undergoing clinical testing as an anticancer 
agent (2). While stability data have not been reported, 
alkaline ester hydrolysis is predicted from degradation 
studies of related alkaloids. 

BACKGROUND 

Approximate half-lives for the decomposition of 12 pyrrolizidines were 
estimated in 0.5 N aqueous or hydroalcoholic sodium hydroxide at room 
temperature (3). The relatively facile hydrolysis of esters of trachelanthic 
and viridifloric acids was attributed to their potential for 8-hydroxyl 
participation, presumably uia hydrogen bonding (3). This potential for 
intramolecular catalysis is present in I, which also is a trachelanthic acid 
ester (of retronecine N-oxide). The products obtained from the hydrolysis 
of indicine in 2 N NaOH at  looo for 2 hr were shown to be retronecine 
and a diastereoisomer of trachelanthic acid (4). It is not known whether 
the presence of the N-oxide in I gives rise to additional degradation 
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pathways. Kugelman et al. (1) found that the properties of I extracted 
from H. indicum Linn (Boraginaceae) did not agree with those of syn- 
thesized 1. Although these differences were ascribed to solvation prob- 
lems, they also might reflect chemical instability. 

Two assays for I in biological samples have been reported (2,5).  An 
electron-capture GLC assay after formation of the pentafluoropropionic 
anhydride derivative of gdicine was applied to the analysis of mixtures 
of indicine and I in plasma and urine (2). Prior to analysis, indicine was 
extracted selectively with chloroform; the I remaining in the raffinate 
then was reduced to indicine. A GLC-mass spectrometric method using 
selective-ion monitoring recently achieved nanogram sensitivity through 
formation of the trimethylsilyl derivative of I (5). Although the method 
is selective for I, the equipment required is sophisticated and expen- 
sive. 

This study was undertaken to develop a simple, specific assay for I in 
the presence of its degradation products. A colorimetric assay for un- 
saturated pyrrolizidine alkaloids using modified Ehrlich reagent (6) was 
adapted to assay I under aqueous conditions, in which it was shown to 
be unstable. TLC on aluminum sheets was employed to isolate I from 
buffers and reaction products. After the appropriate region was cut and 
scraped, the silica gel mixture was treated to convert the pyrrolizidine 
structure to a pyrrole. The pyrrole then was coupled with 4-dimethyl- 
aminobenzaldehyde to produce a color which was measured spectro- 
photometrically. 

EXPERIMENTAL 

Materials and Chemicals-The TLC aluminum sheets were pre- 
coated with 0.2 mm of silica gel 60 F-254*. Ether3, absolute ethanol4, 
ammonium hydroxide solution5, acetic anhydride6, and acetone3 were 
analytical reagent grade. The diglyme7 was kept free of peroxides (6). 
Modified Ehrlich reagent was prepared by dissolving 2% (w/v) 4-di- 
methylaminobenzaldehydee in an ethanolic solution containing 14% (w/v) 
boron trifluoride, which was incorporated as its etherate complex (6, 
7). 

pH Adjustment-The assay results, obtained from absorbance values, 
were consistent provided that the sample to be spotted had a pH of 24.5.  
At pH < 2, erratic absorbance values were obtained. The pH was main- 
tained at  <4.5 since I degraded in alkali but not in acid. Onepart of 0.5 
M formic acid was effective in controlling the pH when it was mixed with 
three parts of simulated reaction solutions of pH 2-13. Indicine N-oxide 
solutions treated in this manner were stable for several weeks under re- 
frigeration. 

Optimum Conditions-The amount of acetic anhydride used in the 
conversion of I to the pyrrole was varied from 0.1 to 0.4 ml. The best re- 
sults were obtaihed with 0.2 ml. The optimum heating time for this step 
was 3.5 min. An optimum heating period of 4.5 min was observed for the 
color-producing step using modified Ehrlich reagent. 
Assay of I in Aqueous Solutions or Reaction Mixtures-An aliquot 

of -0.01 M I solution or reaction mixture at pH 2-13 was mixed with 
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alkaline ester hydrolysis is predicted from degradation 
studies of related alkaloids. 
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temperature (3). The relatively facile hydrolysis of esters of trachelanthic 
and viridifloric acids was attributed to their potential for 8-hydroxyl 
participation, presumably uia hydrogen bonding (3). This potential for 
intramolecular catalysis is present in I, which also is a trachelanthic acid 
ester (of retronecine N-oxide). The products obtained from the hydrolysis 
of indicine in 2 N NaOH at  looo for 2 hr were shown to be retronecine 
and a diastereoisomer of trachelanthic acid (4). It is not known whether 
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pathways. Kugelman et al. (1) found that the properties of I extracted 
from H. indicum Linn (Boraginaceae) did not agree with those of syn- 
thesized 1. Although these differences were ascribed to solvation prob- 
lems, they also might reflect chemical instability. 

Two assays for I in biological samples have been reported (2,5).  An 
electron-capture GLC assay after formation of the pentafluoropropionic 
anhydride derivative of gdicine was applied to the analysis of mixtures 
of indicine and I in plasma and urine (2). Prior to analysis, indicine was 
extracted selectively with chloroform; the I remaining in the raffinate 
then was reduced to indicine. A GLC-mass spectrometric method using 
selective-ion monitoring recently achieved nanogram sensitivity through 
formation of the trimethylsilyl derivative of I (5). Although the method 
is selective for I, the equipment required is sophisticated and expen- 
sive. 

This study was undertaken to develop a simple, specific assay for I in 
the presence of its degradation products. A colorimetric assay for un- 
saturated pyrrolizidine alkaloids using modified Ehrlich reagent (6) was 
adapted to assay I under aqueous conditions, in which it was shown to 
be unstable. TLC on aluminum sheets was employed to isolate I from 
buffers and reaction products. After the appropriate region was cut and 
scraped, the silica gel mixture was treated to convert the pyrrolizidine 
structure to a pyrrole. The pyrrole then was coupled with 4-dimethyl- 
aminobenzaldehyde to produce a color which was measured spectro- 
photometrically. 

EXPERIMENTAL 

Materials and Chemicals-The TLC aluminum sheets were pre- 
coated with 0.2 mm of silica gel 60 F-254*. Ether3, absolute ethanol4, 
ammonium hydroxide solution5, acetic anhydride6, and acetone3 were 
analytical reagent grade. The diglyme7 was kept free of peroxides (6). 
Modified Ehrlich reagent was prepared by dissolving 2% (w/v) 4-di- 
methylaminobenzaldehydee in an ethanolic solution containing 14% (w/v) 
boron trifluoride, which was incorporated as its etherate complex (6, 
7). 

pH Adjustment-The assay results, obtained from absorbance values, 
were consistent provided that the sample to be spotted had a pH of 24.5.  
At pH < 2, erratic absorbance values were obtained. The pH was main- 
tained at  <4.5 since I degraded in alkali but not in acid. Onepart of 0.5 
M formic acid was effective in controlling the pH when it was mixed with 
three parts of simulated reaction solutions of pH 2-13. Indicine N-oxide 
solutions treated in this manner were stable for several weeks under re- 
frigeration. 

Optimum Conditions-The amount of acetic anhydride used in the 
conversion of I to the pyrrole was varied from 0.1 to 0.4 ml. The best re- 
sults were obtaihed with 0.2 ml. The optimum heating time for this step 
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Indicine N-oxide (8 X M )  was dissolved in a 3 1  mixture of 
phosphate buffer (pH 11.93, [Na3P04] = 0.0328 M )  and 0.5 M formic acid. 
Aliquots were chromatographed and used to prepare a Beer’s law plot 
as described. 

Percent Recovery-Aliquots of 2 ,4 ,6 ,  8, and 10 p1 of an aqueous 
solution of I (8 X M )  were placed in glass-stoppered test tubes (12 
X 1.5 cm) and dried under L dry nitrogen stream since water interferes 
with the assay (6). The residues were assayed without TLC separation. 
A Beer’s law plot of absorbance at 566 nm uersus the I concentration in 
the final assay solution was constructed. 

I 0.00- 
3 1.00 0.00 3.00 6.00 9.00 12.00 
HOURS HOURS 

Figure 1-Concentration (M X lo3) o f 1  as a function of time at 30’. 
Key: A, aqueous 0.15 N NaOH; and B, aqueous 0.065 M Na3PO4 at pH 
12.18. 

one-third of its volume of 0.5 M formic acid to adjust the pH to 2-4. An 
8-pl sample was spotted on a TLC sheet, and the spot was air dried. Eight 
microliters of a reference solution consisting of I (-8 X M) also was 
spotted on the same sheet. The sheet was developed (12 cm) with 
ether-ethanol-ammonium hydroxide solution-water (54:l:l)  and air 
dried. 

The entire channel containing the reference spot was cut out, sprayed 
with sulfuric acid-ether (1:4), and heated in an oven to locate I, which 
appeared a t  Rf  - 0.42. The area in the sample channel corresponding to 
the I reference spot was scraped into a glass-stoppered test tube (12 X 
1.5 cm). One milliliter of diglyme, followed by 0.2 ml of acetic anhydride, 
was added; the mixture was agitated thoroughly and heated in a boiling 
water bath for 3.5 min, during which it was agitated thoroughly a t  the 
end of 1 and 2 min. The tube was cooled to room temperature using a 
water bath (10-15’), and 1 ml of modified Ehrlich reagent was added. 

The mixture then was agitated thoroughly and heated in a water bath 
a t  57.5’ for 4.5 min, during which it was agitated at the end of 100 and 
200 sec. The tube was cooled, and 2 ml of acetone was added with thor- 
ough agitation followed by centrifugation a t  3400 rpm for 1.5 min. The 
clear supernate was swirled carefully around the sides of the tube to wash 
down any silica gel particles. The tube was centrifuged a second time for 
3.5 min, and the absorbance of the clear supernate was determined im- 
mediately a t  566 nm against a similarly prepared blank. 

The concentration of I in the initial solution may be calculated 
from: 

(Eq. 1)  

where A M  is the measured absorbance at  566 nm (A,,,=), c is the apparent 
molar absorptivity in the final solution (6.13 X lo4), and R is the ratio of 
the final volume of the assayed solution to the sample volume spotted 
on the TLC sheet. 

Beer’s Law Plots-Aliquots of 2, 4 ,6 ,8 ,  and 10 pl of a solution of I 
(8 X M )  in 0.125 M formic acid were chromatographed and assayed 
as described. A Beer’s law plot was constructed using the absorbance data 
and the I concentration in the final assay solution. 

RESULTS AND DISCUSSION 

Beer’s Law Plots-The apparent molar absorptivity, c, from the 
Beer’s law plot prepared by chromatographic assays of solutions of I in 
0.125 M formic acid was 6.13 X lo4 (r2 = 0.9996). The molar absorptivity 
from the Beer’s law plot prepared by assaying the I solution in the 
phosphate buffer-formic acid mixture was 6.37 X 104 (r2 = 0.9996). which 
is within 4% of that obtained for I in 0.125 M formic acid alone. The Beer’s 
law plots passed through the origin, and all experimental points were on 
the regression lines. 

Assay reproducibility was assessed by estimating t 18 times, each using 
two known concentrations of I in solutions simulating a variety of reaction 
conditions (7 = 6.18 X lo4, s = 0.27 X 104). 

TLC Assay Recovery of I-The percent recovery of I following 
chromatographic separation was evaluated relative to solutions that were 
not chromatographed by comparing their Beer’s law plots. The c value 
without chromatographic separation was 6.69 X lo4 (r2 = 0.9990). 
Therefore, the percent recovery of I in the TLC assay was 91.6% as cal- 
culated from: 

(100)(6.13 X lo4) 
% recovery = 

(6.69 x 104) (Eq. 2) 

Application to Kinetics of I Degradation-Preliminary studies 
indicated that I was unstable in alkali. The assay successfully measured 
the decreasing concentration of I as a function of time under a wide va- 
riety of aqueous alkaline conditions. Figure 1 shows two examples that 
illustrate the stability-indicating efficacy of this assay. Detailed studies 
on the kinetics and mechanisms of I degradation are in progress. 
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Abstract 0 A series of pyrrolo[2,3-d]pyrimidine-2,4:diones and inter- 
mediates was tested for anticonvulsant activity in mice. Eleven of the 15 
compounds possessed anticonvulsant activity against pentylenetetra- 
zol-induced convulsions. One compound afforded more anticonvulsant 
protection against pentylenetetrazol than did trimethadione (67 and 50%, 
respectively). A suspension of this compound was found to be as effective 
as a solution in producing anticonvulsant activity. The results suggest 
that the nitrile analogs were more potent compared to the carbamyl an- 
alog due to higher lipid solubility. 

Keyphrases Pyrrolo[2,3-d]pyrimidine-2,4-diones and intermedi- 
ates-anticonvulsant activity, structure-activity relationships Anti- 
convulsant activity-pyrrolo[2,3-d]pyrimidine-2,4-diones and inter- 
mediates, structure-activity relationships Structure-activity rela- 
tionships-pyrrolo[2,3-d]pyrimidine-2,4-diones and intermediates, 
anticonvulsant activity 

Many clinically useful anticonvulsants such as the hy- 
dantoins (l), succisimides (2), oxazolidinediones (3), and 
barbiturates (4) incorporate a cyclic imide structure. A 
series of substituted pyrrolopyrimidinediones synthesized 
in this laboratory (5) also contain a cyclic imide structure 
and, therefore, were postulated to possess possible anti- 
convulsant activity. Preliminary information from this 
laboratory confirmed the hypothesis and demonstrated 
that several of the pyrfolopyrimidinediones possessed 
anticonvulsant activity against pentylenetetrazol-induced 
seizures in mice. 

In addition, some clinically useful anticonvulsants such 
as the propanediol carbamates (6) and acetylureas (7) 
contain a linear carbamate or urea function. Since inter- 
mediates in the synthesis of pyrrolopyrimidinediones 
contained carbamate functions, these compounds also were 
predicted to possess anticonvulsant activity. 

Johnson et al. (8) reported the synthesis of a series of 
2-aminopyrrole analogs of lidocaine that possessed car- 
diovascular depressant properties devoid of central ner- 
vous system (CNS) motor stimulation (9,lO). Since one 
compound appeared to possess CNS depressant properties, 
i t  also was predicted to possess anticonvulsant activity. 

The purpose of this study was to examine the anticon- 
vulsant activity and structure-activity relationship for 
selected pyrrolo[2,3-d]pyrimidine-2,4-diones and related 
intermediates. 

EXPERIMENTAL' 

The synthesis of the compounds (Ib, Ic, IIc-IIi, IIIa, andIIIb) (Table 
I) used in this study was reported previously (5). The intermediates (Ia, 
IIa, and IIb) were synthesized by the following procedure. 

Chemistry-2- (2-Chlorocarbethoxyarnido)-3-cyano-4-methyl-5- 

IR spectra were determined on a Beckman AccuLab 4 spectrophotometer ueing 
the potassium bromide technique. Melting points were obtained using a Thomas- 
Hoover capillary apparatus and are uncorrected. Tu: wan performed ueing Eaatman 
chromatogram sheets, type 6060 (silica gel), and the sheeta were developed in an 
iodine chamber. Carbon, hydrogen, chlorine, and nitrogen values were obtained 
from Atlantic Microlab, Atlanta, Ga. 

bentylpyrrole (Za)-A solution of 2-amino-3-cyano-4-methyl-5-ben- 
zylpyrrole (16.5 g, 0.078 mole) (11) in acetone (100 ml) and pyridine (6.8 
g, 0.086 mole) was stirred in an ice bath with the dropwise addition of 
2-chloroethyl chloroformate (12.3 g, 0.086 mole). After the addition was 
complete, the bath was removed, and the solution was stirred at  room 
temperature for 30 min. The solution was diluted with ice water (400 ml), 
and the precipitate was collected and air dried. The crude carbamate was 
recrystallized from 300 ml of methanol-water (2:l) to yield beige crystals 
(22.2 g. 89.5%). Recrystallization from methanol yielded beige crystals 
that were homogeneous on TLC with ethyl acetate (Rf 0.55), mp 110- 
111O; IR (KBr): 3560,3300,2200,1715,1630,1240, and 1020 cm-'. 

Anal.-Calc. for C&&lN302: c ,  60.47; H, 5.08; c1,11.16; N, 13.22. 
Found: C, 60.58; H, 5.13; C1,11.05; N, 13.25. 
2-(2-ChZorocarbethoryarnido) -3- carbumyl-4-rnethyl-5-benzylpyr- 

role (Ha)-The carbamate (la) (20.0 g, 0.063 mole) was added to 85% 
phosphoric acid (300 ml) that was preheated to 110'. The resulting so- 
lution was stirred for 7 min at 110-130° and then was poured over ice 
(lo00 g). Potassium hydroxide (100 g) dissolved in water was added, and 
the precipitate was collected, washed with water, and air dried. The crude 
product (14.0 g, 66.3% yield) was recrystallized from 95% ethanol (500 
ml), followed by recrystallization from methanol to yield pale-pink 
crystals that were homogeneous on TLC with ethyl acetate (Rf 0.45), mp 
172-173O; IR (KBr): 3500,3420,3340,3300,1715,1640,1600,1580,1560, 
1390, and 1210 cm-l. 

Anal.-Calc. for C I ~ H & ~ N ~ O ~ :  C, 57.23; H, 5.40; C1,10.56; N, 12.51. 
Found C, 57.30; H, 5.44; C1, 10.55; N, 12.51. 
2-(2,2,2-Trichlorocarbethoxyamido) -3- carbamyl-4,5-dimethyl- 

pyrrole (ZZb)-A solution of 2-(2,2,2-trichlorocarbethoxyamido)-3- 
cyano-4,5-dimethylpyrrole (23.4 g, 0.0753 mole) in concentrated sulfuric 
acid (50 ml) was stirred at 100' for 6 min and then was poured slowly into 
800 g of ice water (1:l). The precipitate was collected, washed with water, 
and air dried. The product was recrystallized from methanol (800 ml) to 
yield pale-pink crystals (18.0 g, 72.7% yield) that were homogeneous on 
TLC with ethyl acetate (Rt  0.60), mp > 300'; IR (KBr): 3525,3360,3280, 
1730,1650,1590,1570,1560,1400,1200,810,750, and 720 cm-l. 

Anal.-Calc. for C ~ O H ~ ~ C I ~ N ~ O ~ :  C, 36.55; H, 3.68; N, 12.79. Found: 
C, 36.46; H, 3.72; N, 12.85. 

Pharmacology-Animal Preparation-Male HA/ICR mice2, 15-30 
g, were used. Compounds tested for anticonvulsant activity were prepared 
as 3% suspensions containing polysorbate 803 (0.5%) and acacia (0.5%) 
in water and were injected intraperitoneally. Solutions for intravenous 
administration (6%) were prepared by dissolving the compound in 30% 
propylene glycol and adjusting the pH to 8.0 with sodium hydroxide. 
Intravenous injections were administered uia the tail vein using a 27- 
gauge needle and a mouse holder. 

Maximal Electroshock Seizure Test-Mice were administered 50 
mamp of alternating current4 (60 Hz) for 200 msec through corneal 
electrodes (12). Several drops of 0.9% NaCl were instilled in each eye prior 
to application of the electrodes. Abolition of the tonic hindlimb extensor 
component of the seizure was defined as anticonvulsant activity. 

Phenytoin5 was used as the reference anticonvulsant for maximal 
electroshock. Three-hour pretreatment with phenytoin (10 mg/kg sc) 
produced 100% protection against maximal electroshock seizures in mice 
(12). The procedure was modified by using a 45-min pretreatment with 
a dose of 30 mghg ip (suspension) to produce 100% protection. 

Pentylenetetrazol Seizure Test-PentylenetetrazoF was administered 
subcutaneously at  a dose of 85 mg/kg (EDST) to elicit a clonic seizure 
lasting at  least 5 sec (12). Trimethadione' was used as the reference 

~~ 

* Sprague-Dawley, Madison, Wis. 
Tween 80, ICI Americas, Wilmington, Del. ' Wahlquiat electroshock apparatus, Provo, Utah. 
Dilantin, Parke-Davis, Detroit, Mich. 
Metrazol, Si ma Chemical Co., St. Louis, Mo. ' Tridione, Abott Laboratories, North Chicago, Ill. 
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Table I-Anticonvulsant Activity and Rotorod Toxicity of Selected Pyrrolo[2,3-d]pyrimidine-2,4-diones and Intermediates 

Compound 

Protection against 
Pentylenetetrazol- 

Induced Convulsionsb, Rotorod Toxicityc, 
R2 R3 % 90 

Ia 
Ih 
Ic 

33 
67 
17 

0 
83 
0 

IIIa 
IIIh 
I V d  

Control' 
Trimethadione (400 mg/kg) 
Phenvtoin (30 rndka)  

H 
H 
H 
CH3 
H 
H ~~ 

H 
H 
H 

CH; 

17 
0 

17 
0 

33 
17 
0 

17 
0 

17 
17 
17 
0 

50 
- 

0 
0 
0 
0 

33 
0 
0 
0 
0 

______ ~~ 

0 Male mice were injected with 30 mg/kg ip (suspension) of test compound and evaluated for maximal electroshock protection. All compounds were injected 45 min 
before administration of 50 mamp of alternating current for 200 msec. None of the compounds exhibited any protection against maximal electroshock-induced convulsions. 
Phenytoin, 30 mg/kg ip, provided 100% protection ( n  = 6). Male mice were injected with 400 m g k g  ip of test compounds (suspension) 45 min before 85 mg of pentyl- 
enetetrazol/kg sc. Percent protection equals the percentage of animals protected against seizures induced by 85 mg of pentylenetetrazol/kg (EDg7) ( n  = 6). Previously 
trained male mice received 400 mg/kg ip of test compounds (suspension) 45 min before placement on the rotorod for 90 sec. Rotorod toxicity is defined as  the percentage 
of animals that  did not remain on the rod for a t  least 90 sec ( n  = 6). 2-Diethylaminoacetamido-3-carbamyl-4-methyl-S-benzylpyrrole hydrochloride (8.9). Control 
mice received 3.84 ml of suspension vehicle/kg (0.5% polysorbate 80 and 0.5% acacia in water). 

Table 11-Effect of Injection Route and Solubilization of I b on Anticonvulsant Activity 

Convulsive Rotorod 
Toxicityd, % Method" Dose of Ih  and Route Preparationb Protectionr, % 

- Electroshock Control', ip Solution 0 

Pentylenetetrazol Control, ip Solution 0 

30 mg/kg ip or iv Solution 0 0 
30 mg/kg ip Suspension 0 0 

50 rng/kg ip or iv Solution 0 0 
- 

400 mg/kg ip Solution 83 83 
400 mg/kg ip Suspension 67 83 

a Male mice were injected with 30 mg of l b k g  ip (suspension) and evaluated for maximal electroshock protection. Compound I6 was injected 45 min before administration 
of 50 mamp of alternating current for 200 msec. Male mice were injected with Ib 45 min before 85 mgof pentylenetetrazol/kg sc (ED97) (n  = 6). Solution of Ib was prepared 
in 30% propylene glycol. Suspension of Ib was prepared as described in Experimental (n = 6). c Percent protection equals the percentage of animals protected against 
seizures induced by 85 mg of pentylenetetrazol/kg (ED99) or electroshock ( n  = 6). Rotorod toxicity is defined as the percentage of animals that did not remain on the 
rod for a t  least 90 sec (n = 6). Control = 3.84 ml/kg of 30% propylene glycol (1.2 g/kg of propylene glycol). 

pentylenetetrazol antagonist. At a pretreatment time of 45 min, 400 
mg/kg of trimethadione suspension given intraperitoneally protected 
50% of the animals against pentylenetetrazol-induced convulsion. 

Test compounds were administered intravenously or intraperitoneally 
at  a dose of 50 or 400 mg/kg 45 min before injection of pentylenetetrazol. 
Anticonvulsant activity was recorded if clonic spasms were not observed 
within 30 min after the pentylenetetrazol administration. The data were 
reported as the percentage of animals protected against seizures induced 
by 85 mg of pentylenetetrazol/kg given subcutaneously. 

Rotorod Test-Previously trained mice were placed on a 2.54-cm 
diameter rubber-coated plastic. rod (rotorod) rotating a t  6 rpm before 
and 45 min after administration of the test compound. Rotorod toxicity 
was defined as the percentage of animals that did not remain on the rod 
for at least 90 sec. 

RESULTS AND DISCUSSION 

A test compound dose of 400 mg/kg was chosen for comparison with 
the anticonvulsant ED50 dose (400 mg/kg) of trimethadione (Table I). 
Suspensions of the test compounds were administered intraperitoneally 
due to solubility problems. A t  a dose of 400 mg/kg ip. 11 of the 15 test 
compounds protected against pentylenetetrazol-induced seizures (Table 
I). Compound Ib was more active than trimethadione (67 versus 50% 
protection, respectively). Compounds IIe and Ia were slightly less active 
than trimethadione (33 versus 50% protection, respectively). Compounds 
Ic, IIa, IIc, IIf, IJh, IIIa, I I lb ,  and IV exhibited slight anticonvulsant 
activity (17%). 

Phenytoin a t  a dose of 30 mg/kg ip afforded 100% protection against 
maximal electroshock seizures. Since the test compounds were insoluble, 
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suspensions of the compounds including phenytoin were prepared, None 
of the test compounds exhibited any protection against maximal elec- 
troshock seizures a t  40 mg/kg ip (suspension, footnote a ,  Table I). 
Compounds IIe and Ib produced definite signs of neurological toxicity 
(33 and 83%. respectively) as measured on the rotorod a t  400 mg/kg 
(Table I). No CNS toxicity was observed with any other test com- 
pound. 

The anticonvulsant evaluation indicated that compounds possessing 
a nitrile group at the 3-position (Ia-Ic) were more potent compared to 
compounds possessing a carbamyl group at  that position (Ha-Hi). In- 
troduction of the more polar carbamyl group (13) in IIa-IIi resulted in 
decreased lipid solubility compared to Ia-Ic, which contain the nitrile 
group. Decreased lipid solubility probably retards the passage of these 
compounds into the CNS. 

The effect of the administration route and solubilization method on 
the most potent compound (Ib) was examined further (Table 11). Sus- 
pensions of Ib were administered intraperitoneally due to solubility 
limitations. Suspensions then were compared to the anticonvulsant ef- 
fects produced by propylene glycol solutions of Ib when it was adminis- 
tered intraperitoneally or intravenously. 

In the electroshock studies, 30 mg of Ibhg was chosen since phenytoin 
produced 100% protection against maximal electroshock seizures when 
it was administered as an intraperitoneal suspension. Variation in neither 
the injection route (intraperitoneal uersus intravenous) nor the means 
of solubilization (suspension uersus solution) was effective in producing 
anticonvulsant activity. 

Compound Ib, 75 mg/kg, was lethal following intravenous adminis- 
tration. Gross observation of the animals following this dose indicated 
that death was probably due to cardiovascular toxicity. Therefore, 50 
mghg iv was selected as the maximum allowable dose for comparative 
purposes. Unfortunately, a t  50 mg of Iblkg, variation in the adminis- 
tration route (intravenous uersus intraperitoneal) was ineffective in 
producing protection against pentylenetetrazol-induced seizures. 

Since 400 mg of Ib/kg ip (suspension) afforded 67% protection in the 
pentylenetetrazol seizure test, 400 mg/kg ip of Ib then was administered 
as a solution in propylene glycol for comparison (Table 11). The com- 
pletely dissolved solution of Ib appeared to be slightly more effective than 
the intraperitoneally injected suspension of Ib (83 versus 67% protection, 

respectively). However, the extent of rotorod toxicity appeared equivalent 
(83%). Therefore, complete solubilization of Ib was concluded to be un- 
necessary for anticonvulsant activity. 

Drugs that are useful in petit ma1 seizures are effective in elevating the 
threshold of electroshock- and drug-induced convulsions (14). Drugs used 
for grand ma1 epilepsy do not significantly affect the threshold of elec- 
trically induced seizures. None of the test compounds exhibited anti- 
convulsant activity against maximal electroshock but did block pentyl- 
enetetrazol-induced seizures. The active pyrrolopyrimidinediones and 
intermediates probably exert their activity through an elevation of the 
convulsive threshold, similar to trimethadione (14). 
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Abstract o A rapid and quantitative method for the determination of 
pramoxine hydrochloride by high-pressure liquid chromatography is 
presented. The drug is extracted as the salt from a preparation with a high 
lipoid composition by partitioning it  to the aqueous phase of an ether- 
methanol-water-acetic acid system. The extract is chromatographed on 
an octadecylsilane bonded packing with a methanol-water-acetic acid- 
methanesulfonic acid mobile phase. The time required for each separation 
is -6 min. Analytical recoveries of 100.4 f 1.5% were obtained. 

Keyphrases 0 Pramoxine hydrochloride-analysis, high-pressure liquid 
chromatography, high lipoid aerosol foam dosage form 0 High-pressure 
liquid chromatography-analysis, pramoxine hydrochloride, high lipoid 
aerosol foam dosage form 0 Anesthetics, topical-pramoxine hydro- 
chloride, high-pressure liquid chromatographic analysis, high lipoid 
aerosol foam dosage form 

Pramoxine hydrochloride, a widely used topical anes- 
thetic, can present analytical difficulties due to its sur- 
factant behavior. Its hydrophilic and lipophilic properties 

’ result in substantial matrix effects from common phar- 
maceutical excipients, particularly when the drug is in- 
corporated into a high lipoid content base. 

The conventional analytical method described in NF 
XIV (1) is based on nonspecific, nonaqueous titrimetry and 
spectrophotometric determinations. TLCl was used for 
qualitative analysis. Mario and Meehan (2) used the drug 
as an internal standard for a GLC assay of cough-cold 
preparations. Analysis of the high lipoid composition by 
GLC in this laboratory resulted inlengthy sample prepa- 
ration and 30-min separations. 

This study was undertaken to develop a rapid and reli- 
able method for the determination of pramoxine hydro- 
chloride in high lipoid preparations. The method was re- 

* T. E. Rusch, Abbott Laboratories, Chicago, Ill., personal communication. 
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suspensions of the compounds including phenytoin were prepared, None 
of the test compounds exhibited any protection against maximal elec- 
troshock seizures a t  40 mg/kg ip (suspension, footnote a ,  Table I). 
Compounds IIe and Ib produced definite signs of neurological toxicity 
(33 and 83%. respectively) as measured on the rotorod a t  400 mg/kg 
(Table I). No CNS toxicity was observed with any other test com- 
pound. 

The anticonvulsant evaluation indicated that compounds possessing 
a nitrile group at the 3-position (Ia-Ic) were more potent compared to 
compounds possessing a carbamyl group at  that position (Ha-Hi). In- 
troduction of the more polar carbamyl group (13) in IIa-IIi resulted in 
decreased lipid solubility compared to Ia-Ic, which contain the nitrile 
group. Decreased lipid solubility probably retards the passage of these 
compounds into the CNS. 

The effect of the administration route and solubilization method on 
the most potent compound (Ib) was examined further (Table 11). Sus- 
pensions of Ib were administered intraperitoneally due to solubility 
limitations. Suspensions then were compared to the anticonvulsant ef- 
fects produced by propylene glycol solutions of Ib when it was adminis- 
tered intraperitoneally or intravenously. 

In the electroshock studies, 30 mg of Ibhg was chosen since phenytoin 
produced 100% protection against maximal electroshock seizures when 
it was administered as an intraperitoneal suspension. Variation in neither 
the injection route (intraperitoneal uersus intravenous) nor the means 
of solubilization (suspension uersus solution) was effective in producing 
anticonvulsant activity. 

Compound Ib, 75 mg/kg, was lethal following intravenous adminis- 
tration. Gross observation of the animals following this dose indicated 
that death was probably due to cardiovascular toxicity. Therefore, 50 
mghg iv was selected as the maximum allowable dose for comparative 
purposes. Unfortunately, a t  50 mg of Iblkg, variation in the adminis- 
tration route (intravenous uersus intraperitoneal) was ineffective in 
producing protection against pentylenetetrazol-induced seizures. 

Since 400 mg of Ib/kg ip (suspension) afforded 67% protection in the 
pentylenetetrazol seizure test, 400 mg/kg ip of Ib then was administered 
as a solution in propylene glycol for comparison (Table 11). The com- 
pletely dissolved solution of Ib appeared to be slightly more effective than 
the intraperitoneally injected suspension of Ib (83 versus 67% protection, 

respectively). However, the extent of rotorod toxicity appeared equivalent 
(83%). Therefore, complete solubilization of Ib was concluded to be un- 
necessary for anticonvulsant activity. 

Drugs that are useful in petit ma1 seizures are effective in elevating the 
threshold of electroshock- and drug-induced convulsions (14). Drugs used 
for grand ma1 epilepsy do not significantly affect the threshold of elec- 
trically induced seizures. None of the test compounds exhibited anti- 
convulsant activity against maximal electroshock but did block pentyl- 
enetetrazol-induced seizures. The active pyrrolopyrimidinediones and 
intermediates probably exert their activity through an elevation of the 
convulsive threshold, similar to trimethadione (14). 
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Abstract o A rapid and quantitative method for the determination of 
pramoxine hydrochloride by high-pressure liquid chromatography is 
presented. The drug is extracted as the salt from a preparation with a high 
lipoid composition by partitioning it  to the aqueous phase of an ether- 
methanol-water-acetic acid system. The extract is chromatographed on 
an octadecylsilane bonded packing with a methanol-water-acetic acid- 
methanesulfonic acid mobile phase. The time required for each separation 
is -6 min. Analytical recoveries of 100.4 f 1.5% were obtained. 

Keyphrases 0 Pramoxine hydrochloride-analysis, high-pressure liquid 
chromatography, high lipoid aerosol foam dosage form 0 High-pressure 
liquid chromatography-analysis, pramoxine hydrochloride, high lipoid 
aerosol foam dosage form 0 Anesthetics, topical-pramoxine hydro- 
chloride, high-pressure liquid chromatographic analysis, high lipoid 
aerosol foam dosage form 

Pramoxine hydrochloride, a widely used topical anes- 
thetic, can present analytical difficulties due to its sur- 
factant behavior. Its hydrophilic and lipophilic properties 

’ result in substantial matrix effects from common phar- 
maceutical excipients, particularly when the drug is in- 
corporated into a high lipoid content base. 

The conventional analytical method described in NF 
XIV (1) is based on nonspecific, nonaqueous titrimetry and 
spectrophotometric determinations. TLCl was used for 
qualitative analysis. Mario and Meehan (2) used the drug 
as an internal standard for a GLC assay of cough-cold 
preparations. Analysis of the high lipoid composition by 
GLC in this laboratory resulted inlengthy sample prepa- 
ration and 30-min separations. 

This study was undertaken to develop a rapid and reli- 
able method for the determination of pramoxine hydro- 
chloride in high lipoid preparations. The method was re- 

* T. E. Rusch, Abbott Laboratories, Chicago, Ill., personal communication. 
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quired to handle relatively large samples to accommodate 
a total contents assay for the aerosol dosage form. A 
practical requirement was that the technique not utilize 
large quantities of solvents or reagents. 

EXPERIMENTALz 

Reagents and Chemicals-A commercial pramoxine hydrochloride 
sample3 was used as the reference standard. Absolute methanol4, ether4, 
acetic acid4, and deionized water were used for the extraction. The mobile 
phase contained 50% methanol5, 48.9% deionized water, 1% acetic acid4, 
and 0.1% methanesulfonic acid6.After mixing, the mobile phase was fil- 
tered through a 0.45-pm filter7. The solution was prepared fresh daily 
and was degassed prior to use. 

Standard Solutions for Calibration Curves- Standard solutions 
of pramoxine hydrochloride (0.8,0.9, and 1.0 mg/ml) were prepared in 
50% methanol. The three standards were analyzed, and the results were 
subjected to regression analysis. 

Sample Preparat ion --The contents of each aerosol unit were dis- 
pensed into a 500-ml separator. After expulsion of the foam, the unit was 
opened and the remainder of the contents was transferred to the sepa- 
rator with 100 ml of ether-methanol (5:l). The sample was extracted twice 
with 100- and 75-ml aliquots of 2Wo acetic acid, respectively. The aqueous 
extracts then were combined in a 250-ml volumetric flask and brought 
to volume with water. 

Chromatographic Conditions-Octadecyltrichlorosilane was per- 
manently bonded to 10-pm porous silica particles and packed into a 
25-cm X 4-mm i.d. stainless steel columns. The mobile phase was pumped 
through the column a t  2 ml/min a t  room temperature until a stable 
baseline was obtained. The variable-wavelength detector was set a t  286 
nm. A range of 0.1 aufs was used. 

Replicate 15-pI injections were made using an autosampler9. The 
output of the spectrophotometer was monitored with a 10-mv strip-chart 
recorderlo. Peak height measurements, determined electronicallyll, were 
used for all calculations. 

RESULTS AND DISCUSSION 

The pharmaceutical aerosol foam dosage form presents a unique 
problem; it is difficult to analyze a portion of the aerosol content with 
precision because of the soluhility of the propellant in the foam base. To 
circumvent this feature, the contents of an entire aerosol unit may be 
assayed, with the results reported in milligrams per can. The technique 
fits in well with the commercial production of  pharmaceutical aerosols. 

* A Waters Associates liquid chromatogra h equipped with an M6000A pump 

3 Ahbott Laboratories, Chicago, Ill .  

5 Burdick &Jackson, Muskegon, Mich. 
6 Pfaltz and Bauer, Stamford, Conn. 
7 FHUP04700, Millipore Carp., Bedford, Mass. 
8 pBondapak Cia, Waters Associates, Milford, Mass. 
9 WISP, Waters Associates, Milford, Mass. 

' 0  Linear Instruments, Irvine, Calif. 
Minigrator, Spectra-Physics, Santa Clara, Calif. 

and a Schoeffel variable-wavelength UV-visibe detector were used. 

Reagent grade. 

Figure I-Chromatogram of high lipoid extract obtained under the 
assay conditions. Key: 1 and 2, methylparaben; and 3, pramoxine hy- 
drochloride. 

Information concerning potency, net content, and uniformity can he 
discerned simultaneously from the analytical data. 

In this context, it became necessary to analyze 20-25-g high lipoid 
samples containing pramoxine hydrochloride, and several approaches 
were followed. Direct extraction with chloroform yielded suhstantial 
chromatographic interference. Dissolution of the sample required almost 
1 liter of methanol-tetrahydrofuran (50:50). 

The described extraction procedure required only 100 ml of ether- 
methanol and 175 ml of 20% acetic acid. The method had the advantage, 
of partitioning the drug directly into the aqueous phase, which allowed 
determination by reversed-phase liquid chromatography without further 
manipulation. 

To determine the accuracy and precision of the method, aerosol units 
were prepared quantitatively a t  three levels of potency, and these units 
were assayed. The average recovery a t  the 100% potency level was 100.4 * 1.5 (SD)% (Table I). Recoveries at other potency levels were compa- 
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rable. Analysis of the commercial preparation’* gave results (Table 11) 
that were consistent with the potency and the amount of the aerosol 
concentrate contained in each unit. Typical correlation coefficients for 
the standard curve were usually 20.999. Therefore, with the accuracy 
of the system established, the external standardization was considered 
satisfactory. A placebo preparation gave no interference. 

The amount and concentration of the acetic acid solution were critical 
to the success of the extraction. If less than the prescribed amounts were 
used, difficulties with emulsification and incomplete recoveries resulted. 
A stronger acid such as hydrochloric acid could have been used at lower 
concentrations; but since the system was to be automated, a milder acid 
was preferred to preserve the instruments. 

Prior to introduction into the high-pressure liquid chromatograph, 
good chromatographic practice generally requires filtering the analytical 
solutions through a fractional micrometer filter. This practice caused a 
I-2% increase in recovery above that expected in the analytically pre- 

l2 Non-Steroid Proctofoam, Reed & Carnrick, Kenilworth, N.J 

pared samples. Because of this feature, filtering samples is not recom- 
mended. The speed and accuracy of the method make occasional chro- 
matograph filter and frit changes worthwhile. 

A typical chromatogram of the high lipoid extract is shown in Fig. 1. 
The only excipient carried through the extraction and appearing on the 
chromatogram was methylparaben (k’ = 1). Pramoxine hydrochloride 
(k’ = 2.2) eluted in -6 min. 

The described method has general applicability to most pharmaceu- 
tical dosage forms containing pramoxine hydrochloride. In many cases, 
the drug can be extracted directly with the mobile phase or the entire 
composition can be dissolved. The high lipoid aerosol foam dosage form 
analysis was described because of the restrictions imposed on the ana- 
lytical method. 
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Abstract Reaction of 1-methylquinolinium-2-dithioacetic acid 
zwitterions with excess methyl iodide in dimethylformamide gave the 
corresponding bis(2-methy1thio)vinyl derivatives. These compounds were 
more soluble in both aqueous and organic media than the dithioacetic 
acid zwitterions but showed comparable antileukemic activity in mice. 
Reaction with morpholine converted a bis(2-methy1thio)vinyl derivative 
almost quantitatively to the 2-m,ono(methy1thio)-2-morpholino deriv- 
ative. Leukemia cell culture studies of the 6-methyl derivative showed 
no effect on cell cycle processes. 

Keyphrases Antileukemic activity-2-bis(2-methylthio)vinyl-l- 
dethylquinolinium iodides, comparative testing in cell culture and mice 
0 2-Bis(2-methylthio)vinyl-l-methylquinolinium iodides-NMR 
analysis and synthesis of bis(methy1thio)vinyl derivatives, comparative 
testing for antileukemic activity in cell culture and mice 0 NMR spec- 
troscopy-analysis, synthesized bis(methy1thio)vinyl derivatives 

1,6-Dimethylquinolinium-2-dithioacetic acid zwitterion 
(IIIb) was found to have appreciable activity against P-388 
lymphocytic leukemia in mice (1) and against CDsFl 
mammary tumor in mice’. Other 6-substituted 1- 
methylquinolinium-2-dithioacetic acid zwitterions showed 
comparable antileukemic activity in mice (2), regardless 
of the electron-donating or electron-releasing ability of the 
6-substituent. Since these zwitterions were amorphous and 
poorly soluble in both aqueous and organic media, more 
soluble derivatives were desired having potential chemical 
reactivity similar to that of the dithioacetic acid function. 
Accordingly, the bis(methy1thio)vinyl derivatives were 
prepared (Scheme I), and their antileukemic activities 
were determined. These derivatives are crystalline and 
more soluble in both water and organic solvents. 

Screening results were obtained from the Division of Cancer Treatment, Na- 
tional Cancer Institute, National Institutes of Health. 

DISCUSSION 

Chemistry-Gompper et al. (3) reported the formation of the 2- 
bis(2-methy1thio)vinyl compound (Va) by reaction of iodomethane with 
the dithioacetic acid zwitterion (IIIa). No reaction temperature or yield 
was stated. Mizuyama et al. (4) also reported the formation of a mo- 
no(methy1thio) compound from the corresponding 1,2-dihydroquinoline 
analog and iodomethane, but no physical constants or experimental data 
were given. The procedure of Rosenhauer (5), in which the intermediate 
zwitterion (IIIa) was not isolated but was treated with excess iodo- 
methane, was employed accordingly. The 6-unsubstituted bis(methy1- 
thio)vinyl compound and the corresponding 6-bromo derivative were 
reported previously (2). 

Dilute sodium hydroxide generally sufficed for removal of the 2-methyl 
proton prior to condensation with carbon disulfide, but sodium hydride 
in 2-propanol was required for the 6-methoxy derivative. To obtain the 
bis(methy1thio)vinyl derivatives, the methiodides (I) were treated with 
aqueous base, and the methylene derivatives (11) were extracted into 
toluene. The toluene solutions were treated with carbon disulfide, and 
the precipitated zwitterions (111) were taken up in dimethylformamide 
and were allowed to react with excess iodomethane. The 6-bromo and 
6-unsubstituted analogs (3) were prepared by suspending the zwitterions 
(111) in dimethylformamide and adding iodomethane. 

In the preparation of the methiodides (I), use of colored quinaldines 
gave impure methiodides, which could not be purified by recrystallization. 
Therefore, freshly distilled quinaldine was used. The methiodides were 
prepared with excess iodomethane without solvent. The quinaldines were 
prepared as described previously (2). The prepared bis(methy1thio)vinyl 
compounds gave NMR spectra that agreed with the proposed structure 
(V). The N-methyl protons appeared a t  6 4.4 ppm, and the aromatic 
protons appeared at 8 75-9.4 ppm. The 2-methyl protons of the 
methiodides at 8 3.1 ppm were absent in the bis(methy1thio)vinyl de- 
rivatives; a methine proton appeared as a singlet a t  d 6.6-6.8 ppm. The 
S-methyl protons were found as Beparate peaks at 6 2.5 and 2.7 ppm. The 
6-methyl protons of Vb appeared at  6 2.6 ppm, and the 6-methoxy protons 
(Vc) were found at  b 4.0 ppm. 

With the possible exception of the 6-bromo analog, none of the 
bis(methy1thio)vinyl compounds was obtained in yields over 5C%. The 
recrystallization liquors of the 6-methyl derivative were examined, and 
only one definable material was found, the original 1,2,6-trimethylqui- 
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rable. Analysis of the commercial preparation’* gave results (Table 11) 
that were consistent with the potency and the amount of the aerosol 
concentrate contained in each unit. Typical correlation coefficients for 
the standard curve were usually 20.999. Therefore, with the accuracy 
of the system established, the external standardization was considered 
satisfactory. A placebo preparation gave no interference. 

The amount and concentration of the acetic acid solution were critical 
to the success of the extraction. If less than the prescribed amounts were 
used, difficulties with emulsification and incomplete recoveries resulted. 
A stronger acid such as hydrochloric acid could have been used at lower 
concentrations; but since the system was to be automated, a milder acid 
was preferred to preserve the instruments. 

Prior to introduction into the high-pressure liquid chromatograph, 
good chromatographic practice generally requires filtering the analytical 
solutions through a fractional micrometer filter. This practice caused a 
I-2% increase in recovery above that expected in the analytically pre- 
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pared samples. Because of this feature, filtering samples is not recom- 
mended. The speed and accuracy of the method make occasional chro- 
matograph filter and frit changes worthwhile. 

A typical chromatogram of the high lipoid extract is shown in Fig. 1. 
The only excipient carried through the extraction and appearing on the 
chromatogram was methylparaben (k’ = 1). Pramoxine hydrochloride 
(k’ = 2.2) eluted in -6 min. 

The described method has general applicability to most pharmaceu- 
tical dosage forms containing pramoxine hydrochloride. In many cases, 
the drug can be extracted directly with the mobile phase or the entire 
composition can be dissolved. The high lipoid aerosol foam dosage form 
analysis was described because of the restrictions imposed on the ana- 
lytical method. 
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Reaction with morpholine converted a bis(2-methy1thio)vinyl derivative 
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1,6-Dimethylquinolinium-2-dithioacetic acid zwitterion 
(IIIb) was found to have appreciable activity against P-388 
lymphocytic leukemia in mice (1) and against CDsFl 
mammary tumor in mice’. Other 6-substituted 1- 
methylquinolinium-2-dithioacetic acid zwitterions showed 
comparable antileukemic activity in mice (2), regardless 
of the electron-donating or electron-releasing ability of the 
6-substituent. Since these zwitterions were amorphous and 
poorly soluble in both aqueous and organic media, more 
soluble derivatives were desired having potential chemical 
reactivity similar to that of the dithioacetic acid function. 
Accordingly, the bis(methy1thio)vinyl derivatives were 
prepared (Scheme I), and their antileukemic activities 
were determined. These derivatives are crystalline and 
more soluble in both water and organic solvents. 

Screening results were obtained from the Division of Cancer Treatment, Na- 
tional Cancer Institute, National Institutes of Health. 

DISCUSSION 

Chemistry-Gompper et al. (3) reported the formation of the 2- 
bis(2-methy1thio)vinyl compound (Va) by reaction of iodomethane with 
the dithioacetic acid zwitterion (IIIa). No reaction temperature or yield 
was stated. Mizuyama et al. (4) also reported the formation of a mo- 
no(methy1thio) compound from the corresponding 1,2-dihydroquinoline 
analog and iodomethane, but no physical constants or experimental data 
were given. The procedure of Rosenhauer (5), in which the intermediate 
zwitterion (IIIa) was not isolated but was treated with excess iodo- 
methane, was employed accordingly. The 6-unsubstituted bis(methy1- 
thio)vinyl compound and the corresponding 6-bromo derivative were 
reported previously (2). 

Dilute sodium hydroxide generally sufficed for removal of the 2-methyl 
proton prior to condensation with carbon disulfide, but sodium hydride 
in 2-propanol was required for the 6-methoxy derivative. To obtain the 
bis(methy1thio)vinyl derivatives, the methiodides (I) were treated with 
aqueous base, and the methylene derivatives (11) were extracted into 
toluene. The toluene solutions were treated with carbon disulfide, and 
the precipitated zwitterions (111) were taken up in dimethylformamide 
and were allowed to react with excess iodomethane. The 6-bromo and 
6-unsubstituted analogs (3) were prepared by suspending the zwitterions 
(111) in dimethylformamide and adding iodomethane. 

In the preparation of the methiodides (I), use of colored quinaldines 
gave impure methiodides, which could not be purified by recrystallization. 
Therefore, freshly distilled quinaldine was used. The methiodides were 
prepared with excess iodomethane without solvent. The quinaldines were 
prepared as described previously (2). The prepared bis(methy1thio)vinyl 
compounds gave NMR spectra that agreed with the proposed structure 
(V). The N-methyl protons appeared a t  6 4.4 ppm, and the aromatic 
protons appeared at 8 75-9.4 ppm. The 2-methyl protons of the 
methiodides at 8 3.1 ppm were absent in the bis(methy1thio)vinyl de- 
rivatives; a methine proton appeared as a singlet a t  d 6.6-6.8 ppm. The 
S-methyl protons were found as Beparate peaks at 6 2.5 and 2.7 ppm. The 
6-methyl protons of Vb appeared at  6 2.6 ppm, and the 6-methoxy protons 
(Vc) were found at  b 4.0 ppm. 

With the possible exception of the 6-bromo analog, none of the 
bis(methy1thio)vinyl compounds was obtained in yields over 5C%. The 
recrystallization liquors of the 6-methyl derivative were examined, and 
only one definable material was found, the original 1,2,6-trimethylqui- 
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noliniwn iodide. I t  is unlikely that this compound was unreacted starting 
material since it would not be soluble in the toluene extraction of the 
methylene base (IIb). Instead, abstraction of one of the methylene pro- 
tons of the mono(methy1thio) derivative (IVb) by the intermediate 
zwitterion (IIIb) may have taken place to form a free dithioacetic acid 
(IIIb-HI), which lost carbon disulfide to give Ib. The mono(methy1thio) 
derivative then reacted with a second mole of iodomethane to give the 
bis(methy1thio) compound (Vb) .  The ease of abstraction of a methylene 
proton from quinolinium-2-acetate esters has been recorded (6). 

An attempt was made to hydrolyze the 6-unsubstituted zwitterion 
(IIIa) with 3 N HCl. Hydrogen sulfide was evolved slowly at  25-35O, and 
the reactiqn still was incomplete after 10 days. Refluxing produced ele- 
mental sulfur. Evaporation of the resulting neutralized solution gave no 
organic products. A possible hydrolysis product, l-methylquinolinium- 
2-acetate (VIII), was not found in the literature, and the ready decar- 
boxylation of quinoline-2-acetic acids has been noted (7). Thus, with the 
synthesis of the quinoliniumdithioacetic acid zwitterions, it was possible 
to prepare stable sulfur analogs of acids that are not stable in the oxygen 
series. In  addition, a recent attempt to prepare quinoline-2-acetic acid 
by carbonation of quinaldinyl lithium gave no identifiable acid (8). 

As an indication of the reactivity of the bis(methy1thio)vinyl com- 
pounds with amines, the 6-methyl derivative (IIIb) was reacted with 
morpholine in dimethylformamide at  35'. A 91% yield of the mono- 
(methy1thio)morpholino compound (VIb) was obtained over 5 days, with 
evolution of methanethiol. The 6-bromo analog (VId) gave a comparable 

conversion to the mono(methy1thio)morpholine derivative in a compa- 
rable period. Although these conditions were not physiological, the 
temperature was comparable; the mixture remained nearly neutral 
throughout the reaction. Evidently, the bis(methy1thio)vinyl compounds 
may react readily with cellular amines. 

The NMR spectrum of VIb showed the remaining S-methyl protons 
as a singlet a t  6 2.51 ppm. This finding allows the assignment of the S- 
methyl protons in the bis(methy1thio) derivatives since the morpholine 
is assumed to be trans to the quinoline ring. The eight morpholine pro- 
tons appeared as a broad singlet a t  6 3.71 ppm. This observation can be 
explained by the existence of a partial positive charge on the morpholino 
nitrogen. The N-methyl peak a t  6 4.09 ppm was shifted upfield from 4.41 
ppm in the starting material, indicating decreased positive charge on the 
quinoline nitrogen. The vinyl proton, a t  6 5.59 ppm, was shielded dras- 
tically compared with its position a t  6 6.76 ppm in the bis(methy1thio) 
compound. These facts, as well as the green color of the compound, in- 
dicate the contribution of resonance form VII to the structure and rein- 
force the assumption of the trans morpholine configuration. 

Antileukemia Tes t  Results-Antileukemia testing2 of the 
bis(methy1thio) compounds was performed in mice. The NCI protocol 
(9) and P-388 lymphocytic leukemia were used. Details regarding the dose 
and survival times of the treated animals are listed in Table I. No weight 
loss was found at  the highest dose used, except with the 6-bromo deriv- 
ative, which gave T/C (test/control) values of -0.3, -1.2, and -2.7 at  6.25, 
12.5, and 25.0 mg/kg, respectively. 

All tested compounds showed positive activity (a T/C X 100 ratio of 
125 or better). Similar testing of the corresponding dithioacetic acid 
zwitterions (2) showed that the 6-unsubstituted derivative gave slightly 
less activity than the 6-substituted compounds. With the bidmethyl- 

Results were reported through the courtes of Dr. Ralph G. Child, Lederle 
Laboratories; the 6-bromo derivative was testedlat the National Cancer Institute 
(NCI). 
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Table I-Antileukemic Activities in Mice a RwCH=c/sCR 
1 'SCHJ 
C H + V  

BDFl mice were inoculated with P-388 lymphocytic leukemia. * Drugs were 
A T/C W value of 2125 is administered intraperitoneally on Days 1.5, and 9. 

considered a positive result. 

thio)vinyl derivatives, the 6-unsubstituted compound was slightly more 
active than the 6-substituted derivatives, but the differences in both cases 
were small. Apparently, a 6-substituent is not required for antileukemic 
activity of the bis(methy1thio)vinyl compounds. 

Leukemic cell culture studies also were performed using the 6-methyl 
derivative3. Human leukemic lymphoblasts in culture were incubated 
with M test compound for 24 hr. Then the cells 
were harvested, stained with propidium iodide, and analyzed by flow 
cytometry. The flow cytometry data showed no accumulation of cells in 
any particular phase of the cell cycle a t  any drug concentration used. This 
negative result in oitro may indicate that a metabolic conversion of the 
bis(methy1thio)vinyl compounds as well as their dithioacetic 
acid precursors, possibly to the reactive methylene intermediates (11). 
may be necessary for antileukemic activity. 

and 

EXPERIMENTAL4 

2-Bis(2-methylthio)vinyl-1,6-dimethylquinolinium Iodide-A 
suspension of 22.44 g (0.075 mole) of 1,2,6-trimethylquinolinium iodide 
(1) and 100 ml of water was covered with 450 ml of toluene and stirred 
while 22 g of 50% NaOH solution was added quickly. Stirring was con- 
tinued for 1 hr, and the toluene layer was decanted, dried with potassium 
carbonate for 5 min, decanted, and treated with 6.77 ml(O.1125 mole) 
of carbon disulfide. The mixture was swirled, capped, and allowed to 
stand overnight a t  25'. The precipitated zwitterion was filtered, washed 
with toluene, suspended in 75 rnl of dimethylformamide, and treated with 
14.0 ml (0.225 mole) of iodomethane.' 

The mixture was kept overnight at 25', and the yellow-green powder 
was filtered, washed with 50 ml of acetone, and dried at  80' (30 torr) for 
4 hr. Recrystallization from water, with cooling only to 25', gave 8.3 g 
(27% yield) of bronze needles, mp 205-207' dec.; NMR 6 2.50 (s,3H, 

(s,  IH, vinyl), and 7.95-9.00 (m, 5H, aromatic) ppm. 
SCH3), 2.60 (s, 3H, 6-CH3), 2.70 (9,3H, SCH3), 4.41 (s, 3H, NCHa), 6.76 

Anal.-Calc. for C1J31dNS2: C, 44.66; H, 4.50, N, 3.47; S, 15.90. Found 

C, 44.60; H, 4.46; N, 3.39; S, 16.10. 
6-Methoxy-l-methyl-2-bis(2-methylthio)vinylquinolinium Io- 

dide-Sodium hydride (2.1 g, 0.05 mole) (57% dispersion in oil)6 was al- 
lowed to react with 150 ml of 2-propanol a t  27-37', and the flask then 
was packed in ice. 1,2-Dirnethyl-6-methoxyquinolinium iodide (2) (15.76 
g, 0.05 mole) was added below lo', with stirring for 15 min after the ad- 
dition. Carbon disulfide (11.7 g, 0.15 mole) was added dropwise over 60 
min, and stirring was maintained for another 60 min. The resulting red 
zwitterion was filtered and washed with ether. The solid was suspended 
quickly in 50 ml of dimethylformamide and treated with iodomethane 
(21.29 g, 0.15 mole). 

The mixture was kept overnight a t  30°, diluted with 100 ml of ether, 
allowed to stand at  25' for 3 hr, and filtered. The crude product was 
washed with ether, dried at  20' (1 torr) for 16 hr, and recrystallized from 
water (cooling only to 20') to give 2.12 g (10% yield) of brown needles, 
mp 222-225' dec.;NMR 6 2.40(~,3H,SCH3),2.60(~,3H,SCH3),3.90 
(s ,  3H, OCHs), 4.35 (s,3H,NCH3,6.63 (8, lH,vinyl), and 7.69.1 (m,5H, 
aromatic) ppm. 

Anal.-Calc. for C15HlsINOS2: C, 42.96; H, 4.33; N, 3.34. Found C, 
43.04; H, 4.26; N, 3.29. 

Isolation of 1,2,6-Trimethylquinolinium Iodide in Preparation 
of 2-Bis(2-methylthio)vinyl-1,6-dimethylquinolinium Iodide-The 
aqueous mother liquor from which Vb was crystallized deposited no solid 
on prolonged cooling at  1'. The liquid, 700 ml, was treated with 0.5 g of 
activated charcoal6 at  20°, and water was removed with a rotary evapo- 
rator until a solid appeared. The yield was 0.3 g, mp 240-244O dec. Further 
evaporation and three recrystallizations from 95% ethanol gave 1.9 g, mp 
252-252.5' dec.; mixed with a sample of Ib, the melting point was 248- 
250' dec. The NMR spectrum was identical to that of Ib. 
1,6-Dimethyl-2-[2-methylthio -2- ( I-morpholino)vinyl]quinoli- 

nium Iodide-A flask was charged with 7.26 g (0.018 mole) of 2-bis(2- 
methylthio)vinyl-1,6-dimethylquinolinium iodide, 80 ml of dimethyl- 
formamide, and 1.74 g (0.020 mole) of morpholine (redistilled after drying 
with a 3-A molecular sieve). A drying tube containing 20 g of indicating 
calcium sulfate' was attached, and the reaction was stirred magnetically 
a t  35' for 5.5 days. The reaction could be followed by the progression of 
brown coloration on the calcium sulfate and the detection of the odor of 
methanethiol. Toluene, 80 ml, was added, and the mixture was stored 
at  25' for 4 hr. 

Following filtration, the filtrate was diluted with 350 ml of toluene and 
kept a t  -20' to give a first crop of 6.78 g (85% yield), mp 198-199' dec. 
A second crop was obtained by heating the filtrate to 90'. diluting with 
250 ml of toluene, and cooling to -20'; 0.44 g was obtained (6% yield), 
mp 197-199' dec.;NMR 6 2.51(~,3H,SCH3),2.57 (s,3H,6-CH3),3.71 
( s ,  br, 8H, morpholine), 4.09 (s, 3H, NCHa), 5.59 (s, lH, vinyl), and 
7.65-8.20 (m, 5H, aromatic) ppm. 

Anal.-Calc. for ClsH23IN20S: C, 48.87; H, 5.24; N, 6.33. Found C, 
48.77; H, 5.04; N, 5.93. 
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To the Editor: 
Determination of the systemic intrinsic clearance of free 

(unbound) drug requires measurement of the drug’s free 
fraction in blood, plasma, or serum. For drugs whose total 
clearance from the blood is much lower than the blood flow 
through the eliminating organ(s), the intrinsic clearance 
of the free drug is equal to the total clearance divided by 
the free fraction (1,2). The use of free fraction values ob- 
tained in the usual manner (i.e., by in uitro determinations 
of protein binding in plasma from peripheral venous blood) 
for intrinsic clearance calculations is based on the as- 
sumption that drug protein binding does not change as the 
blood passes through the liver or another drug-eliminating 
organ. 

The free fraction value of many drugs in blood or plasma 
is reasonably constant over a wide drug concentration 
range. Consequently, it will not be affected by modest drug 
concentration changes during a single pass of blood 
through the liver. If, however, protein binding of the drug 
is affected by endogenous or exogenous (other drugs) in- 
hibitors of binding, then the organ extraction ratio of these 
inhibitors must be considered. The potential consequences 
of hepatic extraction of binding inhibitors on the phar- 
macokinetics and pharmacological activity of a restric- 
tively cleared drug can be appreciated by considering the 
following limiting cases. 

If the extraction ratio [(concentration in inflowing blood 
- concentration in outflowing blood)/concentration in 
inflowing blood] of inhibitors of protein binding is close 
to zero ( i . ~ . ,  there is very little extraction), then the in- 
hibitors will cause an increase in the free fraction, a de- 
crease in the steady-state total concentration, and no 
change in the steady-state free concentration of drug in 
peripheral blood or plasma (3). Since the pharmacological 
activity of a drug is usually a function of its free concen- 
tration (4), the intensity of pharmacological activity a t  
steady state should not be affected by poorly extracted 

inhibitors of binding unless they have pharmacological 
effects of their own. 

Conversely, if an inhibitor of protein binding is very 
rapidly and completely extracted from blood by the liver 
during a single pass (extraction ratio is near unity and the 
time for extraction of inhibitor from blood is much shorter 
than the transit time of that blood through the liver), then 
the inhibitor will have little or no effect on the steady-state 
concentration of total (free plus bound) drug, but it will 
cause the free fraction and the steady-state concentration 
of free drug in extrahepatic blood or plasma to be in- 
creased. This result would come about for two reasons: 

1. Protein binding of the drug in blood is normal (rather 
than reduced) during most of the residence time of any one 
small portion of blood in the liver. 

2. Protein binding of the drug leaving the liver is soon 
reduced as that blood mixes with inhibitor-containing 
blood in the vena cava, causing the free fraction and con- 
centration of free drug to rise again. 

Drug binding inhibitors with hepatic extraction ratios 
near unity may be cleared quite rapidly from the body. 
However, their concentration in blood can be quite stable 
if they are continuously formed endogenously, are con- 
tinuously administered (other drugs or dietary compo- 
nents), or have a large apparent volume of distribution. 
Such inhibitors can be expected to increase the pharma- 
cological activity of drugs that they displace by increasing 
the steady-state free concentration of these drug in ex- 
trahepatic blood. Since the steady-state concentration of 
total drug may be almost unchanged, the increased 
pharmacological activity may be unanticipated. 

I t  is relatively easy to determine the hepatic extraction 
characteristics of drugs that act as displacers of other drugs 
from plasma protein binding sites; such a determination 
can be done by measuring the hepatic clearance of the 
displacer drugs. However, this approach is not possible (at 
least a t  this time) in the case of endogenous inhibitors as- 
sociated with certain changes in the pathophysiological 
status of humans and animals. The hepatic extraction 
characteristics of binding inhibitors associated with 
pregnancy ( 5 )  and renal failure (6) are presently being 
investigated directly. To describe the method used for this 
investigation and to demonstrate in principle that certain 
endogenous inhibitors are indeed subject to considerable 
hepatic extraction, data on heparin-induced inhibitors of 
protein binding will be reported here. Since the composi- 
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To the Editor: 
Determination of the systemic intrinsic clearance of free 

(unbound) drug requires measurement of the drug’s free 
fraction in blood, plasma, or serum. For drugs whose total 
clearance from the blood is much lower than the blood flow 
through the eliminating organ(s), the intrinsic clearance 
of the free drug is equal to the total clearance divided by 
the free fraction (1,2). The use of free fraction values ob- 
tained in the usual manner (i.e., by in uitro determinations 
of protein binding in plasma from peripheral venous blood) 
for intrinsic clearance calculations is based on the as- 
sumption that drug protein binding does not change as the 
blood passes through the liver or another drug-eliminating 
organ. 

The free fraction value of many drugs in blood or plasma 
is reasonably constant over a wide drug concentration 
range. Consequently, it will not be affected by modest drug 
concentration changes during a single pass of blood 
through the liver. If, however, protein binding of the drug 
is affected by endogenous or exogenous (other drugs) in- 
hibitors of binding, then the organ extraction ratio of these 
inhibitors must be considered. The potential consequences 
of hepatic extraction of binding inhibitors on the phar- 
macokinetics and pharmacological activity of a restric- 
tively cleared drug can be appreciated by considering the 
following limiting cases. 

If the extraction ratio [(concentration in inflowing blood 
- concentration in outflowing blood)/concentration in 
inflowing blood] of inhibitors of protein binding is close 
to zero ( i . ~ . ,  there is very little extraction), then the in- 
hibitors will cause an increase in the free fraction, a de- 
crease in the steady-state total concentration, and no 
change in the steady-state free concentration of drug in 
peripheral blood or plasma (3). Since the pharmacological 
activity of a drug is usually a function of its free concen- 
tration (4), the intensity of pharmacological activity a t  
steady state should not be affected by poorly extracted 

inhibitors of binding unless they have pharmacological 
effects of their own. 

Conversely, if an inhibitor of protein binding is very 
rapidly and completely extracted from blood by the liver 
during a single pass (extraction ratio is near unity and the 
time for extraction of inhibitor from blood is much shorter 
than the transit time of that blood through the liver), then 
the inhibitor will have little or no effect on the steady-state 
concentration of total (free plus bound) drug, but it will 
cause the free fraction and the steady-state concentration 
of free drug in extrahepatic blood or plasma to be in- 
creased. This result would come about for two reasons: 

1. Protein binding of the drug in blood is normal (rather 
than reduced) during most of the residence time of any one 
small portion of blood in the liver. 

2. Protein binding of the drug leaving the liver is soon 
reduced as that blood mixes with inhibitor-containing 
blood in the vena cava, causing the free fraction and con- 
centration of free drug to rise again. 

Drug binding inhibitors with hepatic extraction ratios 
near unity may be cleared quite rapidly from the body. 
However, their concentration in blood can be quite stable 
if they are continuously formed endogenously, are con- 
tinuously administered (other drugs or dietary compo- 
nents), or have a large apparent volume of distribution. 
Such inhibitors can be expected to increase the pharma- 
cological activity of drugs that they displace by increasing 
the steady-state free concentration of these drug in ex- 
trahepatic blood. Since the steady-state concentration of 
total drug may be almost unchanged, the increased 
pharmacological activity may be unanticipated. 

I t  is relatively easy to determine the hepatic extraction 
characteristics of drugs that act as displacers of other drugs 
from plasma protein binding sites; such a determination 
can be done by measuring the hepatic clearance of the 
displacer drugs. However, this approach is not possible (at 
least a t  this time) in the case of endogenous inhibitors as- 
sociated with certain changes in the pathophysiological 
status of humans and animals. The hepatic extraction 
characteristics of binding inhibitors associated with 
pregnancy ( 5 )  and renal failure (6) are presently being 
investigated directly. To describe the method used for this 
investigation and to demonstrate in principle that certain 
endogenous inhibitors are indeed subject to considerable 
hepatic extraction, data on heparin-induced inhibitors of 
protein binding will be reported here. Since the composi- 
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tion of these endogenously produced inhibitors is not es- 
tablished definitively, their activity in plasma was deter- 
mined indirectly by measuring their effect on the protein 
binding of a suitable marker substance, bilirubin. 

Intravenous injection of heparin causes a decrease in the 
plasma protein binding of bilirubin and certain drugs, 
apparently due to increased concentrations of fatty acids 
(7-9). In this study, male adult Sprague-Dawley rats had 
a cannula inserted in the femoral vein under ether anes- 
thesia. A blood sample (-0.7 ml) was then collected. Im- 
mediately thereafter, the rats received an intravenous in- 
jection of heparin (500 units/kg) or an equal volume of 
normal saline solution. The liver was then exposed through 
a midline abdominal incision, a cannula was inserted in the 
hepatic vein of the left lobe (lo), and the hepatic vein was 
clamped near its junction with the vena cava immediately 
before the hepatic vein blood sample was taken. These 
procedures were completed within 1-3 min. 

Blood samples (0.7 ml) were obtained simultaneously 
from the femoral and hepatic veins from 3 to 5 min after 
heparin injection. Plasma was separated, bilirubin was 
added to yield a final concentration of -10 mg/100 ml, and 
the free fraction of this substance was determined by a 
peroxidase-catalyzed reaction rate method ( 3 , l l ) .  Blood 
samples obtained before heparin or saline injection were 
treated in the same manner. 

In the control (saline injection) experiments, the plasma 
bilirubin free fraction values (mean X lo4 f SD, n = 6) 
were 3.06 f 0.63 before injection, 3.75 f 1.05 in plasma 
from the femoral vein after injection, and 3.98 f 0.87 in 
plasma from the hepatic vein after injection. The ratio of 
the bilirubin free fraction values, hepatic vein plasma: 
femoral vein plasma, was 1.08 f 0.10 (mean f SD, n = 6). 
Thus, perfusion through the liver had no apparent effect 
on the bilirubin binding characteristics of plasma in control 
animals. 

Heparin injection caused a rapid and pronounced in- 
crease in the plasma free fraction of bilirubin as reported 
previously (7). Moreover, there was a pronounced differ- 
ence between the protein binding of bilirubin in femoral 
vein and hepatic vein plasma. The ratio of the bilirubin 
free fraction values, hepatic vein p1asma:femoral vein 
plasma, was 0.647 f 0.192 (mean f SD, n = 11). 

The results of this investigation demonstrate that cer- 
tain endogenous inhibitors of plasma protein binding are 
extracted quite efficiently by the liver. The plasma protein 
binding of drugs affected by these inhibitors is not the 
same in plasma obtained from a peripheral vein and in 
plasma obtained immediately after passage through the 
liver. Therefore, estimations of the intrinsic clearance of 
free drug in the presence of inhibitors of protein binding 
of that drug are incorrect if these inhibitors have large 
hepatic (or other eliminating organ) extraction ratios. 
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High-pressure Liquid Chromatography of 
Triamcinolone Acetonide: Effect of Different 
Octadecylsilane Columns on Mobility 

Keyphrases Triamcinolone acetonide-high-pressure liquid chro- 
matographic analysis, effects of various octadecylsilane columns on 
mobility D High-pressure liquid chromatography-analysis, triam- 
cinolone acetonide, effects of various octadecylsilane columns on mobility 
0 Anti-inflammatory agents-triamcinolone acetonide, high-pressure 
liquid chromatographic analysis, effects of various octadecylsilane col- 
umns on mobility 

To the Editor: 
Triamcinolone acetonide', a topical anti-inflammatory 

agent, was assayed by high-pressure liquid chromatogra- 
phy (1) with fluoxymesterone as the internal standard. A 
reversed-phase octadecylsilane column was used with a 
mobile phase of acetonitrile-water (30:70) at a flow rate 
of 2 ml/min. Detection was at  254 nm. 

With a column2 packed with particles 10% covered by 
octadecylsilane, fluoxymesterone eluted in 10 min and 
triamcinolone acetonide eluted in 12 min. With a column? 
covered with 5% octadecylsilane, and under otherwise 
identical chromatographic conditions, fluoxymesterone 
eluted in 8 rnin and triamcinolone acetonide eluted in 6 
min. The elution patterns were reversed, as also was shown 
by separate injections of the individual steroids and lin- 
earity studies using various concentrations of both ste- 
roids. 

Both columns are ostensibly the same L-1 type (2). This 
reversal may be due to the difference in coverage of the 
particles by o~tadecylsilane~ if no other proprietary dif- 
ferences are assumed. The former column separates pri- 
marily on the basis of partition, and the latter separates 
primarily by a combination of partition and adsorption. 
[The order of elution using the first column can be reversed 
by using a mobile phase of methanol-water (6040) instead 
of acetonitrile-water (30:70).] Both columns gave similar 
values for triamcinolone acetonide. 

' Kenalog, E. R. Squibb. 

' Manufacturers' literature. 

PBondapak, Waters Associates. 
Partisil, Whatman. 
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tion of these endogenously produced inhibitors is not es- 
tablished definitively, their activity in plasma was deter- 
mined indirectly by measuring their effect on the protein 
binding of a suitable marker substance, bilirubin. 

Intravenous injection of heparin causes a decrease in the 
plasma protein binding of bilirubin and certain drugs, 
apparently due to increased concentrations of fatty acids 
(7-9). In this study, male adult Sprague-Dawley rats had 
a cannula inserted in the femoral vein under ether anes- 
thesia. A blood sample (-0.7 ml) was then collected. Im- 
mediately thereafter, the rats received an intravenous in- 
jection of heparin (500 units/kg) or an equal volume of 
normal saline solution. The liver was then exposed through 
a midline abdominal incision, a cannula was inserted in the 
hepatic vein of the left lobe (lo), and the hepatic vein was 
clamped near its junction with the vena cava immediately 
before the hepatic vein blood sample was taken. These 
procedures were completed within 1-3 min. 

Blood samples (0.7 ml) were obtained simultaneously 
from the femoral and hepatic veins from 3 to 5 min after 
heparin injection. Plasma was separated, bilirubin was 
added to yield a final concentration of -10 mg/100 ml, and 
the free fraction of this substance was determined by a 
peroxidase-catalyzed reaction rate method ( 3 , l l ) .  Blood 
samples obtained before heparin or saline injection were 
treated in the same manner. 

In the control (saline injection) experiments, the plasma 
bilirubin free fraction values (mean X lo4 f SD, n = 6) 
were 3.06 f 0.63 before injection, 3.75 f 1.05 in plasma 
from the femoral vein after injection, and 3.98 f 0.87 in 
plasma from the hepatic vein after injection. The ratio of 
the bilirubin free fraction values, hepatic vein plasma: 
femoral vein plasma, was 1.08 f 0.10 (mean f SD, n = 6). 
Thus, perfusion through the liver had no apparent effect 
on the bilirubin binding characteristics of plasma in control 
animals. 

Heparin injection caused a rapid and pronounced in- 
crease in the plasma free fraction of bilirubin as reported 
previously (7). Moreover, there was a pronounced differ- 
ence between the protein binding of bilirubin in femoral 
vein and hepatic vein plasma. The ratio of the bilirubin 
free fraction values, hepatic vein p1asma:femoral vein 
plasma, was 0.647 f 0.192 (mean f SD, n = 11). 

The results of this investigation demonstrate that cer- 
tain endogenous inhibitors of plasma protein binding are 
extracted quite efficiently by the liver. The plasma protein 
binding of drugs affected by these inhibitors is not the 
same in plasma obtained from a peripheral vein and in 
plasma obtained immediately after passage through the 
liver. Therefore, estimations of the intrinsic clearance of 
free drug in the presence of inhibitors of protein binding 
of that drug are incorrect if these inhibitors have large 
hepatic (or other eliminating organ) extraction ratios. 
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High-pressure Liquid Chromatography of 
Triamcinolone Acetonide: Effect of Different 
Octadecylsilane Columns on Mobility 

Keyphrases Triamcinolone acetonide-high-pressure liquid chro- 
matographic analysis, effects of various octadecylsilane columns on 
mobility D High-pressure liquid chromatography-analysis, triam- 
cinolone acetonide, effects of various octadecylsilane columns on mobility 
0 Anti-inflammatory agents-triamcinolone acetonide, high-pressure 
liquid chromatographic analysis, effects of various octadecylsilane col- 
umns on mobility 

To the Editor: 
Triamcinolone acetonide', a topical anti-inflammatory 

agent, was assayed by high-pressure liquid chromatogra- 
phy (1) with fluoxymesterone as the internal standard. A 
reversed-phase octadecylsilane column was used with a 
mobile phase of acetonitrile-water (30:70) at a flow rate 
of 2 ml/min. Detection was at  254 nm. 

With a column2 packed with particles 10% covered by 
octadecylsilane, fluoxymesterone eluted in 10 min and 
triamcinolone acetonide eluted in 12 min. With a column? 
covered with 5% octadecylsilane, and under otherwise 
identical chromatographic conditions, fluoxymesterone 
eluted in 8 rnin and triamcinolone acetonide eluted in 6 
min. The elution patterns were reversed, as also was shown 
by separate injections of the individual steroids and lin- 
earity studies using various concentrations of both ste- 
roids. 

Both columns are ostensibly the same L-1 type (2). This 
reversal may be due to the difference in coverage of the 
particles by o~tadecylsilane~ if no other proprietary dif- 
ferences are assumed. The former column separates pri- 
marily on the basis of partition, and the latter separates 
primarily by a combination of partition and adsorption. 
[The order of elution using the first column can be reversed 
by using a mobile phase of methanol-water (6040) instead 
of acetonitrile-water (30:70).] Both columns gave similar 
values for triamcinolone acetonide. 

' Kenalog, E. R. Squibb. 

' Manufacturers' literature. 

PBondapak, Waters Associates. 
Partisil, Whatman. 
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This striking difference between similarly designated 
columns may represent the possible extremes in retention. 
Columns should be tested for suitability prior to use for the 
official method (1). Alternatively, either the internal 
standard can be omitted (3) if a precision loop injector5 is 
used or the mobile phase composition may be altered to 
change the elution order of the steroids. 

(I) “The United States Pharmacopeia,” 20th rev., Mack Publishing 
Co., Easton, Pa., 1980, p. 812. 

(2)  Phurmaceutical Forum, 4,408 (1978). 
(9) J. Kirschbaum, R. Poet, K. Bush, and G. Petrie, J .  Chromatop.,  

190,481 (1980). 
Joel Kirschbaum 
Squibb Institute for Medical Research 
New Brunswick, NJ 08903 

Received December 17,1979. 
Accepted for  publication February 22, 1980. 
Presented at the 18th Annual Meeting on the Practice of Chroma- 

tography, American Society for Testing and Materials, Philadelphia, Pa., 
October 1979. 

Rheodyne model 7010 or equivalent 

Effect of Plasma Protein Binding on 
Renal Clearance of Drugs 

Keyphrases Plasma protein binding-effect on renal clearance of 
drugs Drug clearance, renal-ffect of plasma protein binding Renal 
clearance-effect of plasma protein binding 

To the Editor: 
The theoretical concepts of the relationships between 

plasma or serum protein binding and hepatic metabolic 
clearance of drugs are now reasonably well defined (1-3 
and references cited therein). On the other hand, corre- 
sponding theory and experimental data concerning the 
effect of plasma protein binding on the renal excretion of 
drugs are quite limited (4-13). The purpose of this com- 
munication is to propose certain relationships between 
plasma protein binding and renal clearance of drugs that 
may be useful for the design and interpretation of exper- 
imental studies. 

The renal excretion of drugs usually involves three 
processes: glomerular filtration, renal tubular secretion, 
and partial reabsorption from the renal tubular lumen. 
Glomerular filtration is a passive process and may be as- 
sumed to be a function of the free (unbound) concentration 
of drug in plasma (11) if the glomeruli are intact. Renal 
tubular secretion is a specialized process; it is saturable in 
principle but appears to be linear for most drugs under the 
usual clinical or experimental conditions. The rate of renal 
tubular secretion may be proportional to the concentration 
of free or total (free and bound) drug in plasma; it may or 
may not be affected by blood flow. Renal tubular reab- 
sorption of most drugs involves passive diffusion of non- 
ionized molecules from the renal tubular lumen. Therefore, 
the rate of reabsorption is proportional to the concentra- 
tion gradient of diffusible (usually free and nonionized) 

drug across the renal tubular boundary. Consequently, 
reabsorption may be affected by the urine flow rate and 
by the urine pH if the drug is a weak acid or base. The 
concentration of diffusible drug on the tissue side of the 
renal tubule is likely to be negligible compared to that in 
the lumen of the tubule, except in some cases of pro- 
nounced diuresis or urine pH alteration. Drug in the urine 
exists in unbound form unless there is serious nephropathy 
with marked proteinuria’. Thus, if the glomerular excre- 
tion rate is proportional to and the renal tubular secretion 
rate is a function of the concentration of free drug in 
plasma: 

renal excretion rate = kgfC + 6 Qfk C - F kgfC + e) (Eq. I) 
8 + f k s  Q + f k s  

where k,  is the glomerular filtration clearance and k ,  is the 
intrinsic renal tubular secretion clearance (both clearances 
are referenced to the free drug concentration in plasma), 
Q is the flow rate of plasma perfusing the renal tubular 
secretion sites, f is the free fraction of drug in plasma 
(which is assumed to be independent of concentration in 
the usual therapeutic or experimental concentration 
range), C is the concentration of total drug in plasma, and 
F is a (possibly urine flow rate- and urine pH-dependent) 
dimensionless constant equal to the fraction of filtered and 
secreted drug that is reabsorbed. 

Implied in the equation is the assumption that F for 
filtered and secreted drug is the same; this assumption is 
reasonable if secretion takes place in the proximal region 
of the tubules and reabsorption occurs mainly from the 
distal region of the renal tubules. If the concentration ratio, 
erythrocytes:plasma, of the drug is substantial and re- 
equilibration of the drug between erythrocytes and plasma 
is very rapid, C may be designated as the concentration of 
drug in whole blood and k,, k,, Q, and f have to be defined 
accordingly. However, this approach may be complicated 
if, as was suggested (9), a proportion of the erythrocytes 
is separated off by “plasma skimming” and shunted into 
the renal veins without contacting the renal tubules. 

The second term on the right side of Eq. 1 is analogous 
to, and derived in a similar manner as, the hepatic meta- 
bolic clearance equation (2). If Q >> f k , ,  that term reduces 
to fksC and Eq. 1 reduces to: 

renal excretion rate = kg/C + k,fC - F(k,fC + k, fC)  (Eq. 2) 

Since renal clearance equals excretion rate/C, division 

renal clearance = f [ k ,  + k ,  - F(kg  + k , ) ]  (Eq. 3) 

Therefore, a plot of renal clearance versus f should be 
linear and intersect the origin. This situation appears to 
be the case with salicylic acid in rats, according to pre- 
liminary results obtained in this laboratory2. If tubular 
reabsorption is prevented (which can be done with certain 
weak acids or bases by changing the urine pH), F = 0 and 
the slope of a plot of renal clearance versus f increases to 
( k ,  + ks). The value of ( k g  + k , )  should not exceed the 
renal blood flow unless the compound is formed entirely 
or in part in the kidneys. 

of both sides of Eq. 2 by C and rearrangement yield: 

Another rare exception is the case in which a drug or endogenous substance and 
a complexing or chelating agent are excreted concurrently, separately and as the 
complex. Each of these species will exhibit distinct renal pharmacokinetic char- 
acteristics. 

*To be published. 
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This striking difference between similarly designated 
columns may represent the possible extremes in retention. 
Columns should be tested for suitability prior to use for the 
official method (1). Alternatively, either the internal 
standard can be omitted (3) if a precision loop injector5 is 
used or the mobile phase composition may be altered to 
change the elution order of the steroids. 
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To the Editor: 
The theoretical concepts of the relationships between 

plasma or serum protein binding and hepatic metabolic 
clearance of drugs are now reasonably well defined (1-3 
and references cited therein). On the other hand, corre- 
sponding theory and experimental data concerning the 
effect of plasma protein binding on the renal excretion of 
drugs are quite limited (4-13). The purpose of this com- 
munication is to propose certain relationships between 
plasma protein binding and renal clearance of drugs that 
may be useful for the design and interpretation of exper- 
imental studies. 

The renal excretion of drugs usually involves three 
processes: glomerular filtration, renal tubular secretion, 
and partial reabsorption from the renal tubular lumen. 
Glomerular filtration is a passive process and may be as- 
sumed to be a function of the free (unbound) concentration 
of drug in plasma (11) if the glomeruli are intact. Renal 
tubular secretion is a specialized process; it is saturable in 
principle but appears to be linear for most drugs under the 
usual clinical or experimental conditions. The rate of renal 
tubular secretion may be proportional to the concentration 
of free or total (free and bound) drug in plasma; it may or 
may not be affected by blood flow. Renal tubular reab- 
sorption of most drugs involves passive diffusion of non- 
ionized molecules from the renal tubular lumen. Therefore, 
the rate of reabsorption is proportional to the concentra- 
tion gradient of diffusible (usually free and nonionized) 

drug across the renal tubular boundary. Consequently, 
reabsorption may be affected by the urine flow rate and 
by the urine pH if the drug is a weak acid or base. The 
concentration of diffusible drug on the tissue side of the 
renal tubule is likely to be negligible compared to that in 
the lumen of the tubule, except in some cases of pro- 
nounced diuresis or urine pH alteration. Drug in the urine 
exists in unbound form unless there is serious nephropathy 
with marked proteinuria’. Thus, if the glomerular excre- 
tion rate is proportional to and the renal tubular secretion 
rate is a function of the concentration of free drug in 
plasma: 

renal excretion rate = kgfC + 6 Qfk C - F kgfC + e) (Eq. I) 
8 + f k s  Q + f k s  

where k,  is the glomerular filtration clearance and k ,  is the 
intrinsic renal tubular secretion clearance (both clearances 
are referenced to the free drug concentration in plasma), 
Q is the flow rate of plasma perfusing the renal tubular 
secretion sites, f is the free fraction of drug in plasma 
(which is assumed to be independent of concentration in 
the usual therapeutic or experimental concentration 
range), C is the concentration of total drug in plasma, and 
F is a (possibly urine flow rate- and urine pH-dependent) 
dimensionless constant equal to the fraction of filtered and 
secreted drug that is reabsorbed. 

Implied in the equation is the assumption that F for 
filtered and secreted drug is the same; this assumption is 
reasonable if secretion takes place in the proximal region 
of the tubules and reabsorption occurs mainly from the 
distal region of the renal tubules. If the concentration ratio, 
erythrocytes:plasma, of the drug is substantial and re- 
equilibration of the drug between erythrocytes and plasma 
is very rapid, C may be designated as the concentration of 
drug in whole blood and k,, k,, Q, and f have to be defined 
accordingly. However, this approach may be complicated 
if, as was suggested (9), a proportion of the erythrocytes 
is separated off by “plasma skimming” and shunted into 
the renal veins without contacting the renal tubules. 

The second term on the right side of Eq. 1 is analogous 
to, and derived in a similar manner as, the hepatic meta- 
bolic clearance equation (2). If Q >> f k , ,  that term reduces 
to fksC and Eq. 1 reduces to: 

renal excretion rate = kg/C + k,fC - F(k,fC + k, fC)  (Eq. 2) 

Since renal clearance equals excretion rate/C, division 

renal clearance = f [ k ,  + k ,  - F(kg  + k , ) ]  (Eq. 3) 

Therefore, a plot of renal clearance versus f should be 
linear and intersect the origin. This situation appears to 
be the case with salicylic acid in rats, according to pre- 
liminary results obtained in this laboratory2. If tubular 
reabsorption is prevented (which can be done with certain 
weak acids or bases by changing the urine pH), F = 0 and 
the slope of a plot of renal clearance versus f increases to 
( k ,  + ks). The value of ( k g  + k , )  should not exceed the 
renal blood flow unless the compound is formed entirely 
or in part in the kidneys. 

of both sides of Eq. 2 by C and rearrangement yield: 

Another rare exception is the case in which a drug or endogenous substance and 
a complexing or chelating agent are excreted concurrently, separately and as the 
complex. Each of these species will exhibit distinct renal pharmacokinetic char- 
acteristics. 
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If tubular secretion is blocked (k ,  = 0) and k, is assumed 
to equal the glomerular filtration rate (GFR), Eq. 3 be- 
comes: 

F = 1 - (renal clearance// GFR) (Eq. 4) 

A similar form of that equation was developed by Arita et 
al. (14); the inverse of the term in parentheses is the ex- 
cretion ratio as defined by Fisher et al. (15). With F de- 
termined by means of Eq. 4, k, can be calculated by a 
rearranged form of Eq. 3: 

renal clearance 
f (1 - F )  

k, = - GFR (Eq. 5) 

It is reasonable to assume that kg, being referenced to free 
drug and characterizing a physical rather than enzymatic 
or carrier process, is equal to the glomerular filtration rate, 
a constant that can be determined from the renal clearance 
of inulin or creatinine. 

If the rate of renal tubular secretion is proportional to 
the concentration of total drug in plasma and if the pre- 
viously stated assumptions apply: 

renal excretion rate = k,fC + k:C - F(k,fC + kfC) (Eq. 6) 

where 123 is the renal secretion clearance referenced to the 
total drug concentration in plasma. Division of both sides 
of the equation by C and rearrangement yield: 

renal clearance = f k , ( l  - F) + k : ( l  - F )  (Eq. 7) 

In this case, a plot of renal clearance uersus f should be 
linear and have a positive intercept. Such a relationship 
was observed recently by Yacobi and Levy (7) with respect 
to the renal clearance of sulfisoxazole in rats. 

Dividing the slope of a plot of renal clearance uersus f 
according to Eq. 7 by its intercept gives: 

slope k,(l - F )  k,  
intercept k : ( l  - F )  k: 
-=-=- 

Consequently, inhibition of renal tubular secretion (for 
example, by administration of probenecid in the case of 
certain acidic drugs) should cause an increase of the 
s1ope:intercept ratio if the renal tubular secretion rate is 
proportional to the total drug concentration in plasma. 

1nhibit.ion or absence of renal tubular reabsorption ( F  
= 0) reduces Eq. 7 to: 

renal clearance = fk, + k: (Eq. 9) 

and, therefore, results in increased slope and intercept 
values but has no effect on the s1ope:intercept ratio. The 
slope should not exceed the glomerular filtration rate of 
a completely filtered substance such as inulin or creatinine, 
and k f  should not exceed the renal blood flow minus k, 
unless the excreted substance is entirely or partly formed 
in the kidneys. 

Equation 8 may be useful for estimating kz, again with 
the assumption that k, = GFR. Then, k,’ = GFR (inter- 
cept/slope). Thus, it may be possible to estimate 12,’ under 
physiological conditions, i .e.,  without changing the urine 
pH to prevent renal tubular reabsorption or administering 
a drug that blocks renal tubular secretion. Since the in- 
tercept of a plot of renal clearance uersus f according to Eq. 
7 is equal to k i ( l  - F ) ,  F can be estimated if k f  is 
known. 

Proportionality between the renal tubular secretion rate 
and the total rather than the free drug concentration in 
plasma may be a consequence of blood flow rate-limited 
secretion (12). Under these conditions, the sum of kg and 
ki  may be equal to the renal blood flow or it may be less 
than that if part of the blood perfusing the kidneys by- 
passes the sites of renal secretion for a particular drug (12, 
16). Thus, Eq. 6 may be a limiting case of Eq. 1 when fhS 
>> Q .  Then the second term on the right side of Eq. 1 re- 
duces to QC, and kz in Eqs. 6-9 becomes &. 
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BOOKS 

REVIEWS 

Autonomic Pharmacology: Experimental and Clinical Aspects. By 
MICHAEL D. DAY. Churchill Livingstone, 19 West 44th St., New 
York, NY 10036.1979.255 pp. 14 X 21 cm. Price $15.00 (soft cover). 
This excellent small book, in the words of the author, “is intended 

primarily for undergraduate students of medical sciences.” Students of 
medicine, pharmacy, dentistry, nursing, and other health sciences also 
should be included. Written for British students, this book contains many 
drug names that are not familiar to American students. This is due mainly 
to the fact that  the FDA considers some of these drugs neither safe nor 
effective, even though they have been used in England for many years. 
The fact that drugs available on this side of the Atlantic are not identified 
may be a slight handicap. However, by describing these foreign drugs, 
this book gives the American student a better and more complete view 
of autonomic drug development. 

There are three chapters covering the anatomy, physiology, and 
chemistry of the autonomic motor system and neurohumoral transmis- 
sion. Ten chapters cover adrenergic and cholinergic agonists and blocking 
agents. For each drug class, one or two prototype compounds are de- 
scribed in detail. Other drugs of the same category then are-briefly 
compared clinically to the prototype. The historical aspects of autonomic 
physiology and pharmacology are well covered. As far as the drugs that 
are included and the mechanism of actions described are concerned, this 
work is up to date. The only thing missing is some mention of radioligand 
studies of receptors. This book is recommended for all biomedical stu- 
dents. 

Reuiewed by R. P. Ahlquist 
Medical College of Georgia 
Augusta, GA 30912 

The Anticancer Drugs. By WILLIAM B. PRA’IT and RAYMOND W. 
RUDDON. Oxford University Press, 200 Madison Ave., New York, 
NY 10016.1979.323 pp. 15 X 23 cm. Price $18.95 hard cover or $12.95 
soft cover. 
The stated purpose of this text is to offer “a full, but concise description 

of anticancer drugs, both old and new.”The authors have achieved their 
objective with respect to describing currently used agents for human 
neoplastic diseases. There is excellent integration of the proposed 
mechanism of action of the agent, its uses against specific tumor types, 
and toxicity of the agent in humans. 

The first chapter is a cursory review of the incidence of cancer in the 
United States and the world, biochemical and genetic characteristics of 
malignant cells, and role of drugs in cancer therapy. 

Historical milestones in the development of the major chemical cate- 
gories of antineoplastic agents are dealt with in the second chapter. 

The third chapter discusses Gompertizian cell growth of tumors, the 
cell cycle, fraction of cells in mitosis, development of drug-resistant states, 
and determinant factors of the host involved in drug response. 

Chapter 4 reviews, as general concepts, the responsiveness of tumors 
to  chemotherapy drugs, the choice of drugs for specific types of tumors, 
combination chemotherapy, adjuvant therapy, and toxicity of antineo- 
plastics. 

Individual alkylating agents, antimetabolites, antibiotics, hormones, 
plant alkaloids, enzymes, and miscellaneous drugs are delineated in 
Chapters 5-9. The chemical structure, mechanism of action, adminis- 
tration routes, absorption, bioactivation, metabolism, distribution, ex- 
cretion, causes of resistant states, and toxicity are given. 

The last chapter briefly describes how new drugs are established as 
antineoplastic agents in animal models. Thirteen new drugs are discussed 
that are currently in human clinical trials, potent in animal screens, or 
unique in structure as an approach to drug design. This chapter also in- 
cludes a treatment of biological markers of neoplastic cells, e.g., antigens 
or enzymes, which is more appropriately included in an earlier 
chapter. 

There are several weaknesses of the book as a general text in academic 
instruction. There is no discussion of structureactivity relationships or 
the reasons some agents are restricted from use in this country. Only a 
limited conceptual discussion of immunotherapy agents and their uses 
in neoplastic therapy and the use of chemotherapy prior to and post- 
surgery and/or radiation is presented. Neither percentages of response 
in the clinic to a specific agent for a given tumor type nor the percentage 
of relapses from therapy is delineated in the text. Furthermore, no dif- 
ferentiation is made between singular and combination therapy in the 
discussion of the uses of an agent. 

The primary emphasis of this book is on the mechanisms of action as 
seen from the viewpoint of both biochemistry and molecular biology. Few 
texts have achieved such a complete description of all major agents. 

Receiued by Iris H. Hall 
School of Pharmacy 
Uniuersity of North Carolina 
Chapel Hill, NC 27514 

Index of Antibiotics from Actinomycetes, Vol. 11. Fdited by HAMAO 
UMEZAWA. University Park Press, 233 E. Redwood St., Baltimore, 
MD 21202.1979.1466 pp. 18 X 23 cm. Price $97.50. 
This update of a 1966 index lists the antibiotics produced by Actino- 

mycetes reported mainly between 1966 and 1976. Chapter I lists generic 
names, common names, trivial names, and selected trade names, in- 
cluding those from the previous volume, in alphabetical order followed 
by those antibiotics designated by letter and numerical arrangement. The 
group to which the antibiotic belongs and its synonyms are given along 
with a page reference to an entry in the previous or present volume. 

Chapter I1 gives data on the antibiotics. A typical compound entry 
includes the antibiotic group, synonyms and similar compounds, mo- 
lecular weight and formula, structure, isolation, physical properties such 
as melting point and solubility, elemental analysis, UV characteristics, 
IR spectrum, activity, LD50 value, and literature references. 

Staf f  Review 

Analytical Profiles of Drug Substances, Vol. 8. Edited by KLAUS 
FLOREY. Academic, 111 Fifth Ave., New York, NY 10003.1979.558 
pp. 15.5 X 23.5 cm. 
This ongoing series is concerned with reporting’supplemental infor- 

mation on drug substances that are listed in the official compendia but 
for which the compendia do not provide detailed physical or chemical 
data, methods of synthesis, or pathways of physical or biological degra- 
dation and metabolism. 

Volume 8 contains individual monographs for the following drugs: 
aspirin, bromocriptine methanesulphonate, calcitrol, chlortetracycline 
hydrochloride, dobutamine hydrochloride, erythromycin, gramicidin, 
griseofulvin, halcinonide, hydralazine hydrochloride, calcium leucovorin, 
methimazole, nalidixic acid, neomycin, pseudoephedrine hydrochloride, 
triprolidine hydrochloride, and sodium valproate and valproic acid. The 
monographs contain some or all of the general headings such as intro- 
ductory information (e.g., history, appearance, and odor), physico- 
chemical properties (e.g., elemental analysis, spectra, crystal properties, 
solubility, and partition coefficients), synthesis, stability and degradation, 
biopharmaceutics (e.g., pharmacokinetics and metabolism), toxicology, 
analytical methods, and literature references. Most of the monographs 
seem to have surveyed the drug literature through 1977 or 1978. The 
spectra and other analytical curves in the book have been reproduced in 
a clear and uncluttered fashion. 

The entire series should be available in libraries of drug firms, FDA 
laboratories, toxicology laboratories, and schools of medicine and phar- 
macy, The volumes are not organized for use as textbooks in courses such 
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agents. For each drug class, one or two prototype compounds are de- 
scribed in detail. Other drugs of the same category then are-briefly 
compared clinically to the prototype. The historical aspects of autonomic 
physiology and pharmacology are well covered. As far as the drugs that 
are included and the mechanism of actions described are concerned, this 
work is up to date. The only thing missing is some mention of radioligand 
studies of receptors. This book is recommended for all biomedical stu- 
dents. 

Reuiewed by R. P. Ahlquist 
Medical College of Georgia 
Augusta, GA 30912 

The Anticancer Drugs. By WILLIAM B. PRA’IT and RAYMOND W. 
RUDDON. Oxford University Press, 200 Madison Ave., New York, 
NY 10016.1979.323 pp. 15 X 23 cm. Price $18.95 hard cover or $12.95 
soft cover. 
The stated purpose of this text is to offer “a full, but concise description 

of anticancer drugs, both old and new.”The authors have achieved their 
objective with respect to describing currently used agents for human 
neoplastic diseases. There is excellent integration of the proposed 
mechanism of action of the agent, its uses against specific tumor types, 
and toxicity of the agent in humans. 

The first chapter is a cursory review of the incidence of cancer in the 
United States and the world, biochemical and genetic characteristics of 
malignant cells, and role of drugs in cancer therapy. 

Historical milestones in the development of the major chemical cate- 
gories of antineoplastic agents are dealt with in the second chapter. 

The third chapter discusses Gompertizian cell growth of tumors, the 
cell cycle, fraction of cells in mitosis, development of drug-resistant states, 
and determinant factors of the host involved in drug response. 

Chapter 4 reviews, as general concepts, the responsiveness of tumors 
to  chemotherapy drugs, the choice of drugs for specific types of tumors, 
combination chemotherapy, adjuvant therapy, and toxicity of antineo- 
plastics. 

Individual alkylating agents, antimetabolites, antibiotics, hormones, 
plant alkaloids, enzymes, and miscellaneous drugs are delineated in 
Chapters 5-9. The chemical structure, mechanism of action, adminis- 
tration routes, absorption, bioactivation, metabolism, distribution, ex- 
cretion, causes of resistant states, and toxicity are given. 

The last chapter briefly describes how new drugs are established as 
antineoplastic agents in animal models. Thirteen new drugs are discussed 
that are currently in human clinical trials, potent in animal screens, or 
unique in structure as an approach to drug design. This chapter also in- 
cludes a treatment of biological markers of neoplastic cells, e.g., antigens 
or enzymes, which is more appropriately included in an earlier 
chapter. 

There are several weaknesses of the book as a general text in academic 
instruction. There is no discussion of structureactivity relationships or 
the reasons some agents are restricted from use in this country. Only a 
limited conceptual discussion of immunotherapy agents and their uses 
in neoplastic therapy and the use of chemotherapy prior to and post- 
surgery and/or radiation is presented. Neither percentages of response 
in the clinic to a specific agent for a given tumor type nor the percentage 
of relapses from therapy is delineated in the text. Furthermore, no dif- 
ferentiation is made between singular and combination therapy in the 
discussion of the uses of an agent. 

The primary emphasis of this book is on the mechanisms of action as 
seen from the viewpoint of both biochemistry and molecular biology. Few 
texts have achieved such a complete description of all major agents. 

Receiued by Iris H. Hall 
School of Pharmacy 
Uniuersity of North Carolina 
Chapel Hill, NC 27514 

Index of Antibiotics from Actinomycetes, Vol. 11. Fdited by HAMAO 
UMEZAWA. University Park Press, 233 E. Redwood St., Baltimore, 
MD 21202.1979.1466 pp. 18 X 23 cm. Price $97.50. 
This update of a 1966 index lists the antibiotics produced by Actino- 

mycetes reported mainly between 1966 and 1976. Chapter I lists generic 
names, common names, trivial names, and selected trade names, in- 
cluding those from the previous volume, in alphabetical order followed 
by those antibiotics designated by letter and numerical arrangement. The 
group to which the antibiotic belongs and its synonyms are given along 
with a page reference to an entry in the previous or present volume. 

Chapter I1 gives data on the antibiotics. A typical compound entry 
includes the antibiotic group, synonyms and similar compounds, mo- 
lecular weight and formula, structure, isolation, physical properties such 
as melting point and solubility, elemental analysis, UV characteristics, 
IR spectrum, activity, LD50 value, and literature references. 

Staf f  Review 

Analytical Profiles of Drug Substances, Vol. 8. Edited by KLAUS 
FLOREY. Academic, 111 Fifth Ave., New York, NY 10003.1979.558 
pp. 15.5 X 23.5 cm. 
This ongoing series is concerned with reporting’supplemental infor- 

mation on drug substances that are listed in the official compendia but 
for which the compendia do not provide detailed physical or chemical 
data, methods of synthesis, or pathways of physical or biological degra- 
dation and metabolism. 

Volume 8 contains individual monographs for the following drugs: 
aspirin, bromocriptine methanesulphonate, calcitrol, chlortetracycline 
hydrochloride, dobutamine hydrochloride, erythromycin, gramicidin, 
griseofulvin, halcinonide, hydralazine hydrochloride, calcium leucovorin, 
methimazole, nalidixic acid, neomycin, pseudoephedrine hydrochloride, 
triprolidine hydrochloride, and sodium valproate and valproic acid. The 
monographs contain some or all of the general headings such as intro- 
ductory information (e.g., history, appearance, and odor), physico- 
chemical properties (e.g., elemental analysis, spectra, crystal properties, 
solubility, and partition coefficients), synthesis, stability and degradation, 
biopharmaceutics (e.g., pharmacokinetics and metabolism), toxicology, 
analytical methods, and literature references. Most of the monographs 
seem to have surveyed the drug literature through 1977 or 1978. The 
spectra and other analytical curves in the book have been reproduced in 
a clear and uncluttered fashion. 

The entire series should be available in libraries of drug firms, FDA 
laboratories, toxicology laboratories, and schools of medicine and phar- 
macy, The volumes are not organized for use as textbooks in courses such 
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as drug analysis or pharmaceutics, although the information contained 
in each volume can be used as reference material. 

The volumes are highly recommended to any scientist who is actively 
involved in drug research and development. 

Reviewed by James T. Stewart 
Department of Medicinal Chemistry 
School of Pharmacy 
University of Georgia 
Athens, G A  30602 

Handbook of U.S. Colorants for Foods, Drugs, and Cosmetics. By 
DANIEL M. MARMION. Wiley-Interscience, One Wiley Drive, 
Somerset, NJ 08873.1979.350 pp. 13.5 X 21 cm. 
The purpose of this book is to give a general survey of the colorants used 

in the United States in foods, drugs, and cosmetics. The author divided 
his book into three approximately equal parts. The first one offers a 
concise, well-written summary of the regulations related to coloring 
agents. It deals with the permanent and temporary listing of the colorants 
and sums up their properties, specifications, permitted uses, and limi- 
tations. 

The second part of the book is a useful survey of the qualitative and 
quantitative analytical procedures applied for the colorants and their 
impurities. The author describes a wide range of techniques such as 
column, paper, and thin-layer chromatography, thermal analytical 
methods [differential thermal analysis (DTA) and differential scanning 
calorimetry (DSC)], spectrophotometry, IR spectrometry, and NMR 
spectroscopy. Model spectra and thermograms help the reader to un- 
derstand the interpretation of the plotted data. The selected examples 
are presented in simple, clear language with good diagrams where needed, 
and they can be followed easily by chemists or technicians with appro- 
priate training in analytical laboratory techniques. A reasonably up- 
to-date bibliography in each chapter assists those who desire more the- 
oretical background or technical details. 

The last section of the book basically is an extended biography, with 
ample comments by the author, on the analysis of colorant mixtures and 
commercial products such as beverages, cosmetics, drugs, and meat. 
These chapters, of course, were not intended to cover every possible 
product or application; nevertheless, the selection is a g o d  starting point 
for the analyst who has to solve problems in the analysis of color addi- 
tives. 

In summary, this book is a first in this area. While the scope is restricted 
to color additives used in the United States, the book also may help 
professionals in other countries who are manufacturing, controlling, or 
using colorants. 

Reviewed by Paul Turi 
Pharmaceutical Research and 

Sandoz, Inc. 
East Hanover, NJ 07936 

Development 

CRC Handbook Series in Clinical Laboratory Science, Section B 
Toxicology, Vol. 1. Edited by DAVID SELIGSON and IRVING 
SUNSHINE. CRC Press, 2255 Palm Beach Lakes Blvd., West Palm 
Beach, FL 33409.1978.414 pp. 19 X 26 cm. Price $54.95 ($62.95 outside 
the United States). 
The preface states that “in the last few years, there has been a flood 

of scientific articles dealing with use and misuse of chemical agents. From 
this surfeit has come a plethora of data which need to be at the fingertips 
of many scientists.” This volume is an attempt to fill that need. 

The book consists of five chapters. The first and major chapter en- 
compasses slightly over 300 pages or 75% of the book. This chapter is a 
detailed presentation of the chromatographic separation of drugs and 
chemicals. It is divided into several subsections including a basic intro- 
duction to chromatography, a presentation of GC, a presentation of TLC, 
and a final section on high-pressure liquid chromatography (HPLC). 
These sections include extensive tables on the methodology to be em- 

ployed to separate hundreds of chemicals of interest to the analytical 
toxicologist. These tables include listings of numerous solvent systems, 
which are frequently indexed according to their Rf values. The section 
on HPLC is the least extensive of the sections on chromatography but 
is still a valuable introduction to the technology. 

The second major chapter is on the immunoassay of drugs and includes 
a brief description of the development of radioimmunoassay. This chapter 
lists 70 drugs that can be quantitated by this technique and includes over 
400 references. 

The third chapter has microcrystalline tests for approximately 250 
drugs and chemicals with references and explanations for each particular 
test. 

The fourth chapter is a tabulation of solubilities of numerous antibi- 
otics arranged in two tables. One table gives the solubility of 76 antibiotics 
in 24 solvents at 2 8 O .  The second table includes 53 additional antibiotics 
and their solubilities a t  21° in 24 solvents. 

The last chapter is a tabulation of approximately 600 chemicals ar- 
ranged in ascending order of their melting points. 

In summary, as stated in the preface, this book is a compilation of a 
large number of tables dealing with the separation and identification of 
toxic chemicals. The one drawback is that it takes a fair amount of time 
to become familiar with its organization since the tables frequently are 
extremely long. However, this book should be valuable to individuals 
involved with identifying chemicals in biological systems. 

Reviewed by Gary L. Lage 
Philadelphia College of Pharmacy and 

Philadelphia, PA 19104 
Science 

Sustained and Controlled Release Drug Delivery Systems, Vol. 6. 
Edited by JOSEPH R. ROBINSON. Dekker, 270 Madison Ave., New 
York, NY 10016.1978.773 pp. 15 X 23 cm. Price $59.75. 
The book starts with a standard overview of controlled-release delivery 

systems, but the inclusion of the role of disease states and of circadian 
rhythm makes the chapter stimulating. Chapter 2 also gives standard 
material with a brief discussion of liposomes. Reference 200 in this 
chapter is cited incorrectly. Salicylate, not aspirin, has a biological half- 
life of 6 hr. Chapters 3 and 4 discuss physical methods of obtaining a 
sustained-release drug delivery system. 

Chapter 5, as written, seems totally irrelevant to the rest of the book 
and should have been omitted. Chapters 6 and 7 give interesting accounts 
of the prodrug and biomedical engineering approach. Chapters 8 and 9 
give the classical pharmacokinetic picture of sustained-release sys- 
tems. 

In general, the book provides a current and comprehensive picture of 
the sustained-release product area and is recommended to anyone in- 
terested in understanding the principles, technologies, and applications 
of controlled-release. drug delivery systems. 

Reviewed by John H. Perrin 
College of Pharmacy 
University of Florida 
Gainesville, FL 32610 

Microcapsule Processing and Technology. By ASAJI KONDO. 
Edited and revised by J. WADE VAN VALKENBURG. Dekker, 270 
Madison Ave., New York, NY 10016. 1979. 182 pp. Price $22.50. 
This hard-bound book represents an edited English revision of the 

original text published in Japanese by Asaji Kondo in 1970. The first four 
chapters provide an in-depth discussion into the history, general prin- 
ciples, and applications of microencapsulation. The remaining 14 chapters 
examine various methods of preparing microcapsules. In all cases, the 
author attempted to simplify each system, with detailed explanations 
of the various procedures employed to manufacture microcapsules. 
Schematic diagrams, tables, and scanning electron micrographs are 
scattered liberally throughout the text and adequately illustrate the 
concepts under discussion. The bulk of the book is devoted to explana- 
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The preface states that “in the last few years, there has been a flood 

of scientific articles dealing with use and misuse of chemical agents. From 
this surfeit has come a plethora of data which need to be at the fingertips 
of many scientists.” This volume is an attempt to fill that need. 

The book consists of five chapters. The first and major chapter en- 
compasses slightly over 300 pages or 75% of the book. This chapter is a 
detailed presentation of the chromatographic separation of drugs and 
chemicals. It is divided into several subsections including a basic intro- 
duction to chromatography, a presentation of GC, a presentation of TLC, 
and a final section on high-pressure liquid chromatography (HPLC). 
These sections include extensive tables on the methodology to be em- 

ployed to separate hundreds of chemicals of interest to the analytical 
toxicologist. These tables include listings of numerous solvent systems, 
which are frequently indexed according to their Rf values. The section 
on HPLC is the least extensive of the sections on chromatography but 
is still a valuable introduction to the technology. 

The second major chapter is on the immunoassay of drugs and includes 
a brief description of the development of radioimmunoassay. This chapter 
lists 70 drugs that can be quantitated by this technique and includes over 
400 references. 

The third chapter has microcrystalline tests for approximately 250 
drugs and chemicals with references and explanations for each particular 
test. 

The fourth chapter is a tabulation of solubilities of numerous antibi- 
otics arranged in two tables. One table gives the solubility of 76 antibiotics 
in 24 solvents at 2 8 O .  The second table includes 53 additional antibiotics 
and their solubilities a t  21° in 24 solvents. 

The last chapter is a tabulation of approximately 600 chemicals ar- 
ranged in ascending order of their melting points. 

In summary, as stated in the preface, this book is a compilation of a 
large number of tables dealing with the separation and identification of 
toxic chemicals. The one drawback is that it takes a fair amount of time 
to become familiar with its organization since the tables frequently are 
extremely long. However, this book should be valuable to individuals 
involved with identifying chemicals in biological systems. 

Reviewed by Gary L. Lage 
Philadelphia College of Pharmacy and 

Philadelphia, PA 19104 
Science 

Sustained and Controlled Release Drug Delivery Systems, Vol. 6. 
Edited by JOSEPH R. ROBINSON. Dekker, 270 Madison Ave., New 
York, NY 10016.1978.773 pp. 15 X 23 cm. Price $59.75. 
The book starts with a standard overview of controlled-release delivery 

systems, but the inclusion of the role of disease states and of circadian 
rhythm makes the chapter stimulating. Chapter 2 also gives standard 
material with a brief discussion of liposomes. Reference 200 in this 
chapter is cited incorrectly. Salicylate, not aspirin, has a biological half- 
life of 6 hr. Chapters 3 and 4 discuss physical methods of obtaining a 
sustained-release drug delivery system. 

Chapter 5, as written, seems totally irrelevant to the rest of the book 
and should have been omitted. Chapters 6 and 7 give interesting accounts 
of the prodrug and biomedical engineering approach. Chapters 8 and 9 
give the classical pharmacokinetic picture of sustained-release sys- 
tems. 

In general, the book provides a current and comprehensive picture of 
the sustained-release product area and is recommended to anyone in- 
terested in understanding the principles, technologies, and applications 
of controlled-release. drug delivery systems. 

Reviewed by John H. Perrin 
College of Pharmacy 
University of Florida 
Gainesville, FL 32610 

Microcapsule Processing and Technology. By ASAJI KONDO. 
Edited and revised by J. WADE VAN VALKENBURG. Dekker, 270 
Madison Ave., New York, NY 10016. 1979. 182 pp. Price $22.50. 
This hard-bound book represents an edited English revision of the 

original text published in Japanese by Asaji Kondo in 1970. The first four 
chapters provide an in-depth discussion into the history, general prin- 
ciples, and applications of microencapsulation. The remaining 14 chapters 
examine various methods of preparing microcapsules. In all cases, the 
author attempted to simplify each system, with detailed explanations 
of the various procedures employed to manufacture microcapsules. 
Schematic diagrams, tables, and scanning electron micrographs are 
scattered liberally throughout the text and adequately illustrate the 
concepts under discussion. The bulk of the book is devoted to explana- 
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as drug analysis or pharmaceutics, although the information contained 
in each volume can be used as reference material. 

The volumes are highly recommended to any scientist who is actively 
involved in drug research and development. 
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concise, well-written summary of the regulations related to coloring 
agents. It deals with the permanent and temporary listing of the colorants 
and sums up their properties, specifications, permitted uses, and limi- 
tations. 
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quantitative analytical procedures applied for the colorants and their 
impurities. The author describes a wide range of techniques such as 
column, paper, and thin-layer chromatography, thermal analytical 
methods [differential thermal analysis (DTA) and differential scanning 
calorimetry (DSC)], spectrophotometry, IR spectrometry, and NMR 
spectroscopy. Model spectra and thermograms help the reader to un- 
derstand the interpretation of the plotted data. The selected examples 
are presented in simple, clear language with good diagrams where needed, 
and they can be followed easily by chemists or technicians with appro- 
priate training in analytical laboratory techniques. A reasonably up- 
to-date bibliography in each chapter assists those who desire more the- 
oretical background or technical details. 

The last section of the book basically is an extended biography, with 
ample comments by the author, on the analysis of colorant mixtures and 
commercial products such as beverages, cosmetics, drugs, and meat. 
These chapters, of course, were not intended to cover every possible 
product or application; nevertheless, the selection is a g o d  starting point 
for the analyst who has to solve problems in the analysis of color addi- 
tives. 

In summary, this book is a first in this area. While the scope is restricted 
to color additives used in the United States, the book also may help 
professionals in other countries who are manufacturing, controlling, or 
using colorants. 
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tions of process applications for the manufacture of paper, adhesives, 
plasticizers, copying materials, pigments, perfumes, and many other 
substances including drugs. 

My biggest criticism of the book is that the original text by Asaji Kondo 
is 10 years old. As a result, the English version by J. Wade Van Valken- 
burg contains reference material published prior to 1970. However, mi- 
croencapsulation is a highly patented field and several patents discussed 
in the book will expire in the 1980’s. Therefore, the text could prove to 
be of great assistance to scientists working in this field. 

Reviewed by James W. McGinity 
Drug Dynamics Institute 
College of Pharmacy 
University of Texas 
Austin, T X  78712 

Catecholamines: Basic and Clinical Frontiers, Vols. I and 11. Edited 
by E. USDIN, I. J. KOPIN, and J. BARCHAS. Pergamon Press, 
Maxwell House, Fairview Park, Elmsford, NY 10523.1979. Vol I: 1003 
pp. Vol. I1 946 pp. 17 X 25 cm. Price $200.00 per volume. 
The material in both volumes represents the phenomenal growth of 

research in catecholamines. Although the impact of catecholamine re- 
search in medicine has been universal, this international symposium 
represents research carried out mainly in the United States, France, 
Sweden, Britain, and Germany. The opening chapter presents a coherent, 
concise, and important summary by the internationally respected sci- 
entist-teacher, Arvid Carlsson, concerning the impact of catecholamine 
research on medical science and practices. 

Compared to the previous symposium, a meaningful morphology ap- 
pears on many pages. Dopamine occupies the central theme with which 
other endogenous substances such as enkephalins, substance P, and 
7-aminobutyric acid (GABA) are intertwined. Drug-induced side effects 
and their influence on neurochemistry receive only limited attention. The 
value of genetics in relation to psychotropic illness with or without CO- 
herent neurochemical markers is included. One occasionally sees a 
marked overlap between the material published in these symposia and 
that published elsewhere. In the present era of rapid scientific commu- 
nication, publishing the same material repeatedly should be discouraged. 
Catecholamine receptors occupy a large section in Vol. I. 

The cost of both volumes may produce mental and neurochemical 
disturbances in the poor scientist who may want to buy them, so only 
departmental and institutional purchases are recommended. 

Reviewed by P. N. Patil 
College of Pharmacy 
Ohio State University 
Columbus, OH 43210 

Introduction to Powder Surface Area. By S. LOWELL. Wiley, 605 
Third Ave., New York, NY 10016. 1979. 199 pp. 15 X 23 cm. Price 
$17.95. 
The subject of micromeritics should be important to pharmaceutical 

scientists. The features of a powder, e.g., particle size, shape, and area, 
can greatly influence product development and processing as well as the 
properties of the finished product. However, the articles published about 
powders often present complicated dissolution equations derived for 
idealized situations. Thus, the important term for powder surface area 
in many pharmaceutical papers is calculated from assumed particle 
distributions for regularly shaped, isotropic particles. The assumption 
of no pores, no surface irregularities, and no interparticle forces leading 
to aggregation is far from reality. It should be of interest in pharmacy to 
characterize powders in regard to actual surface area and then to seek 
valid relationships between area and powder behaviors. This book may 
provide the proper introduction into this field for many pharmaceutical 
scientists. 

Lowell treats powder surface area and pore-size distribution mostly 
as a subject of gas adsorption. However, mercury porosimetry is discussed. 
The book is relatively small (199 pages) and is divided into two parts. The 
author discusses the theoretical bases for surface area measurements in 
the first part. The topics discussed in these first 11 chapters also may be 
found ,in books on surface chemistry or particle-size measurement, but 
Lowell’s presentation is clear and generally easy to  follow. For example, 
in Chapter 5, he carefully leads the reader through the Brunauer, Em- 
mett, and Teller theory using 25 equations. 

The second section, the experimental section, should be quite helpful 
to those entering the field of surface area measurement. The basic tech- 
niques are described, but the narratives on vacuum volumetric methods 
(Chapter 13) and particularly on dynamic flow methods (Chapter 14) are 
somewhat less clear than the discussions in the first part of the book. 
Quick comparisons on various points (gas mixtures, calibration, speed, 
etc.)  of the three important gas adsorption techniques (i.e.,  vacuum 
volumetric, continuous flow, ana gravimetric methods) are given in 
Chapter 17. 

One frustrating feature of this book is the large number of typo- 
graphical and content errors. These errors reduce reader confidence in 
the text. Many of these are immediately recognizable as errors but some 
are not. Thus, while trying to understand the vacuum volumetric method 
in Chapter 13, we depend on Eqs. 13.3-13.8 to help, not hinder, us. Here, 
a simple sign error can lead to considerable confusion. 

The real advantage of this book may be psychological. The author has 
separated the topic from the generally larger subject of particle-size 
measurement. By limiting the topic, he has made it possible for us to 
become more immediately interested in surface area measurement and, 
perhaps, more willing to use such measurements. 

Thus, this book should be worthwhile for self-study or as a basic ref- 
erence and should be recommended to pharmaceutical scientists. Nev- 
ertheless, it is only an introduction. The implication given on the dust 
cover that meaningful measurements of powder surface areas will im- 
mediately result from study of this book is probably too optimistic. 

Reviewed by Dana Brooke 
Mead Johnson Pharmaceutical Division 
Evansville, I N  47721 
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tions of process applications for the manufacture of paper, adhesives, 
plasticizers, copying materials, pigments, perfumes, and many other 
substances including drugs. 

My biggest criticism of the book is that the original text by Asaji Kondo 
is 10 years old. As a result, the English version by J. Wade Van Valken- 
burg contains reference material published prior to 1970. However, mi- 
croencapsulation is a highly patented field and several patents discussed 
in the book will expire in the 1980’s. Therefore, the text could prove to 
be of great assistance to scientists working in this field. 

Reviewed by James W. McGinity 
Drug Dynamics Institute 
College of Pharmacy 
University of Texas 
Austin, T X  78712 

Catecholamines: Basic and Clinical Frontiers, Vols. I and 11. Edited 
by E. USDIN, I. J. KOPIN, and J. BARCHAS. Pergamon Press, 
Maxwell House, Fairview Park, Elmsford, NY 10523.1979. Vol I: 1003 
pp. Vol. I1 946 pp. 17 X 25 cm. Price $200.00 per volume. 
The material in both volumes represents the phenomenal growth of 

research in catecholamines. Although the impact of catecholamine re- 
search in medicine has been universal, this international symposium 
represents research carried out mainly in the United States, France, 
Sweden, Britain, and Germany. The opening chapter presents a coherent, 
concise, and important summary by the internationally respected sci- 
entist-teacher, Arvid Carlsson, concerning the impact of catecholamine 
research on medical science and practices. 

Compared to the previous symposium, a meaningful morphology ap- 
pears on many pages. Dopamine occupies the central theme with which 
other endogenous substances such as enkephalins, substance P, and 
7-aminobutyric acid (GABA) are intertwined. Drug-induced side effects 
and their influence on neurochemistry receive only limited attention. The 
value of genetics in relation to psychotropic illness with or without CO- 
herent neurochemical markers is included. One occasionally sees a 
marked overlap between the material published in these symposia and 
that published elsewhere. In the present era of rapid scientific commu- 
nication, publishing the same material repeatedly should be discouraged. 
Catecholamine receptors occupy a large section in Vol. I. 

The cost of both volumes may produce mental and neurochemical 
disturbances in the poor scientist who may want to buy them, so only 
departmental and institutional purchases are recommended. 

Reviewed by P. N. Patil 
College of Pharmacy 
Ohio State University 
Columbus, OH 43210 

Introduction to Powder Surface Area. By S. LOWELL. Wiley, 605 
Third Ave., New York, NY 10016. 1979. 199 pp. 15 X 23 cm. Price 
$17.95. 
The subject of micromeritics should be important to pharmaceutical 

scientists. The features of a powder, e.g., particle size, shape, and area, 
can greatly influence product development and processing as well as the 
properties of the finished product. However, the articles published about 
powders often present complicated dissolution equations derived for 
idealized situations. Thus, the important term for powder surface area 
in many pharmaceutical papers is calculated from assumed particle 
distributions for regularly shaped, isotropic particles. The assumption 
of no pores, no surface irregularities, and no interparticle forces leading 
to aggregation is far from reality. It should be of interest in pharmacy to 
characterize powders in regard to actual surface area and then to seek 
valid relationships between area and powder behaviors. This book may 
provide the proper introduction into this field for many pharmaceutical 
scientists. 

Lowell treats powder surface area and pore-size distribution mostly 
as a subject of gas adsorption. However, mercury porosimetry is discussed. 
The book is relatively small (199 pages) and is divided into two parts. The 
author discusses the theoretical bases for surface area measurements in 
the first part. The topics discussed in these first 11 chapters also may be 
found ,in books on surface chemistry or particle-size measurement, but 
Lowell’s presentation is clear and generally easy to  follow. For example, 
in Chapter 5, he carefully leads the reader through the Brunauer, Em- 
mett, and Teller theory using 25 equations. 

The second section, the experimental section, should be quite helpful 
to those entering the field of surface area measurement. The basic tech- 
niques are described, but the narratives on vacuum volumetric methods 
(Chapter 13) and particularly on dynamic flow methods (Chapter 14) are 
somewhat less clear than the discussions in the first part of the book. 
Quick comparisons on various points (gas mixtures, calibration, speed, 
etc.)  of the three important gas adsorption techniques (i.e.,  vacuum 
volumetric, continuous flow, ana gravimetric methods) are given in 
Chapter 17. 

One frustrating feature of this book is the large number of typo- 
graphical and content errors. These errors reduce reader confidence in 
the text. Many of these are immediately recognizable as errors but some 
are not. Thus, while trying to understand the vacuum volumetric method 
in Chapter 13, we depend on Eqs. 13.3-13.8 to help, not hinder, us. Here, 
a simple sign error can lead to considerable confusion. 

The real advantage of this book may be psychological. The author has 
separated the topic from the generally larger subject of particle-size 
measurement. By limiting the topic, he has made it possible for us to 
become more immediately interested in surface area measurement and, 
perhaps, more willing to use such measurements. 

Thus, this book should be worthwhile for self-study or as a basic ref- 
erence and should be recommended to pharmaceutical scientists. Nev- 
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PR IN THE PHARMACEUTICAL SCIENCES 
“Better Living Through Chemistry!“ 
For those readers who are in the same age bracket as this writer, there 

is no need to identify the slogan quoted above, or to tell when it was in wide, 
popular use. For our younger readers, however, we should explain that this 
was a theme that ran through the extensive advertising of the DuPont 
Chemical Company during and immediately following World War 11. 

Having developed artificial fibers, and nylon in particular, from a virtual 
nothing into a huge segment of American industrial production during 
the decade of the 1940’s, the DuPont firm could truly boast of the won- 
derous changes that chemistry, nylon, and DuPont had worked for the 
citizens of this Country in the span of a few short years. 

But chemistry was responsible for more than just women’s sheer 
stockings and Air Force pilots’ parachutes. I t  also was the vehicle that 
brought us vitamins, miracle drugs, artificial rubber tires, sudsy detergents, 
and countless other consumer products that literally transformed the 
average person’s daily life-style more dramatically than mankind had 
previously experienced in time periods covering hundreds or even thou- 
sands of years. 

Consequently, to have grown up as a teenager during those fabulous late 
forties was to feel and share the excitement of breathtaking new discoveries 
and to marvel a t  the almost daily new products and conveniences. 

And, at that time, to be able to tell friends, colleagues, and relatives that 
you were embarking on the study of science and chemistry was to feel the 
pride and to sense the adulation experienced more recently by moon- 
walking astronauts or Super Bowl quarterbacks. 

But as time went on, the public began to hear about insecticide buildup 
in birds and fish, about waterways being fouled with nonbiodegradable 
detergents, about the cancer risk of certain food additives, about growth 
hormone residues in food animals, about the risk of nuclear power plant 
accidents, and about dozens of other problems associated with those 
wonderful products of the chemical age-and all of a sudden it wasn’t too 
popular to be identified as a chemist or scientist. 

Pharmacy and pharmacists shared to a great extent in these swings of 
public favor. After all, pharmacy and pharmacists most directly deal with 
the drugs, the vitamins, the hormones, the pharmaceutical excipients, the 
flavors, the artificial sweeteners, and so on that first appeared so attractive 
but later were looked upon with misgivings and fear. And aside from 
chemists per se, among the professions, pharmacists probably take more 
chemistry courses in their formal education than any other professionals 
with the possible exception of chemical engineers. 

And naturally, within the community of pharmacy, pharmaceutical 
scientists probably felt the brunt of this fall from public popularity more 
severely than any other group. But, on the other hand, no group is more 
aware than pharmaceutical scientists of the many good things that science, 
chemistry, and more specifically the pharmaceutical sciences have done 
to contribute to better health and longer lives. 

Consequently, it may be timely for some down-to-earth, grass-roots 
public relations in which we take the opportunity to talk a t  meetings of 
consumer groups, fraternal organizations, ladies’ clubs, boy scouts, com- 
munity associations, better business bureaus, or whatever and to provide 
a balanced picture of the benefits and risks of drugs as well as the special 
stories about timed-release preparations, about novel drug delivery sys- 
tems, and about the development of prodrugs. 

The key to success in such public relations efforts is that such presen- 
tations must be credible. The hazards of potent drugs, the unknown 
problems associated with all new products, and the difficulty of achieving 
zero defects in product quality must also be recognized in an honest and 
forthright manner. 

Certainly, the “pill for every ill” approach is harmful and dangerous to 
society; as such, we must do what we can to reject such thinking. However, 
for the public to espouse an attitude of therapeutic nihilism would be at  
least equally unfortunate for society. 

Pharmaceutical scientists have the information, background, and op- 
portunity to influence public opinion to see that neither of these extremes 
is allowed to prevail. And, in speaking out with such a message, pharma- 
ceutical scientists will enhance their own image in the area of public es- 
teem. -EGF 
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Abstract A quantitative approach is presented for predicting solu- 
bilities of crystalline compounds in binary solvent systems. The solubility 
of theophylline in mixed solvents consisting of dioxane and water was 
determined at 25 f 0.1". The solubilities across this range of polar sol- 
vents were back-calculated using a technique involving an interaction 
energy term, W. This parameter is regressed against a polynomial ex- 
pression in 61, the solubility parameter for the mixed solvents. Except 
for the end-points, solubilities were predicted within <12% and with 
considerably better accuracy in most cases. The new approach modifies 
the well-known Hildebrand solubility equation to make it applicable to 
polar systems. Although the method may be used with solutes in pure 
solvents, its greatest application appears to be the prediction of drug 
solubility in binary solvent mixtures. 

Keyphrases Theophylline-solubility in polar binary solvents 
Solvent systems-solubility of theophylline in polar binary solvents 

Solubility data on drugs and pharmaceutical adjuncts 
in mixed solvents have wide application in the drug sci- 
ences. Knowledge of interactive forces between solutes and 
solvents are of considerable theoretical and practical in- 
terest throughout the physical and biological sciences. 

BACKGROUND 

The term regular solution was introduced by Hildebrand (1) to describe 
solutions showing random molecular distribution and orientation as 
found in ideal solutions. There is no entropy change, but heat is absorbed 
when the components of a regular solution are mixed. Although these 
solutions are not ideal, they yield curves of log solubility uersus 1/T that 
are quite regular. Other kinds of solutions, those that involve solvation 
or association, produce irregular solubility curves. Modifications of the 
Hildebrand approach for irregular solutions have been reported in the 
field of solution technology by various investigators (2-8). 

The Hildebrand-Scatchard equation for the solubility of solids in a 
regular solution may be written as (9-13): 

v29' (6, - 6 ~ ) ~  -1ogxz = -log- + - (Eq. 1) 
ASL T, 

R T 2.303RT 
where Xg is the mole fraction solubility of the solute or drug (represented 
by subscript 2); L?&, is the entropy of fusion of the crystalline drug at its 
melting point, T,, on the Kelvin scale; T is the temperature in degrees 

Kelvin at which the solubility is determined; R is the molar gas constant; 
VZ is the molar volume of the drug; $1 is the volume fraction of the solvent 
(represented by subscript 1); 62  is the solubility parameter of the solute; 
and 61 is the solubility parameter of the solvent or mixed solvent. Solu- 
bility parameters also are referred to as delta values. The first right-hand 
term of Eq. 1 frequently is written as (AHfm/2.303RT)(l/T - UT,,,), but 
the ASL term of Eq. 1 is more correct, as will be discussed later. 

The solubility parameter or delta value of the solvent, 61, is obtained 
as suggested by Hildebrand and Scott (10) using the relationship: 

(Eq. 2) 

where AEC; is the molar energy of vaporization, AH; is the heat of va- 
porization, and V1 is the molar volume of the solvent. The square of 61, 
or AEPIV1, is called the cohesive energy density of the solvent. Other 
methods for obtaining 61 were given by Hildebrand and Scott (10). 

The solubility parameter of a solid compound is difficult to obtain, and 
few values are recorded in the literature. The h2 value for iodine is -14.1 
(lo), and the value for naphthalene, phenanthrene, and anthrancene is 
-9.8. Several investigators (12,14) estimated the solubility parameters 
of benzoic acid and some p-hydroxybenzoic acid esters from the peak 
values obtained from a plot of mole fraction solubility uersus delta values 
of solvents. The parameter for benzoic acid also was determined from 
the solubility data in hexane and was found to be 11.5. The solubility 
parameters for barbiturates have been determined (15,16). Yalkowsky 
et al. (17) obtained the solubility parameters for p-aminobenzoate esters 
from their solubility in hexane. For example, the value for the ethyl ester 
was 12.05. James et al. (18) reported solubility parameters for some 
testosterone esters and related compounds. 

The first term on the right side of Eq. 1, the ideal solubility term, is for 
the dissociation of the crystal lattice of a solid compound, rendering it 
in the liquid form. In the presence of solvents that form nearly ideal so- 
lutions, the second right-hand quantity, the regular solution term, is 
nearly zero and may be omitted. 

The regular solution term, involving solubility parameters, is an activity 
coefficient, log mu, used to represent nonideality due to the interaction 
of solute and solvent molecules in a regular solution where only nonpolar 
and weak polar forces exist: 

log = A(61- 62)' (Eq. 3) 
where A represents V2&/2.303RT and the subscript u stands for van der 
Wads forces. 

Following the suggestion by Crowley et 01. (8), Hansen (5,6) introduced 
a three-dimensional system of solubility parameters. The energy of va- 
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porization in Eq. 2 was assumed to be an additive quantity composed of 
three energies representing London dispersion forces (AE;), polar forces 
(AE:), and hydrogen bonding (mi) in the solvent. Dividing each term 
by the molar volume of the solvent (Vl), the total cohesive energy density 
was obtained: 

(Eq. 4) 

or, in terms of delta values: 
6 2  = 68 + 6;  + 62, (Eq. 5) 

where 62 is the total cohesive energy density for the liquid. Values for 6d 
were determined by reference to a corresponding hydrocarbon called a 
homomorph, and 6, and 6h were estimated by empirical methods. Hoy 
et al. (19) developed extensive tables of three-dimensional delta values, 
which differ somewhat from the values of Hansen (5,6). Hansen noted 
that there is yet no theoretical basis for the new three-dimensional sol- 
ubility parameters, and he used them empirically to interpret the solu- 
bility of polymers and other solutes employed in industry and com- 
merce. 

Weimer and Prausnitz (20) calculated polar and nonpolar solubility 
parameters using the homomorph concept, and Blanks and Prausnitz 
(7) applied these values to the study of polymer solubility in polar sol- 
vents. These investigators did not consider hydrogen bonding sys- 
t,ems. 

Solubility Determination-The solubility of theophylline (62 = 14.0) 
was determined in mixed solvents consisting of dioxane (61, = 10.01) and 
water (61, = 23.45). Glass-distilled deionized water was used to prepare 
mixtures with dioxane in concentrations of 0-100% by volume of dioxane. 
About 10 ml of the mixture was introduced into screw-capped vials 
containing excess theophylline. The vials were agitated for 96 hr in a 
shaker bath maintained at 25 f 0.1'. Preliminary studies showed that 
this period was sufficient t o  ensure saturation a t  25'. 

After equilibrium was attained, vials were removed for analysis. The 
solutions were filtered, and aliquots were placed in volumetric flasks and 
brought to the final volume with the solvent mixture in which the drug 
was originally dissolved. The solutions were analyzed in a spectropho- 
tometer4 at 273.4 nm. Three samples were withdrawn from four separate 
vials and measured a t  each mixed solvent concentration. The standard 
error for the analysis of individual samples was Ck0.7 pg/ml. 

The densities of the solvent mixtures and the filtrates of the saturated 
solutions of theophylline were determined in triplicate at 25 f 0.1' using 
a pycnometer. 

Heat  of Fusion-The heat of fusion of crystalline theophylline was 
determined experimentally in a differential scanning calorimeter6r6. 
Thermograms were run at 100 psi to retard sublimation, and the heat of 
fusion was determined from the area under the curve, using indium metal 
as a standard. The equation employed in calculating the heats of fusion 
from differential scanning calorimetry is: 

instrument range for sample X sample mol. wt. 
instrument range for standard X sample weight 

A H L  = AHL (standard) X standard weight X sample peak area X (Eq. 11) 

The method presented herel allows calculation of the solubility of polar 
and nonpolar solutes in solvents ranging from nonpolar (hexane) to 
aprotic polar (e.g., N,N-dimethylformamide) and highly polar protic 
solvents such as alcohols, acids, and water. Although formulated specif- 
ically in terms of the solubility of a nonelectrolytic solid in liquid solution, 
the technique should apply as well to liquid-liquid and other equilibrium 
systems. 

Equation 1 ordinarily provides a poor prediction for the solubility of 
a drug or other crystalline compound in a polar solvent. These solutions 
are quite irregular, often involving self-association or solvation. The 
logarithm of the activity coefficient, calculated using Eq. 3, accounts for 
the nonideality of solutions resulting from the interaction of solute and 
solvent molecules of the physical or van der Waals type. Several inves- 
tigators, including Hildebrand, have cautioned that expressions in the 
form of Eq. 3 are not good representations of nonideality in solutions of 
polymers and various polar and semipolar compounds in polar and hy- 
drogen bonding solvents. For irregular solutions, a total activity coeffi- 
cient, a2, must be written consisting of the term (Eq. 3) representing 
physical or van der Waals forces and an additional term, log CYR, repre- 
senting residual, presumably stronger, forces: 

log ( Y p  = log No + log (YR 

The total activity coefficient may be written as: 

log 0(2 = A ( @  + 6% - 2W) 

(Eq. 6) 

(Eq. 7) 

where W is the interaction energy between the solute and solvent in an 
irregular solution. 

Employing Eqs. 3,6, and 7, one obtains for the residual term: 

log CYR = 2A(6162 - W )  (Eq. 8) 

The logarithm of the total activity coefficient may be written for irregular 
solutions as: 

log C Y ~  = A(61- 62)' + 2A(6162 - W )  (Eq. 9) 

and the modified Hildebrand solubility equation becomes: 

EXPERIMENTAL 

Materials-Anhydrous theophyllinez and p-dioxane3 were obtained 
commercially. 

1 The first report in this series is Ref. 21. It provides a sample calculation for the 

* Knoll Chemicals. 
3 Mallinckrodt Chemical Works. 

method described here and in subsequent papers. 

X standard mol. wt. X standard peak area 

T o  obtain the ideal solubility, Xb, Hildebrand et a[ .  (22) showed that 
entropy of fusion, AS!,,, can replace heat of fusion to take into account 
the molar heat capacity change, ACp, in going from a solid to a liquid 
solute. The equation for calculating the ideal solubility employing ASL 
is (22): 

(Eq. 12) 
AS!,, T 

log xi = - log - 
R T m  

The entropy of fusion is obtained by plotting log X f  versus log T under 
ideal solution conditions. With solubility data, Xz, at three or four tem- 
peratures, a linear plot with a slope proportional to ASL is obtained. 
However, the AHL and T,,, values may be determined more conveniently 
using a differential scanning calorimeter (23). Once these values are ob- 
tained, ASL is calculated from: 

(Eq. 13) 

Solubility Parameter of Mixed Solvents-The solubility parameter, 
61, for a mixture of two solvents, a and b, is calculated (24,25) using the 
expression: 

where: 

$1 = $0 + b b  (Eq. 15) 

in which $1 is the total volume fraction of the two solvents and 61, the 
solubility parameter of solvents a and b,  is averaged in terms of volume 
fractions. 

Volume Fraction and  Mean Molar Volume in Mixed Solvents- 
The total volume fraction, $1, of the solvent mixture is calculated using 
the expression: 

where X z  is the mole fraction solubility of the drug in the mixed solvent 
and V1 is the mean molar volume of the binary solvent. For each mixed 
solvent composed of solvents a and b in various proportions: 

(Eq. 17) 

where Xi and Mi are the mole fraction and molecular weight of the par- 

XaMa + (1 - X a ) h f b  

P1 
v1= 

' Model 25 spectrophotometer, Beckman. 
Model lB, Perkin-Elmer. 
L. T. Grady of the United States Pharmacopeia Laboratories, Rockville, Md., 

and S. H. Yalkowsky, The Upjohn Co., Kalamazoo, Mich., provided independent 
measurements of theophylline, theobromine, and caffeine in their laboratories. 
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Table I-Mole Fraction Solubility of Theophylline in Dioxane-Water Mixtures a t  25" 

Dioxane, 
% 

Solution 
V1 61 Densitv 

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 

18.063 23.45 0.9988 
21.577 22.78 0.9988 
24.880 22.11 1 .W58 
28.232 21.43 1.0105 
31.566 20.76 1.0148 
34.875 20.09 1.0190 
38.158 19.42 1.0232 
41.450 18.75 1.0265 
44.713 18.07 1.0300 
48.018 17.40 1.0321 

61 

0.99493 
0.99390 
0.99228 
0.99082 
0.98916 
0.98761 
0.98494 
0.98320 
0.98168 
0.97877 

Xp (obs.)Q 

0.0007414 
0.0010668 
0.0015583 
0.0021046 
0.0027831 
0.0035158 
0.0046818 
0.0056783 
0.0066856 
0.0083295 

A 

0.08997 
0.08978 
0.09849 
0.08922 
0.08925 
0.08865 
0.08817 
0.08786 
0.08759 
0.08707 

Log a2 

1.40772 
1.24969 
1.08512 
0.95460 
0.83325 
0.73175 
0.60736 
0.52356 
0.45263 
0.35716 

Log a, 

8.03426 
6.92101 
5.88581 
4.92565 
4.06366 
3.28777 
2.59010 
1.98230 
1.45084 
1.00650 

Log LYR W (Eq. 7) 

-6.62654 365.128 
-5.67132 350.504 
-4.80069 336.363 
-3.97105 322.273 
-3.23041 308.804 ~ _. . ~~ ... . . ~  

-2.55602 295.677 
-1.98274 283.124 
-1.45874 270.802 
-0.99821 258.679 
-0.64934 247.329 . . ~ .  

55 54.589 16.06 1.0362 0.97438 0.0114449 0.08629 0.21916 0.36617 -0.14701 225.692 
60 57.907 15.39 1.0374 0.97352 0.0125411 0.08614 0.17944 0.16642 0.01302 215.384 
62 59.228 15.12 1.0379 0.97287 0.0131436 0.08602 0.15906 0.10791 0.05115 211.383 
66 64.630 14.58 1.0379 0.97277 0.0143803 0.08600 0.12001 0.02893 0.09108 203.590 
70 64.630 14.04 1.0379 0.97293 0.0142926 0.08603 0.12266 0.00014 0.12252 195.848 
75 68.011 13.37 1.0379 0.97428 0.0142711 0.08627 0.12332 0.03424 0.08908 186.664 
77 69.385 13.10 1.0375 0.97480 0.0142592 0.08636 0.12368 0.06995 0.05373 183.089 
80 71.464 12.70 1.0368 0.97617 0.0138736 0.08661 0.13559 0.14636 -0.01077 177.862 
85 74.956 12.03 1.0352 0.97816 0.0331770 0.08696 0.15334 0.33748 -0.18414 169.479 
90 78.459 11.35 1.0367 0.98162 0.0117074 0.08758 0.20931 0.61500 -0.40569 161.216 

100 85.663 10.01 1.0286 0.99625 0.0025959 0.09020 0.86349 1.43607 -0.57258 143.314 

0 Mole fraction solubilities are obtained at best to five figures following the decimal point. Two additional positions have been retained to provide four to six significant 
figures and thus facilitate comparison with calculated solubility values and to compute percentage differences. 

ticular solvent in the mixture, respectively, and p1 is the density of the 
solvent mixture a t  the experimental temperature. 

Molar Volume and Solubility Parameter for  Solute-The dolar 
volume of theophylline taken as a supercooled liquid at  25' is calculated 
using the group contribution approach of Fedors (26). The solubility 
parameter, 62, for theophylline is obtained a t  the peak solubility where 
the 61 value of the solvent should equal 62 as required by Eq. 1. This 
principle was discussed previously (12). The 62  value of theophylline also 
may be calculated by the Fedors method (26). 

Calculations of Ideal Solubility, Activity CoefficientE, and 
W-The method begins with a calculation of the ideal solubility, Xi, of 
theophylline, employing the first right-hand term of Eq. 1 or 10. The 
logarithmic ideal solubility, together with the logarithm of the experi- 
mentally determined solubility, yields the logarithm of the solute activity 
coefficient: 

log x; - log x2 = log a2 (Eq. 18) 

Log a, is obtained from the application of Eq. 3, and log LYR is obtained 
from Eq. 6 or 8. Values for W, the solute-solvent interaction energy, are 
calculated with Eq. 7. 

RESULTS AND DISCUSSION 

The experimentally determined solubilities of theophylline a t  25' in 
dioxane-water mixtures are found in Table I together with the compo- 
sition and densities of the solutions. The densities of solutions are in- 
cluded in reporting solubility data to allow conversion from mole fractions 
to molar concentrations, to assist in obtaining partial molar volumes, and 
to permit the calculation of other quantities. The calculated log a2, log 
a", log CYR, and W values also are found in Table I. 

By employing the procedure described under Experimental to yield 
ideal solubility, a AHL value of 7097 cal/mole7 and T,,, value of 547.7'K 
were obtained. Then A$,, was calculated using Eq. 13 to yield a value of 
12.96 cal/mole/degree and a mole fraction ideal solubility for theophylline 
of 0.01896 (log Xh = -1.7222). The molar volume of theophylline is 
124. 

The experimental solubilities, expressed as mole fractions, are plotted 
in Fig. 1 against the solubility parameter, 61, of the various mixed solvents. 
Also shown in Fig. 1 is the ideal solubility level (horizontal line at  a mole 
fraction of 0.01896). The regular solution line of Fig. 1 is a curve ex- 
pressing solubilities of theophylline, with the assumption that the mix- 
tures follow regular solution theory. The solubility of theophylline ( 6 2  
= 14.0) in pure dioxane (61 = 10.01), in pure water (6,  = 23.45), and in the 
binary solutions composed of these two solvents did not approach the 
level of ideality, namely X 2  = 0.019, and did not coincide with regular 
solution behavior except where the experimental curve, by chance, 
crossed the regular solution line. 

-I L. T. Grady and W. H. Yalkowsky (personal communications) obtained values 
of AH!,, varying between 5940 and 7225 calhnole. 

The original Hildebrand equation for regular solution behavior cannot 
be used to represent solubility in these polar solvents. However, Eq. 10, 
which involves the interaction term, W, does reproduce exactly the sol- 
ubility of theophylline in dioxane, water, and the mixed solvent systems. 
Figure 1 shows that the peak solubility, although lower than ideal, oc- 
curred at a 61 value of -14.0, which was taken as the 62  value of theo- 
phylline. The Fedors method (26) of calculating 6 values from molecular 
group and fragment constants gives essentially the same value (14.1). 

When solubility was plotted as moles per liter instead of as mole 
fraction concentration, a slightly different shape than the curve of Fig. 
1 was obtained. Peaks and valleys were not obtained in the curve of 
theophylline in dioxane-water mixture as reported by Paruta et al. (27). 
However, two small plateaus were found. These plateaus possibly were 
overlooked because the solubility measurements were not spaced as 
closely in the solvent composition as in the results of Paruta et al. Ongoing 
work in this laboratory with caffeine in dioxane-water has reproduced 
the two-peak maximum reported by Paruta et al. (27). 
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Figure 1-Solubility of theophylline in dioxane, water, and dioxane- 
water mixtures at 25". Key: 0 experimental solubilities; and - 
back-calculated solubilities from Eq. 10. 
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Table 11-Calculated Solubilities of Theophylline in Dioxane-Water Systems at 25" 

X 2  (obs.) - X:! (calc.) 
Dioxane, % 61 W" Log &A X Z  (calc.) Difference 

2 300 

g 180. 

s: 1 2 0 -  

a 
w 
w 

2 4 0 -  

- 
I- 

a 

z_ 6 0 .  

w 
I- 

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 
55 
60 
62 
66 
70 
75 
77 
80 
85 
90 

100 

~ 

, 

23.45 
22.78 
22.1 1 
21.43 
20.76 
20.09 
19.42 
18.75 
18.07 
17.40 
16.06 
15.39 
15.12 
14.58 
14.04 
13.37 
13.10 
12.70 
12.03 
11.35 
10.01 

365.501 
350.581 
336.158 
322.012 
308.544 
295.527 
282.947 
270.790 
258.868 
247,517 
225.934 
215.672 
211.632 
203.71 1 
195.994 
186.694 
183.028 
177.683 
168.946 
160.345 
144.118 

14.901 
13.766 
12.536 
11.221 
9.891 
8.554 
7.241 
5.982 
4.788 
3.726 
2.056 
1.508 
1.350 
1.155 
1.133 
1.369 
1.553 
1.925 
2.829 
4.133 
7.962 

0.0008654 
0.0011013 
0.0014321 
0.0018904 
0.0025018 
0.0033073 
0.0043582 
0.0056522 
0.0072174 
0.0089824 
0.0126004 
0.0140577 
0.0145088 
0.0150804 
0.0151452 
0.0144424 
0.0139202 
0.0129147 
0.0107594 
0.0082377 
0.0036262 

0.00012 (16.2%) 
0.00003 (2.8%) 
0.00013 (8.3%) 
0.00021 (10.0%) 
0.00028 (10.170) 
0.00021 (6.0%) 
0.00032 (6.8%) 
0.00003 (0.5%) 
0.00053 (7.9%) 
0.00065 (7.8%) 
0.00116 (10.1%) 
0.00152 (12.1%) 
0.00137 (10.4%) 
0.00070 (4.9%) 
0.00085 (5.9%) 
0.00017 (1.2%) 
0.00034 (2.4%) 
0.00096 (6.9%) 
0.00256 (ig.a%j 
0.00347 (29.6%) 
0.00103 (39.7%) 

Rack--calculated by Eq. 19. b Back-calculated by Eq. 21 

Figure 2 shows the three activity coefficients, log a,, log CYR,  and log 
a2, which represent the van der Waals interactions between the solute 
and solvent, the residual term that accounts for stronger interactions, 
and the total solute activity coefficient, respectively. As expressed by Eq. 
6, log a2 is the sum of log C Y ~ ,  and log CYR. As noted in Fig. 2, log a" is 
plotted using a positive vertical axis (left side), while log CYR is plotted 
with reference to a negative (right) axis. The positive and negative values 
almost balance each other so that their composite values, represented 
by log a2, yield only a moderately bowed curve across the range of d l  
values (horizontal axis). This result demonstrates that the nonregularity 
in mixed solvents is not large and, when contrasted to individual solvents, 
provides a greater possibility of predicting solubilities by back-calculation 
as described. 

The usefulness of a theoretical approach is the ability to calculate 
solubilities of a drug in mixed or pure solvents, using only fundamental 
physicochemical properties of the solute and solvent. Unfortunately, W 
is not a property that is readily and accurately back-calculated by inde- 
pendent means. The method could be useful for predicting solubilities, 
however, if a procedure were found for estimating W in this range of 
mixed solvents. Then, with Eq. 10, the solubility of theophylline could 

SOLUBILITY PARAMETER, 6 I 
Figure 2-Values for theophylline activity coefficients, log a", log LYR. 
and log ( c P ,  over the range of solubility parameter values of the mixed 
dioxane-u ater  soluent s,ystem. Log av and log a2 are plotted with ref- 
erence t o  the vertical axis on the left side of the figure; log CYR is plotted 
with referrnw ~ C J  the right side. 

be estimated in pure dioxane, pure water, and mixed dioxane-water 
solvents for which the 61 values were known. 

When W values, obtained from Eq. 7, are plotted against 61, a curved 
line results, as shown in Fig. 3 for theophylline in dioxane-water. This 
curve suggests that  W should be regressed against a polynomial in 61 for 
as many solutions for which accurate experimental solubilities are 
available. With the data of Table I, the following third-degree (cubic) 
equation was obtained: 

W = 42.121367 + 9.42401261 - 0.0052426; + 0.0081636: (Eq. 19) 

The W values calculated by the cubic expression (Eq. 19) are shown 
in Table I1 and are comparable to the original W values (Table I) calcu- 
lated by Eq. 7. The W values obtained from the cubic polynomial are 
substituted into Eq. 10 to predict the solubility of theophylline in mixed 
solvents. The back-calculated solubilities are recorded in Table 11. 

The solid line, passing through the experimental points in Fig. 1, was 
obtained by this procedure. The solubilities are faithfully reproduced 
for solvent mixtures of high 61 values. At the peak of the curve, the ex- 
perimental points fall below the solubility predicted by the theoretical 
line, but the error is not great (<--12%). Solubilities represented by the 
points to the left of the peak values are reproduced less well than to the 
right of the peak. The solubilities of theophylline in pure dioxane and 
in pure water are predicted within an error of <40% by this method. 
Solubilities in these pure solvents are quite small, and this percentage 
error is not excessive. 

The drug solubility obtained by this method is expressed in mole 
fraction concentration. I t  can be converted to molal concentration or to 
grams of solute per gram of solvent. Since the various solution densities 
are known (Table I), solubility also may be expressed in molarity or in 

'k 7 9 1'1 13 1'5 1'7 19 2 1  23 
SOLUBILITY PARAMETER, 6 I 

Figure 3-Tracing of a computer plot (Eq. 19) of W values against the 
solubility parameter, 61? for theophylline solutions rn dioxane-water 
mixtures. Points represent W values calculated from experimental 
solubility data using Eq.  7. 
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grams of solute per liter or per milliliter of solution. 
The interaction value, W, may be bypassed and log a d A  may be 

back-calculated directly. The removal of W occurs by observing from %, 
7 that: 

2 W = 6; + 6; - log azlA (Eq. 20) 

Substituting Eq. 20 for W in Eq. 19 yields: 

log a2/A = 111.757266 - 18.84802461 
+ 1.0104846: - 0.0163276; (Eq. 21) 

Equations 19 and 21 are analogous and yield identical results except 
for rounding-off errors. The back-calculated log a2 values are found in 
Table I1 and may be compared with the original values obtained from 
experimental solubilities found in Table I. 

This method for adapting the Hildebrand approach to polar systems 
has advantages and drawbacks, and certain precautions should be taken 
in its use. The best 61 values should be used for pure solvents and should 
be accurate to two decimal points where possible. Bagley et ol. (28) and 
Nisbet (29) discussed methods for obtaining accurate solvent delta 
values. 

Solute delta values, 62,  and molar volumes, Vp, for solids ordinarily are 
not recorded in the literature and are difficult to determine. An inter- 
esting result of the new approach is that solubility predictions do not 
depend on the choice of 6 or V of the solute. Whatever values for these 
quantities were used originally to obtain the W values will, of course, 
remain unchanged in the back-calculation and will not affect the accuracy 
of solubility predictions. However, the investigator must make every 
effort to obtain reasonable values for 6 2  and Vp and to employ the same 
values each time a solubility analysis is conducted for a particular solute. 
The best possible 62 and Vp values must be estimated and used uniformly 
from one laboratory to another if consistent and reproducible data are 
to be recorded in the literature. 

CONCLUSION 

The present technique is an extension of the Hildebrand method for 
expressing the solubility of solids in liquid solvents. It should also find 
use in related equilibria studies. The new method extends the Hildebrand 
approach from regular solutions, where van der Waals forces predomi- 
nate, to irregular systems involving stronger solute-solvent interactions 
such as hydrogen bonding and other acid-base interactions. 

The method is not a new physical theory but rather is a technique 
partly based on polynomial regression for back-calculating solubilities 
of drugs and other solutes in polar and nonpolar liquids. In a previous 
report (21) and in cases to be treated later, the procedure may be used 
to reproduce solubilities of drugs in a range of pure solvents, most satis- 
factorily in a particular class of solvents; however, it  appears to be con- 
siderably more successful in predicting solubilities in mixed solvent 
systems. 
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Abstract Sulfathiazole and povidone were coacervated by many 
methods, indicating complexation of the two compounds. The coacer- 
vated complex had a higher solubility and dissolution rate than did sul- 
fathiazole. It resisted the action of dilute acids and alkalies, suggesting 
a helical structure with sulfathiazole situated between two povidone 
chains and a hydrogen bond linking the amino groups of the sulfathiazole 
to the oxygen of povidone. Upon addition of precipitants for sulfathiazole, 
the povidone portion attempted to compensate and to solubilize the whole 
complex; hence, partial precipitation or coacervation occurred. A model 
is given to describe the dissolution profile of the different coacervate 
systems prepared. 

Keyphrases Povidone-coacervation with sulfathiazole, dissolution 
of coacervated system Sulfathiazole-coacervation with povidone, 
dissolution of coacervated system 0 Coacervation-povidone and sul- 
fathiazole, dissolution of coacervated system 

The interaction of povidone with drugs is of theoretical 
and practical importance since it may influence their 
availability, efficacy, and transport (1). 

Povidone reduced the dissolution rate of salicylic acid. 
This reduction was attributed to increased viscosity or to 
complex formation (2). When incorporated into com- 
pressed disks of ephedrine hydrochloride, potassium 
chloride, and sodium chloride, the polymer reduced their 
dissolution rates (3,4). 

However, several investigators described increases in 
solubility of various compounds by povidone (5,6). A solid 
dispersion of reserpine, a poorly water-soluble drug, with 
the polymer enhanced its in vitro dissolution and ab- 
sorption (7). A povidone-digitoxin coprecipitate exhibited 
enhanced dissolution and absorption, as indicated by a 
decrease in the LDSO value (8). Increased dissolution of 
hydroflumethiazide (9), hydrochlorothiazide (lo), and 
ellipticine (1 1) was achieved by incorporation of the 
polymer into similar products. 

Simonelli et al. (12,13) described the preparation of a 
high energy form of sulfathiazole when it is dissolved in an 
alcoholic solution of povidone and evaporated to dryness 
or when an aqueous solution of its sodium salt and povi- 
done is acidified. There was no explanation for the pre- 
cipitation of the polymer along with the sulfathiazole, al- 
though the polymer by itself is not affected by acids. The 
nature of this high energy form and the mechanism of its 
formation were not given. Only the possible formation of 
a complex was reviewed. 

The present study attempted to explain the coprecipi- 
tation from another viewpoint. The study was based on the 
facts that povidone is a linear polymer and that, when its 
complex with sulfathiazole is treated with acids that pre- 
cipitate sulfathiazole, the whole molecule coils to form a 
coacervate. When dried, the coacervate droplets give col- 
loidal particles of sulfathiazole complexed with the poly- 
mer, and a higher dissolution rate results. 

In this study, sulfathiazole and povidone were mixed to 
form solutions. Different precipitants for sulfathiazole or 

for the polymer then were added separately. The products 
were examined microscopically to follow the development 
of the coacervate droplets and their transformation to solid 
colloidal particles. 

EXPERIMENTAL 

Interaction of Sulfathiazole and Povidone-Method I-Sul- 
fathiazole’ and povidone2 (mol. wt. 25,000), 5 g each, were dissolved in 
25 ml of alcohol, which was evaporated on a water bath. When the volume 
was reduced to -5 ml, a sample was taken and examined microscopically. 
Evaporation was continued, and a dried alcohol coacervate was ob- 
t a i n e d . 

Method 2-Five grams of each of the two materials was dissolved by 
heating in 15 ml of alcohol. Water was added dropwise, the colloidal 
dispersion formed, and this precipitate coacervate was examined. 

Method 3-Sulfathiazole, 5 g, was placed in a beaker, and 8 N NaOH 
was added until dissolution was complete. Povidone, 5 g, waa added and 
dissolved by stirring. An equivalent quantity of 8 N HCl was added 
dropwise with continuous stirring to give the pH coacervate. 

Method 4-Sulfathiazole, 5 g, was dissolved using an equivalent 
amount of 8 N NaOH. Povidone, 5 g, was added and dissolved by stirring. 
Resorcinol’ solution, 2094 was added dropwise, and the colloidal dis- 
persion obtained was investigated microscopically. This dispersion is 
referred to as the resorcinol coacervate. 

Each process was repeated using different ratios of sulfathiazole and 
povidone. Each ratio will be described by its percent content of povi- 
done. 

Microencapsulation of Sulfathiazole-Sulfathiazole powder, 3 or 
10 g, was suspended in 50 ml of 2% povidone solution. Resorcinol solution, 
20%, was added dropwise with continuous stirring until complete phase 
separation was obtained. The microcapsules were filtered and air dried. 
The product was used without sieving because it was free flowing and very 
fine. 

Separation of pH Coacervate into Its Components-Sulfathiaole, 
7 g, was dissolved in 50 ml of water containing an equivalent quantity of 
sodium hydroxide. Povidone, 3 g, was added and dissolved by stirring. 
Hydrochloric acid, 5 N, was added dropwise with continuous stirring. 
When the povidone was consumed, the sticky mass that formed was 
withdrawn. The rest of the equivalent volume of the acid was added, and 
the fine particles that precipitated were filtered and dried. 

Dissolution Study-Weighed quantities of each prepared sample were 
compressed into tablets using a single-stroke compression tablet machine3 
with a 1-cm die. The tablets were compressed to an average hardness of 
5-6 kg. Each tablet was fixed to the top of a test tube with melted wax 
and placed at  a constant level into a 600-ml beaker containing 400 ml of 
water as the dissolution medium. 

Hydrodynamic equilihrium was established with a constant stirrer 
placed at  a fixed distance from the tablet surface. A t  each time interval, 
a 0.5-ml aliquot was withdrawn, diluted suitably, and assayed spectro- 
photometrically at 283 nm. 

Solubility Study-Weighed excesses of sulfathiazole and of each 
sample of the coacervated systems were placed in 25-ml ampuls con- 
taining 10 ml of water. The ampuls were sealed and placed on a rotating 
shaft (42 rpm) immersed in a water bath at 25 f lo. Duplicate samples 
were withdrawn, filtered, and assayed spectrophotometrically a t  283 
nm. 

RESULTS AND DISCUSSION 

Figure 1 shows the coacervate formed in all cases. These coacervates 
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exhibited brownian motion. Upon continuous stirring, they coalesced 
into larger drops, which dried to give very fine particles. These particles 
were distributed in water to give spherical colloidal particles in the sub- 
micron range, which rapidly went into solution. 

Coacervation can be considered as an intermediate state between true 
solution and complete precipitation, or it can be described as partial 
precipitation. When a solution of the sodium salt of sulfathiazole is 
treated with hydrochloric acid or when its hydrochloride salt solution 
is treated with sodium hydroxide, precipitation of amorphous or crys- 
talline sulfathiazole normally occurs. On the other hand, povidone is not 
affected by acids or alkalis. 

The coacervate formed when sulfathiazole and povidone both are 
present can be explained only by the interaction of povidone and sul- 
fathiazole to form a complex with intermediate properties. Povidone 
retains its linear polymeric structure, which may be coacervated. Sul- 
fathiazole still is affected by its precipitants. The povidone portion 
counteracts the precipitation of sulfathiazole and tries to solubilize the 
whole complex. The molecule thus is coiled around itself, thereby re- 
ducing its surface area that holds minimal water and reducing the total 
free energy of the coacervated system. 

On the same basis, povidone is very soluble in both water and alcohol 
and does not precipitate if its solution in one solvent is treated with the 
other solvent. Sulfathiazole alone in its alcoholic solution precipitates 
as amorphous particles or as crystals when it is mixed with water. Again, 
the coacervate formed when the alcoholic solution of the two materials 
was mixed with water indicated the formation of a complex that was 
coacervated by the nonsolvent addition phase separation method. On 
the other hand, when the aqueous solution of sulfathiazole sodium and 
povidone was treated with resorcinol solution, which is a coacervating 
agent for povidone, a coacervate containing sulfathiazole wan formed. 

When sulfathiazole was suspended in the povidone solution and res- 
orcinol solution was added, the coacervated povidone droplets mi- 
croencapsulated the sulfathmle particles, which, upon drying, were free 
flowing. The dissolution of the microcapsules was exactly the same as that 

D 

Figure 1-Photographs (X40)  of sul- 
fathiazole-povidone coacervated sys- 
tems. Key: A, alcohol coaceruate; B, pH 
coacervate; C, precipitate coaceruated; D, 
resorcinol coacervate; E, coalesced co- 
acervate; F, dried coaceruate; G, dried 
coaceruate treated with water; and H, 
sulfathiazole precipitated with p H  
change. 

of pure sulfathiazole when the coat to core ratio was 1: lO and slightly 
higher when the ratio was 1:3 (Fig. 2). This result indicated that the 
povidone did not interact with sulfathiazole when it was in the insoluble 
form and that the coacervated povidone microencapsulated the drug to 
form a protective layer. It rapidly went into solution to give sulfathiazole 
since the coacewation of povidone by resorcinol is reversible and since 
solvation of povidone occurs once the equilibrium is disturbed. 

During the preparation of the pH coacervate, it was clear that the 

. 
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Figure 2-Dissolution profile of sulfathiazole from various tablets. Key: 
0, microcapsules with povidone in a 1O:l core-coat ratio; A, micro- 
capsules of povidone in a 3:l core-coat ratio; fl, alcohol coaceruate with 
20% pouidone; 0, amorphous sulfathiazole; and 0, physical mixture 
containing 20% povidone. 
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Figure 3-Dissolution profile of sulfathiazole from a pH coacervate 
containing 40% povidone made with different volumes of equilibrium 
liquid. Key: 0 ,100 ml; 0 ,50  ml; and A, 25 ml. 

volume of the equilibrium liquid greatly affected the product (Fig. 3). 
The large volume caused dissolution of the coacervated complex. 
Therefore, for preparation of samples for dissolution studies, 12 ml of 
liquid was used. However, to observe the process sequence, a volume of 
50 ml was more suitable. Upon addition of hydrochloric acid by drops, 
coacervate droplets were formed; they coalesced into a sticky maas upon 
stirring. When the povidone was consumed, subsequent addition of acid 
caused the fine precipitated sulfathiazole particles to become enmeshed 
within the sticky mass. At a low povidone ratio, the sticky mass was smnll 
and the fine particles were large. With successive increases in the povi- 
done ratio, the amount of fine particles precipitated was smaller; a ho- 
mogeneous mass was obtained at  65%. 

Figure 4 shows the release profile of sulfathiazole from the two com- 
ponents of the 30% povidone system. The fine particles gave almost the 
same profile as did sulfathiazole alone, and the sticky mass had a much 
higher dissolution rate. The mixture of the two compounds had n high 
initial rate and a slower terminal rate. On this basis, the release profile 
of sulfathiazole from its alcohol coacervates or its pH concervates (Figs. 
5-8) composed of different weight fractions of povidone could be ex- 
plained easily; 

This profile greatly resembled that of SimonelLi et al. (12,13), whoee 
model was divided into five stages. For up to 25% povidone, amorphous 
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Figure 4-Dissolution profile of sulfathiazole from tablets made of a 
pH coacervate containing 30% povidone (A) and the same proportion 
separated into a fine powder (0) and a sticky mass (0). The dissolution 
profile of sulfathiazole is shown for comparison (0).  

~ MINUTES 
Figure 5-Dlssolution profile of sulfathiazole from tablets made of an 
alcohol coacervate containing low percentages of povidone. Key: 0.10%; 
0,20%; 8,30%; A, 40%; A, 50%; 0.60%; and 0.65%. The dissolution 
profile of sulfathiazole is shown for comparison (0). 

or unbound sulfathiazole wna dissolved to leave nn outer layer of crys- 
talline Form I. From 25 to 50% povidone, amorphous sulfnthiazole ini- 
t i d y  formed the outer layer, but a secondary layer of cryetalline Form 
I eventually was formed in front of the previous amorphous layer. From 
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Figure 6-Dissolution profile of sulfathiazole from tablets made of an 
alcohol coacervate containing a high percentage of povidone. Key: 0, 
65%; 0,70%; m, 75%; A, 80%; 0,85%; and 0,90%. 
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Figure 7-Dissolution profile of sulfathiazole from tablets made of a 
p H  coacervate containing low percentages of pouidone. Key: 0,20%; 
U, 30%; w, 40%;  A, 50%; A, 60%; and Q,70%, The dissolution profile 
of sulfathiazole is shown for comparison (0). 

50 to 77% povidone, the thickness of the amorphous sulfathiazole layer 
allowed the povidone to carry the sulfathiazole into solution. As the 
povidone weight fraction was increased from 78 to 80%, the thickness of 
the amorphous layer continued to decrease until it became zero. At this 
point, the sulfathiazole and povidone boundaries receded at  the same 
rate, and the tablet retained the integrity of the original composition 
throughout the experiment. Above 80% povidone, the povidone boundary 
was in front and the sulfathiazole boundary moved behind. 

In the present work, the dissolution medium was large enough to guard 
against the precipitation of crystalline Form I. However, the same stages 
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Figure I-Dissolution profile of sulfathiazole from tablets made of a 
p H  coacervate with a high percentage of pouidone. Key: 0, 70%; W, 
75%; A, 80%;and A, 85%. 
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Figure 9-Dissolution profile of sulfathiazole from tablets made of a 
resorcinol coaceruate containing various percentages of povidone. Key: 
O,lo%; 0 , 2 0 % ;  A, 30%; A, 40%; U,50%;and m, 60%. 

recognized in the dissolution profile (Fig. 9) can be explained by the 
formation of a highly soluble coacervated complex of sulfathiazole and 
povidone. At a low povidone content, the coacervated systems contained 
a lower percentage of the complex and a larger amount of free sulfathi- 
mole. The complex rapidly went into solution, leaving behind the sul- 
fathiazole, which was amorphous in the case of the pH coacervate and 
was Form I in the case of the alcohol coacervate. Table I shows good 
agreement between the percent content of the complex within the coac- 
ervate and its initial dissolution rate. Also, the solubility of the coacer- 
vates tested showed direct dependency on the ratio of the complex. 

Increasing the ratio of povidone, i.e., increasing the ratio of the com- 
plex, resulted in approachment of the initial and terminal rates. Above 
60% povidone, the coacervates gave a line function whose slope increased 
with increasing povidone content. 

From these findings, it was postulated that, in the presence of its excess, 
sulfathiazole interacted with povidone in the ratio of one molecule of 
sulfathiazole to four units of povidone; this ratio corresponded to 63.5% 
povidone. Above this ratio, a greater number of units of povidone par- 
ticipated in the interaction and many complexes were formed; the more 
polymer that was included, the more soluble was the coacervate. This 
region was described by Simonelli et al. (12) as the carrier region, and 
this description held well in the present model in which the povidone 
carried the complexed sulfathiazole to the dissolution medium. 

Above 75% povidone, the alcohol coacervates showed a decrease in their 
dissolution rates, indicating that saturation of the povidone chain oc- 

POVIDONE, % 
Figure 10-Dissolution rate of sulfathiazole from different coaceruate 
systems as a function of the percent of pouidone. Key: 0, alcohol coac- 
ervate; 0 ,  pH coaceruate; and 0, resorcinol coacervate. 
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Table I-Relationship between the Amount of Povidone-Sulfathiazole Complex and the Initial Dissolution Rate and Solubilities of 
Alcohol Coacervates * 

Solubility (c) 
Expressed as 
Miiligrams of 

Amount of Amount of Amount of Dissolution Rate Sulfathiazole 
Povidone, Complexed Sulfathiazole, Complex (b), md100 per Milliliter 

% % (a), % ml/min of Water a h  a h  

10 5.74 15.74 0.65 - 24.22 
20 
30 
40 
50 

11.48 
17.22 
22.96 
28.70 

31.48 
47.22 
62.96 
78.70 

1 .oo 
1.50 
1.60 
2.25 

2.45 

5.02 
- 
- 

- 
31.48 12.85 
31.48 
39.35 12.54 
34.98 

60 34.44 84.44 2.50 7.60 37.78 ' 12.43 
65 35.00 100.00 4.20 - 23.81. 

Solubility of sulfathiazole wan 0.78 rng/ml. 

MINUTES 
Figure 11-Dissolution profile of sulfathiazole from tablets made of 
an alcohol coacervate. Key: 0, coacervate of 30% povidone in water; 0, 
coacervate of 30% povidone in 0.05 N HCI; A, coaceruate of 30% povi- 
done in 0.05 N NaOH; 0 ,  coaceruate of 40% povidone in water; m, co- 
aceroate of 40% povidone in 0.05 N HCI; and A, coacervate of 40% 
povidone in 0.05 N NaOH. 

curred at 77.7%, corresponding to eight units of povidone to each molecule 
of sulfathiazole. The tablet in this region was formed of two entities, the 
complex and excess povidone, which hindered the dissolution of the 
complex or its dissolution. With the pH coacervate, such a decline was 
not noticed. This finding was explained on the basis that the excess 
povidone was not precipitated with the coacervated complex. 

With the resorcinol coacervate system (Fig. lo), a sudden and pro- 
nounced increase in the dissolution rate was noticed. A plateau was 
reached at 40% povidone, and then a linear decline occurred up to 100% 
povidone. This observation can be explained by the fact that, in the 
presence of a large excess of sulfathiazole, resorcinol coacervates a com- 
plex made of povidone with an equivalent amount of sulfathiazole, leaving 
its excess in solution as the sodium salt. With an increased povidone 
concentration, the amount of complexed sulfathiazole increases until the 
concentration of the two materials are equivalent; this effect yields a 
product with the maximal dissolution rate. With excess povidone, a 
mixture of the coacervated complex and coacervated povidone forms, 
and the access of sulfathiazole to the dissolution medium is hindered. 
Hence, the decline in the dissolution rate is observed. 

Figure 11 shows that 0.05 N HCl gave slightly higher dissolution rates 
of pure sulfathiazole and of the alcohol coacervate containing 30 and 40% 
povidone. Sodium hydroxide at the same strength had a much higher 
effect, which was more pronounced in plain sulfathiazole than with the 
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Figure 12-Dissolution profile of sulfathiazole from tablets made of 
coacervates with 60% pooidone. Key: A, alcohol coacervate in water; 
C),  alcohol coacervate in 0.05 N HCI; 0, alcohol coacervate in 0.05 N 
NaOH; 0,  pH coacervate in water; H, pH coacervate in 0.05 N HCI; and 
X, pH coacervate in 0.05 N NaOH. The dissolution profiles for sul- 
fathiazole tablets in water (01, hydrochloric acid ( A ) ,  and sodium hy- 
droxide (0) are included for comparison. 

two coacervates. The coacervate with 30% povidone dissolved more 
rapidly than that with 40% povidone. 

Both 60% alcohol and the pH coacervate (Fig. 12) greatly resisted the 
action of sodium hydroxide and hydrochloric acid. Both reagents had 
nearly the same dissolution rate, which was slightly higher than that of 
water. This result may suggest that sulfathiazole is linked by hydrogen 
bonds through its amino group to the oxygen of the povidone: 
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The polymer still retains its linearity; upon addition of any precipitant 
to sulfathiazole, the whole molecule is coiled and coacervated. 
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Abstract Pharmacokinetic data of 15 N-alkyl-substituted amphet- 
amines in humans have been the object of a retrospective quantitative 
structure-activity relationship study. The urinary excretion of am- 
phetamines was shown to decrease with increasing lipophilicity; the 
correlation equations revealed that, for identical lipophilicities, tertiary 
amines are excreted faster than secondary amines, which are excreted 
faster than primary amines. The apparent n- heptane-pH 7.4 buffer 
partition coefficient correlates better with urjnary excretion than does 
the true n-octanol-water partition coefficient, probably because it in- 
cludes a pKa term that accounts for the fraction of the drug present in 
the tubules as nonionic species. The N-dealkylation rate increases with 
increasing lipophilicity of the substrates (enhanced enzyme affinity) but 
decreases with increasing bulk of the N-substituent that is split off (steric 
hindrance of initial C,-hydroxylation). 

Keyphrases Quantitative structure-activity relationships-N-sub- 
stituted amphetamines, pharmacokinetics, humans Amphetamines, 
N-substituted-pharmacokinetics, quantitative structure-activity re- 
lationships, humans Pharmacokinetics-N-substituted amphet- 
amines, quantitative structure-activity relationships, humans 

Quantitative structure-activity relationships have many 
pharmacological and toxicological applications. The cor- 
relation equations obtained in such studies often provide 
valuable steps in the rational design of improved drugs 
(1). 

Suitable results of drug metabolism studies also can 
provide a valuable biological input to quantitative struc- 
ture-activity relationship studies. While the results thus 
obtained could help in designing drugs with improved 
metabolic profiles, previous investigations (2-5) concen- 
trated entirely on interpreting the correlation equations 
in terms of reaction mechanisms and of the structural 
factors influencing the biological response. 

One prerequisite of any quantitative structure-activity 
relationship investigation is the need for quantitative and 
reliable biological data. This fact may help to explain why 
applications of quantitative structure-activity relation- 
ships to drug metabolism and disposition have been based 
almost exclusively on results from in uitro studies (e.g., 

protein binding, drug-enzyme interactions, and parame- 
ters of in uitro biotransformation). In contrast, few, if any, 
in uiuo studies have led to successful quantitative struc- 
ture-activity relationship interpretations. 

The present report describes the application of quan- 
titative structure-activity relationship methodology to the 
results of a pharmacokinetic study of N-alkyl-substituted 
amphetamine derivatives in humans (6). The thoroughness 
of the work of the previous investigators, the quantitative 
nature of results, the number (15) of molecules investi- 
gated, and the large spread in the biological responses 
made this study an attractive candidate for a quantitative 
interpretation in terms of molecular properties. Further- 
more, the previous investigators measured the apparent 

Table I-Physicochemical and Structural Parameters of 
Amphetamine and Derivatives 

I Amphetamine -2.26 0.94 - 2 -  
I1 N-Methvl -1.51 1.17 13.67 1 3 

I11 N-Ethyf 
IV N-n-Propyl 
V N-2-Propyl 

VI N-n-Butyl 
VII N-2-Butvl 

-0.92 1.69 23.90 1 2 
-0.20 2.21 34.13 1 2 
-0.41 2.21 34.12 1 1 
-0.32 2.73 44.36 1 2 

0.07 2.73 44.35 1 1 
VIII N-Benzd 3.18 2.83 56.07 1 2 

IX N,N-Dimethyl -0.27 i.40 13.67 o 3 
X N,N-Diethyl 0.58 2.44 23.90 0 2 

XI N.N-Di-n-propvl 2.38 3.48 34.13 0 2 
XI1 N;N-Di-n-but$i 3.83 4.52 44.36 0 2 

XI11 N-Ethyl-N-methyl -0.09 1.92 13.671 0 3f 
23.908 2g 

XIV N-Methyl-N-n-propyl 0.45 2.44 13.67f 0 3f 
34.138 28 

XV N-n-Butyl-N-methyl 1.44 2.96 13.67f 0 3f 
44.368 28 

PH is the ap arent n-heptane-water partition coefficient measured at pH 7.4 
(6). * Hydrophogic f r y +  constant of the two nitrogen substituents (hydrogen 
and/or alkyl) (7). Vo ume in milliliters per mole of substituent that is clenved by 
N-dealkylation, calculated according to Bondi (9). Number of hydrogen atoms 
on the nitrogen. Number of h drogen atoms on the a-carbon of substituent that 
is cleaved by N-dealkylation. &--Methyl group. N- Alkyl group. 
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The polymer still retains its linearity; upon addition of any precipitant 
to sulfathiazole, the whole molecule is coiled and coacervated. 
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Abstract Pharmacokinetic data of 15 N-alkyl-substituted amphet- 
amines in humans have been the object of a retrospective quantitative 
structure-activity relationship study. The urinary excretion of am- 
phetamines was shown to decrease with increasing lipophilicity; the 
correlation equations revealed that, for identical lipophilicities, tertiary 
amines are excreted faster than secondary amines, which are excreted 
faster than primary amines. The apparent n- heptane-pH 7.4 buffer 
partition coefficient correlates better with urjnary excretion than does 
the true n-octanol-water partition coefficient, probably because it in- 
cludes a pKa term that accounts for the fraction of the drug present in 
the tubules as nonionic species. The N-dealkylation rate increases with 
increasing lipophilicity of the substrates (enhanced enzyme affinity) but 
decreases with increasing bulk of the N-substituent that is split off (steric 
hindrance of initial C,-hydroxylation). 
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stituted amphetamines, pharmacokinetics, humans Amphetamines, 
N-substituted-pharmacokinetics, quantitative structure-activity re- 
lationships, humans Pharmacokinetics-N-substituted amphet- 
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Quantitative structure-activity relationships have many 
pharmacological and toxicological applications. The cor- 
relation equations obtained in such studies often provide 
valuable steps in the rational design of improved drugs 
(1). 

Suitable results of drug metabolism studies also can 
provide a valuable biological input to quantitative struc- 
ture-activity relationship studies. While the results thus 
obtained could help in designing drugs with improved 
metabolic profiles, previous investigations (2-5) concen- 
trated entirely on interpreting the correlation equations 
in terms of reaction mechanisms and of the structural 
factors influencing the biological response. 

One prerequisite of any quantitative structure-activity 
relationship investigation is the need for quantitative and 
reliable biological data. This fact may help to explain why 
applications of quantitative structure-activity relation- 
ships to drug metabolism and disposition have been based 
almost exclusively on results from in uitro studies (e.g., 

protein binding, drug-enzyme interactions, and parame- 
ters of in uitro biotransformation). In contrast, few, if any, 
in uiuo studies have led to successful quantitative struc- 
ture-activity relationship interpretations. 

The present report describes the application of quan- 
titative structure-activity relationship methodology to the 
results of a pharmacokinetic study of N-alkyl-substituted 
amphetamine derivatives in humans (6). The thoroughness 
of the work of the previous investigators, the quantitative 
nature of results, the number (15) of molecules investi- 
gated, and the large spread in the biological responses 
made this study an attractive candidate for a quantitative 
interpretation in terms of molecular properties. Further- 
more, the previous investigators measured the apparent 

Table I-Physicochemical and Structural Parameters of 
Amphetamine and Derivatives 

I Amphetamine -2.26 0.94 - 2 -  
I1 N-Methvl -1.51 1.17 13.67 1 3 

I11 N-Ethyf 
IV N-n-Propyl 
V N-2-Propyl 

VI N-n-Butyl 
VII N-2-Butvl 

-0.92 1.69 23.90 1 2 
-0.20 2.21 34.13 1 2 
-0.41 2.21 34.12 1 1 
-0.32 2.73 44.36 1 2 

0.07 2.73 44.35 1 1 
VIII N-Benzd 3.18 2.83 56.07 1 2 

IX N,N-Dimethyl -0.27 i.40 13.67 o 3 
X N,N-Diethyl 0.58 2.44 23.90 0 2 

XI N.N-Di-n-propvl 2.38 3.48 34.13 0 2 
XI1 N;N-Di-n-but$i 3.83 4.52 44.36 0 2 

XI11 N-Ethyl-N-methyl -0.09 1.92 13.671 0 3f 
23.908 2g 

XIV N-Methyl-N-n-propyl 0.45 2.44 13.67f 0 3f 
34.138 28 

XV N-n-Butyl-N-methyl 1.44 2.96 13.67f 0 3f 
44.368 28 

PH is the ap arent n-heptane-water partition coefficient measured at pH 7.4 
(6). * Hydrophogic f r y +  constant of the two nitrogen substituents (hydrogen 
and/or alkyl) (7). Vo ume in milliliters per mole of substituent that is clenved by 
N-dealkylation, calculated according to Bondi (9). Number of hydrogen atoms 
on the nitrogen. Number of h drogen atoms on the a-carbon of substituent that 
is cleaved by N-dealkylation. &--Methyl group. N- Alkyl group. 
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Table 11-Percent of Amphetamine Derivatives Excreted Unchanged (PEU): Experimental versus Calculated Values 

Log PEU 
Subject 1 Subject 2 Subject 3 

Derivative Exp." Calc. Residual  EX^.^ Calc. Residual Exp.O Calc. Residual 
I 1.78 1.82 -0.04 

I1 1.83 1.78 0.05 
111 1.68 1.68 0.00 
IV 1.51 1.50 0.01 
V 1.59 1.56 0.03 

VI 0.87 1.31e -0.44 
VII 1.28 1.41 -0.13 

VIII -0.23 -0.45 0.22 
IX 1.59 1.52 0.07 
X 1.60 1.20 0.40 

XI 0.25 0.17 0.08 
XI1 -1.16 -1.02 -0.14 

XI11 1.54 1.46 0.08 
XIV 1.38 1.26 0.12 xv 0.47 0.77 -0.30 

1.76 1.84 
1.79 1.77 
1.66 1.66 
1.49 1.47 
1.60 1.53 
0.76 1.28e 
1.34 1.38 

-0.27 -0.33 
1.61 1.49 
1.44 1.18 
0.17 0.22 

-0.82 -0.85 
1.58 1.43 
1.40 1.23 
0.57 0.78 

-0.08 1.79 2.11 
0.02 1.69 1.72 
0.00 1.16 1.42 
0.02 1.08 1.05 
0.07 1.35 1.15 

-0.52 0.29 0.78 
-0.04 1.10 0.91 

0.06 -0.78 -0.70 
0.12 1.33 1.08 
0.26 1.29 0.64e 

-0.05 -0.28 -0.29 

-0.32 
-0.03 
-0.26 

0.03 
0.20 

-0.49 
0.19 

-0.08 
0.25 
0.65 
0.01 

-0.08 
0.19 
0.16 

-0.41 
Data from Ref. 6. Calculated according to Eq. 2. Calculated according to Eq. 6. Calculated according to Eq. 9. Outlier (outaide f 2  SD). 

Table 111-Rate Constant of Excretion (EXC) in  Hours-' of Amphetamine Derivatives: Experimental versus Calculated Values 

Log EXC 
Subject 1 Subject 2 Subject 3 

Derivative Exp.O Calc. Residual Exp." Calc.' Residual  EX^.^ Calc. Residual 

I -1.17 -1.14 -0.03 -1.10 -1.00 -0.10 - 1.09 -1.20 0.11 
I1 -1.15 -1.02 -0.13 -1.04 -0.93 -0.11 -1.14 -1.18 0.04 ~ ~~ ~ ~. -. . - ~ . .. ~~ 

111 -1.15 -1.22 0.07 -1.12 -1.18 0.06 -1.55 -i.42 -0.13 
IV -1.31 -1.46 0.15 -1.28 -1.47 0.19 -1.86 -1.71 -0.15 
V -1.27 - 1.39 0.12 -1.28 -1.39 0.11 -1.47 -1.63 0.16 

VI -1.75 -1.63 -0.12 -1.89 -1.69 -0.20 -2.33 -1.93 -0.40 
VII -1.59 -1.55 -0.04 -1.54 -1.58 0.04 -1.68 -1.82 0.14 

Vlll  -2.61 -2.58 -0.03 -2.76 -2.86 0.10 -3.07 -3.10 0.03 _._ - _. - - _  . .- 

IX -1.17 -1.07 -0.10 -i.G -Lo? -0.09 -1.41 -1.36 0.05 
X -1.19 -1.35 0.16 -1.37 -1.42 0.05 -1.38 -1.71 0.33 

XI -2.36 -1.951~ -0.41 -1.55 -2.1Cie 0.61 -2.79 -2.44 -0.35 
-I - - -3.20 -2.76 -0.44 -f - - XI1 

XI11 -1.28 -1.13 -0.15 -1.16 -1.15 -0.01 -1.55 -1.43 -0.12 
XIV -1.32 -1.31 -0.01 -1.34 -1.37 0.03 -1.79 - 1.65 -0.14 xv -2.04 -1.64e -0.40 -2.03 -1.78 -0.25 -2.72 -2.06e -0.66 

Data from Ref. 6. * Calculated according to Eq. 12. c Calculated according to Eq. 15. d Calculated according to Eq. 18. Outlier (outside f2 SD). f Data not avail- 
able. 

partition coefficient of their compounds and established 
graphical correlations for limited subsets of observa- 
tions. 

EXPERIMENTAL 

Table I lists the 15 molecules investigated. Two parameters are used 
as a measure of lipophilicity: (a )  the apparent n-heptane-water partition 
coefficient measured at pH 7.4 (6), and ( b )  the sum of the hydrophobic 
fragmental constants of the two nitrogen substituents (hydrogen and/or 
alkyl) (7). The latter parameter represents the incremental contributions 
of molecular fragments to the true n-octanol-water partition coefficient 
(8). 

The degree of substitution on the nitrogen atom (primary, secondary, 
or tertiary) is taken into account by the structural descriptor NH, i.e., 
the number of hydrogen atoms on the nitrogen. Two parameters specif- 
ically consider the N-alkyl substituent that is cleaved from the molecule: 
the volume of the substituent, calculated according to Bondi (9), and the 
number of hydrogen atoms on the a-carbon. 

Donike et al. (6) determined three biological responses that are valu- 
able parameters in this study. They are: ( a )  the cumulative urinary ex- 
cretion of unchanged drug expressed as the percent of the administered 
dose [percent excreted unchanged (PEU)]; ( b )  the rate constant of urinary 
excretion, EXC, in hours-'; and (c) the rate constant of the first N -  
dealkylation step, DEA, in hours-'. 

Three subjects were used in the study of Donike et al. (6). Subjects 1 
and 2 were kept under acidic urinary control by ingestion of ammonium 
chloride (urinary pH values were 5.0-5.2 and 4.9-5.1, respectively). The 
urinary pH of Subject 3 was not controlled and was comparatively higher 
(5.4-5.7). The individual values of log PEU, log EXC, and log DEA for 
Subjects 1-3 are reported in Tables 11-IV. These data provided the input 
for the dependent variables in the present calculations. 

The multiple linear regression analyses were performed on a computer' 
using the SPSS program (10) with a stepwise method. The program 
calculates the regression coefficients of all independent variables and 
their standard deviation (given in parentheses) and the constant term 
(intercept). The statistics performed include the squared multiple cor- 
relation coefficient, r2, the standard deviation of the equation, s, and the 
F test. Testing the null hypotheses for each regression coefficient indi- 
vidually is done by the Student t test; these values are not reported here, 
but all variables included in Eqs. 1-28 are significant at the probability . 
level of 0.05 or better. 

Table V gives the correlation matrixes for 15 observations (Eqs. 1-19) 
and for 17 observations (Eqs. 20-28). 

RESULTS AND DISCUSSION 

Cumulative Urinary Excretion of Unchanged Drugs-The sig- 
nificant correlation equations derived for log PEU are shown in Table 
VI, revealing that this biological response depends heavily on the lipo- 
philicity of the molecules as assessed by the apparent n-heptane-water 
partition coefficient (Eqs. 1,5, and 9). These equations indicate that the 
total excretion of unchanged drug increases with decreasing log PH; i.e., 
high hydrophilicity favors fast excretion and limited biotransformation. 
This linear correlation can be improved by the inclusion of a squared term 
to yield parabolic equations (Eqs. 2 and 6). The optimal log PH value thus 
determined is that of amphetamine for Subject 1, while the value for 
Subject 2 is that of a hypothetical derivative somewhat more hydrophilic 
than amphetamine. 

However, Eqs. 2 and 6 are not truly meaningful from a physical point 
of view. It is reasonable to expect that hypothetical derivatives that are 
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Table IV-Rate Constant of First N-Dealkylation Step (DEA) in  Hours-1 of Amphetamine Derivatives: Experimental versus 
Calculated Values 

Loe DEA ~. 

Subject 1 Subject 2 Subject 3 
Derivative Exp.O Calc. Residual Exp." Calc.' Residual Expa  Ca1c.d Residual 

I1 -2.07 -1.83 -0.24 -1.64 -1.97 0.14 -1.90 -1.62 -0.28 
111 -1.76 -1.82 0.06 -1.69 -1.80 0.11 -1.94 -1.69 -0.25 
IV -1.69 -1.77 0.08 -1.51 -1.63 ' 0.12 -1.69 -1.73 0.04 
V -1.69 - 1.82 0.13 -1.66 -1.63 -0.03 -1.63 - 1 .80 0.17 

VI -1.45 -1.77e 0.32 -1.53 -1.46 -0.07 -1.70 -1.83 0.13 
VII -1.82 -1.84 0.02 -1.71 -1.46 -0.25 -1.58 -1.91 0.33 

VIII -1.15 -1.15 0.00 -1.49 -I .64 0.15 -1.25 -1.27 0.02 
IX -1.63 -1.48 -0.15 -1.57 -1.80 0.23 -1.34 -1.25 -0.09 
X -1.20 -1.39 0.13 -1.26 -1.24 -0.02 -0.81 -1.25e 0.44 

XI -0.78 -1.04 0.26 -0.74 -0.68 -0.06 -0.80 -0.96 0.16 
XI1 -f - - 0.30 -0.12e 0.42 -f - - 
xmg -1.61 -1.43 -0.18 -1.52 -1.41 -0.11 -1.25 -1.19 -0.06 
XIIIh -1.70 -1.58 -0.12 -1.55 -1.63 0.08 -1.56 -1.45 -0.11 
x1vg -1.04 -1.28 0.24 -1.16 -1.03 -0.13 -0.79 - 1.03 0.24 
XIVh -1.50 -1.58 0.08 -1.53 -1.46 -0.07 -1.42 -1.54 0.12 xvg -0.94 -1.00 0.06 -0.82 -0.64 -0.18 -0.80 -0.74 -0.06 
XVh -1.54 - 1.46 -0.08 -1.64 -1.29 -0.35 -1.69 -1.50 -0.19 

a Data from Ref. 6. * Calculated according to Q. 20. Calculated according to h. 24. d Calculated according to Eq. 26. C Outlier (outside f2 SD) .  f Data not available. 
N-Demethylation. N-Dealkylation. 

Table V-Correlation Matrix for 15 Observations (Eqs. 1-19) 

Log Log Log Log Log Log Log Log 
( L o ~ P H ) ~  LogpH ~ R R ,  VR C,H NH PEUl PEUz PEU3 EXCl EXC2 EXC3 DEAL DEAz 

Log P H  

f RR' 

V R  

C,H 

NH 

Log PEUl 

Log PEUz 

Log PEU3 

Log EXCl 

Log EXCz 

Log EXC3 

Log DEAl 

Log DEAz 

Log DEA3 

0.69 
0.84 
0.58 
0.71 
0.53 
0.49 

-0.08 
-0.06 
-0.03 
-0.07 
-0.85 
-0.90 
-0.83 
-0.89 
-0.74 
-0.81 
-0.71 
-0.82 
-0.81 
-0.86 
-0.55 
-0.70 

0.45 
0.46 
0.73 
0.73 
0.23 
0.23 

- 
0.91 
0.89 
0.55 
0.56 

-0.11 
-0.11 
-0.54 
-0.33 
-0.93 
-0.95 
-0.94 
-0.96 
-0.95 
-0.94 
-0.88 
-0.91 
-0.88 
-0.89 
-0.90 
-0.90 

0.83 
0.80 
0.80 
0.76 
0.65 
0.58 

- 

- 

0.58 
0.59 

-0.32 
-0.30 
-0.49 
-0.27 
-0.88 
-0.89 
-0.87 
-0.88 
-0.87 
-0.86 
-0.77 
-0.80 
-0.81 
-0.82 
-0.82 
-0.82 

0.78 
0.74 
0.86 
0.81 
0.58 

- 

- 

- 

-0.74 
-0.72 

0.48 
0.36 

-0.58 
-0.59 
-0.62 
-0.62 
-0.56 
-0.59 
-0.58 
-0.60 
-0.65 
-0.65 
-0.52 
-0.56 

0.06 
0.06 
0.17 
0.12 

-0.22 

- 

- 

- 

- 
-0.53 
-0.43 

0.11 
0.10 
0.13 
0.11 
0.06 
0.06 
0.13 
0.12 
0.16 
0.15 
0.05 
0.05 
0.17 
0.18 
0.07 
0.10 
0.31 

- 

- 

- 

- 

- 
0.33 
0.19 
0.31 
0.16 
0.38 
0.21 
0.14 
0.01 
0.21 
0.06 
0.25 
0.08 

-0.61 
-0.48 
-0.61 
-0.47 
-0.84 

- 

- 

- 

- 

- 

- 

0.99 
0.99 
0.97 
0.97 
0.99 
0.99 
0.95 
0.95 
0.97 
0.98 

-0.71 
-0.67 
-0.81 
-0.77 
-0.44 
-0.36 

- 

- 
- 

- 

- 

- 
- 

0.98 
0.98 
0.99 
0.97 
0.94 
0.95 
0.96 
0.96 

-0.72 
-0.69 
-0.78 
-0.74 
-0.43 
-0.37 

- 

- 

- 

- 

- 

- 
- 

- 

0.96 
0.96 
0.92 
0.92 
0.99 
0.99 

-0.75 
-0.69 
-0.76 
-0.69 
-0.45 
-0.36 

- 

- 

- 

- 

- 

- 
- 

- 

- 

0.88 
0.88 
0.95 
0.96 

-0.66 
-0.63 
-0.54 
-0.47 
-0.39 
-0.32 

0.87 - 
0.88 

-0.53 -0.73 
-0.51 -0.67 
-0.70 -0.62 
-0.66 -0.52 
-0.29 -0.41 
-0.22 -0.32 -0.65 0.50 -0.26 0.33 

a The italicized numbers are the correlation matrix for 17 observations (Eqs. 20-28). 

markedly more hydrophilic than amphetamine will simply be excreted 
totally unchanged (log PEU = 2.0); in this region, a plot of log PH uersus 
log PEU should be a horizontal line, and the true nature of the mathe- 
matical relationship can be envisioned as a bilinear function. However, 
testing of this hypothesis is not feasible due to a lack of suitable obser- 
vations. In any case, extrapolation of Eqs. 2 and 6 to hypothetical com- 
pounds that are more hydrophilic than amphetamine is misleading. 

For Subject 3, the inclusion of a squared term is not significant, indi- 
cating that the lack of urinary pH control alters not only the magnitude 
of excretion but apparently also the nature of the mathematical rela- 
tionship between elimination and lipophilicity. 

Equations 3 and 7 explore another aspect of the structure-activity 
relationships: total excretion of unchanged drug increases with the 
number of N-substituents once the lipophilicity of the molecules is ac- 
counted for by the log PH term. The correlation between log PEU and 
NH alone is positive (Table V), but Eqs. 3 and 7 indicate that, for iden- 
tical lipophilicities, tertiary amines are excreted faster and are less me- 
tabolized than are secondary amines. However, such a relationship holds 
only in the case of urinary pH control, with the inclusion of the NH pa- 
rameter being nonsignificant for Subject 3. 

Replacement of log PH by f ~ w ,  a measure of the n-octanol-water 
partition coefficient of the nonprotonated bases, to yield Eqs. 4,8, and 
10 results in less favorable statistics, as evidenced by smaller r 2  values, 
and considerably larger standard deviations. Also, the inclusion of any 
other variable in Eqs. 4,8, and 10 is nonsignificant. 

The better correlations displayed by log PH as compared to f ~ w  
probably is due to the fact the log PH includes a pKa term, thus ac- 
counting for the fraction of drug present in the tubules as nonionic 
species. This fraction is no less important than the lipophilicity of the 
neutral form in influencing the urinary excretion of amphetamines. 

The best equations for log PEUi are Eqs. 2,6, and 9. A comparison of 
experimental and calculated log PEUi values is given in Table 11. 

Rate Constant of Urinary Excretion-The significant correlation 
equations obtained for log EXC are given in Table VII. As with the pre- 
vious examples, this biological response is mainly dependent on lipo- 
philicity. Equations 11, 14, and 17 show that the rate of excretion in- 
creases with decreasing log PH, confirming that high hydrophilicity favors 
fast excretion, presumably due to minimal tubular reabsorption. The 
relationship is linear, with the parabolic equations being nonsignifi- 
cant. 
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Table VI-Correlation Equations for  Log PEU (Percent Excreted Unchanged) in Subjects 1-3 

Dependent 
Equation Variable (1.W PH)' Log PH NH f R R '  Intercept n r2 5 F 

~~~ ~~~~~~ ~ 

- - 1.28 15 0.868 0.330 72.2 1 Log PEUl - -0.486 
(f0.057) (f0.09) 

2" Log PEUl -0.0771 -0.345 - - 1.43 15 0.947 0.220 88.7 
(f0.0201) (f0.053) (f0.07) 

3 Log PEUl - -0.556 -0.342 - 1.51 15 0.912 0.283 51.7 
(f0.058) (f0.153) (30.13) 

0.435 36.7 
(f0.137) (f0.35) 

5 Log PEUz - -0.458 - - 1.27 15 0.886 0.286 85.3 
(f0.050) (fO.08) 

-0.829 3.04 15 0.770 4 Log PEUl - - - 

6b LogPEU:! -0.0643 -0.341 - - 1.40 15 0.949 0.201 92.5 
(f0.0184) (f0.048) (f0.07) 

7 Log PEU? - -0.530 -0.352 - 1.52 15 0.939 0.219 77.4 - 
(f0.045) (f0.119) (fO.10) 

- - - -0.769 2.90 15 0.761 0.414 35.1 
(f0.130) (f0.33) 

9 Log PEUJ - -0.517 - - 0.943 15 0.896 0.307 94.4 
(f0.053) (f0.088) 

10 Log PEU3 - - - -0.865 2.77 15 0.764 0.461 35.6 

8 Log PEUz 

(f0.145) (f0.37) 

Optimal log PH = -2.24. Optimal log PH = -2.65. 

Table VII-Correlation Eauations for Log EXC (Log Rate Constant of Excretion) in Subjects 1-3 

Dependent 
Equation Variable Log P H  NH f R R  Intercept n r2 5 F 

11 

12 

13 

14 

15 

16 

17 

18 

19 

~~ 

Log EXCl 

Log EXCl 

Log EXCl 

Log EXCz 

Log EXCz 

Log EXCz 

Log EXC9 

Log EXC3 

Log EXCJ 

-0.257 
(f0.041) 
-0.332 

(f0.027) 
- 

-0.335 

-0.412 
(f0.056) 

(f0.053) 

-0.343 

-0.410 
(f0.050) 

(f0.048) 

-0.362 
(f0.071) 
- 

-0.373 
(f0.139) 
- 

-0.327 
(*O. 125) 

-0.616 
(f0.036) 

-0.655 
(f0.042) 
- 

-0.753 
(f0.040) 

-1.41 
(f0.07) 
-1.16 

(f0.06) 
- 

-1.44 

-1.18 
(f0.09) 

(f0.12) 

- 1.69 
(f0.08) 
-1.47 

(fO.l l )  
- 

14 0.781 

14 0.940 

14 0.960 

15 0.767 

15 0.864 

15 0.953 

14 0.813 

14 0.888 

14 0.967 

0.237 39.2 

0.130 78.1 

0.332 288.0 

0.321 36.2 

0.257 31.8 

0.384 243.0 

0.286 47.8 

0.232 39.9 

0.368 350.0 

Table VIII-Correlation Equations for Log DEA (Log Rate Constant of First Dealkylation) in Subjects 1-3 

Dependent 
Equation Variable Log P H  f R R  V R  C,,H Intercept n r 2  Y F 

-1.20 16 0.861 0.142 40.4 

21 IAIE DEAi - 0.484 -0.0152 - -2.21 16 0.770 0.183 21.8 

20 Log DEAl 0.280 - -0.0149 - 
(f0.031) (f0.0032) (fO.09) 

Y 

(f0.073) (10.0043) ( f O .  15) 

(f0.067) (f0.084) (f0.29) 
22 Log DEAl - 0.390 - 0.251 -2.98 16 0.729 0.198 17.5 

23 Log DEAz 0.371 - -0.0172 - -1.06 17 0.716 0.297 16.4 

24 Log DEAz - 0.748 -0.0213 - -2.56 17 0.868 0.203 42.8 
(f0.065) (f0.0068) (f0.20) 

(f0.081) (f0.0047) (f0.17) 
25 Log DEAz - 0.606 - 0.309 -3.52 17 0.793 0.254 24.8 

26 Log DEAJ 0.299 - -0.249 - -0.826 16 0.832 0.176 32.3 

27 LOE DEA2 - 0.500 -0.0247 - -1.88 16 0.711 0.231 16.0 

(f0.086) (f0.108) (f0.37) 

(f0.039) (f0.0040) (f0.117) 
u 

(f0.093) (f0.0054) (f0.19) 
28 Log DEA3 - 0.329 - 0.331 -2.92 16 0.497 0.305 6.4 

(f0. 104) (f0.130) (f0.44) 

In contrast, the inclusion of the NH parameter markedly improves the 
statistics (Eqs. 12, 15, and 18). These equations confirm the conclusions 
obtained previously in that, for identical lipophilicities and when pKa 
is accounted for, tertiary amines undergo faster excretion than do sec- 
ondary amines, which are excreted faster than primary amines. This 
structural influence has never been characterized, and no convincing 
physicochemical or biochemical explanation can be offered a t  present. 
Steric hindrance in the reabsorption process is a mere possibility. 

Replacing log PH with fRR' yields Eqs. 13, 16, and 19 in which the 
constant term is eliminated. The equations are less satisfactory than Eqs. 
11, 14, and 17 due to larger standard deviations for reasons outlined 
earlier. 

The best equations for log EXCi are Eqs. 12, 15, and 18. Table 111 
compares experimental and calculated log EXCi values. 

Ra te  Constant of First N-Dealkylation-For this biological re- 
sponse, 17 observations are available and consist of 14 compounds, three 
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of which bear two different N-substituents. From Table V, it is clear that 
log DEA is markedly dependent on lipophilicity, with log PH and ~ R R ,  each 
accounting for -5040% of the variance (-30% for Subject 3). Equations 
based on log PH or fRR‘ alone thus are below acceptable levels of signifi- 
cance and are not reported. The inclusion of quadratic terms or of NH 
did not improve the correlation. 

Good levels of significance were obtained by including a second pa- 
rameter that served as a descriptor of the N-substituent removed by 
dealkylation. This approach results in Eqs. 20-28 (Table VIII). Equations 
20,21, 23, 24, 26, and 27 indicate that the rate of the first dealkylation 
increases with increasing lipophilicity of the molecules (as assessed by 
log PH or f ~ w )  and with decreasing volume of the substituent that is split 
off. There is an apparent contradiction between these two trends, allowing 
an interesting insight into the molecular factors controlling N-dealkyl- 
ation. The equations may mean that a high lipophilicity favors affinity 
to cytochrome P-450 and, hence, a fast reaction (2). On the other hand, 
the bulkier the substituent to be split off, the less favorable appears the 
initial C,-hydroxylation ultimately leading to N- dealkylation. 

Such an interpretation is strengthened by Eqs. 22,25, and 28, which 
show that the rate of dealkylation increases with the number of hydrogen 
atoms on the a-carbon. In other words, increasing the steric bulk on the 
a-carbon being hydroxylated decreases the rate of N-dealkylation, 
suggesting that, in terms of the reaction mechanism, the C,-hydroxylation 
by oxene transfer is the rate-limiting step in the overall N-dealkylation 
reaction. 

Table VIII shows that the utility of the three sets of independent 
variables (log PH and VR,  fm, and VR,  and fm, and C,H) varies from one 
subject to another. The set of log PH and V R  yields the best correlations 
for Subjects 1 and 3 but not for Subject 2. This situation outlines the 
interest in quantitative structure-activity relationship studies of having 
a variety of parameters and descriptors available. The fourth possible 
set of variables, log PH and C,H, does not yield significant equations, 
despite the orthogonality of the two variables (Table V). 

Experimental log DEAi values are compared in Table IV with the 
values calculated from the best equations in Table VIII. 

CONCLUSION 

The present study indicates that careful pharmacokinetic studies can 
yield biological data suitable for quantitative structure-activity rela- 

tionship treatment and that following pharmacokinetic calculations with 
quantitative structure-activity relationship calculations can lead to new 
insights into, and a better understanding of, drug metabolism and dis- 
position. This study also shows that the excretion of amphetamines de- 
creases with increasing lipophilicity of the molecules and that, given the 
same lipophilicity, tertiary amines are excreted faster than secondary 
amines, which are excreted faster than primary amines. Also, the corre- 
lation equations indicate that the rate of N-dealkylation increases with 
increasing lipophilicity of the substrates (enhanced enzyme affinity) but 
decreases with increasing bulk of the N-substituent that is split off (steric 
hindrance of C,-hydroxylation). 

The quantitative nature of the correlations obtained will allow inter- 
esting comparisons with other series of drugs when data become avail- 
able. 
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Abstract The capacity factors of several penicillins and cephalo- 
sporins, as well as those of 7-aminocephalosporanic acid, 6-aminopeni- 
cillanic acid, and 7-aminodeacetoxycephalosporanic acid, were deter- 
mined at pH 257.5  with different methanol concentrations in the mobile 
phase. The influence of ionic strength on activity factors also was studied. 
Some theoretical equations providing a quantitative description of the 
influence of the mobile phase pH on the retention of penicillins and 
cephalosporins by an octadecylsilyl stationary phase were established. 
The analysis of experimental data by a nonlinear least-squares fit to 
theoretically deduced equations permitted determination of the capacity 

factors of anionic, cationic, zwitterion, and undissociated forms of the 
substances studied. 

Keyphrases 0 Cephalosporins-interactions with a nonpolar octade- 
cylsilyl stationary phase Penicillins-interactions with a nonpolar 
octadecylsilyl stationary phase Capacity factors-cephalosporins and 
penicillins, interactions with a nonpolar octadecylsilyl stationary phase 

Antibiotics-cephalosporins and penicillins, interactions with a non- 
polar octadecylsilyl stationary phase, capacity factors 

Penicillins and cephalosporins constitute a large family 
of antibiotics of generalized use and similar structure. All 
of these compounds have at least one carboxylic group, and 
some possess one or more amino groups. Therefore, de- 
pending on the medium, they can be in undissociated, 
anionic, cationic, or zwitterion form. 

There have been several studies of nonpolar stationary 
phases for the separation of certain cephalosporins and 
penicillins (1-4). However, a more systematic study of the 
influence of the ionization of penicillins and cephalosporins 
on interactions with nonpolar octadecylsilyl stationary 
phases was desired to elucidate the factors in the chro- 
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of which bear two different N-substituents. From Table V, it is clear that 
log DEA is markedly dependent on lipophilicity, with log PH and ~ R R ,  each 
accounting for -5040% of the variance (-30% for Subject 3). Equations 
based on log PH or fRR‘ alone thus are below acceptable levels of signifi- 
cance and are not reported. The inclusion of quadratic terms or of NH 
did not improve the correlation. 

Good levels of significance were obtained by including a second pa- 
rameter that served as a descriptor of the N-substituent removed by 
dealkylation. This approach results in Eqs. 20-28 (Table VIII). Equations 
20,21, 23, 24, 26, and 27 indicate that the rate of the first dealkylation 
increases with increasing lipophilicity of the molecules (as assessed by 
log PH or f ~ w )  and with decreasing volume of the substituent that is split 
off. There is an apparent contradiction between these two trends, allowing 
an interesting insight into the molecular factors controlling N-dealkyl- 
ation. The equations may mean that a high lipophilicity favors affinity 
to cytochrome P-450 and, hence, a fast reaction (2). On the other hand, 
the bulkier the substituent to be split off, the less favorable appears the 
initial C,-hydroxylation ultimately leading to N- dealkylation. 

Such an interpretation is strengthened by Eqs. 22,25, and 28, which 
show that the rate of dealkylation increases with the number of hydrogen 
atoms on the a-carbon. In other words, increasing the steric bulk on the 
a-carbon being hydroxylated decreases the rate of N-dealkylation, 
suggesting that, in terms of the reaction mechanism, the C,-hydroxylation 
by oxene transfer is the rate-limiting step in the overall N-dealkylation 
reaction. 

Table VIII shows that the utility of the three sets of independent 
variables (log PH and VR,  fm, and VR,  and fm, and C,H) varies from one 
subject to another. The set of log PH and V R  yields the best correlations 
for Subjects 1 and 3 but not for Subject 2. This situation outlines the 
interest in quantitative structure-activity relationship studies of having 
a variety of parameters and descriptors available. The fourth possible 
set of variables, log PH and C,H, does not yield significant equations, 
despite the orthogonality of the two variables (Table V). 

Experimental log DEAi values are compared in Table IV with the 
values calculated from the best equations in Table VIII. 

CONCLUSION 

The present study indicates that careful pharmacokinetic studies can 
yield biological data suitable for quantitative structure-activity rela- 

tionship treatment and that following pharmacokinetic calculations with 
quantitative structure-activity relationship calculations can lead to new 
insights into, and a better understanding of, drug metabolism and dis- 
position. This study also shows that the excretion of amphetamines de- 
creases with increasing lipophilicity of the molecules and that, given the 
same lipophilicity, tertiary amines are excreted faster than secondary 
amines, which are excreted faster than primary amines. Also, the corre- 
lation equations indicate that the rate of N-dealkylation increases with 
increasing lipophilicity of the substrates (enhanced enzyme affinity) but 
decreases with increasing bulk of the N-substituent that is split off (steric 
hindrance of C,-hydroxylation). 

The quantitative nature of the correlations obtained will allow inter- 
esting comparisons with other series of drugs when data become avail- 
able. 
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Abstract The capacity factors of several penicillins and cephalo- 
sporins, as well as those of 7-aminocephalosporanic acid, 6-aminopeni- 
cillanic acid, and 7-aminodeacetoxycephalosporanic acid, were deter- 
mined at pH 257.5  with different methanol concentrations in the mobile 
phase. The influence of ionic strength on activity factors also was studied. 
Some theoretical equations providing a quantitative description of the 
influence of the mobile phase pH on the retention of penicillins and 
cephalosporins by an octadecylsilyl stationary phase were established. 
The analysis of experimental data by a nonlinear least-squares fit to 
theoretically deduced equations permitted determination of the capacity 

factors of anionic, cationic, zwitterion, and undissociated forms of the 
substances studied. 
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Penicillins and cephalosporins constitute a large family 
of antibiotics of generalized use and similar structure. All 
of these compounds have at least one carboxylic group, and 
some possess one or more amino groups. Therefore, de- 
pending on the medium, they can be in undissociated, 
anionic, cationic, or zwitterion form. 

There have been several studies of nonpolar stationary 
phases for the separation of certain cephalosporins and 
penicillins (1-4). However, a more systematic study of the 
influence of the ionization of penicillins and cephalosporins 
on interactions with nonpolar octadecylsilyl stationary 
phases was desired to elucidate the factors in the chro- 
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Table I-Structure of Investigated Substances 

Substituents 
ComDound R, R2 R3 

I 7-Aminodeacetoxycephalosporanic acid H H 

I1 7-Phenylacetamidodeacetoxycephalo- ( O t - C H z C O  
sporin 

I11 Cephalexin ( O ) - C H C O  
I 

NH. 

IV Cephradine 

V 7-Aminocephalosporanic acid 

VI Cephalosporin C 

VII Cephalothin 

VIII Cephaloridine 

IX Cefazolin 

X 6-Aminopenicillanic acid 

QCHCO I 
I 

NHI 
H 
HOOC-CK-(CH~,--CO 

I 
NHI 

H 

H 

H .- 

OCOCH3 

OCOCH3 

OCOCH3 - 

X I  Ampicillin - - 

XI1 Penicillin G 

XI11 Penicillin V 

X I V  Phenoxypropylpenicillin 

matographic process and to determine the conditions 
necessary for optimum separation. I t  also may help to 
define the hydrophobic properties of the various penicillins 
and cephalosporins and their possible relationships to 
pharmacological characteristics. 

EXPERIMENTAL 

Materials-The penicillins, cephalosporins, 7-aminocephalosporanic 
acid, 6-aminopenicillanic acid, and 7-aminodeacetoxycephalosporanic 
acid were used as supplied'. The chemicals were of the highest com- 
mercial grade available and were used without further purification. 

Phosphate buffer solutions were used a t  a concentration of 0.05 M; 
sodium sulfate was used to obtain the desired ionic strength in each case. 
The mixtures of methanol and the buffer solution are expressed in volume 
percent. 

Chromatographic Conditions-A 2.5 X 600-mm steel column, fitted 
with suitable adaptors and a 10-pm filter, was packed using a dry-packing 
technique with 30-70-wm silica with bonded octadecylsilane*. After 
packing, the column was conditioned with 200 ml of dimethylformamide 
a t  40" followed immediately by 300 ml of methanol. The liquid chro- 
matograph was fitted with a pump?, a 2 0 - 4  sample valve injector4, a 
250-nm U V  detector5, and a strip-chart recorder6. 

1 Courtsey of Antibihticos, S.A., Madrid, Spain. 
2 Bondapak CIS, Waters Associates, Milford, Mass 
3 Constametrick 11, Lahoratory Data Control. ' Model 7120, Rheodyne. 

LJV 111 monitor, Lahoratory Data Control. 
6 Model XER, Sargent-Welch Scientific Co., Skokie, Ill 

The solutions of the chromatographed substances were prepared in 
the mobile phase a t  a concentration of 0.5 mg/ml, except for the peni- 
cillins, which were dissolved at a concentration of 3 mg/ml. In each case, 
20 pl of a sample solution was injected. The flow rate was 1 ml/min, and 
the sensitivity of the U V  detector was set between 0.004 and 0.128 aufs 
according to the coefficient of extinction of the analyzed product. 

The capacity factors, k', were calculated using k' = (VR - Vo)/Vo, 
where VR is the elution volume of the chromatographic peak and VO is 
the column void volume, determined as the elution volume of a nonre- 
tained peak. 

Determination of pKa-The literature does not contain pKa values 
of the drugs determined under appropriate conditions of the mobile 
phase. Therefore, the apparent pKa values were determined by a po- 
tentiometric method (5) for the ionic strength and methanol content of 
each mobile phase a t  room temperature. 

Analysis of Experimental  Data-The numerical analysis of the 
experimental data was carried out on a calculator7 specially programmed 
for a nonlinear least-squares fit. 

RESULTS AND DISCUSSION 

The structures of the studied substances are given in Table I. The 
apparent pKa values, determined a t  room temperature a t  an ionic 
strength of 0.15 and a t  different methanol concentrations, are given in 
Table 11. 

Influence of pH-Due to the low stability of the penicillins, cepha- 
losporins, and the stationary phase in strongly acidic or alkaline media, 
the studies were conducted within the pH 2.5-7.7 range. 

Texas Instruments TI-59. 
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Table 11-Apparent pKa Values of Investigated Substances, Determined Potentiometrically at 20°, Ionic Strength of 0.15, and Various 
Methanol Concentrations 

pKal pKa2 
0% (v/v) 10% (v/v) 20% (v/v) 30% (v/v) 0% (v/v) 10% (v/v) 20% (v/v) 30% (v/v) 

ComDound Methanol Methanol Methanol Methanol Methanol Methanol Methanol Methanol 
I 3.63 - 
I1 - 3.67 

I11 - 3.52 
IV - 4.00 
V 3.49 - 

VII - 3.59 
VIII - 3.53 

IX - 3.03 
X 3.04 - 

XI - 3.60 
XI1 - - 

XI11 - - 
XIV - - 

- 
3.85 
3.93 
4.17 

3.76 
3.70 
3.18 

3.74 
3.82 

- 

- 

- 
- 

- 
4.08 
4.02 
4.37 

3.94 
3.88 
3.38 

3.93 
4.10 
4.00 
4.21 

- 

- 

7.23 7.16 
7.56 7.54 

Figure 1 shows the capacity coefficients for I, V, VI, and X at room 
temperature a t  different pH values and with a mobile phase of 0.05 M 
phosphate buffer at an ionic strength of 0.15. An octadecylsilyl stationary 
phase was used. 

The capacity factors for 11-IV, VI-IX, and XI at the various pH values 
are shown in Fig. 2. The mobile phase was a 10:90 mixture of methanol 
and the corresponding 0.05 M phosphate buffer a t  an ionic strength of 
0.05. Figure 3 shows the capacity factors of the same substances as well 
as XI1 at different pH values when a mobile phase of 20 volumes of 
methanol and 80 volumes of 0.05 M phosphate buffer and an ionic 
strength of 0.15 was used. Figure 4 shows the capacity factors of the de- 
scribed penicillins and cephalosporins along with those of XI1 and XIV 
for different pH values with a mobile phase that was a 3070 mixture of 
methanol and 0.05 M phosphate buffer a t  an ionic strength of 0.15. All 
tests were carried out at room temperature. 

The physicochemical interactions between the solutes and the nonpolar 
stationary phase may be interpreted in accordance with the solvophobic 
theory (6); therefore, the influence of the solute ionization on chroma- 
tographic retention may be justified. 

Depending on the pH of the medium, I, V, X, and penicillins and 
cephalosporins with amino and carboxyl groups may be found in solution 
in cationic (+H3NPCOOH), anionic (H2NPCOO-), or dipolar 
(+H3NPCOO-) form. The dissociation equilibria are: 

+H3NPCOOH == +H3NPCOO- + H+ 
Scheme I 

+H3NPCOO- + H2NPCOO- + H+ 
Scheme I1 

[H2NPCOO-] [H+] 
[+H3NPCOO-] K O 2  = 

The chromatographic process may be considered as a reversible asso- 
ciation of the solute, in any of its forms, with the ligand, L, formed by the 
octadecyl radical joined covalently to the surface of the silica. The process 
essentially is governed by solvophobic interactions, and no ionic or hy- 
drogen bond is formed between the solute and the stationary phase. The 
equilibria governing these processes and their respective constants 
are: 

+H3NPCOO- + L == L+H3NPCOO- 
Scheme 111 

[L+H3NPCOO-] 
[+H3NPCOO-] [L] KL+HP = 

HzNPCOO- + L + LHzNPCOO- 
Scheme IV 

[LH2NPCOO-] 
(HzNPCOO-] [L] 

KLP- = 

+H3NPCOOH + L * L+H3NPCOOH 
Scheme V 

(Eq. 3) 

(Eq. 4) 

(Eq. 5) 

The retention of a solute is expressed by the capacity factor, k', defined 
as the coefficient of distribution of the solute between the mobile and 
stationary phases. In a column where the relationship between the volume 
of the stationary phase and that of the mobile phase is constant and equal 

4, the distribution ratio is given by: 

[L+H3NPCOOH] + [LHzNPCOO-] + (LCH3NPCOO-] 
[+H3NPCOOH] + [H2NPCOO-] + [+H3NPCOO-] k' = 4 (Eq. 6) 

The numerator of Eq. 6 is the sum of the concentrations of each solute 
form bound to the stationary phase; the denominator is the sum of the 
concentrations of each solute form in the mobile phase. 

By substituting into Q. 6 the values of the .concentrations of each form 
found in Eqs. 1-4 and defining the capacity factor of the dipolar form, 
kb, as kb = ~[L]KL+HP-, the capacity factor of the anionic form, k l l ,  as 
k r l  = ~[LIKLP-, and the capacity factor of the cationic form, k l l ,  as k + l  
= ~[L]KL+HP, Eq. 6 finally may be transformed into: 

Therefore, Eq. 7 should explain the influence of pH on the capacity 
factors of the amphoteric penicillins and cephalasporins as well as those 
of I,  V, and X. 

v 
d 

I.-- 
0 2 3 4 5 6 7 8 9  

DH 
Figure 1-Plots of the capacity factor versus the mobile phase p H  for 
I ,  V, VI, and X .  T h e  solid lines were calculated by fi t t ing the  erperi- 
mental data to  Eq. 7. 
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Table 111-Capacity Factors of Molecular Forms 

0% (v/v) Methanol 10% (v/v) Methanol 20% (v/v) Methanol 
Compound kb k,-l k ; ,  kb k l l  k ; ,  kb k l l  k;i 

I 0.76 1.14 0.84 
X 0.95 2.58 0.69 
V 2.10 5.52 1.25 

I11 6.40 20.3 18.6 2.10 7.70 6.10 
XI 7.50 30.9 25.6 3.20 11.8 9.30 
IV 9.40 35.3 27.3 3.70 10.9 9.20 

VIII 11.4 - 10.3 4.10 - 3.80 
IX 40.7 21.3 - 8.50 5.40 - 

VII 83.7 63.7 - 27.2 20.3 - 
I1 111 31.1 - 38.6 13.1 - 

XI1 
XI11 
XIV 

65.8 29.0 - 

30% (v/v) Methanol 
kb k l l  k ; ,  

0.70 1.90 2.00 
0.87 2.58 3.23 
1.00 3.40 3.00 
1.30 - 1.40 
2.10 1.00 - 
7.60 4.20 - 
9.90 3.10 - 

22.3 6.00 - 
35.5 15.7 - 
47.0 21.3 - 

Each dissociated and undissociated form of penicillins and cephalo- 
sporins with only one ionizable group can interact with the stationary 
phase, giving rise to equilibria similar to those discussed previously. 

By proceeding in the same way as for amphoteric penicillins and 
cephalosporins, the following is obtained: 

Ka k b + k ' _ , -  
(Eq. 8) 

k' = IH'I 
Ka 
IH'1 

1+- 

where kb and k l ,  represent the capacity factors of the undissociated and 
anionic forms of the penicillins and cephalosporins, respectively. 

The continuous lines in Figs. 1-4 were obtained by a nonlinear least- 
squares fit of the experimental data to Eq. 7 for 1, V, and X as well as for 
the amphoteric penicillins and cephalosporins (111, IV, VIII, and XI). For 
penicillins and cephalosporins having only one carboxyl group (11, VII, 
IX, and XII-XIV), the lines were obtained with Eq. 8. The  analysis of 
the experimental data by a nonlinear least-squares fit to Eq. 7 permitted 
calculation of the capacity factors for the zwitterion (kb) ,  anionic (k : , ) ,  

110- 

30r i 

1 \. 
30 \ 

1 \ 

- V I  
0 2 3 4 5 6 7 8 9  

PH 
Figure 2-Plots of the capacity factor versus the mobile phase p H  with 
10% (u/c) methanol. The solid lines were obtained by fitting the ex- 
perimental data for I l l ,  IV,  and X I  to Eq. 7 a n d  for I1 and VII-IX to 
E y .  8. 

and cationic (k\J forms of I, V, X, and amphoteric penicillins and 
cephalosporins (Table 111). Similarly, a nonlinear least-squares fit Eq. 
8 was used to calculate the capacity factors of the undissociated (ko )  and 
dissociated (k-l )  forms of penicillins and cephalosporins with only one 
carboxyl group (Table 111). 

The acylation of the amino group of I, V, and X gave cephalosporins 
and penicillins that were retained more by the octadecylsilyl column. In 
general, cephalosporins were retained less than were penicillins. 

For the nucleus of penicillins and cephalosporins, the hightest k' values 
were for V and the lowest ones were for I; X had intermediate values (Fig. 
1). The greater retention of V may be attributed to its greater hydro- 
phobicity due to the introduction of the acetoxy group in position 3. 

For I, V, X, and the amphoteric penicillins and cephalosporins, the 
capacity factors of the anionic forms (kWl)  (Table 111) had the highest 
values, possibly due to the protective effect of the water molecules (7), 
which form hydrogen bonds with the protonated amino groups; this 
protection is smaller in the anionic forms, thus favoring hydrophobic 
interactions with the stationary phase. For I, V, and X, the capacity 
factors of the zwitterion form (kb) were similar to, but somewhat higher 
than, those of the cationic form ( k ; , ) .  On the other hand, for amphoteric 
penicillins and cephalosporins, the capacity factors of the zwitterion form 

I \ 

\ 

2 :I 10 

Z T  
G l  a 
a a 
CJ 

+L -2- -V!L --c - ~ 

0 2 3 4 5 6 7 8 9  
PH 

Figure 3-Plots of the capacity factor versus the mobile phase pH wrth 
205  (u/u)  methanol. The solid lines were obtained by fitting the ex- 
perimental data for I I ,  IV, and X I  to Eq. l a n d  for I I .  VII-IX, and X I I  
to Eq.  8. 
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XI I .  
VI I .  
11. 

I 

V V I .  
P t -  

2 ' 3 4 5 8 7 8 9  

Figure 4-Plots of  the capacity factor versus the pH of the mobile phase 
with 30% (u lu )  methanol. T h e  solid lines were obtained by fitting the  
experimental data for I l l ,  I V ,  and X I  to  Eq. l a n d  for 11, Vl l - IX ,  and 

PH 

XII -XIV  to Eq. 8. 

(kb)  were systematically lower than those of the other two ( k ; ,  and k : ~ ) .  
Therefore, in amphoteric cephalosporins and penicillins, the dipolar form 
interacts the least with the octadecylsilyl stationary phase, probably 
because although the form has no charge, there are a positive charge and 
a negative charge, which make the hydrophobic interaction with the 
stationary phase difficult. 

In penicillins and cephalosporins with only one carboxyl group, as 
expected, the capacity factor of the undissociated acid form with no 

I 

2l 

JV = 

/ 
/ 

I . . . .  
0 014 ' 018 112 . 116 ' 210 

-- 
OL 0.2 ' 0;6 110 ' 114 1:s 

IONIC STRENGTH 
Figure 6-Plots of the  capacity factor for cephalosporin C versus the 
ionic strength o f  the  mobile phase at p H  2.5,3.5, and 7.0. 

charge (kb) was greater than that of the negatively charged dissociated 
form ( k L l ) .  

Among cephalosporins, the influence of the nature of the lateral chain 
is remarkable. Of the cephalosporins studied, cephalothin had the highest 
capacity factor and cephalosporin C had the lowest. 

Cephalothin (VII) was more retained by the nonpolar stationary phase 
than was cephaloridine (VIII). This result probably was a consequence 
of the substitution in position 3 of the cephalothin thiazine ring of a 
charged py-ridino group by the acetoxy group, thus increasing the polarity 
and consequently decreasing cephaloridine retention. 

For deacetoxycephalosporins, the capacity factor values decreased in 
the order 7-phenylacetamidoacetoxycephalosporin > cephradine > 

70. 

6-01 

50 ! 

0 0 . 1 5  0.6 1.0 
IONIC STRENGTH 

IONIC STRENGTH Figure 7-Plots of the capacity factor for 11 and XII -XIV versus the 
ionic strength o f  the mobile phase at p H  2.6 and 6.0. The  methanol 
content i n  the mobile phase was 20% (ulu). 

Figure 5-Plots of the  capacity factor for I ,  V ,  and X versus the  ionic 
strength of the mobile phase at p H  2.5,3.5, and 7.0. 
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cephalexin. The introduction of an amino group in the lateral chain evi- 
dently reduced considerably the hydrophobicity of the molecule and, 
therefore, its retention by the octadecylsilyl column. In penicillins, ca- 
pacity factors decreased in the order XIV > XI11 > XI1 > XI. 

Influence of Methanol Content in Mobile Phase-& expected, the 
retention of cephalosporins and penicillins by the nonpolar octadecylsilyl 
stationary phase decreased as the methanol concentration of the mobile 
phase increased. For the various penicillins and cephalosporins studied, 
the representation of log kb, log k l l ,  or log k + l  uersus the methanol con- 
centration in the mobile phase, expressed in volume percent, shows a 
reasonable linear relationship with similar slopes. 

Yamana et  al. (8) used log k’ as a lipophilic index for certain cephalo- 
sporins and penicillins, considering it to be analogous to the R ,  index 
determined for cephalosporins and penicillins by means of reversed-phase 
TLC and comparable to log P, the logarithm of the distribution ratio, 
determined in n-octanol-water systems, which is generally accepted as 
a lipophilic index. Similarly, log kb, log K1, and log k; ,  could represent 
the lipophilic character of each form of penicillins and cephalosporins. 

Influence of Salt Concentration-The effect of ionic strength on 
the capacity factor for I, V, and X was studied (Fig. 5). The mobile phases 
used were 0.05 M phosphate buffers a t  pH 2.5, 3.5, and 7.0; the ionic 
strength was varied from 0.51 to 2.0 for each pH value. The influence of 
the ionic strength on capacity factors a t  pH 2.5 and 3.6, where I, V, and 
X are in cationic or zwitterion forms, was very small. At pH 7.0, where 
these substances are in anionic form, this influence was important, 
especially for V; it decreased in the order V > X > I. 

According to Horvath et al. (6). the increase in k’ with ionic strength 
can be attributed to an increase in water surface tension when the salt 
concentration increases. On the contrary, the ionic form of cephalosporin 
C does not affect the influence of ionic strength on capacity factors. The 
k‘ /p plots are straight lines of similar slope for each pH value studied, 
except a t  pH 2.5 and a very low ionic strength (Fig. 6). 

The influence of ionic strength on the retention of 11 and XII-XIV also 
was studied at pH 2.6 and 6.0 (Fig. 7). The mobile phase was a mixture 
of 0.05 M phosphate buffer and methanol (21  vh ) .  Plotting k’/p resulted 
in lines with negative slopes a t  the lowest acid pH, where the penicillins 
are in cationic or undissociated form. At pH 6, where the penicillins and 
the cephalosporins are in anionic form, the slopes of the k ‘ / p  lines are 

positive. 
It must be emphasized that the ionic strength of the mobile phase has 

a greater influence on the capacity factors of charged forms than on those 
of uncharged ones, and it is in the opposite direction. In fact, an increase 
of the ionic strength increases the retention of the charged forms while 
decreasing the retention of the uncharged acid forms. 

CONCLUSION 

The effect of cephalosporin and penicillin ionization on the chroma- 
tographic retention by nonpolar stationary phases can be interpreted in 
terms of hydrophobic interactions between the solute and the hydro- 
carbon function bound to the support surface. This quantitative study 
permitted determination of the capacity factors of each molecular form 
(kb, kL1, and kk1) of the investigated drugs. 

The results given in this work will aid in the separation and analysis 
of some of the investigated substances. 

The logarithms of the capacity factors of each molecular form, being 
independent of pH, probably will represent more adequately the lipo- 
philic or hydrophobic characteristic of a compound having ionizable 
groups. 
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Abstract 0 A series of L(4-biphenyly1)pentyl hydrogen 3-alkylglutarates 
and 3-hydroxy-3-alkylglutarates was synthesized and assayed for inhi- 
bition of rat liver 8-hydroxy-P-methylglutaryl-CoA reductase. Limited 
solubility of the monoesters in the enzyme assay system prevented the 
determination of the 150 values. However, the limited data indicated no 
significant changes in the activity of the analogs when they were assayed 
a t  identical concentrations. 

Keyphrases 0 Hypocholesterolemic agents-inhi bition of P-hydroxy- 
8-methylglutaryl-CoA reductase, monoesters of substituted glutaric 
acids, rat liver microsomes 0 Microsomes, rat liver-inhibition of cho- 
lesterol biosynthesis, monoesters of substituted glutaric acids 0 Enzyme 
inhibition--effect of monoesters of glutaric acids on cholesterol bio- 
synthesis, rat liver microsomes 

An approach to the design of cholesterol biosynthesis 
inhibitors as potential hypocholesterolemic agents was 

discussed previously (1,2). The rationale for the inhibition 
of the enzyme fl-hydroxy-fl-methylglutaryl-CoA reductase 
was presented (1). Structure-activity relationships indi- 
cated that maximum activity was observed when R1 = 
biphenylyl, Rz = n-butyl, and n = 1-4 in a series of ar- 
ylalkyl hydrogen alkanedioates (I). In addition, the in- 
corporation of a fl-hydroxy-fl-methyl moiety into the acid 
portion of the glutarate analog provided 11, which was 
seven times more active than the glutarate analog of I. 

This paper describes the synthesis and assay of a series 
of 1-(4-biphenylyI)-n-pentyl hydrogen 3-alkylglutarates 
(111) and 3-hydroxy-3-alkylglutarates (IV). The 3-alkyl 
series (111) was designed specifically to determine if there 
was a hydrophobic binding site on the enzyme where the 
3-alkyl group of the glutaric acid moiety could bind. The 
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cephalexin. The introduction of an amino group in the lateral chain evi- 
dently reduced considerably the hydrophobicity of the molecule and, 
therefore, its retention by the octadecylsilyl column. In penicillins, ca- 
pacity factors decreased in the order XIV > XI11 > XI1 > XI. 

Influence of Methanol Content in Mobile Phase-& expected, the 
retention of cephalosporins and penicillins by the nonpolar octadecylsilyl 
stationary phase decreased as the methanol concentration of the mobile 
phase increased. For the various penicillins and cephalosporins studied, 
the representation of log kb, log k l l ,  or log k + l  uersus the methanol con- 
centration in the mobile phase, expressed in volume percent, shows a 
reasonable linear relationship with similar slopes. 

Yamana et  al. (8) used log k’ as a lipophilic index for certain cephalo- 
sporins and penicillins, considering it to be analogous to the R ,  index 
determined for cephalosporins and penicillins by means of reversed-phase 
TLC and comparable to log P, the logarithm of the distribution ratio, 
determined in n-octanol-water systems, which is generally accepted as 
a lipophilic index. Similarly, log kb, log K1, and log k; ,  could represent 
the lipophilic character of each form of penicillins and cephalosporins. 

Influence of Salt Concentration-The effect of ionic strength on 
the capacity factor for I, V, and X was studied (Fig. 5). The mobile phases 
used were 0.05 M phosphate buffers a t  pH 2.5, 3.5, and 7.0; the ionic 
strength was varied from 0.51 to 2.0 for each pH value. The influence of 
the ionic strength on capacity factors a t  pH 2.5 and 3.6, where I, V, and 
X are in cationic or zwitterion forms, was very small. At pH 7.0, where 
these substances are in anionic form, this influence was important, 
especially for V; it decreased in the order V > X > I. 

According to Horvath et al. (6). the increase in k’ with ionic strength 
can be attributed to an increase in water surface tension when the salt 
concentration increases. On the contrary, the ionic form of cephalosporin 
C does not affect the influence of ionic strength on capacity factors. The 
k‘ /p plots are straight lines of similar slope for each pH value studied, 
except a t  pH 2.5 and a very low ionic strength (Fig. 6). 

The influence of ionic strength on the retention of 11 and XII-XIV also 
was studied at pH 2.6 and 6.0 (Fig. 7). The mobile phase was a mixture 
of 0.05 M phosphate buffer and methanol (21  vh ) .  Plotting k’/p resulted 
in lines with negative slopes a t  the lowest acid pH, where the penicillins 
are in cationic or undissociated form. At pH 6, where the penicillins and 
the cephalosporins are in anionic form, the slopes of the k ‘ / p  lines are 

positive. 
It must be emphasized that the ionic strength of the mobile phase has 

a greater influence on the capacity factors of charged forms than on those 
of uncharged ones, and it is in the opposite direction. In fact, an increase 
of the ionic strength increases the retention of the charged forms while 
decreasing the retention of the uncharged acid forms. 

CONCLUSION 

The effect of cephalosporin and penicillin ionization on the chroma- 
tographic retention by nonpolar stationary phases can be interpreted in 
terms of hydrophobic interactions between the solute and the hydro- 
carbon function bound to the support surface. This quantitative study 
permitted determination of the capacity factors of each molecular form 
(kb, kL1, and kk1) of the investigated drugs. 

The results given in this work will aid in the separation and analysis 
of some of the investigated substances. 

The logarithms of the capacity factors of each molecular form, being 
independent of pH, probably will represent more adequately the lipo- 
philic or hydrophobic characteristic of a compound having ionizable 
groups. 
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Abstract 0 A series of L(4-biphenyly1)pentyl hydrogen 3-alkylglutarates 
and 3-hydroxy-3-alkylglutarates was synthesized and assayed for inhi- 
bition of rat liver 8-hydroxy-P-methylglutaryl-CoA reductase. Limited 
solubility of the monoesters in the enzyme assay system prevented the 
determination of the 150 values. However, the limited data indicated no 
significant changes in the activity of the analogs when they were assayed 
a t  identical concentrations. 
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lesterol biosynthesis, monoesters of substituted glutaric acids 0 Enzyme 
inhibition--effect of monoesters of glutaric acids on cholesterol bio- 
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An approach to the design of cholesterol biosynthesis 
inhibitors as potential hypocholesterolemic agents was 

discussed previously (1,2). The rationale for the inhibition 
of the enzyme fl-hydroxy-fl-methylglutaryl-CoA reductase 
was presented (1). Structure-activity relationships indi- 
cated that maximum activity was observed when R1 = 
biphenylyl, Rz = n-butyl, and n = 1-4 in a series of ar- 
ylalkyl hydrogen alkanedioates (I). In addition, the in- 
corporation of a fl-hydroxy-fl-methyl moiety into the acid 
portion of the glutarate analog provided 11, which was 
seven times more active than the glutarate analog of I. 

This paper describes the synthesis and assay of a series 
of 1-(4-biphenylyI)-n-pentyl hydrogen 3-alkylglutarates 
(111) and 3-hydroxy-3-alkylglutarates (IV). The 3-alkyl 
series (111) was designed specifically to determine if there 
was a hydrophobic binding site on the enzyme where the 
3-alkyl group of the glutaric acid moiety could bind. The 
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RI-CH-OZC-(CH~),-COZH 
I 

Rz 
I 

CH3 
I 

I 
R~-CH-OZC-CH~-C-CH~-COZH 

OH 
I 
Rz 

I1 

3-hydroxy-3-alkyl series (IV) was synthesized and evalu- 
ated to determine if binding to the hydrogen-bonding site 
via the hydroxyl group and to the hydrophobic site via the 
3-alkyl group on the enzyme could occur simulta- 
neously. 

R3 

I 

I 
X 

I 
R, 

111: RJ = alkyl, X = H 
IV: R, = alkyl, X = OH 

EXPERIMENTAL' 

Chemistry-The desired monoesters (111 and IV) were prepared from 
1-(4-biphenylyl)-n-pentanol (1) and the appropriate substituted glutaric 
acid using the method of Buchi et al. (3). Synthesis of the required 3- 
alkylglutaric acids (VI) was performed via the pathway illustrated in 
Scheme I. Condensation of diethyl malonate with aliphatic aldehydes 
in the presence of potassium fluoride gave the alkylidenedimalonates (V) 
(4) in 25-85% yields. Acid hydrolysis and decarboxylation of V afforded 
the desired acids (VI) in 6O-8O% yields. 

The 3-hydroxy-3-alkylglutaric acids (VIII) were synthesized using the 
pathway illustrated in Scheme 11. Treatment of the appropriate ester with 
the allyl Grignard reagent, as described by Tschesche and Machleidt (5), 
gave the 4-hydroxy-4-alkyl-1.6-heptadienes (VII) in good yields (mi'%). 
Ozonolysis of VII followed by treatment with hydrogen peroxide gave 
the required hydroxy acids (VIII) in 70% yields. 

1 - (4-  Biphenyly1)- n-penty 1 Hydrogen 3-Alkyl- and 3- Hydroxy-3- 
alkylglutarates-The monoesters (IIIa-IIId and IVo-IVd) of the 3- 
alkylglutaric acids (VI) and 3-hydroxy-3-alkylglutaric acids (VIII) were 
prepared using the procedure of Buchi et al. (3) as described previously 
(2). The crude oily monoesters were chromatographed on silicic acid. 
Elution with 20% ether-petroleum ether (bp 60-75') afforded colorless 
oily monoesters. The monoesters were characterized as their solid S- 
benzylthiuronium salts using the method of Donleavy (6) as described 
previously (1). Table I lists the analytical data. 

3-Alkylglutaric Acids (VI)-The 3-n-propyl- (7). 3-isopropyl- (a), and 
3-isobutyl- (9) glutaric acids were prepared by acid hydrolysis and de- 

K F  
RCHO + 2 CHj(COjR')j ----t RCH---fCH(CO.R)j]j 

v 

HCI-H.0 J 
R 

H 

VI 
Scheme I 

Melting points were determined with a Thomas-Hoover capillary apparatus 
and are uncorrected. Elemental analyses were carried out by Atlantic Microlabo- 
ratories, Atlanta, Ga. IR spectra were determined using a Perkin-Elmer model 257 
spectrophotometer. NMR spectra were obtained using a Perkin-Elmer model R-24 
spectrometer in the solvent specified with tetramethylsilane a8 the internal refer- 
ence. 

RCO,R' + 2 CH2=CHCH2MgBr -t RC +CH2CH=CH,)! 
I 

OH 
VII 

J; OJ 
2. HIOl 

RC+CH,CO,H), 
I 

OH 
vm 

Scheme I I  

carboxylation of the appropriate tetraethyl alkylidenedimalonate (4). 
The preparation of 3-n-butylglutaric acid serves as an example. 

A mixture of 26.0 g (0.067 mole) of tetraethyl n-butylidenedimalonate 
(4), 250 ml of water, and 250 ml of concentrated hydrochloric acid was 
refluxed for 24 hr. The resulting solution was extracted with ethyl acetate. 
The organic phase was washed three times with water, washed with a . 
saturated sodium chloride solution, and then dried over anhydrous so- 
dium sulfate. The solvent was removed to give 9.9 g (78%) yield of a 
pale-yellow oil; NMR (CDCl3): 15 0.35-0.82 (m, 9H, C4H9), 1.2 (s, 4H, 
CHzCCHz), 1.93-2.17 (m, lH, CH), and 5.80 [s, 2H, (C02H)zI ppm. The 
oil was characterized analytically as the white S-benzylthiuronium salt 
( l ) ,  mp 165-167'. 

Anal.-Calc. for C ~ H & ~ O &  C, 57.7; H, 6.9; N, 10.8. Found C, 57.8; 
H, 7.1; N, 10.8. 
3-Hydroxy-3-alkylglutaric Acids (VII1)-The acids were prepared 

by ozonolysis followed by hydrogen peroxide oxidation of the appropriate 
4-hydroxy-4-alkyl-l,6-heptadiene to afford the desired 3-hydroxy-3- 
alkylglutaric acid (VII). The 4-hydroxy-4-alkyl-l,6-heptadienes were 
prepared using the method of Tschesche and Machleidt (5). The prepa- 
ration of 4-hydroxy-4-isobutyl-1,6-heptadiene serves as an example. 

To a stirred suspension of 4.62 g (0.19 g atom) of magnesium turnings 
in 8 ml of dry ether, 8 ml of dry tetrahydrofuran, and a crystal of iodine 
was added dropwise a solution of 6.5 g (0.05 mole) of ethyl isovalerate and 
14 ml(0.16 mole) of allyl bromide in 19 ml of dry ether and 56 ml of dry 
tetrahydrofuran. The reaction mixture was maintained at a gentle reflux 
during the addition and was refluxed for 3 hr after the addition was 
complete. The resulting mixture was poured onto ice-hydrochloric acid 
and then extracted with ether. 

The organic phase was washed with water, 5% NaOH, water, and finally 
saturated sodium chloride solution. It then was dried over anhydrous 
sodium sulfate and concentrated under reduced pressure to give 9.4 g of 
an orange liquid. Vacuum distillation afforded 7.8 g (81% yield) of a col- 
orless liquid, bp 50-51' (0.65 mm Hg); NMR (CDC13): d 0.95 [d, 6H, 
C(CH3)2], 1.39 (d, 2H, CHz), 1.56 (6, lH,  OH), 1.69 (m, lH, R3CH), 2.25 
Id, 4H. (C=CCHdzI, 4.89-5.43 Im, 4H. (C=CH2)21. and 5.54-6.31 Im, 

~ ~. 
2H, (C=CH)z] ppm: 

Anal.-Calc. for C I I H ~ O :  C. 78.5: H. 12.0. Found: C. 78.4: H. 12.0. , ,  

The following 4-hyd~o~&4-alkyl-1;6-heptadienes were prepared using 
the described procedure: 4-hydroxy-4-n-propyl-1,6-heptadiene, bp 
39-41' (2.0 mm Hg) [lit. (10) bp 70' (17 mm Hg)]; 4-hydroxy-4-isopro- 
pyl-1,6-heptadiene, bp48-51' (1.5mm Hg) [lit. (10) bp 43-45' (1.3 mm 
Hg)]; and 4-hydroxy-4-n-butyl-1,6-heptadiene, bp 93-95' (6 mm Hg) 
[lit. (10) bp 90-92' (6 mm Hg)]. 
3-Hydroxy-3-n-propylglutaric Acid-The method of Tschesche and 

Machleidt (5) was used. A solution containing 4.16 g (0.027 mole) of 4- 
hydroxy-4-n-propyl-l,6-heptadiene, 3.5 ml of acetic acid, and 43 ml of 
methylene chloride was cooled in an isopropanol-dry ice bath. Ozone was 
passed through the solution for 2 hr, and the resulting blue solution was 
allowed to warm to 25'. To the clear, colorless solution was added 25 ml 
of acetic acid, and the methylene chloride was removed under reduced 
pressure. 

To the residue were added 25 ml of acetic acid and 25 ml of 30% H202. 
The solution was heated at reflux for 8 hr, and removal of the solvent 
under reduced pressure afforded 3.69 g of a colorless oil. Trituration with 
petroleum ether (bp 60-75') afforded 3.6 g (70% yield) of a white solid, 
mp 90-94'. Two recrystallizations from ether-petroleum ether (bp 
60-75') afforded a white solid, mp 96-98'; NMR (dimethyl SUlfOXide-d6): 
6 0.54-1.77 [m, 7H, CH3(CH&], 2.51 [s, 4H, (CHzCOOh], and 6.11 [broad 
s, 3H, OH, (COOH)Z] ppm. 

Anal.-Calc. for CaH1406: C, 50.5; H, 7.4. Found: C, 50.5; H, 7.4. 
3-Hydroxy-3-isopropylglutaric Acid-The procedure described for 
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I I Table I-Properties of Monoesters of Substi tuted Glu tar ic  Acids '3, X 

Yield O ,  Melting Analysis, 70 
Compound R X ?h Point (Salt) Formula Calc. Found 

IIIa CHdCHzh H 35 116-1 17' Cx&zNz04S C 70.4 70.4 
H 7.5 7.5 

5.0 N 5.0 
IIIh (CH3)zCH H 34 122-123' C d W W 4 S  C 70.4 70.5 

H 7.5 7.5 
N 5.0 5.0 

IIIc CHdCHzh H 38 106-108' C34H44Nz04S C 70.8 70.7 
H 7.7 7.7 
N 4.9 4.9 

IIId (CH3)zCHCHz H 32 136-138' C34HdJ204S C 70.8 70.6 
H 7.7 7.7 
N 4.9 4.8 

IVa CH3(CHz)z OH 20 110-112° C33H4zNz05S C 68.4 68.4 
H 7.3 7.3 

4.8 N 4.8 
IVb (CHdzCH OH 22 118-120' C33H4zNz05S C 68.4 68.2 

H 7.3 7.4 
N 4.8 4.9 

IVC CH3(CHz)3 OH 17 101-103" C34H44Nz05S C 68.9 68.8 
7.5 H 7.5 

N 4.7 4.7 
IVd (CH3)zCHCHz OH 19 121-122' C34H44Nz05S C 68.9 68.7 

H 7.5 7.5 
N 4.7 4.7 

The monoesters were colorless, viscous oils. The IR (chloroform) and NMR (deuterochloroform) spectra were consistent with the assigned structures. 

R 

I 
Table  11-Inhibition of B-Hydroxy-/3-methylglutaryl-CoA Reductase  C4Hq 

Activity (I/S)a 
ComDound R X 0.5 1.0 2.0 2.5 

IX 
1110 
IIIb 
IIIc 
IIId 
X 

IVa 
1Vb 
IVC 
IVd 
XI 

H 
H 
H 
H 
H 
OH 
OH 
OH 
OH 
OH 
H 

- 
28 
24 
27 
28 

17 
15 
22 
22 

- 

- 

50 * 
Insoluble 
Insoluble 
Insoluble 
Insoluble 

5OC 
52 
43 
28 
36 
58d 

- 
- 
- 
- 
- 
- 

Insoluble 
Insoluble 
Insoluble 
Insoluble 
- 

The inhibition index, I& equals the ratio of the micromolar concentration of the inhibitor to the micromolar concentration of the substrate required to give the percentage 
A standard inhibitor inhibition shown. At least two sets of duplicate determinations were used. 

used routinely to provide comparability of each assay set (2); I/S = 7.  
I/S = 9 as reported previously ( 2 ) .  I/S = 1.5 as reported previously ( 2 ) .  

3-hydroxy+n -propylglutaric acid was used to  give 3-hydroxy-3-iso- 
propylglutaric acid (73% yield) as a white solid, mp 87-92', Two recrys- 
tallizations from et,hyl acetate-petroleum ether (bp  60-75') afforded a 
white solid, mp 99-101'; NMR (dimethyl sUlfoXide-d6): b 0.93 [d, 6H, 
C(CHs)2J, 1.30-2.12 (m, 2H, OH, R3CH), 2.63 [s, 4H, (CHzC00)2], and 
8.00 [broad s, 3H, OH, (COOH)z] ppm. 

Anal.--Calc. for CeH14O.5: C, 50.5; H ,  7.4. Found: C, 50.4; H, 7.4. 
3-Hydroxy-3-n-bu~ylglutaric  Acid-The procedure described for 

3-hydroxy-3-n-propylglutaric acid was used to give 3-hydroxy-3-n- 
butylglutaric acid (68% yield) as a white solid, m p  66-76'. Two recrys- 
tallizations from ethyl acetate-petroleum ether (bp  60-75') afforded a 
white solid, mp 76-78'; NMR (CDC13): b 0.67-2.23 [m, 9H, CH3(CH2)3], 
2.78 ( s ,  4H, (CH&00)2], and 8.70 [broad s, 3H, OH, (COOH)2] ppm. 

Anal.-Calc. for C9H1605: C, 62.9; H, 7.9. Found: C, 53.0; H, 7.9. 
3-Hvdroxy-9-isobutvlglutaric Acid-The procedure described for 

3-hydroxy-3-n -propylglutaric acid was used to give 3-hydroxy-3-iso- 
butylglutaric acid (70% yield) as a white solid, mp 90-98'. Recrystalli- 
zation from ethyl acetate-petroleum ether (bp 60-75') afforded a white 
solid, mp 106-108°; NMR (dimethyl sulfoxide-d6): 6 0.93 (d, 6H, 
C(CH&]. 1.49 (d, 2H, CHz), 2.06 (m, lH ,  RsCH), 2.61 [s, 4H, 
(CHzC00)2], and 5.66 [broads, 3H, OH, (COOH)z] ppm. 

Anal.-Calc. for CgH16Os: C, 52.9; H, 7.9. Found: C, 52.8; H, 7.9. 
Prepara t ion  of R a t  Liver Microsomes-Rat liver microsomes 

containing /3-hydroxy-/3-methylglutaryl-CoA reductase activity were 
prepared according to  the method of Shapiro and Rodwell (11) as de- 
scribed previously (2). 

Enzyme Activity a n d  Inhibition-The assay (2) was modified with 
regard to  the isolation of mevalonolactone. The enzyme incubation 
mixture consisted of NADP+ (9.7 pmoles)*, glucose-6-phosphate2 (59.7 
pmoles), torula yeast glucose-6-phosphate dehydrogenase* (5 units), 
microsomal protein (2 mg) as determined by a modification of the method 
of Lowry et al. (2, In), 0.1 mi of ethylene glycol monoethyl ether contain- 
ing the inhibitor, and sufficient assay huffer [30 mM ethylenediamine- 
tetraacetic acid, 70 mM NaCI, and 10 mM /3-mercaptoethanol (pH 6.8)) 
to  give a total volume of 2.9 ml. 

Enzymatic activity was initiated by the addition of 0.1 ml of a solution 
containing 94 nmoles (31 p M )  of dl-/3-hydro~y-/3-methyl[3-~~C)glutar- 
yl-CoA3 (specific activity of 920 dpmhmole).  After 25 min of shaking 
incubation a t  37", the reaction was stopped by the addition of 0.2 ml of 
concentrated hydrochloric acid. Fifty microliters of an acetone solution 
containing 7 X lo5 dpm (24 pmoles) of dl-4-[3HH]mevalonolactone4 was 
added to the incubation mixture, and the mixture was incubated a t  37" 

2 Sigma Chemical Co. 
3 P-L Biochemicals. 

Amersham Corp. 
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for 30 min. To the mixture was added 3.2 g of anhydrous sodium sulfite, 
and this mixture was extracted twice with 10-ml portions of benzene 
(13). 

The benzene extract was evaporated to dryness in a liquid scintillation 
vial at 50° under a nitrpgen stream. Twenty milliliters of Bray's scintil- 
lation solution (14) was added, and tritium and carbon 14 were deter- 
mined simultaneously in a liquid scintillation countel.6. Counting effi- 
ciencywas determined by the external standard method. Some variability 
in the inhibition data was noted between t u b  of microsomes (even from 
the same liver preparation). For this reason, a standard inhibitor, 1-(4- 
biphenyly1)pentyl hydrogen succinate (IX), was utilized routinely. 

RESULTS AND DISCUSSION 
The activity of IIIa-IIId and IVa-IVd aa inhibitors of rat liver &hy- 

droxy-8-methylglutaryl-CoA reductase is shown in Table 11. Unfortu- 
nately, the low solubility of these compounds in the enzyme assay pre- 
vented the determination of I/S values required for 5O?h inhibition. Thus, 
no definite conclusions can be made concerning the effect of increasing 
the size of the alkyl group at the C-3 position of the glutaric acid moiety 
with or without a C-3 hydroxyl group. However, the limited data do in- 
dicate that no substantial changes in inhibitory activity resulted from 
these modifications [compare 3-hydroxy-3-methyl (X) to 3-hydroxy- 
3-n-propyl (IVa) and the similar degree of inhibition shown by the an- 
alogs when assayed at  identical I/S values]. 
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Abstract A study was undertaken to identify the most accurate 
99mTc-labeled radiopharmaceutical and to determine the accuracy of 
a noninvasive radionuclide technique (antecubital injection and pre- 
cordial detection) for cardiac output determinations. Phase I employed 
sodium pertechnetate, stannous pyrophosphate with sodium pertech- 
netate, technetium-99m red blood cells, and technetium-99m human 
serum albumin as radionuclide tracers. Cardiac output was determined 
by the dye dilution method and then by the invasive radionuclide tech- 
nique. The radiopharmaceutical was injected into the same intracardiac 
catheter used in the dye dilution method. Seven to 10 mongrel dogs were 
used to test the accuracy of each radiopharmaceutical. A paired t test and 
regression analysis indicated that technetium-99m human serum albumin 
was the most accurate radiopharmaceutical for cardiac output determi- 
nations, and the results compared favorably to those obtained by the dye 
dilution method. In Phase 11, technetium-99m human serum albumin 

was used as the radionuclide tracer for cardiac output determinations 
with the noninvasive technique. The results compared favorably to those 
obtained by the dye dilution method. Regression analysis indicated a 
correlation coefficient of 0.91. A paired t test demonstrated that the 
difference between the two methods was not statistically significant ( p  
> 0.05). The data suggest that a noninvasive radionuclide technique using 
an intravascular radiopharmaceutical may he safe and nontraumatic for 
cardiac output determinations in humans. 

Keyphrases 0 Cardiac output-determination, comparison of dye 
dilution method and radionuclide techniques, dogs Dye dilution 
method-determination of cardiac output, comparison to radionuclide 
techniques, dogs 0 Radionuclides-use in determination of cardiac 
output, comparison to dye dilution method, dogs 

Measurement of cardiac output using readily detectable StewarbHamilton dye dilution method is analogous to the 
tracers such as indocyanine green' or suitable radionu- direct Fick method (7-9). The validity and reproducibility 
clides is based on the principle of conservation of mass of this method were verified by several investigators 
(1-3). The direct Fick method involves measuring the (10-14). The relative ease of detection and quantitation 
amount of oxygen extracted from the inspired air by the of radioactive tracers have resulted in the use of radio- 
lungs and the arteriovenous oxygen difference (4-6). The pharmaceuticals for cardiac output determinations 

(15-29). However, the necessity for cardiac catheterization 
and cannulation usually limits their usefulness. ' Cardio-green, Hynaon, Westcott and Dunning, Baltimore, Md. 
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for 30 min. To the mixture was added 3.2 g of anhydrous sodium sulfite, 
and this mixture was extracted twice with 10-ml portions of benzene 
(13). 

The benzene extract was evaporated to dryness in a liquid scintillation 
vial at 50° under a nitrpgen stream. Twenty milliliters of Bray's scintil- 
lation solution (14) was added, and tritium and carbon 14 were deter- 
mined simultaneously in a liquid scintillation countel.6. Counting effi- 
ciencywas determined by the external standard method. Some variability 
in the inhibition data was noted between t u b  of microsomes (even from 
the same liver preparation). For this reason, a standard inhibitor, 1-(4- 
biphenyly1)pentyl hydrogen succinate (IX), was utilized routinely. 

RESULTS AND DISCUSSION 
The activity of IIIa-IIId and IVa-IVd aa inhibitors of rat liver &hy- 

droxy-8-methylglutaryl-CoA reductase is shown in Table 11. Unfortu- 
nately, the low solubility of these compounds in the enzyme assay pre- 
vented the determination of I/S values required for 5O?h inhibition. Thus, 
no definite conclusions can be made concerning the effect of increasing 
the size of the alkyl group at the C-3 position of the glutaric acid moiety 
with or without a C-3 hydroxyl group. However, the limited data do in- 
dicate that no substantial changes in inhibitory activity resulted from 
these modifications [compare 3-hydroxy-3-methyl (X) to 3-hydroxy- 
3-n-propyl (IVa) and the similar degree of inhibition shown by the an- 
alogs when assayed at  identical I/S values]. 
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Abstract A study was undertaken to identify the most accurate 
99mTc-labeled radiopharmaceutical and to determine the accuracy of 
a noninvasive radionuclide technique (antecubital injection and pre- 
cordial detection) for cardiac output determinations. Phase I employed 
sodium pertechnetate, stannous pyrophosphate with sodium pertech- 
netate, technetium-99m red blood cells, and technetium-99m human 
serum albumin as radionuclide tracers. Cardiac output was determined 
by the dye dilution method and then by the invasive radionuclide tech- 
nique. The radiopharmaceutical was injected into the same intracardiac 
catheter used in the dye dilution method. Seven to 10 mongrel dogs were 
used to test the accuracy of each radiopharmaceutical. A paired t test and 
regression analysis indicated that technetium-99m human serum albumin 
was the most accurate radiopharmaceutical for cardiac output determi- 
nations, and the results compared favorably to those obtained by the dye 
dilution method. In Phase 11, technetium-99m human serum albumin 

was used as the radionuclide tracer for cardiac output determinations 
with the noninvasive technique. The results compared favorably to those 
obtained by the dye dilution method. Regression analysis indicated a 
correlation coefficient of 0.91. A paired t test demonstrated that the 
difference between the two methods was not statistically significant ( p  
> 0.05). The data suggest that a noninvasive radionuclide technique using 
an intravascular radiopharmaceutical may he safe and nontraumatic for 
cardiac output determinations in humans. 
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dilution method and radionuclide techniques, dogs Dye dilution 
method-determination of cardiac output, comparison to radionuclide 
techniques, dogs 0 Radionuclides-use in determination of cardiac 
output, comparison to dye dilution method, dogs 

Measurement of cardiac output using readily detectable StewarbHamilton dye dilution method is analogous to the 
tracers such as indocyanine green' or suitable radionu- direct Fick method (7-9). The validity and reproducibility 
clides is based on the principle of conservation of mass of this method were verified by several investigators 
(1-3). The direct Fick method involves measuring the (10-14). The relative ease of detection and quantitation 
amount of oxygen extracted from the inspired air by the of radioactive tracers have resulted in the use of radio- 
lungs and the arteriovenous oxygen difference (4-6). The pharmaceuticals for cardiac output determinations 

(15-29). However, the necessity for cardiac catheterization 
and cannulation usually limits their usefulness. ' Cardio-green, Hynaon, Westcott and Dunning, Baltimore, Md. 
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Table I-Data Pa i r s  Obtained by the  Radionuclide Method 
Using Sodium Pertechnetate a s  the Trace r  and the Dye Dilution 
Method 

Cardiac Output, l i tershin 
Radionuclide Method 

Dog Dye Dilution Method (Sodium Pertechnetate) 

1 
2 

7 
8 
Mean 

2.27 
1.62 
2.83 
1.91 
3.94 
2.02 
1.68 
2.39 
2.33 

1.51 
1.37 
1.98 
1.32 
2.64 
1.14 
1.41 
1 .88 
1.66 

SD 0.71 0.46 
Paired t test 

mean of difference = 0.67 
standard deviation of difference = 0.35 
t test = 5.49 (statistically significant) 

BACKGROUND 

Technetium-99m as the pertechnetate ion and 99mTc-labeled human 
serum albumin and red blood cells have heen investigated as tracers for 
cardiac function determinations. Technetium-99m was used in its per- 
technetate form for cardiac output studies (30). Invasive arterial can- 
nulation was used to inject pertechnetate into the external jugular vein, 
and blood samples were drawn at  a constant rate from the femoral artery. 
This technique may distort the radionuclide dilution curve and render 
the results inaccurate due to the distance between the injection and 
sampling sites. 

Schelhert et o l .  (31) reported a correlation coefficient of 0.94 for the 
left ventricular ejection fraction between the radionuclide method and 
cineangiocardiography. Although precordial recording was utilized, 
technetium-99m human serum alhumin was injected into a central venous 
catheter at the superior vena cava. Antecubital injection and precordial 
recording of dilution curves for cardiac function determinations have been 
studied (32-34); however, the validity of this technique has not been 
established. 

I n  radionuclide cardioangiography, intravascular agents are preferred. 
Technetium-99m human serum albumin and technetium-99m red hlood 
cells have been the two most commonly studied intravascular agents. In 
this study, sodium pertechnetate was used because the leakage of per- 
technetate ions from the vascular compartment was not thought to be 
significant. Stannous pyrophosphate plus sodium pertechnetate was 
selected as a tracer following reports on the in uiuo labeling of red blood 
cells (9.5, 36). 

Four technetium-99m radiopharmaceuticals were studied to determine 
which one correlated best with the dye dilution method for cardiac output 
determination. The superior radiopharmaceutical, technetium-99m 
human serum albumin, then was used to determine the reliability of a 
relatively noninvasive radionuclide technique. 

EXPERIMENTAL 

Terhnetium-99m was eluted from a molybdenum-99-technetium-99m 
generator2 as sodium pertechnetate. Technetium-99m human serum 
alhuniin was prepared by the electrolytic method (37,381. Technetium- 
99m red hlood cells were prepared by pretinning red blood cells with 
stannous glycoheptonate and then were mixed with technetium-99m as 
the pertechnetate (39). 

In Phase I, 37 mongrel dogs were anesthetized with pentobarbital, 35 
mg/kg, by intravenous bolus injection. The injection catheter was inserted 
Pia the right femoral vein to the right ventricle, and the sampling catheter 
was inserted oia the right femoral artery to the aorta. Catheter placement 
was verified by radiological examination. A 25-mg vial of indocyanine 
green was reconstit.uted aseptically with 10 ml of diluent to yield a solu- 
tion of 2.5 mg/ml. 

The densitometerj was calibrated with a known concentration of in- 
docyanine green in 10 ml of mongrel dog blood. After calibration, a bolus 
of' 2.5 mg (1.0 ml) of indocyanine green was injected uia the injection 

Mallinckrudt, Sl. Louis, Mo. 
:' COR- 100, Water Instruments, Rochester, Minn 

Table 11-Cardiac Output  Obtained by the Dye Dilution Method 
a n d  the Radionuclide Method Using Stannous Pyrophosphate 
plus Sodium Pertechnetate for  In Vivo Labeling of Red Blood 
Cells 

Cardiac Output, l i tershin 
Radionuclide Method 

(Stannous Pyrophosphate 
Dog Dye Dilut,ion Method and Sodium Pertechnetate) 

1.92 
2.36 
2.01 
3.18 
2.18 
3.32 
2.45 

1.67 
1.39 
1.13 
3.06 
2.03 
2.65 
1.09 

8 2.40 1.57 
9 

10 
Mean 
SD 

2.16 
1.79 
2.38 
0.48 

0.67 
1.04 
1.63 
0.71 

Paired t test 
mean of difference = 0.75 
standard deviation of difference = 0.47 
t test = 0.53 (statistically significant) 

catheter using a 1.0-mi syringe4, a three-way stopcock, and a 5-ml saline 
flush. The dilution was traced on the densitometer, and the computed 
cardiac output was displayed a t  the lighted digital window. 

Immediately following the determination of cardiac output by the dye 
dilution method and while the animal was still anesthetized, the dog was 
placed in the supine position with its four extremities held toward the 
four corners of a stretcher. The detector of the mobile radioisotopic 
camera5 was positioned at a left anterior oblique view with a 60" angle 
for proper recording of cardiac anatomy and bolus passage through the 
cardiopulmonary circulation. Before the radiopharmaceutical injection, 
the videotape system of the mobile camera was activated. A 5-10-mCi 
dose of a 99mTc-radiopharmaceutical was injected uia the injection 
catheter in the identical manner as the dye dilution method. 

The bolus passage, which gives the radionuclide dilution curve, was 
recorded by the videostorage system of the camera. Five minutes after 
the 99mTc-radiopharmaceutical hot us injection, an equilibrium count 
rate, C,, was recorded. Then 1251-radioiodinated serum albumin was in- 
jected uio a peripheral vein for blood volume determination (40). The 
data from individual videotapes were transferred to a large magnetic 
storage tape through the computer-attached recording unit. 

After individual animal data were fed to the computer6 for analysis, 
the bolus passage through the cardiopulmonary circulation was framed 
by the computer into multiple 1-sec frames; the equilibrium study ap- 
peared as a single frame. For each set of animal data, four regions of in- 
terest were selected using a light pen and the oscilloscope of t.he computer. 
In the flow study and the equilibrium study, the left ventricle was labeled 
as Regions 1 and 3, respectively. The backgrounds surrounding the left 
ventricle in the flow study and in the equilibrium study were labeled 
Regions 2 and 4, respectively. The criteria for the selection were that there 
should he no overlap between regions of interest of the left ventricle and 
the background and that the point area of the background should be half 
that  of the left ventricle on integration. 

Once the four regions were selected and the data were entered into the 
computer, the computer utilized these data t,o calculate the area under 
the total dilution curve. The area of the background curve subsequently 
was subtracted from the total dilution curve to give the actual radionu- 
clide dilution curve. The computer program excluded secondary recir- 
culation from the primary dilution curve by extrapolation. I t  converted 
the points of the original curve to their semilog counterparts that were 
shown a t  the computer oscilloscope. The slope of each individual point 
was printed on a computer sheet. After the investigators selected the 
points that gave the best semilog extrapolation, the computer integrated 
the area under the radionuclide dilution curve. The blood volume was 
entered, and the offset for the curve was selected to eliminate interference 
by counts derived from the passage of radiopharmaceuticals through the 
injection catheter. The computer calculated the cardiac output of each 
animal using: 

Cornwall. 
Series 120, Ohio Nuclear Corp., Solon, Ohio. 
Model 5407A scintigraphir data analyzer, Hewlett-Packard, Palo Alto, Calif. 
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Table 111-Cardiac Output  Obtained by the Radionuclide 
Method Using Technetium-99m Red Blood Cells as the  Tracer 
and t h e  Dye Dilution Method 

Table  IV-Cardiac Output  Obtained by the Radionuclide 
Method Using Technetium-99m Human Serum Albumin as the 
Tracer and  the Dye Dilution Method 

Cardiac Output, literdmin Cardiac Output, liters/min 
Radionuclide Method Noninvasive Radionuclide Method 
(Technetium-99m Red 

Dog Dye Dilution Method Blood Cells) 

1 
2 
3 
4 
5 

9 

2.43 
1.68 
2.00 
2.14 
2.94 
2.71 
2.07 
2.48 
2.24 

2.92 
2.15 
3.44 
3.03 
2.21 
2.91 
1.98 
2.62 
2.67 

10 3.67 3.59 
Mean 
SD 

2.44 
0.54 

2.75 
0.51 

Paired t test 
mean of difference = 0.32 
standard deviation of difference = 0.59 
t test = -1.70 

C,BV 
Qr = - A (Eq. 1) 

where A is the area under the radionuclide dilution curve, Qr is the car- 
diac output in liters per minute, C, is the equilibrium in counts per 
minute, and BV is the total blood volume. 

Subsequent to the selection of the most appropriate radiopharma- 
ceutical, seven mongrel dogs were anesthetized with pentobarbital, and 
the cardiac output was determined by the dye dilution method as in Phase 
I. Immediately following the determination of cardiac output by the dye 
dilution method, technetium-99m human serum albumin was injected 
uia an antecubital vein, and the radionuclide dilution curve was traced 
precordially by the radionuclide camera and recorded onto the videotape. 
The data then were analyzed as described. 

RESULTS AND DISCUSSION 

In Phase I, cardiac output determinations were obtained in 37 mongrel 
dogs. In Group I, the cardiac output measurements determined by the 
dye dilution method had a mean of 2.33 f 0.71 liters/min (mean f SD); 
results of the pertechnetate radionuclide method had a mean of 1.66 f 
0.46 literdmin (Table I). For individual data pairs, the radionuclide 
cardiac output values were consistently lower than those obtained by the 
dye dilution method. This result might have been due to the rapid ex- 
travascularization of the pertechnetate ions after injection. On regression 
analysis, cardiac output data determined by the radionuclide method, 
Qr, were assigned as the independent variable, and the data obtained by 
the dye dilution method, Qd.  were assigned as the dependent variable. 
The regression line of best fit was Qd = -0.08 + 1.46Qr. The correlation 
coefficient was 0.93, which may be due to the consistently lower radio- 
nuclide determinations. A paired t test indicated that  the difference 
between the radionuclide method and the dye dilution method was sta- 
tistically significant ( p  < 0.05). 

In Group 2, stannous pyrophosphate was injected 10 min prior to the 
sodium pertechnetate injection to pretin the erythrocytes and to facilitate 
subsequent in uiuo labeling of erythrocytes by the pertechnetate. The 
mean cardiac output value obtained by the radionuclide method (1.63 
f 0.71 literdmin) again was consistently lower than that obtained by the 
dye dilution method (2.38 f 0.48 liters/min) (Table 11). This result may 
have been due to the incomplete in uiuo labeling of erythrocytes. Con- 
sequently, part of the injected sodium pertechnetate escaped to the ex- 
travascular compartments. This loss resulted in low equilibrium counts 
and low cardiac output determinations. The regression line of best fit was 
Qd = 1.51 + 0.53Q,. The correlation coefficient was lower ( F  = 0.79), 
possibly because of greater intrapair variations. A paired t test also in- 
dicated that the difference between the two methods was statistically 
significant ( p  < 0.05). 

For Group 3, data obtained by using technetium-99m red blood cells 
as the tracer in the radionuclide method were compared to those obtained 
by the dye dilution method (Table 111). Although there was a small dif- 
ference between the mean cardiac output value determined by the ra- 
dionuclide method (2.75 f 0.51 liters/min) and the dye dilution method 
(2.44 f 0.54 literdmin), individual data pairs varied greatly. Therefore, 

Dye (Technetium-99m Human 
Dog Dilution Method Serum Albumin) 

1 2.96 2.49 
2 
3 
4 
5 
6 

1.89 
2.02 
1.99 
2.97 
2.21 

1.80 
2.34 
2.18 
2.85 
2.51 

7 2.43 2.39 -. ~- 
8 2.20 
9 1.48 
Mean 2.24 

1.97 
1.25 
2.20 

SD 0.46 0.44 
Paired t test 

mean of difference = 0.04 
standard deviation of difference = 0.26 
t test = 0.48 

the correlation coefficient (F = 0.43) was significantly lower than that 
of the previous two groups, and the regression line of best fit was Q d  = 
1.19 + 0.45Q,. A paired t test indicated that the difference between the 
two methods was not statistically significant ( p  > 0.05). 

In Group 4, the mean cardiac output obtained by using technetium- 
99m human serum albumin as a tracer in the radionuclide method (2.20 
f 0.44 literdmin) was close to the value of the dye dilution method (2.24 
f 0.46 liters/min). The difference between the individual data pairs also 
was very small (Table IV). Regression analysis gave a correlation coef- 
ficient of 0.85 and a regression line of best fit of Qd = 0.31 + 0.88Qr. The 
difference between the values in cardiac output by the two methods was 
not statistically significant ( p  > 0.05). 

When all of the results from Phase I of the study were examined, car- 
diac output determinations using technetium-99m human serum albumin 
as the radionuclide tracer compared favorably to the dye dilution method. 
The correlation coefficient between the two methods was 0.85, and a 
paired t test indicated that the difference between these two methods 
was not statistically significant ( p  > 0.05). Sodium pertechnetate and 
stannous pyrophosphate plus sodium pertechnetate gave significantly 
different results when compared to the dye dilution method ( p  < 0.05). 
Even though cardiac output determinations using technetium-99m red 
blood cells were not significantly different from the cardiac output de- 
termined by the dye dilution method, regression analysis of the data gave 
a correlation coefficient of 0.43. Therefore, technetium-99m red blood 
cells appeared to be an inferior tracer. 

In Phase I1 of the study, technetium-99m human serum albumin was 
injected antecubitally, and the dilution curve was recorded precordially. 
The mean cardiac output by the noninvasive radionuclide method was 
2.22 f 0.57 literdmin and that of the dye dilution method was 2.24 f 0.54 
liters/min. The intrapair differences (Table V) were small and could be 
explained as physiological occurrences. 

Regression analysis gave a correlation coefficient of 0.91 and a re- 
gression line of best fit of Qd = 0.31 + 0.87Qr. A paired t test also revealed 
that the difference in cardiac output determinations between the non- 
invasive radionuclide method, using technetium-99m human serum al- 
bumin as the tracer, and the dye dilution method was not statistically 
significant ( p  > 0.05). 

Various investigators reported favorable results using the radionuclide 
technique for cardiac flow studies when compared to the currently ac- 
cepted methods. Zekert et al. (19) reported a correlation coefficient of 
0.80 between the dye dilution method and the radionuclide method, and 
the difference between the pairs was not statistically significant. Cam- 
pione and Steiner (20) observed good correlation between cardiac indexes 
determined simultaneously by the Fick method and the radionuclide 
technique after antecubital injections and precordial recording using 
13'I-radioiodinated serum albumin as the tracer. Falch and Norman (28) 
reported a correlation coefficient of 0.96 between the dye dilution tech- 
nique and the radionuclide technique using indium-113m as the tracer. 
Van Dyke et al. (41) also reported that cardiac output determined by the 
radionuclide method using technetium-99m human serum albumin 
shoved good agreement with cardiac output determined by the Fick 
method. In the determination of the left ventricular ejection fraction, 
Strauss et al. (34) and Groch et al. (42) found that the correlation coef- 
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Table  V-Cardiac Output  Obtained by Noninvasive 
Radionuclide Technique Using Technetium-99m Human  Se rum 
Albumin as t h e  Tracer and  t h e  Dye Dilution Method 

Cardiac Output, l i t e r sh in  
Noninvasive Radionuclide 
Method (Technetium-99m 

Dog Dye Dilution Method Human Serum Albumin) 

1 2.16 2.14 
2 
3 
4 

3.38 
2.06 
2.62 

~~ 

3.44 
1.78 
2.45 

5 1.88 1.55 
6 1.93 2.02 
1 1.75 2.19 
Mean 2.24 2.22 
SD 0.54 0.57 

n 

Paired t test 
mean of‘ difference = 0.02 
standard deviation of difference = 0.25 
t test = 0.20 

ficients between contrast angiocardiography and the radionuclide 
technique were 0.92 and 0.90, respectively. 

The radionuclide technique employed by most of these investigators 
used intracardiac catheters for the injection of radiopharmaceuticals. 
The data from this animal model clearly demonstrated that noninvasive 
peripheral injection of an intravascular radiopharmaceutical yields results 
that are not significantly different from the widely used dye dilution 
method for cardiac output determinations. Although additional inves- 
tigations are necessary, this study suggests that a noninvasive radionu- 
clide technique may be safe, relatively nontraumatic, and accurate for 
cardiac output determinations in humans. 
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Abstract  0 Micronized sulfamethoxazole particles were microencap- 
sulated using the gelatin-acacia complex coacervation method. The ef- 
fects of the coacervation pH and the amount of formaldehyde used on 
the micromeritic parameters of the microcapsules were investigated. The 
particle-size and the wall thickness distributions were log-normal forms. 
As the pH was increased, the particle size decreased (8.5-28.5 pm). The 
porosity of various pH-adjusted microcapsules was between 0.158 and 
0.277. The particle size of formalized microcapsules was larger than that 
of the unformalized microcapsules because formalization prevents 
shrinking of microcapsules during the dehydration and drying process. 
A smooth surface appeared on the unformalized microcapsule, but a 
net-like wrinkled structure was observed upon scanning the formalized 
one. Moreover, folding and invaginating structures were found on the 
spray-dried microcapsules. The optimum coacervation pH value was 3.5, 
at which the highest core content was obtained (77.5% w/w). Approxi- 
mately 6.73 pg of formaldehyde remained in 1 g of the microcapsules 
formalized with 50 ml of formaldehyde. The crystalline sulfamethoxazole 
in the microcapsules prepared by spray drying the coacervate slurries 
was changed into the amorphous form, while the microcapsules dried in 
the conventional manner showed the same sulfamethoxazole form as the 
starting substance. 

Keyphrases Sulfamethoxazole-microcapsules, prepared by gela- 
tin-acacia coacervation 0 Microencapsulation-sulfamethoxazole, 
gelatin-acacia coacervation 0 Antibacterial agents-sulfamethoxazole, 
microencapsulation by gelatin-acacia coacervation 

Microencapsulation is an attractive tool for the prepa- 
ration of dosage forms to control therelease rate, to sepa- 
rate incompatible materials in compounding, and to pro- 
tect against moisture and oxidation. Many microencap- 
sulation processes have been described (1). One accepted 
technique is gelatin-acacia complex coacervation, which 
was developed initially for processing carbonless copy 
paper (2-5). Various studies were reported later (6-8) on 
the effect of physical factors such as stirring speed, mo- 
lecular weight of gelatin, and temperature on coacervation 
behavior. However, few studies have been published on the 
effects of the optimum coacervation pH and the amount 
of cross-linking agents used on the micromeritic parame- 
ters such as particle size, particle distribution, wall 
thickness, and porosity of the microcapsules. 

The objective of the present study was to elucidate the 
effects of these factors on the preparation of sulfa- 
methoxazole microcapsules. The effects of spray drying 
as an alternative to conventional drying of the coacervates 
on the surface characteristics and on the crystalline form 
of the microencapsulated sulfamethoxazole also were in- 
vestigated. The remaining amounts of formaldehyde used 
as a hardening agent and the content of sulfamethoxazole 
in the microcapsules prepared under various conditions 
were determined. 

EXPERIMENTAL 

Materials-Gelatin' and acacia2 were used as 3% (w/w) solutions. 

lsoelectric point 4.9 and pH 6.3; the melting point of a 3% solution was 29' 
a an Leather Co., Japan). 

(J yKanto Chemical Co., .Japan. 

Micronized sulfametho~azole~ was used as a model drug. Acetic acid 
(lo%), formaldehyde solution4 (5,15,30, and 50 ml), isopropanol(70%), 
acetylacetone reagent solution5, and formaldehyde standard solution6 
were JP grade and were used as received without further purification or 
recrystallization. 

Microencapsulation-The microcapsules were prepared by the 
method of Green and Schleicher (2, 3) as modified by Luzzi and Ger- 
raughty (8-10). In these experiments, gelatin and acacia solutions were 
prepared by dissolving 3.0 g of gelatin and 3.0 g of acacia each in 100 ml 
of purified distilled water. Five grams of micronized sulfamethoxazole 
was suspended in acacia solution a t  50' for 5 min; an equal amount of 
gelatin solution, which was thermally controlled a t  50°, was added 
gradually, with stirring a t  620 rpm, to the acacia suspension. This sus- 
pension was maintained for 5 min, and the pH of the mixture was ad- 
justed gradually by dropwise addition of diluted acetic acid with stirring. 
At the desired pH (2.5-4.01, the gelatin particles were positively charged 
and were attracted to the negatively charged acacia particles. Coacer- 
vation occurred, and a gelatin coating was formed (Fig. 1A). This mixture 
was cooled to 5' by immersion in a water bath. 

A part of the mixture was withdrawn directly onto a slide glass for 
analysis of the particle size of the coacervate droplets. The rest of the 
coacervates was isolated from the equilibrium system and washed with 
1 liter of distilled water to remove the excess colloid liquid. A part of the 
coacervated aggregates was retained for examination of the internal 
texture with a scanning electron microscope. Figure 1B shows the nest- 
like structure in which many crystals were encapsulated by a surrounding 
wall. The coacervates were hardened with formaldehyde solution (5,15, 
30, or 50 ml) for -2 hr. Then the hardened coacervates were filtered and 
washed with distilled water. The wet mass was added, with stirring, to 
70% isopropanol solution (11); stirring was continued for 30 min. 

The sediments were filtered and dried a t  40' by the conventional 
method for 2 hr to yield free-flowing discrete particles. The spray-drying 
technique (12) also was applied to prepare dried discrete microcapsule 
powders. The aqueous slurries containing the unformalized coacervates 
were atomized into a drying chamber a t  140 f 10' by a centrifugal wheel 
atomizer. Two batrhes for the preparation of microcapsules were run. 
The maximum batch-to-batch differences in the micromeritic properties 
of the microcapsules are indicated in Table I. 

Measurement of Micromeritic Properties-Particle size was de- 
termined by a photographic counting method using a particle-size ana- 

B , 1011, 
Figure I-Photomicrograph of sulfamethoxazole gelatin-acacia co- 
aceroates (left) and scanning electron microscopic photograph of the 
internal texture of coacervate aggregates (right). 

3 Micronized to <6 pm by a jet micronizer (Shionogi Pharmaceuticals Co., 
Japan). 

4 Five, 15,30, and 50 ml of 37% HCHO were added, respectively, to the coacervate 
sus ension and diluted to a total volume of 200 ml. 

!Ammonium acetate, 150 g, was dissolved in the proper volume of distilled water 
in a 1000-ml volumetric flask, 3 ml of acetic acid and 2 ml of acetylacetone were 
added, and the solution was diluted to 1000 ml (prepared just prior to use). 

Four micrograms of formaldehyde/ml of solution. 
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PARTICLE SIZE, pm 
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PARTICLE SIZE, Mrn  

Figure 2-Particle-size distribution of coacervates ( A )  and unformalized (A) and formalized (C) dried microcapsules. Key (for A and B):  0,2.5 
adjusted pH; 0 ,  3.0 adjusted pH; 0 , 3 . 5  adjusted pH; A, 3.7 adjusted pH; and 0.4.0 adjusted pH. Key (for C ) :  0 , O  ml of formaldehyde; 0 , 5  ml 
of formaldehyde; A, 15 ml of formaldehyde; 0,30 ml of formaldehyde; and 0,50 ml of formaldehyde. 

lyzer7. Not less than 600 particles were measured for each batch. The 
coating thickness of the microcapsules was determined by direct mea- 
surement after microtome slicing of the microcapsules embedded in 
paraffin (mp 48-50O). The microcapsules were added to melted paraffin 
solution, and this mixture immediately was immersed into an ice bath 
and hardened. The paraffin masses subsequently were sliced with a 
congelation microtome. The slice thickness was -10 pm. Each slice was 
placed on an object slide and mounted with liquid paraffin. Approxi- 
mately 100 specimens were tested to measure the coating thickness, and 
the averaged value represented the wall thickness. The sections that 
came from the extremes of the microcapsules may have given somewhat 
high values for the wall thickness. However, comparison of the relative 
differences is valid. 

The particle densities of various microcapsules and raw materials (e.g., 
gelatin and micronized sulfamethoxazole) were measured with a he- 
lium-air comparison pycnometer". 

The surface topography of the microcapsules was investigated by a 
scanning electron microscopeg. The microcapsule samples were mounted 
on a sample stub with double-sided adhesive tape and were vacuum 
coated with carbon and gold. 

The crystalline form of the microcapsulated sulfamethoxazole was 
determined with an X-ray diffractometer'O with CuKa radiation (1.5418 
A). The IR spectrum was recorded with an IR spectrometer". 

Assay of Sulfamethoxazole Content and  Remaining Formalde- 
hyde-The sulfamethoxazole content in the microcapsules was assayed 
by the following method. Approximately 100 mg of each sample was 
weighed accurately, extracted with pH 7.5 solution (simulated intestinal 

A. UNFORMALIZED B. FORMALIZED , C. SPRAY DRIED 

& , l o p ,  , m u ,  
Figure 3--Scanning electron microscopy photograph of dried sul- 
famrthowazolr microcopsules prepared by complex coacervation 

Karl Zeiss TGZ-:<. 

N i h m  Denshi .JDX. 
lo Nihon Denshi .ISM-SI. 

Nihon Denshi I X 4 0 3 G .  

8 Model 130!!, Micromeritics Instrument CCI 

fluid of JP IX), and then determined spectrophotometrically at  a suitable 
UV wavelength using a double-beam spectrophotometer. Ten 100-mg 
samples from two batches were tested, and the mean was obtained. 

The remaining amount of hardening agent was determined by the 
modified acetylacetone method (13-15). One gram of each sample (e.g., 
gelatin, acacia, sulfamethoxazole, and formalized microcapsules using 
50 ml of formaldehyde) was extracted for -2 hr with 100 ml of distilled 
water by shaking the sample at 40 f 1' in a water bath, and the sample 
was filtered with a millipore filter (3 pm). Ten milliliters of the extracted 
sample solutions and of the formaldehyde standard solution were pi- 
petted into separate 50-ml volumetric flasks containing 10 ml of acetyl- 
acetone reagent solution, and the flasks were shaken for 30 min a t  40 f 
lo in a water bath. A blank test using 10 ml of distilled water instead of 
acetylacetone reagent solution also was undertaken. The absorbance of 
each extracted sample solution was determined a t  415 nm by a spectro- 
photometerL2. 

RESULTS AND DISCUSSION 

Particle-Size Distribution of Gelatin-Acacia Coacervates and  
Dried Microcapsules Made Conventionally-The cooled coacervate 
droplets in equilibrium solution and the dried microcapsules prepared 
under the various pH adjustments without formalization were placed on 
a slide glass for particle-size measurements. These data are shown 
graphically in Figs. 2A and 2B, respectively. The sizes of the coacervates 
and the microcapsules followed a log-normal distribution. As the pH was 
increased from 3.3 to 4.2 in the equilibrium liquid, the geometric mean 
particle diameter of the microcapsules decreased (Table I). This result 
may have been due to the electrophoretic characteristic of gelatin-acacia 
coacervates. Electrophoretic data of coacervates obtained previously'3 
showed that, a t  a pH above 3.5, the coacervates were electronegatively 
charged and the charges increased with increasing pH. This finding in- 
dicates that, a t  the higher pH range, the small coacervates could be 
formed due to the strong repulsive force between the coacervates. In 
addition, the reduced amounts of gelatin in the coacervates formed a t  
the lower pH region enhanced the swelling of gelatin below pH 3.5-4.0 
(16), leading to the formation of larger coacervates. 

The unformalized microcapsules prepared a t  pH values higher than 
3.5 were larger than the corresponding coacervates. The coacervates used 
for measuring the size were taken directly from the coacervation system 
prior to further processing. The rest of the coacervates were washed with 
1 liter of distilled water, during which swelling occurred. The following 
drying process, i.e., isopropanol treatment and air drying a t  40°, con- 
tributed to the shrinkage of the microcapsules and offset the enlargement 
of the microcapsules caused by swelling. The coacervate with a thicker 

~ ~~ 

l 2  Hitachi model 5.56. 
l 3  The  original data for this study. 
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Table I-Micromeritic Properties of Dried Microcapsules by a Conventional Method a 

Adjusted pH D;, Ccm 1 ,  w n  P, g/cm3 f (-) 

4.0 (4.2) 8.5 f 0.3 (5.7 f 0.3)c 1.31 f 0.02 1.02 f 0.01 0.270 f 0.006 
3.7 (3.9) * 15.2 f 0.4 (8.4 f 0.3)c 1.15 f 0.02 1.03 f 0.01 0.277 f 0.005 
3.5 (3.76)b 17.1 f 0.4 (15.0 f 0.4Ic 1.00 f 0.03 1.19 f 0.03 0.186 f 0.006 
3.0 (3.26) 19.1 f 0.5 (31.2 f 0.6)c 0.87 f 0.01 1.08 f 0.01 0.217 f 0.004 
2.5 (2.85) 28.5 f 0.5 0.75 f 0.02 1.03 f 0.00 0.264 f 0.001 

Amount of 
Formaldehvde. ml D?. um 4. e/cm3 t (-) 

Remaining 
Formaldehyde, 

uele 

Drug Content, 
% 

53.6 f 0.6 
63.9 f 0.5 
77.5 f 0.8 
46.8 f 0.4 
54.1 f 0.5 

Drug Content, 
9 0  

50 
30 
15 
5 
0 

~~ 

22.0 f 0.4 
20.1 f 0.4 
19.0 f 0.2 
19.1 f 0.5 
17.1 f 0.4 

1.17 i 0.02 
1.11 f 0.02 
1.19 f 0.03 
1.18 f 0.02 
1.19 f 0.03 

0.167 f 0.004 
0.203 f 0.005 
0.158 f 0.003 
0.iSi f 0.002 
0.186 f 0.003 

6.73 f 0.06 56.4 f 0.5 
51.7 f 0.5 
59.5 f 0.4 
57.1 f 0.6 
77.5 f 0.8 

All data show the average values from two batches. Key: Dj,  0:. geometric mean diameter of unformalized and formalized dried microcapsules, respectively; p,  particle 
density; 1, wall thickness of unformalized dried microcapsules; and c, porosity. Final pH of equilibrium solution. Geometric mean diameter of coacervates. 

wall a t  the higher pH region (Table I) might retard shrinkage during the 
drying process, leading to  the described results (Figs. 2A and 2B and 
Table I). For the microcapsule with a thinner wall at pH 3.0, the shrinking 
effects compared to the swelling might result in a size that is smaller than 
the coacervate (Table I). This expectation also was confirmed using a 
scanning electron microscope by the detection of a smooth surface on the 
microcapsule a t  the higher pH and a wrinkled surface at the lower pH. 

The particle-size distributions of the unformalized and formalized 
microcapsules are seen in Figs. 2B and 2C, respectively. Upon formalizing 
the coacervates, some differences were observed in the particle-size dis- 
tribution of microcapsules. An increase in the size of the microcapsules 
was found as more hardening agent was used (Table I). The hardened 
wall may prevent the shrinkage that occurs during the dehydration and 
drying process. 

Microcapsule Wall Thickness and  Porosity-The influence of pH 
on the wall thickness of dried microcapsules is shown in Table I. The wall 
of the dried microcapsules made at the higher pH was thicker than that 
of microcapsules made a t  the lower pH. Previous investigators (17-19) 
concluded that gelatin-acacia coacervates have a gelatin structure in 
which acacia is attracted by ionic bonds only and does not participate in 
the gel structure formation. At high p H  values, NH; groups of gelatin 
are comparatively few but COO- groups of acacia are numerous. T o  
prepare coacervates, a larger amount of gelatin is required to interact with 
acacia, therefore leading to a thicker wall. 

The particle densities (1.02-1.19) of the microcapsules, as measured 
by a helium-air comparison pycnometer, were smaller than those of the 
raw materials, i e., gelatin (1.27) and sulfamethoxazole (1.53). This result 
is reasonable because the microcapsule film may prevent helium pene- 
tration into the internal matrix of the microcapsule. If it is assumed that 
the microcapsule film is composed of gelatin alone (16, 17), the porosity, 
c, of the microcapsule can be determined by inserting the density values 
into: 

(Eq. 1) 

where C, is the weight percent of gelatin, C, is the weight percent of drug, 
p. is the density of the drug particles, p, is the density of the gelatin 
particles, and pm is the density of the microcapsule particles. The porosity 
of the microcapsules was 0.158-0.277 (Table I). 

Microcapsule Surface Topography-The surface of the unfor- 
malized microcapsules (Fig. 3A) was smooth and had no cracking or pore 
penetration. Evidence of folding and invagination was absent. The for- 
malized microcapsules (Fig. 3B) also had a partially smooth surface and 
were free from structural defects. However, miscellaneous matter was 
seen occasionally on the capsule surface, which may have been due to 
crystals or polymer remaining in the medium during hardening. Another 
partial surface appearance showed a net-like wrinkled structure, which 
also was observed on the simple coacervated microcapsules during for- 
malizing (23). 

Adhesive sundries and crystals on the surface can be attributed to the 
soluble complex formed by the interaction between the formaldehyde 
and the primary amino groups of sulfamethoxazole, which was leached 
out to the surface during the washing process (24). These surface aber- 
rations also may be the partially ruptured coacervates formed during 
hardening or dehydration, with the unencapsulated crystals adhering 

(CgP. + CsPg)Prn c = l -  
Ps Pg 

to the surface. The shrinking structure, which was not found on the un- 
formalized microcapsules, may suggest that  crossover linkage occurred 
during the formalizing procedure. Reaction of the gel with formaldehyde 
caused a high degree of insolubility as a result of intermolecular cross- 
linkage formation. Adhesive polymer sundries could be due to the rup- 
tured fractions of coacervates or the remaining gelatin fractions that were 
crosslinked with formaldehyde upon hardening. 

Drug  Content and Remaining Amounts of Hardening Agents- 
The extraction of sulfamethoxazole microcapsules showed that >45% 
(wlw) of sulfamethoxazole was contained in the microcapsules (Table 
I). The microcapsules adjusted to pH 3.5 had the highest content. This 
result may have been due to the high volume of coacervates formed when 
the pH was adjusted to 3.5, a t  which point the positive and negative 
charges were equivalent (25). According to these data and those from a 
previous report (26), pH 3.5 is the optimum pH for coacervation in the 
present system where the acacia is strongly negative and the gelatin is 
strongly positive. Table I illustrates that the content of the unformalized 
microcapsules was higher than that of the formalized microcapsules. 
Because of the interaction between formaldehyde and sulfamethoxazole, 
this soluble complex was leached out and lost in the medium, resulting 
in a drug content of -55% in the formalized microcapsules, which was 
22% less than the unformalized content. 

Approximately 6.73 pg of formaldehyde remained in 1 g of the for- 
malized microcapsules prepared with 50 ml of formaldehyde. If 710 mg 
of these microcapsules (56.4%) is administered orally, according to the 

Chart  1 

3 -  

O 1 " . " ~ . " " " ' " " ' " ' ' l '  
5 10 15 20  25 30 

Figure I-X-ray diffraction pattern of original sulfamethoxazole, 
microcapsules dried by a conuentional method, and microcapsules spray 
dried after coaceruation. Key: Chart 1, original sulfamethoxazole or 
dried microcapsules by a conventional method; and Chart 2, spray-dried 
microcapsules. (Intensity scale: 1 = 10 Hr.)  
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formulation of co-trimoxazole tabletsI4 (BP 1973), it is predicted that 
no side effects would occur since only 4.75 pg of formaldehyde is con- 
tained in this formulation. The other formalized microcapsules may have 
a lower amount of remaining formaldehyde, although no such data are 
available. The method of removing the remaining formaldehyde from 
the formalized microcapsules also is important for microencapsulation 
if formaldehyde is applied as a hardening agent. 

Effect of Spray-Drying Procedure on Microcapsule Surface 
Topography and Crystalline Drug  Form-On the surface of the 
spray-dried microcapsules prepared from the unformalized coacervates 
(Fig. 3C), a smooth surface with some fissures of the coating was observed. 
Moreover, a few microcapsules possessed a characteristically folded and 
invaginated surface. This phenomenon may be deduced from a diagram 
(20-22) of a spray-dried slurry droplet. 

X-ray diffraction patterns of the ground microcapsules were obtained 
to investigate the crystalline forms of sulfamethoxazole in the micro- 
capsule prepared by conventional and spray-drying techniques. The 
intensities of the diffraction peaks of the spray-dried sulfamethoxazole 
were weaker than those of the original material. A rapid evaporation of 
solvent from spray droplets might change the crystalline form to the 
disordered form (Fig. 4). On the other hand, the intensities of the peaks 
found in the microcapsules dried by the conventional method coincided 
with those of the original sulfamethoxazole. This result may be explained 
in that, although the coacervation temperature was 50°, the crystalline 
forms could not be disordered due to the mild drying process employed. 
In addition, the IR spectrum of all of the microcapsules coincided with 
that of the original sulfamethoxazole, indicating that complexes between 
sulfamethoxazole and the polymers (gelatin or acacia) were not formed 
through spray drying and the complex coacervation processes. 
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Abstract A series of dansylated fluorescent analogs was synthesized 
and tested for cholinergic and anticholinergic activity in Schistosoma 
mansoni. The compounds were compared with a previously reported 
analog, 5-(dimethylamino)-N-(2-dimethylaminoethyl)naphtha- 
lenesulfonamide hydrochloride (I). All of the compounds produced some 
fluorescent labeling of a structure in the head region of the worms. Major 
differences were not seen among the compounds. The compounds also 
were tested as antagonists of carbachol-induced paralysis in an activity 
monitor. Significant carbachol antagonism was seen for all compounds. 
Effects on the serotonin response also were recorded. Only one compound, 
a dibutylaminopropylamine derivative, produced striking antagonism 

Various cholinomimetic and anticholinergic drugs affect 
the nervous system of schistosomes. However, some drugs, 
such as muscarine, nicotine, and tubocurarine, which are 
highly active a t  mammalian cholinergic synapses, are 
conspicuously inactive in schistosomes (l), although ace- 

~ 

of serotonin-induced motor activity. 

Keyphrases Cholinergics-antagonists, dansylated acetylcholine 
analogs, in uitro scanning fluorescence method, neuroactive drugs in 
schistosomes Carbachol-effect on schistosomes, rffect of anticho- 
linergic agents, scanning fluorescence method, motility studies 0 Sero- 
tonin-effect on schistosomes, anticholinergic agents, scanning fluo- 
rescence method 0 Structure-activity relationships-dansylated ace- 
tylcholine analogs, effect on motility and neuroactivity in schistosomes, 
scanning fluorescence method, motility studies 

tylcholine and carbachol are effective immediately. This 
finding suggests that  sensitivity to  cholinergic drugs in 
schistosomes is different from that in nicotinic or mus- 
carinic mammalian synapses. 

Dimethylaminonaphthalene - 5 - sulfonamidoethyltri- 
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formulation of co-trimoxazole tabletsI4 (BP 1973), it is predicted that 
no side effects would occur since only 4.75 pg of formaldehyde is con- 
tained in this formulation. The other formalized microcapsules may have 
a lower amount of remaining formaldehyde, although no such data are 
available. The method of removing the remaining formaldehyde from 
the formalized microcapsules also is important for microencapsulation 
if formaldehyde is applied as a hardening agent. 

Effect of Spray-Drying Procedure on Microcapsule Surface 
Topography and Crystalline Drug  Form-On the surface of the 
spray-dried microcapsules prepared from the unformalized coacervates 
(Fig. 3C), a smooth surface with some fissures of the coating was observed. 
Moreover, a few microcapsules possessed a characteristically folded and 
invaginated surface. This phenomenon may be deduced from a diagram 
(20-22) of a spray-dried slurry droplet. 

X-ray diffraction patterns of the ground microcapsules were obtained 
to investigate the crystalline forms of sulfamethoxazole in the micro- 
capsule prepared by conventional and spray-drying techniques. The 
intensities of the diffraction peaks of the spray-dried sulfamethoxazole 
were weaker than those of the original material. A rapid evaporation of 
solvent from spray droplets might change the crystalline form to the 
disordered form (Fig. 4). On the other hand, the intensities of the peaks 
found in the microcapsules dried by the conventional method coincided 
with those of the original sulfamethoxazole. This result may be explained 
in that, although the coacervation temperature was 50°, the crystalline 
forms could not be disordered due to the mild drying process employed. 
In addition, the IR spectrum of all of the microcapsules coincided with 
that of the original sulfamethoxazole, indicating that complexes between 
sulfamethoxazole and the polymers (gelatin or acacia) were not formed 
through spray drying and the complex coacervation processes. 

REFERENCES 

(1) L. A. Luzzi, J. Pharm. Sci., 59,1367 (1970). 
(2) B. K. Green and L. Schleicher, U S .  pats. 2,730,456 and 2,730,457 

(3) Ibid., U S .  pats. 2,800,457 and 2,800,458 (1957). 
(4) N. C. R. Co., Sci. Dig., 44,66 (July 1958). 
(5) N. C. R. Co., Chem. Week, 83 (Dec. 21),43 (1963). 

(1956). 

14 One tablet of co-trimoxazole contains 400 mg of sulfamethoxazole and 80 mg 
of trimethoprim. 

(6) J. W. McGinity, A. B. Combs, and A. N. Martin, “The Proceedings 
of Third International Symposium on Microencapsulation,” Tokyo, 
Japan, 1976, p. 3. 

(7) P. L. Madan, J. C. Price, and I.. A. Luzzi, “Microencapsulation 
Process and Application,” Plenum, New York, N.Y., 1974, p. 39. 

(8) L. A. Luzzi and R. J. Gerraughty, J. Pharm. Sci., 53, 429 
(1964). 

(9) Ibid., 56,643 (1967). 
(10) Ibid., 56, 1174 (1967). 
(11) P. L. Madan, L. A. Luzzi, and J. C. Price,J. Pharm. Sci., 61,1586 

(12) H. Takenaka, Y. Kawashima, and R. Ishibashi, Drug Deo. Ind. 

(13) “TRS,” Quality Control Department, Tolei Co., Tokyo, Japan, 

(14) T. Nash, Nature, 170,976 (1952). 
(15) T. Nash, Biochem. J., 55,416 (1953). 
(16) C. Thies, J .  Colloid Interface Sci., 44,133 (1973). 
(17) Bungenberg de Jong and J. M. F. Landsmeer, Proc. K. Ned. Akad. 

(18) Ibid., 51,259 (1948). 
(19) Bungenberg de Jong and J .  M. F. Landsmeer, Rec. Trau. Chim., 

(20) Y .  Kawashima, Powder Ind. ( Jpn . ) ,  4,32 (1972). 
(21) Y. Kawashima, K. Matsuda, and H. Takenaka,J. Pharm. Phar- 

(22) W .  R. Marshall and D. H. Charlesworth, AlChE J., 6,9 (1960). 
(23) J. R. Nixon and S. E. Walker, J. Pharm. Pharmacol., Suppl., 23, 

(24) J. R. Nixon, S. A. H. Khalil, and J. E. Carless, ibid., 20, 528 

(25) M. Glicksman and R. E. Sand, “Industrial Gums: Polysaccharides 

(26) A. Kondo, Surface ( Jpn . ) ,  7.23 (1969). 

(1972). 

Pharm., 3,459 (1977). 

1977. 

Wet., Amsterdam, 51,137 (1948). 

65,606 (1964). 

macol., 24,505 (1972). 

147s (1971). 

(1968). 

and Their Derivatives,” Academic, New York, N.Y., 1973, p. 235. 

ACKNOWLEDGMENTS 

The authors acknowledge the advice of Dr. B. A. Matthews, Ciba-Geigy 
Co., Jakarta, Indonesia, in the text preparation and also the use of a 
diffractometer through the courtesy of Professor A. Otsuka, Meijyo 
University, Nagoya, Japan. 

Effects of Dansylated Acetylcholine Analogs on 
Schistosoma mansoni 

G. R. HILLMAN *x, S.-H. CHU t, and M. J. DOTSON * 
Received April 18, 1979, from the *Department of Pharmacology and Toxico~ogy, University of Texas Medical Branch, Galueslon, TX 77.5.50, 
and the *Diuision of Biomedical Sciences, Brown Uniuersity, Prouidence, H I  02912. Accepted for publication December 3,1979. 

~~ ~~~~~ 

Abstract A series of dansylated fluorescent analogs was synthesized 
and tested for cholinergic and anticholinergic activity in Schistosoma 
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CHJ - N - CH3 
I 

SO, - R 
Table I-Analogs of I ~~ 

Melting Yield, Analysis, % 
Compound R Formula Point % Calc. Found 

H 7.47 7.30 
N 9.58 9.38 

170' 70 C 47.88 48.14 
7.25 H 6.86 111 

N 9.85 9.75 
57.03 C 57.08 150° 73 

7.46 IV NH(CHz)3N(CzHs)z C19HzsN3SOz.HCl H 7.51 
N 10.51 10.17 

56.23 C 55.90 52 n 
U 0.25Hz0 H 6.69 6.99 

N 11.50 10.79 
NH(CH2)3N(CdHg)z Cz3HmN3SOyHCl. 124' 30 c 59.00 59.03 

8.47 

NH(CHZ)~N(C~H& ClsH27N3SOz.2HCl-HzO 140-142' 70 c 49.44 49.47 I1 

NH(CH2)3N(CH3)2 C ~ ~ H ~ ~ N ~ S O Z C ~ - ~ H C ~ .  
Hz0 

N N-CH, C ~ ~ H Z ~ N ~ S O Z . O . ~ ~ H C ~ .  200' V 

VI H 8.42 1.75H20 - N -  
~~ 

methylammonium perchlorate, a dansylated choline de- 
rivative, acts as a fluorescent probe of acetylcholine re- 
ceptors (2,3). Related compounds having selective agonist 
or antagonist properties also have been studied (4), as has 
fluorescein-conjugated snake toxin (5). An analog of this 
compound, 5-(dimethylamino)-N-(2-dimethylamino- 
ethy1)naphthalenesulfonamide hydrochloride (I), is a more 
effective labeling agent (6-8). For the present study, a 
series of dansylated fluorescent acetylcholine analogs was 
synthesized having systematic variations in the choline- 
like portions of the molecule. 

A scanning fluorescence method and a technique for 
monitoring the movements of adult schistosomes in uitro 
(8,9) are two approaches for assessing the effects of neu- 
roactive drugs. With these methods, it was hypothesized 
( 10) that hycanthone has selective anticholinergic action 
in schistosomes. This finding suggests that the cholinergic 
pharmacology of schistosomes may be important in che- 
motherapy, and the cholinomimetic or anticholinergic 
actions of structurally related compounds therefore are 
being studied. These structure-activity relationships are 
intended to suggest molecular variations that may lead to 
selective toxicity in schistosomes. This information will 
be used as a guide in the synthesis of other compounds. 

EXPERIMENTAL' 

Compound I and its analogs were synthesized by a method related to 
that reported previously (5, 7). 5-(Dimethylamino)-l-naphthalenesul- 
fonyl (dansyl) chloride was refluxed with the appropriate N,N-dial- 
kylethylenediamines, N,N-dialkylpropylenediamines, or I-methylpi- 
perazine in 50 ml of acetone for 1 hr. The acetone was evaporated to 
dryness a t  reduced pressure, and the resulting residue was washed with 
100 ml of ether. The resulting hydrochloride was neutralized with 20 ml 
of 3 %  Na2C03. Then it was repeatedly extracted with ether and dried over 
magnesium sulfate. 

The solid was removed by filtration, and the filtrate was cooled in an 
ice bath and bubbled with excess hydrogen chloride gas; On cooling, it 
solidified slowly to yield analytically pure material. The product was 
highly hydroscopic and tended to form an oil on exposure to air. I t  was 

Melting points were determined on a Gallenkamp apparatus and are uncor- 
rected. IJV spectra were determined on a Perkin-Elmer model 402 spectrcjpho- 
tometer. Elemental analyses were performed by Baron Consulting Co., Orange, 
Conn. TLC was run on silica gel, and the plates were developed with ethanol. 

Table 11-Physical Properties of I Analogs 

A,,,, nm (t, 
Compound pH1 pH 11 Ethanol Rf" 

I1 287 (12.6) 243 (18.4) 255 (19.8) 0.81 
321 (3.8) 320 (6.0) 340 (4.0) 

111 287 (11.6) 244 (15.8) 252 (13.0) 0.45 
321 (2.6) 325 (4.4) 340 (3.8) 

IV 289 f9.0) 244 116.7) 254 (15.8) 0.31 
322 (2.0j 323 (5.2) ' 340 (4.8) ' 

V 292 (6.8) 249 (15.0) 254 (16.0) 0.79 
321 (2.2) 330 (12.8) 345 (4.4) 

VI 287 (7.3) Low solubilitv 250 (10.7) 0.95 
321 ii.3j 

" 
340 (3.2)' 

a TLC was run on silica gel and developed with ethanol. 

homogeneous by paper electrophoresis and had fluorescence excitation 
and emission spectra similar to those reported for dimethylamino- 
naphthalene-5-sulfonamidoethyltrimethylammonium perchlorate. The 
analyses and physical properties are given in Tables I and 11. 

Mice infested with Schistosoma mansoni were obtained from a 
mouse-snail cycle2. The adult, paired schistosomes were removed 45-60 
days postinoculation. The infected mice were administered heparin and 
ether before being sacrificed by cervical dislocation. Using gentle-hook 
dissection, the adult, paired schistosomes were removed from the portal 
and mesenteric veins. The worms were maintained a t  37' and pH 7.4 in 
cell culture medium3 with added antibiotics and buffering (11). About 
1 ml of culture medium was used per worm pair. 

For scanning fluorescence measurements, the worm pairs from a mouse 
were divided into test and control groups and incubated at  37' for 60 min 
in a culture medium containing the appropriate compound. Each test 
group was paired with a control group of worms incubated in I. After 
incubation, the worms were rinsed with saline and placed under a cover 
slip on a microscope slide for evaluation of fluorescence as described 
previously (8). 

The mounted schistosome was placed on the microscope4 stage and 
aligned in the field of view. A small synchronous motor attached to the 
stage controlled the movement of the image of the worm across the 
light-sensitive spot of the photometer. As the microscope stage moved, 
the fluorescence (as a function of distance across the specimen) was re- 
corded from the photometer output. The photometric information was 
entered directly into a computer for interpretation. The computer au- 

Obtained from Dr. S. File and Dr. J. Smith, University of Texas Medical Branch, 
Pathology Department, Galveston, Tex. 

Fischer, Grand Island Biological Co. 
Olympus model BMB with vertical fluorescence illumination. Emitted fluo- 

rescent light, returning through the micrmcope objective, was directed to the camera 
port at the top of the microscope. On the camera port, a Farrand MSA microscope 
spectrum analyzer was mounted. An Aminco potted 1P21 photomultiplier was 
adapted to the Farrand housing. The photomultiplier was connected to an Aminco 
J-22A photometer. The photometer output was directly connected to a Hewlett- 
Packard 9825A computer. 
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Table 111-Specific Fluorescence and Parti t ion Coefficients of 
the Compounds 

~ ~ ~ ~~~L~ 

Specific Partition 
Fluorescence, Coefficient 

Compound 9'0 transmittance (PI 
I 

I1 
111 
IV 
V 

VI 

26.0 
31.0 
40.0 
46.5 
14.0 
46.5 

0.0941 
0.2374 
0.0190 
0.0345 
0.6108 
0.0676 

tomatically recorded 250 fluorescence values for each scan, located the 
fluorescent peak, and determined the height and area of the scanned 
lluorescent region. 

Schistosomes were routinely scanned twice: once across the esophageal 
region and once across the region of maximal brightness posterior to the 
esophagus (Fig. 1). Only male schistosomes were scanned due to the small 
size of the fetnales. The data obtained included the peak height or max- 
imum recorded fluorescence intensity a t  any point in the scanned region 
and the peak area or total fluorescence over the scanned region. Both 
parameters were used to evaluate the esophageal and central regions of 
the head. 

The specific fluorescence of the compounds was compared by two 
methods. The fluorescence of a M solution of each compound in pH 
7.4 phosphate buffer was measured using a spectrophotofluorometer. The 
maximum excitation and emission wavelengths for each compound were 
used to determine the fluorescence. The compounds also were compared 
using the microfluorometer. A 2-mm thick plastic ring5 was placed on a 

Figure I~LFluowscence micrograph of the head region of a male S .  
mansoni lribrled rrith 11. The worm was incubated for 1 hr in cell culture 
mrdium I I  ith 1 X IWs M 11. 

:' 1)elrin 

1500 F 1500 F 

0 100 0 100 
TIME (2-MIN INTERVALS) 

Figure %-Effects of  I V  on carbachol-induced paralysis. Serotonin (I 
X M) was added after 18 intervals to produce stimulation. Car- 
bachol(1 X lo-" M) was added later, producing paralysis i n  the control 
(left). Compound IV  (1 X M )  waspresent throughout the  experi- 
ment (right). 

microscope slide, filled with drug solution, and covered with a cover slip; 
this procedure gave a reproducible depth of solution for observation. The 
specific fluorescence of each compound a t  M in phosphate buffer 
(pH 7.4) was recorded and evaluated a t  an emission wavelength of 530 
nm. 

The motor response of paired S. mansoni to the compounds was 
measured in a specially constructed activity cage described previously 
(9, 11-13). The apparatus contained four chambers mounted in a tem- 
perature-regulated block. Two worm pairs were placed in each glass- 
bottom chamber, which was located directly above an array of fiberoptics 
connected to photocells. Movement of the worms in the chamber ob- 
scured a light beam, producing a change in the light intensity measured 
by the photocells. The resultant electronic changes registered by the 
photocells were translated into numerical counts that were proportional 
to the total amount of movement. The counts for each chamber were 
accumulated for 2 min, and the data were automatically transferred to 
a computer. The data were collected and plotted automatically by the 
computer. 

Four experiments were run simultaneously in the presence and absence 
of the test compounds. The test compounds, serotonin and carbachol, 
in culture medium solution were perfused through the 37' chambers, and 
the response data were accumulated. The activity of the worm was plotted 
as a function of time. 

The partition coefficient was determined for each compound. Equal 
amounts of pH 7.4 phosphate buffer and ether were shaken for 30 min 
and allowed to equilibrate. The equilibrated phosphate buffer was used 
to make a M solution of each compound. The absorbance of these 
solutions a t  350 nm was recorded. A combination of 4.5 ml of the drug 
solution and 0.5 ml of the buffer-saturated ether was vortexed for 3 min. 
The absorbance of the aqueous phase of the mixture was measured after 
mixing. 

The partition coefficient was calculated from: 

where V1 is the volume of the aqueous phase of the mixture, V2 is the 
volume of ether, x is the absorbance of the compound in the buffer before 
partitioning, and y is the absorbance of the aqueous phase of the buffer 

1000 r looor A A 

Figuie  3-Effects of VI on serotonin-induced motility. Serotonin ( 1  
X M) was added to the basal medium at 30 intervals, and carbachol 
(3  X M) was added at 60 intervals. Key: left, normal response; and 
right, VI  present throughout the experiment. 
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Table IV-Relative Labeling Intensity of Schistosomes by Dansylated Choline Analogs 

Region 1" Region 2 O  

Peak Area Peak Height Peak Area Peak Height 
SE 

Com- 
noiind NXb NeC Fd SEe NI N P  F S E  N I  Nz F SE N1 N z  F - . - - 
n 22 4 1.027 0.130 29 5 1.072 0.098 22 4 0.984 0.136 24 4 1,162 0.154 

I11 24 4 0.737 0.057 23 4 0.710 0.078 24 4 0.672 0.074 23 4 0.698 0.125 
IV 51 9 0.772 0.051 54 9 0.730 0.038 55 7 0.727 0.059 54 5 0.901 0.098 
V 27 4 1.004 0.114 27 4 0.981 0.110 23 3 1.096 0.118 21 3 0.925 0.035 

VI 13 2 1.883 0.424 13 2 1.803 0.114 11 2 1.719 0.321 13 2 1.428 0.046 

Regions 1 and 2 represent the anterior and posterior fluorescently labeled areas in the head of the male schistosome, respectively. N 1  is the total number of test 
worms in Nz exeeriments; an equal number of control (I) worms were measured concurrently. c NP is the number of experiments, each involviN about six test worms 
and controls. F is the mean of the results for Nz experiments. Values are normalized so that I = 1.OOO. SE is the standard error of the mean F. 

Table  V-Significance of D r u g  Effects on Carbachol Motility Response f o r  Several  Drug to Carbachol Concentration Ratios 

0.1 mM/0.3 mM 0.3 mM/0.3 mM 

P n i p .  Drue. Control, Drug!, Control, 

0.1 m M I O . 1  mM 
Percent Change Percent Change Percent Change 

- . ~ ~ . ~ .  

Compound F f i D  jT f SD' P F f i D  F f S D  P F f S D  F f S D  P 

I 75.6 f 5.2 69.6 f 22.63 NS 95.7 f 3.69 82.13 f 14.13 NS 76.80 f 19.49 94.43 f 4.40 <0.01 
I1 76.42 f 13.93 78.52 f 19.05 NS 81.90 f 14.36 87.13 f 13.57 NS 76.10 f 12.01 96.13 f 1.88 <0.01 

111 51.52 f 20.6 76.00 f 19.60 <0.01 92.33 f 10.51 94.25 f 6.18 NS 91.33 f 3.46 92.43 f 4.38 NS 
IV 52.58 f 18.45 78.63 f 10.77 <0.001 92.78 f 6.73 97.32 f 2.55 NS 46.45 f 18.10 94.45 f 1.99 <0.001 
V 73.73 f 13.69 87.63 f 7.68 <0.05 93.87 f 5.54 94.37 f 3.11 NS 84.53 f 11.08 95.48 f 6.35 NS 

VI 54.58 f 15.55 87.32 f 8.83 <0.001 57.73 f 18.33 82.95 f 19.13 <0.05 79.17 f 8.39 89.30 f 9.77 NSb 
a Numbers are the mean and standard deviation of four or more experiments. Each experimental value is the percent chan e in average motor activity from 46 min 

before to 46 min after the addition of carbachol. b This value could not be determined since the activity of the worms had alreaiy been diminished such that a carbachol 
effect could not be measured. 

after partitioning. The absorbance was assumed to be directly propor- 
tional to the compound concentration. 

RESULTS 

SDecific Fluorescence-The relative fluorescences observed using 
the fluorescence microscope were in excellent agreement with those re- 
corded using the spectrophotometer. However, due to the dependence 
of these measurements on variables such as microscope focus, the spec- 
trophotofluorometric measurements were used for further calculations. 
The specific fluorescence measurements are shown in Table 111. 

Schistosome Fluorescence-Both test and control (I) schistosomes 
were from the same mouse and were measured in the same experiment. 
The fluorescence of the esophageal region and the region of maximal 
brightness posterior to the esophagus of the schistosome was measured 
with each fluorescent compound. The maximum fluorescence intensity 
(scanning peak height) and integrated total fluorescence (scanning peak 
area) were calculated for both regions. All fluorescence values then were 
corrected by the specific fluorescence of the tested compound. Each test 
value was compared to the corresponding mean value from a group of 
scanned I-labeled worms from the same host to determine a fluorescence 
intensity ratio. Table IV summarizes the ratios of the fluorescence in- 
tensity of the test compounds to that of I. All compounds fluorescently 
labeled specific regions in the schistosome in a manner similar to I(7).  

The fluorescent labeling of worms by each compound relative to la- 
beling by I was calculated according to: 

(Eq. 2) 

where No is the number of test worms (ie., exposed to the compound 
being tested) in an experiment, Fmmpmd is the fluorescence of a test 
worm adjusted for specific fluorescence of the compound, Fr is the mean 
fluorescence of all I-treated (control) worms in the same experiment 
adjusted for the specific fluorescence of I (usually equal in number to No), 
and Nz is the number of experiments conducted with the same test 
compound. 

TableJV gives the values for N1 where N1 = Z p  No. The standard 
error of F for n = NZ also is shown in Table IV. 

Motility-The acetylcholine-like drug carbachol was used to evaluate 
the anticholinergic effect of the compounds on the schistosomes in the 
activity monitor (Table V). Carbachol has a paralytic effect on schisto- 
soma1 movements (1). Worm pairs were exposed to a 1 mM solution of 
serotonin to stimulate the worm activity maximally (10). Carbachol a t  

M then was added, and the activity response of the or 3 X 

schistosomes was recorded with and without the test compound. 
The movement of the worms was monitored in 2-min intervals. The 

values for these intervals were averaged for each period (at least 36 min) 
of drug exposure. The percent decrease in movement due to carbachol 
administration was calculated from these means. This experiment was 
conducted in the presence and absence of the test drug on different worms 
from the same host. The effect of carbachol on motility with and without 
each test drug is shown in Table V. The difference between the carbachol 
effect with and without the test drug was tested for significance by the 
t test with n as the number of repetitions of the experiments. The p value 
derived from the t test also is shown in Table V. 

All compounds were effective in blocking the carbachol action. Since 
VI had a strong paralytic action of its own, its effects on the carbachol 
response could not be assessed reliably a t  higher concentrations. 

The effects of the drugs on the serotonin response could be assessed 
by the same technique. However, since the percent increase with sero- 
tonin was more variable (from 60 to 2000%, depending critically on the 
value of the motility rate before serotonin) than the decrease with car- 
bachol (reliably about go%), quantitation of drug effects on the serotonin 
response was difficult. However, it was clear that VI strongly blocked the 
response to serotonin. None of the other compounds had this effect. 

Typical experiments are shown in Figs. 2 and 3. The reduction of the 
carbachol response by IV and the inhibition of the serotonin response 
by VI can be seen clearly. 

Parti t ion Coefficients-Table 111 shows the partition coefficients 
for each drug solution. Compound V demonstrated the highest lipid 
solubility. The lipid solubility was not related in any obvious way to the 
structure of the drugs. 

DISCUSSION 

Previous studies showed that a dansylated choline analog (I) fluo- 
rescently labels schistosomes in regions containing nerve endings and 
behaves as an antagonist a t  acetylcholine receptors. In view of the evi- 
dence that some antischistosomal drugs (e.g., hycanthone and metrifo- 
nate) may act by affecting the cholinergic nervous system, this study was 
conducted to determine the structural requirements for anticholinergic 
activity in schistosomes. This problem was approached by the synthesis 
of structurally related analogs of I, with testing of the compounds in two 
independent schistosomal experimental systems. 

The fluorescent labeling experiments were conducted on the premise 
that I and its analogs label the physiological acetylcholine binding sites. 
This hypothesis is supported by prior observations that dansylated 
compounds not resembling acetylcholine, such as dansyl glycine, do not 
label specific structures in schistosomes and that anticholinergic drugs 
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H,C, ,CH:l 
N 

I 

VI 

such as atropine and mecamylamine block labeling of schistosomes by 
I. The results (Table IV) indicate that there were some differences among 
the compounds. Analogs with two-carbon chains (I  and V, in which the 
chain is part of a piperazine ring) gave more effective labeling; the 
three-carbon analogs (111 and IV) were less effective as labels. 

Addition of larger groups to the terminal nitrogen produced some in- 
crease in labeling effectiveness. Compound VI shows that large N-sub- 
stitutions result in increased labeling, even with a three-carbon aliphatic 
chain. The variations do not correlate in an obvious way with lipid solu- 
bility, as shown in Table 111. It is suggested that the labeling site prefer- 
entially binds molecules with an aliphatic two-carbon side chain and may 
have a hydrophobic region near an anionic site; more extensive struc- 
ture-activity studies are needed to characterize this site. 

The motility (activity cage) studies provide an independent approach 
to measuring the neuroactivity of drugs by allowing observation of the 
antagonism of acetylcholine or serotonin responses. The ability of I to 
block carbachol-induced paralysis is reported in Table V. All compounds 
produced a significant block of the carbachol response under a t  least one 
set of conditions, indicating that the compounds do have anticholinergic 
activity. Compound IV had the most clearcut effect. Because IV was one 
of the less effective fluorescent labels, some of the sites involved in the 
control of body movements probably are not labeling sites. Only VI ef- 
fectively blocked the serotonin response. This drug had strong paralytic 
effects of its own, which made it impossible to determine'its ability to 
block carbachol paralysis. 

The structural series reported here is too small to provide a full de- 
scription of activity requirements in the schistosome system, particularly 
since several compounds had very similar activity. However, the results 
with VI suggest that the addition of bulkier groups on the amine nitrogen 
may be a useful modification. In future studies, similar compounds, with 
or without the fluorescent dansyl group, will be tested in L J Z U O  for toxicity 
to schistosomes within the host animal. 
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Abstract 0 The thermal behavior of ibuproxam was studied at several 
temperatures, and the degradation products were separated by column 
chromatography and ethereal extractions. The resulting products were 
ibuprofen [2-(4-isobutylphenyl)propionic acid], 1-(4-isobutylphenyl)- 
ethylamine, 4-isohutylacetophenone, and 4-isohutylacetophenone oxime. 
The compounds were identified by IR, UV, and NMR spectroscopy and 
elemental analyses. 4-Isobutylacetophenone was treated with hydrox- 
ylamine to give 4-isobutylacetophenone oxime. 

Keyphrases Thermal decomposition-ibuproxam, analysis of deg- 
radation products Ibuproxam-thermal decomposition, identification 
of thermal degradation products Anti-inflammatory agents-ibu- 
proxam, identification of thermal degradation products 

Ibuproxam [ (RS)-  2- (4-isobutylpheny1)propiohydrox- 
amic acid, I] is a potent oral nonsteroidal anti-inflamma- 
tory agent (1, 2). The pharmacology of ibuproxam was 
described previously (3), and absorption, metabolism, and 
extraction patterns in animals (4) and humans (5-7) were 
reported. Ibuproxam is safe and effective in the treatment 
of rheumatic diseases. Preclinical pharmacology has in- 
dicated the utility of oral dosage forms; this paper identi- 
fies the compounds arising from thermal decomposition 
of ibuproxam. 

RESULTS AND DISCUSSION 

The stability studies showed that I was thermally unstable (Table I). 
This instability initially was ascribed to the impurities of the technical 
grade product, but further testing of the analytical grade substance led 
to the conclusion that the observed trend was characteristic of the com- 
pound (Fig. 1). Ibuproxam, heated over 70°, decomposed to give four 
products; during these preliminary tests, the presence of water and metals 
(particularly iron) due to the manufacturing process did not substantially 
alter the decomposition (Table 11). 

Table I-GLC Analysis of Thermal Decompostion of 1 at 
Different Temperatures * 

Degradation Products, 9% 
Time 40' 60' no0 1050 

10 min 
20 min 
40 min 
1 hr 
2 hr 
4 hr 
8 h r  

12 hr 
24 hr 

2 days 
4 days 
8 days 

16 days 
1 month 
2 months 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1.7 
1.9 

0 
0 
0 
0 
1.2 
3.8 
7.4 

12.3 
48.2 
81.3 
91.3 
98.5 
- 
- 
- 

0 
2.7 

30.0 
57.5 
76.0 
90.3 
96.7 
- 
- 
- 
- 
- 
- 
- 
- 

2.4 
49.5 
67.0 
81.0 
87.5 
97.0 
- 
- 
__ 
- 
- 
- 
-_ 
- 
- 

- - - 4 months 4.8 
8 months 7.9 - - - 

a Samples were analyzed with a Perkin-Elmer 990 gas-liquid chromatograph 
on a 2-m X 6.35-mm 3% Dexil on Anachrom AB column at 180' with nitrogen as 
the carrier gas at 30 ml/min. 

From a preliminary examination of the crude decomposition product, 
it was possible to separate two main products: a white sublimate (insol- 
uble in most organic solvents but soluble in water) and a sticky yellow 
mass that still contained the nondecomposed product (TLC controls) 
(Fig. 2). Chemical and spectroscopic properties of the sublimate gave 
evidence of its saline structure, which was confirmed by isolation of I1 
and 111; further evidence (melting point and IR spectrum) was obtained 
by treatment of a commercial sample of I1 with 111. 

By column chromatography of the oily mass, IV and V were obtained 
together with a small amount OF I. The structure of V was confirmed 
chemically by reaction of ketone IV with hydroxylarnine (Scheme I).  

CH2 O / 
(CH3)2CHCHZ -@ CH-C--NHOH 

I \ 
oily mass 

Iv 

V 

Scheme I 

I 

0022-35491 801 0500-052 1$0 7.0010 
@ 1980, American Pharmaceutical Association 
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Table 11-'H-NMR Spectra of Ibuproxam and  Degradation 
Products 

Proton 
Compound Resonance, ppm Assignment 

I 

111 

IV 

V 

0.78 (d, J = 7 Hz) 
1.4 (d. J = 7 Hzl 
i.65-2.05 (mi--' 
2.42 (d, J = 7 Hz) 
3.45 (a. J = 7 Hz) 
6.9-7.3 (m) 
8.8b (broad s) 
0.88 (d, J = 7 Hz) 
1.33 (d, J = 7 Hz) 
1.47b (s) 
1.5-2.1 (m) 
2.42 (d, J = 7 Hz) 
4.03 (q, J = 7 Hz) 
7.0-7.3c (m) 
0.88 (d, J = 7 Hz) 
1.5-2.1 (m) 

6H, (CH&CH 
3H, CH3CHCONHOH 
lH,  CHCH:! 
2H, CH2 
1H. COCHCHn 
4H; aromatic H, 
lH ,  NH 
6H, (CHdzCH 
3H, CHBCHNH:! 
2H, NH2 
1H. CHCH9 
2H; CH2 - 
lH,  CH3CHNH2 
4H, aromatic Hq 

1H. CH 
6H, (CH3)zCH 

2.52 (s) ' ' 3H; CH3CO 

7.87= (d) 2H, H-3, H-5 
0.89 (d, J = 7 Hz) 
1.5-2.1 (m) 1H. CH 

7.2c (d) 2H, H-2, H-6 

6H, ( C H ~ T - C H  

2.27 (9) 3H, CH3CNOH 
2.47 (d, J = 7 Hz) 
7.14c (d) 2H, H-2, H-6 
7.54c (d) 2H. H-3. H-5 

2H, CH2 

9.526 (sj  lH ,  OH 
a Obtained at 90 MHz; 6 values are expressed in arts per million; tetramethyl- 

silane was the internal reference, and deuterate! chloroform was the solvent. * Signal disappears on deuteration. For these signals, a progressive change was 
noted from a pattern type of AA'BB' to AA'XX' .  

EXPERIMENTAL' 

Thermal  Degradation-Ibuproxam (I) (4 g) was sublimed at  110" 
and 760 mm Hg for 24 hr to yield a white product (1.5 g) and a pale-yellow 
residue. This residue was extracted with ether (50 ml), and evaporation 
of the extracts gave an oil (2.3 g). 

Ibuprofen [2-(4-Isobutylphenyl)propionic Acid, 111-The subli- 
mate (1 g), purified by several washings with ether (mp 124-125"), was 
dissolved in water (25 ml). Acidification with concentrated hydrochloric 
acid (pH 1-2) precipitated a white solid (0.48 g, 90% yield), mp 76-77' 
(after crystallization from ethyl acetate). 

Anal.-Calc. for C13Hla02: C, 75.73; H, 8.73. Found: C, 75.81; H, 
8.75. 

-/ 1 I I 
3 0' 4 Oo 50' l l o o  1 20° 130' 

Figure I-Thermal decomposition of I. The scan speed was 4O/rnin, 
R = 500 pu, and the nitrogen gas flow rate was 20 mllmin. 

' Unless otherwise stated, IR spectra were measured for dispersions in Nujol with 
a Perkin-Elmer 457 spectrometer, and UV spectra were measured for solutions in 
ethanol with a Perkin-Elmer 124 recording spectrophotometer. 'H-NMR spectra 
were recorded with a Perkin-Elmer R 32 instrument; chemical shifts are reported 
in parts per million downfield from the internal standard, tetramethylsilane. 
Thermal analysis was taken with a TA 2000 Mettler apparatus. Silica gel plates 
(Merck F251) were used for analytical TLC, and the s ots were detected by their 
UV absorption. Column chromatography was carriezout with silica gel (Merck 
kieselgel60, 70-230 mesh, ASTM). The extracts were dried over sodium sulfate, 
and the solvents were removed under reduced pressure. Melting points (uncor- 
rected) were determined by the capillary method. 
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Figure 2-TLC of the decomposition products of I. Key: A, eluent of 
benzene-ethyl acetate (1:l v/u); and B, eluent of benzene-cyclohex- 
ane-ethyl acetate (5:5:1 uIu). The spot for I was detected best by 
spraying with sodium sulfate solution in methanol togioe a character- 
istic green color. 

The product was identical to a commercial sample on the basis of mixed 
melting-point, IR, UV, and NMR analyses. 
l-(4-Isobutylphenyl)ethylamine (111)-The sublimate (1 g), purified 

as described, was dissolved in water (25 ml); the solution was made al- 
kaline with 10% NaOH and extracted with ether (3 X 30 ml). Removal 
of the solvent left an oil, which was purified by column chromatography 
with methanol as the eluent. Compound 111 (0.35 g, 75% yield) is a col- 
orless liquid whose hydrochloride melts at 178-180"; IR  u,, 3370,3280, 
2955, and 2860 cm-1; U V  A,, 263 (log c 2.20), 272 sh (2.09), 252 (1.97), 
and 258 (2.12) nm. 

Anal.-Calc. for C12H19N: C, 81.35; H, 10.73; N, 7.90. Found C, 81.50; 
H. 10.95: N. 8.05. 

4-Isobutylacetophenone (1V)-The oily residue (2 g) from thermal 
degradation was resolved into two products by column chromatography 
with benzene as the eluent. The first fractions gave IV (0.44 g, 50% yield) 
as a yellow liquid, bp 248'; I R  u,,, 2955,2920,2860,1680, and 1608 cm-'; 
UV: Amax 254 nm (log c 3.94). 

Anal.-Calc. for C12H160: C, 81.81; H, 9.09. Found: C, 82.05; H, 
9.28. 

4-Isobutylacetophenone Oxime (V)-Method A-The second 
product of the oily residue, treated as described, gave V as a white solid 
(0.57 g, 60% yield), rnp 64-65' (after crystallization from n-hexane); I R  
vmax 3500-2800 br, 2955,2920, and 2860 cm-'; UV: A,,, 250 nm (log c 
3.86). 

Anal.-Calc. for C ~ ~ H I ~ N O :  C, 75.39; H, 11.80; N, 7.32. Found C, 75.32; 
H, 11.60; N, 7.46. 
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Method R-A solution of IV (0.2 g) in methanol (20 ml) was treated 
with hydroxylamine (0.1 g) and refluxed gently for 6 hr. Removal of the 
solvent left a white solid (0.2 g, 90% yield), which was identical (melting 
point, IR, and NMR analyses) with the material obtained by Method 
A. 

(2) G. Orzalesi and R. Selleri, U S .  pat. 4,082,707 (Apr. 1978). 
(3) G. Orzalesi, R. Selleri, 0. Caldini, I. Volpato, F. Innocenti, J. Co- 

(4 )  G. Orzalesi, R. Selleri, 0. Caldini, I. Volpato, F. Innocenti, J. Co- 

(5) T. Tuzi and P. Marroni, C1. Terap.,  in press. 
(6) A. Debolini, R. Marcolongo, and G. Granelli, ibid., 82, 531 

(7) M. Ciarimboli, C. Guercello, M. Lingetti, G. Orzalesi, and D. Po- 

lome, A. Sacristan, and G. Varez, Arzneim.-Forsch., 27, 1006 (1977). 

lome, A. Sacristan, G. Varez, and G. Pisaturo, ibid., 27,1012 (1977). 
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Abstract 0 A high-performance liquid chromatographic (HPLC) sys- 
tem, consisting of a methanol-water (32 v/v) mobile phase and a Zorbax 
CN column with rn-phenylphenol as the internal standard, was utilized 
to determine the purity of griseofulvin bulk drug substance, to assay 
griseofulvin in powders, tablets, capsules, and boluses, and to separate 
griseofulvin from its metabolites. The method was tested on commercial 
griseofulvin samples, griseofulvin tablets, and a mixture of griseofulvin 
and its metabolites. The HPLC method is compared to a GLC 
method. 

Keyphrases 0 Griseofulvin-high-performance liquid chromatographic 
analysis, purity and stability of drug substance, powders, tablets, capsules, 
and boluses, metabolites a High-performaace liquid chromatogra- 
phy-analysis, griseofulvin, purity and stability of griseofulvin dosage 
forms, metabolites 0 Antifungal agents-griseofulvin, high-performance 
liquid chromatographic analysis of powders, tablets, capsules, and bo- 
luses 

Griseofulvin has well-established fungistatic activity 
against various species of Microsporum, Epidermophyton, 
and Trichophyton. Usual dosage forms are powders, 
capsules, tablets, and boluses. Liquid-solid extraction 
methods for the preparation of griseofulvin for subsequent 
analysis include extraction of griseofulvin from tablets with 
boiling alcohol (1) and extraction from tablets with warm 
chloroform (2,3).  

The drug substance has been determined by several 
methods, the most common of which is a simple UV anal- 
ysis (1,4,5). Other methods include polarography (61, GLC 
(2 ,3) ,  spectrofluorometry (7,8), colorimetry (9-ll), iodi- 
metry (12), paper chromatography (131, and TLC (14-17). 
Liquid chromatography has been useful for the analysis 
of griseofulvin in crude mycelium (18) and in plasma 
(19). 

' This report describes a specific, simple, and robust 
high-performance liquid chromatographic (HPLC) pro- 
cedure. It is applicable to the drug substance and solid 
dosage forms and to the separation of griseofulvin from its 
metabolites. The procedure is offered as an alternative to 
the GLC method (2), which suffers from the difficulty of 
drug analysis a t  high temperatures. 

*Present address: DukeUniversity, Durham, NC 27706.' 

EXPERIMENTAL 

Materials-rn -Phenylphenol', reagent grade dichloromethane2, so- 
dium chlorides, and anhydrous sodium sulfate4 were obtained from 
commercial sources. 

Apparatus-The modular high-pressure liquid chromatograph was 
equipped with a constant-flow pump5, a valve-type injector6, a fixed- 
wavelength (254-nm) UV detector7, and a strip-chart recorders. Stainless 
steel columns (4.6 mm X 30 cm) were packed with fully porous 10-pm 
silica particles to which a monomolecular layer of cyanopr~pylsilane~ was 
chemically bonded. A rotating mixing wheello and centrifuge tubes" were 
used to extract the samples. A data acquisition system12 was used for both 
peak height and area measurements. 

Chromatographic Conditions-The mobile phase was methanol- 
water (3:2). This solution was passed through a 0.45-pm filter'3, degassed, 
and then pumped through the HPLC system at a rate of 1 or 2 ml/ 
min. 

Table  I-Analysis fo r  Puri ty  and Dechlorogriseofulvin Content 
in Griseofulvin Batches from Worldwide Sources  

Dechloro- 
griseofulvin 

Batch Purity", % Content, 90 

0672-F2 lOOb 0.6 
UCFP-1961 99.4 1.1 
UGRB-505 96.6 2.0 
GU-4830s 97.0 3.2 
GU-4910s 97.0 2.8 
26 99.7 0.9 
5209 98.9 1.6 
15 (805/7) 97.9 1.5 

Determined using USP XIX, p. 584. USP reference standard. 

Eastman Organic Chemicals, Rochester, N.Y. 
Matheson, Coleman and Bell, Norwood, Ohio. 
NF grade, J. T. Baker Chemical Co., Phillipsburg, N.J. 

Mwfel M-6000 A chromatography pump, Waters Associates, Milford, Mass. 

Model 440 aksorbance detector, Waters Associates, Milford, Mass. 
Class 19, No. 196711-008-000-506-01, Honeywell, Fort Washington, Pa. 
Zorbax CN column, E.I. duPont de Nemours 81 Co., Wilmington, Del. 
Rugged Rotator, Craft Apparatus, New York, N.Y. 

l1  Bellco Glass Co., Vineland, N.J. 
PDP 11/34 minicomputer, Peak 11 Software Digital Electronics Corp., May- 

l3  Metricel membrane filter DM-450, Gelman Instrument Co., Andover, Mich. 

' NF rade, Fisher Scientific Co., Fair Lawn, N.J. 

ti Universal in.ector model U6K, Waters Associates, Milford, Mass. 

nard, Mass. 
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Figure I-HPLC separation of biosynthetic impurities (substances 
identified in the fermentation broth). Key: 1, griseofulvic acid; 2, de- 
chlorogriseofulvin; 3, griseofulvin; 4, isogriseofulvin; 5, tetrahydro- 
griseofulvin; and 6,  m-phenylphenol. 

Internal Standard Solution-The internal standard was m-phen- 
ylphenol prepared as a 1-mg/ml solution in methanol. 

Standard Solution-Griseofulvin standard, -60 mg, was weighed 
accurately into a 50-ml volumetric flask and was dissolved and diluted 
to 50 ml with methanol. Five milliliters of this solution was pipetted into 
a 50-ml volumetric flask. Four milliliters of the internal standard solution 
also was added by pipet, and the solution was diluted to 50 ml with 
methanol. 

Standard Chromatogram-Twenty microliters of the standard so- 
lution was injected into the liquid chromatograph, and the chromatogram 
was recorded. The peak heights obtained were used in the calculations 
for griseofulvin. 

Griseofulvin Samples-Griseofulvin samples were obtained from 
England14 (Batches UGFP-1961 and UGRB-505), Japan'5 (Batches 
GU-4830s and GU-4910S), RumanialG (Batches 26 and 5209), Austria" 
[Batch 15 (805/7)], and the USP reference filela (Batch 0672-F2). 

Impurities-Is~griseofulvin~~, dechlorogriseofulvin14, griseofulvic 
acid14, and tetrahydrogriseoful~in~~~~ were obtained. Dihydrogriseofulvin 
and additional tetrahydrogriseofulvin were synthesized21 via the catalytic 
reduction of griseofulvin (19). The metabolites, 4-demethylgriseofulvin 
and 6-demethylgriseofulvin, were obtained as a result of previous research 
(20, 21). Identities were confirmed by comparison of the IR spectra to 

Glaxo Holdin s Ltd., London, England. 
l5 Nippon-Kayetu Co. Ltd., Chugai Boyeki (America) Corp. Importers and 

PRumanian Stete Trading Agency; provided by the Jerdan Chemical Corp., 

diochemi Gesmb H-Werk Kundl, Austria; provided by R. W. Greeff and Co., 

Ex rtera, New York, N.Y. 

Valle Stream, N.Y. 

New York. N.Y. 
18 USP XIX, p. 584. 
Is MI. T. Alexander, HFD-436, Food and Drug Administration, Washington, 

20 Dr. F. Bailey, I.C.I. Ltd. Pharmaceutical Division, Macclesfield, Great 

21 Schering-Plough Research, Bloomfield, N.J. 

D.C. 

Britain. 

I I I 1  1 1 I 1  
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Figure 2-Retention volume of decomposition impurities (substances 
resulting from extreme, accelerated decomposition studies). Key: 1,3, 
4 ,  and 5,  unknown minor decomposition products; 2, griseofuluic acid; 
6,  griseofuluin; and 7 ,  m-phenylphenol. 

authentic references (isogriseofulvin, dechlorogriseofulvin, and griseo- 
fulvic acid) or by mass spectral studies (dihydrogriseofulvin, tetrahy- 
drogriseofulvin, 4-demethylgriseofulvin, and 6-demethylgriseofulvin). 

Accelerated Decomposition Studies-Accelerated, extreme deg- 
radation of griseofulvin was accomplished by several methods: 

1. Griseofulvin drug substance was heated at 75' for 3 weeks. 
2. Griseofulvin (0.25 mg/ml) was dissolved in methanol-0.1 N NaOH 

(41) and allowed to stand for 7 days. 
3. Griseofulvin (0.25 mg/ml) was dissolved in methanol-0.1 N HCl 

(41) and allowed to stand for 7 days. 
4. Griseofulvin was dissolved in methanol-water (41) in a Pyrex vol- 

umetric flask and exposed to daylight for 14 days through window 
glass. 

3 

1 I 1 L I 

0 2 4 6 8 
RETENTION VOLUME, ml 

Figure 3-HPLC separation of 4-demethylgriseofuloin and 6-de- 
rnethylgriseofulvin metabolites. Key: 1 ,  griseofulvic acid (impurity); 
2, 6-demethylgriseofulvin; 3, 4-demethylgriseofulvin; 4, griseofulvin, 
and 5, m-phenylphenol. 
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Griseofulvin Drug Substance Purity Determination-Approxi- 
mately 60 mg of a griseofulvin test sample was weighed accurately into 
a 50-1111 volumetric flask and dissolved and diluted to volume with 
methanol. Five milliliters of the sample solution was pipetted into a 50-ml 
volumetric flask. Four milliliters of the internal standard solution was 
added, and the solution was diluted to volume. Then 20 pl of the sample 
was injected into the liquid chromatograph operating at  the described 
conditions. The percent purity was calculated from: 

A U L  

U 

2 5 
U 
0 

2 

: 
C 
0 

0 

1 

1 2  3 

1 L 1 
0 5 10 

RETENTION VOLUME, ml 
Figure 4-HPLC separation of griseofuluin drug substance and de- 
monstration of dechlorogriseofulvin content in the USP standard 
(Batch 0672-F2). Key: I ,  solvent; 2, griseofulvic acid; 3, dechloro- 
griseofulvin; 4, griseofulvin; and 5. m-phenylphenol. 

1 2  
-h 

Figure 5-High-performance 
liquid chromatogram of griseo- 
fulvin extracted from tablets 
(Batch 7934-454). Key: I ,  griseo- 
fulvic acid; 2, dechlorogriseofuluin; 
3, griseofuluin; and 4, m-phenyl- 
phenol. 

I 

0 6 10 
RETENTION VOLUME, ml 

where Pipb is the peak height of the sample in the sample chromatogram, 
Pis is the peak height of the internal standard in the sample chromato- 
gram, Pi. is the peak height of the internal standard in the standard 
chromatogram, Pa* is the peak height of the standard in the standard 
chromatogram, We* is the weight of the standard, and Wsple is the weight 
of the sample. 

Griseofulvin in Solid Dosage Form Determination-A sample of 
well-mixed ground powder (from powders, tablets, capsules, or boluses) 
containing 250 mg of griseofulvin was weighed accurately into a 50-ml 
screw-capped centrifuge tubell. Then 20 ml of 10% aqueous sodium 
chloride solution and 20 ml of dichloromethane were added. Mixing re- 
sulted in extraction of the griseofulvin into the dichloromethane after 
the tube was placed on a rotating wheello for 10 min. 

The dichloromethane layer was transferred with a 20-ml syringe and 
a 16-gauge needle and filtered through -200 mg of anhydrous sodium 
sulfate into a 200-ml volumetric flask. The extraction was performed 
three times and the extracts were combined (total of 60 ml) and diluted 
to volume. A 5.0-ml portion was transferred to a 50-ml volumetric flask 
and evaporated to dryness. The m-phenylphenol internal standard so- 
lution, 4.0 ml, was added, and the griseofulvin residue was dissolved in 
methanol and diluted to 50 ml. Then 20-rl portions were injected into 
the liquid chromatograph. 

The griseofulvin content was calculated from: 

where W,,, is the average weight of the sample unit (gram, tablet, capsule, 
or bolus). 

Table 11-Comparison of the Accuracy of the HPLC and GLC (2) 
Methods for Griseofulvin Drug Substance 

Batch 

Mean Purity, % 
HPLC GLC 

Method ( n  = 4) Method ( n  = 2) 

S-03294 99.4 99.7 

3-2-58161 98.2 99.1 

UGRB-505 96.6 97.1 

(99.3-99.6) (99.6,99.8) 

(97.9-98.4) (98.9,99.3) 

(96.3-96.9) (96.8.97.5) 
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Table 111-Comparison of t he  Accuracy of t he  HPLC and  GLC 
(2) Methods for Griseofulvin Tablets 

Content, mg/tablet 
Griseofulvin HPLC GLC 
Tablets, mg Method ( n  = 12) Method ( n  = 4) 

125 125 126 
(122-127) (125-127) 

250 247 . 250- ‘ 
(244-253) (249-251) 

Dechlorogriseofulvin Content Determination-The area under 
the dechlorogriseofulvin and griseofulvin peaks was obtained using a 
suitable area measurement integratorL2. The percent dechlorogriseofulvin 
content was calculated according to: - 

percent dechlorogriseofulvin = , 

where A o c c  is the area of the dechlorogriseofulvin peak, AG is the area 
of the griseofulvin peak, a2 is the absorptivity of griseofulvin a t  254 nm, 
and a1 is the absorptivity of dechlorogriseofulvin a t  254 nm. 

RESULTS AND DISCUSSION 

The HPLC separation of biosynthetic impurities that were identified 
in the fermentation broths (18.22) is demonstrated in Fig. 1. The HPLC 
separation of decomposition impurities that  result when griseofulvin is 
subjected to accelerated, extreme decomposition is demonstrated in Fig. 
2. The separation of 4-demethylgriseofulvin (23) and 6-demethyl- 
griseofulvin (13) metabolites is shown in Fig. 3. The system is applicable 
to the determination of nonconjugated metabolites. 

The data presented in Figs. 1-3 show that an internal standard eluting 
with a retention volume of -10 ml will not interfere with a common 
biosynthetic impurity, decomposition product, or metabolite. m-Phen- 
ylphenol, whose retention is demonstrated in Figs. 1-3, meets this cri- 
terion. 

To ascertain the purity of commercial griseofulvin, eight batches were 
obtained from worldwide sources and then were assayed by the described 
method. The purity data are given in Table I. The present study showed, 
as was reported previously (2,18), that dechlorogriseofulvin was the major 
impurity and that it was common to all of the batches tested. The USP 
standard (Fig. 4) contained 0.6% of this impurity. Dechlorogriseofulvin 
also was separated by TLC using a silica gel adsorbent and ethyl acetate 
developing solvent. The absence of other significant impurities was 
confirmed. Table I1 compares the accuracy of the HPLC results to those 
of a GLC method (2) for griseofulvin drug substance. 

The analysis of griseofulvin in both fresh and aged samples of powders, 
tablets, capsules, and boluses was performed by the extraction and HPLC 
procedures described previously. The analysis of griseofulvin tabletsz2, 
125 and 250 mg, serves as an example. The sample HPLC curve for 

22 Fulvicin P/G griseofulvin ultramicrosize tablets, Schering. 

griseofulvin extracted from griseofulvin tablets is given in Fig. 5. The 
extraction efficiency was 98% for a single extraction and 100% for the 
described method. A linear plot of peak height versus griseofulvin con- 
centration response was obtained for griseofulvin in ground tablet powder 
from 62.5 to 500 mg of griseofulvin/sample. The least-squares coefficient 
was 0.99995. A system suitability test (reproducibility of six samples 
analyzed on the liquid chromatograph described) gave a relative standard 
deviation of f0.3%. 

The accuracy of the method was tested by the addition of griseofulvin 
to a placebo (procedural amount) and analysis by the described method. 
Recoveries were 100% with respect to a similarly chromatographed 
standard. The assay results are compared to those obtained by the GLC 
method of Margosis (2) in Table 111. 
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Abstract 0 A stirred transfer cell containing equal volumes of light liquid 
paraffin and an aqueous phase at 37" was used to demonstrate the fea- 
sibility of calculating the partition coefficient of an unstable compound 
by kinetic analysis. Cyclohept-2-enone was chosen since it is a neutral 
molecule and, therefore, should have a pH-independent oil-water par- 
tition coefficient, K D .  Moreover, this cyclic a$-unsaturated ketone 
undergoes hydrogen-ion-catalyzed hydration but is sufficiently stable 
a t  neutral pH to determine KO.  The model system chosen represents 
first-order transfer between the aqueous (C1) and organic (C2)  phases 
with simultaneous, reversible, first-order hydration. The transfer con- 
stants, k;z and k&, were determined at 37' in the absence of degradation 
where asymptotic values for C1 agreed with the observed equilibrium 
values in nonkinetic partitioning studies. The first-order rate constants 
for hydration in 0.1 N HCl were determined a t  37O in the absence of the 
organic phase. Partitioning with simultaneous hydration then was studied 
using 0.1 N HCI and light liquid paraffin. Data were analyzed by non- 
linear regression based on the equation for C1 as a function of time. The 
values for klz and k,,  from these experiments were comparable to the 
estimates obtained under stable conditions. This agreement demonstrates 
that  simultaneous degradation and partitioning can be analyzed for k',* 
and ki1, thus permitting calculation of the partition coefficient ( i e . ,  KO 
= k&iJ that  would be observed if the drug were stable. 

Keyphrases 0 Partition coefficients-unstable compounds, cyclo- 
hept-2-enone, calculation by kinetic methods Cyclohept-2-enone- 
partition coefficient, calculation by kinetic methods 0 Drug partition- 
ing-unstable compounds, cyclohept-2-enone, calculation of partition 
coefficient by kinetic methods 

The two-film theory proposed by Lewis and Whitman 
(1,2) for the kinetics of solute transfer between two liquid 
phases was first experimentally verified by Gordon and 
Sherwood (3,4) using a stirred transfer cell (Fig. 1). Since 
then, both the cell and the theory have been studied ex- 
tensively and discussed (5-7). A transfer cell was employed 
to measure the rates of helium and isobutane mass transfer 
from water to toluene and decahydronaphthalene (8). The 
diffusion of salts across a butanol-water interface was 
studied at  13-40', and the Arrhenius parameters were 
compared with those for uptake of ions by frog muscle (9). 
An interesting application of this cell to a drug involved 
a study that demonstrated ion-pair formation in the 
transfer of dextromethorphanium ions from water to 
chloroform (10). McNulty (11) employed a stirred transfer 
cell to study the effect of polysorbate 60 on the cholesterol 
uptake by vegetable oil from an aqueous solution con- 
taining 5% isopropanol. 

The three-phase transfer cell of Rosano et al. (12) fre- 
quently has been applied to pharmaceutical problems. 
Lippold and Schneider (13-16) determined the forward 
(kf; aqueous to organic) and reverse (k,) rate constants for 
a homologous series of benzilic acid quaternary esters. 
Kubinyi (17) used these data to show that log I t f  and log 
k, can be defined as a function of the number (n) of CH2 
groups in a homologous series, provided that log KD also 
is a simple function of n, where KO is the partition coeffi- 
cient. 

This report demonstrates that the partition coefficient 

organic 
extract 

aqueous -q--'-- k 1P 
raffinate C,  - c* 

kP 1 

Scheme I 

may be calculated from data representing the partitioning 
kinetics in a simple transfer cell (Fig. 1) when a drug 
undergoes simultaneous degradation in the aqueous phase. 
The two-phase cell was chosen to accommodate the added 
complexity introduced by drug instability in the aqueous 
phase. The model system (cyclohept-2-enone partitioning 
between liquid petrolatum and water or aqueous hydro- 
chloric acid) chosen to test this theory allows independent 
evaluation of each rate constant in Scheme I, which rep- 
resents partitioning in a stirred transfer cell with a com- 
peting reversible reaction in the aqueous phase. The con- 
centration of cyclohept-2-enone in the extract (liquid 
petrolatum) is represented by C2, and that in the raffinate 
(aqueous phase) is represented by C1. The concentration 
of the degradation product, C,, is limited to the aqueous 
phase, which is consistent with the experimental results. 
Rate constants are apparent first order, and the initial 
conditions are C I =  Cp with C2 = C ,  = 0. 

THEORY 

Parti t ioning Kinetics with Stable Drug-For the case where the 
partition coefficient, KD,  remains constant over the concentration range 
of the transfer experiment, the observed value may be defined by: 

where C," and C ;  are the equilibrium concentrations in the raffinate (C1) 
and the organic extract ( C z ) .  At any time during a kinetic run (according 
to the two-film theory): 

1 
c 

Figure I-Schematic diagram 
of a two-phase transfer cell 
with a jacketed beaker for 
constant-temperature con- 
trol. 
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Figure 2-concentration gradients in a two-phase transfer cell. The 
arrow at the t o p  indicates the direction of mass transfer. The concen- 
tration of diffusing solute in various regions is defined as: the average 
or mixed concentration in the stirred raffinate (C1) and extract (Cz); 
at the interface on the raffinate side ( C l i )  and extract side (Czi); Ci = 
C Z / K D ;  and C; = C ~ / K D .  

The symbols are defined in Fig. 2. The solute transfer rate from the hulk 
of the raffinate to the interface through the diffusion layer is dependent 
on Fick’s first law and may he written as: 

J = -da/dt = V1(-dCl /d t )  = (CI - C l i ) ( D I A / h i )  (Eq. 3) 

where a is the amount of solute in the raffinate, V1 is the volume of the 
raffinate, A is the interfacial area, and DI and hl are the diffusion coef- 
ficient and thickness of the diffusion layer in the raffinate, respectively. 
Similarly, the transfer rate from the interface to the bulk of the extract 
may be written as: 

J = (Czi - C z ) ( D z A / h d  (Eq. 4) 

Provided that the interfacial harrier has no significant resistance and that 
thermal, electrical, and osmotic gradients are absent, then application 
of the two-film theory enables the overall transfer rate to be defined in 
terms of the overall concentration gradient (C1 - ( C Z / K D ) ]  as: 

J = klQA(C1 - C i )  (Eq. 5) 

since Ci is defined as (C2IKD) in Eq. 2. According to Flynn et al. (18), the 
ouerall rate constant for transfer from the raffinate to the extract, k 1 2 ,  
can be calculated from: 

(Eq. 6) 

where RT (the diffusional resistance) is the sum of the individual resis- 
tances. Equation 6 assumes the validity of the two-film theory and allows 
the derivation of Eq. 5 from Eqs. 2-4. Equation 5 is the form of the rate 
expression generally found in the literature (1-7). Its use requires analysis 
of both the raffinate and extract to determine C1 - C; experimentally. 

Since C; = C2/KD and the amount of solute in the extract, b, may he 
calculated from b = a0 - a, Eq. 5 also may be written as: 

(Eq. 7) 

where Vz is the volume of the extract, and the amount of solute in the 
interface is negligible. Integration of Eq. 7 from t = 0 to t and from a = 
a0 to a, followed by substitution of a, for [ a o V 1 / ( K ~ V z  + V I ) ] ,  yields: 

In(a - a,) = In(a0 - a,) - St 

which also may he written as: 

(a  -a,) = (a0 - a , ) e a s f  

Dividing by V1 allows conversion of Eq. 9 to concentration: 
(CI - C,) = (Cp - C;)e-SL 
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Thus, a plot of In(a - a,) or In(C1 - CT) uersus time is linear with a 
negative slope, S, defined by: 

which may be used to calculate the overall rate constant for transfer from 
the raffinate to the extract. The S value is equivalent to the stirred cell 
transfer rate constant, Ssc, calculated by McNulty (11). 

Solving for k12 in Eq. 6 and substituting in Eq. 11 yield: 

(Eq. 12) 

In a transfer cell, the interfacial area, phase volumes, and stirring rate 
may be kept constant throughout the experiment. In these studies, V I  
= V Q  = V ,  while D1, D2, hl, h ~ ,  and A remain constant, which leads to: 

where k‘,2 is expressed in reciprocal time and is the apparent first-order 
forward rate constant for the partitioning process (Scheme I) .  Thus: 

ki2  = D 1 D 2 A K o / V ( D z K o h l +  Dlhz)  = kl2AIV (Eq. 14) 

For data representing the extract, an equation similar to Eq. 5 may he 

(Eq. 15) 

written; 

J = kziA(C5 - C z )  

Since C; = C I K ~ ~  and a = a0 - b, Eq. 15 may be rewritten as: 

(Eq. 16) 

which, after integrating between the limits t = 0 to t and b = 0 to b and 
substituting b ,  for (a&DVZ/(KDVz + V l ) ] ,  yields: 

In(b, - b )  = In b ,  - S’t (Eq. 17) 

Division of the exponential form of Eq. 17 by V2 allows conversion to CZ. 
A plot of In(b, - b )  or In(CF - Cp)  uersus time is linear with a negative 
slope, S’, defined by: 

With the assumption that V I  = Vz = V ,  Eq. 18 reduces to: 

(Eq. 18) 

(Eq. 19) 

and the apparent first-order reverse rate constant for the partitioning 
process (Scheme I) is: 

(Eq. 20) 

where k;l = k21A/V. Since mass balance requires that: 

(Eq. 21) 
-da - db 
d t  dt 

then S = S’, and the observed slopes of first-order plots based on Eqs. 
8 and 17 are equal. Therefore, Eq. 13 equals Eq. 19 and: 

__-- 

Therefore: 

Thus, the partition coefficient, KD, is the ratio of the forward and reverse 
rate constants. 

From Eqs. 13 and 20, it can be shown that: 

( k i 2  + k i l )  = S = S’ (Eq. 24) 

Thus, the negative slope of a first-order plot for concentration in the 
raffinate (Eq. 10) or the extract (Eq. 17) equals the ohserved first-order 
rate constant, kobs, which is the sum of the constants, k12 + k21, whose 
ratio (k’,Q/k;l) is the partition coefficient, KD.  

Simultaneous Parti t ioning and Reversible Aqueous Degrada- 
tion-Scheme I represents simultaneous first-order partitioning with 
reversible aqueous degradation to a nonpartitioning product. Solving (19) 
the corresponding equation for -dCl/dt  and setting A constant and V I  
= V2 yields: 

CI = Xe-Yf + Ye-*! + Z (Eq. 25) 



1 .oox 

I I1 
Scheme I I  

where X = G ( k ? ,  - y ) ( k p l  - y)/y(y - 61, Y - Co(k' 6 ) ( k , l -  6)/6(6 
), Z = C ~ k Z l k p l / y 6 ,  y = 0.5(K1 + p = 0.5(K1 - -h, KI = ( k 1 2  + k z l  t k l ,  + k P d ,  and Kz = (k12kpl + k;lkpl  + k21k lp ) .  If partitioning of the product into the organic extract is sig- 

nificant, then Scheme I and Eq. 25 must be modified to include the ad- 
ditional compartment, Cz,. The aqueous degradation of drugs usually 
goes to completion ( ie . ,  apparent irreversibility), and the time course 
for C1 therefore is independent of C,. This case, in which the partitioning 
behavior of the product is immaterial, is discussed later. 

Nonlinear regression of data for a system described by Scheme I using 
Eq. 25 with known values for k l ,  and k,l allows estimation of k;2 and ki1. 
The ratio (k;2/kLl) should estimate the partition coefficient, KD (Eq. 
23). 

EXPERIMENTAL 

Ideal properties to test the theory were defined as follows. The solute 
should not contain any acidic or basic groups but should remain neutral 
throughout the pH range studied. (Alternatively, it should have a con- 
stant ionic form throughout the studies.) This condition eliminates the 
complication of a pH-dependent distribution coefficient. A simple sta- 
bility-indicating assay is required. It must be possible to determine KD, 
ki2,  and k;, under conditions where the solute is stable. The value for Kp 
must be sufficiently small to allow accuracy in the estimation of both k12 
and k;'. Sink conditions (k i2  >> k; , ) ,  which prevent the estimation of k',,, 
eliminated the use of several nonaqueous solvents. The rate constants 
for degradation, k l ,  and k,', must be on the same order of magnitude 
as k i2  and k;, to prevent domination by either extraction or degradation. 
The solute should not undergo self-association so that KD remains con- 
stant throughout the experiment. 

UV absorption' was automatically recorded with a flowcell to monitor 
the C1 time course continuously. Absorbance at  a single wavelength was 
related directly to C1 by selecting a solute whose degradation product 
did not interfere. 

The a,@-unsaturated ketone, cyclohept-2-enone (I), was chosen since 
it was expected to undergo hydrogen-ion-catalyzed hydration to the 
nonchromophoric compound, 3-hydroxycycloheptanone (11). Previous 
studies indicated that the process is reversible and that some reaction 
conditions do not favor complete hydration (20.21). 

In Scheme 11, the concentration of I is given by: 

The negative slope, kapp ,  of a plot of ln(C1 - C ; )  uersus t, where C ;  = 
Cykp l / (k l ,  + k p l ) ,  is the sum of the first-order rate constants ( k l ,  + k p l ) .  
The reverse and forward constants may be calculated from: 

k l p  = kapp - k p ~  (Eq. 28) 

The 233-nm absorption maximum of cyclohept-2-enone decreased to 
<5% of its initial value in 1 N HCl at 37' within 24 hr. A similar trial using 
cyclohex-2-enone produced a 32% reduction in 60 hr. The percent residual 
absorption of cyclohept-2-enone increased with decreasing acid 
strength. 

The theory relating to Scheme I indicates that nonlinear regression 
based on Eq. 25 can be used to estimate k;2 and k; ,  if the values for k l ,  
and k,l (which may be assessed independently) are known. Equation 23 
shows that the partition coefficient may be calculated from the ratio of 
the distribution constants, KD = (k;Z/k21). 

Estimates for KD were similar a t  three initial concentrations, repre- 
senting the range observed in the aqueous phase during partitioning ki- 
netics. Determinations were made by equilibration of cyclohept-2-enone 
between equal volumes of water and light liquid petrolatum at  37' using 
the UV absorbance of the solute in the aqueous phase (A, = 233 nm, 

1 Models 250 and 6051, Gilford Instruments, Oberlin. Ohio. 
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Figure 3-Fraction of the initial concentration of cyclohept-Z-enone 
remaining in the  raffinate as a function of t ime at 37' under stable 
(curue A )  and unstable (curue B; 0.1 N HCl at 37') conditions at 50 rpm 
in the  transfer cell. T h e  continuous data presented in the figure are 
indistinguishable from the theoretical curues obtained using Eq. 10 
(curue A )  and Eq. 25 (curue B )  when ki2, kkl, kl,, and k,l uolues are as 
given in  Table I. 

c = 10,182). Control experiments to determine the partitioning of the 
solute between potassium chloride solutions of varying ionic strength (e( 

= 0-1) and light liquid petrolatum at  37' showed that KD was indepen- 
dent of p. Prior to use, the light liquid petrolatum was extracted re- 
peatedly with double-distilled water until the extracts showed no ab- 
sorption at 233 nm and both phases were preequilibrated. 

Distribution rate constants were estimated by introducing the solute 
into the aqueous phase of a transfer cell (Fig. 1) containing 90 ml of each 
preequilibrated phase, stirred2 at 50 or 100 rpm and maintained at  37'. 
The initial concentration in the aqueous phase was 1.4 X los4 M. The 
aqueous phase was pumped3 through a flowcell in the thermally con- 
trolled spectrophotometer. The 233-nm absorbance was recorded auto- 
matically as a function of time until equilibrium was attained. Final 
values agreed with the nonkinetic partitioning studies. Cyclohept-2-enone 
underwent <3% hydration after 96 hr under the study conditions. 
First-order plots based on Eq. 10 were linear for >95% of the process; klz  
and k; ,  were calculated from Eqs. 23 and 24. 

The kinetics of cyclohept-2-enone hydration were studied as a function 
of the hydrochloric acid concentration at  37'. Rate constants, k l ,  and 
k p l ,  were calculated from Eqs. 27 and 28; those in 0.1 N HCl were con- 
sidered best for the evaluation of k;z and k; ,  under competing conditions. 
The residual absorbance after equilibration in 0.1 N HCl was 10.3% and 
is attributed to I since the contribution by I1 is negligible (20,21). 

The kinetics of hydration in 0.1 N HCl with simultaneous partitioning 
into light liquid petrolatum were measured in a stirred transfer cell a t  
50 or 100 rpm at  37'. Absorbance data (A a t  A,,, = 233 nm) were ana- 
lyzed by nonlinear regression (22) based on Eq. 25 where C1 = A/€ .  
Equilibration studies of I between 0.1 N HCl and light liquid petrolatum 
gave observed values for 2 similar to those calculated from 2 = 
CYk;2kPl/yb (Eq. 25). This agreement is consistent with the formation 
of a nonchromophoric product that does not partition significantly 
(Scheme I). The values for ki2 and k i 1 ,  obtained in these experiments with 
simultaneous partitioning and hydration, were compared to those de- 
termined in the absence of hydration. 

RESULTS AND DISCUSSION 

Curve A in Fig. 3 shows a typical time course for the fraction of solute 
remaining in the aqueous phase of a stirred transfer cell containing equal 
volumes of water and light liquid petrolatum at  37' and 50 rpm. The 

Model 53 dissolution stirrer, Hanaon Research Corp., Northridge, Calif. 
Model 396/2396 minipump, Milton Roy'Co., Riviera Beach, Fla. 
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Figure 4-Relationship between r (calculated from Eq. 32) and KD (Eq. 
1 )  as afunction of the relatiue values of k12, k&, and k. In this illustra- 
tion, k12 = kZ1. so that KI) = I ,  which is the value for r when k = 0. The 
k;2 and k;, ualues are 1 (curue A ) ,  2 (curue R ) ,  3 (curve C ) ,  and 6 (curue 
D ) .  

CP 
Scheme III 

negative slope, S,  of a first-order plot based on Eq. 10 was used to cal- 
culate k,, and kP1 (Eqs. 23 and 24) from such data. Since cyclohept-2- 
enone is a neutral molecule, its K D  value should be independent of pH. 
Thus, the values determined for hi2 and kZ1 under stable conditions 
should be the same as those determined in the presence of simultaneous 
degradation. 

When the experiment was repeated with 0.1 N HCI as the aqueous 
phase, cyclohept-2-enone loss (Fig. 3, curve B) was described by Eq. 25 
in accordance with Scheme I. Data were analyzed by nonlinear reyession 
(22) of the entire time course to reiterate the values for k;2 and kZl while 
assigning to k l ,  and k,l the values determined independently in 0.1 N 
HCl saturated with light liquid petrolatum a t  37'. The agreement be- 
tween the regression estimates and those determined independently 
(Table I) supports the proposed theory in which KO = ki2/kZ1. 

The calculation of K D  under unstable conditions may be important 
to the chemist concerned with its modification. This approach can pro- 
vide values that may be needed for structural correlations on partitioning. 
It may not be possible to determine KO independently as was done with 
cyclohept-2-enone. For example, the solute may exist as a different charge 
species a t  pH values where it is stable, or conditions sufficiently stable 
for equilibration may not exist. 

Partitioning Kinetics with Simultaneous Irreversible Loss of 
Drug-The present study demonstrated that biexponential loss from 
the aqueous phase of Scheme I can be analyzed for kiZ and k;, whose ratio 
( k ; 2 / k ; l )  is KO. This theory can be extended to Scheme 111, which shows 
the irreversible loss of drug competing with the process of distribution 
as discussed previously (23) in reference to apomorphine distribution 
into the brains of mice. This process is analogous to the reversible first- 
order transfer of a compound between the aqueous phase, C1, and the 
organic phase, Cs,  of a stirred transfer cell with simultaneous, irreversible, 
first-order degradation to the product, C,, in the aqueous phase. Applying 
the initial conditions of CI = Cp and Cz = C, = 0 and again assuming that 
IA/Vl]  = [A/V,J remains constant provide: 

C1 = X'e-mL + Y'e-# t  (Eq. 29) 

Table  I-Comparison of the Rate Constants ki2 and 
Distribution of Cyclohept-%-enone between Light Liquid 
Petrolatum and Water to the  Estimates Obtained with 
Simultaneous Hydration and Partitioning (Light Liquid 
Petrolatum-0.1 N HCI) in a Stirred Transfer Cell at 37" 

for 

Revolu- Simultaneous Loss0 
tions per Stable Conditions Percent 
Minute k;2 k ; ,  KD* h i 2  h i ,  ErrorC 

50 0.168 0.098 1.7 0.163 0.105 -5.9 
100 0.206 0.120 1.7 0.210 0.130 -5.9 

The k', and k &  values were determined by nonlinear regression based on Eq. 
andk 1 were held constant at 0.117 and 0.0134 hr-1, respectively. * KI ,  = 25; k c;/df = kl&;1. ' I[(k;, /k;l)a - K D ] / K I , * ~  X 100 = percent error. 

where X' = Cp(a - k&(u - B), Y' = CY(k;, - B)/(a - B), a = 0.5(K3 + 
JKZ - 4k;,k), /3 = 0.5(K3 - d-), and K3 = ( k i 2  + k; ,  + k ) .  
The time course for solute concentration in the extract may be defined 
by: 

C2 = Z'(e-Bt - e-af) (Eq. 30) 

where Z' = CYki2/(a - 0). Such a system, involving the simultaneous 
partitioning and hydrolysis of ampicillin and amoxicillin in isobutanol- 
aqueous hydrochloric acid, was investigated (24). 

The observed phase ratio, CZ/C1, will change as a function of time. The 
time required for this ratio to approach a constant value during an ex- 
periment depends on the values for k;2, kkl,  and k .  When the contribution 
of the first term in Eq. 29 (X'e-ut) becomes insignificant relative to the 
second term ( Y'e-flt), the ratio approaches a constant. The time required 
for this result to occur, t d ,  may be estimated from: 

t d  = [ln(F/R)]/(B - a )  (Eq. 31) 

where R = ( k i l  - a)/(ki2 - p) and F is the fraction of C1(&. 29) at  t d  that 
is due to X'e-ut (25). If, for example, a contribution of 1% is considered 
insignificant, then F = 0.01. At t > t d ,  C2/C1 (Scheme 111) approaches 
a constant distribution ratio, which may be estimated from: 

r = ki2/(& - 0) (Eq. 32) 

in the limit as Xe-u t  approaches zero. Provided that t d  is not too large, 
C2/C1 will approach r during the experiment. However, the value for r 
will not approximate K D  except under conditions in which the drug is 
relatively stable and (k; l  - /3) - kz1. 

The situation in which C*/C1 may be described by r rather than by K D  
is referred to as kinetic control of distribution in contrast to thermody- 
namic control (23). Although many successful biological correlations have 
been achieved using K D  values, there may be situations where kinetic 
control dominates. I t  was noted (23) that the distribution of norapo- 
morphine to the brain [reported by Burkman et al. (26)] might be an 
example where competing kinetic processes controlled the brain-blood 
ratios, r, due to simultaneous drug loss by glucuronidation. It was sug- 
gested that t d  was too large to allow the observation of a constant r value 
before complete loss of the drug from the animal. 

Another example where r may be of greater value than K D  is in si- 
multaneous first-order absorption and degradation. This situation might 
occur through chemical degradation caused by stomach acidity or me- 
tabolism by intestinal flora. Tomlinson et al. (24) compared r and K D  
values for amoxicillin and ampicillin under unstable conditions and 
discussed the potential significance of kinetic control of the phase ra- 
tios. 

Figure 4 illustrates the relationship between r and K D  as a function 
of selected relative values for k l z ,  hbl, and k (Scheme 111). When k = 0, 
r = KO. From a practical viewpoint, r = K D  (within 5%) when (k i2  + k i 1 )  
2 20k. As the k value increases, r increases relative to KO, and kinetic 
control becomes increasingly significant. 

Conclusion-A stirred transfer cell has been employed to calculate 
the partition coefficient, K O ,  for a compound that is unstable in the 
aqueous phase. Equations for drugs that degrade irreuersibly in one of 
the transfer cell phases (Scheme 111) can simultaneously estimate the 
first-order rate constants for both degradation and distribution. This 
calculation, using kinetic methods, provides K D  values under conditions 
where equilibration experiments are not possible. These constants may 
be used to calculate K D ,  r, and the time at  which distribution is consid- 
ered complete (t  > t d ,  F = 0.01) as simultaneous irreversible degradation 
competes with partitioning. The difference between r and K D  indicates 
the degree of kinetic control for the system. 
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2-I4C- 1 - (2’-Deoxy-P-~-ribofuranosyl) -5 -ethyluracil: 
Synthesis and Biotransformation in Rats 

RAVINDER KAUL =, GEBHARD KIEFER, 
SIEGFRIED ERHARDT, and BERND HEMPEL 
Received December 15,1975, from the Research Laboratories, Pharmaceuticals Robugen GmbH, Alleenstrasse 22,D-73 Esslingen-Zell, West 
Germany. Accepted for publication November 29,1978. 

Abstract o With 14C-urea as the starting material, 2-’4C-1-(2’-deoxy- 
~-D-ribofuranosyl)-5-ethyluracil [2-14C-/3-5-ethyl-2’-deoxyuridine] was 
synthesized for metabolic studies. After intravenous administration in 
rats, the radioactivity disappeared in the blood within 72 hr, being 
eliminated primarily in the urine (97%). The major elimination took place 
in the first 24 hr (92%). Little radioactivity was detected in the organs 
and tissues after 3 days. Approximately %%of the urine radioactivity 
probably was due to an unidentified conjugate, 30% waa due to Metabolite 
11, and 20% was unchanged drug. Metabolite I1 was identified as 5-eth- 
yluracil by mass and ‘H-NMR spectra and by comparison with an au- 
thentic sample. 

Keyphrases Ethyldeoxyuridine-synthesis, biotransformation in rats, 
metabolites Antiviral agents-ethyldeoxyuridine, synthesis, bio- 
transformation in rats, metabolites 

l-(2’-Deoxy-~-D-ribofuranosyl)-5-ethyluracil (p-5- 
ethyl-2’-deoxyuridinel, VIII) has shown promising thera- 
peutic activity against herpes simplex and vaccina viruses 
(1,2) and against herpes keratitis in rabbitg(3). Due to its 
compatibility with the ophthalmic mucous membrane, 
VIII is particularly suitable for the treatment of herpetic 
eye disease (4-7). Its excretion, distribution, and bio- 
transformation were studied in rats using 14C-VIII. 

EXPERIMENTAL* 

Synthesis-For metabolic studies, 14C-P-5-ethyl-2’-deoxyuridine 
(VIII), specific activity 0.168 mCi/mmole, was synthesized (Scheme I). 
The starting material was 14C-urea3, specific activity 5.13 mCi/mmole. 

’ Edurid, Robugen GmbH, 7300 Esslingen/Neckar, West Germany. 
Melting points were taken on a Tottoli (Biichi. Switzerland) apparatus and are 

uncorrected. Mass spectra were measured at  an ionizing potential of 70 ev with a 
CH-7 Varian MAT spectrometer using a direct evaporator inlet system. ‘H-NMR 
spectra were recorded on a Varian T-60 spectrometer using dimethyl sulfoxide-de 
as the solvent and trimethylsilane as the internal standard. 

New England Nuclear Corp., Boston, Mass. 

2- 14C-5-Ethylbarbituric Acid (Ill)-Diethyl ethylmalonate (11) (9.4 
g, 0.05 mole) was added dropwise to 10 ml of a 30% methanolic sodium 
methoxide solution. The reaction mixture was refluxed for 30 min with 
constant stirring. Then the 14C-urea solution (3 g, 0.05 mole) in 10 ml of 
methanol was added quickly. The reaction mixture was refluxed with 
stirring for 6 hr under anhydrous conditions. 

After cooling, the solvent was evaporated to dryness, and the residue 
was dissolved in 30 ml of hot water. The solution was acidified to pH 1-2 
with 10 ml of concentrated hydrochloric acid. Crystals that precipitated 
overnight under refrigeration were filtered off, washed with ice water, 
and dried to yield 6.1 g of 2-14C-III (78.3% based on 14C-urea), mp 
195-197’ [lit. (8) mp 194-195’, (9) mp 193-194’1. 

2- 14C-5-Ethyl-6-chlorouracil (IV)-Phosphoryl chloride (14 ml) was 
added dropwise into a mixture of I11 (6.1 g, 0.035 mole) and water (0.5 
ml). The reaction mixture temperature was slowly raised to 100’ with 
constant stirring. After heating on an oil bath for 90 min at  90-100°, the 
reaction mixture was cooled. The remaining phosphoryl chloride was 
decomposed carefully with 25 ml of water. 

The cooled mixture was stirred for 1 hr and allowed to stand in the 
refrigerator overnight. The white crystalline precipitate was filtered off, 
washed with ice water, and dried to yield 6.1 g of 2-14C-IV (70% based on 
14C-urea), rnp 215-217’ [lit. (10) rnp 215-217’). 

2- 14C-5-Ethyluracil (V)-The solution of IV (6.1 g, 0.035 mole) in 2 
N NaOH (58 ml) and 1% palladium-on-charcoal was hydrogenated at  60”. 
The hydrogen uptake virtually ceased after 3 hr. The catalyst was filtered 
off, and the filtrate was acidified with concentrated hydrochloric acid. 
After cooling, the precipitated crystals were filtered off, washed with cold 
water, and dried to yield 3.6 g of 2-14C-V (51.4% based on I4C-urea), mp 
308-309’ [lit. (8) mp 302-303’, (11,12) mp 3W303’, (13) mp 3W0, (14, 
15) mp 308-309O]. 
2-14C-2,4-Bis-0-(trimethylsilyl)-5-ethylpyrimidine (VI)-Com- 

pound V (3.6 g, 25.5 mmoles), hexamethyldisilazane (21 ml), and di- 
methylformamide (1.8 rnl) were heated on an oil bath for 12 hr at  160- 
170’ with constant stirring under anhydrous conditions. After cooling, 
the solvent was removed under reduced pressure. The residue, an oily 
yellow liquid, was used without further purification in the next step. 

2 - I4C- 1 - (3‘,5’-Di-0-p-chlorobenzoyl-2’-deory- a,p- D-ribofuranosy1)- 
5-ethyluracil ( VIIa and VI1b)’The reaction of VI with 3,5-di-O-p- 
chlorobenzoyl-2’-deoxy-a,~-~-ribofuranosyl chloride (16) to produce 
1 -(3’,~’-di-O-p-chlorobenzoyl-2’-deoxy-a,~-~-ribofuranosyl)-5-su~sti- 
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~-D-ribofuranosyl)-5-ethyluracil [2-14C-/3-5-ethyl-2’-deoxyuridine] was 
synthesized for metabolic studies. After intravenous administration in 
rats, the radioactivity disappeared in the blood within 72 hr, being 
eliminated primarily in the urine (97%). The major elimination took place 
in the first 24 hr (92%). Little radioactivity was detected in the organs 
and tissues after 3 days. Approximately %%of the urine radioactivity 
probably was due to an unidentified conjugate, 30% waa due to Metabolite 
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l-(2’-Deoxy-~-D-ribofuranosyl)-5-ethyluracil (p-5- 
ethyl-2’-deoxyuridinel, VIII) has shown promising thera- 
peutic activity against herpes simplex and vaccina viruses 
(1,2) and against herpes keratitis in rabbitg(3). Due to its 
compatibility with the ophthalmic mucous membrane, 
VIII is particularly suitable for the treatment of herpetic 
eye disease (4-7). Its excretion, distribution, and bio- 
transformation were studied in rats using 14C-VIII. 

EXPERIMENTAL* 

Synthesis-For metabolic studies, 14C-P-5-ethyl-2’-deoxyuridine 
(VIII), specific activity 0.168 mCi/mmole, was synthesized (Scheme I). 
The starting material was 14C-urea3, specific activity 5.13 mCi/mmole. 

’ Edurid, Robugen GmbH, 7300 Esslingen/Neckar, West Germany. 
Melting points were taken on a Tottoli (Biichi. Switzerland) apparatus and are 

uncorrected. Mass spectra were measured at  an ionizing potential of 70 ev with a 
CH-7 Varian MAT spectrometer using a direct evaporator inlet system. ‘H-NMR 
spectra were recorded on a Varian T-60 spectrometer using dimethyl sulfoxide-de 
as the solvent and trimethylsilane as the internal standard. 

New England Nuclear Corp., Boston, Mass. 

2- 14C-5-Ethylbarbituric Acid (Ill)-Diethyl ethylmalonate (11) (9.4 
g, 0.05 mole) was added dropwise to 10 ml of a 30% methanolic sodium 
methoxide solution. The reaction mixture was refluxed for 30 min with 
constant stirring. Then the 14C-urea solution (3 g, 0.05 mole) in 10 ml of 
methanol was added quickly. The reaction mixture was refluxed with 
stirring for 6 hr under anhydrous conditions. 

After cooling, the solvent was evaporated to dryness, and the residue 
was dissolved in 30 ml of hot water. The solution was acidified to pH 1-2 
with 10 ml of concentrated hydrochloric acid. Crystals that precipitated 
overnight under refrigeration were filtered off, washed with ice water, 
and dried to yield 6.1 g of 2-14C-III (78.3% based on 14C-urea), mp 
195-197’ [lit. (8) mp 194-195’, (9) mp 193-194’1. 

2- 14C-5-Ethyl-6-chlorouracil (IV)-Phosphoryl chloride (14 ml) was 
added dropwise into a mixture of I11 (6.1 g, 0.035 mole) and water (0.5 
ml). The reaction mixture temperature was slowly raised to 100’ with 
constant stirring. After heating on an oil bath for 90 min at  90-100°, the 
reaction mixture was cooled. The remaining phosphoryl chloride was 
decomposed carefully with 25 ml of water. 

The cooled mixture was stirred for 1 hr and allowed to stand in the 
refrigerator overnight. The white crystalline precipitate was filtered off, 
washed with ice water, and dried to yield 6.1 g of 2-14C-IV (70% based on 
14C-urea), rnp 215-217’ [lit. (10) rnp 215-217’). 

2- 14C-5-Ethyluracil (V)-The solution of IV (6.1 g, 0.035 mole) in 2 
N NaOH (58 ml) and 1% palladium-on-charcoal was hydrogenated at  60”. 
The hydrogen uptake virtually ceased after 3 hr. The catalyst was filtered 
off, and the filtrate was acidified with concentrated hydrochloric acid. 
After cooling, the precipitated crystals were filtered off, washed with cold 
water, and dried to yield 3.6 g of 2-14C-V (51.4% based on I4C-urea), mp 
308-309’ [lit. (8) mp 302-303’, (11,12) mp 3W303’, (13) mp 3W0, (14, 
15) mp 308-309O]. 
2-14C-2,4-Bis-0-(trimethylsilyl)-5-ethylpyrimidine (VI)-Com- 

pound V (3.6 g, 25.5 mmoles), hexamethyldisilazane (21 ml), and di- 
methylformamide (1.8 rnl) were heated on an oil bath for 12 hr at  160- 
170’ with constant stirring under anhydrous conditions. After cooling, 
the solvent was removed under reduced pressure. The residue, an oily 
yellow liquid, was used without further purification in the next step. 

2 - I4C- 1 - (3‘,5’-Di-0-p-chlorobenzoyl-2’-deory- a,p- D-ribofuranosy1)- 
5-ethyluracil ( VIIa and VI1b)’The reaction of VI with 3,5-di-O-p- 
chlorobenzoyl-2’-deoxy-a,~-~-ribofuranosyl chloride (16) to produce 
1 -(3’,~’-di-O-p-chlorobenzoyl-2’-deoxy-a,~-~-ribofuranosyl)-5-su~sti- 
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tuted pyrimidines is reported in the literature (17-21). With this method, 
I4C-labeled VIIa and VIIb were synthesized in 43.4% yield based on 
14C-urea, mp 169-174'. The mixture of the blocked anomers was crys- 
tallized fractionally from toluene, yielding the pure a- and @-anomers: 
VIIa (0-anomer), mp 196-197' [lit. (22) mp 195-196'1; and VIIb (a-  
anomer), mp 186-188' [lit. (22) mp 186.5-187.5'). 

2- l4C-I- (2'-Deoxy-P-~-ribofuranosyl)-5-ethyluracil (VIII)-To a 
suspension oF the protected nucleoside VIIa (3.6 g, 6.75 mmoles) in an- 
hydrous methanol (35 ml), 30% methanolic sodium methoxide (0.65 ml) 
was added. The solution was stirred a t  room temperature for 4 hr, and 
methanol was evaporated under reduced pressure. Water (15 ml) was 
added to the oily residue. The formed ester was removed by extracting 

Tab le  I-Elimination of Radioactivity in Urine and Feces of 
Rats a f t e r  20 mg of 2-'4C-&5-Ethyl-2'-deoxyuridine/kg iv 

Radioactivity, 
90 of 

Sample Hours applied dose 

Urine 24 92 
48 5.1 
72 0.1 
96 - 

Feces 24 0.5 
48 
72 
96 

013 
0.1 

several times with methylene chloride. To the resulting solution an ion- 
exchange resin4 (H+), previously washed with methanol, was added. 
Stirring was continued for 5 min. 

The solution was filtered from the resin, the filtrate was evaporated 
in O ~ C U O  to dryness, and acetone (25 ml) was added to the residue. After 
overnight refrigeration, the crystalline product was collected by filtration 
to yield 1.59 g of VIII (92% based on the blocked nucleoside VIIa), mp 
152-153' [lit. (22) mp 152-153'1, specific activity 0.168 mCi/mmole. 
Radiochemical purity was checked by radioscanning of the T I X  
plates. 

Radioactivity Measurements-The radioactive zones on TLC plates 
were located with a thin-layer scanner5. The radioassay in the solution 
was carried out in a two-canal liquid scintillation counter6, using a scin- 
tillation solution of 1000 ml of dioxane, 180 g of naphthalene, 8 g of 
2,5-diphenyloxazole, and 0.1 g of 1,4-bis[2-(4-methyl-5-phenyloxazo- 
lyl)] benzene. The external standardization technique was employed. 

Application-A 1% solution of I4C-VIII was made in normal saline. 
One-half milliliter was injected into the tail vein of 250-g male Wistar 
rats. The animals were kept in metabolic cages, which enabled collection 
of feces and urine separately. They were given free access to food7 and 
water and were kept at 22' temperature and 55% humidity. 

Sample Preparation-Feces, Organs, and Tissues-For qualitative 
and quantitative determination of the radioactivity, the fecal samples 
were dried at 60°, powdered, homogenized, and extracted with methanol 
in a soxhlet apparatus for 48 hr. The organs and tissues were cut into fine 
pieces and extracted with methanol for 72 hr. An aliquot (0.1 ml) of these 
samples was taken for required measurements. 

Urine-An aliquot (0.1-0.2 ml) was mixed directly into the scintillation 
solution, and radioactivity was measured. 

Chromatography-Analytical TLC was performed on 20 x 5-rm 
silica gel plates8. Solvent systems were (volume per volume): ( a )  chlo- 
roform-ether (82) for the blocked nucleoside, (b) chloroform-isopropanol 
(75)  for the deblocked nucleoside, and (c) chloroform-isopropanol(5:5) 
for the metabolites. 

Column chromatography was carried out on 0.0.54.2-mm silica gel with 
increasing proportions of isopropanol in chloroform. 

Metabolite Isolation-The urine radioactivity could not be extracted 
with ether. The urine was evaporated to dryness, and the residue was 
extracted three times with isopropanol, yielding about 50% of the ra- 
dioactivity (Extract A). The rest of the radioactivity could not be removed 
with organic solvents and possibly was due to conjugates (Extract B). The 
hydrolysis of the conjugate with fl-glucuronidase and aryl~ulfatase~ and 
subsequent isolation and identification of the fractions presented some 
difficulties and is in progress. 

Extract A TLC showed radioactive peaks I and I1 in a 4:6 ratio, I being 
more polar than 11. Extract A was concentrated to dryness and taken up 
in chloroform. I t  was loaded on a glass column (80 X 3 cm) filled with silica 
gel and eluted with increasing proportions of isopropanol in chloroform 
using a automatic fraction collector. Three hundred 20-ml fractions were 
collected. A radioassay was carried out with each fraction. The loaded 
radioactivity was recovered fully. Eluates 107-172 (7.5% isopropanol in 
chloroform) were pooled and concentrated to dryness, and the residue 
was recrystallized twice from methanol, mp 302-303'. I t  was designated 
Metabolite 11. 

Eluates 228-307 (20% isopropanol in chloroform) were concentrated, 
the solvent was removed, and the residue was recrystallized from toluene, 

~ ~~ 

* Dowex 50 WX4, Dow Chemical Co., Midland, Mich. 
Prof. Dr. Rudolf Berthold Co.. Wildbad, West Germany. 
Tri-Carb model 3950, Packard Instrument Co., La Grange. 111. 
Altromin, Altromin, Lage/Lippe, West Germany. 
Silica gel HF2~4~0.25 mm, E. Merck A(;, Darmstadt. West Germany. 
Glusulase, Roehringer, Mannheim, West Germany. 
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Figure 1-Mass spectrum of Metabolite 11. 

mp 152-153O. I t  was designated Metabolite I. By mixed melting-point 
determination and by comparison of the Rf values and mass spectra with 
an authentic VIII sample, Metabolite I could be identified as unchanged 
P-5-ethyl-2'-deoxyuridine (VIII). 

HO HQr m/e 125 

RESULTS AND DISCUSSION 

Excretion-Table I shows the elimination of urine and feces radio- 
activity up to 96 hr. Almost all of the radioactivity (98%) was extracted 
within 3 days. Moreover, the major part of the activity (92%) was excreted 
in the first 24 hr. Therefore, the kidneys are the main elimination organs 
in the excretion of P-5-ethyl-2'-deoxyuridine and its metabolites. Only 
a small amount of radioactivity could be found in the feces. 

Distribution-In most organs and tissues as well as in the blood, 
<0.1% of the radioactivity could be found after 72 hr. After intravenous 
administration, VIII spontaneously disappeared from the blood and was 
completely eliminated. 

Identification of Metabolite 11-Metabolite I1 showed Rf values 
identical with those of 5-ethyluracil. In the mass spectrum (Fig. l),  the 
metastable peaks established the following fragmentation: 

m* 111.6 m' 53.9 
m/e 140 + m/e 125 m/e 82 

This pattern is characteristic of 5-ethyluraci1, in which a methyl group 
is cleaved first. The hydrogen isocyanate (HCNO) loss in the final se- 

m* 53.9 

0 

A 
m/e 7 3  

H 
m/e 82  

Scheme I1 

quence is characteristic of uracil and barbituric acid derivatives in a retro- 
Diels-Alder fragmentation (23-25). For comparison, the mass spectrum 
of VIII was recorded (Fig. 2). The fragmentation of VIII can be formu- 
lated according to Scheme 11. 

The 'H-NMR spectrum of I1 in dimethyl sulfoxide-de showed the 
presence of eight protons. Three protons appeared as a triplet a t  6 1.02 
ppm, and two protons appeared as a quadruplet at  6 2.2 ppm. The broad 
doublet (one proton) appeared at 6 7.17 ppm (J~.H/NI.H = 6 Hz). The 
broad lower field signals at 6 10.26 and 10.66 ppm were in close agreement 
with the N1- and N3-protons of thymine (N'-H 10.55 ppm, N3-H 10.95 
ppm, dimethyl sulfoxide-dc), respectively. 

These data establish Metabolite I1 as 5-ethyluracil. The metabolite 
structure was further confirmed by an independent synthesis; the syn- 
thetic 5-ethyluracil mass spectrum and 'H-NMR data were identical with 
those of 11. 
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Abstract fl The methiodide and ethiodide salts of 5-(dimethylami- 
nomethyl)- and 5-(diethylaminomethyl)-n,n-diphenylfurfuryl alcohol 
were prepared. These compounds may be considered as furan analogs 
of dialkylaminoethyl henzilate alkiodides. The PA* values of these 
compounds as antagonists of acetylcholine were determined on rat je- 
junum preparation. All four compounds were significantly less potent 
than the analogous ester antimuscarinic lachesine. The furan ring cannot 
be substituted for the ester moiety of typical antimuscarinics. Possible 
modes of binding by antagonists to the receptor proposed previously are 
considered that might account for this less-than-expected antimuscarinic 
activity. 
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and antimuscarinic activity Benzilate esters, furan analogs-synthesis 
and antimuscarinic activity Structure-activity relationships-effect 
of furan analogs of benzilate esters on receptor binding activity, synthesis 
of antimuscarinic agents 

A fundamental problem in medicinal chemistry is the 
determination of the topography of drug receptors, i.e., the 
nature and relative position of groups (subsites) on the  
receptor that interact with groups on the drug molecule. 
Knowledge of receptor topography usually comes from the 
study of the relative activities of structurally different 
drugs that are used as probes of the receptor surface. In 
general, present knowledge of topography for the auto- 
nomic drug receptors is unsatisfactory. 

RACKGROUND 

An example is the muscarinic cholinergic receptor. For typical potent 
agonists such as acetylcholine, Bovet’s acetal (I), and methylfurtretho- 
nium (II), it usually is assumed that each compound combines with the 
same receptor site by interaction of the positive nitrogen with an anionic 
subsite and with the ester group, acetal group, or a portion of the furan 
ring interacting with an ester binding subsite. 

Several investigators noted that extension of the carbon chain in potent 
muscarinic agonists caused a progressive decline in agonist potency and 
the appearance of competitive antagonist properties (lL3). It is uncertain 
just how the competitive antagonists combine with the muscarinic re- 
ceptor relative to the acetylcholine receptor site. In the classical view, 
the competitive antagonists can bind to the anionic and ester binding 
subsites in the same manner as acetylcholine. The hydrocarbon rings then 
are believed to bind to a hydrophobic area located just beyond the ester 
binding subsite (Fig. 1). 

Several discrepancies in the known structure-activity relationships 
are difficult to explain according to this classical view. Many potent an- 
tagonists do not contain an ester or comparable group between the ni- 
trogen and the hydrophobic rings. The distance between the nitrogen 
and the rings is too short in many cases to bind as shown in Fig. 1. Even 
in ester-type antagonists, many changes in structure or stereochemistry 
cause changes in activity that do not parallel the effect of that change on 
agonist activity (4). 

As a possible means of explaining the discrepancies between muscarinic 
agonist and antagonist structure-activity relationships, an alternative 
mode of binding for the antagonists was proposed (5,6). In this view, the 
antagonist is believed to bind so that the cationic head overlaps the an- 
ionic subsite used by acetylcholine but the remainder of the molecule does 

ester binding onionic 
~ subsite subsite 

Y 
Ach receptor site 

Figure 1-Classical view of binding of lachesine to the muscarinic re- 
ceptor (Ach = acetylcholine). 
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A fundamental problem in medicinal chemistry is the 
determination of the topography of drug receptors, i.e., the 
nature and relative position of groups (subsites) on the  
receptor that interact with groups on the drug molecule. 
Knowledge of receptor topography usually comes from the 
study of the relative activities of structurally different 
drugs that are used as probes of the receptor surface. In 
general, present knowledge of topography for the auto- 
nomic drug receptors is unsatisfactory. 

RACKGROUND 

An example is the muscarinic cholinergic receptor. For typical potent 
agonists such as acetylcholine, Bovet’s acetal (I), and methylfurtretho- 
nium (II), it usually is assumed that each compound combines with the 
same receptor site by interaction of the positive nitrogen with an anionic 
subsite and with the ester group, acetal group, or a portion of the furan 
ring interacting with an ester binding subsite. 

Several investigators noted that extension of the carbon chain in potent 
muscarinic agonists caused a progressive decline in agonist potency and 
the appearance of competitive antagonist properties (lL3). It is uncertain 
just how the competitive antagonists combine with the muscarinic re- 
ceptor relative to the acetylcholine receptor site. In the classical view, 
the competitive antagonists can bind to the anionic and ester binding 
subsites in the same manner as acetylcholine. The hydrocarbon rings then 
are believed to bind to a hydrophobic area located just beyond the ester 
binding subsite (Fig. 1). 

Several discrepancies in the known structure-activity relationships 
are difficult to explain according to this classical view. Many potent an- 
tagonists do not contain an ester or comparable group between the ni- 
trogen and the hydrophobic rings. The distance between the nitrogen 
and the rings is too short in many cases to bind as shown in Fig. 1. Even 
in ester-type antagonists, many changes in structure or stereochemistry 
cause changes in activity that do not parallel the effect of that change on 
agonist activity (4). 

As a possible means of explaining the discrepancies between muscarinic 
agonist and antagonist structure-activity relationships, an alternative 
mode of binding for the antagonists was proposed (5,6). In this view, the 
antagonist is believed to bind so that the cationic head overlaps the an- 
ionic subsite used by acetylcholine but the remainder of the molecule does 
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Figure 1-Classical view of binding of lachesine to the muscarinic re- 
ceptor (Ach = acetylcholine). 
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Table I-Properties of New 5-(Dialkylaminomethyl)-cu,a-diphenyl-2-furfuryl Alcohol Alkiodides 

Melting Yield, Analysis, %c 
Compound Pointa %b Formula Calc. Found pA2 f S E d  

C 56.13 55.92 6.35 f 0.13 (29) 
H 5.38 5.41 
N 3.11 3.04 

H 5.65 5.69 
N 3.02 2.98 

H 5.91 5.97 
N 2.93 2.92 

H 6.15 6.29 
N 2.85 2.79 

IVa 205-206” 41 GiH24IN02 

IVb 193-194” 57 CzzHzciINOz C 57.02 57.20 6.24 f 0.14 (31) 

IVC 191-192’ 70 Cz3HzdNOz C 57.86 57.97 6.14 f 0.12 (32) 

IVd 184-186’ 34 CZ~H~OINOZ C 58.66 58.77 5.75 f 0.11 (26) 

Lachesine 7.70 f 0.17 (28) 
~~~ ~~ ~~ ~ ~~~~~ ~ ~~~ ~ ~ 

0 Meltin points were determined on a Thomas-Hoover capillary apparatus and are uncorrected. Reported yields are from single experiments with no attempt to 
recover adfitional compound from filtrates. Elemental analyses were performed by Micro-Tech Laboratories, Skokie, 111. The pAp + S E  value is the negative log of 
the concentration causing a twofold shift in the response to acetylcholine plus or minus the standard error of the mean. The figure in parentheses is the number of points 
used in determining the pA2 value. 

CH, CH3 

CH3<xCH2-Nt  0 1 -  CH, CH,+CH, -I!- CH, 
I I 
bH3 

I 
CH, 

II 

m 

OH k,. 

IVo: R = R’ = R” = CH, 
IVb: R = R’ = CH,, R” = C,H, 
IVc: R = CH,, R’ = R” = C,H, 
IVd: R = R’ = R“ = C,H, 

not cover the ester binding subsite. The lipophilic and hydrogen bonding 
moieties in the antagonist may bind to other subsites as shown in Fig. 2. 

Moran and Triggle proposed a third possible view of the antagonist 
binding to the receptor (7). They proposed a distinct site on the receptor 
for the antagonists that  is near but does not overlap the acetylcholine 
binding site. Occupation of the antagonist site results in a perturbation 
of the acetylcholine binding site so that the affinity is lowered and the 
antagonism is still competitive. 

The most potent muscarinic antagonists derived from acetylcholine 
generally are obtained by replacement of the acetyl group by benzilyl or 
similar groups containing two hydrophobic rings and a hydroxyl group 
attached to the a-carbon atom such as is found in lachesine (111) (8). If 
methylfurtrethonium and lachesine both bind to the anionic and ester 
binding subsites utilized by acetylcholine, in accord with the classical 
view, then substitution of two phenyl groups and a hydroxyl group on the 
terminal carbon atom of methylfurtrethonium (11) to give Type IV 
compounds should produce potent antagonists. In the present study, a 
series of such compounds with different substituents on the cationic ni- 
trogen was prepared and examined for antimuscarinic activity. 

RESULTS AND DISCUSSION 

Chemistry-The desired compounds were prepared by a method used 
(9) to prepare the bromide salt of IVc as illustrated in Scheme I, except 
that the methyl ester rather than the ethyl ester was the starting material. 
Chloromethylation of methyl 2-furoate (V) with paraformaldehyde, zinc 

chloride, and anhydrous hydrogen chloride yielded VI. Treatment of VI 
with dimethylamine or diethylamine gave VIIa or VIIb, respectively. An 
attempt to prepare VIIa directly from V by a Mannich-type reaction, 
utilizing conditions employing 2-methylfuran (lo), was unsuccessful. The 
ring-inactivating effect of the ester substituent apparently is too strong 
in this case. 

Reaction of VIIa or VIIb with commercially prepared phenylmagne- 
sium bromide gave the 5-(dialkylaminomethyl)-a,a-diphenyl-2-furfuryl 
alcohols (VIIIa and VIIIb). Alkylation of VIIIa and VIIIb with methyl 
iodide and ethyl iodide produced the desired alkiodide compounds. 
Properties of the new compounds are presented in Table I. 

Pharmacology-To evaluate the affinity of the compounds for the 
muscarinic receptor, pA2 values were measured by standard techniques. 
The method used was described previously in detail (11). Briefly, seg- 
ments of rat jejunum were placed in an isolated organ bath containing 
Tyrode’s solution at  25’ and aerated with 95% oxygend% carbon dioxide. 
Cumulative dose-response curves to hcetylcholine were obtained on each 
segment. These curves then were repeated in the presence of three or four 
different concentrations of the compound being evaluated. Segments of 
rat jejunum from six to eight animals were used with each compound. 
Linear regression analysis of the data according to the method of Arun- 
lakshana and Schild (12) yielded the pAz values. 

Because methylfurtrethonium is a more potent agonist than acetyl- 
choline, it seems that the furan ring must bind well to a subsite on the 
receptor. If methylfurtrethonium binds to the same set of subsites as does 
acetylcholine, i t  would be reasonable to expect that  the addition of two 
phenyl rings and a hydroxyl group to the terminal methyl group would 
produce a potent antagonist comparable to lachesine (111). An exami- 
nation of Table I shows that the affinities of IVa-IVd are much less than 
those of lachesine; they are -23-90-fold less potent as antagonists on rat 

0 0 

V VI 

VIIa: R = R‘ = CH, 
VIIb: R = R’ = C,H, 

OH 
VIIIo: R = R’ = CH, 
VIIIb: R = R’ = C,H, 

Scheme I 
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Figure 2-Possible binding of lachesine to the muscarinic receptor 
according to Ariens' theory. 

jejunum. The furan ring clearly cannot be substituted for the ester group 
in the antagonists in the same manner as with the agonists. The classical 
view of antagonist binding to receptors does not explain the reason for 
this difference. 

If antagonists bind in the manner proposed by Ariens (5,6) (Fig. 2), 
the relatively poor activity of the furan analogs could be explained. In 
such a case, the furan ring in the antagonists would not occupy a position 
on the receptor comparable to the furan ring in methylfurtrethonium. 
Earlier work by Stubbins and coworkers (11, 13, 14) was directed a t  
finding evidence for the correctness of Ariens' view. Since the ester 
binding subsite was not involved in binding antagonists according to this 
theory, it was proposed that addition of a properly placed agonist moiety 
on typical antagonists might increase the affinity and selectivity for the 
muscarinic receptor compared to antagonists lacking such a feature. A 
series of ester-type antagonists with moieties added to resemble acetyl- 
choline, carbachol, or methylfurtrethonium was synthesized and com- 
pared in activity to lachesine. The binding of such compounds might be 
typified as shown in Fig. 3. In fact, the addition of the agonist moiety 
lowered the affinity in all compounds (13). 

Ariens' proposal might not apply to ester-type antagonists (which re- 
semble acetylcholine more closely) but only to nonester antagonists. 
Therefore, a second series of 11 compounds having agonist moieties at- 
tached to typical nonester antagonist molecules was prepared and tested. 
A member of this series might bind as illustrated in Fig. 4. No consistent 
increase in affinity was found (14). Therefore, evidence in support of 
Ariens' theory was not found, but this theory cannot be excluded. 

Another possible way in which the difference coul&be explained is on 
the basis of the suggestion by Moran and Triggle (7) that  methylfur- 
trethonium might bind to the receptor differently from acetylcholine. 
They suggested that the cationic head of all agonists binds to the anionic 
subsite but that  the remainder of the molecule changes its position on 
the receptor depending on its relative lipophilic or hydrophilic character. 
According to this theory, methylfurtrethonium might bind as shown in 
Fig. 5. In this case, addition of two phenyl rings and a hydroxyl group to 
the two agonists would not be expected to affect affinity in the same way. 
Alternatively, the suggestion of Moran and Triggle that antagonists bind 
to entirely different sites than acetylcholine might account for the re- 
sult. 

In summary, the furan ring cannot replace the ester group in an- 
timuscarinics without a significant loss in affinity for the receptor. The 
classical view of antagonist binding to the receptor is inadequate to ex- 

0 , CH3 c ? /'6? 
CH3-C-O-CH2 -CH2-Y- CH2-CH2-0- C l F ,  

W 
hydrophobic 

ore0 6 
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ester binding onionic 

Y 
, subsite subsite 

Ach receptor site 
Figure 3-Possible binding of ester antagonist with an additional 
agonist moiety to the muscarinic receptor. 
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F igu re  4-Possible binding of nonester antagonist with a n  additional 
agonist moiety to the muscarinic receptor. 

plain this observation, but several alternative hypotheses might account 
for the results. More work is needed to determine the topography of the 
muscarinic receptor sites for agonists and antagonists. 

EXPERIMENTAL 

Methyl 5-Chloromethyl-2-furoate (V1)-Methyl 2-furoate (17.6 
g, 140 mmoles) was dissolved in 50 ml of methylene chloride. Paraform- 
aldehyde (6.0 g, 200 mmoles of formaldehyde) and zinc chloride (5.0 g, 
37 mmoles) were added, and the mixture was warmed to 35'. Anhydrous 
hydrogen chloride gas was passed through the mixture until the exo- 
thermic reaction subsided. The mixture was poured into 300 mi of water. 
The organic layer was separated, washed twice more with water, and dried 
over potassium carbonate. The solvent was removed in uacuo, and the 
residual oil was distilled to give 16.2 g (66% yield) of VI, bp 86-88"/0.2 
mm [lit. (15) bp 116-117'/2 mm]. 

Methyl 5-Dimethylaminomethyl-2-furoate (VI1a)-Dimethyl- 
amine gas was bubbled slowly through a solution containing 15.0 g (86 
mmoles) of VI in 130 ml of dry benzene for 2 hr. The mixture was allowed 
to stand overnight and was filtered. The solvent was evaporated from the 
filtrate, and the residue was distilled. Compound VIIa, 11.5 g (73% yield), 
was obtained, bp 72-78'10.2 mm. 

Methyl 5-Diethylaminomethyl-2-furoate (VII b)-A solution of 
16.2 g (93 mmoles) of VI in 35 ml of benzene was added dropwise to a 
stirred solution, heated to reflux, of diethylamine (17.4 g, 238 mmoles) 
in 30 ml of benzene. Heating was continued for 5 hr after addition was 
completed, and the mixture was allowed to standat room temperature 
overnight. The solid by-product was removed by filtration, and the filtrate 
was evaporated. The residual oil was distilled to obtain 15.8 g (81% yield) 
of VIIb, bp 94-98OIO.2 mm. 

5 - Dimethylaminomethyl - a,a - diphenylfurfuryl Alcohol 
(VIIIa)-Methyl5-dimethylaminomethyl-2-furoate (11.1 g, 61 mmoles) 
dissolved in 30 ml of ether was added dropwise to a 2.07 M ethereal so- 
lution of phenylmagnesium bromide (120 ml, 241 mmoles) with stirring. 
After the addition was completed, the mixture was allowed to stand at 
room temperature for 1 hr and was heated to reflux for 2 hr. The mixture 
then was poured slowly into 350 ml of water containing 214 g of eth- 
ylenediaminetetraacetic acid and 117 g of sodium hydroxide. The ether 
layer was separated, and the aqueous layer was extracted three times with 
ether. The ethereal solutions were combined and dried over magnesium 

ester binding onionic lipophiiic 
~ subsite subsite, Oreo  

v 
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Figure 5-Possible binding of rnethylfurtrethonium to the muscarinic 
receptor according to the proposal of Moran and Triggle (7). 
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sulfate. Solvent removal left an oily residue, which crystallized upon 
trituration with petroleum ether. Recrystallization of the solid from 
benzene-petroleum ether yielded 7.6 g (41% yield) of VIIIa, mp 122- 
1 24’. __. . 

5 - Diethylaminomethyl - a,a - diphenylfurfuryl Alcohol 
(VIII b)-Methyl5-diethylaminomethyl-2-furoate (15.8 g, 75 mmoles) 
was reacted with phenylmagnesium bromide (300 mmoles) as in the 
preparation of VIIIa. Compound VIIIb, 10.0 g (40% yield), was obtained, 
mp 110-111.5° [lit. (9) mp 112-113’). 
5-Dialkylaminomethyl-a,a-diphenylfurfuryl Alcohol Alkiodides 

(IVa-1Vd)-Two grams of the tertiary amine (VIIIa or VIIIb) was 
dissolved in a minimum quantity of benzene. Methyl iodide or ethyl io- 
dide (2 ml) was added, and the mixture was allowed to stand overnight. 
The product was removed by filtration and recrystallized from isopro- 
panol. The physical properties of the compounds are given in Table I; 
NMR (dimethyl sulfoxide-ds): 7.32-7.34 (s, 10H, phenyl), 6.83-6.88 (d, 
lH, furan), 6.67-6.70 (s, IH, OH), 6.174.27 (d, lH,furan), and 4.59-4.68 
(s, 2H, furfuryl methylene). In addition, the different compounds ex- 
hibited appropriate NMR peaks for the N-alkyl groups: 3.18-3.28 (m, 
NCH*C), 2.91-3.04 (s, NCHs), and 1.16-1.22 (t, CCH3). 
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Abstract  Sesquiterpene lactones containing an a-methylene-y-lac- 
tone moiety were shown to be potent inhibitors of carrageenan-induced 
edema and chronic adjuvant-induced arthritis in rodents a t  2.5 mg/ 
kg/day. The mode of action of sesquiterpene lactones as anti-inflam- 
matory agents appeared to be a t  multiple sites; for example, a t  5 x 10-4 
M, the sesquiterpene lactones effectively uncoupled the oxidative 
phosphorylation of human polymorphonuclear neutrophils and elevated 
the cyclic adenosine monophosphate levels of rat neutrophils and rat and 
mouse liver cells. Free and total Iysosomal enzymatic activity was in- 
hihited by these agents at 5 x 10-4 M in both rat and liver and rat 
and human neutrophils. Furthermore, the structure-activity relation- 
ships for the stabilization of lysosomal membrane for rat liver cathepsin 
activity followed the same structural requirement necessary for anti- 
inflammatory activity; i , e , ,  the a-methylene.y-lactone moiety contrib- 
uted the most activity, whereas the O-unsubstituted cyclopentenone and 
a-epoxycyclopentanone contributed only minor activity. Human poly- 
morphonuclear neutrophil chemotaxis was inhibited a t  low concentra- 

tions (i.e., 5 X M), whereas prostaglandin synthetase 
activity was inhibited a t  a higher concentration (i.e., 10-3 M) by the 
sesquiterpene lactones. 

Keyphrases 0 Anti-inflammatory agents-sesquiterpene lactones, mode 
of action determined in uitro and in uiuo Sesquiterpene lactones- 
anti-inflammatory agents, antiarthritic agents, mode of action deter- 
mined in rat and human neutrophils and rat and liver cells 0 
Oxidative phosphorylation-uncoupling effect of sesquiterpene lactones, 
mode of action determined in inflammation process Lysosomal 
membrane-effect of sesquiterpene lactones on membrane stability, 
hydrolytic enzyme release, mode of action in inflammation process 
Cyclic adenosine monophosphate-effect of sesquiterpene lactones on 
in uitro levels, role in inflammation process Structure-activity rela- 
tionships-effect of sesquiterpene lactones on inflammation process, 

and 5 X 

modes Of determined in uitro and in uiuO 

The anti-inflammatory activity of sesquiterpene lac- 
tones in rodents was reported previously (1). An a-meth- 
ylene-y-lactone moiety within the structure of the pseu- 
doguaianolide and germacranolide derivatives was re- 
quired for activity against edema-induced carrageenan 
inflammation. Saturation of the 11,13-double bond of the 
methylene group of the lactone resulted in a loss of activity 
(1). 

In the chronic adjuvant-induced arthritic screen, com- 
pounds containing the a-methylene-y-lactone, the p-un- 
substituted cyclopentenone, and a-epoxycyclopentanone 
afforded significant inhibitory activity at 2.5 mg/kg/day 
(I). In addition, these derivatives also suppressed the 
writhing reflex, induced pleurisy, delayed hypersensitivity, 
and passive cutaneous anaphylaxis and were mild immu- 
nostimulants of immunoglobulins (1). The effects of the 
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sulfate. Solvent removal left an oily residue, which crystallized upon 
trituration with petroleum ether. Recrystallization of the solid from 
benzene-petroleum ether yielded 7.6 g (41% yield) of VIIIa, mp 122- 
1 24’. __. . 

5 - Diethylaminomethyl - a,a - diphenylfurfuryl Alcohol 
(VIII b)-Methyl5-diethylaminomethyl-2-furoate (15.8 g, 75 mmoles) 
was reacted with phenylmagnesium bromide (300 mmoles) as in the 
preparation of VIIIa. Compound VIIIb, 10.0 g (40% yield), was obtained, 
mp 110-111.5° [lit. (9) mp 112-113’). 
5-Dialkylaminomethyl-a,a-diphenylfurfuryl Alcohol Alkiodides 

(IVa-1Vd)-Two grams of the tertiary amine (VIIIa or VIIIb) was 
dissolved in a minimum quantity of benzene. Methyl iodide or ethyl io- 
dide (2 ml) was added, and the mixture was allowed to stand overnight. 
The product was removed by filtration and recrystallized from isopro- 
panol. The physical properties of the compounds are given in Table I; 
NMR (dimethyl sulfoxide-ds): 7.32-7.34 (s, 10H, phenyl), 6.83-6.88 (d, 
lH, furan), 6.67-6.70 (s, IH, OH), 6.174.27 (d, lH,furan), and 4.59-4.68 
(s, 2H, furfuryl methylene). In addition, the different compounds ex- 
hibited appropriate NMR peaks for the N-alkyl groups: 3.18-3.28 (m, 
NCH*C), 2.91-3.04 (s, NCHs), and 1.16-1.22 (t, CCH3). 
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Abstract  Sesquiterpene lactones containing an a-methylene-y-lac- 
tone moiety were shown to be potent inhibitors of carrageenan-induced 
edema and chronic adjuvant-induced arthritis in rodents a t  2.5 mg/ 
kg/day. The mode of action of sesquiterpene lactones as anti-inflam- 
matory agents appeared to be a t  multiple sites; for example, a t  5 x 10-4 
M, the sesquiterpene lactones effectively uncoupled the oxidative 
phosphorylation of human polymorphonuclear neutrophils and elevated 
the cyclic adenosine monophosphate levels of rat neutrophils and rat and 
mouse liver cells. Free and total Iysosomal enzymatic activity was in- 
hihited by these agents at 5 x 10-4 M in both rat and liver and rat 
and human neutrophils. Furthermore, the structure-activity relation- 
ships for the stabilization of lysosomal membrane for rat liver cathepsin 
activity followed the same structural requirement necessary for anti- 
inflammatory activity; i , e , ,  the a-methylene.y-lactone moiety contrib- 
uted the most activity, whereas the O-unsubstituted cyclopentenone and 
a-epoxycyclopentanone contributed only minor activity. Human poly- 
morphonuclear neutrophil chemotaxis was inhibited a t  low concentra- 

tions (i.e., 5 X M), whereas prostaglandin synthetase 
activity was inhibited a t  a higher concentration (i.e., 10-3 M) by the 
sesquiterpene lactones. 

Keyphrases 0 Anti-inflammatory agents-sesquiterpene lactones, mode 
of action determined in uitro and in uiuo Sesquiterpene lactones- 
anti-inflammatory agents, antiarthritic agents, mode of action deter- 
mined in rat and human neutrophils and rat and liver cells 0 
Oxidative phosphorylation-uncoupling effect of sesquiterpene lactones, 
mode of action determined in inflammation process Lysosomal 
membrane-effect of sesquiterpene lactones on membrane stability, 
hydrolytic enzyme release, mode of action in inflammation process 
Cyclic adenosine monophosphate-effect of sesquiterpene lactones on 
in uitro levels, role in inflammation process Structure-activity rela- 
tionships-effect of sesquiterpene lactones on inflammation process, 

and 5 X 

modes Of determined in uitro and in uiuO 

The anti-inflammatory activity of sesquiterpene lac- 
tones in rodents was reported previously (1). An a-meth- 
ylene-y-lactone moiety within the structure of the pseu- 
doguaianolide and germacranolide derivatives was re- 
quired for activity against edema-induced carrageenan 
inflammation. Saturation of the 11,13-double bond of the 
methylene group of the lactone resulted in a loss of activity 
(1). 

In the chronic adjuvant-induced arthritic screen, com- 
pounds containing the a-methylene-y-lactone, the p-un- 
substituted cyclopentenone, and a-epoxycyclopentanone 
afforded significant inhibitory activity at 2.5 mg/kg/day 
(I). In addition, these derivatives also suppressed the 
writhing reflex, induced pleurisy, delayed hypersensitivity, 
and passive cutaneous anaphylaxis and were mild immu- 
nostimulants of immunoglobulins (1). The effects of the 
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Table I-Anti-Inflammatory Activity of Sesquiterpene Lactones 
and  Germacranolides in Sprague-Dawley Rats  

Compound 

Percent of Control 
Anti-Inflam- 

matory Antiarthritic 
Screen", Screenb, 

2.5 mg/kg twice 2.5 mglkglday 

I Helenalin 
I1 Tenulin 

111 Isotenulin 
IV Aromaticin 
V 2,3-Dihydrohelenalin 

V1 2,3-Dihydrotenulin 
VII 2,3-Dihydroisotenulin 

VIII 2,3-Epoxyhelenalin 
IX 2,3-Epoxytenulin 
X 2,3-Epoxyisotenulin 

XI 2,3,11,13-Tetrahydrohelena- 

25 f 15' 
84 f 18 
84 f 17 
65 f 6' 
53 f 19' 
93 f 8 
92 f 15 
54 f 3' 
57 f 19c 
69 f gC 
96 f 15 

23 f 4' 
47 f 8' 
47 f 10c 

- 
92 f 5 

54 f 6c 
33 f 5" 
37 f 3' 

- 

- 
lip 

XI1 a-Methylene-y-lactone 64 f 13' 17 f 3' 
XI11 2-Cyclopentenone 77 f 13d - 
XIV Eupaformosanin 69 f 8' - 
XV Eupahyssopin 43 f 6' 34 f 5c 

XVI Molephantinin 68 f 17d - 
XVII Molephantin 67 f 8' 40 f 6' 

XVIII Deoxyelephantopin 49 f 1 1 c  31 f 4c 
XIX Phantomolin 54 f 19' - 
XX Eu atolide 70 f 12d 70 f 7' 

XXIl 0.05% Polysorbate 80 100 f 12 100 f 9 
(0.655 g) (0.830 g) 

XXI Infomethacin (10 mg/kg) 27 f 6c 55 f 5 c  

0 Expressed as mean f SD, n = 8. * Expressed as mean f SD, n = 6. p 5 0.001. 
p 5 0.010. 

sesquiterpene lactones on metabolic events associated with 
the inflammation process are reported here. 

EXPERIMENTAL 

Test Compounds-Twenty sesquiterpene lactones and related com- 
pounds were chosen. Some of the compounds were natural products 
isolated from plant species by literature techniques (2): helenalin (I) from 
Balduina angus t i foh  (3); tenulin (11) (4) and aromaticin (IV) (4,5) from 
Heleniurn amarum; eupaformosanin (XIV) from Eupatorium formo- 
sanum (6); eupahyssopin (XV) from E. hyssopifolium (7); molephantinin 
(XVI) (8). molephantin (XVII) (9), and phantomolin (XIX) (10) from 
Elephantopus mollis; deoxyelephantopin (XVIII) from EL. carolinianus 
(11); and eupatolide (XX) from E. formosanum (12). 

2,3-Dihydrohelenalin (V), 2,3-epoxyhelenalin (VIII), and 2,3,11,13- 
tetrahydrohelenalin (XI) were modified chemically from helenalin (13). 
2,3-Dihydrotenulin (VI), 2,3-epoxytenulin (IX), isotenulin (III), 2,3- 
dihydroisotenulin (VII), and 2,3-epoxyisotenulin (X) were prepared by 
a literature method (14), as was a-methylene-y-lactone (XII) (15). The 
2-cyclopentenone' and indomethacin2 were purchased commercially. 

Anti-Inflammatory Screen-Sprague-Dawley male rats (-160 g) 
were administered test compounds a t  2.5 mglkg ip in 0.05% polysorbate 
80-water 3 hr and 30 min prior to injection of 0.2 ml of 1% carrageenan 
in 0.9% saline into the plantar surface of the right hindfoot. Isotonic saline 
was injected into the left hindfoot, which served as a baseline. After 3 hr, 
both feet were excised a t  the tibiotarsal (ankle) joint according to a 
modified method (16, 17), resulting in an average net increase of 0.655 
g for the control animals. 

Antiarthrit ic Screen-Male Sprague-Dawley rats (-160 g) were 
injected a t  the base of the tail with 0.2 ml of light mineral oil containing 
1 mg of dried Mjwbacteriurn butyricum and 0.4 mg of digitonin. The 
test drugs were administered on Days 3-20 at  2.5 nig/kg/day ip. Animals 
were sacrificed on Day 21, and the feet were excised and weighed (18). 
The control animals achieved an average net weight increase of 0.830 
P. 

Cell Preparation-Metabolic studies were conducted on CF1 male 
mouse (-30 g) and Sprague-Dawley male rat (-180 g) liver homogenates 
(10%) in 0.25 M sucrose and 0.001 M ethylenediaminetetraacetic acid 
a t  pH 7.2. Polymorphonuclear neutrophils were collected from the pe- 
ripheral blood of healthy human males (25-28 years) and separated by 

Ficol-Hypaque density gradient centrifugation by the technique of 
English and Anderson (19). The neutrophils were aspirated from the 
lower density gradient level; after water lysis of the red blood cells, the 
neutrophils constituted 99.9% of the cells. 

Polymorphonuclear neutrophils were collected from the peritoneal 
cavity of male Sprague-Dawley rats (-280 g) -4 hr after injection of 35 
ml of 0.5% oyster glycogen in isotonic saline. The neutrophils were cen- 
trifuged a t  800Xg for 20 min, washed, and resuspended in pH 7.4 mini- 
mum essential medium and 10% fetal calf serum (20). The neutrophil 
concentration was -80% of the cell content. 

Oxidative Phosphorylation Studies-Basal and adenosine di- 
phosphate-stimulated respiration of the 10% liver homogenates of rats 
and mice or lo6 human polymorphonuclear neutrophils was measured 
using succinate or a-ketoglutarate as the substrate (21). The reaction 
vessel contained sucrose (55 pnoles), potassium chloride (22 pmoles), 
dibasic potassium phosphate (22 pnoles), sodium succinate (90 pmoles) 
or a-ketoglutarate (60 pmoles), and the test compounds a t  5 X M 
in 0.05% polysorbate 80-water in a total volume of 1.8 ml. 

Oxygen consumption was measured using a Clark electrode connected 
to an oxygraph. After the basal metabolism (state 4) level was obtained, 
0.257 jmole of adenosine diphosphate was added to obtain the adenosine 
diphosphate-stimulated respiration rate (state 3) .  The respiration rate 
was calculated in microliters of oxygen consumed per hour per milligram 
of wet weight of rat or mouse liver homogenates or lo7 human polymor- 
phonuclear neutrophils. 

In  oioo oxidative phosphorylation studies were conducted on mice and 
rats treated with helanalin (I) a t  6 mg/kg or tenulin (II), eupahyssopin 
(XV), and deoxyelephantopin (XVIII) a t  12.5 mghg for 3 days. Animals 
were sacrificed on Day 4, and liver homogenates were prepared for the 
respiration studies. 

Lysosomal Hydrolytic Enzymatic Activities-Free and total acid 
phosphatase activities were studied using 0.1 M P-glycerol phosphate 
in pH 5.0,O.l M acetate buffer on CF1 mouse liver homogenates for 20 
min or rat polymorphonuclear neutrophils for 60 min (22). The test drugs 
were incubated in oitro at 5 X M in 1% carboxymethylcellulose. The 
total enzymatic activity was obtained by treating the liver homogenates 
or neutrophils with 0.02% alkylphenoxypolyethoxyethanol100 to release 
the bound hydrolytic enzymes from the lysosomal membrane. The re- 
action was terminated with 10% trichloroacetic acid, and the mixture was 
centrifuged. 

Inorganic phosphate was determined by the method of' Chen et al. (23). 
Free, total, and percent released acid phosphatase activities were cal- 
culated after correcting for the blank values. Free and total cathepsin 
activities were determined in an analogous manner on mouse and rat liver 
homogenates and on rat polymorphonuclear neutrophils with 2% azo- 
casein as the substrate in pH 5.0,O.l M acetate buffer (24). The supernate 
was assayed for acid-soluble peptide fragments a t  366 nm. Free, total, 
and percent released cathepsin activities were calculated after correcting 
for the blank values. 

The effects of the drugs on lysosomal membrane stabilization were 
studied on rat liver homogenates by incubating the test drugs (5 X 
M )  for 20 min a t  37' prior to measuring the enzymatic catalytic activity 
(25). Free and total aryl sulfatase activities were determined on mouse 
liver homogenates with 0.72 pmole of p-nitrocatechol sulfate as the 
substrate in pH 5.8,0.2 M acetate buffer. The reaction was conducted 
for 20 min a t  37' and terminated with 4 N NaOH. The formation of 4- 
nitrocatechol in the supernate was measured a t  510 nm spectrophoto- 
metrically (25). 

Cyclic Adenosine Monophosphate Levels-Isolated rat polymor- 
phonuclear neutrophils were incubated with the test drugs a t  5 X 
M for 1 hr at  37' in pH 7.4 minimum essential medium. The reaction was 
stopped with 6% trichloroacetic acid, and the cvclic adenosine mono- 
phosphate levels were determined by radioimmunoassayl using 1251- 
2-0-succinyl cyclic adenosine monophosphate tyrosine methyl ester and 
cyclic adenosine monophosphate antibody (26). Results were calculated 
in picomoles of cyclic adenosine monophosphate per lo7 polymorpho- 
nuclear neutrophils. 

Cyclic adenosine monophosphate levels also were determined after 
treating the mice or rats in oivo with helenalin ( I )  a t  6 mg/kg or t.enulin 
(II), eupahyssopin (XV), and deoxyelephantopin (XVIII) a t  12.5 mg/kg 
for 3 days. The animals were sacrificed on the 4th day, and a 10% liver 
homogenate was prepared for the radioimmunoassay. Results were cal- 
culated as picomoles per milligram o f  wet liver. 

Prostaglandin Synthetase Activity-The incubation medium of' 
Tomlinson et al. (27) was used t.n determine the (3H]prostaglandin for- 
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mation from [?H](N)-arachidonic acid (86.2 Ci/mmole) and 10 mg of 
purified commercial prostaglandin synthetase from bovine seminal 
vesicles4. After 1 hr a t  37O, the reaction was terminated with 1 N HCI, 
and the mixture was extracted with ether and evaporated. The residue 
was dissolved in ethyl acetate and spotted on silica gel TLC plates, which 
were eluted with chloroform-methanol-water-acetic acid (908:1:0.8) 
(28). The plates were dried and developed in iodine vapor; with the use 
of prostaglandin standards, the appropriate areas were scraped and 
counted for tritium content. Indomethacin was used as an internal 
standard a t  and M. Helenalin (I) and tenulin (11) were tested 
a t  and M. 

Polymorphonuclear Neutrophil  Chemotaxis-Isolated human 
polymorphonuclear neutrophils were utilized to measure the inhibition 
of chemotaxis and migration to Escherichia coli bacterial culture filtrate, 
as the chemotactant agent, by the method of Nelson et al. (29) on agarose 
tissue culture plates. The test drugs at lo-', 5 X and M were 
incubated for 30 min a t  37" with the neutrophils in pH 7.4 minimum 
essential medium prior to the assay. The plates were incubated in a car- 
bon dioxide incubator at  37" for 2.5 hr and fixed in methanol overnight. 
After staining with Wright's stain, the migration from the wells was 
measured in micrometers. The migration for the control neutrophils was 
991 f 52 pm. Indomethacin was used as an internal standard at 
M. 

RESULTS 

The sesquiterpene lactone analogs containing an a-methylene-y -lac- 
tone moiety (I, IV, and V) possessed potent anti-inflammatory activity 
in rodents at  a relatively low dose of 2.5 mg/kg (Table I); 11,111, VI, VII, 
and XI were inactive. Administration of helenalin (I) resulted in the best 
inhibitory activity of the sesquiterpene lactones both in the carra- 
geenan-induced screen (75%) and the chronic adjuvant-induced arthritic 
screen (77%). Compounds V, VIII, IX, XV, XVIII, and XIX caused 
43-57% inhibition of the carrageenan-induced edema. In the chronic 
arthritic screen, treatment with the simple a-methylene-y-lactone (XII) 
resulted in 83% inhibition. Compounds IX, X, XV, and XVIII resulted 
in 63-6% inhibition of induced arthritis; 11,111, VIII, and indomethacin 
caused 45-5396 inhibition of arthritis. 

Representative compounds were selected for the biochemical studies. 
Helenalin (I) and tenulin (11) were selected from the pseudoguaianolides, 
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and eupahyssopin (XV) and deoxyelephantopin (XVIIl) were selected 
from the germacranolides. The in uitro mouse and rat liver oxidative 
phosphorylation studies demonstrated that these compounds at  5 X 
M only marginally altered the basal respiration (state 4) and the aden- 
osine monophosphate-stimulated respiration (state 3), utilizing as the 
substrates either succinate, a flavin adenine dinucleotide-linked dehy- 
drogenase, or a-ketoglutarate, a nicotinic adenine dinucleotide-linked 
dehydrogenase (Table 11). 

I n  uiuo administration of the sesquiterpene lactones for 3 days sig- 
nificantly increased rat  and mouse basal respiration with succinate; sl- 
though not significant, the trend followed the same pattern with a-ke- 
toglutarate. Adenosine monophosphate-stimulated respiration was re- 
duced drastically in mouse liver with I using succinate (Table 111). Human 
polymorphonuclear neutrophil basal respiration (Table IV) was increased 
significantly with I, 11, XV, and XVIII at 5 X M using either succi- 
nate or a-ketoglutarate as the substrate, whereas the adenosine di- 
phosphate-stimulated respiration was reduced significantly with both 
succinate and a-ketoglutarate as the substrate. These studies indicate 
that the respiration of human neutrophils was uncoupled by these four 
sesquiterpene lactones. 
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Table 11--In Vitro Effects of Sesquiterpene Lactones on Rodent Liver Oxidative Phosphorylation 

Percent of Controlo 
Succinate a-Ketoglutarate 

Compound (5 X lo-* M )  State 4 State 3 State 4 State 3 

I 
II xv 

XVIII 
0.05% Polysorbate 80 

Mouse Liver 
94.3 f 7.1 
88.3 f 7.0 
95.7 f 6.8 
90.1 f 4.2 

100.0 f 8.8 

98.3 f 11.7 
98.5 f 11.3 
97.6 f 12.1 
98.7 f 9.9 

100.0 f 17.5 

93.2 f 17.3 
95.7 f 21.3 

101.3 f 11.7 
99.1 f 16.2 

100.0 f 6.3 

85.6 f 9.7 
98.6 f 17.4 
86.7 f 10.3 
89.2 f 12.1 

Rat Liver" 
I 96.4 f 6.2 97.2 f 7.9 94.6 f 12.1 88.9 f 9.2 

96.7 f 12.2 xv 101.3 f 5.8 85.6 f 7.6 96.5 f 11.1 88.2 f 10.1 
83.6 f 9.8 

0.05% Polysorbate 80 100.0 f 7.6 100.0 f 7.8 100.0 f 8.9 100.0 f 11.4 

I1 92.3 f 7.1 96.4 f 8.1 93.3 f 10.8 

XVIII 97.5 f 3.2 88.4 f 5.8 103.2 f 9.1 

0 See Table 111 for control values. * Expressed as mean f SD, n = 9. Expressed as mean f SD, n = 6. 

Table 111-Oxidative Phosphorylation Respiration of Rodent Liver a f t e r  3 Days of Treatment  with Sesquiterpene Lactones 

Compound and Dose 
Succinate a-Ketoglutarate 

State 4 State 3 State 4 State 3 

I, 6 mglkglday 
II,12 mglkglday 

XV, 12 mg/kg/day 
XVIII, 12 mg/kg/day 
0.05% Polysorbate 80 

I. 6 m d k d d a v  
11; 12 mg/kg/day 

XV, 12 mglkglday 
XVIII, 12 mglkglday 
0.05% Polvsorbate 80 

Mouse Livera 
158 f 21b 
143 f l g b  
138 f 17b 
127 f 12c 
100 f 16d 

60 f 15b 
118 f 23 
82 f 17c 
89 f 11 

100 f 12e 
Rat Liverh 

138 f l lb 84 f 7c 
125 f gC 96 f 8 
132 f 14c 
128 f 13c 
100 f 12' 

82 f 5c 
93 f 6 

100 f 9J 

108 f 12 
113 f 25 
115 f 19 
103 f 10 
100 f 17/ 

84 f 23 
132 f 15b 
87 f 19 
86 f 13 

100 f 6g 

115 f 13 
110 f 12 
119 f 10 8 6 f 7  
99 f 9 

100 f 13k 

83 f 8c 
95 f 12 

84 f 10 
100 f 10' 

Expressed as mean f SD, n = 8. p c 0,001. p 2 0.010, d 5.92 pl  of ox gen consumedhrlm of wet tissue. 11.31 pl of oxygen consumedhrhg of wet tissue. 3.51 
pl of oxygen consumed/hr/mg of wet tissue. 6 5.21 p1 of oxygen consumed,&r/mg of wet tissue. Expressed as mean f SD, n = 6. ' 4.52 pl of oxygen consumed/hr/mg 
of wet tissue. 9.13 pl of oxygen consurned/hr/mg of wet tissue. k 3.42 pI of oxygen consumedhrhg of wet tissue. 6.36 pl of oxygen consumedhrlmg of wet tissue. 

Table IV--In Vitro Effects of Sesquiterpene Lactones on Human 
Polymorphonuclear Neutrophil Oxidative Phosphorylation 
Processes 

Percent of Control0 
Succinate a-Ketoglutarate 

Com~ound  State 4 State 3 State 4 State 3 

1 141 f 15b 59 f 12* 146 f 14; 67 f SC 
11 1 6 6 f 2 4 C  7 2 f 8 b  141 f 13 81 f 15 xv 149 f 14c 64 f 6c 149 f 23b 69 f gC 

XVIIl 139 f lob 64 f 12* 140 f 20d 60 f l lb  
0.05% Polysorbate 80 100 f 19' 100 f 161 100 f 17s 100 f 15h 

a Expressed as mean f SD, n = 9. b p  5 0.005. p 5 0.001. d p  2 0.010. 3.008 
f 0.562 pl of oxygen consumed/min/l06 cells. f 4.545 f 0.722 pI of oxygen con- 
surned/rnin/l06 cells. g 2.632 f 0.460 1 of oxygen consumed/min/lW cells. 3.487 
f 0.517 p1 of oxygen consurned/min/?O6 cells. 

Liver hydrolytic enzyme studies in vitro showed that the sesquiterpene 
lactones were potent inhibitors of lysosomal enzyme activities (Table V). 
Helenalin ( I )  and tenulin (11) suppressed mouse liver free acid phos- 
phatase, cathepsin, and aryl sulfatase activities a t  pH 5.0 and 5 X 
M. The total enzymatic activities were suppressed by I for acid phos- 
phatase and cat.hepsin, whereas the total cathepsin activity was inhibited 
by 11. Both I and I1 reduced the percent of cathepsin and aryl sulfatase 
enzymes released into the cytoplasm. 

The structure-activity study of sesquiterpene lactones in uitro on rat 
liver free cathepsin and the percent of cathepsin released demonstrated 
that all of the sesquiterpene lactones tested were active a t  5 X M 
(Table Vl), Helenalin caused a maximum inhibition of 92% with IV, IX, 
X, XII, and XIV-XIX resulting in 64-88% inhibition. The internal 
standard, indomethacin, resulted in 33% inhibition of free cathepsin 
activity a t  6 X M .  Masking of the a-methylene-y-lactone (compare 
I to 11) or alteration from the ris- to the trons-fused ring (compare I to 
IV) also resulted in loss of activity. The 2 , h p o x y  derivatives (VIII-X) 
improved the ability to inhibit the free cathepsin activity, with the ex- 
ception 01' the helenalin epoxy derivative (VIII). Loss or acetylation of 

the 6-hydroxyl group of the cycloheptane ring along with the transfused 
orientation of the a-methylene-y-lactone moiety (111 and IV) resulted 
in an even greater loss of activity. The effects of the sesquiterpene lac- 
tones on the precent release of the cathepsin enzyme from the hound 
lysosomal membrane demonstrated that the sesquiterpene lactones 
probably stabilized the membrane and reduced the release of the en- 
zyme. 

Helenalin (I) reduced the percent of lysosomal enzyme release from 
24 to 2%; the reduction for XV was to 370, and the reduction for IX, X, 
XIV, and XVI-XIX was to 6-8%. Compounds that were not active in the 
anti-inflammatory screen had minimal effects on reducing the lysosomal 
enzyme release (e.g., 11,111, VI, VII, XI, and XI11 were essentially inac- 
tive). Compounds that demonstrated potent anti-inflammatory activity 
also significantly reduced the lysosomal enzyme release (e.g., I, IV, V, 
VIII-X, XII, and XIV-XIX). The lysosomal enzymatic activities of rat 
polymorphonuclear neutrophils also were reduced by sesquiterpene 
lactones a t  5 X M (Table VII). Helenalin (I) demonstrated 93% in- 
hibition of free acid phosphatase activity, 94% inhibition of total acid 
phosphatase activity, 84% inhibition of free cathepsin activity, and 73% 
inhibition of total cathepsin activity. Compounds 111, IV, IX, X, and 
XIII-XVI caused 70-87% inhibition of the free acid phosphatase activity, 
whereas IV, VIII-X, XII, and XIV-XVIII caused 54-88% inhibition 
of the total acid phosphatase activity. Free cathepsin activity was sup- 
pressed 55-67% by 11, IV, V, VIII, XII, XVI, XVII, XIX, and XX. Total 
cathepsin activity was inhibited 51-63% by IV, VIII, XIII, and XVII. 

The inhibition of lysosomal enzymatic activities of rat polymorpho- 
nuclear neutrophils correlated more with the ability to inhibit chronic 
arthritis than the anti-inflammatory screen. Masking of the a-methy- 
lene-y-Iactone (compare I to II), loss of the free 6-hydroxyl group, or al- 
teration from a cis- to a trans-fusion of the a-methylene-y-lactone 
moiety to the cycloheptane backbone (compare I to 111 and IV) again 
reduced the ability to inhibit the free and total lysosomal enzymatic R C -  

tivity. 
I n  uiuo treatment with helenalin (I)  at 6 mglkglday for 3 days resulted 

in a 61 and a 51% increase in mouse liver and in rat liver cyclic nucleotide 
levels, respectively. Tenulin (11) a t  12.5 mg/kg had little effect in mouse 
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Table V-In Vitro Effects of Sesquiterpene Lactones on CFI Mouse Liver Lysosomal Enzymatic Activity at pH 5.0 

Percent of Control" 
Acid Phosphatase Cathepsin Aryl Sulfatase 

Compound and Dose Free Total Percent Released Free Total Percent Released Free Total Percent Released 

I, 5 x 10-4 M 7 7 f  ltb 7 9 f 6 c  97 f 18 .oc 6 f 4' O C  2 4 f  1lC 1 0 0 f 4  24 f 4 
11, 5 x 10-4 M 8 3 f 4  9 1 f 8  93 f 11 4 f 2c 19 f 4c 18 f 3c 22 f 9c 90 f 5 25 f 5f 
1% Carboxy- 1 0 0 f t d  1 0 0 3 ~ 5 ~  1 0 0 f 9 f  1 0 0 f 4 g  1 0 0 f g h  1 0 0 f 6 '  1 0 0 f  12j 1 0 0 f 6 k  1 O O f 4  

methvlcellulose 
~~ ~~ ~ 

Expressed as mean f SD. n = 6. p 5 0.010. p 5 0.001, 1.701 mg.of phosphate released/hr/g of wet tissue. 
f 44% released. R 2.688 mg of protein released/hr/g of wet tissue, h 7.384 m of protein releasedhdg of wet tissue. 36% released. J 2.237 mg of 4-nitrocatechol released/hr/g 
of wet tissue. 12.229 mg of 4-nitrocatechol released/hr/g of wet tissue. B19% released. 

0.753 mg of phosphate released/hr/g of wet tissue. 

Table VI-Structure-Activity Relationship of Sesquiterpene 
Lactones on In Vitro Liver Cathepsin Activity of Sprague- 
Dawlev Rats  

Cathepsin Activitya 
Compound Percent Percent 

(5 X M )  Free Cathepsin Control Free Released 

I 0.328 f 0.068b 8.1 f 1.7b 1.9 f 0.4 
I1 2.528 f 0.364b 62.5 * 9.0b 15.0 * 2.2 

111 2.030 f 0.211b 50.1 I8.56 12.1 I i.3 
IV 1.468 f 0.154b 36.3 f 3.8b 8.7 f 0.9 
V 1.610 f 0.13gb 39.8 f 3.4b 9.6 f 0.8 

VI 2.879 f 0.146b 71.2 f 3.6b 17.1 f 0.9 
VII 2.394 f 0.226b 59.2 f 5.5b 14.2 f 1.3 

VIII 1.545 f 0.198b 38.2 f 4.gb 9.2 f 1.2 
IX 1.019 f O.16gb  25.2 f 4.2b 6.0 f 1.0 
X 0.966 f 0.134b 23.9 f 3.3b 5.7 f 0.8 

XI 2.833 f 0.296b 71.3 f7.3b 17.1 f 1.8 
XI1 , 1.467 f0.174b 36.3 f 4 . 3 b  8.7 f 1.0 

XI11 2.559 f 0.1&3b 63.3 f 3.3b 15.1 f 0.8 
XIV 1.023 f 0.190b 25.3 4.7b 6.1 % 1.1 xv 0.465 f 0.067c 11.5 f 1.7b 2.8 f 0.3 
XVI 1.217 f 0.162b 30.1 f 4.0b 7.2 f 0.9 

XVII 1.387 f 0.254b 34.3 f 6.3b 8.2 4 1.5 
XVIII 0.995 f 0.123; 24.6 I 3.0b 5.9 I 0 . 7  

XIX 1.266 f 0.171 31.3 f 4.2b 7.5 f 1.0 xx 2.378 f 0.218b 58.8 f 5.4b 14.1 f 1.3 
1% Carboxymethyl- 4.0439 f 0.207e 100.0 f 8.1 24.0d f 1.2 

cellulose 
Indomethacin 2.718 f 0.246 67.2 f 6.1 16.1 f 1.5 

a Expressed as mean f SD, n = 6. b p 6 0.001. Free cathepsin = 4.0439 mg of 
protein released/hr/g of wet tissue. Control total cathepsin = 16.845 mg of protein 
released/hr/g of wet tissue; therefore, percent free control = 24. 

Table VII-Structure-Activity Relationship of Sesquiterpene 
Lactones on In Vitro Cathepsin and Acid Phosphatase Activities 
of R a t  Polymorphonuclear Neutrophils at pH 5.0 

Compound 
(5 x 10-4 M )  

Percent of Control" ~ . ~ . ~  . .~~ 

Acid Phosphatase Cathepsin 
Free Total Free Total 

I 
I1 

111 
IV v 
VT . -  

VII 
VIlI 

IX 
X 

XI 
XI1 

XI11 
XIV 
XV 

XVI 
XVII 

XVIII 
XIX xx 

1% Carboxymethyl- 
cellulose 

Indomethacin 

4 1 f 3 b  8 2 f 9 '  6 2 ~ k 4 ~  5 9 f 4 b  
5 3 f 4 :  1 0 0 f 5  6 2 f 4 b  7 1 ~ k 8 ~  
4 3 f 7  4 6 f 5 b  3 8 ~ k 3 ~  4 8 f 5 "  
21 f 56 
16 f 2 b  
69 f 6" 
45 f 7b 
26 f gb 
13 f 2 b  
17 f I b  
21 f 36 
32 f 6b 
36 f 5b 
41 f 3" 
47 f 5 b  

100 f 3d 

3 8 ~ k 5 ~  5 3 f 3 b  
1 6 ~ k 2 ~  6 2 f 4 b  
7 7 f 4 b  7 4 f 7 b  
44 f 2 6  44 f 5b 
90 f 76 49 f 46 
1 2 f 3 :  5 9 ~ k 5 ~  
1 6 f 2  5 1 f 3 b  
2 6 f 2 b  3 3 ~ k 4 ~  
4 0 f 5 "  4 2 f 4 b  
3 9 f 3 b  6 9 f 6 b  
7 2 f 3 b  4 7 f 2 b  
7 5 ~ k 4 ~  4 2 f 4 b  

100 f 3f 100 f 5e 

69 f 6b 
51 f 4b 
72 f 3b 
58 f 4b 
37 f 56 
61 f 3b  
59 f 26 
53 f 56 
49 f 56 
78 f 6b 
60 f 4b  
50 f 3b 

100 f 4g 

8 6 f 8  1 0 0 f 4  100f 1 100 f 3 

or rat liver. Eupahyssopin (XV) and deoxyelephantopin (XVJII) followed 
essentially the same pattern as I but with a slightly lower magnitude 
(Table VIII). The cyclic adenosine monophosphate levels of rat poly- 
morphonuclear neutrophils were elevated 158% by I (Table IX). Com- 
pounds 11, IV, V, VIII, IX, and XI11 elevated the cyclic nucleotide level 
significantly. The isotenulin series (111, VII, and X) and the germa- 
cranolides (XIV-XX) in general lowered the cyclic nucleotide levels in 
neutrophils. 

Sesquiterpene lactones containing an a-methylene-y-lactone or an 
a-epoxycyclopentanone ring successfully inhibited polymorphonuclear 
neutrophil chemotaxic migration (Table X). Compounds I, IV, VIII-X, 
XV, XVIII, and XX caused 100% inhibition or paralysis of neutrophil 
migration at 5 X lop5 M. At a lower concentration-uiz., M, I, X, 
XVIII, and, surprisingly, XX caused significant inhibition. 
In uitro prostaglandin synthetase activity (Table XI) was suppressed 

29% by I and 8% by I1 a t  M. These two sesquiterpene lactones had 
no inhibitory effects at -4 M. Indomethacin caused 38 and 24% inhibition 
a t  and M, respectively. 

DISCUSSION 

The pseudoguaianolide (I, IV, and V) and germacranolide (XIV-XX) 
sesquiterpene lactones at 2.5 mg/kg significantly suppressed induced 
inflammation in rats. In the carrageenan-induced edema screen, the 
a-methylene-y-lactone moiety plays a major role in affording anti-in- 
flammatory activity, demonstrated by these sesquiterpene lactones. In 
addition, the a-epoxycyclopentanone system contributed to the anti- 
inflammatory activity (VIII-X) of these compounds against the induced 
edema. In the chronic adjuvant-induced arthritic screen, not only did the 
a-methylene-y-lactone moiety and the a-epoxycyclopentanone system 
contribute significantly to the antiarthritic activity, but the P-unsub- 
stituted cyclopentenone ring (I1 and 111) also instilled antiarthritic ac- 
tivity for the sesquiterpene lactones. 

Sesquiterpene lactones affected a number of biochemical parameters 
that  influence the inflammation process. The synthesis of the chemical 
mediator, prostaglandin, was suppressed in the presence of sesquiterpene 
lactones a t  M compared to indomethacin a t  lob4 M in this isolated 
enzyme system. Dithiothreitol and mercaptoethanol, thiol-blocking re- 
agents, are known to inhibit prostaglandin synthesis from arachidonic 
acid (30). Sesquiterpene lactones have been shown to inhibit sulfhy- 
dryl-bearing enzymes, supposedly through a Michael addition of the 
cyclopentenone ring and the a-methylene-y-lactone moiety (4). I t  was 
noted that saturation of the 2,3-double bond of the cyclopentenone and 
the 11,13-double bond of the a-methylene-y-lactone of helenalin resulted 
in a loss of anti-inflammatory activity (1). 

Whereas i t  was difficult to demonstrate the effects of sesquiterpene 
lactones on mouse and rat liver oxidative phosphorylation processes, 
these agents definitely uncoupled the in uitro oxidative phosphorylation 
respiration of polymorphonuclear neutrophils of humans. The concen- 
tration (5 X M )  of sesquiterpene lactones necessary to cause un- 
coupling compared favorably with standard anti-inflammatory agents, 
e.g., salicylates a t  M (31) and phenylbutazone a t  M (32). 
Suppression of oxidative phosphorylation processes of neutrophils may 
be associated with the lack of an efficient energy-generating system 
necessary for leukocyte chemotaxis, microtubular contraction, and mi- 
gration to the inflammation site. A relatively low concentration of 
sesquiterpene lactones, ie., 5 X and 10V M, was required to inhibit 
neutrophil chemotaxis and migration to the chemoattractant E. coli 
bacterial culture filtrate. Bryant et ol. (33) demonstrated that sodium 
arsenite, which uncoupled oxidative phosphorylation a t  2.5 X M ,  
also inhibited neutrophil migration. Likewise, the uncouplers iodoacet- 
amide and dinitrophenol chemotaxis partially at (34). 

Standard anti-inflammatory drugs have been shown to inhibit liver 

a Expressed as mean f SD, n = 6. p d 0.001. p 5 0.010, 0.272 p of phos 
phate released/hr/lO' cells. 0.347 pg of phosphate released/hr/107 celfs. 0.14; 
mg of protein released/hr/107 cells. 8 0.183 mg of protein released/hr/l07 cells. 
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Table VIII-Cyclic Adenosine Monophosphate Levels a of Rodent Liver a f t e r  3 Days of Treatment  with Sesquiterpene Lactones 

Percent Rat, Percent 
Control pmoles/mg of wet tissue Control 

Mouse, 
pmoles/mg of wet tissue 

1.94 f 0.34 
1.35 f 0.35 
1.66 f 0.28* 
1.52 f 0.24c 
1.21 f 0.18 

Compound and Dose 

I, 6 mg/kg/day 
11, 12.5 mg/kg/day 

XV, 12.5 mg/kg/day 
XVIII, 12.5 mg/kg/day 
0.05% Polysorbate 80 

a Expressed as mean f SD, n = 6. * p 0.01. p 2 0.03. 

161 f 28 
112 f 26 
137 f 23 

1.12 f 0.21b 
0.87 f 0.16 
1.06 f 0.19b 

151 f 28 
118 f 22 
143 f 26 

126 f 20 0.93 f 0.14c 127 f 19 
100 f 15 0.74 f 0.12 100 f 16 

Table  IX-Cyclic Adenosine Monophosphate Levels a of R a t  
Polymorphonuclcar Neutrophils I h r  a f t e r  Incubation with 
Sesquiterpene Lactones 

lysosomal aryl sulfatase enzymatic activity and lysosomal rupture; e.g., 
at M, indomethacin, acetyl salicylate, and phenylbutazone caused 
18.13, and 42% inhibition, respectively (25). The sesquiterpene lactones, 
helenalin and tenulin, a t  5 X M suppressed liver lysosomal aryl 
sulfatase enzymatic activity and rupture by 75%. Higher magnitudes of 
inhibition were observed with helenalin and tenulin on mouse liver 
cathepsin activity and rupture of lysosomes. Structure-activity studies 
on rat liver free cathepsin activity correlated positively with the anti- 
inflammatory activity of the sesquiterpene lactones. Furthermore, 
cathepsin D enzymatic activity has been implicated in the inflammation 
process as causing the release of vasoamine peptides and chemotactic 
factors, which are chemical mediators that  can attract phagocytic cells 
to the site of inflammation (35). Rupture of the lysosomal membrane to 
release hydrolytic enzymes, ix., cathepsin, appeared to be retarded 
drastically by the sesquiterpene lactones. Again, there was a strong 
positive correlation between lysosomal membrane stabilization and the 
anti-inflammatory activity of the sesquiterpene lactones. 

A similar pattern was observed with the incubation of sesquiterpene 
lactones with polymorphonuclear neutrophils. Free and total acid 
phosphatase and cathepsin activities were inhibited significantly fol- 
lowing generally the same structural requirements for inhibition. The 
neutrophils (leukocytes) supposedly contain high concentrations of hy- 
drolytic enzymes that are released a t  the sites of inflammation, causing 
the spread of infection and digestion of tissue cellular components. In- 
hibition of lysosomal release and catalytic activity will reduce the spread 
of inflammation and t.issue damage. Both acid phosphatase (36) and 
crude cathepsin (37) enzymatic activities can he blocked by thiol-blocking 
reagents. 

Elevated levels of cyclic adenosine monophosphate have been corre- 
lated with the stabilization of lysosomal membranes; ~g., M cyclic 
adenosine monophosphate inhibited the release of P-glucuronidase from 
human neutrophils (38). High cyclic adenosine monophosphate levels 
inhibited rabbit (39) and human (40) polymorphonuclear neutrophil 
chemotaxis and migration. In addition, elevated levels of cyclic adenosine 
monophosphate or its derivatives were associated with the blockage of 
allergen-mediated immunoglobulin E hypersensitivity, T-cell-mediated 
cytolysis, formation of migration inhibitory factor, activation of phago- 
cytic cell function, and release of histamine, slow-reacting substances, 
and prostaglandins (38,41-43). Furthermore, induced chronic arthritis 
was related to decreased cyclic adenosine monophosphate levels, in- 
creased lysosomal enzymatic activity, and release in the paw (44). 

Helenalin, the most potent sesquiterpene lactone anti-inflammatory 
agent, as well as eupahyssopin and deoxyelephantopin, was observed to 
elevate the cyclic adenosine monophosphate level of mouse and rat liver 
significantly after in uiuo administration whereas tenulin had little effect. 
The pseudoguaianolide sesquiterpene Iactones, except the isotenulin 
series, significantly elevated the cyclic adenosine monophosphate levels 
of polymorphonuclear neutrophils whereas the germacranolide sesqui- 
terpene lactones &her had no effect or the opposite effect. 

The mode of action of sesquiterpene lactones as anti-inflammatory 
agents appeared to be similar to commercially available agents. These 
agents were shown to be potent inhibitors of neutrophil migration, ly- 
sosomal rupture and enzymatic activity, and prostaglandin synthesis, 
which was linked to elevat,ed cyclic adenosine monophosphate levels. 

Compound 
(5 x 10-4 M )  Picomoles/l O7 cells 

44.0 f 0.5 
24.2 f 0.3 

33.0 f 0.5 
34.0 f 0.3 

0.5 f-0.1 

Percent Control 

258 f 2.8 
142 f 1.7 

3 f 0.5 
194 + 2.8 
200 f 1.7 

I 
I1 

111 
1v 
v 

VI 19.2 0.4 
16.0 f 0.2 

113 f 2.2 
94 f 1.1 

200 f 1.7 
171 f 1.1 

. -  
VII 

VIII 34.0 f 0.3 
29.0 f 0.2 
7.8 f 0.1 

IX 
X 

XI 
XI1 

XI11 

46 f 0.5 
6.5 f 0.2 

19.2 f 0.2 
29.5 f 0.2 

38 f 1.1 
113 f 1.1 
174 f 1.1 

XIV 
X V  

12.5 f 0.2 
9.9 f 0.1 

74 f 1.1 
58 f 0.5 

15.6 I 0 . 2  
18.9 f 0.2 
10.0 f 0.3 

87 f 1.1 
111 f 1.1 
57 f 1.7 

XVI 
XVII 

XVIII 
0.8 f 0.2 

11 5 f 0.3 
5 f  1.1 

68 f 1.7’ 
100 f 1.1 
100 f 1.7 

17.6 f 0.2 
17.7 f 0.3 

Expressed as mean f SI), n = 4 

Table X-In Vitro Effects of Sesquiterpene Lactones in Human 
Po lvmor~honuc lea r  NeutroDhil Chemotaxic Migration 

Percent Inhibition” 
Compound M 5 x 10-5 M 10-4 M 

I 54 f 4 100 f 3 100 f 5 
I f 1  39 f 2 100 f 4 
- 55 f 3 

1 0 0 f 6  
V __ 20 f 2 

- 
I1 

I11 
IV 0 

VI - 0 
VII 0 

IX 
X 

XI 
XI1 

XI11 
XIV -~ 

-_ 100 f 4 - xv 
xx 58 f 3 100 f 4 - 

- 
- 
- 

- - 

VIII  0 100 f 5 - 
7 f 2  100 f 3 - 

- 39 f 4 100 f 5 
-~ 18 f 1 
-_ 4 f l  

8 f 3  

- 
- 

- - 
- 0 

- XVIII 46 f 2 100 f 6 

0.05% I’olysorbate 80 0 0 0 
- - Indomethacin -~ 

~~ ~ 

a bhpressed as mean f S D .  n = 4. Inhibition nf indornethacin at M is 
31%. 

Table XI-Effects of Helcnalin and Tenulin on Prostaglandin 
Synthetase Activitya 
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dpmb per Milligram 
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Abstract 0 A semiautomated assay to determine aspirin (acetylsalicylic 
acid) in aspirin tablets, powdered tablet composites, and pure drug 
substances is presented. The sample was dissolved in alcoholic buffer, 
diluted, and extracted with chloroform. The absorbance of the chloroform 
solution was read at  280 nm. Results obtained by the USP XIX and 
semiautomated methods are compared. The proposed method is accurate 
and precise, and common excipients do not interfere. Recoveries of 100% 
were obtained. A semiautomated assay for salicylic acid in aspirin tablets 
also IS presented. The sample was dissolved in alcoholic buffer, ferric 
nitrate was added, and the absorbance of the resulting purple color was 
read at  532 nm. The method is suitable as a rapid screening procedure 
for testing the salicylic acid content of aspirin products. Results obtained 
by the USP XIX and semiautomated methods are compared, and the 
accuracy and precision of the proposed method are given. One hundred 
seventl tahlet samples and 34 bulk drug substances were analyzed for 
aspirin and salicylic acid content. Approximately 5% of the tablet samples 
failed to  meet the USP XIX limits for aspirin content, and 10% failed to 
meet the limits for salicylic acid. 

Keyphrases Salicylic acid-semiautomated colorimetric determi- 
nation in tahlet formulations 0 Analgesics--determination of aspirin 
and salicylic acid Aspirin-semiautomated UV determination in bulk 
and tablet formulations 

A national survey of aspirin products and formulations 
was conducted in this laboratory. The survey consisted of 
the analysis of 170 samples of tablets, representing 58 
formulations from 38 manufacturers, and 34 samples of 
bulk aspirin from 12 manufacturers. The purpose was to 
evaluate the quality of aspirin products on the market and 
the adequacy of present standards. Methodology was de- 
veloped in these laboratories for the semiautomated 
analysis of the content uniformity test for aspirin 
(acetylsalicylic acid) and the limit test for salicylic acid, 
for the determination of impurities (1) and salicylic acid 
by high-pressure liquid chromatography (HPLC) (2), and 
for the determination of dissolution rates using semiau- 
tomated procedures (3).  This paper presents the data on 
the determination of aspirin and salicylic acid. 

Previously developed methods (4-1 l), including semi- 
automated procedures for the determination of aspirin (4, 
5), were rejected for various reasons. The method of Hubin 
and Ganshirt (4) was not suitable because it involves the 
hydrolysis of aspirin itself. The method of Oydvin and 
Sapiraa (5) was not tried because it involves the use of 
chloroform, which is not a practical solvent to use in a 
semiautomated system with a liquid sampler. The Clayton 
and Thiers (6) manual spectrophotometric procedure 
determines up to five compounds simultaneously and thus 
appeared to be too complicated to automate. Other 
methods were eliminated because of the described prob- 
lems or other practical considerations. 

This paper describes a semiautomated UV method for 
the determination of aspirin and a semiautomated color- 

imetric method for the determination of salicylic acid. The 
aspirin method is applicable to plain and buffered tablets, 
powdered composites, and bulk drug substances and is free 
from the influence of excipient interferences. The salicylic 
acid procedure is based on the method of Cullen et al. (12) 
and can be used as a rapid screening assay. This method 
is applicable to plain, buffered, and pediatric aspirin tab- 
lets. Results are compared with the official USP XIX (13) 
procedures. 

EXPERIMENTAL 

Aspirin 
Apparatus-An automatic analyzer with a sampler', pump2, manifold, 

and timer3 was used. The manifold was connected to a spectrophotom- 
eter4 equipped with a quartz flowceF. A 100-mv recordefi was connected 
to the spectrophotometer. 

Reagents-Ethanol, 95%, was used. Chloroform, ACS grade, was 
washed with water and filtered through paper on the day of use. The pH 
2.2 buffer solution was prepared by diluting 250.0 ml of 0.2 M KCI and 
39.0 ml of 0.2 M HCI to 1 liter with water. The 0.2 M KCI was prepared 
by dissolving 14.911 g of potassium chloride in water and diluting to 1 
liter with water. The 0.2 M HCl was prepared by diluting 17.0 ml of 
concentrated hydrochloric acid to 1 liter with water. The buffer-ethanol 
solution was prepared by mixing equal volumes of pH 2.2 buffer solution 
and ethanol. 

S t anda rd  Preparation-About 324 mg of USP aspirin reference 
standard was weighed accurately and dissolved in 50.0 ml of buffer- 
ethanol (1:l). I t  was prepared fresh daily. 

Sample Preparation-324-mg Tablets-One tablet was placed in 
a snap-cap vial or erlenmeyer flask. Three or four drops of water were 
placed on each tablet, and 50.0 ml of huffer-ethanol(1:l) was added. The 
solution was shaken or treated ultrasonically until the tablet disinte- 
grated. Samples were analyzed within 6 hr of preparation. For buffered 
tablets, 1 ml of dilute hydrochloric acid (1585 v/v) was added. 

Powdered Composites or Bulk Drug Substances-An amount equiv- 
alent to 325 mg of aspirin was dissolved in 50.0 ml of buffer-ethanol(1:l). 
The sample was shaken mechanically or placed in an ultrasonic generator 
for -5 min. 

Semiautomated Determination-The automated system was as- 
sembled as shown in Fig. 1. The solutions were sampled a t  a rate of 30 
cups/hr with a sample-to-wash ratio of 2:l. A sampling pattern of three 
standards, five samples, one standard, five samples, etc., was used. Two 
cups of standard were placed a t  the end. The first two standards and the 
last standard were not included in the calculations. A polytetrafluoro- 
ethylene7 strip was inserted into the BO fitting to direct the organic phase 
downward. 

T o  start the system, ethanol was pumped through the chloroform pump 
tube for 5 min and then the tube was pumped dry. The chloroform line 

1 AutoAnalyzer sampler 11, 127A000, Technicon Instruments Corp., Tarrytown, 
NY 10591. 

Corp., Tarrytown, NY 10591. 

dustries, Davenport, IA 52803 (14). 

H. Thomas Co., Philadelphia, PA 19105. 

AutoAnalyzer proportioning pump 111, 133-A014-04, Technicon Instruments 

Flexopulse, model HG93A603, Eagle Signal Timer Division, Gulf Western I n -  

Model DBGT, Beckman Instruments, Fullerton. CA 92634. 
The length was 10 rnm and the capacity was 0.25 ml; model 8495-L10, Arthur 

Servo-Riter 11, PSOIWGA, Texas Instruments Inc., Houston, T X  77001. 
Teflon. 
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Figure I-Flo~i diagram of a n  automated system for aspirin. Key: Si, 
silicon pump tube; T, Tygon pump tube; RA, red Acidflex pump tube; 
A, Acidflex pump tube; F, %-turn X 2.4-mm i.d. mixing coil; B, 28-turn 
X 2.4-mm i.d. mixing coil with one double end; and C ,  5.5-turn settling 
coil. 

was placed in its solution and pumped until the solution reached the 
spectrophotometer cell. The pH 2.2 buffer line was placed in its solution, 
and the system was allowed to equilibrate. In the manifold, the sample 
stream was diluted twice with pH 2.2 buffer and chloroform was added. 
The chloroform containing the extracted drug was pumped through a 
flowcell, and the absorbance of the drug was read a t  280 nm. 

Sa Iicylic Acid 
Apparatus-The same type of automatic analyzer was connected to 

a spectrophotometers equipped with a quartz flowcellg and a 100-mv 
recorder6. 

Reagents-Ethanol, 9570, was used. The pH 2.2 buffer solution was 
prepared as described. The ferric nitrate hexahydrate was prepared by 
adding 10 g of ferric nitrate and 5.0 ml of concentrated nitric acid to a 
1-liter volumetric flask and diluting to volume with water. 

Standard Preparation-Plain Tablets-About 20 mg of salicylic acid 
standard was weighed accurately and dissolved in 100 ml of pH 2.2 buf- 
fer-ethanol (3:l). 

WASTE 
Y I ' I I O I * D I P I I I I .  .ICD.DII 

Figure 2-Flow diagram of an automated system for salicylic acid. Key: 
Si, silicon pump tube; T, Tygon pump tube; RA, red Acidflex pump tube; 
and  B, 28-turn X 2.4-mm i.d. mixing coil. 

8 Model PMPDI., Carl Zeiss, Oberkochen,West Germany. 
9 The length was 10 mm and the capacity was 18 pl (model 886881), or the length 

was 10 mm and the capacity was 80 pl (model 886878); Beckman Instruments, 
Fullerton, CA 92634. 

. 

Tab le  I-Comparison of Results (Percent of Label Claim) 
Obtained by U S P  XIX and Automated Procedures for Aspirin 
in  Aspirin Tablets 

Tablet USP" Automated 
~ 

324 mg, plain 101.2 101.5 (1.11, 1.09)' 
324 mg, plain 97.9 99.0 (0.69,0.70) 
324 mg, buffered 98.2 100.1 (1.36, 1.36) 
324 mg, buffered 95.3 94.2 (0.75,0.79) 
81 mg, pediatric 103.3 103.3 (0.75,0.73) 
81 mg, pediatric 105.4 106.1 (1.08, 1.01) 

Avera e of four results. Average of 10 results. Values in  parentheses are 
standard ieviations and coefficients of variation, respectively. 

Buffered Tablets-About 200 mg of salicylic acid standard was 
weighed accurately and dissolved in 100 ml of pH 2.2 buffer-ethanol 
(3:l). 

Sample Preparation-Plain Tablets-Ten tablets were placed in 
an  erlenmeyer flask, 25 ml of buffer-ethanol (1:l) was added, and the 
flask was shaken for 5 min. Then 25 ml of pH 2.2 buffer was added and 
mixed. The solution was filtered through paper, and the first 10 ml was 
discarded. 

Buffered Tablets-Ten tablets were placed in an erlenmeyer flask, 
10 ml of ethanol was added, and the flask was shaken for 5 min. Then 40 
ml of pH 2.2 buffer was added and mixed. The solution was filtered 
through paper, and the first 10 ml was discarded. 

Semiautomated Determination-The automated system was as- 
sembled as shown in Fig. 2. The solutions were sampled a t  a rate of 30 
cups/hr with a sample-to-wash ratio of 2:l. A sampling pattern of three 
standards, two samples, and two standards was used. The first two 
standards and the last standard were not included in the calculation. 

T o  start the system, the pH 2.2 buffer and ferric nitrate reagent lines 
were placed in their respective solutions and the pump was started. The 
sample stream was introduced and then segmented with air, and ferric 
nitrate reagent was added. The absorbance of the colored solution was 
read a t  532 nm. 

RESULTS AND DISCUSSION 

Aspirin-Validation Tests-A series of validation tests was per- 
formed on the automated system. A linear response was obtained when 
four standard solutions containing 3-13 mg of aspiriniml (corresponding 
to 50-200% of declaration) were tested. A standard solution containing 
6.5 mg of aspirin/ml gave reproducible peaks whose heights reached -95% 
of the steady state. The assay of 20 individual cups of solution exhibited 
a relative standard deviation of 1.0%. 

Hydrolysis-There was concern that the aspirin might hydrolyze to 
salicylic acid in the solvent, thus giving erroneous results. A sample so- 
lution of powdered aspirin tablet composite was prepared and assayed 
with freshly prepared aspirin standard solutions for 6 hr, and the assay 
results did not change significantly. 

Composite Assays-Portions of tablet composites equivalent to single 
tablets were analyzed by the proposed method and the USP XIX (13) 
method. The ground tablet composites were prepared from available 
commercial samples. Table I shows the close agreement between the two 
methods and the precision of the automated procedure. 

Interferences-Separate tests were performed to check for Interfer- 
ences from impurities, dyes, and common excipients. Two known im- 
purities and one postulated impurity from aspirin formulations were 
tested: acetylsalicylsalicylic acid, acetylsalicylic anhydride, and O-sali- 
cylsalicylic acid. The interferences by impurities were measured by 
spiking standard solutions of aspirin with weighed amounts of each im- 

Table  11-Comparison of Results (Percent of Label Claim) 
Obtained by USP XIX and Automated Procedures for  Salicylic 
Acid in Aspirin Tablets 

Tablet uspa Automated',h 

324 mg, plain 0.073 0.089 (0.01) 
324 mg, lain 0.036 0.050 (0.01) 
324 mg, guffered 0.580 0.420 (0.05) 
324 mg, buffered 3.400 3.480 (0.14) 
81 mg, pediatric 0.230 0.620 (0.02) 
81 mg, pediatric 0.264 0.421 (0.01) 

Average of three or more determinations. * Values in parentheses are standard 
deviations. 
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Table 111-National Survey Results (Percent of Label Claim) for Aspirin and Salicylic Acid Determined by Automated and USP XIX 
Procedures 

Manu- Aspirin Salicylic Acid Manu- Aspirin Salicylic Acid 
facturerO Type of Sample Automatedb USP AutomatedC USP facturera Type of Sample automatedb USP Automated' USP 

A 

B 

C 

D 

E 
F 

G 

H 

I 

J 

K 

L 

M 
N 

0 

6 
R 

324-mg tablet 
324-mg tablet 
324-mg tablet 
324-mg tablet 
Bulk (1Wo starch) 
Bulk (10% starch) 
324-mg tablet 
324-mg tablet 
421-me tablet 
421-mg tablet 
Bulk 
Bulk (10% starch) 
81-mg tablet 
324-mg tablet 
324-mg tablet 
324-mg tablet 
324-mg tablet 
160-mg tablet 
324-mg tablet 
324-mg tablet 
486-mg tablet' 
486-mg tablet' 
486-mg tablet' 
486-mg tablet' 
486-mg tablet' 
324-mg tablet 
324-mg tablet 
324-mg tablet 
324-mg tablet 
Bulk 
324-mg tablet 
Bulk (10% starch) 
324-mg tablet' 
324-mg tablet' 
324-mg tablet' 
324-mg tablet 
324-mg tablet 
324-mg tablet 
81 -mg tablet 
Bulk 
Bulk 
324-mg tablet 
324-mg tablet 
324-mg tablet 
324-mg tablet 
324-mg tablet 
81-mg tablet 
81-mg tablet 
81-mg tablet 
324-mg tablet 
324-mg tablet 
324-mg tablet. 
324-mg tablet 
324-mg tablet 
Bulk (10% starch) 
Bulk 
324-mg tablet 
324-mg tablet 
81-mg tablet 
81-mg tablet 
324-mg tablet' 
324-mg tablete 
324-mg tablets 
324-mg tablet 
324-mg tablet 
324-mg tablet 
324-mg tablet 
Bulk 
324-mg tablet 
324-mg tablet 
Bulk (10% starch) 
324-mg tablet' 
Bulk (10% starch) 
324-mg tablet 
Bulk 
324-mg tablet 
324-me tablet 

100.2 (2.2) 
99.7 (2.3) 
99.4 (2.2) 

100.3 (2.2) 
89.5 
90.1 

100.1 (1.1) 
102.0 (2.2) 
101.5 (2.7) 
100.3 (1.9) 
99.7 
90.3 

104.0 (2.9) 
98.7 (2.1) 

100.5 (1.1) 
98.6 (3.1) 

102.0 (1.2) 
100.6 (4.1) 
97.2 (2.4) 

101.4 (2.1) 
99.1 (2.8) 
96.6 (3.0) 
94.4 (2.5) 
94.4 (3.6) 
98.1 (2.4) 
95.8 (2.4) 

101.4 (3.0) 
97.6 (2.3) 
97.8 (2.7) 

100.0 
98.4 (4.2) 
89.5 
95.8 (2.3) 
95.0 (4.3) 
94.9 (3.1) 
98.4 (2.1) 
99.4 (1.7) 
99.4 (2.2) 
99.2 (4.5) 

100.0 
99.8 

100.5 (2.4) 
100.4 (3.8) 
98.2 (2.6) 
97.0 (2.9) 
99.7 (5.0) 
99.9 (4.7) 

104.6 (3.2) 
99.6 (2.9) 

100.2 (1.3) 
100.7 (2.9) 
100.8 (1.8) 
100.0 (1.3) 
100.1 (2.4) 
90.4 

100.3 
101.6 (1.1) 
100.7 (1.4) 
80.4 (3.6) 

104.1 (4.2) 
101.4 (5.4) 
97.8 (3.1) 
97.2 (2.7) 
98.6 (2.0) 
97.9 (2.9) 
97.9 (1.9) 
97.0 (2.1) 

96.7 (2.2) 
99.3 (2.7) 
89.5 
97.4 (1.8) 
90.0 
98.1 (2.3) 
99.8 
97.7 (1.6) 
99.3 (1.9) 

100.3 

0.06 
0.08 
0.08 
0.09 

d 
d 

- 
- 
0.16 
0.22 
0.14 
0.1: 
- 

d 

1.23 
0.07 
0.04 
0.07 
0.05 
0.78 
0.05 
0.15 
0.24 

- 

. ~~ 

0.22 
92.0 0.33 
90.5 0.43 

0.32 
0.35 
0.46 
0.42 
0.3f 

3.30 
- 

d - 
5.30 

94.6 5.00 
94.5 4.30 

0.03 
0.04 
0.04 
0.54 

d 
d 

- 
- 
0.03 
0.03 
0.03 
0.03 
0.03 
0.24 
0.40 
2.70 
0.10 
0.09 
0.05 
0.07 
2.07 
0.46 

d 

0.04 
1.87 

79.4 2.07 
0.46 
2.20 

- 

1.51 
1.68 
0.04 
0.06 
0.05 
0.04 

d 

0.05 
0.07 
0.28 

- 

0.2,8 - 
0.07 

0.40 
0.10 

d - 

S 

0.6 

T 

U 

7.8 V 
4.0 
3.2 

W 

1.0 X 
2.5 

1.5 Y 
0.5 

2 

AA 

BB 

0.3 cc 

324-mg tablet 
324-mg tablet 
324-mg tablet 
Bulk 
Bulk 
324-mg tablet 
324-mg tablet 
324-mg tablet 
324-mg tablet 
324-mg tablet 
324-mg tablet 
324-mg tablet 
324-mg tablet 
324-mg tablet 
324-mg tablet 
81-mg tablet 
Bulk 
324-mg tablete 
324-mg tablet' 
324-mg tablete 
Bulk (10% starch) 
324-mg tablet 
81 -mg tablet 
324-mg tablet' 
324-mg tablet' 
324-mg tablet' 
324-mg tablet' 
324-mg tablet' 
81-mg tablet 
81-mg tablet 
81-mg tablet 
81-mg tablet 
324-mg tablet' 
324-mg tablet' 
324-mg tablet' 
324-mg tablet' 
324-mg tablet' 
81-mg tablet 
81-mg tablet 
81 -mg tablet 
81-mg tablet 
Bulk (10% starch) 
Bulk 
324-mg tablet 
324-mg tablet 
Bulk 
324-mg tablet 
324-mg tablet 
324-mg tablet 
324-mg tablet 
324-mg tablet 
81-mg tablet 
81-mg tablet 
81-mg tablet 
81 -mg tablet 
81-mg tablet 
Bulk 
Bulk 
81-mg tablet 
648-mg tablet 
324-mg tablet 
Bulk 
648-mg tablet 
324-mg tablet 
486-mg tablet 
324-mg tablet 
Bulk 
324-mg tablet 
486-mg tablet 
486-mg tablet 
Bulk (10% starch) 
300-mg tablet 
81-mg tablet 
324-mg tablet 
Bulk 
Bulk (10% starch) 
324-me tablete 

103.1 (3.6) 
101.8 (1.6) 
101.3 (1.8) 
99.5 
99.5 
98.8 (2.1) 

103.1 (3.3) 
100.5 (1.8) 
101.1 (3.2) 
100.3 (2.0) 
100.2 (1.9) 
100.2 (1.9) 
99.1 (2.2) 

0.14 
0.06 
0.10 

d 
-d 

0.08 
0.07 
0.06 
0.07 
0.06 
0.08 
0.09 
0.07 

- 

101.8 (2.0) 0.08 
100.7 (2.1) 0.06 

0.26 102.3 (1.9) 
99.8 - 
96.9 (2.9) 2.00 
98.1 (3.2) 1.60 

90.9 - 
97.8 (3.9) - I  

103.5 (2.0) 0.36 
98.7 (3.7) 2.10 
99.6 (3.0) 3.70 
99.0 (3.3) 3.10 

105.4 (3.9) 104.8 1.10 
101.2 (3.4) 1.80 
100.7 (3.1) 0.40 
103.1 (4.8) 0.50 

d 

97.9 (3.8) 1.y 

104.5 (5.0) 100.4 0.50 
100.9 (3.8) 
97.5 (2.3) 
96.7 (2.5) 
96.6 (2.3) 

-.-. 

0.50 
0.77 
0.44 
0.68 

96.7 (2.3) 0.61 
98.4 i2.0) 

102.8 (3.2) 
101.0 (3.0) 
99.3 (2.1) 

102.1 (2.4) 
89.8 

100.4 
95.3 (5.2) 

103.0 (3.2) 
99.7 
98.0 (1.3) 

100.7 (1.4) 
100.9 (1.6) 
100.9 (1.5) 
101.8 (1.4) 
100.7 (2.4) 
101.1 (2.6) 
100.5 (2.8) 
98.2 (2.6) 
98.2 (2.1) 
99.5 
99.5 
97.9 (2.5) 

100.8 (2.0) 
99.6 (1.6) 
99.8 
99.6 (1.4) 
98.9 ( I  .9) 
95.8 (2.0) 
98.3 (2.2) 
99.9 
96.2 (3.2) 
98.4 (3.4) 
98.8 (3.8) 
89.3 

101.9 (2.6) 
97.8 (3.3) 

101.6 (2.1) 
99.9 
88.0 
99.3 (4.71 

0.50 
0.62 
0.64 
0.59 
0.58 

d 
d 

- 
- 
0.99 
0.09 
-d  
0.05 
0.04 
0.03 
0.04 
0.04 
0.21 
0.20 
0.21 
0.21 
0.20 

d 
d 

0.30 
0.14 
0.19 

d 

0.14 
0.11 
-i 
0.12 

0.08 
0.03 

- 
- 

- 

- 

0.0: 
- 
0.24 
0.31 
0.42 

0.90 

- 
d - 

0.5 

4.1 

0.6 
0.5 
0.4 
0.4 

0.6 
0.6 
0.6 
0.6 

1.2 

0.2 

324-mi tablet 98.1 (1.8) 0.33 324-111: tablete 97.7 (3.0) 1.20 
0 

324-mi tablet 100.6 (3.0) 0.07 
324-mg tablet 99.4 (3.0) 0.08 (continued) 
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DD 

EE 

FF 

GG 

HH 

I1 

JJ 

KK 

LL 

Table 111-Continued Evaporation Test-Since 50% ethanol was the sample solvent, the 
possibility of evaporation during the time required to analyze a number 

Manu- Aspirin Salicylic Acid of solutions on the automated system was investigated. Twenty cups of 
a sample solution were loaded on the system and analyzed, and then three 
fresh cups were loaded just after sampling the 20th cup. There was no 
difference in absorbance between the first 20 cups and the last three cups. 

facturer' Type of Sample Automated* usp Automated' usp 
324-mg tablet' 98.9 (2.2) 
224-m~ tah1Pt.e 96.6 (3.2) 

2.03 
1.23 

0 ------ _ _ _  __. 
324-mg tablet' 
81-mg tablet 
81-mg tablet 
81-mg tablet 
81-mg tablet 
325-mg tablet 
325-mg tablet 
325-mg tablet 
325-mg tablet 
325-mg tablet 
Bulk 
324-mg tablet 
324-mg tablet 
324-mg tablet 
324-mg tablet 
Bulk (10% starch) 
324-mg tablet" 
324-mg tabletP 
81-mg tablet 
Bulk 
324-mg tablet' 
81-mg tablet 
324-mg tablet 
320-mg tablet 
320-mg tablet 
65-mg tablet 
Bulk (10% starch) 
324-mg tablet 
324-mg tablet 
Bulk 
324-mg tablet 
81-mg tablet 
81-mg tablet 
324-mg tablet 
324-mg tablet" 
486-mg tablet' 
486-mg tablet' 
486-mg tablet' 
486-mg tablet' 
486-mg tablet" 
325-mg tablet" 
Bulk 
325-mg tablete 
325-me tablete 

~ -.-, 
98.1 (2.4) 

100.7 (1.8) 
100.6 (4.0) 
100.9 (2.7) 
100.8 (2.3) 
101.6 (1.7) 
101.9 (1.4) 
101.2 (1.5) 
100.6 (2.0) 
100.0 (1.8) 
100.4 
100.0 (2.0) 
100.2 (2.2) 
97.8 (2.5) 
98.9 (2.1) 
91.4 
97.9 (3.1) 
97.0 (3.7) 

104.0 (3.5) 
78.3 
97.9 (1.9) 
97.8 (2.7) 
97.2 (2.0) 
99.4 (2.0) 
98.6 (2.0) 
99.9 (2.5) 
89.5 
97.4 (2.5) 
99.8 (3.1) 
80.7 
98.5 (2.3) 
97.0 (1.8) 
97.7 (1.8) 

101.9 (3.0) 
99.4 (1.9) 

102.4 (3.4) 
101.7 (3.1) 
100.0 (2.0) 
99.4 (2.8) 

100.4 (2.6) 
95.9 (3.5) 

100.3 
97.3 (2.4) 
91.4 (3.4) 

2.90 
0.14 
0.15 
0.19 
0.18 
0.06 
0.06 
0.05 
0.04 
0.02 
- 
0.08 
0.06 
0.06 
0.09 

d 

1.34 
2.03 
0.27 

d 

1.13 
0.61 
0.35 
0.04 
0.05 
0.32 

d 

0.51 
0.65 

0.07 
0.28 
0.29 
0.04 
0.04 
0.87 
0.96 
0.45 
0.71 
0.84 
1.13 

d 

1.22 
1.03 

- 

- 

- 

d - 

- 

a A = Bell Pharmacal, Greenville. S.C.; R = Block Drug Co., Memphis, Tenn.; 
C = Bowman Pharmaceuticals, Canton, Ohio; D = Bristol-Myers Co., New York, 
N.Y.; E = Chromalloy American Corp., Culver City, Calif.; F = Otis Clapp & Sons, 
Boston, Mass.; G = Cord Laboratories, Detroit, Mich.; H = Davis Manufacturing 
Co., Knoxville, Tenn.; I = Dewey Products Co., Grand Rapids, Mich.; J = Ferndale 
Laboratories, Ferndale, Mich.; K = Freeda Vitamins. New York, N.Y.; L = ICN 
Pharmaceuticals, Cincinnati, Ohio; M = Lannett Co., Philadelphia, Pa.; N = Eli 
Lilly & Co.. Indianapolis, Ind.; 0 = Mallard, Detroit, Mich.; P = Manhattan Drug 
Co., Hillside, N.J.; Q = Marshall Pharmacal Corp., South Hackensack. N.J.; R = 
McKesson Laboratories, Fairfield, Conn.; S = Norwich-Eaton Pharmaceuticals, 
Norwich, N.Y.; T = Oak Park Pharmaceuticals, Fredonia, Wis.; U = Pennen 
Products Co., Pittsburg, Pa.; V = L. Perrigo Co.. Allegan, Mich.; W = Pill Mill, 
Grand Rapids, Mich.; X = Plough, Memphis, Tenn.; Y = Rexall Drug Co., St. Louis, 
Mo.; Z = Richlyn Laboratories. Philadelphia, Pa.; AA = Sein-Mendez Labs, Rio 
Piedas, Puerto Rico; BB = Stanback Co., Salisbury, N.C.; CC = Standard Phar- 
macal Co., Chicago, 111.; DD = Stanley Lahoratories, Portland, Ore.; EE = Sterling 
Drug, New York, N.Y.; FF = E. R. Squibb & Suns, New York, N.Y.; GG = Sun 
Laboratories, Portland, Ore.; HH = Vale Chemical Co., Allentown, Pa.; 11 = Wal- 
green Co., Chicago, 111.; J J  = West-Ward, Eatontown, N.J.; K K  = Whitehall La- 
boratories, New York, N.Y.; and LL = Zenith Laboratories, Hoboken, N.J. * Av- 
erage of 30 results for tablets and one assay for bulk formulations. Numbers in 
parentheses are standard deviations. Composite assays, 10 tablets. Not deter- 
mined by automated method. 

purity and comparing the response with that from the standard solution. 
No interferences were found. 

Colorimetric interference from the dye in a manufactured tablet was 
checked by adding chloroform to an aqueous sample solution of the tablet 
in a separator and shaking manually. All of the color from the dye re- 
mained in the aqueous layer. Since the drug is extracted into the chlo- 
roform layer on the automated system, there is no interference from the 
dye at  280 nm. 

Common excipients were examined and found not to interfere. A re- 
covery of 99.9% was obtained with a mixture of 90% aspirin and 10% 
starch. A mixture of aspirin, cornstarch, lactose, and magnesium stearate 
gave a recovery of 99.8%. With a mixture of aspirin and magnesium car- 
bonate, the recovery was 101.0%. 

Buffered tablets. f No result obtained. 

Thus, there was little evaporation over a 1-hr period. 
Solvent Selection-Several solvents were tested for this method, in- 

cluding 95% ethanol, pH 2.2 buffer-ethanol ( l : l ) ,  and buffer-ethanol 
(3:l). Results indicated that the bufferathanol(1:l) was the best solvent. 
If the alcohol concentration was too low, the aspirin did not completely 
dissolve. If the pH of the sample solution was too high, aspirin was hy- 
drolyzed to salicylic acid. 

Buffered Aspirin Preparation-With some buffered aspirin formu- 
lations, it was necessary to add acid to decrease the pH of the solution 
to that of the standard solution to prevent low recoveries. Usually 1 ml 
of dilute hydrochloric acid was sufficient. 

Salicylic Acid-Validation Tests-A series of validation tests was 
performed on the automated system. A linear response was obtained 
when solutions of salicylic acid standard containing 0.1-0.4 and 1.0-4.0 
mg/ml were tested. The absorbance of 30 individual cups of solution 
exhibited a relative standard deviation of 1.4%. 

Composite Assays-Portions of tablet composites equivalent to 10 
tablets were analyzed by the proposed method and the USP XIX method. 
The ground tablet composites were prepared from available commercial 
samples. Table 11 shows the results obtained by both methods and the 
precision of the automated procedure. 

Recovery of Standards-Recovery assays, using the proposed method, 
were made on simulated mixtures of aspirin based on the manufacturers' 
formulations. Recoveries were obtained by spiking standard solutions 
of salicylic acid with weighed amounts of excipient materials and com- 
paring the results with those from the standard solution. A recovery of 
101.0% salicylic acid was obtained from a mixture of 90% aspirin and 10% 
starch. A mixture of aspirin, cornstarch, lactose, and magnesium stearate 
gave a recovery of 100.7% salicylic acid. 

Interferences-Interference from the impurities acetylsalicylsalicylic 
acid, acetylsalicylic anhydride, and 0-salicylsalicylic acid was measured 
by spiking standard solutions of salicylic acid with weighed amounts of 
each impurity and comparing the response with that of the standard 
solution. No impurity interference was found. 

Solvent Selection-Aspirin is stable a t  pH 2.2 but is not very soluble 
in a pH 2.2 buffer; ethanol is needed to increase the solubility. When a 
solvent containing >25% ethanol was used, a brown hazy solution resulted 
when the ferric nitrate reagent was added. Cullen et al. (12) reported that 
a violet color resulted with the addition of ferric nitrate. A series of tests 
using different percentages of ethanol was performed to obtain the violet 
color. As a result, 25% ethanol in pH 2.2 buffer was selected as the solvent. 
Buffered tablets first were dissolved in 95% ethanol. When they were 
dissolved in 50% ethanol, a mass of undissolved flocculent material 
formed, which made it difficult to obtain sufficient filtered solution for 
analysis on the automated system. 

sensitivity Adjustment-Different levels of salicylic acid were found 
in plain as opposed to buffered tablets. Therefore, it was necessary to use 
a spectrophotometer with adjustable sensitivity. 

Filtering-All solutions of plain or buffered tablets were filtered 
through paper since insoluble excipient materials present in the sample 
solutions interfered with the automated procedure. 

Hydrolysis-Because of possible hydrolysis of the aspirin to salicylic 
acid in the solvent, tests were performed to check the hydrolysis. Aspirin 
was added to a standard salicylic acid solution, and this solution was 
compared to the unspiked standard solution. There was no detectable 
hydrolysis on the automated system. To limit the hydrolysis that would 
occur with time, all solutions were analyzed within 30 min after the sol- 
vent addition to the tablets. 

Table 111 lists the results obtained from the national survey by the 
automated methods for aspirin and salicylic acid. It also shows compar- 
isons with the USP methods for some samples. One hundred seventy 
tablet samples were analyzed for aspirin and salicylic acid content, and 
34 bulk drug substances were analyzed for aspirin content. Four tablet 
samples failed to meet the USP XIX limits for aspirin content. Eighteen 
tablet samples failed to meet the USP XIX limits for salicylic acid con- 
tent. 
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Abstract 0 A quantitative high-pressure liquid chromatographic 
method, using a reversed-phase column coupled to a fluorescence de- 
tector, was developed to determine salicylic acid in bulk aspirin and plain 
and buffered aspirin tablets. The aspirin was dissolved, filtered, and in- 
jected into the chromatograph; the fluorescence of the salicylic acid was 
measured a t  -425 nm. Excipients and impurities did not interfere, and 
recoveries of 100% were obtained. The method was used to analyze 84 
aspirin samples. 

Keyphrases Salicylic acid-high-pressure liquid chromatography, 
fluorescence detection and measurement Analgesics-determination 
of salicylic acid in aspirin by high-pressure liquid chromatography 
Aspirin-determination of salicylic acid by high-pressure liquid chro- 
matography High-pressure liquid chromatography-determination 
of salicylic acid in aspirin 

The nonaspirin salicylate test in USP XIX (1) is re- 
quired for the assay of bulk aspirin and plain and buffered 
aspirin tablets. The official monograph test for salicylic 
acid in bulk aspirin is a tube comparison based on the color 
of the complex formed by ferric ion and salicylic acid and 
has only a pass-fail requirement a t  a limit of 0.1%. The 
plain tablet test, based on the method of Weber and Levine 
(2), uses a ferric chloride--urea trap of the salicylic acid on 
a diatomaceous earth’ column with subsequent elution and 
measurement of salicylic acid at  -306 nm. The absorbance 
of the standard is only -0.1 absorbance unit; samples with 
low levels of salicylic acid give very low absorbance read- 
ings, making accurate measurements difficult. The limit 
for salicylic acid in plain tablets is 0.3%. The buffered 
tablet assay, based on the method of Guttman and Salo- 
mon (3), uses the same column but can accommodate 
higher concentrations of salicylic acid. The limit in buf- 
fered tablets is 3.0%. 

’ (‘elite. 

Salicylic acid and other impurities in aspirin products 
have been determined by high-pressure liquid chroma- 
tography (HPLC) (4,5). As part of a national survey, the 
screening of many aspirin samples for salicylic acid was 
desired; therefore, a suitable HPLC procedure was needed. 
The method of Jansson and Andersson (5) was not suitable 
because of the in situ column preparation, which could 
cause reproducibility problems. The method of Ali (4) was 
chosen because of the commercial availability of the re- 
versed-phase column and because the solvent system was 
compatible with aspirin solubility. However, preliminary 
experiments showed that salicylic acid was not easily de- 
termined at 254 nm at levels of 0.3% or lower in aspirin 
products. 

Shane and Stillman (6) determined salicylic acid in the 
presence of aspirin by fluorescence in chloroform solution. 
The work of Shane and Miele (7) indicated that salicylic 
acid could be determined fluorometrically in the presence 
of aspirin using a pH 4 aqueous buffer solution. 

An aqueous-alcoholic solvent of pH 3.4 is obtained when 
acetic acid is added to the HPLC mobile phase used by Ali 
(4). This solvent causes salicylic acid to fluoresce and is an 
excellent solvent for aspirin formulations. 

The procedure described in this paper combines HPLC 
with a fluorescence detector and accurately measures the 
salicylic acid content of bulk, plain, and buffered aspirin 
formulations. The samples were prepared in methanol- 
water-acetic acid and injected into the chromatograph, 
and the saiicylic acid was measured by the fluorescence 
detector. The results were compared with those obtained 
using the official USP XIX procedure and a semiauto- 
mated colorimetric procedure (8). The procedure was used 
successfully to analyze 34 bulk and 50 tablet aspirin for- 
mulations. 
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Abstract 0 A quantitative high-pressure liquid chromatographic 
method, using a reversed-phase column coupled to a fluorescence de- 
tector, was developed to determine salicylic acid in bulk aspirin and plain 
and buffered aspirin tablets. The aspirin was dissolved, filtered, and in- 
jected into the chromatograph; the fluorescence of the salicylic acid was 
measured a t  -425 nm. Excipients and impurities did not interfere, and 
recoveries of 100% were obtained. The method was used to analyze 84 
aspirin samples. 

Keyphrases Salicylic acid-high-pressure liquid chromatography, 
fluorescence detection and measurement Analgesics-determination 
of salicylic acid in aspirin by high-pressure liquid chromatography 
Aspirin-determination of salicylic acid by high-pressure liquid chro- 
matography High-pressure liquid chromatography-determination 
of salicylic acid in aspirin 

The nonaspirin salicylate test in USP XIX (1) is re- 
quired for the assay of bulk aspirin and plain and buffered 
aspirin tablets. The official monograph test for salicylic 
acid in bulk aspirin is a tube comparison based on the color 
of the complex formed by ferric ion and salicylic acid and 
has only a pass-fail requirement a t  a limit of 0.1%. The 
plain tablet test, based on the method of Weber and Levine 
(2), uses a ferric chloride--urea trap of the salicylic acid on 
a diatomaceous earth’ column with subsequent elution and 
measurement of salicylic acid at  -306 nm. The absorbance 
of the standard is only -0.1 absorbance unit; samples with 
low levels of salicylic acid give very low absorbance read- 
ings, making accurate measurements difficult. The limit 
for salicylic acid in plain tablets is 0.3%. The buffered 
tablet assay, based on the method of Guttman and Salo- 
mon (3), uses the same column but can accommodate 
higher concentrations of salicylic acid. The limit in buf- 
fered tablets is 3.0%. 

’ (‘elite. 

Salicylic acid and other impurities in aspirin products 
have been determined by high-pressure liquid chroma- 
tography (HPLC) (4,5). As part of a national survey, the 
screening of many aspirin samples for salicylic acid was 
desired; therefore, a suitable HPLC procedure was needed. 
The method of Jansson and Andersson (5) was not suitable 
because of the in situ column preparation, which could 
cause reproducibility problems. The method of Ali (4) was 
chosen because of the commercial availability of the re- 
versed-phase column and because the solvent system was 
compatible with aspirin solubility. However, preliminary 
experiments showed that salicylic acid was not easily de- 
termined at 254 nm at levels of 0.3% or lower in aspirin 
products. 

Shane and Stillman (6) determined salicylic acid in the 
presence of aspirin by fluorescence in chloroform solution. 
The work of Shane and Miele (7) indicated that salicylic 
acid could be determined fluorometrically in the presence 
of aspirin using a pH 4 aqueous buffer solution. 

An aqueous-alcoholic solvent of pH 3.4 is obtained when 
acetic acid is added to the HPLC mobile phase used by Ali 
(4). This solvent causes salicylic acid to fluoresce and is an 
excellent solvent for aspirin formulations. 

The procedure described in this paper combines HPLC 
with a fluorescence detector and accurately measures the 
salicylic acid content of bulk, plain, and buffered aspirin 
formulations. The samples were prepared in methanol- 
water-acetic acid and injected into the chromatograph, 
and the saiicylic acid was measured by the fluorescence 
detector. The results were compared with those obtained 
using the official USP XIX procedure and a semiauto- 
mated colorimetric procedure (8). The procedure was used 
successfully to analyze 34 bulk and 50 tablet aspirin for- 
mulations. 
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Table I-Comparison of Results (Percent  of Label Claim) 
Obtained by USP XIX a n d  Fluorometric HPLC Methods for  
Snlicvlic Acid in Asoirin Tablets 

Fluorometric 
Tablet USP" HPLC" 

324 mg, plain 0.073 0.088 
324 rng, plain 0.036 0.048 
324 rng, buffered 0.580 0.420 
81 mg, pediatric 0.230 0.4926 
81 mg, pediatric 0.264 0.372* 

Average of four determinations. Average of five to seven determinations. 

EXPERIMENTAL 

Apparatus-The high-pressure liquid chromatograph2 was coupled 
to a ratio fluororneter3 equipped with a quartz flowcel14, a primary 5 X 
5-crn glass filter5, and a secondary 5 X 5-cm glass filter6. A 100-mv re- 
corder7 was connected io the fluorometer. Standard 0.2-cm small-bore 
polytetrafluoroethyleneR tubing connected the liquid chromatograph 
to the fluororneter. 

A 250 X 4.6-mm column, packed with octadecylsilane bonded to 10-pm 
silicag, was used at  ambient temperature. The flow rate was 1.5 ml/min, 
and column pressure was -1600 psi. The volume of the sample and 
standard solutions introduced on the column was 40 pl. Methanol was 
used to rinse the column. 

Reagents-Methanol and acetic acid were ACS reagent grade. The 
methanol and deionized water were filtered with suction through 0.61°- 
and 0.45"-prn filters, respectively, before use. The mobile phase, con- 
sisting of 54% methanol and 46% water that  contained 2.5% acetic acid, 
was degassed on the instrument a t  40' for 20 min before use. 

The mobile phase for the liquid chromatograph can be made inde- 
pendently from the sample solvent. The mobile phase should not be left 
on the column overnight. 

The same batch of mobile phase was used to dilute the sample and 
standard. 

Standard Salicylic Acid Solutions-Stock Solution-Approxi- 
mately 100 mg of salicylic acidL2 of known purity was weighed accurately, 
transferred to a 100-ml volumetric flask, and dissolved in and diluted to 
volume with methanol. 

Working Solution-A 1.0-ml aliquot of the stock solution was trans- 
ferred to a 50-rnl volumetric flask and diluted to volume with the mobile 
phase. This concentration should be 0.972 mg/50 mi to be equivalent to 
the 0.3% limit for salicylic acid in plain 324-mg tablets. 

Sample Solution-Bulk and Plain Tablets-An amount of aspirin 
or ground composite equivalent to 324 mg of aspirin was transferred to 
a 50-mI volumetric flask, and 25-30 ml of the mobile phase was added. 
Then the solution was either treated ultrasonically for 3&90 SIX or shaken 
vigorously for 6&120 sec, diluted to volume with the mobile phase, mixed, 
and After the first 5 ml was discarded, the HPLC vial was 
filled and capped, and the solution was injected. The total time for ma- 
nipulation should be <3 min. 

Buffered Tablets-An amount of aspirin formulation equivalent to 
324 mg of aspirin was transferred to a 100-ml volumetric flask. Fifty 
milliliters of the mobile phase was added, and the sample was treated as 
outlined under Hulk and Plain Tablets. Then a 10.0-ml aliquot was 
transferred to a 100-mi volumetric flask, diluted to volume with the 
mobile phase, and mixed. The solution was filtered and injected as out- 
lined under Bulk and Plain Tablets. The total time for manipulation 
sh!iuld be <4 rnin. 

The fluorometer response and/or the standard concentration were 
adjusted when salicylic acid levels greatly exceeded 0.3% for plain tablets 
or 3.0% for buffered tablets. 

Model 1084A. Hewlett-Packard Co., Avondale, PA 19311. 
Farrand Optical Co.. Valhalla, NY 10595. 

4 No. 124374,300 ~ 1 , l O  mm, Farrand Optical Co., Valhalla, NY 10595. 
5 No. UG-11, 325-nm peaking, Beckman Instrument Co., Fullerton, CA 

No. 3389, 86% transmission at 425 nm, Corning elass Co., Corning, NY 

Servo-Riter 11, Texas Instruments Inc., Houston, TX 77001. 

906046-94 from Alltech Associates, Arlington Heights, IL 60004. 

92634. 

14830. 

8Teflon. 
9 Reversed-phase CIS. E. Merck. Darmstadt, West Germany; available as No. 

lo HDWP04700, Millipore Corp., Bedford, MA 01730. 
11 HAWP04700, Millipore Corp., Bedford, MA 01730. 
L2 Sigma Chemical Co., St. Louis, MO 63178. 
'3 BDWP02500,0.6-pm pore size, Millipore Corp., Bedford, MA 01730. 
14 RSWP02500,2.0-pm pore size, Millipore Corp., Bedford, MA 01730. 

Table 11-Comparison of Results (Percent of Label Claim) 
Obtained by Fluorometric HPLC, USP XIX, and  Semiautomated 
Colorimetric Methods for  Salicylic Acid 

Manufacturera Type of Sample HPLC USP 

AA 
BB 
C 
H 
H 
E 

EE 
JJ 
JJ 
I1 

t3 
S 
T 
U 
U 
K 

K 
V 
V 
V 
SM 
MA 
MA 

300-mg tablet 
324-mg tablet 
81-mg tablet 
81-mg tablet 
81-mg tablet 
324-mg tablet 

(buffered) 
324-mg tablet 
81 -mg tablet 
81-mg tablet 
324-mg tablet 

(buffered) 
324-mg tablet 
324-mg tablet 
324-mg tablet 
81-mg tablet 
81-mg tablet 
81-mg tablet 
81-mg tabletd 

81-mg tablet 
81-mg tablet 
81-mg tablet 
81-mg tablet 
Bulk 
Bulk 
Bulk (10% 

starch mix) 

0.270 0.248 
0.350 0.307b 
1.200 1.270b 
0.456 0.410 
0.240 0.197 
4.400 3.360 

0.O4tjc 0.030' 
0.129 0.149 
0.148 0.142 
0.42SC O.58lc 

0.375 0.370 
0.461 0.511 
0.O8Sc 0.072c 
0.350 0.240 
0.495 0.520 
0.400 0.400 
2.245 4.400 

0.500 0.534e 
0.600 0.524b 
0.645 0.520b 
0.580 O.52Ob 
0.020 -f  
0.020 -/ 
0.320 0.300 

Colorimetric 

0.245 
0.396 
1.230 
0.540 
0.239 
3.400 

0.O5Oc 
0.292 
0.275 
O.42Oc 

0.330 
0.400 
0.089' 
0.262 
0.500 
0.500 
2.100.4.160. 

2.160, 2.310, 
3.790 

0.500 
0.600 
0.625 
0.629 
-g 
--g 
-..g 

C = Bowman Pharmaceuticals, Canton, Ohio; E = Chromalloy American Corp., 
Culver City, Calif.; H = Davis Manufacturing Co., Knoxville, Tenn.; K = Freeda 
Vitamins, New York, N.Y.; Q = Marshall Pharmacal Corp., South Hackensack, N.J.; 
S = Norwich-Eaton Pharmaceuticals, Norwich, N.Y.; T = Oak Park Pharmaceu- 
ticals, Fredonia, Wis.; U = Pennex Products Co., Pittsburgh, Pa.; V = L. Perrigo 

,Co., Allegan, Mich.; AA = Sein-Mendez Labs, Rio Piedas, Puerto Rico; BB = 
Stanback Co., Salisbury, N.C.; EE = Sterling Dru ,New York, N.Y.; I1 = Walgreen 
Co., Chicago, Ill.; JJ = West-Ward, Eatontown, hJ.; SM = Sigma Chemical Co., 
St. Louis, Mo.; and MA = Monsanto Chemical Co., St. Louis, Mo. * USP XIX 
modified, tablet material was mixed for 10 min with chloroform before being poured 
onto column. Average of four or more results. d Results due to difference in sali- 
cylic acid content of individual tablets. Results reported are from separate prepared 
composites. USP modified; formic acid was used to free salicylic acid from the 
formulation (see Ref. 11). f Method lacked sensitivity for proper analysis. g Passed 
USP XIX limit test of 0.1%. 

Quantitation-Quantitation was achieved by measuring peak height 
with the 100-mv recorder. The column and detector were primed with 
two or three injections of a salicylic acid solution before a standard was 
injected. The first injection of the standard and sample was used to cal- 
culate the salicylic acid content. 

RESULTS AND DISCUSSION 

Salicylic acid can be determined even if the HPLC column does not 
separate salicylic acid and aspirin. When the HPLC column fails to 
separate these compounds, any interference with the salicylic acid peak 
height due to aspirin should be checked. This problem did not arise in 
this study since the CIS reversed-phase column separated the salicylic 
acid from aspirin; the retention times of aspirin and salicylic acid were 
3.9 and 5.0 min, respectively. 

Salicylic acid was detected a t  40 pg/40-~1 injection at  a signal-to-noise 
ratio of 1001, indicating a detection limit of -1 pg/40 pl. This procedure 
is a t  least 100 times more sensitive than the procedures of Peng et al (9) 
and Terweij-Groen et al. ( lo),  who determined salicylic acid in plasma 
and deproteinized serum, respectively, by the use of HPLC with UV 
detectors a t  237 and 235 nm. 

Salicylic acid gave a linear response over almost the full range of the 
fluorometer, i.e., 0-9 mg/50 ml. The fluorometer was normally operated 
on midrange with the salicylic acid peak height adjusted to -75% full 
scale. Since the relative fluorescence of salicylic acid is pH dependent 
(6), the standard and samples must be prepared with the same mobile 
phase solution. The reproducibility of 11 salicylic acid standard injections 
calculated from the peak heights was f1.2 fluorescence units with an 
average peak height of 67.3 fluorescence units. Recoveries of salicylic acid 
in the presence of aspirin from simulated formulations ranged from 101.0 
to 105.5%. Recoveries of salicylic acid from buffered aspirin samples 
ranged from 100.0 to 117.0%. With some buffered tablet formulations, 
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it may be necessary to add a small amount of formic acid to the tablet REFERENCES 
material to release salicylic acid into the solution (3 , l l ) .  

The average result for 10 individual weighings from a prepared 325-mg 
commercial sample. composite was 0.048% salicylic acid with a relative 
standard deviation of 3.9%. 

Table 1 shows a comparison of the results of the fluorometric HPLC 
procedure with the official USP XIX procedure. The samples are the 
same as those reported in Table I1 in Ref. 8. The results were obtained 
on composites prepared from commercial tablet samples. 

Table I1 shows a comparison of the fluorometric HPLC procedure with 
the USP XIX method and with a semiautomated colorimetric procedure 
(8) for samples collected during the aspirin survey. The results listed for 
each manufacturer were not determined on the same composite. 

Baum and Cantwell (12) recently reported the simultaneous deter- 
mination of salicylic acid in aspirin formulations by HPLC with uv de- 
tection. The Baum and Cantwell method was noted only after the HPLC 
procedure was being used routinely on manufactured formulations in this 

(1) “The United States Pharmacopeia,” 19th rev., Mack Publishing 

(2) J. D. Weber and J. Levine, J. Pharm. Sci., 55,78 (1966). 
(3) D. E. Guttman and G. W. Salomon, ibid., 58,120 (1969). 
(4) S. L. Ali, J. Chromatogr., 126,651 (1976). 
(5) S. Jansson and I. Andersson, Acta Phrm.  Suec., 14, 161 (1977). 
(6) N. Shane and R. Stillman, J. Pharm. Sci., 60,114 (1971). 
(7) N. Shane and D. Miele, ibid., 59,397 (1970). 
(8 )  w. E, Juhl and R, D. Kirchhoefer, ibid,, 69, 544 (1980). 
(9) G. W. Peng, M. A. F. Gada1la;V. Smith, A. Peng, and W. L. Chiou, 

(10) C. P. Terweij-Groen, T .  Vahlkamp, and J. C. Korak, J. Chro- 

(11) J. ~~~i~~ and J. D. weher, J ,  pharm, sci , ,  57, 631 (1968). 
(12) R. G.  B~~~ and F. F. cantwell, ibid,, 67,1066 (1978). 

co., Easton, pa., 1975, pp. 38, 39. 

ibid,, 67;710 (1978). 

matogr., 145,115 (1978). 
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Abstract  0 A quantitative high-pressure liquid chromatographic 
method, using a reversed-phase column and an aqueous acetic acid- 
methanol solution as the mobile phase, was employed for the determi- 
nation of 0-acetyl-0-salicylsalicylic acid and 0-salicylsalicylic acid in 
pharmaceutical aspirin preparations. The aspirin was dissolved, filtered, 
and injected into the chromatograph. The absorbance of the impurities 
was measured a t  254 nm. Acetylsalicylic anhydride was determined by 
a spectrophotometric method. The aspirin was dissolved in pH 11.3 buffer 
and extracted with benzene. An aliquot of the benzene was evaporated, 
and the residue was dissolved in a-benzamidocinnamate-pyridine re- 
agent. The acetylsalicylic anhydride was measured using the difference 
between the absorbance a t  362 and 372 nm. Possible interference of as- 
pirin with the procedure is discussed. Thirty-four bulk aspirin and 172 
tablet formulations were examined. Results for 0-acetyl-0-salicylsalicylic 
acid, 0-salicylsalicylic acid, and acetylsalicylic anhydride are given. 

Keyphrases 0 0-Acetyl-0-salicylsalicylic acid-high-pressure liquid 
chromatographic determination 0 Analgesics- determination of im- 
purities in aspirin 0 Aspirin-determination of impurities 0-Sali- 
cylsalicylic acid-high-pressure liquid chromatographic determination 

Acetylsalicylic anhydride-spectrophotometric determination 

Acetylsalicylic anhydride (I), 0-acetyl-0-salicylsalicylic 
acid (II), and salicylic acid have been determined in aspirin 
tablets by high-pressure liquid chromatography (HPLC) 
(I-Fj), GLC (1,3,6-9),  TLC (10, ll), and spectrophotom- 
etry (12, 13). 

The HPLC procedure of Ali (1) was used in these la- 
boratories to determine impurities in aspirin products. 
However, certain reversed-phase HPLC columns did not 
separate I from another impurity, which was isolated and 

identified as 0-salicylsalicylic acid (111) (14). Compound 
I also is decomposed rapidly while in contact with the 
mobile phase. Therefore, this procedure was used only for 
the measurement of I1 and 111. Additional impurities were 
found in commercial samples but have not been identi- 
fied. 

Bundgaard (5) postulated the presence of I11 and p -  
acetoxybenzoic acid in aspirin formulations based on their 
HPLC retention times. Bundgaard indicated that these 
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material to release salicylic acid into the solution (3 , l l ) .  

The average result for 10 individual weighings from a prepared 325-mg 
commercial sample. composite was 0.048% salicylic acid with a relative 
standard deviation of 3.9%. 

Table 1 shows a comparison of the results of the fluorometric HPLC 
procedure with the official USP XIX procedure. The samples are the 
same as those reported in Table I1 in Ref. 8. The results were obtained 
on composites prepared from commercial tablet samples. 

Table I1 shows a comparison of the fluorometric HPLC procedure with 
the USP XIX method and with a semiautomated colorimetric procedure 
(8) for samples collected during the aspirin survey. The results listed for 
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Abstract  0 A quantitative high-pressure liquid chromatographic 
method, using a reversed-phase column and an aqueous acetic acid- 
methanol solution as the mobile phase, was employed for the determi- 
nation of 0-acetyl-0-salicylsalicylic acid and 0-salicylsalicylic acid in 
pharmaceutical aspirin preparations. The aspirin was dissolved, filtered, 
and injected into the chromatograph. The absorbance of the impurities 
was measured a t  254 nm. Acetylsalicylic anhydride was determined by 
a spectrophotometric method. The aspirin was dissolved in pH 11.3 buffer 
and extracted with benzene. An aliquot of the benzene was evaporated, 
and the residue was dissolved in a-benzamidocinnamate-pyridine re- 
agent. The acetylsalicylic anhydride was measured using the difference 
between the absorbance a t  362 and 372 nm. Possible interference of as- 
pirin with the procedure is discussed. Thirty-four bulk aspirin and 172 
tablet formulations were examined. Results for 0-acetyl-0-salicylsalicylic 
acid, 0-salicylsalicylic acid, and acetylsalicylic anhydride are given. 
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chromatographic determination 0 Analgesics- determination of im- 
purities in aspirin 0 Aspirin-determination of impurities 0-Sali- 
cylsalicylic acid-high-pressure liquid chromatographic determination 

Acetylsalicylic anhydride-spectrophotometric determination 

Acetylsalicylic anhydride (I), 0-acetyl-0-salicylsalicylic 
acid (II), and salicylic acid have been determined in aspirin 
tablets by high-pressure liquid chromatography (HPLC) 
(I-Fj), GLC (1,3,6-9),  TLC (10, ll), and spectrophotom- 
etry (12, 13). 

The HPLC procedure of Ali (1) was used in these la- 
boratories to determine impurities in aspirin products. 
However, certain reversed-phase HPLC columns did not 
separate I from another impurity, which was isolated and 

identified as 0-salicylsalicylic acid (111) (14). Compound 
I also is decomposed rapidly while in contact with the 
mobile phase. Therefore, this procedure was used only for 
the measurement of I1 and 111. Additional impurities were 
found in commercial samples but have not been identi- 
fied. 

Bundgaard (5) postulated the presence of I11 and p -  
acetoxybenzoic acid in aspirin formulations based on their 
HPLC retention times. Bundgaard indicated that these 
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Table I-Amounts of 1-111 as Percent of Declared Aspirin in Aspirin Tablets 

Tablet 
Tablet" Dosage I I1 111 

D 

I 

J 
K 

L 

M 
N 

0 

R 

S 

A 324 mg 
324 mg 
324 mg 
324 mg 

B 421 mg 
421 mg 
421 mg 
421 mg 

C 324 mg 
324 mg 

81 mg 
324 mg 
324 mg 
324 mg 
324 mg 
160 mg 
486 mge 
486 mge 
324 mg 
324 mg 
324 mg 
324 mg 
486 mge 
486 mge 
486 mge 
324 mge 
324 mge 
324 mge 
324 mge 
324 mg 
324 mg 
324 mg 
81 mg 
81 mg 
81 mg 

324 mg 
324 mg 
324 mg 
324 mg 
81 mg 

324 mg 
81 mg 

324 mg 
324 mg 
324 mg 
324 mg 
324 mg 
81 mg 
81 mg 

324 mg 
324 mge 
324 mge 
324 mge 
324 mg 
324 mg 
324 mg 
324 mg 
324 mg 
324 mge 
324 mg 
324 mg 
324 mg 
324 mg 
324 mg 
324 mg 
324 mg 
324 mg 
324 mg 
324 mg 
324 mg 
324 mg 
324 mg 
324 mg 
324 mg 
324 mg 
324 mg 
324 mg 
324 mg 
324 mg 
324 mg 

T 81 mg 

0.004 
0.005 
0.004 
0.007 
0.075 
0.0667 

0.006 
0.036 
0.036 
0.009 
0.002 
0.003 
0.T7 

0.006 
0.043 

- 
b - 

- 

0 . y 1  
- 
0.018 
0.026 
0.004 
0.006 
O.tO3 

0.025 

0.018 
0.011 
0.012 
0.033 
0.050 
0.004 
0.005 
0.006 
0.008 
O.Of5 

- 

- 
b - 

- 
o.Of2 - 
0.003 
0.001 
0.003 
0.022 
0.012 
0.034 
0.011 
0.001 
0.038 
0.039 
0.040 
0.006 
0.023 
0.014 
0.022 
0.003 
0.002 
0.023 
0.op 
- 
0.014 
0.024 
0.007 
0.004 
0.030 
0.006 
0.005 
O.tO3 

0.007 
0.004 
0.004 
0.004 
0.008 
0.012 
0.007 

0.018 
0.044 

- 

b - 

0.148 
0.175 
0.193 
0.170 
0.210 
0.506 
0.358 
0.247 
0.131 
0.065 
0.037 
1.057 
0.046 
0.269 
0.041 
0.036 
0.141 
0.415 
0.346 
0.301 
0.237 
0.223 
0.142 
0.128 
0.173 
0.610 
0.241 
0.506 
0.247 
0.099 
0.169 
0.029 
0.051 
0.068 
0.018 
0.022 
0.020 
0.029 
0.089 
0.054 
0.092 
0.097 
0.147 
0.095 
0.991 
0.109 
0.097 
0.418 
0.083 
0.065 
1.040 
0.540 
0.371 
0.230 
0.173 
0.165 
0.079 
0.094 
0.155 
0.199 
0.056 
0.013 
0.033 
0.088 
0.016 
0.027 
0.055 
0.060 
0.091 
0.419 
0.094 
0.872 
0.548 
0.490 
0.493 
0.418 
0.492 
0.518 
0.513 
0.470 
0.166 

0.02 
0.01 
0.02 
0.02 
0.02 
0.03 
0.04 
0.02 
Tracec 
Trace 
0.02 
0.02 
Trace 

0.01 
Trace 
0.01 
0.02 
0.01 
0.01 
0.01 

d - 

0.52 - 
0.01 
0.01 
0.06 
0.06 
0.06 
0.03 
-d 
Trace 

d 
-d 

d 
-d 

d 
d 
d 
d 

- 

- 

- 
- 
- 
- 
Trace 
0.01 
0.03 
0.02 
0.01 
0.02 
0.01 
0.02 
0.04 
0.01 
0.01 
0.03 
0.03 
0.02 
0.01 
-d 

d 
d 

- 
- 
0.01 
0.01 
0.02 
Trace 

Trace 
d - 

0.51 
- 
-d 
Trace 
Trace 
-d 
0.08 
0.01 
0.16 
0.09 
0.08 
0.08 
0.09 
0.08 
0.10 
0.09 
0.111 
Trace 

Tablet 
Tablet" Dosage I I1 i11 

U 

V 

W 

X 

Y 

2 

AA 

BB cc 
DD 

EE 

FF 

GG 

HH 

I1 

JJ 

81 mg 
324 mge 
324 mge 
324 mge 
324 mge 
81 mg 
81 mg 
81 mg 

324 mge 
324 mge 
324 mge 
324 mge 
81 mg 

324 mge 
81 mg 
81 mg 
81 mg 
81 mg 

324 mge 
324 mge 
324 mge 
324 mge 
324 mge 
324 mg 
324 mg 
324 mg 
81 mg 
81 mg 
81 mg 

324 mg 
324 mg 
324 mg 
81 mg 
81 mg 

324 mg 
324 mg 
648 mg 
324 mg 
486 mge 
81 mg 

648 mg 
324 mg 
324 mg 
486 mg 
486 mg 
81 mg 

300 mg 
324 mg 
324 mge 
324 mge 
324 mge 
324 mge 
324 mge 
325 mg 
81 mg 

325 mg 
81 mg 
81 mg 
81 mg 

325 mg 
325 mg 
325 mg 
324 mg 
324 mg 
324 mg 
324 mg 
81 mg 

324 mg 
324 mge 
324 mg 
324 mge 
324 mge 
65 mg 

320 mg 
320 mg 
324 mge 
324 mge 
81 mg 
81 mg 

324 mge 

0.006 
0.007 
-6 
0.001 
0.004 
0.015 
0.008 
0.012 
0.005 
0.005 
0.004 
0.012 
0.010 

0.008 
0.003 
0.003 
0.003 
0.008 
0.005 
0.007 
0.004 
0.004 
0.004 
0.012 
0.002 
0.013 
0.012 
0.028 
0.012 
0.004 
0.001 
0.021 
0.022 
0.002 
0.006 
0.007 
0.009 
0.014 
0.008 
0.001 
0.001 
0.001 
0.001 
0.001 
0.015 
0.288 
0.001 
0.010 

b - 

0.029 
- 

b 
b 

- 
- 
O.Of3 

0.002 
-b 

b 

0.022 
0.003 
0.002 
0.002 
0.013 
0.010 
0.024 
0.012 
0.010 
0.244 
0.019 
0.012 

0.0$7 

0.003 

- 

- 

b - 

- 

0.$02 - 
b - 

0.010 
0.005 
0.014 

0.106 
0.383 
0.513 
0.355 
0.202 
0.124 
0.099 
0.107 
0.231 
0.199 
0.193 
0.137 
0.140 
0.219 
0.090 
0.125 
0.092 
0.147 
0.197 
0.171 
0.202 
0.215 
0.188 
0.026 
0.152 
0.067 
0.140 
0.116 
0.117 
0.142 
0.094 
0.071 
0.207 
0.207 
0.054 
0.012 
0.094 
0.060 
0.286 
0.041 
0.108 
0.077 
0.031 
0.077 
0.129 
0.308 
0.177 
0.028 
0.598 
0.480 
0.285 
0.682 
0.276 
0.331 
0.027 
0.281 
0.194 
0.229 
0.212 
0.296 
0.319 
0.336 
0.276 
0.231 
0.190 
0.195 
0.120 
0.028 
1.358 
0.026 
0.833 
0.499 
0.081 
0.036 
0.027 
0.253 
0.340 
0.120 
0.175 
0.241 

0.01 
0.25 
0.04 
0.04 
0.03 
0.02 
0.02 
0.02 
0.04 

0.01 
0.02 
0.01 
0.03 
0.01 
0.01 
0.01 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 

0.09 
0.01 
Trace 
0.01 
Trace 

0.01 
0.03 
0.02 
Trace 
Trace 
Trace 
0.01 
0.02 
-d 
0.01 
0.01 
-d 

0.01 
0.01 
0.03 
0.02 

0.06 
0.07 
Trace 
0.05 
0.02 

0.01 
0.01 
0.01 
Trace 
-d 

d 
d 
d 

d - 

d - 

0 . y 1  
- 

d - 

d - 

- 
- 
- 
0.03 
0.01 
0.02 
0.02 
Trace 

d 

0.05 
-d 

0.04 
0.02 
0.02 
Trace 

0.01 
0.02 
Trace 
Trace 
0.02 

(continued) 

- 

d - 
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Table I- Continued 

Tablet 
Tableta Dosage I 11 I11 

324 mg 0.002 0.052 - 
324 mg 0.001 0.093 - 

KK 486 mge 0.010 0.231 0.02 

486 mge - 0.339 0.02 
486 mge 0.008 0.346 0.02 

I .L 325 mg" - 0.140 0.02 
325 mg' - 0.217 0.04 
325 mg" - 0.185 0.02 

d 
d 

486 mgP 0$38 0.337 0.01 

486 mg 0.t44 0.306 0.02 

b 
b 

A = Bell Pharmacal, Greenville, S.C.; B = Block Drug Co., Memphis, Tenn.; 
C = Bowman Pharmaceuticals, Canton, Ohio; D = Bristol-Myers Co., New York, 
N.Y.; E = Chromalloy American Corp., Culver City, Calif.; F = Otis Clapp & Sons, 
Boston, Mass.; G = Cord Laboratories, Detroit, Mich.; H = Davis Manufacturing 
Co., Knoxville, Tenn.; I = Dewey Products Co., Grand Rapids, Mich.; J = Ferndale 
Laboratories, Ferndale, Mich.; K = Freeda Vitamins, New York, N.Y.; L = ICN 
Pharmaceuticals, Cincinnati, Ohio; M = Lannett Co., Philadelphia, Pa; N = Eli 
Lilly & Co., Indianapolis, Ind.; 0 = Mallard, Detroit, Mich.; P = Manhattan Drug 
Co., Hillside, N.d.; Q = Marshall Pharmacal Corp., Hackensack, N.J.: R = McKesson 
Laboratories, Fairfield, Conn.; S = Norwich-Eaton Pharmaceuticals. Norwich, N.Y.; 
T = Oak Park Pharmaceuticals, Fredonia, Wis.; U = Pennex Products Co., Pitts- 
hurgh, Pa; V = L. Perrigo Co., Allegan, Mich.; W = Pill Mill, Grand Rapids, Mich.; 
X = Plough, Memphis, Tenn.; Y = Rexall Drug Co., St. Louis, Mo; Z = Richlyn 
Laboratories, Philadelphia, Pa; AA = Sein-Mendez Labs, Rio Piedas, Puerto Rico; 
BB = Stanbeck Co., Salisbury, N.C.; CC = Standard Pharmacal Co., Chicago, Ill.; 
DD = Stanley Laboratories, Portland, Ore.; E E  = Sterling Drug, New York, N.Y.; 
FF = E. R. Squibb & Sons, New York, N.Y.; GG = Sun Laboratories, Portland, Ore.; 
HH = Vale Chemical Co., Allentown, Pa.; I1 = Walgreen Co., Chicago, Ill.; JJ = 
West-Ward, Eatontown, N.d.; KK = Whitehall Laboratories, New York, N.Y.; and 
1.1. = Zenith Laboratories, Hoboken, N.J. No valid reading was obtained. c Trace 
= <0.00:1'4 I #  I1 or <0.01%1 of I l l .  Not detected. Buffered tablet formulation. 
/ Sample from which O-salicylsalicylic acid was isolated and identified. 

impurit,ies were present in salicylic acid, the starting ma- 
terial for aspirin. The  presence of 111 in aspirin formula- 
tions was confirmed in this laboratory and was determined 
to be a commonly occurring impurity in commercial aspirin 
preparations. This paper presents the first procedure for 
the quantitation of 111 in aspirin and its formulations. 

The spectrophotometric procedure of Bundgaard and 
Bundgaard (13) was modified and used to  determine I in 
bulk aspirin and in plain and buffered tablets, and an 
HPIX method was used to determine I1 and I11 in these 
products. Thirty-four bulk aspirin products, representing 
12 foreign and domestic bulk drug suppliers, and 172 tablet 
formulations, representing 38 manufacturers, were ana- 
lyzed for 1-111. 

EXPERIMENTAL 

Chromatographic Method-Apparatus-A high-pressure liquid 
chromatograph' with a single-wavelength 254-nm detector was used. The 
operating conditions, column, and reagents were as described previously 
( I t5) ,  except that the flow rate was 1.5 ml/min and the amount of acetic 
acid was increased to 2.5%. 

Standard Sfoch  Solution-Approximately 10 mg of O-acetyl-O-sal- 
icylsalicylic acid, synthesized according to the general method of Chat- 
taway (16). and 10 mg of 0-salicylsalicylic acid2 were weighed accurately, 
transferred to a 10-ml volumetric flask, and dissolved in and diluted to 
volume with methanol. 

Standard Working Solution--A 1.0-ml aliquot of the stock solution 
was transferred to a 10-ml volumetric flask and diluted to volume with 
the mobile phase. This solution was transferred to the HPLC vial, the 
vial was capped, and 40 p1 of the solution was injected. 

Sample Preparation-An amount of powder equivalent to 324 mg of 
aspirin for tablet formulations or 700 mg for bulk aspirin was transferred 
to  a 25-mI erlenmeyer flask. The mobile phase (10.0 ml) was added, and 
the solution was shaken or treated ultrasonically for 2-3 min. The solution 
was filtered, if needed, through a 0.6-pm filter3. After the first milliliter 
was discarded, the HPLC vial was filled and capped, and 40 p1 of the 
solution was injected. 

Model IOHdA, Hewlett-Packard Co., Avondale, PA 19311. 
'' K & K  Laboratories, Plainview, NY 11803. .'' RDWPOI:3O(l, Millipore Corp., Brdfnrd, MA 01730. 

Table 11-Amounts of 1-111 (Percent of Assay) in  Bulk Aspirin 

Bulk 
Tablet0 Drugb I I1 111 

A zz 0.026 0.906 0.05 
B MA 0.014 0.123 TraceC 

MA 0.003 0.042 -d 
d 

C 
C MA 0.024 0.148 - 
D zz 0.044 0.210 Trace 

0.02 F MA 0.005 0.730 
H MA 0.004 0.065 
H xx 0.007 Trace - 

Trace J MA 0.007 0.088 
K MA 0.003 0.050 - 
N zz 0.009 0.063 Trnre 

d 
d 

d 

- 

- .-__ 

0 MA 0.020 0.058 Trace 
Trace 0 MA 0.011 0.088 

d 
d 

0.012 0.029 - ww 8 vv 0.010 0.022 - 
S S 0.016 0.229 0.53 
T MA 0.010 0.065 
T MA 0.028 0.130 - 
V zz 0.026 0.236 0.02 
V MA 0.002 0.032 
W MA 0.005 0.023 
X MA 0.012 0.049 - 

- 
d 

d 
d 
d 

- 
- 

. . .. 

X zz o.oi5 0.107 Trace 
Y zz 0.020 0.097 Trace 
Z uu 0.320 0.073 Trace 
AA MA 0.014 0.122 0.12' 
BB MA 0.009 0.049 Trace cc TT _f 0.188 Trace 
EE EE 0.068 0.345 0.02 
FF RR 0.043 0.122 0.02 

d 
d 

d 

- 0.019 0.035 
0.019 0.455 - 

I1 MA 0.012 0.040 

GG 
HH 

LI. ss -I Trnce - 
0.01 

a See Table I, footnote a. * MA = Monsanto Chemical Co., St. Louis, Mo.; QQ 
= Polfa-Starogard, Poland; RR = Schering AG, West Germany; SS = Kim, 
Romania; TT = McKesson and Robbins Co., Oak Lawn, 111.; UU = Flavine Inter- 
national, Northvale, N.d.; VV = Polfa Pharmaceutical Works, Warsaw, Poland; 
WW = unknown, Romania; XX = Craynor Chemical Co.. Pine Brook. N.J., supplier 
Poland; and ZZ = Dow Chemical Co., Midland, Mich. Trace = <0.003% of I1 or 
<0.01% of Ill .  Not detected. e Salicylic acid content of 0.30%. f No valid reading 
was obtained. 

Quantitation-The concentration of each impurity was determined 
by comparing its peak area, as measured by the data system integrator, 
with that of its standard. 

Spectrophotometric Method-The method of Bundgaard and 
Bundgaard (13) was modified for determining I. Compound I was ex- 

Table 111-Amounts of 1-111 (Percent of Declared Aspirin) and  
Correlation of Bulk Aspirin with Manufactured Tablets 

Bulk Type of 
Tablet" Drugb Sample I I1 I11 

H XX Bulk 0.007 
324-mg tablet 0.007 
324-mg tablet 0.005 
324-mg tablet 0.006 
324-mg tablet 0.004 
324-mg tablet 0.005 

H MA Bulk 0.004 
81 -mg tablet 0.050 
81-mg tablet 0.033 

T MA Bulk 0.028 
324-mg tablet' 0.007 
324-mg tablet" -g 
324-mg tablet' 0.001 
Bulk 0.010 
81-mg tablet 0.044 

W MA Bulk 0.005 
324-mg tablet 0.004 

0 MA Bulk 0.020 
324-mg tablet' 2 

J MA Bulk 0.07 
324-mg tablet 0.022 

Tracec -d 
Trace -d 
0.089 - 
0.020 - 
0.018 - 
0.022 - 
0.065 - 
0.068 - 
0.051 - 

d 
d 
d 
d 
d 
d 
d 

0.130 -d 

0.383 0.25f 
0.513 0.04 
0.355 0.0: 

0.539 T r y e  
0.023 - 
0.026 -d 

0.058 Trace 
0.155 0.01 
0.088 Trace 
0.109 0.01 

0.065 - 

" See Table I, footnote a. * MA = Monsanto ChemicalCo., St. Louis, Mo.; and 
X X  = Graynor Chemical Co., Pine Brook, N.J., supplier Poland. Trace = <0.003% 
of I1 or <0.01% of 111. Not detected. Buffered formulation. f Salicylic acid content 
of 2.190, limit 3.0%. 8 No valid reading was obtained. 
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tracted from a powdered sample containing 500 mg of aspirin. T o  an 
evaporated portion of the benzene extract was added 3 ml of a-benza- 
midocinnamate-pyridine reagent, producing an azlactone. The solution 
was read in the UV region after 25 and 60 min. 

The method of calculation was changed from the given procedure by 
subtracting the absorbance of the minimum a t  372 nm from the ab- 
sorbance of the maximum at 362 nm and using this net absorbance. The 
standard was synthesized according to Bundgaard and Bundgaard 
(13). 

RESULTS AND DISCUSSION 

Compounds I1 and 111 were stable in the chromatographic solvents and 
were determined by this procedure; I was unstable in the mobile phase 
and decomposed rapidly during analysis. Therefore, I could not be de- 
termined by HPLC. While attempting to measure I, it was found that 
some CIS reversed-phase HPLC columns would not separate I from 111. 
However, the column (15) used in the present work separated I and 111. 
Compound I11 has not previously been identified in aspirin formulations, 
but i ts  presence was postulated by Bundgaard (5) based on its retention 
time on silica gel HPLC. Compound 111 has been identified in these la- 
boratories by IR, UV, and mass spectrometry and TLC after isolation 
(14). 

The original spectrophotometric procedure (13) gave results that  in- 
dicated that aspirin did not interfere with the determination of I. How- 
ever, aspirin itself will react with the reagent but a t  a much slower rate 
than I. When as little as 0.044% (0.22 mg) aspirin was extracted with I, 
it contributed to an artificially high value of I by 0.004% (additive with 
the percentagcof I present) after a 30-min reaction period and by 0.008% 
after 60 min. During the survey, results for I averaged 4.015%. 

Aspirin interference in this analysis can be determined by following 
the reaction over a period of time. Absorbance readings were taken a t  25 
and 60 min. A continual increase in absorbance indicated the presence 
of aspirin, and the quantitation w k  considered invalid. Thorough shaking 
of the pH 11.3 buffer solution with benzene, followed by centrifugation, 
usually removed the aspirin to permit determination of I. 

Table I lists the amounts of 1-111 found in a national survey of aspirin 
formulations, and Table I1 lists the amounts found in bulk aspirin. The 
levels of 1-111 listed for bulk aspirin from the same bulk drug suppliers 
sometimes were different, presumably because they were from different 
lots. 

Linearity for I1 and I11 was established a t  levels down to 0.003 and 
0.01% (0.01 and 0.03 mg/lO ml) of declared aspirin, respectively. A re- 
covery (from a synthetic starch-lactose formulation) of 100% for I1 and 
111 was obtained a t  the 0.03% level relative to aspirin. 

Table 111 shows the only correlations available to match the same lot 
of bulk aspirin to the finished tablets. Bundgaard (5) stated that the levels 
of I and I1 found in tablets originate from the starting bulk aspirin. In 
general, the level of I1 was lower in bulk aspirin than in tablets manu- 
factured from that bulk, indicating that aspirin is converted to I1 during 
or after tablet manufacture (Table 111). 
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Abstract  0 A series of 11 asparagines.substituted on M4 was prepared 
and evaluated for their ability to inhibit the growth of L5178Y leukemia 
cell cultures. These cells require an exogenous source of L-asparagine and 
should be sensitive to an asparagine antimetabolite. The compounds were 
prepared by reaction of Rhthalylaspartic anhydride with a primary or 
secondary amine, followed by removal of the phthalyl group with hy- 
drazine. One compound, N,N-dibenzylasparagine, showed significant 
activity. Additional study of asparagine derivatives bearing large, lipo- 
philic groups at N4 is warranted. 

Keyphrases 0 Asparagine analogs-synthesis and anticancer activity 
Anticancer activity-asparagine analogs Antileukemic activity- 

asparagine analogs 

There has been great interest in the enzyme L-aspara- 
ginase (L-asparagine amidohydrolase, E.C. 3.5.1.1) since 
it was shown (1) to be the active antitumor agent found in 

guinea pig serum. Several tumor cell types are sensitive to 
L-asparaginase treatment, including some human leuke- 
mias (2-4). Dramatic remissions were obtained with sen- 
sitive tumors, but resistance to the L-asparaginase treat- 
ment developed rapidly (4). 

BACKGROUND 

L-Asparaginase acts on sensitive tumors by removing the required 
exogenous supply of L-asparagine (I), whereas most normal cells and 
resistant tumors can synthesize L-asparagine (5). Large doses of injected 
L-asparaginase rapidly reduced L-asparagine below detectable levels in 
the plasma, but extracellular fluid concentrations were reduced by only 
70% (6). Thus, leukemic cells in the bloodstream generally are killed, but 
some inaccessible cells have a good chance of survival on the remaining 
tissue levels of L-asparagine. Furthermore, those cells that  survive long 
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tracted from a powdered sample containing 500 mg of aspirin. T o  an 
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midocinnamate-pyridine reagent, producing an azlactone. The solution 
was read in the UV region after 25 and 60 min. 

The method of calculation was changed from the given procedure by 
subtracting the absorbance of the minimum a t  372 nm from the ab- 
sorbance of the maximum at 362 nm and using this net absorbance. The 
standard was synthesized according to Bundgaard and Bundgaard 
(13). 
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Compounds I1 and 111 were stable in the chromatographic solvents and 
were determined by this procedure; I was unstable in the mobile phase 
and decomposed rapidly during analysis. Therefore, I could not be de- 
termined by HPLC. While attempting to measure I, it was found that 
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Compound I11 has not previously been identified in aspirin formulations, 
but i ts  presence was postulated by Bundgaard (5) based on its retention 
time on silica gel HPLC. Compound 111 has been identified in these la- 
boratories by IR, UV, and mass spectrometry and TLC after isolation 
(14). 

The original spectrophotometric procedure (13) gave results that  in- 
dicated that aspirin did not interfere with the determination of I. How- 
ever, aspirin itself will react with the reagent but a t  a much slower rate 
than I. When as little as 0.044% (0.22 mg) aspirin was extracted with I, 
it contributed to an artificially high value of I by 0.004% (additive with 
the percentagcof I present) after a 30-min reaction period and by 0.008% 
after 60 min. During the survey, results for I averaged 4.015%. 

Aspirin interference in this analysis can be determined by following 
the reaction over a period of time. Absorbance readings were taken a t  25 
and 60 min. A continual increase in absorbance indicated the presence 
of aspirin, and the quantitation w k  considered invalid. Thorough shaking 
of the pH 11.3 buffer solution with benzene, followed by centrifugation, 
usually removed the aspirin to permit determination of I. 

Table I lists the amounts of 1-111 found in a national survey of aspirin 
formulations, and Table I1 lists the amounts found in bulk aspirin. The 
levels of 1-111 listed for bulk aspirin from the same bulk drug suppliers 
sometimes were different, presumably because they were from different 
lots. 

Linearity for I1 and I11 was established a t  levels down to 0.003 and 
0.01% (0.01 and 0.03 mg/lO ml) of declared aspirin, respectively. A re- 
covery (from a synthetic starch-lactose formulation) of 100% for I1 and 
111 was obtained a t  the 0.03% level relative to aspirin. 

Table 111 shows the only correlations available to match the same lot 
of bulk aspirin to the finished tablets. Bundgaard (5) stated that the levels 
of I and I1 found in tablets originate from the starting bulk aspirin. In 
general, the level of I1 was lower in bulk aspirin than in tablets manu- 
factured from that bulk, indicating that aspirin is converted to I1 during 
or after tablet manufacture (Table 111). 
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Abstract  0 A series of 11 asparagines.substituted on M4 was prepared 
and evaluated for their ability to inhibit the growth of L5178Y leukemia 
cell cultures. These cells require an exogenous source of L-asparagine and 
should be sensitive to an asparagine antimetabolite. The compounds were 
prepared by reaction of Rhthalylaspartic anhydride with a primary or 
secondary amine, followed by removal of the phthalyl group with hy- 
drazine. One compound, N,N-dibenzylasparagine, showed significant 
activity. Additional study of asparagine derivatives bearing large, lipo- 
philic groups at N4 is warranted. 
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asparagine analogs 

There has been great interest in the enzyme L-aspara- 
ginase (L-asparagine amidohydrolase, E.C. 3.5.1.1) since 
it was shown (1) to be the active antitumor agent found in 

guinea pig serum. Several tumor cell types are sensitive to 
L-asparaginase treatment, including some human leuke- 
mias (2-4). Dramatic remissions were obtained with sen- 
sitive tumors, but resistance to the L-asparaginase treat- 
ment developed rapidly (4). 

BACKGROUND 

L-Asparaginase acts on sensitive tumors by removing the required 
exogenous supply of L-asparagine (I), whereas most normal cells and 
resistant tumors can synthesize L-asparagine (5). Large doses of injected 
L-asparaginase rapidly reduced L-asparagine below detectable levels in 
the plasma, but extracellular fluid concentrations were reduced by only 
70% (6). Thus, leukemic cells in the bloodstream generally are killed, but 
some inaccessible cells have a good chance of survival on the remaining 
tissue levels of L-asparagine. Furthermore, those cells that  survive long 
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Table I-~-Phthalyl-N'-substituted Asparaginee (VI) 
Yield, Melting Recrystallization Analysis, 9% 

Compound Ri Rz % Point Solvent Formula Calc. Found 

VIa CH3(CHz)3 H 62 192-193' Water-ethanol Ci6HisN205 C 60.37 59.99 
H 5.70 5.99 
N 8.80 8.89 

H 26 >3oO0 Water-ethanol CzoHz6Nz05 C 64.16 64.44 
H 7.00 6.73 

VIb CHdCHzh 

N 7.48 7.11 
VIC C6H5 H 56 207-209' Water-ethanol CiaHi4N206 C 63.90 64% 

H 4.17 4.39 
N 8.28 8.16 

H 51 220-222' Water-acetone CigHi6N205 C 64.77 65.01 
H 4.58 4.62 

VId CsH&Hz 

N 7.95 7.69 
VIe C6HdCH2)z H 45 179-180' Water-ethanol CzoHisNnOs C 65.57 65.51 

H 4.95 4.83 
N 7.65 7.92 

C6HdCHd3 H 37 165-167' Water-ethanol CniHzoNzOs C 66.31 66.49 
H 5.30 5.11 
N 7.36 7.24 

VIf 

enough produce asparagine synthetase and are resistant to subsequent 
treatment with L-asparaginase (7). 

To circumvent the development of resistance with L-asparaginase, an 
asparagine analog given concomitantly might be of value if the analog 
would distribute throughout the body fluid and act as an antimetabolite. 
Cultured asparagine-requiring tumor cells have been shown (8) to possess 
an active uptake system that might be inhibited by such an analog 
without affecting normal cells. An antimetabolite also might block the 
incorporation of asparagine into protein. Although such an action also 
might affect normal cells, cells that require an exogenous metabolite 
generally are more susceptible to an antimetabolite. Nonrequiring cells 
generally can overcome a competitive block simply by increasing their 
synthesis of the metabolite (9). 

Several simple analogs of asparagine have been reported to possess 
some in oioo antitumor activity. L-Aspartic acid B-hydrazide (II), for 
example, showed weak activity (10). It was shown (11) that 5-diazo-4- 
0x0-L-norvaline (111) has an irreversible inhibitory effect against L5178Y 
tumor cells requiring L-asparagine, but it also inhibits the nonrequiring 
cells, probably by blocking asparagine synthesis. 

In the present study, a series of substituted asparagines (IV) was pre- 
pared as an initial approach to finding selective inhibitors of aspara- 
gine-requiring cancers that will be minimally toxic to normal cells. 

HOOCCH(NH2)CHzCOX 
I: X = NHz 

11: X = NHNH, 
1II:X = CHN2 - 
IV: X = NRiRz 

RESULTS AND DISCUSSION 

Chemistry-The desired mono- and disubstituted asparagines were 
prepared by a modification of the method of Tanenbaum (12). L-Aspartic 
acid was heated with phthalic anhydride in pyridine to give the phtha- 
lyl-blocked derivative. The aspartic acid was not isolated but was con- 
verted to the N2-phthalylaapartic anhydride (V) by treatment with acetic 
anhydride. The product had racemized completely, and no optical 
rotation was observable. 

The direction of ring opening of V with ammonia was shown to be de- 
pendent on the solvent polarity (12). Only the N2-phthalylasparagine 
and none of the isomeric a-amides were obtained in ether. When V was 
treated with a series of primary amines, the substituted N*-phthal- 
ylasparagines (VI) were prepared in a similar fashion. The properties of 
the compounds are listed in Table I. The compounds displayed IR ab- 

0 
v 

0 
w 

sorption bands near 1160,1630, and 1560 cm-l, indicative of the secon- 
dary amide structure, and the bands at 1780 and 1710 cm-' indicated the 
presence of imide carbonyl groups. The NMR spectra were consistent 
with the assigned structure and included a doublet near 3.5 ppm and a 
triplet near 5.7 ppm associated with the asparagine moiety. 

Treatment of the phthalylasparagines (VI) with hydrazine removed 
the phthalyl group to give the N4-substituted asparagines (IV) in rea- 
sonable yield. For preparation of the tertiary amides, the intermediate 
phthalylasparagines were not isolated; the crude products were treated 
directly with hydrazine. The properties of the compounds are given in 
Table 11. The products all displayed NMR signals at -4.50 and 3.30 ppm 
for the asparagine methine and methylene protons, respectively; other- 
wise, the spectra were consistent with the assigned structures. The con- 
siderably higher melting point of IVd compared to that reported previ- 
ously (13) could not be explained. 

Biology-The compounds were tested for their ability to inhibit the 
growth of L5178Y cells grown in McCoy's 5A medium. The desired 
quantity of each compound was dissolved in ethanol and diluted with 
sterile distilled water. A portion of this solution, 0.1 ml, was added to 5 
ml of cell suspension containing -2.5 X lo5 leukemic cells. Duplicate 
tubes were used with a final compound concentration of 10 or 100 pglml 
and an ethanol concentration of <I%. 

The tubes were placed in a carbon dioxide incubator a t  36-36' for 96 
hr. The contents of the tubes were counted' to determine inhibition of 
cell growth. Under the experimental conditions, L-asparaginase at a 
concentration of 1 X 

Only one test compound had significant activity. At a concentration 
of 100 pg/ml, N,N-dibenzylasparagine (IVL) inhibited growth by 96%. 
The ID50 value was estimated to be 55 pg/ml. The drug concentration 
needed for appreciable inhibition was rather high; however, the culture 
medium contained 45 pg of L-asparagine/ml. Therefore, if the drug were 
acting as a competitive antimetabolite of L-asparagine, there was con- 
siderable metabolite with which to compete. Furthermore, the analog 
is racemic, and only the enantiomer with the L-configuration probably 
is an effective inhibitor. 

Since the initiation of this study, Uren et al. (14) reported the testing 
of 19 asparagine analogs for inhibition of growth of a subline of L5178Y 
capable of asparagine synthesis and for inhibition of isolated asparagine 
synthetase. Of the 19 analogs studied, four were N-alkylasparagines. 
N-Methylasparagine was the most active inhibitor of asparagine syn- 
thetase and also actively inhibited L5178Y cell growth in the absence of 
asparagine. Inhibition was reversed completely in the presence of 1 mM 
asparagine. The N-ethyl, N-isopropyl, and N,N-dimethyl (IVg) analogs 
were completely inactive. 

Inhibition of asparagine synthetase seems limited to analogs that have 
no more bulk than one methyl group on the amide nitrogen. The activity 
found in the present study of the dibenzyl analog (IVL) was not an inhi- 
bition of asparagine synthetase since these cells lack this synthetic ca- 
pability. The analog must be interfering with asparagine uptake or uti- 
lization. 

The only distinctive structural feature of IVk that might account for 
its activity is the dibenzyl moiety, which provides the highest lipophilicity 
of any of the analogs examined. Therefore, other asparagine derivatives 

pg/ml gave 100% inhibition. 

Coulter counter. 
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Table II--N4-Substituted Asparagines (IV) 

Yield, Recrystallization Analysis, ?h 
Compound RI Rz % Melting Point Solvent Formula Calc. Found 

IVa 

IVb 

IVC 

IVd 

IVe 

IVf 

IVg 

IVh 

IVi 

IVj 

IVk 

62O 

72" 

87" 

79" 

73c 

46" 

64 

46 

48e 

34e 

57e 

276-278' 

238-2400 

248-249' 

305-309" 

251-253' 

248-2500 

314-317' 

>310° 

>310' 

>310° 

243-245' 

Water 

W ater-ethanol 

Water 

Water-ethanol 

Water-ethanol 

W ater-ethanol 

Water-ethanol 

Water-ethanol 

Water-ethanol 

Water-ethanol 

Water-ethanol 

C 51.05 
H 8.57 
N 14.88 
C 64.16 
H 7.00 
N 7.48 
C 63.90 
H 4.17 
N 8.28 c 59.45 
H 6.35 
N 12.60 
C 61.00 
H 6.83 
N 11.86 
C 62.38 
H 7.25 
N 11.19 c 44.99 
H 7.55 
N 17.49 c 59.45 
H 6.35 
N 12.60 
C 61.00 
H 6.83 
N 11.86 
C 58.99 
H 9.90 
N 11.47 
C 69.21 
H 6.45 
N 9.31 

51.00 
8.60 

14.65 
64.44 
6.73 
7.11 

64.16 
4.39 
8.16 

59.16 
6.07 

12.49 
60.67 
6.84 

11.62 
62.15 
7.38 

11.17 
45.31 
7.16 

17.45 
59.13 
6.47 

12.71 
60.73 
6.89 

11.99 
58.97 
9.85 

11.44 
69.50 
6.61 
9.31 

Yields are based on the purified N2-phthalylasparagines. * Lit. (15) mp 265' (crude material). c Lit. (16) mp 255O. Lit. (13) mp 265'. Yields are based on N2- 
phthalylaspartic anhydride. 

with large lipophilic substituents on the amide nitrogen should be pre- 
pared. By testing these additional compounds in a medium deficient in 
L-asparagine, it might be possible to find a prospective anticancer agent 
for use in combination with L-asparaginase. 

EXPERIMENTAL2 

Nz-Phthalylaspartic Anhydride (V)-L-Aspartic acid (13.3 g, 100 
mmoles) and phthalic anhydride (14.8 g, 100 mmoles) were heated under 
reflux in 200 ml of pyridine for 2 hr. The mixture was cooled to room 
temperature, and the undissolved solids were removed by filtration. The 
filtrate was concentrated under reduced pressure to a yellow oil. Acetic 
anhydride (50 ml) was added to the oil with vigorous agitation, and the 
mixture was chilled at 0" for 2 hr. The resulting precipitate was collected, 
washed with anhydrous ether, and recrystallized from p-dioxane to give 
17.1 g (70% yield) of V, mp 224-226' [lit. (12) mp 224-225'1; I R  1875, 
1210, 932 (COOCO), 1795 (C=O), 1785, and 1705 (CONRCO) cm-l; 
NMR (dimethyl sulfoxide-ds): 3.53 (d, 2H, CHz), 5.77 (t, lH,  CH), and 

W-Phthalyl-N-substituted Asparagines  (V1)-N2-Phthal- 
ylaspartic anhydride (3.0 g, 12 mmoles) was suspended in 75 ml of an- 
hydrous ether. Then 25 mmoles of the appropriate amine was added, and 
the mixture was stirred a t  room temperature for 24 hr. The solvent was 
evaporated under reduced pressure. The residue was dissolved in water, 
and the solution was acidified with 6 N HCl to pH 2. The resulting pre- 
cipitate was removed by filtration. The compounds derived from primary 
amines were recrystallized from aqueous ethanol (Table I). For com- 
pounds derived from secondary amines, the crude product was used di- 
rectly in the succeeding step. 

N4-Substituted Asparagines (1V)-Either the purified or crude 
preparation of N2-phthalyl-N4-substituted asparagine was dissolved in 
25 ml of 20% aqueous hydrazine hydrate solution. The solution was stirred 
a t  room temperature for 24 hr. The reaction mixture was acidified with 

8.00 (s, 4H, C6H4). 

* Melting points were obtained with a Thomas-Hoover capillary apparatus and 
are uncorrected. Combustion analyses were performed using a Perkin-Elmer 240 
elemental analyzer. IR spectra were obtained using a Perkin-Elmer model 257 
grating spectrophotometer on samples prepared in a potassium bromide pellet. 
NMR spectta were obtained using a Hitachi Perkin-Elmer R-24 high-resolution 
spectrometer. Compounds were dissolved in deuterated solvents from commercial 
sources with tetramethylsilane as the internal standard. 

dilute hydrochloric acid to pH 5-6. The resulting precipitate was collected 
and recrystallized to give the pure product (Table 11). 
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Abstract When thiocholesterol is administered as liposomes, it pro- 
vides significant protection against methylmercuric chloride in mice when 
given in three intraperitoneal injections, 0.5 hr before and 2 and 8 hr after 
the methylmercuric chloride. Thiositosterol, 5a-cholestane-2/3,3a-dithiol, 
and 5P-cholane-3/3,24-dithiol also are active, but 3a-mercapto-5a- 
pregnan-20-one, 6/3-mercapto-5a-cholestane-3~,5a-diol, 3P-mercapto- 
5fl-cholanic acid, and adamantanethiol are ineffective under these con- 
ditions. Adamantanethiol i s  somewhat effective when administered in 
soybean oil. Cholestanyl amine was treated with acetylthiosuccinic an- 
hydride to give the half amide; cleavage with hydroxylamine liberated 
the thiol group. Tlfis product is active against both methylmercuric 
chloride and lead nitrate. 

Keyphrases Methylmercuric chloride toxicity-protection by mer- 
capto steroids Steroids-mercapto compounds, protection against 
mercury and lead poisoning Heavy metal poisoning-protection by 
mercapto steroids 

In a study to identify lipophilic therapeutic agents for 
heavy metal poisoning that would minimize the burden 
placed on the kidney, thiocholesterol was found to be su- 
perior to dimercaprol and penicillamine in protecting mice 
against methylmercuric chloride toxicity (1). An investi- 
gation of how alterations in the structure of the molecule 
might alter activity then was desired. Compounds were 
synthesized containing, in addition to the thiol group, a 
hydroxyl, a carboxyl, or a second thiol group. A thiosemi- 
carbazone, synthesized in connection with another prob- 
lem and lacking a mercapto group, was included because 
it forms a precipitate with methylmercuric chloride in 
uitro. Several nonsteroidal mercaptans also were 
studied. 

EXPERIMENTAL1 

Thiositosterol (11)-Tosylation of 20.0 g of p-sitostero12 in 140 ml of 
pyridine3 with 20 g of p-toluenesulfonyl chloride in the refrigerator 
overnight gave 28.7 g of crude product, mp 130'. Recrystallization from 
2-butanone-acetone-water gave fl-sitosteryl p-t~luenesulfonate~, 24.0 
g (89% yield), mp 130-132'; IR: 1601 (benzene ring), 1198 and 1180 (SOs), 
950,900,878,820, and 675 cm-'. 

Anal.-Calc. for C N H ~ O ~ S :  C, 76.00; H, 9.92; S, 5.64. Found C, 76.24; 
H, 10.19; S, 5.64. 

The tosylate (24.0 g) was treated with thiourea (24.0 g) in 248 ml of 95% 
alcohol and 25 ml of pyridine at reflux for 4.5 hr. Water precipitated the 
crude product, 22.8 g (82% yield), mp 233-239'. Two recrystallizations 
from methanol gave 0-sitosteryl isothiouronium tosylate, mp 23S239'; 
IR: 3300-3000 (NH), 1675,1230,1181 (SO3), 1139,1050,1025,822, and 
698 cm-l. 

Anal.--Calc. for C37H60N20&: C, 68.90; H, 9.38; N, 4.34; S, 9.94. 
Found: C ,  68.60; H, 9.61; N, 4.14; S, 9.72. 

1 Melting points were obtained on a Thomas-Hoover melting point apparatus 
and are corrected. IR spectra were taken as smears or mineral oil mulls on a Per- 
kin-Elmer 247 spectrophotometer. Microanalyses were performed by Galbraith 
Laboratories, Knoxville, Tenn. 

2 Mann, dried by benzene azeotropy. 
3 Dried over molecular sieve. 
4 Reported without the melting point by Stoll(2) and possibly the anme 88 the 

compound with a melting point of 123-124.5O reported by Rathmann and Morrow 
(3). 

Accepted for publicatibn December 18, 1979. 
" 

Hydrolysis of 7.753 g of the isothiouronium salt in alcoholic sodium 
hydroxide (2.46 g/l80 ml, 5 hr reflux) followed by precipitation with cold 
water and dilute hydrochloric acid gave the crude product, 4.594 g (8990 
yield), mp 61-65'. Two crystallizations from acetone-water gave 11, mp 
70-71'; IR: 1200,968, and 802 cm-'. 

Anal.-Calc. for CzgHsoS: C, 80.86; H, 11.70; S, 7.44. Found: C, 80.59; 
H, 11.95; S, 7.29. 
3a-Mercapto-Sa-pregnan-2O-one (V)-A comparable reaction of 

3~-tosyloxy-5a-pregnan-20-one, mp 131.5-133' [lit. (4) mp 132-135'1, 
with thiourea gave the corresponding isothiouronium tosylate, mp 

819 cm-l. 
Anal.-Calc. for C29H14N204S2: C, 63.47; H, 8.08; N, 5.10; S, 11.67. 

Found: C, 63.73; H, 8.31; N, 4.90; S, 11.82. 
Alkaline hydrolysis of the isothiouronium salt gave V in an 89% yield, 

mp 123-125' (methanol-water); I R  1710 (C=O), 1208,1160, and 978 
cm-'. 

Aml.-Calc. for C21HNOS: C, 75.39; H, 10.24; S, 9.58. Found C, 75.59; 
H, 10.34; S, 9.36. 
N-(5a-Cholestan-3a-yl)mercaptosuccinic Acid Monoamide 

(VIII)-A solution of 16.0 g of 5a-cholestan-3a-yl amine and 14.2 g of 
S-acetylmercaptosuccinic anhydride in acetic acid was held under ni- 
trogen at 90-100' for 15 min. The solution was cooled t~ 35' and poured 
onto ice. The solid was filtered, the filtrate was extracted with ether, and 
the ethereal solution and solid were combined and evaporated. The solid 
residue was dissolved in 75 ml of tetrahydrofuran, 30 ml of methanol, and 
10 ml of water. Hydroxylamine hydrochloride was added, and the solution 
was saturated with gaseous ammonia. 

After standing at room temperature for 1.5 hr, the solution was made 
acidic with cold dilute hydrochloric acid. The precipitate was filtered, 
washed with water, and dried to give 20.0 g (93% yield), mp 11S118". The 
analytical sample was precipitated from acidic methanol-water to yield 
VIII, mp 117-121'; IR: 3300 and 3170 (NH), 1710 (acid C=O), 1635 
(amide C=O), 1540,1220, and 1175 cm-l. 

Anal.-Calc. for C ~ I H ~ ~ N O ~ S :  C, 71,61; H, 10.28; N, 2.60; S, 6.16. 
Found: C, 71.26,71.92; H, 10.46, 10.84; N, 2.48; S, 5.74. 
3~-Hydroxy-5-androstene-16,17-dione 16-Oxime 17-Thiosemi- 

carbazone (XI)-3fl-Hydroxy-5-androsten-17-one tetrahydropyranyl 
ether (5,6) (IX, 23.40 g) was added to a stirred solution of 5.89 g of po- 
tassium in 262 d of tert-butanol under nitrogen. The mixture was stirred 
1 hr, and 22.0 ml of isopentyl nitrite was added. The contents of the flask 
solidified within 2 min. After standing overnight at room temperature, 
the solid mass was dissolved in 1300 ml of cold water and extracted three 
times with ether. 

Table I-Effect of Timing on Intraperitoneal Thiocholesterol 
T h e r a w  for Methylmercuric Chloride Toxicity 

270-272'; IR: 3275 (NH), 1701 (C=O), 1180 (SO3), 1090,1041,1005, and 

Steroida 

Cholesterol 
Thiocholesterol 
Thiocholesterol 
Thiocholesterol 
Cholesterol 
Thiocholesterol 
Thiocholesterol 
Thiocholesterol 

Hours Hours 
before after 
First Second 
Injec- Injec- 
tionb tionb 

24 24 
24 24 
2 24 
0.5 24 
0.5 2 
0.5 2 
0.25 2 
0.25 2 

Hours 
after 
Third 
Injec- 
tionb Survivors 

48 3/20.15% - . - - ,  ~~ 

48 3/16, 1Wo 
48 9/16,56% 
48 8/16.50% 
8 1/15, 7% 
8 13/16,81% 
4 0116, 0% 
8 0/16, 0% 

PC 

- 
<0.0093 
<0.0278 

<0.0001 
- 

a Steroids were administered as liposomes with 400 mg of steroidkg of body 
weight. b Before and after intraperitoneal injection of 25 mg of methylmercuric 
chloridekg of body weight. c Normal difference test as compared to appropriate 
cholesterol control (13). 
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Table 11-Activity of Compounds against Methylmercuric 
Chloride Toxicity 

Compound Survivors R E  

Cholesterol .~~~ .~ ~~~ 

I Thiocholesterol 
I1 Thiositosterol 

111 5a-Cholestane-2/3,3a-dithiol 
IV 6B-Mercauto-5a-cholestane- 

’ 3@,5a--diol 
V 3a-Mercapto-5a-pregnan-20- 

one 
VIII N-(5a-Cholestan-3a-yl)mercap- 

tosuccinic acid monoamide 

16,17-dione 16-oxime 
XI 38-Hydroxy-5-androstene- 

17-thiosemicarbazone 

XI11 5&Cholane-3/3,24-dithiol 
XI1 3/3-Mercapto-5/3-cholanic acid 

XIV IlAdamantanethiol 

15/78, 19% 
16/22,73% 
13/30,43% 
17/22.77% 
0/10; 0% 

3/10,30% 

16/36,44% 

2/9,22% 

4/10,40% 
6/10,60% 
1/10.10% 

- 
<0.0001 
<0.0124 
<0.0001 

<0.0069 

<0.1936 
<0.0001 

~. . 
a All mice received 20 mg of methylmercuric chlorideikg of body weight by in- 

traperitoneal injection. Administered as liposomes injected intraperitoneally 0.5 
hr before and 2 and 8 hr after methylmercuric chloride injection a t  the level of 400 
mg of steroid or 170 mg of adamantanethiol/kg of body weight. Normal difference 
test (13) as compared to  the control group. 

The combined ethereal layer was washed with water; the water wash 
was added to the original alkaline layer, which then was cooled and 
acidified with acetic acid. Filtration of the mixture after several hours 
of refrigeration gave 22.36 g of crude product, mp 161-166’ (88% yield). 
Three recrystallizations in methanol-water gave 3P-hydroxy-5-andro- 
stene-16,17-dione 16-oxime 3-tetrahydropyranyl ether (X), mp 176191’; 
IR: 3245 (OH), 1735 (C=O), 1632,1135,1112,1058,1022,974,940,908, 
and 868 cm-’. 

Anal.-Calc. for C24H35N04: C, 71.79; H, 8.79; N, 3.49. Found C, 71.69 
H, 8.78; N, 3.64. 

The thiosemicarbazone was prepared in the usual way with 5 ml of 
concentrated hydrochloric acid, 2.00 g of the oxime (X), and 1.50 g of 
thiosemicarbazide in 39 ml of boiling 95% ethanol and 6 ml of water. Two 
recrystallizations from methanol-dimethylformamide-water gave XI5, 
mp 296-298’ dec.; IR: 3408 (OH), 3230 (OH), 3145 (NH), 1580, 1300, 
1080, and 968 cm-’. 

Anal.-Calc. for C ~ ~ H ~ O N ~ O ~ S :  C, 61.51; H, 7.74; N, 14.35; S, 8.21. 
Found: C, 61.32; H, 7.91; N, 14.37; S, 8.10. 

Assays-Assays were conducted with male, Swiss-Webster mice, 
22-25 g. Liposomes were prepared as described previously (1); with VIII 
and XI, cholesterol was added (compound to cholesterol, 4:l) to obtain 
stable liposomes. 1-Dodecanethiol was tested in cottonseed oil because 
it would not form liposomes under these conditions. Methylmercuric 
chloride was dissolved in warm water at  a concentration of 1 mg/ml, and 
lead nitrate was dissolved at  a concentration of 20 mg/ml. Mice were in- 
jected with test compounds in the left groin and with mercury or lead in 
the right groin. 

RESULTS AND DISCUSSION 

Thiositosterol(I1) was synthesized from sitosterol and 3a-mercapto- 
5a-pregnan-20-one (V) was synthesized from 3P-hydroxy-5a-pregnan- 
20-one via the corresponding tosylates and isothiouronium salts in a 
sequence comparable to the synthesis of thiocholesterol (7). Choles- 
tane-2/3,3a-dithiol (111) (8),6/3-mercapto-5a-cholestane-3/3,5a-diol (IV) 
(9), and I-adamantanethiol (XIV) (10) were synthesized by literature 
methods. 5a-Cholestan-3a-yl amine (VI) reacted with S-acetylmer- 
captosuccinic anhydride to give the corresponding hemiamide (VII) 
following a reported method (11). The product was deacylated with hy- 
droxylamine to give the mercapto compound (VIII). The mercapto group 
may be on the carbon adjacent to either the carboxyl or the amide group, 
and, although the product exhibited a single spot by TLC, it may be a 
mixture of the two isomers. The tetrahydropyranyl ether (IX) of an- 
drostenolone was oximated with isopentyl nitrite and potassium tert- 
butoxide (12). When the intermediate (X) was converted to the corre- 
sponding thiosemicarbazone (XI), the tetrahydropyranyl ether group 
was cleaved, giving the 3-hydroxy derivative. Compounds XI1 and XI11 
were reported previously. 

Mixing equal volumes of 0.01 N mercuric acetate in 7% alcohol and 0.01 N XI 
in alcohol caused a rapid precipitation. 

Table 111-Activity against Methylmercuric Chloride of 
Compounds Tested in Vegetable Oil a 

Compoundb Survivors P C  
Soybean oil 2/20,10% 
I11 5/10, 50% 
XIV 5/10,50% 
1-Dodecanethiol 0/13. 0% 

- 
<0.0594 
<0.0594 
- 

All mice received 20 mg of methylmercuric chloride/kg of body weight by in- 
traperitoneal in’ection. * Administered in soybean oil solution by intraperitoneal 
injection 0.5 hr before and 2 and 8 hr after the methylmercuric chloride injection 
a t  the level of 400 mg (of steroid or 1-dodecanethiol) or 170 mg (of adamantane- 
thiol)/kg of body weight. Normal difference test (13) as compared to  the control 
group. 

Table IV-Activity of VIII against Lead Nitrate Toxicitya 

Compound Dose b, mg/kg Survivors P‘ 

Cholesterol 400 2/10,20% - 
VIII 292 9/10,90% <0.0019 

a All mice received 180 mg of lead nitrate/kg of body weight by intraperitoneal 
Administered as liposomes injected 0.5 hr before and 2 and 8 hr after 

Normal difference test (13) as compared to the control 
injection. 
lead acetate injection. 
group. 

The desirability of having an assay in which the test compound is ad- 
ministered only following administration of the toxic dose of the heavy 
metal, thereby mimicking real life conditions, is obvious. However, in 
earlier work (11, thiocholesterol was an effective protective agent when 
given 24 and 48 hr before methylmercuric chloride but not when given 
0,12,24, and 36 hr after methylmercuric chloride. To  decrease the time 
between pretreatment and the toxic dose, the comparisons in Table I were 
carried out. Significant protection was afforded when the first of three 
injections of thiocholesterol was given 0.5 or 2 hr before the methylmer- 
curic chloride but not when given 0.25 or 24 hr before. The highest sur- 
vival rate was obtained with the sequence 0.5 hr before and 2 and 8 hr 
after the toxic dose, and this regimen was used in subsequent assays. 

The results reported in Table I1 are composites of a series of assays and 
illustrate that 11,111, VIII, and XI11 are active in addition to thiocholes- 
terol. 3/3-Mercapto-5j3-cholic acid (XI11 was active when tested under 
a less stringent protocol (1). Adamantanethiol, inactive under these 
conditions, exhibited some activity when administered in soybean oil 
(Table HI), but 1-dodecanethiol was totally inactive. 

The hemisuccinamide (VIII) exhibited high protective activity when 
tested against lead nitrate (Table IV). 

While there are too few examples for extensive structure-activity 
generalizations, it is useful to note that 3-mercapto (but not 6-mercapto) 
steroids were active against methylmercuric chloride. The 2,3- and 
3,24-dithiols also were active. The high activity of the hemisuccinamide 
against lead may be the result of coordination of the lead to both carboxyl 
and thiol groups. These observations provide leads for the synthesis of 
other mercapto steroids for heavy metal therapy. 
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Abstract This paper considers the steady-state plasma drug con- 
centration in a one-compartment, open pharmacokinetic model with 
multiple doses and first-order kinetics using a classical deterministic 
technique as well as a queueing theoretical stochastic analysis. The sto- 
chastic analysis employs a new method for obtaining the steady-state 
probability distribution of the content of a dam with compound Poisson 
input and a general release rule. It is shown that  if the deterministic 
steady-state average concentration exists, i t  is equal to the mean value 
of the steady-state concentration, the probability distribution of which 
is obtained using the stochastic model. Moreover, the steady-state 
probability distribution of the concentration and its mean always exist 
in the stochastic model. Ramifications of the stochastic method of 
analysis are discussed. 
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This paper introduces a method of analyzing drug ac- 
cumulation based on a stochastic model of multiple-dosing 
regimens. In classical pharmacokinetic theory, transient 
and steady-state drug concentrations in the blood for 
multiple-dosing regimens are derived from knowledge of 
the deterministic dose sizes, intervals between doses, 
volumes of distribution, and kinetics of elimination and 
transfer between body compartments (1-4). This analysis 
may be clinically useful only if two major conditions are 
true: ( a )  the dosage intervals are known, and ( b )  the 
amount of drug absorbed as a consequence of each dose is 
known. 

These conditions rarely are met in practice. As noted 
previously (2), nonstandard definitions of bid, t id ,  and qid 
may lead to varying dosage intervals. Family physicians 
and drug package inserts often direct that drugs should be 
taken near meal times, bed time, or three or four times 
daily without defining these terms specifically (2). Patients 
rarely take drugs on schedule unless they are in the hos- 
pital. Furthermore, dose size may vary because the initial 
dose or other doses may be different from the usual 
maintenance dose. The fractional absorption of oral drugs 
depends on several factors. For drugs administered in- 
tramuscularly, the fractional absorption partially depends 
on the injection site (1). Moreover, completeness of drug 
absorption always is clinically important (1,5). 

These observations suggest the desirability of obtaining 
the drug concentration in the plasma when the dose in- 
tervals, doses, o r  absorption fractions are subject to ran- 
dom fluctuations and must be considered random vari- 

ables. Accounting for such random variations in these 
parameters leads to the consideration of a stochastic 
analysis of pharmacokinetic models. This paper empha- 
sizes the new technique itself rather than its application 
to general multiple-dosing models. The model presented 
is a one-compartment, open model with instantaneous 
input and first-order elimination. A classical, well-known 
deterministic method of analysis is presented for conve- 
nience of reference, and a stochastic, queueing theoretical 
approach for studying the same model then is given. The 
latter technique is based on a new method of analyzing the 
model of a dam with a general release rule', which was 
studied previously in stochastic processes using other 
approaches. 

THEORETICAL 

The Model-The model treated is a one-compartment, open model 
with multiple dosing and first-order kinetics (1-4,6). For clarity and to 
focus attention on the new technique, very rapid administration of each 
dose directly into and instantaneous distribution throughout the com- 
partment is assumed. This assumption is a good approximation for in- 
travenous bolus dosing. For outpatient oral dosing (to which the sto- 
chastic technique is more applicable), first-order absorption may be a 
more appropriate assumption. However, for many drugs in common 
clinical use, the absorption constant is appreciably larger than the 
elimination constant. Examples are digoxin, sublingually administered 
nitrites, salicylates, and phenylbutazone. For such drugs, the assumption 
of instantaneous absorption, although only approximate, is not entirely 
unreasonable. 

The following notations are used in both the deterministic and sto- 
chastic analyses: 

V = volume of compartment 
K ,  = elimination rate constant (time-') 

T, = administration time of nth dose, n = 1.2.3,. . . ; T I  = 0 
T ,  = nth dosage interval; T, = T,+I- T, 
D, = amount of nth dose 
F, = fraction of D, distributed throughout V 
En = effective increase in drug concentration a t  time 7,; En = 

t l / z e  = elimination half-life; l l k ,  = tl/ze/ln 2 = 1.44t1/ze 

FnDn/V 
C ( t )  = drug concentration a t  time t ;  t ? 0 

X = rate of administration of doses 
B = common distribution function of effective increases in 

r ( x )  = drug elimination rate when the concentration is x (mass 

Deterministic Analysis-The following well-known deterministic 
analysis is presented for comparison with the stochastic analysis. Vari- 

C,  = drug concentration a t  time T,; C1 = C(0) = 0 

concentration, En, independent of n; B(0)  = 0 

times volume-1 times time-') 

P. H. Brill, unpublished data. 
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This paper introduces a method of analyzing drug ac- 
cumulation based on a stochastic model of multiple-dosing 
regimens. In classical pharmacokinetic theory, transient 
and steady-state drug concentrations in the blood for 
multiple-dosing regimens are derived from knowledge of 
the deterministic dose sizes, intervals between doses, 
volumes of distribution, and kinetics of elimination and 
transfer between body compartments (1-4). This analysis 
may be clinically useful only if two major conditions are 
true: ( a )  the dosage intervals are known, and ( b )  the 
amount of drug absorbed as a consequence of each dose is 
known. 

These conditions rarely are met in practice. As noted 
previously (2), nonstandard definitions of bid, t id ,  and qid 
may lead to varying dosage intervals. Family physicians 
and drug package inserts often direct that drugs should be 
taken near meal times, bed time, or three or four times 
daily without defining these terms specifically (2). Patients 
rarely take drugs on schedule unless they are in the hos- 
pital. Furthermore, dose size may vary because the initial 
dose or other doses may be different from the usual 
maintenance dose. The fractional absorption of oral drugs 
depends on several factors. For drugs administered in- 
tramuscularly, the fractional absorption partially depends 
on the injection site (1). Moreover, completeness of drug 
absorption always is clinically important (1,5). 

These observations suggest the desirability of obtaining 
the drug concentration in the plasma when the dose in- 
tervals, doses, o r  absorption fractions are subject to ran- 
dom fluctuations and must be considered random vari- 

ables. Accounting for such random variations in these 
parameters leads to the consideration of a stochastic 
analysis of pharmacokinetic models. This paper empha- 
sizes the new technique itself rather than its application 
to general multiple-dosing models. The model presented 
is a one-compartment, open model with instantaneous 
input and first-order elimination. A classical, well-known 
deterministic method of analysis is presented for conve- 
nience of reference, and a stochastic, queueing theoretical 
approach for studying the same model then is given. The 
latter technique is based on a new method of analyzing the 
model of a dam with a general release rule', which was 
studied previously in stochastic processes using other 
approaches. 

THEORETICAL 

The Model-The model treated is a one-compartment, open model 
with multiple dosing and first-order kinetics (1-4,6). For clarity and to 
focus attention on the new technique, very rapid administration of each 
dose directly into and instantaneous distribution throughout the com- 
partment is assumed. This assumption is a good approximation for in- 
travenous bolus dosing. For outpatient oral dosing (to which the sto- 
chastic technique is more applicable), first-order absorption may be a 
more appropriate assumption. However, for many drugs in common 
clinical use, the absorption constant is appreciably larger than the 
elimination constant. Examples are digoxin, sublingually administered 
nitrites, salicylates, and phenylbutazone. For such drugs, the assumption 
of instantaneous absorption, although only approximate, is not entirely 
unreasonable. 

The following notations are used in both the deterministic and sto- 
chastic analyses: 

V = volume of compartment 
K ,  = elimination rate constant (time-') 

T, = administration time of nth dose, n = 1.2.3,. . . ; T I  = 0 
T ,  = nth dosage interval; T, = T,+I- T, 
D, = amount of nth dose 
F, = fraction of D, distributed throughout V 
En = effective increase in drug concentration a t  time 7,; En = 

t l / z e  = elimination half-life; l l k ,  = tl/ze/ln 2 = 1.44t1/ze 

FnDn/V 
C ( t )  = drug concentration a t  time t ;  t ? 0 

X = rate of administration of doses 
B = common distribution function of effective increases in 

r ( x )  = drug elimination rate when the concentration is x (mass 

Deterministic Analysis-The following well-known deterministic 
analysis is presented for comparison with the stochastic analysis. Vari- 

C,  = drug concentration a t  time T,; C1 = C(0) = 0 

concentration, En, independent of n; B(0)  = 0 

times volume-1 times time-') 

P. H. Brill, unpublished data. 
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ations and generalizations of this analysis were given previously ( 1 4 6 ) .  
Equations 1-9 in the present discussion parallel formulas presented 
previously. All of the parameters are considered deterministic so that T,, 
D,, F,, En, and C ,  are real nonnegative constants for n = 1,2,3, .  . . . The 
deterministic differential equations of elimination are: 

-= dC(t) -K,C(t) 7,  < t 5 7,+1 
dt 

(Eq. 1) 

with initial conditions C ( T : )  = C, + En, n = 1,2,3,. . . (3). It then follows 
that: 

C ( t )  = ( C ,  + E n )  exp [ - K e ( t  - ~ n ) ]  

7 ,  < t 5 T,+I, t~ = 1,2 ,3 , .  . . (Eq. 2) 

and thus: 

Cn+i = C ( 7 n + l )  = (C,  +En) exp (-KeT,) (Eq. 3) 

Three sequences are of interest in pharmacokinetics: minimum (or infi- 
mum), maximum (or supremum), and average concentrations during each 
dosage interval, which are C,, C ,  +En,  and c,, = (l /Tn) -I-;:$: C(t) dt ,  
respectively. Consideration of general constraints on the parameters En 
and T, that are necessary and sufficient for the convergence of these 
sequences to limiting values is outside the scope of this paper. However, 
a sufficient (but not necessary) condition for any of these sequences to 
converge is monotonicity (ie., always increasing or always decreasing) 
after some finite value of n.  For different dosing regimens, the limits of 
all three. anv two. onlv one. or none of these seauences may exist. In the 

R = 1 , 2 , 3 , .  . . 

remainder o? this'seciion, all limits are taken as n--.  
If lim C ,  exists, Eq. 3 yields: 

lim C ,  = lim &/[exp(KeT,) - 11) 
If lirn ( C ,  + En) exists, Eq. 3 yields: 

lim (C, + En) = lim(E,+1/[1- exp(-K,T,)]) 

Using Eq. 2 and substituting from Eq. 3 result in: 
- 
C n  = (l/Tn) J'"" C ( t )  dt = (l/Ke)(Cn + E n  - Cn+I)/Tn 

t=r. 

and, hence, if lim c,, exists: 

lim Cn = (l/Ke) lim [(c, + E, - c ,+~) /T , ]  

With the assumption that lirn c,, and lim C ,  exist, it follows from Eq. 66 
that: 

lim c, = (l/Ke) lim (E,/T,) = (l/Ke) lim (F,Dn/Tn) (Eq. 7) 

If both lim en and lim ( C ,  + E n )  exist, then: 

lim Cn = (l/Ke) lim (En+1/Tn) = (l/Ke) lim (Fn+1 Dn+dTn) 
(Es. 8) 

In Eqs. 4-8, En and T, must be known to predict whether the se- 
quences will converge or oscillate. Knowledge of these parameters rarely 
is obtainable, except possibly in controlled hospital situations or labo- 
ratory studies. In pharmacokinetic literature, analytical results for these 
limits usually are derived by assuming uniform dosing, i.e., F, = F, D, 
= D, and T,  = T, so that the En values all are equal. The condition of 
uniform dosing is sufficient but not necessary for the limits in Eqs. 4-8 
to exist. Under uniform dosing, the steady-state average concentration 
is given by: 

lim c,, = 1.44t1/zeE/T = l.44t1/zeFD/(VT) (Eq. 9) 
Since actual dosing rarely is uniform in ambulatory patients, even when 

it is the intended therapy, nonuniform dosing must be considered. A 
generalization of Eq. 9 holds for nonuniform dosing of the following type. 
Both lirn C ,  and lim cn are assumed to exist, so Eq. 7 holds. In addition, 
let the average increase in drug concentration per dose after n intervals, 
which is given by (8:.1Ei)/n (or equivalently by Z$lFiDiln),  and the 
average dose interval after n intervals, (ZEITi ) ln ,  tend to the limits E' 
[=(FD)'] and T', respectively, as n - a .  Then, with Eq. 7 and the fact that 
both En and T, are bounded away from zero and also bounded above, 
the following is obtained: 

lim C,, = (l /Ke) lim (E,/T,) (Eq. 10a) 

lim C,, = (l/K,)E'/T' (Eq. lob) 

lim c, = 1.44t1/zeE'/T' (Eq. 1Oc) 

lim C,, = 1.44t1/ze(FD)'/T' (Eq. 10d) 

The introduction of this type of nonuniform dosing model serves a dual 
purpose. First, it leads to Eqs. 1Oc and 10d, which demonstrate that the 
limiting average concentration depends on the effective increases in 
concentration and the dose intervals only through their respective lim- 
iting average values. Second, it links the deterministic models of this 
section to the stochastic model. The latter model also possesses the 
property established in Eqs. 1Oc and 10d. 

Stochastic Analysis-In this section, a completely different method 
for analyzing the present model is introduced. The parameters T,, D,, 
and F,, n = 1,2 , .  . . , are considered to be sequences of independently, 
identically distributed, random variables, so that En = FnDn/V is a 
random variable. Hence, IC,, n 1 1) and { C ( t ) ,  t I 0) are stochastic pro- 
cesses. 

Furthermore, it is assumed that ( N ( t ) ,  t L 01 is a Poisson process with 
arrival rate A, where N ( t )  denotes the number of doses in the time interval 
[0, t ] .  Note that P [ N ( t )  = k ]  = [e-At(Xt)k]/k!, k = 0,1,2,. . . . Thus, IT,, 
n 2 1) is a sequence of exponentially distributed random variables with 
the common probability distribution function 1 - exp (- AX), x ? 0. The 
sequence (En, n 2 1) is assumed to have common probability distribution, 
B ,  with B(0)  = 0. The mean value of the random variable with distribu- 
tion B is denoted by E" = JY-0 z dB(z). The drug elimination is described 
by a general release function, r ,  with r(c) > 0 for c > 0 and r(0) = 0, where 
c denotes the concentration level. Therefore, the pharmacokinetic system 
previously modeled deterministically is modeled stochastically as a dam 
with a general release rule' (7-9). Hence, in general, the following analysis 
is not constrained to first-order kinetics of elimination. Sample functions 
of the process ( C ( t ) ,  t 2 0) satisfy the differential equations: 

dC(t)/dt = -r[C(t)] 7,  < t I T n + 1  (Eq. 11) 

with initial conditions C(T:) = C, + En, n = 1,2 ,3 , .  . . . 
The relation lime-- r(c) > X JtzB(dz) = XE" guarantees the existence 

of the steady-state probability distribution function of the drug con- 
centration (8). This result implies, as will be seen following Eq. 15, that 
for first-order kinetics the steady-state concentration, its probability 
distribution, and its average always exist. This probability distribution 
function is denoted by G having the probability density function g. An 
equation for G that is well known in the literature of stochastic processes 
(7-9) now is derived by a new method'. The present investigators believe 
that this method has strong intuitive appeal as well as other desirable 
properties that are outside the scope of this paper. This method differs 
from one given previously (9), which counts crossings of levels during 
regenerative cycles of the process rather than during time intervals of 
the form (0, t], as is done here. Let E[Dt(c)] and E [ U t ( c ) ]  denote the 
expected values of the number of times that a sample function of the 
process { C ( t ) ,  t I 0) downcrosses and upcrosses level c ,  respectively, 
during time interval (0, t ] .  The theorems given previously' state that: 

lim E[Dt(c)]/t = r ( c ) g ( c )  c > 0 (Eq. 12) 
t-- 

and: 

lirn E[Ut (c ) ] / t  = X B(c - z)G(dz) (Eq. 13) 

where B(x) = 1 - B ( x ) ,  x I 0. Since the number of downcrossings and 
upcrossings cannot differ by more than one during any time interval, it 
follows that the right sides of Eqs. 12 and 13 must be equal, so that' Eq. 
14 holds: 

t - -  K O  

This relation is the well-known equation in stochastic processes referred 
to previously (7-9). Up to this point, the release function, r ,  has not been 
specified so that Eq. 14 holds for non-first-order kinetics of elimination. 
A t  this stage, Eq. 14 is specialized to first-order kinetics of elimination 
by assuming that: 

r ( c )  = K,c c 2 0 (Eq. 15) 

Notice that lime-- K, c = m, which is greater than XE" since E" is 
finite. Therefore, with first-order elimination, the limiting probability 
distribution and its average always exist (8). This property of the sto- 
chastic model obviates the need to consider the convergence properties 
of the sequences in Eqs. 4-8. The actual observed increases in concen- 
tration per dose and actual observed dosage intervals encountered in any 
particular therapy will vary in accordance with sampling from distribu- 
tion B and from an exponential distribution, respectively. Due to the law 
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of large numbers, their averages will tend to E” and 1/X, respectively, as 
the number of doses increases. Therefore, this model is the stochastic 
analog of a deterministic model with the type of nonuniform dosing 
considered preceding Eq. 10a. Thus, the stochastic model does not as- 
sume that the intended therapy must involve uniform dosing, but it also 
applies if the intended therapy actually happens to comprise uniform 
dosing. This result follows since uniform dosing is just a special type of 
deterministic nonuniform dosing considered following Eq. 9. To apply 
the stochastic model for drug management in a given therapy, it must 
be established that there is a known probability distribution, B, and that 
the number of doses in any time interval has a Poisson distribution. 

K d c )  = A l f o B  (c  - z ) g ( z )  dz (Eq. 16) 

whose tractability without using integral transforms depends on the 
nature of the function B. Even if Eq. 16 is not readily solvable for g, the 
steady-state mean value of the concentration with probability density 
g can be found immediately by integrating both sides of Eq. 16 with re- 
spect to the variable c over the range (0, m ) .  This integration leads to: 

c = A E ” / K ,  = 1.44tl/peE“A (Eq. 17) 

where c is the mean value of the steady-state probability distribution 
of the drug concentration. If D, and F,  are completely independent se- 
quences of random variables, then E” = F”D”/V, where F” and D” are 
the mean fractional absorption and mean dosage, respectively. In this 
case, setting A = l/T” transforms Eq. 17 into: 

With Eq. 15, Eq. 14 reduces to: 

c = 1.44t1/2eF”D”/(V‘f”) (Eq. 18) 

Com arison of F4s. 9,10cLand 10d with Eqs. 17 and 18 demonstrates that 
lim 6 = c, provided lim C, exists. A complete solution of Eq. 16 is given 
when the effective increases in concentration a t  dose times are expo- 
nentially distributed with the mean 1/p, i .e.,  B ( x )  = 1 - exp ( - ~ x ) ,  x > 
0. Substitution of this R into E:q. 16 yields: 

Operating on Eq. 19 with differential operator (D + p ) ,  solving the re- 
sulting differential equation, and using the normalizing condition J ,“=o 
G(dz) = 1 (or proceeding as in Example 1 of Ref. 7) result in the following 
solution: 

g ( c )  = exp ( - p c ) ( p ~ ) ( * / ~ e - ] )  p / U A / K e )  c > 0 (Eq. 20) 

where F denotes the gamma function. This result was obtained previously 
by several investigators (8, 10). In this example, Eq. 17 becomes c = 
1.44t1/2~k/p =-1.44t1/2~ F”D”I(VT”) as in Eq. 18. This relation expresses 
the fact that  C is exactly the same as the classical steady-state average 
concentration in Eq. 9 or its generalization in Eq. 10d, if the latter limits 
exist. 

DISCUSSION 

The steady-state probability distribution function of drug concen- 
tration and its average always exist and have been calculated under the 
assumptions that dose administrations occur in a Poisson process, frac- 
tional absorptions and dose amounts are independent random variables, 
the common probability distribution of the resulting drug concentration 
increases a t  dose times is known, and elimination is first order. The 
probabilistic approach presented might be used to predict the percentage 
of the time that a patient’s drug concentration will be below or above any 
level in the steady state. Imprecise knowledge of the deterministic se- 
quences of doses, dosage intervals, and the resulting limiting behavior 

of the concentration in the compartment is quantified by exact knowledge 
of the steady-state probability distribution functian. 

Using classical theory, one simply predicts a patient’s minimum, 
maximum, or average drug concentration; in addition. i t  is assumed that 
the dosage intervals and absorption characteristics are precisely known 
constants. In classical theory, one can predict, for example, that  if a pa- 
tient takes 500 mg of procainamide every 4 hr, his or her serum level will 
‘‘likely’’ be therapeutic because these constants are rarely known exactly. 
It would be more informative and useful to know that if the patient takes 
the drug approximately every 4 hr and if drug absorption is subject to 
chance variations, then the serum will contain an established therapeutic 
concentration 95% of the time. 

The latter type of prediction might allow more rational therapy with 
drugs taken by ambulatory patients for which the therapeutic effect is 
close to toxicity or for which it is essential to maintain a therapeutic serum 
level. Digoxin, antiarrhythmics, anticonvulsants, certain antibiotics, 
antineoplastics, aminophylline, salicylates in the therapy of rheumatic 
disorders, antihypertensives, and corticosteroids are examples of medi- 
cations belonging to this class. The particular stochastic analysis pre- 
sented here may be directly applicable to some of these agents, particu- 
larly those with relatively rapid absorption and first-order elimination 
kinetics. 

Similarly, the stochastic approach can be used to predict caffeine levels 
in coffee and tea drinkers since these beverages usually are imbibed a t  
random intervals and by sipping random amounts. Carbon monoxide and 
nicotine levels in tobacco users and ethanol levels in partygoers might 
be predicted in the same manner. The exponential dam described by Eq. 
19 might be a good model for these situations, and Eq. 20 then would be 
an exact analytical solution for the steady-state probability distribution 
of the serum concentration. The dosage rate, A, and the average increase 
in concentration, Up,  would have to be determined experimentally. 

Extension of the present analysis to include first-order absorption 
would make the probabilistic technique applicable to a broader class of 
drugs. Moreover, development of similar queueing theoretical methods 
for multicompartment models with more general dosing regimens is of 
interest. 
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Abstract  Fluorometric TLC procedures are described for the deter- 
mination of griseofulvin in human plasma and 6-demethylgriseofulvin 
in human urine. Griseofulvin is extracted from plasma with ether, and 
its metabolite, 6-demethylgriseofulvin, is extracted from urine with 
benzene. Both compounds are subjected to TLC on silica gel plates. The 
plates are scanned using the fluorescent mode of a spectrodensitometer. 
For griseofulvin, the quantitation limit is 20 ng/ml of plasma and the 
recovery is 100%; for 6-demethylgriseofulvin, the limit is 1 pg/ml of urine 
and the recovery is 96%. The methods were used to determine the plasma 
levels of griseofulvin and the amount of 6-demethylgriseofulvin excreted 
in the urine of human volunteers after a single oral dose of griseo- 
fulvin. 

Keyphrases Griseofulvin-TLC determination in plasma 0 6- 
Demethylgriseofulvin-TLC determination in urine 0 TLC-determi- 
nation of griseofulvin in  plasma and 6-demethylgriseofulvin in urine 0 
Antifungal agents-TLC determination of griseofulvin in plasma and 
6-demethylgriseofulvin in urine 

4.7 with acetic acid. Enzyme solutions of /3-glucuronidase3 from beef liver 
were prepared in this acetate buffer. 6-Demeihylgriseofulvin was ob- 
tained by extraction from dog urine according to a published procedure 
(15). 

Determination of Plasma Griseofulvin-One milliliter of human 
plasma was shaken with 5 ml of ether for 15 min to extract the drug. After 
centrifugation, a 3-ml aliquot of the ether phase was transferred to a clean 
centrifuge tube and evaporated to dryness under nitrogen4 a t  40-45'. 
The residue was dissolved in 100 pl of chloroform, and a 40-p1 aliquot 
from this solution was spotted on a TLC plate along with standard 
griseofulvin solutions. 

The plate was developed to a height of 10 cm in a saturated tank con- 
taining 100 ml of the ether-acetone (80:20) solvent system. Then the plate 
was air dried and scanned in a ~pectrodensitometer~ containing a 200-w 
xenon-mercury lamp6 and coupled to a density computer7. The instru- 
ment was operated in the fluorescence mode with excitation a t  305 nm 
and emission a t  650 nm. Quantitation was achieved by a computing digital 
integrator8. 

The antifungal agent griseofulvin is metabolized mainly 
to 6-demethylgriseofulvin and 6-demethylgriseofulvin 
glucuronide in humans (1-3). Following oral griseofulvin 
administration to human volunteers, intact griseofulvin 
and 6-demethylgriseofulvin were measured in plasma (3). 
In urine, <0.2% of an oral dose was excreted as unchanged 
griseofulvin (3); the main urinary metabolites were 6- 
demethylgriseofulvin and its glucuronide, and together 
they accounted for 65% of an intravenous dose and 34-6496 
of an oral dose (4). 

Plasma levels of unchanged griseofulvin and the urinary 
excretion of 6-demethylgriseofulvin have been used to 
estimate griseofulvin bioavailability (4-7). Griseofulvin 
has been measured in plasma using spectrophotofluo- 
rometry (8), GLC (9, lo), and high-pressure liquid chro- 
matography (11, 12). The metabolite 6-demethylgriseo- 
fulvin has been measured in urine using UV spectropho- 
tometry (13) and GLC (5, 14). A qualitative TLC proce- 
dure also was described and used to identify griseofulvin 
and its metabolites in urine (15). 

This paper describes quantitative fluorometric TLC 
procedures that have the simplicity of a spectrophoto- 
metric method as well as the sensitivity and specificity of 
a GLC assay. 

EXPERIMENTAL 

Materials-All reagents and solvents were analytical reagent grade. 
Commercial silica gel TLC plates', 20 X 20 cm (without fluorescent in- 
dicator), were used. The plates were divided into 20 channels of 1-cm 
width with a scoring device*. 

Solutions of griseofulvin and 6-demethylgriseofulvin were prepared 
in methanol. Acetate buffer (0.1 M, pH 4.7) was prepared by dissolving 
0.37 g of sodium acetate in 100 ml of distilled water and adjusting to pH 

' Silplate-22, Brinkmann Instruments. 
SDA 320, Schoeffel Instrument Corp. 

A 

4 I 
ORIGIN 

DIRECTION OF SCAN 
Fizu re  1-Chromatoprams of extracts of D h m a  obtained from a uol- 
unieer before (1 )  a n d 3  hr  after (2) 500 mg of griseofulvin Po. 

Worthington Biochemical Corp. 
N-Evap, Organomation Associates. 
Model SD 3000, Schoeffel Instrument Corp. 
Hanovia Lamp Division, Comrand Precision Industries. 
Model SDC 300, Schoeffel Instrument Corp. 
Autolah System 1. Spectra-Physics Corp. 

0022-35491 801 0500-056 1$0 1.0010 
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Table I-Recovery of Griseofulvin from Human  Plasma 

Amount Amount 
Spiked, Recovered, Percent 
n g h l  n g h l  Recovery 

20 20 100.0 
30 30 100.0 
40 41 102.5 

100 93 93.0 
100 100 100.0 
100 103 103.0 
200 
200 
300 
300 
300 
300 
400 
400 
400 
400 
500 

1000 
lo00 
1000 
1000 
1500 

210 ~~ 

217 
303 
296 
297 
290 
383 
379 
380 
383 
500 

1050 ~.~~ 

1000 
980 

1020 
1570 

105.0 
108.5 
101.0 
98.7 
99.0 
96.7 
95.8 
94.8 
95.0 
95.8 

100.0 
105.0 

Table  11-Recovery of 6-Demethylgriseofulvin from Human 
Urine 

Amount 
Spiked, 
Pg/ml 

Amount 
Recovered, Percent 

Pg/ml Recovery 

10 
10 
20 
20 
20 
40 
40 
40 
60 
60 
60 
80 
80 
80 

Mean 
SD 

11 
10 
21 
20 
20 
35 
35 
44 
59 
52 
62 
68 
66 
69 

110.0 
100.0 
105.0 
100.0 
100.0 
87.5 
87.5 

iio.0 
98.3 
86.7 

103.3 
85.0 
82.5 
86.3 
95.9 
9.6 

100.0 
98.0 which corresponded to 5 ng of griseofulvin or 6-demethylgriseofulvin/ 

104.6 In Vivo Experiment-To demonstrate the applicability of the 
102.0 spot. 

Mean 99.9 
SD 3.9 

Determination of 6-Demethylgriseofulvin in Urine-For the de- 
termination of free 6-demethylgriseofulvin, 1 ml of urine was acidified 
with 0.1 ml of 1 N HCl and shaken with 2 ml of benzene for 15 min. The 
mixture was centrifuged to obtain a clear benzene phase. Ten-microliter 
aliquots of the benzene solution were spotted on a TLC plate along with 
standard solutions of 6-demethylgriseofulvin. The plate was developed 
to 10 cm in a saturated tank containing 100 ml of the chloroform- 
ether-acetone-acetic acid (65:20:15:0.5) solvent system. Then the plate 
was air dried and read in the fluorescence mode of aspectrodensitometer 
as described. 

'Po assay conjugated 6-demethylgriseofulvin, 1 ml of urine was mixed 
with 0.5 ml ofO.l M acetate buffer containing 430 units of @-glucuron- 
idase. The solution was incubated a t  3 7 O  for 90 min. After incubation, 
0.1 ml of 1 iV HCI was added, and the sample was shaken with 10 ml of 
benzene for 15 min. The mixture was centrifuged to obtain a clear benzene 
phase, and 2O-pl aliquots of this phase were analyzed as described for the 
determination of' free 6-demethylgriseofulvin. This procedure measures 
total (free and conjugated) 6-demethylgriseofulvin. T o  determine the 
amount of conjugated 6-demethylgriseofulvin, the free metabolite is 
subtracted from the total. 

Recovery Experiments-Samples of human plasma were spiked with 
solutions of various griseofulvin concentrations, and urine samples were 
spiked with 6-demethylgriseofulvin. The spiked samples were assayed 
by the described procedure and compared to absolute standards. 

Linearity of Response and Quantitation Limit of Absolute 
Standards-Solutions with different concentrations of griseofulvin and 
6-demethylgriseofulvin were spotted on TLC plates and chromato- 
graphed to determine the linear ranges of instrument response. The 
quantitation limit was set as an "area under the peak" of 25,000 units, 

' 2 4  8 12 24 

methods, a plasma level profile of griseofulvin and a-urinary excretion 
profile of 6-demethylgriseofulvin were obtained in human volunteers. 
One volunteer received 250 mg of gri~eofulvin~, and blood samples were 
drawn before and 1,2,4,8, and 24 hr after medication. Blood was trans- 
ferred to tubes containing ethylenediaminetetraacetic acid, and the 
contents were mixed and centrifuged. Plasma was kept frozen until it was 
analyzed. A second volunteer received griseofulvin as one 500-mg tabletlo, 
and urine was collected for 72 hr after drug administration in pools at 24, 

60 120 180 
?I INCUBATION TIME, rnin 

;I a 4 v  
U 

z 2 400 800 1200 1600 
UNITS OF &GLUCURONIDASE PER ASSAY 

Figure 3-Effects of incubation time at 37' and enzyme concentration 
on the increase of 6-demethylgriseofulvin concentration when (I 1-ml 
urine sample WQS subjected to  hydrolysis by 8-glucuronidase. Top: time 
of incubation of urine sample in the presence of 430 units of fl-glucu- 
ronidase. The urine specimen (0-24 hr) was collected from Q volunteer 
receiving Q daily dose of 125 mg ofgriseofulvin. Bottom: incubation of 
urine sample at 3 7 O  for 90 min in the presence of various concentrations 
of b-glucuronidase. Enzyme activity is expressed in Fishman units. The 
urine specimen (0-24 hr) was obtained from a volunteer who had re- 
ceived one oral dose of 450 mg of griseofuluin. 

HOURS AFTER ADMINISTRATION 
Figure 2--Plasma griseofulvin concentration in an adult subject fol- 
lowing n singIe 250-rng dosr of griseofuluin. 

Grisactin 250, Ayerst Laboratories. 
lo  Grisactin 500, Ayerst Laboratories. 
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2 I' 1 

1 
+ ' DIRECTION OF SCAN 

Figure 4-Typical chromatograms obtained from urine samples ana- 
lyzed for 6-demethylgriseofulvin. Key: l, blank urine (the Rf value of 
6-demethylgri-seofuluin is indicated by the arrow); 2, pooled urine (0-24 
hr) from a volunteer who received one single oral 500-mg dose of 
griseofuluin; and 3, standard of 6-demethylgriseofulvin with 100 ng/ 
spot. 

ORIGIN 

48, and 72 hr. A preadministration urine sample also was obtained. The 
samples were kept frozen until they were analyzed. 

RESULTS AND DISCUSSION 

Plasma Griseofulvin-Griseofulvin had an Ri value of 0.25 in the 
TLC system and could be quantitated to 5 ng/spot. In terms of assay 
sensitivity in plasma, the limit of reliable quantitation was set at 20 ng/ml. 
Instrument response, as determined by the area under the peak, was 
linear from 0 to a t  least 300 ng/spot. In terms of concentrations in plasma, 
linearity was observed from 10 to a t  least 1000 ng/ml. The assay was free 
of interference from extractable plasma impurities and from the me- 
tabolite 6-demethylgriseofulvin ( R f  0.05). 

Chromatograms of extracts from human plasma obtained before and 
after griseofulvin administration are shown in Fig. 1. Recoveries obtained 
from plasma samples spiked with griseofulvin over the 20-1500-ng/ml 
range varied between 93 and 109%, with a mean of 99.9% (Table I). The 
reproducibility was f3.9% (SD),  n = 22. The absolute accuracy of the 
mean was calculated using the expression x - 3, where ff is the mean 
of the set and is the true value, defined here as 100% recovery. There- 
fore, the absolute accuracy of the mean was 99.9% - 100.0% = -0.1%. A 
plasma griseofulvin concentration-time curve obtained in a volunteer 
following oral administration of a single 250-mg dose is shown in Fig. 
2. 

3 
3 l Z O t  100 

I 1 
48 72 

/'>- 

HOURS AFTER DOSE 
Figure 5-Urinary excretion curve of 6-demethylgriseofulvin in a 
volunteer who received one single oral 500-mg dose of griseofuluin. Key: 
0 ,  total 6-dernethylgriseofuluin; 8, free 6-demethylgriseofuluin; and 
0, conjugated 6-dernethylgriseofuluin. 

6-Demethylgriseofulvin in Urine-In the system used, 6-demeth- 
ylgriseofulvin (Rf  0.26) was well separated from urine impurities and from 
the parent drug, griseofulvin (Rf 0.47). Instrument response, as measured 
by the areas under the peaks, was linear over the range tested, 0-600 
ng/spot or 0-120 pg/ml of urine when expressed in concentration units. 
The detection limit was 5 ng/spot or 1 pg/ml. Recoveries obtained from 
urine samples spiked with 6-demethylgriseofulvin over the 1&8O-pg/ml 
range varied between 88 and 108%, with a mean of 95.9% (Table 11). The 
reproducibility was f9.6% (SD) ,  n = 14. The absolute accuracy of the 
mean was -4.1%. 

In the determination of total (free and conjugated) 6-demethyl- 
griseofulvin, i t  was essential to establish that the incubation period and 
the enzyme concentration used were adequate to hydrolyze all glucuro- 
nide present. Since no standard material of 6-demethylgriseofulvin 
glucuronide was available, urine samples from volunteers dosed with 
griseofulvin were subjected to hydrolysis using various P-glucuronidase 
concentrations and incubation times. As seen in Fig. 3, a glucuronidase 
concentration of 370 units in the 1.5-ml incubation mixture and an in- 
cubation time of 1.5 hr were sufficient to liberate the maximum amount 
of free 6-demethylgriseofulvin from the sample. 

Chromatograms of a blank human urine sample and of a postdosing 
urine sample are shown in Fig. 4. 

Figure 5 shows the 72-hr urinary excretion profile of 6-demethyl- 
griseofulvin of a volunteer following oral administration of a single 500-mg 
dose of griseofulvin. 

The described methods are sensitive, specific, and reproducible. In 
addition, they are simple, relatively rapid, and especially useful when a 
large number of samples must be analyzed. 
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Abstract  0 The solubility, spectral, and kinetic methods were used to 
study complexing beCween cu-cyclodextrin (ligand, L) and 3,5-di- 
methoxycinnamic acid, benzalacetone, and methyl cinnamate (substrates, 
S). In aqueous solution a t  2 5 O  and with an ionic strength of 0.01 M ,  the 
lollowing stability constants were found (Kl1  for SL and Klz  for SL2): 
:(,5-dimethoxycinnamic acid, Kl1= 1965 M-' and K12 = 0; benzalacetone, 
K ~ I  = 105 M-' and K l z  = 15 M-I ;  and methyl cinnamate, K11 = 1200 
A!-' and K l z  = 50 M-I.  A model of complex formation is proposed that 
can account for the observed stoichiometry and that yields stability es- 
timates for two isomeric 1:l complexes in the systems in which a 1:2 
complex forms. For cinnamic acid, benzalacetone, and methyl cinnamate, 
stability constants are inversely correlated with the substrate dipole 
moment. 

Keyphrases  0 a-Cyclodextrin-complexation with 3,5-dimethoxy- 
cinnamic acid, benzalacetone, and methyl cinnamate, stoichiometric 
model Stability constants--complexes of a-cyclodextrin with cinnamic 
acid, benzalacetone, and methyl cinnamate 0 Complexation-a-cyclo- 
dextrin, stoichiometric model 

A previous study (1) showed that trans-cinnamic acid 
forms 1:l (SL) and 1:2 (SL2) complexes' with cu-cyclo- 
dextrin (cyclohexaamylose) in aqueous solution. Therefore, 
knowledge of the factors that influence the stoichiometric 
relationships in such a system and that control the mag- 
nit.udes of the complex stability constants was desired. For 
this purpose, the complexing of several substrates struc- 
turally related to cinnamic acid was studied in aqueous 
tu-cyclodextrin solutions. These substrates are 3,5-dime- 
thoxy-trans-cinnamic acid (I), benzalacetone (trans-4- 
phenyl-3-buten-2-one, II), and methyl trans-cinnamate 
(111). The complexing behavior was studied by the solu- 
bility, spectral, and kinetic techniques. 

EXPERIMENTAL 

Materials-:j,5-I)imethoxy-trans-cinnamic acidz was recrystallized 
twice from water, mp 174.6-175'. Benzalacetone2 was recrystallized twice 
from n-hexane, mp :39.7-40.'i0 [lit. (2) mp 41-42']. Methyl trans-cin- 
namate' was distilled under reduced pressure, bp 9&97O (10-12 mm Hg), 
mp :C!.9-:33.9° [lit. (3) mp 33.5-34.5O). cx-Cyclodextrin4 was used directly; 
drying to constant weight a t  90" indicated 9.77% water content, corre- 
sponding closely to the hexahydrate (9.99% water); [a13 +150.4 f 2.2' 
(10 measurements) /lit. (4) [cr];; +150.5O]. 

Procedures-The solubility and spectral studies were carried out as 
descrihed for cinnamic acid (1). except that in the solubility technique 
the supernatant solution was analyzed spectrophotometrically after 
appropriate dilution. For the 3,5-dimethoxycinnarnic acid, this dilution 
was made a basic pH to minimize spectral perturbations caused by 
complexing since it is known (5) that acid anions complex less strongly 
than the parent carboxylic acid. 

A kinetic method was used to study methyl cinnamate. Increasing 
aniount,s of a-cyclodextrin were weighed accurately into a series of 10-ml 
volumetric flasks and were dissolved in pH 10.36 carbonate buffer. To  
each flask, 0.2 ml of  a saturated aqueous solution of methyl cinnamate 
was added. The solutions were brought to volume with the carbonate 
buffer. At recorded times, samples were analyzed spectrophotometrically 
at  295 nm. The kinetics were apparent first order. 

I The substrate lciniiainic acid in this example) is represented hy S, and the ligand 
(cyrlodextrin) is rrprrsrntrd hy L. 

Aldrich 
:' l.:nntmari. 

Sixma lot iOM~t i ( i 4 -1 .  

All studies were carried out at  25.0' and an ionic strength of 0.01 M .  
T h e  stability constants are defined by: 

RESULTS 

3,5-Dimethoxycinnamic Acid-UV spectra of 3,5-dimethoxycin- 
namic acid with varying concentrations of a-cyclodextrin revealed isos- 
bestic points a t  231, 240, and 300 nm; these isosbestic points were pre- 
served even a t  high ligand concentrations. This behavior is consistent 
with 1:1 stoichiometry, and the Benesi -Hildebrand double-reciprocal 
plot is shown in Fig. 1. Least-squares analysis gave Kl1 = 1970 M-I.  

Figure 2 is the solubility diagram for this system. The linear rise in total 
solubility is consistent with 1:l complexing, and the stability constant 
evaluated from the line (excluding the three highest points) was K I I  = 
1960 M - l ,  in excellent agreement with the result from the spectral study. 
(The  deviation of the three terminal points is attributed to a small 
spectral perturbation caused by complexation in the analytical solution.) 
The well-behaved isosbestic points, the linear spectral and solubility 
plots, and the agreement of K I I  values from the independent spectral 
and solubility studies all indicate that this system is described fully by 
1 : 1 stoichiometry. 

Benzalacetone-Figure 3 shows the solubility diagram for the ben- 
zalacetone system. The  initial rising portion is followed hy a plateau re- 
gion, and then a decrease in St occurs with a shoulder unusual in such 
diagrams. The shape of this curve will be discussed. Analysis of the solid 
phases gave the following results for 102Lt and XI,, where XI. is the mole 
fraction of cyclodextrin in the solid: 2.90,0.26; 4.90,0.60; 6.01,0.61; 6.90, 
0.65; 8.02,0.66; and 10.1,0.67. These data show that at  least one complex 
with a stoichiometric I, to S ratio of greater than unity must he 
present. 

Interpretation of the initial rising portion in terms of 1:l plus 1:2 
complexes, as described previously (1,6), shows that the slope of the line 
is 0.50, which implies that  K11 = l/so, where s g  is the solubility at  Lt = 
0. This relationship gives K ~ I  = 105 M - I ;  with K I I  = l/so, the data can 
he fitted regardless of the value of K l z .  Thus, the solubility study showed 
that a complex of higher 1, to S stoichiometry must be present and yielded 
an estimate of Kl1. 

The spectral data showed isosbestic points a t  241 and 304 nm; these 
points were lost at  cyclodextrin concentrations of greater than -0.007 

4 1  
1 I I I 1 1 

0 4 8 12 16 20 24 28 
10' L,, M 

Figure  l--Se17esi-Hildebrand plot for the .'1,5-dimethoxgcinraamic. 
acid-tu-cyclodextriri system at 25' with n wavelength of291 nm, a path 
length of I cm,  a total substrate concentration of 4.54  X lo-" M. and 
a p H  of 2.3; Lt represents the total ligand roncmtration (moles per liter), 
and AA is the change in absorbance. 
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Figure 2-Solubility study of the 3,5-dimethoxycinnamic acid-a-cy- 
clodewtrin system at 25". The substrate solubility at Lt  = 0 is 1.51 X 
M; St represents the total substrate concentration. 

M ,  indicating the presence of at  least two complexes. The spectral results 
a t  291 nm are given in Fig. 4. The smooth curve was calculated by as- 
suming 1:l and 1:2 complexes, fixing K11 a t  105 M-' (from the solubility 
data), and allowing Klz  and the complex molar absorptivities to function 
as adjustable parameters, as described previously (1). The resulting values 
wereKI1 = 105M-',Klz= 15M-',Aa1] =4500,andAal2=6600,where 
Aall = as  - a l l ,  etc., with a representing the designated molar absorp- 
tivity. 

Methyl Cinnamate-The solubility plot for methyl cinnamate (Fig. 
5) is qualitatively similar to that of benzalacetone. The solid phase 
analysis again gave evidence of a 1:2 complex (102Lt and X L ) :  2.00,0.17; 
4.01,0.56; 4.90.0.60; 6.01,0.62; 6.80,0.66; and 10.1.0.67. Treatment of 
the initial rising portion in terms of SL and SL2 complexes gives K I I  = 
1200 M-' and K12 = 50 M-I. 

The kinetic method used to study this system is based on the inhibitory 
effect of cyclodextrin on the rate of alkaline hydrolysis of methyl cinna- 
mate. Scheme I shows the assumed kinetics. 

k s  
S + OH- *products 

SL + OH- -+products 

k 12 
SL2 + OH- -+products 

Scheme I 

The following equations then are readily derived, as was shown previously 

k i i  

(6,7): 

where Lt is the total ligand concentration, [L] is the free (uncomplexed) 
ligand concentration, k i  is the apparent second-order rate constant in 
the presence of ligand, 911 = 1 - k l l / k s ,  and q 1 p  = 1 - klz /ks .  It is not 
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Figure 3-Solubility study of the benzalacetone-a-cyclodewtrin system 
at 25'. The solubility of benzalacetone at Lt = 0 is 9.56 X M. 

--log Lt, M 
Figure 4-Change in absorbance at 291 nm in the benzalacetone- 
a-cyclodextrin system with a path  length of 1 cm, a total substrate 
concmtration of 4.39 X M, and a p H  of 2 3. 

practical to obtain an expression for k k  as an explicit function of I,t, so 
a curve-fitting procedure is used. Figure 6 shows the kinetic data; the 
smooth line was calculated with Eqs. 3 and 4, taking K11= 1200 M-' and 
K12 = 50 M-' (from the solubility study) and treating 911 and 9 1 2  as ad- 
justable parameters. The method is used to assign reasonable values to 
IL] and to calculate corresponding values for Lt and k s  for comparison 
with the experimental results. The line in Fig. 6 was obtained using 911 
= 0.75 and q12 = 0.86. 

DISCUSSION 

Complex Stoichiometry and  Stability-Each substrate was inves- 
tigated by two experimental techniques because such comparative studies 
have been effective in elucidating stoichiometric relationships (1,7). The 
important pieces of information are the isosbestic point behavior, the 
solid phase compositions, and the quantitative consistency between the 
two methods. The essential conclusion is that  solutions of a-cyclodextrin 
with 3,5-dimethoxycinnamic acid can he described fully in terms of 1:l 
complex formation whereas the benzalacetone and methyl cinnamate 
systems require 1:l and 1:2 stoichiometries for their description. 

The shapes of the solubility curves for benzalacetone and methyl 
cinnamate have not been explained fully. In systems containing 1:l and 
1:2 complexes, there are several possibilities for solubility behavior: ( a )  
the solubility of SL will be reached first, ( b )  the solubility of SL2 will he 
reached first, ( c )  the solubilities of SL and SL2 will be reached essentially 
simultaneously, and ( d )  SL and SL2 will form solid solutions. Case a is 
observed with cinnamic acid and apparently does not apply here ( 1 ) .  
Cases b and c both require, as argued previously (6), that XL = 0.67 a t  the 
point terminating the plateau; hence, these cases do not account for the 
solid phase analyses. The formation of a solid solution from solid SL and 
SLp does not seem unlikely if these are inclusion complexes; X-ray evi- 
dence for solid cyclodextrin complexes with channel-like structures was 
reported (8.9). This reaction decreases the number of solid phases by one; 
then upon depletion of solid S, only one solid phase remains (the solid 
solution), and the constraint on St is removed. 

The q l l  and q12 values obtained from the kinetic analysis may be in- 
terpreted as the fractional decrease in reactivity of the complexed sub- 
strate relative to the uncomplexed substrate. If the system actually 
contains two isomeric 1:l complexes, then q l l  is a weighted average of 
the corresponding quantities for the individual complexes (7). It is quite 
possible for one of these quantities to he positive ( k l l  < k s )  while the 
other is negative ( k l l  > k s ) .  The value of y12 seems somewhat low 
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Figure 5-Solubility study of  the methyl cinnamate-(Y-cyclodextrin 
system at 25". The solubility of methyl cinnamate a t  Lt = 0 is 2.50 X 
10-3 M. 
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Table I-Stability Constants for a-Cyclodextrin Complexes at 
25" 

0 2 4 6 8 1 0  
lo2 L,, M 

Figure 6-Apparent second-order rate constants for methyl cinnamate 
hydrolysis as n function of the a-cyclodertrin concentration; the rate 
constant at  L t  = 0 was 8.33 X M-' sec-I. 

(complete inhibition, 9 1 2  = 1 ,  is anticipated for the fully included sub- 
strate); however, as Fig. 6 shows, considerable uncertainty (at least 10%) 
may be associated with this value because of imprecision in the rate data. 
Table I summarizes the stability constant findings for these sub- 
strates. 

Stoichiometric Model of Complexing-As a framework for de- 
scribing and explaining complex stoichiometry and stability in these 
systems, the following argument may be useful. Let h-H represent the 
cyclodextrin (host) molecule, the lower and upper case letters indicating 
that the two ends of the cavily are structurally different, and let g-G 
represent a linear nonsymmetrical substrate (guest) molecule. Then all 
possible 1:l inclusion complexes may be represented as follows, where 
it is assumed that, within each orientation, the energy distribution of 
positional isomers is narrow so that only a single complex need be con- 
sidered: 

1:1 complexes symbol 
g-G 

g-G 

G-g 

G-g 

h-H gH 

H-h gh 

h-H GH 

H-h Gh 

It also is possible, in principle, to form 2:1 and 1:2 inclusion com- 
plexes: 

2:l complexes symbol 

H-h HGGh 

H-b HGgh 

H-h Hggh 

H-h HgGh 

1:2 complexes symbol 
g-G 

h-H h-H gHhG 
g-G 

H-h h-H ghhG 
G-g 

h-H H-h GHHg 
G-g 

H-h H-h GhHg 

Now suppose that, for the systems being considered, no 2 1  complexes 
exist. In the present study, there was no necessity to invoke S2L com- 
plexes, and there appears to be no literature report of S2L complexes with 
ru-cyclodextrin. Then it is reasonable to infer that the guest molecule can 
enter only one end of the host. As a consequence of this inference, there 
can be only two 1:l complexes and only one 1:2 complex. For example, 
suppose only the H end of the host can be entered. In this case, the only 
possible complexes are gH, GH, and GHHg. The model thus has led, for 
this experimental case, to a great simplification of the stoichiometric 

g-G G-g 

g-G g-G 

G-g g-G 

G-g G-g 

Ciiinamic acid" 2260 60 
Cinnamate iono 110 15 
3,.5-Dimethoxycinnamic acid 1965 0 
Benzalacetone 105 15 
Methyl cinnamate 1200 50 

a From Ref. 1. 

possibilities. Other special cases of the general model can be described 
but are not required in this treatment. 

It is known (7) that  the observed K11 value obtained from any exper- 
imental technique is the sum of the stability constants for all isomeric 
1:l complexes; hence, for the case being considered: 

K i i  = &H + K G H  (Eq. 5) 

T o  carry the analysis further, the assumption is made that the 1:2 complex 
is formed by adding a host molecule to a 1:l complex without perturbing 
the structure (or energy) of the 1:l complex. The 1:2 complex can be 
formed oia the gH route (Scheme 11) or the GH route (Scheme H I ) .  

K' 
gH + h-H + GHHg 

Scheme I 1  

GH + h-H + GHHg 
Scheme I I I  

The observed stability constant for 1:2 complex formation therefore is 
given by: 

K"  

which becomes: 
K'K" 

K' + K" 
Klz  = - 

(Eq. 6) 

(Eq. 7) 

The assumption that addition of the second host molecule does not 
perturb the preformed 1:l complex structure is equivalent to assuming 
K' = K G H  and K" = K g ~ ;  thus: 

(Eq. 8 )  

With Eqs. 5 and 8, K g ~  and K G H  can be evaluated5. 
Table I1 lists K g ~  and K G H  values for the substrates of Table I. The 

assignment of symbols is arbitrary. Because of the structural likenesses 
among the members of this series of substrates, it seems reasonable to 
attribute all larger values to one mode ( K G H )  and the smaller constants 
to the other ( K g ~ ) .  
CH,O, 0 

0 II 
II CH=CH -C- OH 

CH=CH-C-CH, 
CH:, 

I I1 
0 

ITI 
Interpretation of the data for these substrates (1-111) in terms of the 

model suggests that the two isomeric 1:1 complexes are formed by in- 
clusion of either the side chain or the phenyl ring in the cyclodextrin 
cavity. Molecular models indicate that the disubstituted phenyl ring of 
I cannot penetrate the ligand cavity; hence, the stoichiometric model 
predicts that one of the isomeric 1:l constants will be zero and, therefore, 
that  K12 = 0. This behavior is observed; therefore, the assignments in 
Table I1 signify that K G H  describes binding of the side chain whereas K g ~  
describes binding of the phenyl ring. A further prediction is that K G H  
for I should be very similar to that for cinnamic acid, as is seen. 

Equation 8 can be written as 1 / K l z  = l/K H + 1/KCH, I . P . ,  the 1:2 dissociation 
constant is equal to the sum of the 1 : l  d i s sochon  constants. 
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Table 11-Calculated Isomeric 1:l Stability Constants a 

Substrate KGH, M-’ &H, M-’ 
Cinnamic acid 2199 61.5 
Cinnamate ion 92.1 17.9 
3.5-Dimethoxvcinnamic acid 1965 0 
Benzalacetone 86.9 18.1 
Methyl cinnamate 1148 52.3 

a Calculated with Eqs. 5 and 8 from the data in Table I. 

All substrates in Table I1 other than I evidently offer the possibility 
of binding a t  both sites, so significant values of both K11 and KI:! are 
anticipated and observed. Since the model has no provision for substit- 
uent effects, it does not provide quantitative predictions for these sub- 
strates. The advantages of the model are in transforming a potentially 
very complicated system into a fairly simple one on the basis of experi- 
mental observation and reasonable approximations and in providing 
qualitative stoichiometric predictive ability and a means for deriving 

4t a 

quantitative estimates of isomeric stability constants when certain as- 
sumptions are met. 

Dipole Moment Correlation-The stability constants for the sub- 
strates in Table 11, particularly K G H ,  vary more than might be expected 
based on the apparent structural similarity of these compounds. The 
behavior of benzalacetone, in particular, seems anomalous. However, the 
constants in Table I1 for 11,111, and cinnamic acid correlate well with the 
substrate dipole moment, as shown in Fig. 7; the larger the dipole mo- 
ment, the smaller is the stability constant. This behavior is consistent 
with the view that the interior of the cyclodextrin cavity is less polar than 
the surrounding aqueous medium; hence, the more polar the substrate, 
the less is its tendency to partition into the ligand cavity. 

The relative slopes of the plots for K G H  and K g ~  in Fig. 7 substantiate 
the structural assignments of these quantities, the more sensitive quantity 
( K G H )  representing the side chain upon which the structural change is 
made and, therefore, responding more to the change than does K g ~ ,  which 
describes binding far removed from the structural alteration. That the 
constant assigned to the side chain, which is the more polar end of the 
substrate molecule, is larger than that for the phenyl ring may seem in- 
consistent, but the comparison overlooks other factors, particularly the 
sizes of these two binding sites. 

The cinnamate-ion system is qualitatively consistent with this inter- 
pretation. The essentially identical stability constants for cinnamate and 
benzalacetone suggest that a methyl ketone may be a good model for the 
polarity of a carboxylate ion. 

0 1 2 3 4  
c1. D 

Figure 7-Plot of log KGH (0) and log K g ~  (a) against the substrate 
dipole moment for II (p  = 3.34 D), I I I  ( p  = 1.95 D), and  cinnamic acid 
( p  = 1.31 0). Dipole moments are from Ref. 10. The lines have no theo- 
retical significance. 
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Abstract  The preparation and application of a new radiopharma- 
ceutical used in the investigation of the rate and pattern of gastric 
emptying by external scintigraphy are described. Triethylenetetraamine 
was bound covalently to cross-linked chloromethylated polystyrene. The 
triethylenetetraamine-polystyrene resin tenaciously and rapidly 
bound technetium 99m. The gastric emptying rate was evaluated in 
normal adult volunteers and patients by serially recording the gastric 
radioactivity after ingestion of a test meal mixed with wmTc-labeled 
triethylenetetraamine-polystyrene resin. The data indicated that 
wmTc-labeled triethylenetetraamine-polystyrene resin was an ideal 
agent for assessing the rate and pattern of gastric emptying in humans. 
The gastric emptying half-time (tl/*GE) in normal subjects ranged from 
25 to 75 min. 

Keyphrases Radiopharmace~ticals-~~~Tc-labeled triethylene- 
tetraamine-polystyrene resin, determination of gastric emptying rate 
and pattern, humans GI motility-determination of gastric emptying 
rate and pattern, radionuclide imaging, humans 0 Triethylene- 
tetraamine-polystyrene resin, wmTc-labeled-determination of gastric 
emptying rate and pattern, humans 

The introduction of y -emitting short-lived radionuclides 
and the development of the scintillation camera connected 
to a fast-acquisition digital data processor, multimode 
analyzer, and videotape recorder permit the noninvasive 
investigation of the rate and pattern of gastric emptying 
by external scintigraphy. Quantitative dynamic data and 
excellent scintigraphic images of the stomach, intestines, 
and colon can be obtained without physical or physiolog- 
ical influences on the GI tract. 

BACKGROUND 

In several clinical situations, detailed information about abnormalities 
in the pattern and rate of gastric emptying would be helpful. Such ab- 
normalities already are recognized as being concomitant with certain 
diseases. For instance, hypermotility has been associated with duodenal 
ulcers, while diminished gastric peristalsis has been associated with 
gastric ulcers (1, 2). Furthermore, delayed gastric emptying has been 
observed in malignant diseases of the stomach and in pyloric stenosis (3, 
4). 

Measurement of gastric emptying is not only an important aid to the 
clinician studying gastroduodenal disease, dumping syndrome, and 
postvagotomy disturbances but also is a major determinant in the ab- 
sorption rate of drugs. Individual variations in the drug absorption rate 
from any dosage form may be due largely to differences in the rate of 
gastric emptying (5,6). 

Since sodium ["'Crlchromate and a rectilinear scanner first were used 
to measure the gastric emptying rate (7), several other radiopharma- 
ceutical preparations have been used for the same purpose, including: 
"""In- and 99mTc-labeled diethylenetriaminepentaacetic acid (8,9), a 
l'"mIn-labeled microcolloid (lo),  a 99mTc-labeled colloid of antimony 
sulfide (11), 99mTc-labeled human albumin microspheres (12). cesium 
129 adsorbed onto a suspension of zirconium phosphate (13), and their 
combinations (8, 13). 

The disadvantages of these radiopharmaceutical preparations are well 
known, For instance, ":'"In- and 99mTc-labeled diethylenetriamine- 
pentaacetic acid are water soluble and remain in the liquid phase of the 
gastric content, which is discharged through the pylorus more rapidly 
than the solid phase, and thus lower half-time values of gastric emptying 

result. Colloidal preparations are difficult to prepare, and their physi- 
cochemical properties offer disadvantages such as the formation of mi- 
celles and coagulation. The adsorption or absorption of the radiophar- 
maceutical by the stomach walls also provides an opportunity for 
error. 

The recently introduced radiopharmaceutical wmTc-labeled trieth- 
ylenetetraamine-polystyrene resin ( I )  (14, 15) is free of these short- 
comings and approximates the characteristics of an ideal radiopharma- 
ceutical for assessing the rate and pattern of gastric emptying. These 
characteristics are: ( a )  not to influence the osmolality of the stomach 
content, ( b )  to be nonabsorbable and nonadsorbable, (c) to bind the ra- 
dionuclide tenaciously and not to exchange it with food particles or the 
stomach wall, ( d )  to possess ideal food-mixing characteristics and have 
a particle size comparable to that of foods, and (e) to be nontoxic and inert 
and give reproducible and noninvasive estimates of the gastric emptying 
time without exposing the patient to a high radiation dose. 

EXPERIMENTAL 

Preparat ion of Popcorn Polystyrene-The polymer was prepared 
according to the procedure described by Letsinger et al. (16). I t  was 
washed three times with chloroform, dried, and broken down in a 
blender. 

Preparat ion of Chloromethylated Polystyrene-Popcorn poly- 
styrene (70 g, 40-100 mesh) was allowed to swell in 550 ml of chloroform 
for 1 hr. A mixture of 100 ml of chloromethyl methyl et.her and 40 ml of 
stannic chloride was added to the polystyrene, and the contents were 
stirred a t  25" for 2 hr. After filtration, the resin was washed with chlo- 
roform, dioxane, dioxane-water, water, and acetone. The product was 
dried a t  60' under vacuum for 24 hr, yielding 86 g. 

Anal.-Calc. for chloromethyl groups on 50% of the resin rings: CI, 
13.4%. Found: CI, 13.3%. 

P repa ra t ion  of Triethylenetetraamine-Polystyrene Resin 
(I)-Chloromethylated polystyrene (10 g) was added to 30 ml of pyridine. 
After 30 min, a 10-fold excess of the amine was added; the mixture was 
maintained a t  95" in an oil bath under a calcium chloride drying tube. 
The resin was recovered by filtration and washed with pyridine, water, 
and methanol. I t  was dried a t  60" under vacuum. 

Anal.-Calc. for: N, 14.87; CI, 0.0. Found: N,  9; CI, 0.08. 
Uptake of Sodium [99mTc]Pertechnetate by Triethylenetet- 

raamine-Polystyrene Resin-Triethylenetetraamine-polystyrene 
resin (0.20 g), with a head size ranging between 0.16 and 0.4 mm, was 
placed in a 150-ml beaker, and 50 ml of double-distilled water was added. 
The pH was adjusted to a predetermined value with 0.1 N HCI. A 50-ml 
aliquot of sodium [99mTc]pertechnetate (52 pCi) in distilled water was 
added. The mixture was stirred magnetically, and the pH was kept con- 
stant and monitored by a pH meter'. The temperature was maintained 
a t  23-25'. At the appropriate time intervals, 1-ml samples were with- 
drawn and counted by a y-ray well counter'. 

Preparat ion of 99mTc-Labeled 'Triethylenetetraamine-Poly- 
styrene Resin-Triethylenetetraamine-polystyrene resin (0.25 g, 40-100 
mesh) was placed in a 50-ml beaker with 20 ml of distilled water and 
stirred for 1 min. A solution of sodium pertechnetate3 (20 pCi-1 mCi) was 
added. The mixture was stirred for 10 min, and the labeled resin was 

I 

Beckman Zeromatic SS-3. * Picker Spector Scaler-4. 
3 Technetium 99m. obtained from a 99Mo-generator (E. R. Squibb and Sons. 

Princeton, NJ  085401, as sodium [mmTc]pertechnetate in saline. 
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Figure 1-Uptake of [99mTc]p~rtechnetate anions from an  aqueous 
solution by triethylenetetraamine-polystyrene resin. 

recovered by filtration. The resin was washed with two 50-ml aliquots 
of distilled water and subsequently was counted to determine the specific 
activity. 

Stability of 99mTc-Labeled Triethylenetetraamine-Polystyrene 
Resin in Simulated Gastric Juice-The 99mTc-labeled triethylene- 
tetraamine-polystyrene resin (0.4 g, 2 pCi/g) was introduced in a beaker 
containing 50 ml of simulated gastric juice4 (pH 1.4). The mixture was 
stirred magnetically, and the temperature was maintained a t  25". Sam- 
ples of 0.5 ml were withdrawn a t  predetermined time intervals. 

Human Testing-To evaluate the new radiodiagnostic agent, 20 adult 
male and female hospital patients were studied. Normal subjects who 
had never undergone GI tract surgery and subjects who had had surgery 
of the upper GI tract participated in the study. None of the subjects was 
treated with anticholinergic drugs prior to or during the study. No special 
preparation of the subject was needed. Two reference points were drawn 
on the abdominal skin of the subject and on the oscilloscope by the ra- 
dioactive marker, cobalt 57, to ensure reproducibility of the position of 
the subject relative to the camera. 

The 99mTc-labeled triethylenetetraamine-polystyrene resin was mixed 
with a test meal consisting of 33.3 g of cream of wheat and 2.4 g of sodium 
chloride in 235 ml of water. After the subject ingested the labeled test 
meal, the time was recorded and the subject was placed under the y-ca- 
mera5v6 in the supine position. The positions of the y-camera and the 
subject were adjusted so that the entire stomach appeared in the center 
of the monitoring oscilloscope. Several scintiphotographs of the stomach 
were obtained a t  certain time intervals. 

In each time interval, four to nine points were collected. Each point 
represented the integrated relative radioactivity per minute of the desired 
flagged area of the stomach. The data were stored on a magnetic tape for 
future reference. The logarithm of the relative radioactivity of the 
stomach was plotted against time. From the slope of the graph, the 
half-time of the gastric emptying (tl/SGE) of the test meal and the 
99mTc-labeled triethylenetetraamine-polystyrene resin beads was de- 
termined. A whole-body survey a t  the end of each study failed to show 
any detectable activity outside of the GI tract. 

RESULTS 

Popcorn polystyrene, an opaque, low-density polymer, was prepared 
by copolymerization of styrene and divinylbenzene (99.8:0.2) according 
to a literature procedure (16). The particle size was reduced after a 
chloroform wash, and 40-100-mesh beads were used. 

~~ 

4 USP. 
Baird atomic system 77 (Baird Atomic Nuclear Division, Bedford, MA 01730) 

equipped with a computer and magnetic tape and possessing storage and replay 
ca ability. 

BPho-Hp camera interfaced with a Nuclear data 50/50 computer, Nuclear of 
Chicago, Des Plaines, Ill .  

x 5 1  

J 
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Figure 2-Percent of radioactivity lost from 99mTc-labeled trleth- 
ylenetetraamine-polystyrene in simulated gastric juice (pH 1.4). 

Introduction of chloromethyl functions into the insoluble polymer was 
carried out by reaction with chloromethyl methyl ether in the presence 
of anhydrous stannic chloride. The degree of chloromethylation of pop- 
corn polystyrene was controlled by the amounts of stannic chloride and 
chloromethyl methyl ether and the reaction time. Chloromethyl groups 
were introduced in 50% of the polystyrene rings, producing a resin with 
3.6 mEq of chloride/g. 

Attachment of triethylenetetraamine was performed by swelling of 
the chloromethylated resin beads (40-100 mesh) in pyridine, followed 
by treatment with a 10-fold excess of triethylenetetraamine a t  95". Ele- 
mental analysis for nitrogen and chlorine indicated that triethylenete- 
traamine was bound to polystyrene by more than one attachment 
(17). 
Triethylenetetraamine-polystyrene resin beads (40-100 mesh) effi- 

ciently and quantitatively bound the [99mTc]pertechnetate anions from 
aqueous solutions of -lop9 M sodium [99mTc]pertechnetate. The anion 
uptake at three pH values (1.4,4.0, and 6.0) was complete in 10 min (Fig. 
1). When the popcorn polystyrene and chloromethylated polystyrene 
resins were used, the uptake of pertechnetate anions was 8.4 and 8.6%, 
respectively, after 60 min. 

The smTc-labeled resin was stable in simulated gastric juice, releasing 
only 2.0% of the radioactivity in 25 hr a t  37" (Fig. 2). The results of ex- 
periments in humans showed that <0.2% of the ingested radioactivity 
appeared in the blood and urine during the passage of the resin 
throughout the entire GI tract. A whole-body survey a t  the end of each 
study failed to show any detectable activity outside of the GI tract. 

Twenty healthy adult volunteers were studied to establish a normal 
range of the gastric emptying rate (Table I). Invariably, the subjects ex- 
hibited a monoexponential pattern of gastric emptying. A typical curve 
is shown in Fig. 3. The ordinate represents the logarithm of relative ra- 
dioactivity (expressed as counts per minute) and the abscissa denotes 
the time (minutes). The relative radioactivity was determined by se- 
lecting, with an electronic cursor, a region of interest over the whole 
gastric area excluding the pylorus and intestines. The slope of the curve 
was equal to -Xeff/2.303. 

The observed constant, Xeff, was equal to the sum of the technetium 
99m decay constant, A, and the rate constant of gastric emptying, AGE, 
where Xeff = 0.693/t1/2eff, X = 0.693/t 112, and XGE = 0.693/t 1plGE. The 
half-time of gastric emptying, t 1/2GE, was calculated from the following 
equation: tlineff = (tl/2tl/2GE)/(tl/2 + tll2GE). With this technique, the 
t 1/2GE for normal individuals ranged from 25 to 75 min (Table I). This 
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Figure 3-Clearance rate of 9gmTc-labeled triethylenetetraamine- 
polystyrene resin beads from the stomach of a normal human male, 
t&E = 58 min. 
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Table I-Gastric Emptying Half-Time in Normal Volunteers 

Patient (Sex) 

63 
57 
75 
25 
43 
63 
34 
41 
60 
37 
39 
58 
35 
41 
39 
55 
45 
51 
57 
62 

range was in agreement with results obtained using other radiopharma- 
ceuticals (1 1).  The t 1/2eff was not affected by the duodenal or jejunal 
overlap with the stomach (9). The gradual movement of radioactivity 
from the stomach through the pylorus into the intestines was indicated 
by a series of sequential scintigraphic images (Fig. 4). The entire stomach 
and the intestines were visualized. The absorbed radiation dose by the 
stomach was 102 mrads/250 pCi. 

A second group of three individuals suffering from various disorders 
of the GI tract was used to demonstrate the difference in gastric emptying 
rates between normals and patients. Two patients suffering from pyloric 
stenosis exhibited a monoexponential pattern of gastric emptying with 
half-times of 115 and 136 min, respectively. A third patient with a 70% 
gastric resection and gastrojejunostomy exhibited a gastric emptying 
pattern consisting of two components: a component with a high rate of 
decrease, tl12GE = 5 min, representing dumping, and a component with 
a low rate of decrease, t I/&E = 91 min (Fig. 5). 

DISCUSSION 

The purpose of this study was to demonstrate the suitability of 
99mTc-labeled triethylenetetraamine-polystyrene resin as an agent for 
investigating the pattern and rate of gastric emptying in humans. This 
study ascertained that the 99mTc-labeled resin was an ideal agent for 
measuring the gastric emptying rate of a solid meal in normal subjects 
and patients. The agent fulfilled the criteria of an ideal agent. It tena- 
ciously bound [99mTc)pertechnetate anions; i t  was not absorbed or ad- 
sorbed on the gastric mucosa; the polystyrene beads had a particle size 
comparable to that of solid food and mixed homogeneously with the solid 
phase of the gastric content; it was nontoxic; it was an easily prepared 
radiopharmaceutical with the ideal radiation characteristics of techne- 
tium 99m; and, finally, the technique was noninvasive and comfortable 

' to  the patient. The use of the ?-camera coupled with a fast data-acqui- 
sition device allowed rapid and convenient observation of second-by- 
second alterations in the pattern and rate of gastric emptying. 

Two fundamental assumptions were made in using this technique: the 
stomach was presumed to remain in the same position and retain the 
same shape throughout the study, and no correction was made for changes 
of depth of the radioisotope below the abdominal wall. The error that was 

30 rnin 40 rnin 50 min 
Figure 4--Anterior scintigraphic series at 10-min intervals illustrating 
the gastric elimination and bowel distribution of the 99"Tc-labeled 
triethylenetetraantine-polystyrene resin, tl&E = 36 min. 

a 
50 1 ao 150 

MINUTES 
Figure 5-Clearance rate of 99mTc-labeled triethylenetetraamine- 
polystyrene from the stomach of a male patient with Billroth I I .  Key: 
A ,  tI/ZGE = 5 min; and B, tl&E = 99 min. 

introduced by these assumptions was minimal (13). Another source of 
error was the variations in tissue absorption of the y-rays and the overlap 
of the duodenol-jejunal flexure with the gastric antrum, which tended 
to increase the count when, at the time of reading, the labeled gastric 
contents went through the duodenum or jejunum. However, this error 
did not change the slope of the linear logarithmic equation that described 
the gastric emptying process (3). 

This study demonstrated that the gastric emptying of the solid phase 
of the 99mTc-labeled triethylenetetraamine-polystyrene gastric content 
can be described by a monoexponential function, a t  least for the first 120 
min for normal subjects and patients suffering from pyloric stenosis. 
Moreover, it was shown that GI surgery, such as gastrojejunostomy, may 
drastically change the pattern and rate of gastric emptying (Fig. 5). Since 
the gastric emptying rate was affected by various factors, the position 
of the patient, the test meal, the position of camera, and the administered 
radioactivity dose were kept as constant as possible. 

The use of 99mTc-labeled triethylenetetraamine-polystyrene in 
combination with a scintillation camera is a better technique than the 
isotopic and nonisotopic techniques that have been used for the inves- 
tigation of the pattern and rates of gastric emptying of the solid phase 
of the gastric content. The disadvantages of the previous techniques and 
agents were discussed extensively elsewhere (9). Clinicians may use this 
technique to study GI diseases such as gastric and duodenal ulcers, gastric 
neoplasms, pyloric stenosis, dumping syndrome, and postsurgical status 
of gastrectomy, gastrojejunostomy, vagotomy, and pyloroplasty. 
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Abstract  The pharmacokinetics and pharmacodynamics of intrave- 
nous furosemide, 40 mg, were studied in four healthy male subjects in 
a crossover fashion with and without probenecid pretreatment. In each 
study, 16 plasma and 10 urine samples were collected over 24 hr. Fluid 
and electrolyte urinary losses were replaced orally throughout the study. 
Unchanged furosemide and probenecid were measured using high- 
pressure liquid chromatography; urinary sodium was measured by flame 
photometry. Although probenecid caused marked changes in the phar- 
macokinetic parameters of furosemide (increased area under the curve, 
decreased plasma and renal clearance, increased half-life, and decreased 
fraction excreted unchanged in the urine), there was no significant dif- 
ference in its gross 8-hr natriuretic and diuretic effect. However, analysis 
of the time course of natriuresis showed a pattern similar to that of the 
urinary furosemide excretion rate, whereas the plasma concentration was 
poorly correlated over the entire dose-response curve. 

Keyphrases 0 Furosemide-pharmacokinetics and pharmacodynamics 
with and without probenecid pretreatment, humans 0 Probenecid- 
pharmacokinetics and pharmacodynamics of furosemide with and 
without probenecid pretreatment, humans 0 Drug-drug interac- 
tions-pharmacokinetics and pharmacodynamics of furosemide with 
and without probenecid pretreatment, humans Pharmacokinetics- 
furosemide with and without probenecid pretreatment, humans 

Furosemide is an anthranilic acid derivative used to 
treat edematous states of hepatic, cardiac, and renal origin 
(1-3). It is believed to act a t  the luminal surface of the 
nephron where it inhibits the active reabsorption of chlo- 
ride in the ascending limb of the loop of Henle (4-7). Since 
furosemide is highly protein bound (8, 9), access to the 
lumen occurs primarily through active secretion uia the 
nonspecific organic acid secretory pathway (5,6,10). Thus, 
any drug or chemical substance that competes for this 
pathway could prevent furosemide from reaching its site 
of action and thereby attenuate its diuretic response. 

Probenecid is a weak organic acid that competes with 
furosemide for active secretion into the kidney lumen. This 
competition can prevent furosemide from achieving an 
adequate cellular or luminal concentration and thereby 
diminish its natriuretic and diuretic response. Previous 
studies in experimental animals supported this hypothesis 
and showed that probenecid can decrease the natriuretic 
action of furosemide (10,ll).  Studies in humans evaluating 
the effect of probenecid on the pharmacokinetics and 
pharmacodynamics of' furosemide are limited and less clear 
( 12-14). 

The present investigation was undertaken to clarify the 
mechanism by which probenecid alters the diuretic re- 
sponse of furosemide. An additional objective was to de- 
fine, in humans, a relationship between the dose of furo- 
semide, its concentration or amount in a measurable 
sampling compartment, and its diuretic effect. 

EXPERIMENTAL 

Materials and Methods-Four males, 21-33 years and 65-77 kg, 
participated as outpatients in this study. Each subject had a normal 
medical history, physical examination, and standard laboratory tests. 
Each subject received 40 mg of furosemide alone and after pretreatment 
with probenecid. An interval of at least 1 week elapsed between studies. 
Subjects fasted the night before and until a t  least 2 hr after administra- 
tion of the diuretic. Identical lot numbers for each drug were used 
throughout the study. 

Furosemide was administered intravenously over -3 min, with the 
midpoint of the infusion considered as time zero. Probenecid (1 g) was 
ingested at bedtime the night before and on arising the morning of the 
study (3MO min prior to furosemide administration). Blood samples 
(3 ml) to determine the drug concentration were obtained with an in- 
dwelling heparinized scalp vein needle at 0,5,10,20,30,45,60,80,100, 
120,180,240,300,360, and 480 min and -24 hr. 

Voided urine was collected a t  0,0.5,1.0,1.5,2.0,3.0,4.0,5.0,6.0,8.0, 
and 24 hr and a t  two times of spontaneous voiding at home between the 
8- and 24-hr collections. After each voiding, subjects drank a volume of 
balanced electrolyte solution flavored with fruit syrup equal to their 
urinary volume to avoid dehydration and electrolyte depletion. 

All 24-hr blood samples showed normal electrolytes, urea nitrogen, and 
creatinine. Sodium concentrations were measured with a flame pho- 
tometer'. Statistical differences were determined using a paired t test. 

Plasma samples of furosemide, with and without probenecid pre- 
treatment, were analyzed using a rapid, sensitive, and specific high- 
pressure liquid chromatographic2 (HPLC) assay developed in this lab- 
oratory (15). Samples were run on a pBondapak CIS reversed-phase 
column3 (30 cm X 3.9 mm i.d.) using dual-channel UV detection4 (0.01 
aufs). A 2 0 4  aliquot containing the internal standard, phenobarbital 
sodium (0.25 mg/ml), was added to 0.20-ml plasma furosemide samples. 
The mixture was vortexed, and 0.40 ml of acetonitrile was added. The 
mixture was vortexed again and then centrifuged for 10 min. The su- 
pernate was transferred to a clean test tube and evaporated under ni- 
trogen gas until -0.15 ml of the solution remained. A solvent system of 
25% acetonitrile in 0.01 M acetic acid, adjusted to pH 5.0 with sodium 
hydroxide, was employed to measure furosemide at 280 nm and pheno- 

l Model 450, Corning Scientific Instruments, Medfield, Mass. 
Model 6000A, Waters Associates, Milford, Mass. 
Waters Associates, Milford, Mass. 
Model 440 absorbance detector, Waters Associates, Milford, Mass. 
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Abstract  The pharmacokinetics and pharmacodynamics of intrave- 
nous furosemide, 40 mg, were studied in four healthy male subjects in 
a crossover fashion with and without probenecid pretreatment. In each 
study, 16 plasma and 10 urine samples were collected over 24 hr. Fluid 
and electrolyte urinary losses were replaced orally throughout the study. 
Unchanged furosemide and probenecid were measured using high- 
pressure liquid chromatography; urinary sodium was measured by flame 
photometry. Although probenecid caused marked changes in the phar- 
macokinetic parameters of furosemide (increased area under the curve, 
decreased plasma and renal clearance, increased half-life, and decreased 
fraction excreted unchanged in the urine), there was no significant dif- 
ference in its gross 8-hr natriuretic and diuretic effect. However, analysis 
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Furosemide is an anthranilic acid derivative used to 
treat edematous states of hepatic, cardiac, and renal origin 
(1-3). It is believed to act a t  the luminal surface of the 
nephron where it inhibits the active reabsorption of chlo- 
ride in the ascending limb of the loop of Henle (4-7). Since 
furosemide is highly protein bound (8, 9), access to the 
lumen occurs primarily through active secretion uia the 
nonspecific organic acid secretory pathway (5,6,10). Thus, 
any drug or chemical substance that competes for this 
pathway could prevent furosemide from reaching its site 
of action and thereby attenuate its diuretic response. 

Probenecid is a weak organic acid that competes with 
furosemide for active secretion into the kidney lumen. This 
competition can prevent furosemide from achieving an 
adequate cellular or luminal concentration and thereby 
diminish its natriuretic and diuretic response. Previous 
studies in experimental animals supported this hypothesis 
and showed that probenecid can decrease the natriuretic 
action of furosemide (10,ll).  Studies in humans evaluating 
the effect of probenecid on the pharmacokinetics and 
pharmacodynamics of' furosemide are limited and less clear 
( 12-14). 

The present investigation was undertaken to clarify the 
mechanism by which probenecid alters the diuretic re- 
sponse of furosemide. An additional objective was to de- 
fine, in humans, a relationship between the dose of furo- 
semide, its concentration or amount in a measurable 
sampling compartment, and its diuretic effect. 

EXPERIMENTAL 

Materials and Methods-Four males, 21-33 years and 65-77 kg, 
participated as outpatients in this study. Each subject had a normal 
medical history, physical examination, and standard laboratory tests. 
Each subject received 40 mg of furosemide alone and after pretreatment 
with probenecid. An interval of at least 1 week elapsed between studies. 
Subjects fasted the night before and until a t  least 2 hr after administra- 
tion of the diuretic. Identical lot numbers for each drug were used 
throughout the study. 

Furosemide was administered intravenously over -3 min, with the 
midpoint of the infusion considered as time zero. Probenecid (1 g) was 
ingested at bedtime the night before and on arising the morning of the 
study (3MO min prior to furosemide administration). Blood samples 
(3 ml) to determine the drug concentration were obtained with an in- 
dwelling heparinized scalp vein needle at 0,5,10,20,30,45,60,80,100, 
120,180,240,300,360, and 480 min and -24 hr. 

Voided urine was collected a t  0,0.5,1.0,1.5,2.0,3.0,4.0,5.0,6.0,8.0, 
and 24 hr and a t  two times of spontaneous voiding at home between the 
8- and 24-hr collections. After each voiding, subjects drank a volume of 
balanced electrolyte solution flavored with fruit syrup equal to their 
urinary volume to avoid dehydration and electrolyte depletion. 

All 24-hr blood samples showed normal electrolytes, urea nitrogen, and 
creatinine. Sodium concentrations were measured with a flame pho- 
tometer'. Statistical differences were determined using a paired t test. 

Plasma samples of furosemide, with and without probenecid pre- 
treatment, were analyzed using a rapid, sensitive, and specific high- 
pressure liquid chromatographic2 (HPLC) assay developed in this lab- 
oratory (15). Samples were run on a pBondapak CIS reversed-phase 
column3 (30 cm X 3.9 mm i.d.) using dual-channel UV detection4 (0.01 
aufs). A 2 0 4  aliquot containing the internal standard, phenobarbital 
sodium (0.25 mg/ml), was added to 0.20-ml plasma furosemide samples. 
The mixture was vortexed, and 0.40 ml of acetonitrile was added. The 
mixture was vortexed again and then centrifuged for 10 min. The su- 
pernate was transferred to a clean test tube and evaporated under ni- 
trogen gas until -0.15 ml of the solution remained. A solvent system of 
25% acetonitrile in 0.01 M acetic acid, adjusted to pH 5.0 with sodium 
hydroxide, was employed to measure furosemide at 280 nm and pheno- 

l Model 450, Corning Scientific Instruments, Medfield, Mass. 
Model 6000A, Waters Associates, Milford, Mass. 
Waters Associates, Milford, Mass. 
Model 440 absorbance detector, Waters Associates, Milford, Mass. 
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Figure I-Chromatogran of urine sample of furosemide ( le f t )  with 
proherwid prrtrcatrnrnt. the internal standard was phenobarbltal 
.sodium fright) 

barbital sodium a t  254 nrn. Urine samples of furosemide administered 
alone were prepared in a similar fashion, except that  the addition of ac- 
etonitrile and the evaporation step were omitted. 

During the assay of urine furosemide samples obtained following 
probenecid pretreatment, interfering peaks (possibly from probenecid 
metabolites) occurred in both the 280- and 254-nm detection channels. 
Therefore, it was necessary to develop a new assay system to separate the 
interfering peaks from those of furosemide and the internal standard, 
phenobarbital sodium. These urine samples were assayed for furosemide 
by HPLC5 on a C ~ R  reversed-phase column3 using fluorescence detections. 
The excitation and emission wavelengths of furosemide were set at 345 
and 405 nm, respectively. The photomultiplier gain was set a t  4, and the 
sensitivity range was set a t  10. A 2O-pl aliquot of the internal standard, 
phenobarbital sodium (2.5 mg/ml), still was measured by UV detection' 
a t  254 nm (0.05 aufs). 

With a solvent system of 30% acetonitrile in 0.015 M aqueous phos- 
phoric acid solution a t  a flow rate of 2.0 ml/min, furosemide and pheno- 
barbital sodium had retention times of 9.0 and 5.0 min, respectively (Fig. 
1). A typical standard curve of the peak height ratio of furosemide to  
phenobarbital sodium over the concentration range of 0.82-20.50 pg/ml 
resulted in a linear least-squares regression equation of y = 0.205~ t 0.008 
( r 2  = 0,999). With fluorescent detection, concentrations as low as 8.20 
ng/ml were measured. 

Plasma samples of probenecid were prepared in a similar fashion to 
furosemide. A 4O-pl aliquot of phenobarbital sodium (4 mg/ml) was used 
as the internal standard, and the solvent system (30% acetonitrile in 0.01 
M acetic acid, adjusted to pH 5.0 with sodium hydroxide) had a flow rate 
of 2.0 ml/rnin. Both probenecid and phenobarbital sodium were measured 
using UV detectioni a t  254 nm. Plasma probenecid concentrations were 
fairly constant during the entire study and ranged from 100 to 165 kg/ml 
(Fig. 2). 

Calculations-The half-life of furosemide, t 112, was determined by 
linear regression from the terminal portion of the urinary excretion rate 
uersus midpoint time plots. The area under the plasma concentration- 

- 

' Perkin-Elmer Series 2, Norwalk, Conn. 

' LC 250, Perkin-Elmer, Norwalk, Conn. 
Fluorescence spectrophr~tometer 204-A, Perkin-Elmer, Norwalk. Conn. 
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Figure 2-Plot of the plasma concentration versus time for furosenide 
alone (.-a), furosernide with probenecid pretreatment (0 - - - o), 
and probenecid (B). Data are expressed as the mean f SEM (n = 4). 

time curve, AUC, was calculated using the trapezoidal rule, extrapolated 
to infinity from the last measured concentration. 

The volume of distribution a t  steady state, Vd,, was determined by 
the compartment-independent method of Benet and Galeazzi (16): 

Vd,, = dose (AUMC)/(AUC)' (Eq. 1) 

where AUMC is the area under the curve of the first moment of the 
concentration-time curve, i e . ,  J t  tC, d t .  The total plasma clearance 
of furosemide, CL,, was calculated from: 

C1, = dose/AUC (Eq. 2) 

C1, = AeJAUC (Eq. 3) 

where the amount of unchanged drug recovered in the urine at time in- 
finity is represented by Ae,. The fraction of furosemide excreted un- 
changed in the urine, f e .  was calculated by dividing Ae, by the intrave- 
nous dose. Nonrenal plasma clearance, Cl,,, was calculated as the dif- 
ference between the plasma and renal clearances. The fraction excreted 
by nonrenal routes, fnr, was calculated by dividing the nonrenal clearance 
by the total plasma clearance. 

The total renal clearance, CL,, was estimated from: 

RESULTS 

The effects of probenecid on the pharmacokinetics of furosemide were 
analyzed in both plasma and urine (Table I). Mean plasma concentrations 
of furosemide with probenecid pretreatment were significantly increased 
at all time points except at 5 min (Fig. 2). The significant increase in AUC 
supports this observation [252 f 24 (wg min)/ml for furosemide alone 
(Treatment I) and 785 f 87 (pg min)/ml for furosemide with probenecid 
pretreatment (Treatment 11); p < 0.0011. In addition, the total plasma 
clearance of furosemide was decreased significantly in the presence of 
probenecid (160 f 15 ml/min for Treatment I and 51.4 f 5.3 ml/rnin for 
Treatment 11; p < 0.001). This difference in total plasma clearance was 
reflected by the significant increase in the half-life of furosemide (82 f 
5 min for Treatment I and 175 f 17 min for Treatment 11; p < 0.001) since 
the Vd,, value was not altered significantly (8.44 f 0.93 liters for Treat- 
ment I and 6.66 f 1.78 liters for Treatment 11; p > 0.20). 

The total renal clearance of furosemide was reduced markedly with 
probenecid pretreatment (118 f 17 ml/min for Treatment I and 23.1 f 
1.0 ml/min for Treatment II; p < 0.002), while the nonrenal plasma 
clearance did not change significantly (42 f 12 ml/min for Treatment 
I and 28.3 f 4.9 ml/min for Treatment 11; p > 0.10). In addition, the 
fraction of furosemide excreted unchanged in the urine in the presence 
of probenecid was reduced significantly (0.74 f 0.07 for Treatment I and 
0.46 f 0.05 for Treatment 11; p < 0.01) with a corresponding increase in 
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Table I-Pharmacokinetic Effects of Probenecid on Furosemide 

AUC, Cl,, Vds,, h ( 2 .  C L  Clnn 
Subject Treatment (fig min)/ml ml/min liters min ml/min ml/min f e  fnr  

TP Furosemide 

RP Furosemide 

TT Furosemide 

DH Furosemide 

Furosemide with 
probenecid 

Furosemide with 
probenecid 

Furosemide with 
probenecid 

Furosemide with 
probenecid 

Mean f SD Furosemide 
Furosemide with 

probenecid 
Level of significance 

225 
723 

280 
907 

242 
787 

261 
724 

252 f 24 
785 f 87 

S 
(D < 0.001) 

178 
55.3 

143 
44.1 

165 
50.9 

153 
55.3 

160 f 15 
51.4 f 5.3 

S 

8.85 
6.00 

9.55 
5.50 

7.62 
5.81 

7.73 
9.31 

8.44 f 0.93 
6.66 f 1.78 

85 
185 

85 
193 

75 
160 

82 
161 

82 f 5 
175 f 17 

122 
22.8 

101 
22.7 

139 
22.3 

109 
24.6 

118 f 17 
23.1 f 1.0 

56 
32.5 

42 
21.4 

26 
28.6 

44 
30.7 

42 f 12 
28.3 f 4.9 

0.68 
0.41 

0.71 
0.52 

0.84 
0.44 

0.71 
0.45 

0.74 f 0.07 
0.46 f 0.05 

0.31 
0.59 

0.29 
0.49 

0.16 
0.56 

0.29 
0.56 

0.26 i 0.07 
0.55 f 0.04 

the fraction excreted by nonrenal routes (0.26 f 0.07 for Treatment I and 
0.55 f 0.04 for Treatment 11; p < 0.01). 

Analysis of the urinary excretion rate of furosemide, with and without 
probenecid pretreatment, is shown in Fig. 3. Initially, the urinary ex- 
cretion rate of furosemide with probenecid was significantly lower than 
that of furosemide when administered alone. However, after -125 min, 
the two curves (Treatments I and 11) intersect, a t  subsequent times, 
probenecid caused a significant increase in the furosemide excretion rate. 
This result was primarily due to the large difference in plasma furosemide 
concentrations at  subsequent times between Treatments I and I1 (Fig. 
2) since the renal clearance was reduced but was constant throughout each 
study. 

The effect of probenecid on furosemide-induced natriuresis is shown 
in Fig. 4. The initial natriuretic response to furosernide when it was given 
concomitantly with probenecid was reduced compared to that of furo- 
semide administered alone. The two curves (Treatments I and 11) in- 
tersect a t  100 min; a t  subsequent times, probenecid caused an increase 
in furosemide-induced natriuresis, similar to that seen for the urinary 
excretion rate of furosemide. Although differences in the sodium excre- 
tion rate were seen with and without probenecid pretreatment, they did 
not appear to be statistically different. Table I1 shows that the 8-hr so- 
dium excretion (milliequivalents) was 291 f 53 for Treatment I and 323 
f 106 for Treatment I1 ( p  > 0.50). The diuretic response (milliliters per 
8 hr) was 2257 f 422 for Treatment I and 2637 f 632 for Treatment I1 
( p  > 0.20). 
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Figure 3-plot of the urinary excretion rate versus the midpoint time 
for furosemide alone (0-0) and furosemide with probenecid pre- 
treatment (0 - - - 0). Data are expressed as the mean f SEM (n = 4). 

I I 

100 200 300 400 
MINUTES 

Figure 4-Plot of the sodium excretion rate versus the midnoint time 
for-furosemide aione (0-0) and furosemide with probenecid pre- 
treatment (0 ---0).  Data are expressed as the mean f SEM (n = 4). 

DISCUSSION 

Experiments in animals suggested that the luminal concentration or 
amount of furosemide rather than its plasma concentration may be the 
critical determinant with respect to its natriuretic and diuretic effect (10, 
11,17,18). Hook and Williamson (10) and Friedman and Roch-Ramel 
(11) demonstrated in the dog and cat, respectively, that probenecid (50 
mg/kg iv) significantly inhibited furosemide-induced natriuresis. Since 
probenecid is highly secreted (19), i t  can compete for active transport 
and prevent furosemide from reaching the tubular fluid, thereby atten- 
uating its natriuretic effect. However, human studies (12-14) do not 

Table 11-Effects of Probenecid on Furosemide Diuresis and 
Natriuresis 

Urine Sodium 
Volume, Excretion, 

Subject Treatment m1/8 hr mEq/8 hr 

TP Furosemide 

RP Furosemide 

TT Furosemide 

DH Furosemide 

Furosemide with 
probenecid 

Furosemide with 
probenecid 

Furosemide with 
probenecid 

Furosemide with 
probenecid 

Furosemide with 
probenecid 

Mean f SD Furosemide 

Level of significance 

2451 
2117 

2251 
2555 

1674 
2329 

2653 
3546 

2257 f 422 
2637 A 632 

NS 
(D > 0.20) 

328 
232 

262 
288 

232 
296 

343 
477 

291 f 53 
323 f 106 

NS 
( D  > 0.50) 
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Figure C--Plot ofthe sodium excretion rate versus the urinary excrdion 
rate for furosemide alone (e-e) and furosemide d t h  probenecid 
pretreatment (0 - - - 0)  (n = 4). 

However, the subsequent response was increased sufficiently to result 
in no statistical difference in the mean 8-hr value for sodium excretion. 
Although a similar pattern was seen with respect to the urinary excretion 
of furosemide, the magnitude of this difference between treatments was 
statistically significant (Fig. 3). 

Figure 5 shows that probenecid caused a significant shift to the right 
in the relationship between the plasma concentration of furosemide and 
its natriuretic effect. This observation suggests that  higher plasma fu- 
rosemide concentrations are needed in the presence of probenecid to 
produce a natriuretic response equivalent to that produced by lower 
concentrations when probenecid is absent. Figure 6 shows the relationship 
between the urinary furosemide excretion rate and the natriuretic effect. 
Although Treatments I and I1 were not parallel over the entire dose- 
response curve, the amount of furosemide excreted into the urine was 
better correlated with response than was the plasma furosemide con- 
centration. 

The shift to the left between the urinary excretion rate of furosemide 
and the effect (upper portion of Fig. 6) may be real or may be an artifact 
due to the limited number of subjects. However, a possible explanation 
for this finding may involve an interaction between probenecid and 
prostaglandins. Previous investigators hypothesized that prostaglandins 
mediate the natriuretic-diuretic effect of furosemide (21-25). Renal 
prostaglandins are synthesized primarily in the medulla (24,26-28) and 
are released into the extracellular fluids (29). In uitro studies showed that 
prostaglandins accumulate in several tissues, including the renal cortex, 
as a result of an active transport mechanism (30,31). In addition, it was 
shown that probenecid can inhibit the renal tubular transport of pros- 
taglandins, presumably by competing for active transport into the urine 
(32,33). Although this conclusion is speculation, this inhibition by pro- 
benecid of prostaglandin transport may result in a tubule that is more 
responsive to smaller amounts of furosemide in the urine and thus ac- 
count for the shift to the left as described. 

CONCLUSIONS 

The mechanism by which probenecid alters furosemide-induced na- 
triuresis is consistent with in uitro studies (6) indicating that furosemide 
acts a t  the luminal surface of the nephron. This study in humans, as well 
as previous animal studies (la, demonstrates that the urinary excretion 
rate of furosemide is a better indicator of natriuresis and diuresis than 
is the plasma concentration. 
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Abstract Ketals, hemithioketals, and dithioketals of nuclear-substi- 
tuted styryl ketones were prepared as latentiated forms of the ketones. 
This undertaking was based on the premise that there is increased acidity 
in tumors compared to normal tissue, and thus preferential regeneration 
of the ketone in neoplastic tissue may occur. Attempts to form 1,3- 
dioxolans of Mannich bases were unsuccessful. The prepared compounds 
did not possess significant anticancer properties, but analgesic, anti- 
inflammatory, antihistaminic, and antimicrobial activities were found 
in the prepared Mannich bases. 
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A recurrent problem in the design of compounds for 
cancer chemotherapy is the synthesis of derivatives pos- 
sessing selective toxicity for tumors. Biochemical differ- 
ences between cancerous and normal cells have been 
claimed (11, including the increased acidity of certain 
malignant cells compared to normal tissue (2-4). The in- 
creased acidity of tumors has been ascribed to the greater 
rate of aerobic glycolysis in neoplastic tissue (5) ,  which 
leads to increased lactic acid production. The pH of a 
number of tumors has been reported to be -7.0 ( 2 4 ,  al- 
though such measurements probably recorded the extra- 

cellular pH. Therefore, the pH of the intracellular fluid 
probably is even lower (61, and an average pH value for a 
number of tumorous tissues has been considered to be 4 . 5  
(7). Hence, a prodrug permitting the release of a cytotoxic 
agent under acidic conditions may afford selective lethality 
of tumors with ameliorated toxicity for normal tissue. Only 
a few attempts have been made to design compounds based 
on this pH differential (8-11). 

Several investigations in this laboratory involved the 
preparation of some nuclear-substituted styryl ketones (I) 
and related Mannich bases (11) for evaluation as anticancer 
agents (12-14) and in other screens (15-17). While the 
ketones have not been evaluated against P-388 lympho- 
cytic leukemia, some of the Mannich bases showed 
promising levels of activity in this screen (12); one com- 
pound (IIe) increased the mean survival time in mice by 
>40% (12). However, murine toxicity was found in I1 due 
at  least partially to interference with mitochondria1 
function (18,19). Therefore, prodrugs of both I and I1 were 
prepared, and both I and the prodrugs were evaluated in 
the P-388 screen so that anticancer activities and murine 
toxicities of the ketones (I and 11) and their latentiated 
precursors could be compared. Since ketals, hemithioke- 
tals, and dithioketals are known to hydrolyze under acidic 
conditions but are stable in neutral or alkaline media (20), 
the preparation of these derivatives from I and I1 may 
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A recurrent problem in the design of compounds for 
cancer chemotherapy is the synthesis of derivatives pos- 
sessing selective toxicity for tumors. Biochemical differ- 
ences between cancerous and normal cells have been 
claimed (11, including the increased acidity of certain 
malignant cells compared to normal tissue (2-4). The in- 
creased acidity of tumors has been ascribed to the greater 
rate of aerobic glycolysis in neoplastic tissue (5) ,  which 
leads to increased lactic acid production. The pH of a 
number of tumors has been reported to be -7.0 ( 2 4 ,  al- 
though such measurements probably recorded the extra- 

cellular pH. Therefore, the pH of the intracellular fluid 
probably is even lower (61, and an average pH value for a 
number of tumorous tissues has been considered to be 4 . 5  
(7). Hence, a prodrug permitting the release of a cytotoxic 
agent under acidic conditions may afford selective lethality 
of tumors with ameliorated toxicity for normal tissue. Only 
a few attempts have been made to design compounds based 
on this pH differential (8-11). 

Several investigations in this laboratory involved the 
preparation of some nuclear-substituted styryl ketones (I) 
and related Mannich bases (11) for evaluation as anticancer 
agents (12-14) and in other screens (15-17). While the 
ketones have not been evaluated against P-388 lympho- 
cytic leukemia, some of the Mannich bases showed 
promising levels of activity in this screen (12); one com- 
pound (IIe) increased the mean survival time in mice by 
>40% (12). However, murine toxicity was found in I1 due 
at  least partially to interference with mitochondria1 
function (18,19). Therefore, prodrugs of both I and I1 were 
prepared, and both I and the prodrugs were evaluated in 
the P-388 screen so that anticancer activities and murine 
toxicities of the ketones (I and 11) and their latentiated 
precursors could be compared. Since ketals, hemithioke- 
tals, and dithioketals are known to hydrolyze under acidic 
conditions but are stable in neutral or alkaline media (20), 
the preparation of these derivatives from I and I1 may 
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I I1 
H R, 

I0 and IIa: R,  = R, = H 
Ib and IIb: R, = 2-C1, R, = H 
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I 
c,pr=$cT + c1 

0 
c1 

VI 
vIu:x=o v 

v a : x = o  VIb: X = S 
V b : X = S  

c1 H u  
Scheme I 

permit selective regeneration of these ketones in neoplastic 
tissue. 

DISCUSSION 

A review of synthetic methods available for preparing ketals, hemi- 
thioketals, and dithioketals, including the synthesis of these heterocycles 
derived from a.0-unsaturated ketones (20). outlined various reaction 
conditions that may be employed. 

Initially, several abortive attempts were made to prepare the ketal IIIa 
from ethylene glycol and 1-phenyl-1-nonen-3-one (Ia) using different 
catalysts, solvents, and reaction times. However, prolonged heating of 
the reactants in benzene or toluene using p-toluenesulfonic acid as the 
catalyst led to the successful preparation of 111-V, although there occa- 
sionally were low yields (Scheme I). The preparation of VII also was 
undertaken to examine the effect on biological activity of replacing the 
n-hexyl chain by a methyl group. Preliminary attempts to prepare Va 
and Vb by using milder reaction conditions and piperidine as the catalyst 
led to the Michael adducts (VIa and VIb) in low yields. 

Attempts to react 4-dimethylaminomethyl-1 -phenyl-l-nonen-3-one 
with ethylene glycol to produce the desired ketal were unsuccessful. The 
only product found on some occasions was the diolefin, 4-methylene- 
1-pheripl-1 -nonen-:hne, which must have originated by the loss of di- 
methylamine hydrochloride from the Mannich base IIa. T o  eliminate 
this deamination process, the Mannich bases 1Xa and IXb were prepared 
as shown in Scheme 11, but no reaction between IXa and ethylene glycol 
occurred under the conditions employed. 

The antineoplastic evaluation of I and 111-IX is shown in Table I. 
l'nless otherwise stated, none of the compounds caused mortalities to 

mice a t  a dose of 200 mg/kg. Therefore, the styryl ketones (1) do not have 
marked murine toxicity, unlike the Mannich bases (11) (12), but only 
marginal levels of anticancer activity were seen. However, modification 
of the n-hexyl group of Ia led to the analogs VIIa and VIIIa with per- 
ceptible beneficial responses in the P-388 lymphocytic leukemia 
screen. 

The lack of antineoplastic activity of the heterocycles 111-V and VIIb 
is not surprising if reversion to the ketones ( I )  occurs. But the question 
may be posited as to whether these compounds are stable under neutral 
or acid conditions and if this is the case, any biological response or lack 
of activity may be due to the heterocycles per se. Seven representative 
compounds (IIIa, IIId, IVb, IVd, Va, Vb, and VIIa) were hydrolyzed to 
only a minute extent in buffer solutions of pH 7.0 and 6.4 for 20 hr a t  3 7 O ;  
therefore, reversion of these compounds to the precursor ketones may 
not occur. 

Compounds 111-IX, with the exception of those indicated under Ew- 
perirnental, were evaluated for analgesic, anti-inflammatory, antide- 
pressant, and antihistaminic properties. Of the 15 compounds examined, 
four met the criterion for analgesic activity, defined as protection of 50% 
or more in the phenylquinone writhing test (Table I). Compound Va 
displayed algesic properties. The unsubstituted 1,3-dioxolan (IIIa) 
showed higher activity than the chlorinated analogs (IIIb-IIld). However, 
expansion of the dioxolan ring of I l k  and IIId to the 1,3-dioxan hetero- 
cycles (IVa and IVb) led to compounds with improved analgesic activities, 
although insertion of geminal dimethyl groups onto the heterocyclic rings 
led to virtually inactive compounds, IVc and IVd. 

The most active analgesic was the Mannich base IXa; it had an ED50 
of 20 mg/kg. The analgesic activity of codeine, expressed as an ED% value, 
is 14.2 mg/kg in the hot plate test (21); although the compounds listed 
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I 

H 

VII 
VIIO: x = =o 
VIIb: X = OCH,CH,O 

n 

WI 
VIIIa: R ,  = R, = H 
VIIIb: R, = 3421, R, = 4-Cl 

n 

M 
1x0: R, = R, = H 
IXb: R, = 3 4 1 ,  R, 4-Cl 

Scheme II 

in Table I were evaluated differently, i t  appears that  IXa and codeine 
have comparable potencies. As noted previously for 111, the presence of 
chlorine atoms in the aromatic ring reduced analgesic potency, and the 
dichlorinated analog of IXa, IXb, did not have analgesic activity. I t  is 
conceivable that the bulky chlorine atoms hinder alignment of the aro- 
matic ring a t  a nonpolar area of a receptor. 

In certain pathological conditions, an analgesic possessing anti-in- 
flammatory properties can be a useful therapeutic agent. However, 111-IX 
were inactive in the anti-inflammatory screen except for the Mannich 
base IXb, which a t  a dose of 120 mg/kg showed antagonism to carra- 
geenan-induced rat paw edema of 100 and 17% at 3 and 5 hr, respectively, 
after treatment'. In addition, IXb was the only compound that met the 
criterion for activity* in the antidepressant screen, showing antagonism 
to tetrabenazine-induced ptosis in mice of 50 and 63% at the end of 0.5 
and 1 hr, respectively, a t  a dose of 120 mg/kg. The only other compound 
with slight activity was IVc, which showed antagonism of 54 and 11% at 
the end of 0.5 and 1 hr, respectively. 

All compounds examined in the antihistaminic screen showed activity 
(Table I), with the two Mannich bases IXa and IXb showing the greatest 
potencies. These two derivatives may be regarded as substituted pro- 
pylamines, which is a class of compounds known to possess antihistaminic 
activity. Halogenation in the aromatic ring in the antihistaminic pro- 
pylamines generally enhances activity (22), as was observed with these 
two compounds. 

Some of the series 111-IX compounds were examined for antimicrobial 
activity and were shown to be inactive with the exception of IIIa, which 
inhibited the growth of Trichophyton mentagrophytes at 10 pg/ml, and 
the Mannich bases IXa and IXb. Certain Mannich bases display anti- 
microbial activities (23). and this class of compounds is known to undergo 
facile deamination (24, 25). Therefore, the antimicrobial activities of 
Mannich bases may be due to the compound per se or to the corre- 
sponding deaminated product, ie., the analogous &-unsaturated ketone 
(26). The Mannich bases 1x0 and IXb are incapable of undergoing 
deamination. Evaluation of simpler Mannich bases (X) in this screen 

Table  I-Evaluation of the  Styryl Ketones ( I )  and  Related 
Derivatives (111-IX) for Antineoplastic, Analgesic, and 
Antihistaminic Activities 

Maximum Increase Anti- 
in Mean Analgesic Activityb hista- 

Com- Survival Time" Dose, Percentage minic 
oound (Dose. m d k d  mdkg  Protection Activity? 

10 
Ib 
IC 
Id 

IIIa 
IIIb 
IIIc 

:r' 
~~~ 

IIId 
IVa 
IVb 
IVC 
IVd 
Va 
Vb 

VIa 
VIb 

VIIa 
VIIb 

VIIIa 
VIIIb 

IXa 
IXb 

106 (200) 
118 (200) 
100 (400) 
109 (100) 
106 (75) 
97 (200) 

110 (100) 
108 (200) 
110 (100) 
108 iiooj 
97 (200) 
98 (200) 

102 (200) 
100 (50) 
104 (25 j 
113 (50)d 
104 (200) 
102 (50)f 
126 (400) 
102 (200) 
120 (200) 
115 (100)f 
105 (5011 
113 (12.5Ih 

- _- 
- - 

- - 
- - 

- - 
- - 

256 71 
2.56 44 
256 37 
256 14 
ED50 100 = 62 mg/kg 55 

100 16 
120 12 
120 Algesic' 
- -- 

- - 
120 10 

120 34 
120 2 3  

ED50 120 = 20 mglkg' 17 

120 1 p  

- -. 

15 
2 

23 
3 

15 
19 
16 
28 

- 

9 

46 
26 

- 

20 
50 

100 
~~~ ~ 

The figures are the ratios of the survival time of treated animals to control an- 
imals expressed as a percenta e A compound should increase the mean survival 
time by 20% to be considerecfactive. * Analgesic activity was measured by the 
percentage protection in the phenylquinone writhing test in mice. Protection in 
excess of 50% indicates an active compound. c The figures indicate the percentage 
protection of a compound at a concentration of 0.1 mg/ml against a standard dose 
of histamine. A compound is considered active if 50% or more protection is found. 

There were 1/6 and 6/6 survivors on Day 5 at dose levels of 200 and 100 mg/kg, 
respectively. The percentage increase in writhes for this compound was 58%. 

There were 5/6 and 6/6 survivors on Day 5 at dose levels of 200 and 100 mg/kg, 
respectively. 8 This compound elicited a Straub tail response. There were 0/6, 
1/6,5/6, and 6/6 survivors on Day 5 at dose levels of 200,100, SO, and 25 mg/kg, re- 
spectively. 

where deamination could occur was desired, and it has been claimed that 
antimicrobial activity is increased as the facility for deamination is en- 
hanced (27). Table I1 shows that IX and X showed both antibacterial and 
antifungal activities; while the unsubstituted Mannich bases 1x0 and 
,Xa had similar activity, the chlorinated compounds in series X showed 
lower potency than IXb. 

The levels of analgesic, anti-inflammatory, antidepressant, and anti- 
histaminic activities displayed by IXa and 1Xb also were found in X 
(Table 111). All of the series X derivatives showed anti-inflammatory and 
analgesic properties and, as noted in series IX, Xu, which has no nuclear 
halogen, was more potent as an analgesic than were the chlorinated an-  
alogs Xb-Xd. Series X compounds, like IX, showed antidepressant and 
antihistaminic activities, but unlike the IX derivatives, the chlorinated 
compounds, Xb-Xd, had lower antihistaminic activity than the unsub- 
stituted compound, Xa. 

In conclusion, this study outlined a synthetic route for the preparation 
of some potential prodrugs of certain nuclear-substituted styryl ketones 
and recorded some of the failures to synthesize 1,3-dioxolan derivatives 
from Mannich bases. The prepared heterocycies did not show improved 
antineoplastic activity over the precursor a,B-unsaturated ketones, 
probably due to the inactivity of the compounds per se or to the lack of 
activity of the ketones. Some of the heterocyclic compounds displayed 
analgesic and antihistaminic activities, although these were of a lower 
magnitude than some Mannich bases synthesized in this study. While 

* The reference compound, indomethacin, showed antagonism of 17 and 83% 
at the end of 3 and 5 hr. respectively, at a dose of 32 mg/kg. Values obtained in excess 
of 30% are considered to indicate anti-inflammatory activity. 

2 The reference compound was amitriptyline, which showed antagonism at 8 
mg/kg of 90 and 4% at the end of 0.5 and 1 hr, respectively. A compound is con- 
sidered active if it shows an antagonistic effect to tetrabenazine in excess of 50 and 
25% after 0.5 and 1 hr, respectively. 

X 

Xb: R, = 4-C1, R, = H 
XC: R, = 241 ,  R, = 4-CI 
Xd: R, = 3421, R, = 4-Cl 

Xa: R, = R, = H 
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Table 11-Evaluation of the Mannich Bases (IX and X) for Antimicrobial Activitya 

Microorganism 1x0 1Xb Xa X b  XC X d  

Exherichicl coli (ATCC 8739) 
I?\eudomona.s acruginosa (ATCC 101453 
Klcbsiclla pneunioniae (ATCC 4352) 
Salmonella typhimurium (G46) 
Hordetclla bronchiseptica (ATCC 4617) 
S ~ ~ ~ ~ ~ / C J C ( J C C U . ~  aureus (ATCC 6538) 
Sf reptococcus pyogenes (hospital isolate) 
Sarcino lutca (ATCC 9341) 
S t  rrptococcus faecalis (ATCC 8030) 
Hacillus subtilis (ATCC 6633) 
Trichophyton mentogrophytes (ATCC 953.7 
Microsporum k y p s e u m  (ATCC 14683) 
Aspergillus niger (ATCC 10535) 
Condidn alhicans (ATCC 10231) 
Saccharomyes  carlsbergenis (ATCC 9080) 
Average antimicrobial activityb 

> 500 
>SO0 
>loo 
> 500 
> 500 
<loo 
> 500 
>500 
<loo 
> 500 

i) <loo 
<loo 
> 500 
<loo 
>500 

183 

< 100 
>500 
>500 
>500 
>500 
<loo 
<lo0 
<loo 
<loo 
< 100 

<10 
<loo 
<10 
<I0 

> 500 
733 

>500 
> 500 
>500 
> 500 
> 500 
> 100 
> 500 
> 100 
>500 
>so0 

<10 
> 500 
>500 
> 500 
> 500 

200 

>500 
> 500 
> 500 
>.500 
> 500 
<loo 
<loo 
<loo 
> 500 
> 100 

<10 
<10 

> 500 
>500 
> 500 

467 

> 500 
> 500 
> 500 
> 500 
> 500 
< 100 
> 100 
< 100 
<loo 
<loo 
<10 
< 10 

>500 
>500 
> 500 

483 

>500 
> 500 
>500 
> 500 
> 500 
<loo 
<loo 
<loo 
>loo 
<loo 
<loo 
<I00 
>500 
>500 
> 500 

217 

The vnlues are the minimum inhihit.ory concentrations of the compounds in micrograms per milliliter. Figures were calculated from (combined antimicrobial activity 
X 100)/numher of  microorganisms in the screen. l h e  combined antimicrobial activity was determined by giving the following scores a t  the highest potency of the compound 
against the microorganism: >I00 = 2.5, <lo0 = 5, and <I0 = 25. 

Table 111-Evaluation of the  Mannich Bases (IX and X) for  Analgesic, Anti-Inflammatory, Antidepressant, and  Antihistaminic 
Activities 

Anti-Inflammatory Activityb Antidepressant Activity' 
Analgesic Activityo Percentage Percentage Anti 

Percentage Dose, Protection Dose, Protection histaminic 
Compound Dose, mg/kg Protection mg/kg 3 hr 5 hr mg/kg 0.5 hr 1 hr Activityd 

IXa 
I X b  
X n  

E D ~ u  = 'LO mg/kgP 100 17 17 30 25 13 50 
120 1' 120 100 17 120 50 63 100 
30 91 120 100 33 60 52 52 83 ~~ ~ ~~ _.- _. .. 

X b  60 91 120 100 87 120 43 48 45 

Reference compound' 50 50 32 17 83 8 90 49 100 

X C  120 30 120 100 50 120 33 14 67 
X d  120 85 120 100 50 120 5 9 43 

Analgesic activity was measured by the percentage protection in the phenylquinone writhing test using mice. Protection in excess uf 50% indicates an active compound. 
l'he anti-inflammatory activity was measured by the percentage protection afforded by the compound to carrageenan-induced edema in rats. Compounds showing 

greater than 3090 protection are considered active. The antidepressant screen measured the antagonism of a compound to tetrabenazine-induced ptosis in mice. A compound 
is considered active if >50 and >25% protection are nbtained a t  the end of 0.5 and 1 hr, respectively. d The antihistaminic screen was undertaken by measuring the effect 
of  the compound (0.1 mg/ml) on a guinea pig ileum preparation. A compound is considered active if 50% protection or more to a standard dose of histamine (0.5 mg/ml) 
is nhtained. The reference compound, diphenhydramine, gives 100% protection a t  a dose of 0.01 mg/ml. These compounds elicited a Strauh tail response. The reference 
rompounds in the analgesic, anti-inflammatory, antidepressant, and antihistaminic screens were aspirin, indomethacin. amitriptyline, and diphenhydramine, respec- 
tively 

little antimicrobial activity was found in the nonnitrogenous derivatives, 
some of the Mannich bases displayed activity against certain pathogenic 
bacteria and fungi. 

EXPERIMENTAL3 

Melting points and boiling points are uncorrected. Organic extracts 
were washed with water and dried over anhydrous magnesium sulfate. 
The solvent was removed using a water aspirator. The boiling point of 
the petroleum ether was 30-60'. TLC was carried out on all of the com- 
pounds, which were purified by column chromatography using aluminum 
oxide sheets4 and petroleum ether as the solvent to confirm the homo- 
geneity of the product. The 60-MHz NMR spectra5 were determined in 
deuterochloroform with tetramethylsilane as the internal standard. Mass 
spectra6 were run a t  70 ev, and IR spectra7 were determined as films. 

Syntheses of Compounds-Compounds Ia-If (28) and IIa (29) were 
prepared by literature methods. 

Ketals, Hemithioketals, and  Dithioketals (Ill-V and VI1b)-The 
general synthetic procedure was as follows. A mixture of the ketone (I) 
(0.1 mole), the appropriate alcohol or thiol (0.125 mole), and a catalytic 
quantity of p-toluenesulfonic acid (0.1 g) in benzene (200 ml) was heated 
under reflux for 48  hr. A Dean-Stark trap attached to the apparatus 
collected the water formed during the reaction. Upon cooling, the mixture 
was extracted with ether to give viscous yellow oils. 

Modifications of this general synthetic route were employed in the 
preparation of IV,  for which toluene was used as the solvent in place of 

Elemental analyses were carried out by Mr. R. E. Teed, Department of 

Eastman-Kodak Co. 
Varian T fiO sperLrophotometer. Varian Associates of Canada Ltd. 

Chemistry and Chemical Engineering, Llniversity of Saskatchewan. 

2 AEI MS-12 mass spectrometer, Picker X-Ray Engineering Ltd. 
' Reckman IH8 spectrophotometcr. Beckman Instruments Inc. 

benzene, and for V ,  for which the length of time of heating under reflux 
in benzene was reduced to 24 hr. The ketals 111 and VIIb derived from 
ethylene glycol were purified by distillation, while attempts to effect 
purification in this manner with some of the other compounds (1V and 
V )  invariably led to decomposition to the starting reactants. 

The boiling points of IIIa-IIId and VIIb were 151"/0.1 mm, 155'/0.15 
mm, 161°/0.1 mm, 167"/0.1 mm, and 133'/0.1 mm, respectively. Com- 
pounds IV and V were purified by column chromatography using neutral 
aluminum oxide8 and eluting the compounds with petroleum ether to 
give viscous yellow oils. For I V d ,  colorless granular crystals, mp 65-67", 
were obtained after chromatography. Attempts to use basic aluminum 
oxideg followed by elution with petroleum ether led to the decomposition 
of the dioxolan on the column. 

NMR and IR spectroscopy and mass spectrometry were carried out 
on 111-V and V I I b ,  and the spectra obtained were consistent with the 
proposed structures. The NMR spectroscopy data found for five repre- 
sentative compounds are: 1110: 6 7.23 (m, 5, C&), 6.68 (d, 1, CIH), 6.02 
(d, 1, C2H), 3.85 (s, 4, OC2H40), 2.12-1.08 [m, 10, (CH2)5], and 0.88 (t, 
3, C9H3); IVb: 6 7.3S6.78 (m, 3, C ~ H B ) ,  6.45 (d, 1, CIH), 5.95 (d, 1, C2H), 
3.92 (m, 2, OCH~CHZCH~O),  3.78 (t, 4,OCH2CH2CH20), 2.35-1.05 [m, 
10, (CH2)5], and 0.88 (t, 3, CsHs); IVd:  6 7.48-6.91 (m, 3, CsH3), 6.48 (d, 
1, CIH), 5.94 (d, 1, CzH), 3.48 [q, 4, OCHZC(CH~)~CHZO],  2.04-1.04 [m, 
10, (CH2)5], 1.21 (s, 3,OCH&H3(-C-)CH3-CH20), 0.88 (t, 3, CgH3), and 
0.68 (s, 3, OCH~CH&C-)CHS-CH~O); Va: 6 7.51-6.91 (m, 3, CeH3), 6.44 
(d, 1, CIH), 6.04 (d, 1, C2H), 4.11 (octet, 2, OCHZCH~S), 3.01 (t, 2, 
OCH~CHZS), 2.21-1.08 [m, 10, (CHZ)~],  and 0.88 (t, 3, CgH3); Vb: 6 
7.45-6.97 (m, 3, CsH3), 6.60 (d, 1, CIH), 6.20 (d, 1, CzH), 3.25 (s, 4, 
SCH2CH2S), 2.27-1.05 [m, 10, (CH2)5], and 0.90 (t, 3, CgH3). The coupling 
constant for the olefinic protons in these five compounds was 16 Hz. 

~ ~~~ ~ 

Neutral aluminum oxide (Brockman activity 1.0, 80-200 mesh). Fisher Sci- 

Alcoa Chemicals aluminum oxide (F-20), Aluminum Company of Canada. 
entific Co. 
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IR spectroscopy of the ketals I11 and IV showed loss of the a,fi-un- 
saturated carbonyl peak of I in the region of 1700-1600 cm-', while the 
strong absorption at -965 cm-' due to the out-of-plane methine defor- 
mation band of the olefinic group (30) was present. Peaks at -1190 (w), 
1170 (s), and 1095 (w) cm-' were assigned to the carbon-oxygen 
stretching vibrations associated with the ketal group (31). In the sulfur 
analogs (V), the absence of carbonyl absorption was noted and the peak 
at 965 cm-', while retained, was of diminished intensity compared to 111 
and IV. The sulfurxarbon absorption in the region of 700-590 cm-' (32) 
was not observed. 

Examination of the mass spectrum of a representative ketal (IVa) 
showed that loss of the n-hexyl group occurred, producing an ion (A)  at  
m/e 175 that was derived from the molecular ion (m/c 260). Ion A lost 
44 mass units and yielded an ion (B) a t  mle 131, whose structure was 
considered to be C6H&H=CHC~O+. Ion B lost carbon monoxide to 
form the styrenoid ion CeH&H=C+H. Metastabie peaks were observed, 
which supported this fragmentation pathway, and all of the ketals frag- 
mented to give analogous ions. The analytical data and the yields of these 
compounds are summarized in Table IV. 

Initial attempts to prepare the ketal IIIa were either unsuccessful or 
unsatisfactory. When the reactants were heated in benzene for 4 or 8 hr, 
little or no reaction product was obtained. When either stannic chloride 
or boion trifluoride etherate replaced p-toluenesulfonic acid (heating 
under reflux for 48 hr in benzene), no product was obtained. When the 
reactants were heated under reflux for 48 hr in methanol or chloroform 
in place of benzene, no reaction occurred, even if anhydrous magnesium 
sulfate or anhydrous sodium sulfate was added to the reaction mixture. 
When toluene replaced benzene as the solvent, IIIQ was formed in greater 
yield than when benzene was used as the solvent, but there was an in- 
crease in tar formation. 

Adducts (VI)-A mixture of 1-(3,4-dichlorophenyl)-l-nonen-3-one 
(0.1 mole), 2-mercaptoethanol(O.25 mole), and 2 or 3 drops of piperidine 
in ethanol (100 ml) was heated at  40' for 24 hr. The solvent was removed 
to give a pale-yellow oil, which was purified by chromatpgraphy using 
aluminum oxides. Elution with petroleum,ether gave 1-(3,4-dichloro- 
phenyl)-l-(2-hydroxyethylthio)-3-nonanone (Vla) as a colorless oil in 
a 13% yield; mass spectrum: m/e 362 (MI). 

Anal.-Cak. for C ~ ~ H ~ & ~ Z O Z S :  C, 56.20; H, 6.66. Found: C, 55.10; H ,  
6.57. 

The thio analog (VIb) was prepared in a similar fashion, except that 
a colorless solid was obtained after completion of the reaction and removal 
of the solvent. Recrystallization of the solid from acetone produced 1- 
(3,4-dichlorophenyl)-1-(2-mercaptoethylthio)-3-nonanone (VIb) as fluffy, 
colorless crystals, mp 84-85", in an 18% yield. 

Anal.-Calc. for C17Hz&lZOSz: C, 53.82: H, 6.38. Found: C, 54.03; H, 
6.43. 

Styryl Ketones ( V I I I )  and Related Mannich Bases (IX)-1-Phe- 
nyl-4-methyl-l-octen-3-one (VIIIa) was prepared by the literature 
method (28) as a pale-yellow oil, bp 132'/0.8 mm, in a 64% yield. 

Anal.-Calc. for C15H2oO: C, 83.28; H, 9.32. Found: C, 83.42; H, 
9.53. 

1-(3,4-Dichlorophenyl)-4-rnethyl-l-octen-3-one (VIIIb) was prepared 
in a similar fashion as a pale-yellow oil, bp 151-153"/0.75 mm, in a 52% 
yield; mass spectrum: m/e 284 (M?). 

Anal.-Calc. for C15H1sC120: C, 63.17; H, 6.36. Found: C, 62.35; H, 
6.42. 
4-Dimethylaminomethyl-4-methyl-l-phenyl-l-octen-3-one hydro- 

chloride (IXa) was prepared from VIIIQ by the literature procedure (29) 
with crystallization from acetone to give fluffy, colorless crystals, mp 
153.5-154", . .  in a 53% yield. 

Anal.zCaic. for ClsHz&INO: C, 69.77; H, 9 . l l i x ,  4.52. Found: C, 
70.12; H, 9.08; N, 4.58. 

The corresponding 3,4-dichloro analog (IXb), prepared in a similar 
fashion from VIllb, crystallized from acetone as fluffy, colorless crystals, 
mp 126.5-127", in a 56% yield. 

Anal.-Calc. for ClsH26C13NO C, 57.07; H, 6.92; N, 3.70. Found: C, 
56.6l;HL6.94; N, a67. 

Dioxolan Deriuatiue of 4-Dimethylaminomethyl-1-phenyl- J-nonen- 
3-one-A mixture of 4-dimethylaminomethyl-1 -phenyl-l-nonen-3-one 
hydrochloride (IIa, 0.1 mole), ethylene glycol (0.125 mole), and a cata- 
lytic quantity of p-toluenesulfonic acid in benzene (200 ml) was heated 
under reflux for 48 hr. Water did not appear to collect in a Dean- 
Stark trap attached to the reaction vessel but the pH of the benzene 
in the trap was -1 after 4 hr of heating. After the solvent was removed, 
a mixture of equal volumes of water and ether was added to the reac- 
tion product. 

The organic extract was separated and revealed the presence of a 

Table  IV-Ketals, Hemithioketals, and Dithioketals of 
Conjugated Styryl Ketones 

Yield, Analysis, % 
Compound 70 Formula Calc. Found 

IIIa 68 c 17H2402 C 78.46 78.56 
H 9.23 9.23 

H 7.81 7.81 
IIIb 62 C17H23C102 C 69.27 69.26 

I I I C  

IIId 

IVa 

IVb 

IVC 

IVd 

VQ 

Vb 

VIIb 

56 

58 

14 

16 

17 

5 

11 

6 

73 

C 
H 
C 
H 
C 
H 
C 
H 
C 
H 
C 

62.01 ~~ ~~ 

6.69 
62.01 

6.69 
62.98 

7.05 
62.98 

7.05 
64.69 
7.60 

64.69 
7.60 

59.13 
6.42 

56.50 
6.14 

75.76 
7.42 

62.07 ~~ . . 

6.75 
62.16 

6.79 
63.02 

6.98 
63.11 

6.92 
64.45 

7.65 
63.92 

7.49 
59.05 
6.51 

54.54 
6.19 

75.51 
7.43 

compound whose mass spectral, NMR, IR, and TLC characteristics were 
identical with those of an authentic specimen of 4-methylene-1-phe- 
nyl-1-nonen-3-one (29). The aqueous layer was cooled in ice, made basic 
with aqueous sodium hydroxide solution (10% w/v), and extracted with 
ether; the product that was isolated was shown by mass spectrometry and 
IR and NMR spectroscopy to be an unreacted Mannich base. 

Other attempts to prepare this ketal used ratios of the Mannich base 
hydrochloride (IIa), ethylene glycol, and solvent similar to those de- 
scribed; unless otherwise stated, the reaction proceeded for 24 hr. 

1. A catalytic quantity of anhydrous stannic chloride in dry chloroform 
was used, and the reaction mixture was kept a t  40" overnight, from which 
only unreacted starting material was isolated. 

2. The previous experiment was repeated, except that  anhydrous 
magnesium sulfate was added as a drying agent. No reaction occurred. 

3. When the reactants were heated under reflux in benzene with an- 
hydrous stannic chloride, the olefin 4-methylene-1-phenyl-1-nonen-3-one 
and a viscous oil were found. 

4. A mixture of Mannich base hydrochloride (0.1 mole), ethylene glycol 
(0.125 mole), and anhydrous stannic chloride (0.1 g) was heated under 
reflux in benzene (20 ml) and produced a tarry oil. 

5. The reactants were heated under reflux in chloroform containing 
a catalytic quantity of anhydrous zinc chloride in the presence of mo- 
lecular sievesI0, from which only unreacted material was isolated. 

6. When the previous reaction was repeated using benzene as the 
solvent and eliminating the molecular sieves, 4-methylene-1-phenyl- 
1-nonen-3-one was isolated. 

7. When boron trifluoride etherate in dry ether was employed and the 
reaction mixture was heated overnight a t  30", no reaction occurred. 

8. The reactants were heated overnight under reflux in chloroform to 
which adipic acid has been added as the catalyst. The isolated product 
was 4-methylene-1-phenyl-1-nonen-3-one. 

9. Instead of the hydrochloride salt, the free Mannich base was used; 
the same results were produced. 

Dioxolan Deriuatiue of 4-Dimethylaminomethyl-4-methyl-1-phe- 
nyl-1-octen-3-one-A mixture of IXa (0.1 mole), ethylene glycol (0.125 
mole), and a catalytic quantity of p-toluenesulfonic acid in benzene (200 
ml) was heated under reflux for 48 hr. The mixture was treated as de- 
scribed previously, and only unreacted materials were isolated. 

hfannich Bases (X)-The Mannich bases (X) were prepared by the 
literature method (29) and gave the required derivatives as fluffy, col- 
orless crystals, which were recrystallized from acetone. 3-Dimethyl- 
amino-1-phenyl-1-propanone hydrochloride (Xu) was prepared in a 41% 
yield, mp 159-160' [lit. (33) mp 160'1. The p-chloro analog (Xb) was 
obtained in a 43% yield, mp 171-173' [lit. (34) mp 170'1. Compound Xc 
was synthesized in a 15% yield, mp 193-195" [lit. (35) mp 193-195']. 
Compound Xd was prepared in a 22% yield, mp 138-139" [lit. (35) mp 
138-139'). 

~ 

lo Molecular sieves (type 4A, grade 514, a 1 2  mesh), Fisher Scientific Co 
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Hydrolyses of the Ketals (IIIe. IIId, IVb, IVd, Va, Vb, and 
VII b)-The acetonitrile-buffer solutions were prepared as follows. A 
solution of monobasic sodium phosphate monohydrate (9.30 g) in dou- 
ble-distilled water was adjusted to 1000 ml (Solution A), and a solution 
of dibasic sodium phosphate heptahydrate was prepared by dissolving 
the salt (17.88 g) in water and diluting to 1000 ml (Solution B). A mixture 
of acetonitrile (500.0 ml) and Solution A (389.0 ml) was placed in a 
1000-ml volumetric flask, and Solution R was added to 1000 ml. The pH 
of the resultant solution was 7.00. The acetonitrile-buffer solution of pH 
6.40 was prepared in a similar manner, except that the amount of Solution 
A was 464.0 ml. 

g) was dissolved in acetonitrile-buffer 
(100.0 ml) at  pH 7.00 and 6.40 and heated in a constant-temperature bath 
at  37’ for 20 hr. At the commencement of the experiment and also at  the 
end of 20 hr, 1.0-ml aliquots were withdrawn and diluted to 10.0 ml with 
the same solvent. The UV spectrumll was observed a t  the A,,, of both 
the ketal and the corresponding ketone. The percentage hydrolysis was 
obtained by noting the ketone absorption (A) ,  and since there is some 
end-absorption of the ketal in the region of the A,,, of the ketone, the 
extent of the hydrolyses was obtained from: 

(70 hydrolysis = 

The appropriate ketal 

(Eq. 1) 

The percentage hydrolyses of I l k ,  IIId, IVb, IVd, Va, Vb, and VIIb 
a t  pH 7.00 were 3.53,4.29, 2.23, 1.30, 0.21,0, and 3.81, respectively. A t  
pH 6.40, the percentage hydrolyses of the same compounds were 1.68, 
3.07,0.13,0,0,0, and 2.75, respectively. 

Screehing of Compounds-The anticancer screening was carried out 
by the Drug Research and Development Division of the National Cancer 
Institute, Bethesda, Md., using their protocols (36). In the P-388 screen, 
the compounds were administered by the intraperitoneal route into either 
male or female CD2FI mice, although on rare occasions the BtjDzFl strain 
was employed. The compounds were administered for 9 consecutive days, 
except for Ia and VIa, for which injections were made every 4 days with 
a total of two and three injections, respectively. The derivatives were 
administered in saline (Va, VIb, VIIIb, and IXb), saline with polysorbate 
8012 (Ia-If, IIIa, IVd, VIIa, VIIb, VIIIa, and IXa), saline with alcohol 
(IVa-IVc), or hydroxypropylcellulose (IIIb-IIId) or as a suspension in 
saline (VIa). Compound Vb was administered either in saline or in saline 
containing polysorbate 80. 

All of the series 111-X compounds, except where noted, were evalu- 
atedl3 for analgesic, anti-inflammatory, antidepressant, and antihista- 
minic activities by previously reported procedures (37). Compounds Vb, 
VIa, and VIIa were not included in any of these screens; IIIc and Va were 
not assessed for antidepressant and antihistaminic activities, respectively. 
The antimicrobial screenI3 was performed by the literature method (37) 
on the series IIFIX compounds with the exception of IVa and VIIQ. 

Auhs - Aend ebsorption of ketal 

Apure ketone 
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Abstract Two radiopharmaceuticals, technetium 99m-N-(2-mer- 
capto-1 -oxopropyl)glycine (99mTc-I) and technetium 99m-ethylenedi- 
amine-N,N'-bis(c~-2-hydroxy-5-bromophenyl)acetic acid (99mTc-II), 
were prepared and evaluated in dogs, rabbits, and rats. Both agents gave 
good scintigraphic images of the liver and gallbladder in dogs. The cu- 
mulative amount of 99mT~-I and w"'Tc-11 excreted in the bile of dogs and 
the physiological disposition data in rats revealed slight, inconclusive 
differences in their distributions. However, the scintigraphic images and 
physiological disposition data in rabbits revealed gross differences in the 
distribution pattern of the two agents. The observed similarities in the 
biliary excretion of both agents in dogs and rats were attributed to the 
fact that these species are relatively good biliary excretors, and both 
agents therefore were excreted extensively. However, rabbits, which are 
poor biliary excretors relative to dogs and rats, excreted 99mTc-II more 
extensively than g 9 m T ~ - I  because of the favorable molecular character- 
istics of 99"Tc-II. 

Keyphrases 0 Radiopharmaceuticals-technetium 99m complexes of 
N - (  2-mercapto-1 -oxopropyl)glycine and ethylenediamine-N,N'- bis(a- 
2-hydroxy-5-bromopheny1)acetic acid, localization in hepatobiliary 
system Technetium 99m-complexes with N-(2-mercapto-l-oxo- 
propy1)glycine and ethylenediamine-N,N'- bis(a-2-hydroxy-5-bromo- 
pheny1)acetic acid, localization in hepatobiliary system Scintigraphic 
imaging agents-complexes of technetium 99m with N-(2-mercapto- 
1-oxopropy1)glycine and ethylenediamine-NJ"'bis(a-2-hydroxy-5- 
bromopheny1)acetic acid, localization in hepatobiliary system 

External scintigraphic diagnosis of gallbladder pathol- 
ogy has been the subject of several investigations. Appli- 
cation of the intravenous radionuclide cholangiogram has 
saved time in routine hepatobiliary function tests, dem- 
onstrating the patency of the cystic duct in patients with 
suspected acute cholecystitis, and also in evaluating the 
patency of surgically devised drainage pathways of the 
biliary system, particularly after liver transplantation and 
after the Kusai procedure for biliary atresia (1). 

Complexes of technetium 99m with mercaptoisobutyric 
acid (2), dihydrothioctic acid (3A-pyridoxylidene glutamate 
(4), pyridoxal phenylalanine (5), methyliminodiacetic 
acid (6), and N-[[(2,6-dimethyl)phenylcarbamoyl]- 
methyl]iminodiacetic acid (6) have been used for the in- 
travenous radionuclide cholangiogram in humans and for 
replacing [1311]rose bengal, which has undesirable radiation 
characteristics. Complexes of technetium 99m with N-  
(2-mercapto-1-oxopropy1)glycine (7) and ethylenedi- 
amine-N,N'-bis(a-2-hydroxy-5-bromophenyl)acetic acid 
(8) have been proposed as possible agents for the intrave- 
nous radionuclide cholangiogram. 

The purpose of this study was to use animals to explore 
the relative merit of technetium 99m-N-(2-mercapto-l- 
oxopropy1)glycine (99mTc-I) and technetium 99m-ethyl- 
enediamine-N, N'-bis( ~~-2-hydroxy-5-bromophenyl)acetic 
acid (ggmTc-1I) as diagnostic radiopharmaceuticals in 

humans. The criteria for selecting the best agent were the 
quality of the scintigraphic images of the hepatobiliary 
system in dogs and rabbits and the tissue distribution of 
both agents in rats and rabbits. 

EXPERIMENTAL 

N-(2-Mercapto-l-oxopropyl)glycine* (1)-Compound I was used 
without further purification. 

Ethylenediamine - N,W- bis(ar-2-hydroxy-5-bromophenyl)acetic 
Acid2 (11)-A solution of p-bromophenol(22.82 g, 0.1319 mole), sodium 
dichloroacetate (19.92 g, 0.1319 mole), and ethylenediamine (3.96 g, 0.066 
mole) in 10 ml of methanol and 6 ml of water was heated to 85" and stirred 
for 24 hr under nitrogen. The reaction mixture pH was maintained at 9.5 
by adding 6 N NaOH. After cooling to room temperature, the pH was 
adjusted carefully to 6.0 with 6 N HCl. The precipitated p-bromophenol 
was removed by extraction with ether (3 X 35 ml). 

The aqueous solution pH was lowered to 4.0 with 6 N HCl, whereupon 
an orange solid precipitated. The dark supernate was carefully decanted, 
and the residue was washed repeatedly with methanol and acetone. The 
solvent finally was removed in uacuo, leaving a yellow solid (9.57 g, 30% 
yield), mp 245" dec. The compound could be purified further by column 
chromatography with silica gel and methanol-ammonium hydroxide as 
the eluent; IR (KBr): 34W2400 (hydrogen-bonded OH) and 1660 ( C 4 )  
cm-'; NMR (CF3COOH-tetramethylsilane): 6 10.56 (s, 4H), 7.0 (s,4H), 
6.34-6.48 (d, 2H), 4.75 (s, 2H), and 3.4 (m, 4H). 

Anal.-Calc. for ClsHlsBr2N20~: C, 41.72; H, 3.50; Br, 30.84; N, 5.4. 
Found: C, 41.72; H, 3.52; Br, 28.17; N, 6.18. 

Technet ium 99m-N - (2-Mercapto - 1- oxopropy1)glycine 
(99mTc-I)-The technetium 99m complex of I was prepared by a mod- 
ification of a reported method (7). Three milliliters of a saline eluate of 
sodium pertechnetate (111) (1-5 mCi), received from a molybdenum 
99-technetium 99m generator3, was mixed with 0.5 ml of a stock solution 
of stannous chloride-I, followed by 5-10 min of incubation at room 
temperature under a nitrogen atmosphere. The stock solution was pre- 
pared by mixing 40 ml of 0.15 M I in 1 M NaHC03 with 40 ml of 8.4 X 

M SnClz-2HzO in 0.1 M HCI. The stock solution pH was adjusted 
0 
II 

CH3-CH+- NHCH,COOH 
I 
SH 

I 

/ H  
N-CH,--CH,-N 

\ 
/ 

HOOC-CH 

H 

\ 
CH-COOH 

I1 

A D and L mixture, Calbiochem, La Jolla, Calif. 
A D, L. and meso mixture. 

3 Mallinckrodt Chemical, St Louis, Ma. 
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to 7.0 with 5 M HCI, and it then was filtered through a 0.22-pn membrane 
filter into a sterile glass container. 

All solutions were purged with nitrogen and were prepared fresh prior 
to each experiment. The molar ratio of I to tin was 18:l. 

Technet ium 99m-Ethylenediamine- N,N'- bis(a-2- hydroxy-5- 
bromopheny1)acetic Acid (99mTc-II)-- -The technetium 99m complex 
of11 was prepared under a nitrogen atmosphere by mixing 2 ml of 111 (1-5 
mCi) with 1 ml of a stork solution of stannous chloride-11, followed by 
5-10 min of incubation a t  room temperature. The stock solution was 
prepared by mixing 100 ml of 2.5 X 1W'M I1 in 0.1 M NaOH with 2.0 X 

mole of stannous chloride dihydrate. After the stannous chloride 
was dissolved completely, the pH was adjusted to 8.8 with 1 M HCI, and 
the solution was filtered through a O.22-pm membrane filter into a sterile 
glass container. 

All solutions were purged with nitrogen and were prepared fresh prior 
to each experiment. The molar ratio of 11 to tin was 12.5:l. 

Labeling Efficiency of 99mTc-I and 99"Tc-II-Prior to adminis- 
tration, wmTc-I was analyzed for unreacted 111 by TI,C on cellulose 
plates4 with acetone as the developing solvent. The carrier I and the 
complex 9grnTc-I remained a t  the origin. while the unreacted 111 moved 
with the solvent front.. The unreacted I11 was always <3%. 

The y9'"'L'c-II was chromatographed on cellulose TLC plates4 sprayed 
with l?o (wh)  BaC12. The developing solvent was prepared by mixing five 
parts ot'n -hutanol with four parts of'water and one part of acetic acid in 
a separator and retaining t.he organic layer. The R, values of  111 and 
!'~'"''l'c-II were 0.43 and 0.94, respectively. The labeling efficiency was 
higher than 9.5%. 

Distribution Studies in Animals-An 8-kg fasted beagle was injected 
intravenously with 999"'Tc-1 (5 X inmole of  I. 1 mCi). The same beagle 
was injected intravenously 15 days later with """Tc-I1 (6.6 X mmole 

WI. W64. Eastman Kodak.  

Figure 1-Successive scintigraphic ventral images 
of the liver and gallbladder of 99mTc-I ( A  and C )  
and %"'Tc-II (Rand D) in beaglm ( A  and R )  and 
rabbits (C and D). 

Table I-Percent of Injected Dose Recovered in Dog Bile a 

99mrrc. 1 99m Tc- I I 

70.1" 48.6 
55.9 64.1 

Obtained 75 min postinjection; result of one measurement. 

of 11, 1 mCi). In both instances, the animal was anesthetized with an in- 
tramuscular dose of the dissociative anesthetic fentanyl and droperido15 
(0.12 cm3/kg); the animal was immobilized on a restrainer and placed 
under a y-camera6. A series of ventral scintigraphic images was taken 
using a high-resolution pinhole collimator (Fig. 1) .  

For the bile recovery studies, two groups of two beagles each were in- 
jected in the forelimb vein with g9'"T~-I (1 X mmole, 1 mCi) and 
99mTc-II (1 X lo-" mmole, 1 mCi), respectively. The animals 
were anesthetized with pentobarbital sodium (30 mg/kg), the common 
bile duct was catheterized with a polyethylene catheter, and bile was 
collected for 75 min (Table I). The cystic duct was ligated. 

Two groups, each containing 21 albino New Zealand rabbits (2-3 kg), 
received by injection into the ear vein freshly prepared *"Tc-I (6.6 X 
lod4 mmole of I/kg, 1 mCi) and 99mT~-I17 (6.6 X mmole of II/kg, 1 
mCi), respectively. Groups of three animals were sacrificed a t  0.25,0.5, 
1,2,3,5, and 24 hr after injection of a lethal dose of pentobarbital. Blood 
samples were obtained by cardiac puncture immediately after death. The 
blood weight was considered to he 7% of the body weight. Certain organs 
were excised, wet weighed, and counted by a shielded scintillation crystal 

~~ ~ ~ 

Innnvar. Pitman-Moore, Washington Crossing, N.J. 
Model I1  C, Picker Dyna camera. 

' Reconstituted from lyophilized I 1  provided by I<. E. Boyd, Australian AEC. 
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Table 11-Distribution of Technetium 99m-N-(2-Mercapto-l -oxopropyl)glycine in Rabbits 

Organ 0.25 hr 0.50 hr 1.00 hr 2.00 hr 3.00 hr 5.00 hr 24.00 hr 

Liver 0.07 f 0.Ola 0.08 f 0.02 0.09 f 0.01 0.07 f 0.02 0.08 f 0.00 0.06 f 0.02 0.03 f 0.00 
0.25 f 0.03 Kidneys 0.79 f 0.27 1.23 f 0.04 1.29 f 0.09 

Gallbladder 0.10 f 0.06 0.14 f 0.06 0.41 f 0.03 0.37 f 0.06 0.25 f 0.13 0.09 f 0.07 0.00 f 0.01 
Blood 1.34 f 0.19 0.69 f 0.10 0.89 f 0.09 0.50 f 0.04 0.29 f 0.03 0.25 f 0.02 0.02 f 0.04 
Intestines 0.03 f 0.02 0.04 f 0.00 0.04 f 0.01 0.03 f 0.01 0.02 f 0.00 0.03 f 0.01 0.02 f 0.00 
Urine and 0.71 f 0.13 3.50 f 3.53 3.69 f 1.70 4.21 f 1.59 3.10 f 1.90 2.58 f 1.25 5.35 f 3.57 

0.68 f 0.21 1.19 f 0.04 1.08 f 0.19 

bladder 
~ 

a Percent of dose per gram of organ (iSD); average results from three replications 

Table 111-Distribution of Technetium 99m-Ethylenediamine- N,N'-bis(a-2-hydroxy-5-bromophenyl)acetic Acid in Rabbits 

Orean 0.25 hr 0.50 hr 1.00 hr 2.00 hr 3.00 hr 5.00 hr 24.00 hr 

Liver 0.32 f 0.05a 0.18 f 0.02 0.17 f 0.01 0.12 f 0.02 0.13 f 0.01 0.09 f 0.02 0.04 f 0.00 
0.61 f 0.10 0.64 f 0.17 0.61 f 0.17 0.33 f 0.03 0.20 f 0.05 Kidneys 0.72 f 0.11 0.63 f 0.05 

Gallbladder 0.57 f 0.46 0.30 f 0.23 1.23 f 0.92 0.94 f 0.28 0.92 f 0.50 0.86 f 0.39 0.00 f 0.00 
Blood 0.53 f 0.09 0.30 f 0.00 0.30 f 0.04 0.31 f 0.02 0.35 f 0.08 0.27 f 0.09 0.10 f 0.06 
Intestines 0.07 f 0.00 0.09 f 0.02 0.08 f 0.00 0.11 f 0.00 0.13 f 0.04 0.13 f 0.02 0.13 f 0.01 
Urine and 1.34 f 1.00 1.14 f 0.20 1.49 f 0.07 1.40 f 0.57 1.20 f 0.34 1.51 f 0.70 4.63 f 2.4 

bladder 

a Percent of dose per gram of organ (fSD); average results from three replications. 

Table IV-Distribution of Technetium 99m-N-(2-Mercapto- 1 -oxopropyl)glycine in Rats a 

24.00 hr Organ 0.50 hr 1.00 hr 2.00 hr 3.00 hr 5.00 hr 

Liver 15.1 f l.la 12.5 f 2.0 9.3 f 0.5 6.8 f 1.0 4.9 f 0.3 1.1 f 0.7 
7.7 f 2.6 Kidneys 11.5 f 0.6 16.0 f 2.0 15.1 f 0.3 14.7 f 2.3 

Blood 9.0 f 0.8 8.0 f 0.8 4.8 f 0.7 3.2 f 0.9 1.3 f 0.3 0.7 f 0.4 
Urine and bladder 15.9 f 3.0 16.1 f 3.0 18.1 f 2.5 15.9 f 3.3 23.4 f 2.5 38.0 f 3.7 
GI tract and feces 30.1 f 4.0 35.1 f 2.0 40.1 f 3.6 48.4 f 2.7 52.1 f 3.9 49.3 f 6.1 

16.1 f 3.1 

a Percent of total (*SO); average results from three replications. 

Table V-Distribution of Technetium 99m-Ethylenediamine-N,N'-bis(a-2-hydroxy-5-bromophenyl)acetic Acid in Rats  * 

Organ 0.50 hr 1.00 hr 2.00 hr 3.00 hr 5.00 hr 24.00 hr 

2.9 f 0.7 Liver 20.5 f 1.3 15.6 f 2.0 13.5 f 0.9 10.9 f 0.8 
Kidneys 8.9 f 0.3 7.0 f 0.1 7.7 f 0.3 5.9 f 0.4 4.7 f 0.7 3.1 f 0.1 

1.0 f 0.0 Blood 5.7 f 0.5 3.0 f 0.3 3.2 f 0.2 1.9 f 0.3 
Urine and bladder 4.4 f 0.3 5.5 f 1.0 5.9 f 0.7 8.1 f 1.2 8.4 f 0.9 10.9 f 3.9 
GI tract and feces 45.9 f 3.7 49.7 f 4.3 59.7 f 2.8 61.3 f 5.0 74.9 f 3.9 80.6 f 5.4 

6.7 f 1.0 

1.5 f 0.0 

a Percent of total (*SD); average results from three replications. 

of fixed geometry linked to a counters.9. The results were reported as the 
percent of total injected radioactivity per gram of organ (Tables I1 and 
111). Prior to sacrifice, several scintigraphic images of the abdominal area 
were taken with a y-camera6 shielded with a pinhole collimator (Fig. 
1). 

Two groups, each containing 18 white rats, received by injection into 
the tail vein freshly prepared 99mTc-I (1.3 X mmole of 1,0.5 mCi) 
and 99mT~-I110 (1.3 X lod3 mmole of 11,0.5 mCi), respectively. Prior to 
experimentation, the animals were housed in groups of three for 3 days. 
They were allowed free access to food and tap water. The animals were 
sacrificed in groups of three at 0.5, 1, 2, 3, 5, and 24 hr postinjection. 
Certain organs were excised and counted in a well counte$. The results 
are reported as the percent of total injected radioactivity (Tables IV and 
V). 

RESULTS AND DISCUSSION 

The radioactive sodium pertechnetate (111) reacted with an excess of 
I. The complexation took place a t  room temperature in the presence of 
the oxidizable salt stannous chloride and under a nitrogen atmosphere. 
Since trace quantities of cations could interfere with the stability of the 
thiol (I), highly pure reagents and diluents were used. Although the ligand 
(I) to tin ratio varied from 9:l to 18:l. this variation did not affect the 
extent of the complexation with 111, as was evident from TLC-radi- 
ochromatographic monitoring of the extent of chelation of 111. 

Ligand I1 was soluble a t  pH values lower than 4.0 and higher than 8.0. 

8Logic model 111, Abbott Laboratories, North Chicago, 111. 

lo Compound I1 was obtained by the described synthetic process. 
Picker SDectro Scaler-4, North Haven, Conn. 

The complex was formed by reducing 111 with stannous chloride in the 
presence of I1 a t  pH 8.5. The solutions were purged thoroughly with ni- 
trogen to avoid oxidation of the phenol rings. Although the ligand to tin 
ratio ranged from 101 to 161, this variation did not affect the extent of 
complexation of the reduced technetium with the ligand 11. 

In both instances, the exact nature of the technetium complexes 
(99'"Tc-I and 99mTc-II) was uncertain. The presence of a thiol and a 
carboxyl group in I and the carboxyl, secondary amine, and hydroxyl 
groups in I1 were necessary for the formation of stable chelates. The high 
molecular weight (mol. wt. 518) of ligand I1 and the presence of two 
bromophenolic rings rendered the molecule susceptible to extensive 
biliary excretion. In contrast, ligand I had a lower molecular weight (mol. 
wt. 163) and lacked lipophilic groups. Therefore, it was expected to be 
less suitable than I1 for hepatobiliary excretion. 

The sequential scintigraphic images (Fig. 1) of the liver and gallbladder 
of a beagle indicated that both g9mT~-I and gg"Tc-11 had a similar dis- 
tribution pattern. Specifically, 99mTc-I started accumulating in the liver 
5 min following intravenous administration. During the same period, the 
gallbladder became visible, and it was delineated clearly 30 rnin postin- 
jection. When *'"Tc-II was administered, the gallbladder was clearly 
delineated in the first 30 rnin postinjection, and the quality of the scin- 
tigraphic images was the same as that received with 99"Tc-I. Upon in- 
travenous administration of 50 f ig  of cerulein, the gallbladder in both 
cases contracted and enabled visualization of the common bile duct as 
the radioactivity was excreted into the intestines. A slight kidney uptake 
was noted with 99mTc-I. 

The scintigraphic images taken following intravenous administration 
of ggmTc-I in rabbits (Fig. 1) indicated rapid accumulation of the radio- 
activity in the liver 5-15 min postinjection. During the same period, the 
gallbladder became slightly visible but never was clearly delineated 
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Table VI-Target to Nontarget Ratios for  99mTc-I and 99mTc-II 
i n  Rabbits 

~ ~~ 

0.25 hr 0.50 hr 1.00 hr 2.00 hr 3.00 hr 5.00 hr 24.00 hr 
~~ 

Gallbladder to Liver Ratio" 
gg"Tc-II 1.8 1.7 7.2 7.8 7.1 9.6 0.0 
9"Tc-I 1.4 1.8 4.5 5.3 3.1 1.5 0.0 

Gallbladder to Blood Ratio" 
9 9 " 1 ~ ~ - 1 1  1.1 1.0 4.1 3.0 2.6 3.2 0.0 
YY'nT~-I 0.1 0.2 0.5 0.7 0.9 0.4 0.0 

* Ratio of percent of dose per i:rarn of tissue to percent of dose per gram of 
tissue. 

during the experiment. The visualization of the kidneys, urinary bladder, 
and small intestine indicated that part of the radioactivity was shunted 
through the urinary system and part was excreted through the intestines. 
The scintigraphic images (Fig. 1) taken when 99mTc-II was administered 
indicated a similar distribution pattern, except that the gallbladder was 
clearly visible and delineated 30 min postinjection and remained as such 
throughout the experiment. 

The distribution of the radioactivity as a function of time in rabbits 
(Tables I1 and 111) indicated that 99mTc-II cleared from the blood more 
rapidly than 99mTc-I and was accumulated rapidly in the liver. For in- 
stance, at  30 min postinjection, the radioactivity levels of WmTc-I in the 
liver and blood were 0.08 and 0.69% of the dose/g, respectively; the cor- 
responding levels for 99mTc-II were 0.18 and 0.30%, respectively. On the 
other hand, the urinary excretion, as denoted by the kidney, urine, and 
bladder levels, was higher for g g m T ~ - I  than for WmTc-II during the same 
period. In contrast, the levels of the gallbladder and intestines were higher 
for YgmT~- I I  than for 99m'rc-I throughout the testing period. Furthermore, 
the target organ to nontarget organ ratio, which is the parameter for as- 
sessing the imaging capability of any diagnostic radiopharmaceutical, 
was higher for %'"Tc-II than for ggmTc-I (Table VI). In particular, the 
gallbladder to blood ratio of ="Tc-II was five to 10 times higher than that 
of 9 9 n i T ~ - I  during the first 30 or 60 min postinjection. The gallbladder 
to liver ratio of 99mTc-II was higher than that of 9 9 m T ~ - I  and remained 
as such up to 5 hr postinjection. 

l h e  distribution of 99mT~- I  and 99"Tc-II in rats (Tables IV and V) 
indicated that a good port.ion of *mTc-I was excreted through the kidneys 
while the urinary excretion of 99mTc-II was lower. The high urinary ex- 
cretion component of 99mTc-I was in agreement with observations made 
by previous investigators that low molecular weight mercaptans are re- 
tained in the kidneys and excreted through the urine in rats (9). Liver 
uptake was appreciable for 99mTc-II. 

The scintigraphic images in dogs (Fig. 1) of bothggmTc-I and 99mTc-II 
were of equivalent quality. In both instances, the liver and gallbladder 
were delineated clearly and rapidly. The bile collection during the first 

75 min postinjection did not reveal appreciable differences in the bile 
excretion of the two compounds (Table I). The tissue levels in rats re- 
vealed certain differences in the distribution of both %mTc-I and 
%"'Tc-II; however, the tissue levels in rabbits revealed gross differences, 
as was corroborated by the target to nontarget ratios (Table VI) and the 
differences in the quality of scintigraphic images (Fig. 1). 

The i n  uiuo distribution data agree with certain observations of pre- 
vious investigators concerning the hepatobiliary excretion of substances 
as affected by the species of the experimental animal and the molecular 
characteristics of the compound. According to one investigator (lo),  
hepatobiliary excretion in both dogs and rats is extensive. These species 
are classified as good hepatobiliary excretors, while rabbits, humans, and 
primates are classified relative to dogs and rats as poor hepatobiliary 
excretors. Furthermore, high lipophilicity and high molecular weight are 
factors that  favor hepatobiliary excretion, while low molecular weight 
hydrophilic substances are shunted through the urinary pathway of ex- 
cretion (10). 

The exact reason for the higher hiliary excretion of 99mTc-l in dogs and 
rats is not known. I t  may be the result of increased lipophilicity and in- 
creased molecular weight due to the formation of 9 9 m T ~ - I  or due to the 
formation of a complex with two ligands (ggmT~-12). Further studies are 
in progress to investigate the complex. In rabbits, which like humans and 
primates are poor biliary excretors relatiye to dogs and rats (lo), %"Tc-II, 
due to its favorable molecular characteristics, was a better hepatobiliary 
scintigraphic agent than 99mTc-I. Finally, in light of the presented data, 
it is concluded that rabbits are a better model than dogs or rats for eval- 
uating hepatobiliary scintigraphic agents for use in humans. 
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*Present 

Abstract  A graphite furnace atomic absorption spectrophotometric 
assay capable of accurately determining nanogram amounts of gold in 
biological fluids was developed. The presence of bovine serum albumin 
and/or phosphate in the sample reduced the method sensitivity without 
affecting the linear response. Binding of gold was studied by ultrafil- 
tration using cones with a molecular weight cutoff of 25,000. The binding 
of gold a t  various concentrations to 2 and 4% bovine serum albumin in 
0.1 M phosphate buffer, pH 7.4, was independent of the gold and protein 
concentrations. In the 2-10-pg/ml range, the overall binding values (mean 
f SD) of gold to 2 and 4% bovine serum albumin were 98 f 1.6 ( n  = 35) 
and 99 f 1.0% (n = 15), respectively. When ultrafiltration cones with a 
molecular weight cutoff of 50,000 were used, the extent of binding to 2% 
bovine serum albumin was 85.4 f 1.6% (n = 11). This statistically sig- 
nificant difference (p  < 0.001) was due to variations in the protein re- 
tention of the two cone types. Interaction studies showed that gold was 
not displaced from the binding sites by salicylic acid (200 pg/ml) or vice 
versa. 

Keyphrases Antiarthritis agents-gold, effect of plasma protein and 
gold concentrations on gold binding, flameless atomic absorption de- 
termination of gold in biological fluids 0 Aspirin-effect of salicylic acid 
on binding of gold to bovine serum albumin, flameless atomic absorption 
determination Protein binding-gold to bovine serum albumin, effect 
of plasma protein and gold concentration on gold binding, effect of sali- 
cylic acid on gold bound to albumin, flameless atomic absorption deter- 
mination o Salicylic acid-effect on gold bound to serum albumin, 
flameless atomic absorption determination 

Gold salts are widely used in rheumatoid arthritis 
treatment (1). Although gold has a high affinity for plasma 
proteins (2-lo), the specific protein to which it is bound 
most extensively is a matter of controversy. Some reports 
indicated that gold is bound exclusively to albumin (2,3, 
9), while others implicated fibrinogen ( 5 )  and a- and 
0-globulins (8). No data currently are available on the ef- 
fect of protein concentration on the extent of gold binding. 
This aspect has important therapeutic implications since 
hypoalbuminemia often is encountered in arthritic pa- 
tients (11). The recent observation (12) that aspirin hep- 
atotoxicity increased in patients who were treated simul- 
taneously with gold raises questions about competition for 
binding sites between salicylic acid and gold. 

BACKGROUND 

Several analytical methods have been used to determine gold in bio- 
logical fluids. They include colorimetry (13), neutron activation analysis 
(14), polarography (15), and flame and carbon rod atomic absorption 
spectrophotometric techniques (4, 11, 16-21). Colorimetry and polar- 
ography require extensive sample manipulation, are time consuming, and 
suffer from low sensitivity. These disadvantages make these methods 
inapplicable to the routine determination of therapeutic gold concen- 
trations (1-10 pglml). While neutron activation analysis has high sensi- 

tivity (0.01 pg/ml), the cost of instrumentation is prohibitive to most 
clinical laboratories. 

Atomic absorption spectrophotometry has greatly facilitated the de- 
tection of minute concentrations of metals in biological fluids. Earlier 
procedures for gold estimation in biological fluids were conducted using 
flame atomic absorption spectrophotometric techniques (4 ,  6, 17). 
However, the required dilution, digestion, and extraction steps resulted 
in a loss of sensitivity and time. New atomic absorption spectrophoto- 
metric techniques using a carbon rod or a graphite furnace atomizer have 
overcome these problems (18-21). The advantages of these new tech- 
niques are high absolute sensitivity, microliter sample size, the potential 
for analyzing samples without pretreatment, speed of analysis, freedom 
from introduction of contaminants, and low background noise. 

The first objective of this study was to develop a sensitive flameless 
atomic absorption spectrophotometric assay to determine gold in bio- 
logical fluids. The second objective was to study the extent of the binding 
of gold to bovine serum albumin and the effect of salicylate on this in- 
teraction. 

EXPERIMENTAL 

Materials-Graphite tubes1 for sample atomization, gold standards2, 
ultrafiltration membrane cones3, bovine serum albumin4, and salicylic 
acid5 were obtained commercially. Distilled, deionized water was pre- 
pared by passing distilled water through an ion-exchange system6. To 
avoid possible loss of gold by binding to glass, plastic laboratoryware was 
used. 

Instrumentation-An atomic absorption spec t r~pho tomete r~  
equipped with a graphite furnace atomizere, a deuterium-arc background 
correctorg, and an automatic injector systemlo was used for gold deter- 
mination. A gold hollow cathode lamp” was the light source. Atomization 
peak heights of gold were recorded on a strip-chart recorderI2 at  a chart 
speed of 10 mm/min and a recorder current of 10 mamp. 

Operating Conditions-The optimum parameters for gold deter- 
mination in the test solutions were: drying cycle, 100° for 20 sec with a 
temperature ramp of 30 sec; charring cycle, 800° for 60 sec with a tem- 
perature ramp of 30 sec; and atomization cycle, 2200O for 5 sec. The ramp 
setting permits gradual rise in the furnace temperature during each run. 
The carrier gas was argon a t  a flow rate of 30 ml/min. Atomization peak 
heights were recorded at 242.8 nm. 

Calibration Curves for Gold-A working standard, 100 pg/ml, was 
prepared by diluting commercially obtained gold solution with distilled, 
deionized water. This working standard was diluted further with 0.1 M 
phosphate buffer, pH 7.4, to give solutions containing 0.1,0.2,0.3, and 
0.4 pg of gold/ml. Twenty-microliter aliquots of each solution were in- 

* Part 290-1633, Perkin-Elmer Corp., Norwalk. Conn. 
Harelco, Gibbstown, N . J .  
Centriflo membrane cones, types CF25 and CF50A, Amicon Corp.. Lexington, 

Sigma Chemical Corp., St.  Louis, Mo. 
Fisher Scientific Corp., Springfield, N.J. 
Model D-0800 Barnstead demineralizer with D-0809 cartridge. 
Perkin-Elmer model 403. * Perkin-Elmer model HGA-2100. 
Perkin-Elmer deuterium-arc power supply. 

lo  Perkin-Elmer model.AS-1 
l1 Perkin-Elmer intensitron 303-6031. 
l2 Perkin-Elmer model 56. 

Mass. 

0022-35491 801 0500-0585$0 1.00/ 0 
@ 1980. American Pharmaceutical Association 
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Table I-Effect of Bovine Serum Albumin Concentration on 
Binding of Gold 

Table  11-Effect of Salicylic Acid a on Binding of Gold to  2% 
Bovine Serum Albumin 

Gold Percent Bounda 
Concentration. 2% Bovine Serum 4% Bovine Serum 

ccg/mI Albumin Albumin 

2 100 f 0.5 99 f 1.4 
4 98 f 1.8 99 f 0.5 
6 99 f 1.0 99 f 1.1 
8 97 f 0.9 98 f 0.9 

10 99 f 1.5 98 f 1.1 

Expressed as mean f SD. b Number of samples was seven. c Number of samples 
was three. 

jected into the atomic absorption spectrophotometer, and the atomization 
peak heights were recorded. Calibration plots were prepared on all days 
of sample analysis using the same graphite tube used for the samples. 

Matrix Effects-Gold solutions of 0.1-0.4 pg/ml were prepared by 
diluting the working standard with ( a )  distilled, deionized water, (b) 0.1 
M phosphate buffer, pH 7.4, or (c) 0.270 bovine serum albumin in 0.1 M 
phosphate buffer, pH 7.4. The atomization peak heights of 20-4 aliquots 
of these gold solutions were obtained as described earlier. 

Binding Studies-The binding of gold to bovine serum albumin was 
studied using a previously reported ultrafiltration technique (22) with 
minor modifications. The membrane cones, after pretreatment as rec- 
ommended by the manufacturer, were dried by centrifugation a t  2000 
rpm (484Xg) for 25 min. A comparison of cone weights before and after 
soaking and centrifugation showed that <0.06 ml of distilled, deionized 
water remained in the cones. 

Bovine serum albumin solutions, 2 and 4%. containing various con- 
centrations of gold (2-10 pg/ml) were prepared in 0.1 M phosphate buffer, 
pH 7.4. Following equilibration for 16-24 hr (overnight), 5-ml aliquots 
were transferred t o  pretreated cones and centrifuged for 30 sec a t  2000 
rpm. The filtrate, 4 .1  ml, was discarded to minimize dilution errors that 
can be expected from the residual water in the cones. A second 0.4-ml 
aliquot of filtrate was collected, and a 20 -4  portion was injected into the 
atomic absorption spectrophotometer. The atomization peaks at 242.8 
nm were recorded and converted into concentrations using calibration 
plots prepared with standard gold solutions in 0.1 M phosphate buffer, 
pH 7.4. 

T o  determine the nonspecific loss of gold due to binding to  the ultra- 
filtration cones and/or the apparatus, gold solutions in phosphate buffer 
(2-4 pg/ml) were filtered through the cones in the absence of bovine 
serum albumin. Gold concentrations in the filtrates were compared to 
the corresponding concentrations prior to filtration. 

Displacement Studies with Salicylic Acid-The procedure was 
identical to that described under Binding Studies, except for the addition 
of salicylic acid. These studies were conducted with the 2% bovine serum 
albumin solution. In one set of experiments, salicylic acid was added to 
bovine serum albumin 24 hr prior to the addition of gold. In the second 
set, salicylic acid was added 24 hr after the addition of gold to bovine 
serum albumin. 

While gold concentrations varied from 2 to 10 pg/ml, the salicylic acid 
concentration was 200 pg/ml in all trials. Following the addition of gold 
in the first set of experiments and salicylic acid in the second set, the 
solutions were equilibrated overnight. Binding studies then were per- 
formed. Salicylate concentrations in the ultrafiltrates were determined 
by UV spectrophotometry a t  295 nm. 

RESULTS AND DISCUSSION 

Analytical-Atomization peak heights for gold a t  242.8 nm were 
linearly related to concentration in the O.l-O.4-pg/ml range. Peak heights 
varied considerably among the graphite tubes. For instance, the slope 
of the peak height (arbitrary units) uersus gold concentration (micro- 
grams per milliliter) ranged from 139 to 240 during a 2-month period 
when most of the samples were analyzed. However, the correlation 
coefficients of calibration plots obtained during this period were better 
than 0.990, with very small intercept values that were not statistically 
significant. 

Visual examination of the graphite tubes revealed differences in their 
thickness. The “thicker” tubes gave erratic results and were not used in 
the analyses. In view of these problems, the peak heights obtained with 
test solutions were converted to gold concentrations using calibration 
plots prepared using the same graphite tube. Under such controlled 
conditions, the overall coefficient of variation of the technique was <270 

Gold Percent Boundb 
Concentration. Salicvlic Acid Added Salicvlic Acid 

p d m l  24hr  after Gold Added 24 l& before Gold 

2 100 f 0.0 100 f 0.3 
4 99 f 0.0 100 i 0.5 
6 99 f 0.2 100 f 0.3 
8 98 f 0.2 98 f 0.8 

10 98 f 0.2 99 i 0.3 

a Concentration of 200 pg/ml. Expressed as mean f SD; n = 3. 

Table 111-Results f rom Linear Regression of Atomization Peak 
Heights versus Gold Concentrations b in  Various Media 

~~ 

Medium 
~ 

Slope Intercept rc 

Distilled, deionized water 193 1.5 0.997 
0.1 M Phosphate buffer, pH 7.4 138 1.5 0.999 
0.2% Bovine serum albumin in 0.1 M 77 1.0 0.996 

phosphate buffer, PH 7.4 

a Expressed in arbitrary units. Gold concentration ranged from 0.1 to 0.4 pg/ml. 
Correlation coefficient. 

(Tables I and 11). The life of a tube ranged from 50 to 60 determinations 
under the conditions used. 

Matr ix  Effects-The medium or matrix in which the gold solutions 
were prepared also affected the method sensitivity (Table 111). A decrease 
in the slope of the regression line corresponded to a decrease in the peak 
height. Based on the slope values in Table 111, a gold solution prepared 
in 0.1 M phosphate buffer was expected to have a peak height that  was 
-25% lower than that obtained with an aqueous gold solution of equal 
concentration. The presence of even small amounts of bovine serum al- 
bumin in the buffer resulted in a further decrease in peak heights to -40% 
of those obtained in water. 

The reasons for these effects remain unclear. However, they emphasize 
the need to recognize that electrolytes and other normal constituents of 
biological fluids can interfere with atomic absorption measurements. The 
interference may be due to molecular absorption of electrolytes a t  the 
wavelengbh of gold absorption or to the physical occlusion of gold in a host 
of condensing interferent atoms. 

While this work was in progress, Kame1 et al. (11) reported a similar 
method to determine gold in blood. They reported that the organic matrix 
of blood reduced the sensitivity of the technique. I t  was speculated that 
a stable protein complex that was not destroyed during the charring cycle 
may have prevented the complete atomization of gold. However, such 
an explanation does not fit the interference observed with phosphate. 

Binding Studies-Small amounts of protein escaped through the 
ultrafiltration cones used in this study. Depending on this amount and 
the affinity of the drug for the macromolecule, the values obtained for 
the extent of binding may have been underestimated. The manufacturer 
specifies that cones with molecular weight cutoffs of 25,000 (Type 1)13  
and 50,000 (Type 2)14 retain >95 and 90% of albumin, respectively. For 
five randomly chosen Type 2 cones, the mean protein leakage was de- 
termined to be 11% (range 9-12.5%); these values were obtained by ex- 
pressing the protein concentration in the filtrate as a fraction of that 
placed in the cone (2%) prior to ultrafiltration. Protein concentrations 
were measured by the biuret method (23). In a similar study with Type 
1 cones, four cones showed no detectable leak and one had a leak of 
5.8%. 

The extent of gold binding to 2% bovine serum albumin was 85 f 1.6% 
( n  = 11) with Type 2 cones. The corresponding value with Type 1 cones 
was 98 * 1.0% ( n  = 15), which is significantly higher ( p  < 0.001) than the 
value obtained with the Type 2 cones. The extent of underestimation 
(13%) is in good agreement with the differences in protein leakage (11%) 
between these two cone varieties. Therefore, all binding studies used Type 
1 cones. Although each cone was not tested for protein leakage, suspi- 
ciously low values for binding were always associated with cones that were 
found to leak, as indicated by the presence of protein in the ultrafiltrate. 
Such cases were repeated. 

A paired t test showed that, in the absence of bovine serum albumin, 

l3 Centriflo membrane cones, type CF25, Amicon Corp., Lexington, Mass. 
‘4 Centriflo membrane cones, type CF50. Amicon Corp., Lexington, Mass. 
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gold concentrations in the ultrafiltrates were not statistically different 
( p  > 0.05) from the corresponding concentrations prior to filtration. 
Hence, no corrections for nonspecific binding were warranted. Gold was 
almost 100% bound to bovine serum albumin (Table I). These results 
indicate that gold may be bound exclusively to the albumin fraction of 
plasma, as was reported earlier (2,3,9). However, more definite conclu- 
sions can be made only after studies in the presence of other plasma 
proteins. The overall values for the percent of gold bound to 2 (n  = 35) 
and 4% (n  = 15) bovine serum albumin were 98 f 1.6 and 99 f 1.0% (mean 
f SD), respectively. 

Two factors that often determine the extent of binding are the con- 
centrations of the drug and of the protein. The gold concentrations 
studied were selected to include the plasma concentrations of the drug 
encountered in chrysotherapy (2,6,16,24,25). While there is a paucity 
of data regarding the extent of hypoalbuminemia in arthritis patients, 
a recent study observed serum albumin levels as low as 2.47 g/100 ml(11). 
The results of the present work show that, in the clinically important 
range, the extent of gold binding was independent of gold and bovine 
serum albumin concentrations. The validity of these results in the in uioo 
situation in humans remains to be examined. 

Interaction with Salicylic Acid-Salicylic acid did not compete with 
gold for binding sites on bovine serum albumin (Table 11). Since the se- 
quence of addition of salicylic acid had no significant effect on the affinity 
of gold for bovine serum albumin, inhibition of a noncompetitive nature 
also can he ruled out. Similarly, gold did not interfere with salicylate 
binding; salicylate was 62-70% bound to bovine serum albumin in the 
absence and presence of gold (2-IO-~g/ml range). During aspirin therapy, 
plasma concentrations of salicylate range from 50 to 200 pg/ml(26). The 
in ui t ro  results suggest that  mutual displacement of gold and salicylic 
acid from plasma proteins may not be a serious drug interaction in ar- 
thritis management. 

The results of this study show that clinically encountered plasma 
concentrations of gold, salicylate, and albumin are unlikely to cause 
statistically significant alterations in the extent of protein binding of these 
two drugs. However, for drugs that are bound extensively to plasma 
protein as is gold, minor binding alterations may be clinically significant 
due to the resulting dramatic changes in the free concentration. For in- 
stance, a 1% decrease in the binding of gold (assumed to be 99% bound) 
results in a twofold (1-2%) increase in the free concentration of gold. Such 
changes, although extremely difficult to document experimentally, could 
cause gold toxicity in arthritic patients. 

REFERENCES 

(1) “The Pharmacological Basis of Therapeutics,” 5th ed., L. S. 
Goodman and A. Gilman, Eds., Macmillan, New York, N.Y., 1975, p. 
931. 

(2) B. R. Mascarenhas, J. L. Granda, and R. H. Freyberg, Arthritis 

(3) E. G.  McQueen and P. W. Dykes, Ann. Rheum. Dis., 28, 437 

(4) M. Harth, D. S. M. Haines, and D. C. Bondy, Am. J .  Clin. PQthOl., 

(5) J. S. Lawrence, Ann. Rheum. llis., 20,341 (1961). 
(6) A. Lorber, R. A. Bovy, and C. C. Chang, Nature (New Biol.), 236, 

(7) P. M. Smith, E. M. Smith, and N. L. Cottilieb, J.  Lab. Clin. Med., 

(8) N. Simon, Science, 119,95 (1954). 
(9) D. S. Campion, R. Olsen, A. Bohan, and R. Bluestone, J .  Rheu- 

Rheum., 15,391 (1972). 

(1969). 

59,423 (1973). 

250 (1972). 

82,930 (1973). 

matol. (Suppl .  I ) ,  I, 112 (1974). 
(10) K. W. Mason, Pharmacology, 15,536 (1974). 
(11) H. Kamel, D. H. Brown, J. M. Ottaway, and W. E. Smith,Analyst, 

(12) J. D. Davis, R. A. Turner, R. L. Collins, I. R. Ruchte, and J. S. 

(13) J. F. Goodwin and A. J. Bollet, J .  Lab. Clin. Med., 55, 965 

(14) A. A. Dietz and H. M. Rubinstein, Ann. Rheum. Dis., 32, 124 

(15) G .  D. Christian, Clin. Chem., 11,459 (1965). 
(16) A. Lorber, R. L. Cohen, C. C. Chang, and H. E. Anderson, Ar- 

(17) J. V. Dunckley, Clin. Chem., 17,992 (1971). 
(18) F. J. M. J. Maessen, F. D. Posma, and J. Balke, Anal. Chem., 46, 

(19) J. Agget and T. S. West, A d .  Chim. Acta, 55,349 (1971). 
(20) J. Agget, ibid., 63,473 (1973). 
(21) J. P. Matousek and B. J. Stevens, Clin. Chem., 17,636 (1971). 
(22) S. M. Singhvi, A. F. Heald, H. H. Gadenbusch, M. E. Resnick, L. 

(23) D. T .  Plummer, “An Introduction to Practical Biochemistry,” 

(24) A. Lorber, Clin. Pharmacokinet., 2,127 (1977). 
(25) J. T. Sharp, M. D. Lidsky, J. Duffy, H. K. Thompson, Jr., B. D. 

Person, A. F. Masri, and A. A. Andrianakos, Arthritis Rheum., 20,1179 
(1977). 

101, 790 (1976). 

Kaufmann, C h .  Pharm. Ther., 21.52 (1977). 

(1960). 

(1973). 

thritis Rheum., 11,170 (1968). 

1445 (1974). 

T. Difazio, and M. A. Leitz, J .  Lab. Clin. Med., 89,414 (1977). 

McGraw-Hill, Berkshire, England, 1971, p. 156. 

(26) M. Mayersohn, J .  Am. Pharm. Assoc., N S  17,107 (1977). 

ACKNOWLEDGMENTS 

Presented a t  the Basic Pharmaceutics Section, APhA Academy of 

Supported in part by Program 821, Veterans Administration Center, 
Pharmaceutical Sciences, Phoenix meeting, November 1977. 

Fargo, ND 58102. 

GLC Analysis of Poison Ivy and Poison Oak Urushiol 
Components in Vegetable Oil Preparations 

MAHMOUD A. ’ELSOHLY and CARLTON E. TURNER 
Received August 6,1979, from the Research Institute of Pharmaceutical Sciences, School of Pharmacy, University of Mississippi, Uniuersity 
MS 38677. Accepted for publication November 26.1979. 

Abstract A procedure is described for the analysis of urushiol content 
of pharmaceutical preparations containing extracts of poison ivy (Tox-  
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Contact dermatitis due to poison ivy (Toxicodendron 
radicans) and other related Anacardiaceae species [e.g., 
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gold concentrations in the ultrafiltrates were not statistically different 
( p  > 0.05) from the corresponding concentrations prior to filtration. 
Hence, no corrections for nonspecific binding were warranted. Gold was 
almost 100% bound to bovine serum albumin (Table I). These results 
indicate that gold may be bound exclusively to the albumin fraction of 
plasma, as was reported earlier (2,3,9). However, more definite conclu- 
sions can be made only after studies in the presence of other plasma 
proteins. The overall values for the percent of gold bound to 2 (n  = 35) 
and 4% (n  = 15) bovine serum albumin were 98 f 1.6 and 99 f 1.0% (mean 
f SD), respectively. 

Two factors that often determine the extent of binding are the con- 
centrations of the drug and of the protein. The gold concentrations 
studied were selected to include the plasma concentrations of the drug 
encountered in chrysotherapy (2,6,16,24,25). While there is a paucity 
of data regarding the extent of hypoalbuminemia in arthritis patients, 
a recent study observed serum albumin levels as low as 2.47 g/100 ml(11). 
The results of the present work show that, in the clinically important 
range, the extent of gold binding was independent of gold and bovine 
serum albumin concentrations. The validity of these results in the in uioo 
situation in humans remains to be examined. 

Interaction with Salicylic Acid-Salicylic acid did not compete with 
gold for binding sites on bovine serum albumin (Table 11). Since the se- 
quence of addition of salicylic acid had no significant effect on the affinity 
of gold for bovine serum albumin, inhibition of a noncompetitive nature 
also can he ruled out. Similarly, gold did not interfere with salicylate 
binding; salicylate was 62-70% bound to bovine serum albumin in the 
absence and presence of gold (2-IO-~g/ml range). During aspirin therapy, 
plasma concentrations of salicylate range from 50 to 200 pg/ml(26). The 
in ui t ro  results suggest that  mutual displacement of gold and salicylic 
acid from plasma proteins may not be a serious drug interaction in ar- 
thritis management. 

The results of this study show that clinically encountered plasma 
concentrations of gold, salicylate, and albumin are unlikely to cause 
statistically significant alterations in the extent of protein binding of these 
two drugs. However, for drugs that are bound extensively to plasma 
protein as is gold, minor binding alterations may be clinically significant 
due to the resulting dramatic changes in the free concentration. For in- 
stance, a 1% decrease in the binding of gold (assumed to be 99% bound) 
results in a twofold (1-2%) increase in the free concentration of gold. Such 
changes, although extremely difficult to document experimentally, could 
cause gold toxicity in arthritic patients. 
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Figure 1-Recovery curves for the extraction of urushiol from solutions 
of poison ivy extract in corn oil (@), oliue oil (a), sesame seed oil (*), 
and cottonseed oil (0) using a methanol-water (9:l) mixture. 

United States. Urushiol, the constituent in these plants 
that causes dermatitis, has been shown to be a mixture of 
3-n-alk(en)yl catechols with zero, one, two, or three double 
bonds in the CIS-side chain of poison ivy (1-4) and the 
CI7-side chain of poison oak (5,6).  

Extracts of poison ivy and poison oak have been used in 
the detection and prophylactic treatment of sensitivity 
(7-9). Solutions of these extracts are provided mainly in 
vegetable oils, e.g., corn oil (poison ivy-poison oak extract 
capsules') and olive oil (injectionz) (10). Although these 
preparations have been in use for a long time, no procedure 
is available to determine the concentration of the active 
component (urushiol) in these formulations. This report 
describes a simple GLC procedure for the determination 
of the total urushiol content of preparations containing 
poison ivy or poison oak extracts in vegetable oils such as 
corn oil, cottonseed oil, olive oil, and sesame seed oil. 

EXPERIMENTAL 

Plant  Extracts-Poison ivy (5". rodicans) and poison oak (7'. di- 
versilobum) extracts were prepared as described previously (6) or were 
obtained commercially'. The extracts were analyzed for urushiol content 
following the literature procedure (6). 

Preparation of Oil Solutions of Poison Ivy and Poison Oak Ex- 
tracts-Commercially available corn oil, cottonseed oil, olive oil, and 
sesame seed oil were used for the preparation of the solutions. For each 
oil, two sets of solutions were prepared Containing 1,2,4,7, or 10% of ei- 
ther poison ivy or poison oak extracts Corresponding to 0.96-12.0 mg of 

' Supplied by Hollister-Stier Laboratories. Spokane, Wash. 
Ivy01 injection. Merck Sharp & Dohme. 
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Figure 2-Recouery curues for the extraction of urushiol from solutions 
of poison oak extract in corn oil (@), oliue oil (O) ,  seasame seed oil (*), 
and cottonseed oil (0) using a methanol-water (9:I) mixture. 

urushiol/ml. The actual urushiol content of each solution (milligrams per 
milliliter) was based on the preanalysis of the extracts. 

Extraction of Urushiol from Oil Solutions-Ode-milliliter aliquots 
of each solution were transferred to 15-ml screw-capped centrifuge tubes. 
T o  each oil solution was added 5 ml of methanol-water (9:l). The tubes 
were capped and vortexed for 20 sec or shaken vigorously for -1 min and 
then centrifuged for 5 min. The top layer from each tube was withdrawn 
carefully into a 10-ml round-bottom flask, and the solvent was evaporated 
under vacuum a t  40". 

The extraction was repeated twice using 5 ml of the same solvent each 
time. In each case, the top layer was added to the respective flask and the 
solvent was evaporated. Complete evaporation of the small amount of 
water remaining in the evaporation flask was achieved by adding -2 ml 
each of absolute ethanol and benzene, followed by evaporation. This step 
was done twice to ensure complete dryness of the extract. 

Preparat ion of Samples for GLC Analysis-Dilute Samples- 
Samples obtained from oil solutions containing <2 mg of urushiol/ml were 
prepared directly for GLC analysis by the addition of 0.25 ml of pyridine 
and 0.5 ml of bis(trimethylsilyl)trifluoroacetamide3 containing 1% tri- 
methylchlorosilane to the residue in the round-bottom flask. Then 0.5 
ml of internal standard (dotriacontane, 5 mg/ml in isooctane) was 
added. 

Concentrated Samples-Samples expected to contain >2 mg of ur-  
ushiol/ml were treated in the following manner. The residue obtained 
after evaporation of the methanol-water extract was transferred quan- 
titatively to a 5- or 10-ml volumetric flask with chloroform, and the vol- 
ume was adjusted with the same solvent. A 1-ml aliquot then was with- 
drawn from the chloroform solution and evaporated, and the residue was 
treated as described for the dilute samples. The dilution factor was 
considered in the calculations. 

GLC Analysis-The samples were analyzed using a gas-liquid chro- 
matograph4 and a 5% OV-225 column under the conditions reported 
previously (6). 

Pierce Chemical Co., Rockford, 111. 
Beckman GC-65. 
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Table I-Recovery of Urushiols f rom Vegetable Oil Solutions of 
Poison Ivy and Poison Oak Extracts Using 90% 
Methanol-Water 

Correlationb Coefficient 
Recovery, % Coefficient ( r 2 )  of Variationc, % 

Corn oil 
Poison ivy 
Poison oak 

Poison ivy 
Poison oak 

Sesame oil 
Poison ivy 
Poison oak 

Cottonseed oil 
Poison ivy 
Poison oak 

Olive oil 

66.6 
60.2 

69.3 
59.6 

68.4 
52.0 

64.1 
49.9 

1 .oo 
0.99 

0.99 
0.99 

0.99 
0.98 

0.97 
0.99 

3.55 
3.70 

4.01 
3.22 

3.50 
3.30 

7.90 
3.08 

a The urushiol concentration in the different oils ranged from 0.96 to 12 mg/ml. 
Calculated from the least-squares line. The correction factor is the reciprocal of 

the recovery. Mean coefficient of variation of all extractions over the concentration 
range used. 

RESULTS AND DISCUSSION 

GLC procedures were described previously for the identification of 
urushiol(11,12), and the use of GLC-mass spectrometry for the quan- 
titative determination of the different congeners also was reported (13). 
A new GLC procedure was reported previously for the quantitation of 
the different components of poison ivy and poison oak urushiols as their 
trimethylsilyl derivatives using a 5% OV-225 column (6). The separation 
of the different congeners allowed the quantitation of each. The proce- 
dure was applied for the analysis of poison ivy and poison oak urushiol 
components in extracts obtained from different plant parts. 

Extracts of poison ivy, poison oak, and, in some cases, poison sumac 
in vegetable oil solutions have been used for prophylactic treatment of 
Rhus dermatitis. The lack of an analytical procedure to determine the 
concentration of the active constituent, urushiol, in these preparations 
prompted the present study. 

Corn oil, olive oil, sesame seed oil, and cottonseed oil were selected as 
representatives of vegetable oils. Solutions of poison ivy and poison oak 
extracts were made in each oil to contain different amounts of the extracts 
corresponding to concentrations of 0.94-12.0 mg of urushiol/ml. The 
extracts were analyzed for urushiol content prior to mixing. 

Different cleanup procedures were investigated to separate the urushiol 
components from the oils prior to analysis. These procedures included 
column chromatography, TLC, and solvent partitioning. Due to on-col- 
umn decomposition, column chromatography on silica gel 60 resulted 
in a loss of a significant amount of the urushiols. The loss was maximized 
when a large enough column was used (20 g) to permit the clean separa- 
tion of the urushiol from the oil. Aluminum oxide adsorbents could not 
he used since urushiol binds irreversibly to alumina. Other chromato- 
graphic materials also were tried including polyamide, cellulose, cellulose 
acetate, and diethylaminoethylcellulose with no success. 

Different solvents then were investigated for the extraction of urushiol 
from the oil solutions of the extracts. These solvents included methanol, 
ethanol, methanol-butanol mixtures (5-20% butanol), and methanol- 
water mixtures (2-2070 water). A methanol-water mixture (91)  was the 

best solvent for extraction since i t  gave a high percentage recovery of 
urushiol with the least contamination of the extracts with the oil com- 
ponents. GLC analysis (6) of the 90% methanol-water extracts of the pure 
vegetable oils showed virtually no peaks that might interfere with the 
urushiol peaks. Thus, the previously outlined procedure (6) was appli- 
cable to the analysis of urushiols in the methanol-water (9:l) extracts 
of poison ivy and poison oak preparations in vegetable oils. The extraction 
efficiency of this solvent mixture was determined for each oil by plotting 
the actual concentration of urushiol (milligrams per milliliter uersus the 
observed concentration). 

Figure 1 shows the recovery curves for the extraction of urushiol from 
solutions of poison ivy extract in different vegetable oils; Fig. 2 shows the 
same curves for poison oak. Each point in these curves is the average of 
triplicate analyses. The coefficient of variation (CV) for each point was 
calculated, and a mean CV value was given for each curve (Table I). A 
linear relationship was shown between the added and observed concen- 
trations in each case with correlation coefficients (r2) ranging between 
0.97 and 1.00 (Table I). This result makes it possible to use this extraction 
procedure and to compensate for the recovery percentage. The slope of 
each curve (Figs. 1 and 2) thus represents the correction factor used to 
compensate for the extraction efficiency in each case. The same correction 
factors were found when preparations containing a mixture of poison ivy 
and poison oak extracts were formulated. 

The reported procedure can be used for the analysis of the total ur- 
ushiols content as well as for the percentage of each individual con- 
gener. 
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Abstract A screening procedure was developed for the identification 
of drugs used in the clinical treatment of arthritis. Each glucocorticoid, 
nonsteroidal anti-inflammatory agent, or tranquilizer was characterized 
by its retention on a reversed-phase high-pressure liquid chromatographic 
column and by the ratio of the response of dual UV detectors (254 and 
280 nm). Although the retention times of all 14 drugs examined were <4 
min, each drug could be distinguished easily from the other drugs in the 
series. 
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Solid dosage forms obtained from patients who received 
treatment in specialized arthritis clinics in Mexico have 
been analyzed in these laboratories. In many cases, the 
patients were told that these drugs were vitamins or nat- 
ural products and were given a large supply of two or three 
different tablets to continue taking on their return to the 
United States. GLC (1) and standard spectroscopic anal- 
yses (2) showed that many of these tablets were a tran- 
quilizer (e .g . ,  diazepam or chlordiazepoxide) and an anti- 
inflammatory steroid or a tranquilizer and a nonsteroidal 
anti-inflammatory drug (e.g. ,  phenylbutazone or indo- 
methacin). Although there are many qualitative and 
quantitative analytical methods reported in the literature 
for individual drugs, a single analytical method for the 
screening of such samples has not been reported. 

BACKGROUND 

Since both types of anti-inflammatory agents require different deri- 
vatization methods for GLC analysis, high-pressure liquid chromatog- 
raphy (HPLC) w a  investigated for the identification of the tranquilizers, 
steroids, and nonsteroidal anti-inflammatory agents. 

One major limitation of any chromatographic method for identifying 
drugs is that many compounds have identical retention times if a fairly 
large population of compounds is examined. In a recent study (3) of a 
diverse group of only 101 narcotics, amphetamines, barbiturates, and 
tranquilizers, only 9% of the drugs could be identified uniquely by HPLC 
retention times. In that study, if dual UV detectors were used to measure 
accurately the absorbance of each chromatographic peak at  254 and 280 
nm, 45% of the drugs could be characterized uniquely. Moreover, HPLC 
retention times and A254/A2m ratios as paired discriminators were more 
useful than HPLC retention times on a silica column and on a reversed- 
phase column as paired discriminators (3) .  Because of the utility, speed, 
and low cast of the technique, i ts  usefulness in aiding in the identification 
of the present group of drugs was investigated. 

I t  is generally recognized that the utility of HPLC retention times is 
limited because of the small variations that occur with time when the 
same column is used and because of the large variations that occur with 
a new column. Relative retention times are considerably more repro- 
ducible, but this measurement also has limitations. For example, when 
reversed-phase HPLC columns are used and the alcohol content ot'the 

mobile phase is increased inadvertently or a new column with a lower 
percent of the stationary phase is used, the observed relative retention 
time generally increases. 

Many of these problems can be reduced or eliminated through the use 
of a retention index scale based on the relative retention of a homologous 
series of C3-Cy3 2-ketoalkanes and the drug in question (4). The retention 
index of a given drug is fairly independent of the mobile phase compo- 
sition, even when the drug retention time varies by several orders of 
magnitude. The retention index of many drugs also was found to be nearly 
the same when a bonded cyanoalkyl reversed-phase column was substi- 
tuted for a reversed-phase column (4). Although the retention index 
measurements were slightly more time consuming than the conventional 
relative retention time measurements, the former method was selected 
for this study because of the greater potential for laboratory-to-laboratory 
reproducibility of the data. 

EXPERIMENTAL 

Chromatographic Conditions-A 30-cm X 3.9-mm i.d. octadecyl 
reversed-phase column' with a 10-pm particle size was used. The mobile 
phase was prepared using 3.3 g of dibasic potassium phosphate, 4.2 g of 
monobasic potassium phosphate, 2.8 liters of methanol, and 1.2 liters of 
water. The flow rate was 2.0 ml/min, and the column was operated at  
room temperature. 

An HPLC pump' and a microsyringe-loaded loop injector3 also were 
used. Two UV detectors4 were used in series (254-nm detector followed 
by a 280-nm detector), and they were calibrated with a morphine refer- 
ence standard (3). 

Measurement of Retention Indexes-The method used in this study 
was essentially the same as that reported previously (4). The retention 
index scale was based on the relative retention of the drug in question 
and a series (C3-C'3) of 2-ketoalkanes5. The capacity factor, k',  of the 
drugs and the standards was determined from the retention time ob- 
served for the compound, t R ,  and the retention time of the solvent front, 
t o ,  using Eq. 1: 

(Eq. 1 )  

The retention index of a given 2-keto alkane standard was, by definition, 
equal to 100 times the number of carbons in the compound. Thus, 2- 
butanone was assigned a value of 400. The retention index, I ,  of a given 
drug was calculated from the observed capacity factor for the drug, k;), 
the capacity factor for the standard eluting just before the test compound, 
hh, and the capacity factor for the next higher homolog, kN+l, using Eq. 
2: 

+ lOON 
log k l  - log k k  I = 100 

log kk+1 - log k >  
Each drug was chromatographed as a mixture with the 2-ketoalkane 
reference compounds to minimize the effect of retention time variations 
on the precision of the retention index measurements. If the chromato- 
graphic peak for the drug could not be resolved from the peaks of the 
standards, the mixture of the standards was chromatographed immedi- 
ately after the drug. Because of the much smaller molar absorptivity of 
the 2-ketoalkane standards, a larger quantity of the ketones (-50 pg each) 
was injected with the drugs (-1 pg) to obtain comparable peak 
heights. 

Preparat ion of Solid Dosage Forms for HPLC-The tablets were 
crushed to a fine powder. Approximately 100 rng of the powder was mixed 
with 1.0-2.0 nil of methanol, and the mixture was then filtered through 

pBondapak C I S  column, Waters Associates, Millord, Mass. 
Model M-r;OUO, Water$ Associates, Miltord. Mass. 

.j Model 116-1<, Waters Associates. Milford. Mass. 
4 Model 440. Waters Associates, Milford, Mass. 
5 Analahs Inc., North Haven. Conn. 
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Figure 1-Typical chromatogram of the 2-ketoalkane standards and 
a test compound (dexamethasone, retention index = 677). The response 
of only the 280-nm detector is shown. 

a disposable Pasteur pipet containing a small, tightly packed plug of 
cotton. Then 0.1-2.0 pl of the methanolic extract was injected into the 
chromatograph along with the 2-ketoalkane standards mixture. 

RESULTS AND DISCUSSION 

The chromatogram shown in Fig. 1 for dexamethasone and the 2-keto- 
alkanes is typical of the results obtained, except that the 254-nm detector 
response is not shown to simplify the figure. Although the retention times 
of all of the drugs were fairly short, the drugs were sufficiently removed 
from the solvent front to obtain precise retention index and absorbance 
ratio measurements. The longest retention tine was observed for di- 
azepam (3.43 rnin), the shortest time was observed for naproxen (1.56 
rnin), and the retention time of the solvent front was 1.12 min. 

The drugs are listed in Table I in order of increasing retention index, 
and there is an apparent discrepancy between the retention index and 
the retention time measurements. Although the short-term reproduc- 
ibility of the retention time generally was f O . O 1  min, the long-term 
variations were greater. The retention index measurements are consid- 
erably more reliable than the retention time measurements (4), and more 
emphasis was placed on this measurement in the present study. 

Although the retention indexes of many drugs in the series were fairly 
close, each compound could be distinguished from the others if the 
A254/A280 values also were utilized. For example, the retention indexes 
of fenoprofen and triamcinolone were very close, but the two drugs could 
be readily distinguished using the absorbance ratio measurements. With 

Retention 
Drug Index A254/A280 Time, min 

Retention 

Naproxen 304 1.61 1.56“ 
Phenylbutazone 363 1.27 1.56 
Fenoprofen 439 1.09 1.78 
Triamcinolone 463 6.23 1.74 
Prednisone 550 6.86 1.97 
Ibuprofen 566 6.55 2.03 
Mefenamic acid 598 0.51 2.07 
Indomethacin 621 1.46 2.16 
Prednisolone 625 4.97 2.22 
Dexamethasone 677 5.91 2.48 
Methylprednisolone 707 5.12 2.64 
Chlordiazepoxide 750 1.85 2.91 
Methylprednisolone acetate 786 5.06 3.20 
Diazepam 812 4.64 3.43 

The void volume was 2.24 ml (1.12 rnin). 

methylprednisolone acetate and diazepam, both the retention index and 
the absorbance ratio measurements were fairly close, but even these two 
drugs could be differentiated if care was taken in making the measure- 
ments. The retention index and absorbance ratio of prednisone and 
ibuprofen also were grouped closely, but these compounds could he dif- 
ferentiated. The precision of the A254/A2~) measurements previously was 
f1.9% (l), and essentially the same precision was observed in the present 
study. The short-term precision of the retention index measurements 
was typically f 5  units. Thus, if the retention index and A 254/A250 values 
were used as paired discriminators, all of the drugs in Table I could be 
distinguished from each other. 

All of the steroids had similar absorbance ratio values. The highest 
value was observed for prednisone (6.86), and the lowest value was ob- 
served for prednisolone (4.97). Since all of the steroids in the study had 
essentially the same chromophore, it was expected that the absorbance 
ratio also would be similar. 

Naproxen, fenoprofen, ibuprofen, mefenamic acid, and indomethacin 
all contain a carboxylic acid group that is completely ionized a t  the pH 
of the mobile phase (7.0). Thus, it was not unexpected that even drugs 
with a very lipophilic naphthyl group, such as naproxen, had a small re- 
tention index. Because of the diversity of the chromophores in this group 
of drugs, the A254/A280 ratios varied greatly. 

Although each drug in Table I can be distinguished from the others, 
other steroids that occasionally were used should have similar indexes 
and absorbance ratios. The relationship between the drug retention on 
reversed-phase columns and the lipophilicity of the drug was investigated 
previously (3,543). Hansch substituent constants, s values, have been 
used to estimate the lipophilicity of the drugs (9), and these estimates 
have been used to estimate their HPLC retention indexes (10). The 
HPLC retention index of a given drug, I,, could be estimated using the 
sum of the Hansch substituent values for the drug, rX ,  and the experi- 
mentally observed index for the reference or parent drug for the series, 

I, = 200a, + Iref (Eq. 3) 

With Eq. 3, it is possible to predict other clinically used steroids that 
might be misidentified as one of the drugs in Table 1. I t  is expected that 
both the retention index and the absorbance ratio of triamcinolone and 
meprednisone would be very close. Similarly, there is a potential for 
interference between dexamethasone (I = 677) and its isomer, heta- 
methasone. Other interferences might he observed between methyl- 
prednisolone and triamcinolone diacetate and between methylpred- 
nisolone acetate and triamcinolone acetonide. 

Other compounds that were not examined in this study also might be 
misidentified as one of the drugs listed in Table I. Although the absorb- ’ 

ance ratio technique greatly reduces the probability of error in the 
identification of drugs based on retention times alone (3), the methods 
presented in this study are simple and rapid. As with any analytical 
method, good laboratory procedures dictate that the initial results should 
be confirmed by an independent method. 

Iref,  by ( 10) : 
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Abstract  Neuroblastoma-inoculated A/J mice were treated with 
various anticancer chemotherapeutic agents, including cyclophos- 
phamide, daunorubicin, vincristine, a-bungarotoxin, dihydroxytrypt- 
amine, and diaminopropane. Cyclophosphamide and diaminopropane 
inhibited neuroblastoma as effectively as bromoacetylcholine and bro- 
moacetate. The effectiveness of these drugs could be related to the in- 
hibition of ornithine decarboxylase, a rate-limiting enzyme for the syn- 
thesis of polyamines. 

Keyphrases Anticancer agents-chemotherapy of neuroblastoma in 
mice Ornithine decarboxylase-inhibition by anticancer agents, che- 
motherapy of neuroblastoma Cyclophosphamide-chemotherapy of 
neuroblastorqa in mice Diaminopropane-chemotherapy of neuro- 
blastoma in mice 

Despite many efforts, the prognosis of the clinical 
treatment of neuroblastoma in patients over the age of 1 
year is very poor (1). Since the A/J mouse inoculated with 
C-1300 neuroblastoma cells is considered to be a model of 
the neuroblastoma disease of humans (2), various anti- 
cancer drugs were tested on this animal model to deter- 
mine an effective way to treat the neuroblastoma disease. 
Bromoacetylcholine and bromoacetate recently were re- 
ported to be effective in inhibiting the neuroblastoma 
growth in uiuo (3-6). Therefore, a combination of bro- 
moacetylcholine and other anticancer drugs also was tested 
in this neuroblastoma mouse model. 

METHODS 

Adult male A/J mice' were inoculated subcutaneously in the inter- 
scapular area with 1 X lo6 cells of murine (2-1300 neuroblastoma cells. 
Ten days was allowed for a measurable tumor to develop. Drug injections 
began on the 10th day after neuroblastoma inoculation, and this time was 
designated as Day 0 of drug treatment. Identical conditions were main- 
tained for the control groups, except that  saline was injected instead of 
drug solutions. Drug treatment was continued for 6 weeks unless other- 
wise specified. For all injections, the volume of the drug solutions was <50 
d. 

Bromoacetylcholine percholate was synthesized by a previously de- 
scribed method (7). Sodium bromoacetate, cyclophosphamide, 1,3-di- 
aminopropane, .5,6-dihydroxytryptamine, cu-bungarotoxin, and vin- 
cristine were purchased comniercially. All drug solutions were freshly 
prepared a t  the time ot'injection. 

Jackson Laboratory, Bar Harbor, Me. 

RESULTS 

I t  has been established that bromoacetylcholine (30 mg/kg) injected 
intratumorly one to three times per day and bromoacetate (12 mg/kg) 
injected intratumorly twice per day inhibit neuroblastoma growth in A/J 
mice efficiently and prolong the lifespan of these animals by >ZOO% (4, 
5). The only anticancer agent that  was able to produce an effectiveness 
equivalent to bromoacetylcholine and bromoacetate was cyclophos- 
phamide (100 mg/kg) injected only once intraperitoneally (Table I). A 
higher dose (200 mg/kg) of cyclophosphamide reduced its effectiveness 
due to toxicity. Combination of cyclophosphamide with bromoacetyl- 
choline or  bromoacetate did not additionally prolong the lifespan. On 
the contrary, the lifespan was shortened somewhat as compared to the 
lifespan of mice receiving the optimal doses of bromoacetylcholine, 
bromoacetate, and cyclophosphamide administered individually (Table 
1). 

Daunorubicin2 a t  a dose of 2 mg/kg injected intravenously twice per 
week worsened the disease as compared to the control. Combined use of 
daunorubicin and bromoacetylcholine prolonged the lifespan by only 33%, 
which was much shorter than the result with bromoacetylcholine alone 
(Table I). 

Vincristine (1 mg/kg) injected intraperitoneally three times daily did 
not improve the neuroblastoma disease and did not potentiate the effect 
of bromoacetylcholine (Table I). On the contrary, it shortened the mean 
lifespan of bromoacetylcholine-treated animals from 73.4 (207% change 
af lifespan) (5) to 52.1 (129% change of lifespan) days (Table I). 

Table I1 shows the effects of various agents known to inhibit neuro- 
blastoma growth in cell culture on the neuroblastoma growth in A/J mice. 
a-Bungarotoxin is an inhibitor of neuroblastoma in cell culture (8) but 
is too toxic to be used in uiuo. The mice survival rate was shorter than that 
of the untreated controls (Table 11). 

5,6-Dihydroxytryptamine has degenerated serotonergic neurons (9, 
10) and inhibited gliomas in cell culture (11). However, it did not prolong 
the lifespan of neuroblastoma-inoculated A/J mice and did not enhance 
the inhibition of neuroblastoma growth when used in combination with 
bromoacetylcholine (Table I I). 

1,3-Diaminopropane was shown to inhibit ornithine decarboxylase, 
a rate-limiting enzyme for the synthesis of polyamines, which in turn 
suppressed neuroblastoma growth in cell culture (6) .  It also produced 
a significant improvement in mice inoculated with neuroblastoma cells 
when injected intratumorly twice per day for 6 weeks a t  a dose of 110 
mg/kg (Table 11). The combination of diaminopropane and bromo- 
acetylcholine was even more instrumental in prolonging the lifespan of 
neuroblastoma-inoculated mice. 

Various routes of administration were used to find an effective alter- 
native to the intratumor route. Hromoacetylcholine and bromoacetate 
were ineffective with intraperitoneal administration (Table 111). mainly 
because bromoacetylcholine has a permanent positive charge a t  the 

Obtained from the Drug Liaison and Distribution Section, Division of Cancer 
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Abstract  Neuroblastoma-inoculated A/J mice were treated with 
various anticancer chemotherapeutic agents, including cyclophos- 
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Despite many efforts, the prognosis of the clinical 
treatment of neuroblastoma in patients over the age of 1 
year is very poor (1). Since the A/J mouse inoculated with 
C-1300 neuroblastoma cells is considered to be a model of 
the neuroblastoma disease of humans (2), various anti- 
cancer drugs were tested on this animal model to deter- 
mine an effective way to treat the neuroblastoma disease. 
Bromoacetylcholine and bromoacetate recently were re- 
ported to be effective in inhibiting the neuroblastoma 
growth in uiuo (3-6). Therefore, a combination of bro- 
moacetylcholine and other anticancer drugs also was tested 
in this neuroblastoma mouse model. 

METHODS 

Adult male A/J mice' were inoculated subcutaneously in the inter- 
scapular area with 1 X lo6 cells of murine (2-1300 neuroblastoma cells. 
Ten days was allowed for a measurable tumor to develop. Drug injections 
began on the 10th day after neuroblastoma inoculation, and this time was 
designated as Day 0 of drug treatment. Identical conditions were main- 
tained for the control groups, except that  saline was injected instead of 
drug solutions. Drug treatment was continued for 6 weeks unless other- 
wise specified. For all injections, the volume of the drug solutions was <50 
d. 

Bromoacetylcholine percholate was synthesized by a previously de- 
scribed method (7). Sodium bromoacetate, cyclophosphamide, 1,3-di- 
aminopropane, .5,6-dihydroxytryptamine, cu-bungarotoxin, and vin- 
cristine were purchased comniercially. All drug solutions were freshly 
prepared a t  the time ot'injection. 

Jackson Laboratory, Bar Harbor, Me. 

RESULTS 

I t  has been established that bromoacetylcholine (30 mg/kg) injected 
intratumorly one to three times per day and bromoacetate (12 mg/kg) 
injected intratumorly twice per day inhibit neuroblastoma growth in A/J 
mice efficiently and prolong the lifespan of these animals by >ZOO% (4, 
5). The only anticancer agent that  was able to produce an effectiveness 
equivalent to bromoacetylcholine and bromoacetate was cyclophos- 
phamide (100 mg/kg) injected only once intraperitoneally (Table I). A 
higher dose (200 mg/kg) of cyclophosphamide reduced its effectiveness 
due to toxicity. Combination of cyclophosphamide with bromoacetyl- 
choline or  bromoacetate did not additionally prolong the lifespan. On 
the contrary, the lifespan was shortened somewhat as compared to the 
lifespan of mice receiving the optimal doses of bromoacetylcholine, 
bromoacetate, and cyclophosphamide administered individually (Table 
1). 

Daunorubicin2 a t  a dose of 2 mg/kg injected intravenously twice per 
week worsened the disease as compared to the control. Combined use of 
daunorubicin and bromoacetylcholine prolonged the lifespan by only 33%, 
which was much shorter than the result with bromoacetylcholine alone 
(Table I). 

Vincristine (1 mg/kg) injected intraperitoneally three times daily did 
not improve the neuroblastoma disease and did not potentiate the effect 
of bromoacetylcholine (Table I). On the contrary, it shortened the mean 
lifespan of bromoacetylcholine-treated animals from 73.4 (207% change 
af lifespan) (5) to 52.1 (129% change of lifespan) days (Table I). 

Table I1 shows the effects of various agents known to inhibit neuro- 
blastoma growth in cell culture on the neuroblastoma growth in A/J mice. 
a-Bungarotoxin is an inhibitor of neuroblastoma in cell culture (8) but 
is too toxic to be used in uiuo. The mice survival rate was shorter than that 
of the untreated controls (Table 11). 

5,6-Dihydroxytryptamine has degenerated serotonergic neurons (9, 
10) and inhibited gliomas in cell culture (11). However, it did not prolong 
the lifespan of neuroblastoma-inoculated A/J mice and did not enhance 
the inhibition of neuroblastoma growth when used in combination with 
bromoacetylcholine (Table I I). 

1,3-Diaminopropane was shown to inhibit ornithine decarboxylase, 
a rate-limiting enzyme for the synthesis of polyamines, which in turn 
suppressed neuroblastoma growth in cell culture (6) .  It also produced 
a significant improvement in mice inoculated with neuroblastoma cells 
when injected intratumorly twice per day for 6 weeks a t  a dose of 110 
mg/kg (Table 11). The combination of diaminopropane and bromo- 
acetylcholine was even more instrumental in prolonging the lifespan of 
neuroblastoma-inoculated mice. 

Various routes of administration were used to find an effective alter- 
native to the intratumor route. Hromoacetylcholine and bromoacetate 
were ineffective with intraperitoneal administration (Table 111). mainly 
because bromoacetylcholine has a permanent positive charge a t  the 
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Table I-Inhibition of Neuroblastoma Growth in A/J Mice by Cyclophosphamide, Daunorubicin, and  Vincristine 

Change of Dose Mean 
(mg/kg) Frequency Range, f SE, Lifespan", Median, 

Drug and Route per Day n days days % days 

Saline - it 2 10 13-63 33.0 f 5.1 - 29 
C yclophosphamide 100 ip Once only 10 34-150b 108.2 f 17.2= 227 150 
Cyclophosphamide 200 ip Once only 9 9-150b 66.4 f 29.0 101 26 
CvcloahosDhamide + 100 ip Once only 10 11-150b 73.6 f 17.2= 124 56 

-hromoadetylcholine 
Cyclophosphamide + 

bromoacetylcholine 
Cyclophosphamide + 

bromoacetate 
Daunorubicin 
Daunorubicin + 

bromoacetylcholine 

30 ii 2 

30 it 3 

12 it 2 

200 ip Once only LO 5-86 21.7 f 9.0 -34 10 

100 ip Once only 10 34-150b 78.5 f 15.SC 138 56 

2 iv Twice per week 10 11-34 25.1 f 2.4 -24 27 
2 iv Twice per week 10 18-150b 52.7 f 16.6 60 32 

30 it 2 
Saline - it 3 
Vincristine 1 ip 3 
Vincristine + 1 ip 3 

bromoacetvlcholine 30 it 3 

10 11-38 22.8 f 3.4 - 18 
8 8-43 23.9 f 4.4 5 25 
8 29-150b 52.1 f 14.6 129 34 

(I Calculated from the mean lifespan of the control. Many mice survived beyond 150 days after drug treatment began; 150 days was chosen arbitrarily as the cut-off 
date for the statistical analysis. p < 0.65 as compared to the control. 

Table 11-Effects of Various Agents, Administered Intratumorly,  that  Suppressed Neuroblastoma in Tissue Culture  on 
Neuroblastoma Growth in  A/J Mice 

Mean Change of 
Dose, Frequency Range, f SE, Lifespan", Median, 

Drua malke Der Dav n davs days % days 

Saline 
n-Bungarotoxin 
n-Rungarotoxin 
a-Bungarotoxin 
Saline 
Dihydroxytryptamine 
Dihydroxytryptamine + 

bromoacetylcholine 
Dihydroxytryptamine + 

bromoacetylcholine 
Dihydroxytryptamine + 

bromoacetate 
Saline 
Diaminopropane 
Diaminopropane 
Diaminopropane + 

bromoacetylcholine 

- 

0.03 
0.1 
0.3 
- 

50 
50 
3 0 
50 
30 
50 
12 

110 
2 20 
110 
30 

- 

3 
1 
1 
1 
2 
2 
2 
2 
1 
1 
1 
1 
2 
2 
2 
2 
2 

8 
10 
9 
7 
6 
8 
8 

7 

6 

6 
8 
8 
8 

27-55 
20-48 
16-16 
14-14 
33-43 
29-68 
3-63 

22-43 

15-150b 

33-43 
31-150b 
29-58 
26-150b 

40.3 f 3.4 
31.8 f 3.1 
16.0 f 0 
14.0 f 0 
36.8 f 1.6 
43.1 f 4.7 
32.6 f 7.8 

30.4 f 3.1 

50.1 f 17.1 

36.8 f 1.6 
68.8 f 24.3c 
44.3 f 4.1 
81.1 f 20.4' 

- 
-21 
-60 
-65 

17 
-11 

- 17 

36 

- 

- 

87 
20 

120 

43 
31 
16 
14 
36 
47 
40 

29 

38 

36 
50 
50 
50 

See Table 1. 

Table 111-Inhibition of Neuroblastoma Growth in A/J Mice by 
Bromoacetylcholine and  Bromoacetate with Various Routes of 
Administration 

Change 
Dose of 

(mg/kg) Mean Life- 
and Range, f SE, spanb, Median, 

Drug Route" n days days % days 

Saline 
Rromoacetyl- 

Bromoacetate 
Hromoacetate 
Hromoacetate 
Bromoacetate 
Rromoacetate 
Bromoacetate 

choline 

- ip 
30 ip 

12 ip 
6 im 

12 im 
24 im 
12 sc 
24 sc 

10 9-42 28.5 f 2.8 - 32 
8 26-38 29.1 f 1.4 2 30 

8 26-40 32.3 f 1.6 13 32 
10 9-32 21.3f2.1 -25 21 
10 11-35 22.9f 2.7 -20 25 
10 4-35 17.3f2.9 -39 18 
10 11-35 24.1 f 2 . 5  -14 28 
10 4-37 18 .3f3 .3  -36 18 

a The drug was administered three times daily. See footnoteo, Table 1. 

quaternary nitrogen group of the molecule and bromoacetate has a neg- 
ative charge in the molecule, which hinders absorption from the GI sys- 
tem. Intramuscular and subcutaneous injections of bromoacetate also 
were ineffective in suppressing neuroblastoma growth (Table 111). In- 
tratumor injection is the only viable route a t  this time. Intravenous ad- 
ministration was not tried because the mouse tail vein cannot withstand 

multiple daily injections for 6 weeks. Larger animal models are sought 
for experimentation to solve this problem. 

DISCUSSION 

Neuroblastoma is a cancer that  cannot be treated well with current 
medical knowledge and methodology (1). After unsuccessful attempts 
to treat neuroblastoma surgically, with immunotherapy, and by radiation 
therapy, partial success was achieved with chemotherapy (1). Chemo- 
therapy should be explored further. 

Among the drugs tested, bromoacetylcholine, bromoacetate, cyclo- 
phosphamide, and 1,3-diaminopropane effectively inhibited neuro- 
blastoma growth and prolonged the lifespan of A/J mice inoculated with 
neuroblastoma cells. Bromoacetylcholine, bromoacetate, and 1,3-di- 
aminopropane are potent inhibitors of ornithine decarboxylase, a rate- 
limiting enzyme for the synthesis of polyamines. Since cellular levels of 
polyamines are closely related to cell proliferation and growth (12-17), 
it is highly possible that neuroblastoma growth is suppressed uia the 
inhibition of ornithine decarboxylase (6). The only agent that  is not 
clearly known to inhibit ornithine decarboxylase is cyclophosphamide, 
because cyclophosphamide must be activated in uiuo while ornithine 
decarboxylase activity can only be determined in uitro with tissue culture 
experiments. The effect of cyclophosphamide also may possibly be 
manifested through the ornithine decarboxylase inhibition in uiuo. 
Dauborubicin is an antibiotic that  binds tightly with DNA (18) but has 
no inhibiting action on neuroblastoma growth. 
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Vincristine inhibits cell mitosis a t  the metaphase and dissolves the 
microtubule structures (18). However, it has little effect on ornithine 
decarboxylase activity, and this fact could be why it is ineffective in the 
inhibition of neuroblastoma growth. 

Although bromoacetylcholine binds to the nicotinic receptor a t  the 
neuromuscular junction irreversibly (19), as does a-bungarotoxin (20), 
the latter compound produced little effect on neuroblastoma growth, 
indicating that bromoacetylcholine inhibits neuroblastoma growth 
through an action mechanism that differs from a-bungarotoxin, similar 
to action at  cholinergic receptors. Neuroblastoma cells possess adrenergic, 
cholinergic, and nonspecific receptors but very few serotonergic receptors. 
I t  thus is understandable that neuroblastoma cell growth was not in- 
hibited by a serotonergic neuron degenerator, 5,6-dihydroxytrypt- 
amine. 

Among the routes of administration studied, intratumor administra- 
tion for bromoacetylcholine, bromoacetate, and 1,3-diaminopropane and 
intraperitoneal administration for cyclophosphamide were the best. 

In summary, it seems that drugs capable of inhibiting ornithine de- 
carboxylase can suppress the cell growth of neuroblastoma. A more potent 
ornithine decarboxylase inhibitor that produces few side effects may be 
developed as an effective weapon to treat neuroblastoma. 
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Abstract  0 A study was conducted to determine the effects of pH, two 
antioxidants, a chelating agent, a preservative, and propylene glycol on 
t‘urosemide stability. Aqueous solutions of furosemide containing 10% 
alcohol (v/v) were prepared in phosphate buffers with various pH values 
(5,6, and 9) whose ionic strength was adjusted to 0.1 M with potassium 
chloride. Some solutions contained chlorobutanol, ethylenediamine- 
tetraacetic acid, or sodium metabisulfite. Another set of aqueous solutions 
contained phosphate buffer (0.1 M ) ,  alcohol (10% v/v), and propylene 
glycol (409 v/v) with or without cysteine hydrochloride, ethylenedia - 
minetetraacetic acid, and sodium sulfite. Thesolutionswere divided into 
two parts, stored at 24 and S O o ,  and assayed frequently using a previously 
developed high pressure liquid chromatographic procedure. At the lowest 
pH value (pH 5). furosemide appeared to be very unstable. Cysteine 

Furosemide (I)  is a widely used diuretic, but little in- 
formation is available concerning the stability of this drug 
in dosage forms. Rowbotham et al. (1) reported that 
aqueous furosemide solutions undergo hydrolysis and 
photochemical degradation. Quantification of photo- 
chemical degradation products of furosemide by the USP 
XIX (2) UV assay procedures was not successful. A sta- 
bility-indicating assay for furosemide using high-pressure 

hydrochloride, ethylenediaminetetraacetic acid, and sodium sulfite failed 
to improve the stability of furosemide. Chlorobutanol and sodium met- 
abisulfite had an adverse effect on the stability, probably due to the fact 
that  they decreased the pH of the solution. The pH value appears to be 
the only critical factor for the stability of furosemide. Buffered solutions 
containing propylene glycol were very stable a t  both temperatures for 
170 days, and they tasted good. 

Keyphrases 0 Furosemide-stability in aqueous solutions, effect of 
formulation factors 0 Diuretics-furosemide, stability in aqueous so- 
lutions, effect of formulation factors 0 Stability-furosemide in aqueous 
solutions, effect of formulation factors 

liquid chromatography (HPLC) was developed by 
Ghanekar et al. (3). I t  also was reported that an aqueous 
furosemide solution containing sorbitol and 10% alcohol 
(v/v) had limited stability. The pH of the solution was 
adjusted to -8.5. However, it was difficult to maintain the 
pH value of the solution, which caused rapid decomposi- 
tion. 

The objectives of the present investigation were to study 
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Vincristine inhibits cell mitosis a t  the metaphase and dissolves the 
microtubule structures (18). However, it has little effect on ornithine 
decarboxylase activity, and this fact could be why it is ineffective in the 
inhibition of neuroblastoma growth. 

Although bromoacetylcholine binds to the nicotinic receptor a t  the 
neuromuscular junction irreversibly (19), as does a-bungarotoxin (20), 
the latter compound produced little effect on neuroblastoma growth, 
indicating that bromoacetylcholine inhibits neuroblastoma growth 
through an action mechanism that differs from a-bungarotoxin, similar 
to action at  cholinergic receptors. Neuroblastoma cells possess adrenergic, 
cholinergic, and nonspecific receptors but very few serotonergic receptors. 
I t  thus is understandable that neuroblastoma cell growth was not in- 
hibited by a serotonergic neuron degenerator, 5,6-dihydroxytrypt- 
amine. 

Among the routes of administration studied, intratumor administra- 
tion for bromoacetylcholine, bromoacetate, and 1,3-diaminopropane and 
intraperitoneal administration for cyclophosphamide were the best. 

In summary, it seems that drugs capable of inhibiting ornithine de- 
carboxylase can suppress the cell growth of neuroblastoma. A more potent 
ornithine decarboxylase inhibitor that produces few side effects may be 
developed as an effective weapon to treat neuroblastoma. 
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Abstract  0 A study was conducted to determine the effects of pH, two 
antioxidants, a chelating agent, a preservative, and propylene glycol on 
t‘urosemide stability. Aqueous solutions of furosemide containing 10% 
alcohol (v/v) were prepared in phosphate buffers with various pH values 
(5,6, and 9) whose ionic strength was adjusted to 0.1 M with potassium 
chloride. Some solutions contained chlorobutanol, ethylenediamine- 
tetraacetic acid, or sodium metabisulfite. Another set of aqueous solutions 
contained phosphate buffer (0.1 M ) ,  alcohol (10% v/v), and propylene 
glycol (409 v/v) with or without cysteine hydrochloride, ethylenedia - 
minetetraacetic acid, and sodium sulfite. Thesolutionswere divided into 
two parts, stored at 24 and S O o ,  and assayed frequently using a previously 
developed high pressure liquid chromatographic procedure. At the lowest 
pH value (pH 5). furosemide appeared to be very unstable. Cysteine 

Furosemide (I)  is a widely used diuretic, but little in- 
formation is available concerning the stability of this drug 
in dosage forms. Rowbotham et al. (1) reported that 
aqueous furosemide solutions undergo hydrolysis and 
photochemical degradation. Quantification of photo- 
chemical degradation products of furosemide by the USP 
XIX (2) UV assay procedures was not successful. A sta- 
bility-indicating assay for furosemide using high-pressure 

hydrochloride, ethylenediaminetetraacetic acid, and sodium sulfite failed 
to improve the stability of furosemide. Chlorobutanol and sodium met- 
abisulfite had an adverse effect on the stability, probably due to the fact 
that  they decreased the pH of the solution. The pH value appears to be 
the only critical factor for the stability of furosemide. Buffered solutions 
containing propylene glycol were very stable a t  both temperatures for 
170 days, and they tasted good. 

Keyphrases 0 Furosemide-stability in aqueous solutions, effect of 
formulation factors 0 Diuretics-furosemide, stability in aqueous so- 
lutions, effect of formulation factors 0 Stability-furosemide in aqueous 
solutions, effect of formulation factors 

liquid chromatography (HPLC) was developed by 
Ghanekar et al. (3). I t  also was reported that an aqueous 
furosemide solution containing sorbitol and 10% alcohol 
(v/v) had limited stability. The pH of the solution was 
adjusted to -8.5. However, it was difficult to maintain the 
pH value of the solution, which caused rapid decomposi- 
tion. 

The objectives of the present investigation were to study 
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Table I-Prepared Solutions (0.5 mg of Furosemide/ml) 

B 

dl 

Table 111-Assay Results at  50" 

k- 
0 
W 
7 z 

3 0  

Buffer 
Solution 

Solution (fO.l) pH Other Ingredients 

1 
~ 

5 None 
2 5 O.Z%-Chlorobutanol 
3 5 0.05% I11 

4-6 5 0.1,0.2, and 0.4% V, respectively 
7-9 6 0.1,0.2, and 0.4% V, respectively 

10-12 9 0.1,0.2, and 0.4% V, respectively 
13 n.4 None ~- 
14 8.2 0.02% I1 
15 8.4 0.05% IV 
16 8.3 0.05% I1 and 0.05% IV 
17 8.0 0.05% II.0.05% IV, and 0.05% 111 

(I All solutions contained 10% alcohol (vlv) since the stock solution was made in 
alcohol; Solutions 13-17 contained propylene glycol, and the pH values of the final 
solutions were those obtained after diluting 1:lO with water. 

Table 11-Assay Results at Room Temperature  

Percent of Label Claim PHf 
Solution 35 Days 90 Days 152 Days 170 Days 240 Days ( f O . l )  

- 1 
2 97.7 
3 96.4 
4 5.2" 
5 15.1a 
6 44.8" 
7 91.8 
8 94.7 
9 98.3 

10 98.1 
11 95.2 
12  91.7 
1.3 - 
i4 - 
15 - 
16 - 
17 - 

100.0 

93.3 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 

100.6 
100.7 
99.5 

100.8 
100.9 

95.9 
96.9 
- 
- 
- 
- 
- 
- 
- 
82.1 
- 
- 
99.7 

100.8 
99.5 

100.4 
100.2 

5.2 
5.1 
5.2 
3.3 
2.9 
2.8 
5.0 
4.5 
5.4 
7.5 
6.9 
5.7 
8.4 
8.2 
8.4 
8.3 
8.0 

0 Crystals were found in the solution, so it was not reassayed Color had changed 
to light yellow (from colorless). Fungus. 

the effect of pH, chlorobutanol, cysteine hydrochloride 
monohydrate (II), ethylenediaminetetraacetic acid (111), 
sodium sulfite (IV), and sodium metabisulfite (V) on the 
stability of furosemide in aqueous solutions and to develop 
an appropriate buffering system to maintain the adjusted 
pH value. 

EXPERIMENTAL 

Chemicals and Reagents-All chemicals and reagents were USP, 
NF, or ACS grade and were used without further purification. Furo- 
semide' powder was used as received. 

Apparatus-The apparatus was the same as that reported previously 
(3), except that  a variable-wavelength detector2 set a t  254 nm was used. 
The column also was the same as that reported previously (3). 

Preparation of Solutions-A stock solution of furosemide was pre- 
pared by dissolving 1.25 g of furosemide in enough alcohol to make 250 
ml. The solutions for stability studies were prepared by diluting an ap- 
propriate quantity of the stock solution with a buffer of an appropriate 
pH value (0.05 M phosphate buffers of pH 5,6, and 9 whose ionic strength 
was adjusted to 0.1 M with potassium chloride). The phosphate buffers 
were prepared according to the USP procedure (4). Before the solutions 
were diluted to volume, additional ingredients, if any, were added. 

Another set of solutions was prepared by dissolving an appropriate 
quantity of furosemide in 50.0 ml of 0.2 M aqueous dibasic potassium 
phosphate solution and then adding 10 ml of ethanol and bringing the 
solution to volume (100.0 ml) with propylene glycol. Additional ingre- 
dients, if any, were dissolved before bringing the solution to volume. The 
pH values of these solutions were determined after diluting 5.0 ml to 50.0 

' Generously supplied by Hoechst-Roussel Pharmaceuticals, Somerville, N.J. * Spectroflow monitor 770, Schoeffel Instrument Corp.. Westwood, N.J. 

Percent of Label Claim PHI 
Solution 35 Days 90 Days 170 Days 240 Days (fO.l) 

1 94.7 - 
2 80.9 - 
3 94.8 - 
4 15.3" - 

13 - 100.1 
14 - 100.1c 
15 - 99.4 
16 - 100.7 
17 - 101.1 

5-12b 

93.5 94.5 5.2 
51.8 3.5c 3.3 
88.7 79.3 5.2 
- - 3.0 

99.5 - 8.4 
99.2 - 8.2 
99.4 - 8.4 

100.0 - 8.3 
100.5 - 8.0 

a Crystals were found in the solution, so it was not reassayed. Not studied at 
Color had changed to 50' since they were not stable even at room temperature. 

light yellow. 

ml with water and are reported in Table I. All of the solutions prepared 
are listed in Table I. 

The solutions were divided into two portions, stored at 24 and 50", and 
assayed frequently using the HPLC method reported previously (3), 
except that  the absorbance unit for full-scale deflection was 0.1 instead 
of 0.16 and the injection volume was 20.0 instead of 40.0 pl. The results, 
which were calculated as previously reported (31, are presented in Tables 
I1 and 111. Sample chromatograms are presented in Figs. 1 and 2. 

RESULTS AND DISCUSSION 

For convenience, the results from Solutions 1-12 (Table I), which did 
not contain any propylene glycol, will be discussed first, followed by the 
results from Solutions 13-17 (Table I), which contained 40% (v/v) pro- 
pylene glycol. 

w 
v) 
2 

v) 
w 
II: 

0 

B 
a 

t; 

x 
w 
I- 

I 

A * D 

d 3 0  

I 

L- 

5 
~ ~~ 

Figure 1-Sample chromatograms where peak 1 is from furosemide. 
Key: A, standard solution of I ;  8, solution of I(0.057;) in pH 5 buffer 
after 240 days of storage at 50°: C ,  same as B except that it also con- 
tained 0.2% chlorobutanol; and D ,  same as B except that it also con- 
tained 0.05", I I I .  
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A 

I- u 

z w, - 

I 

B C 

d 3 0  - 
5 

MINUTES 
Figure 2-Sample chromatograms where peak 1 is from furosernide. 
Key: A, solution of I (0.0570) in pH 5 buffer with 0.1 % sodium meta- 
bisulfite after 170 days of storage at room temperature; B, same as A 
except that pH 6 buf fw  was used; and C ,  same as A except that pH 9 
buffer was used. 

Solutions 1-12 (without Propylene Glycol)-The results indicate 
that Solutions 1-12 were not very stable for 170 days either at room 
temperature or a t  50’ (Tables I1 and 111). Furthermore, the additional 
ingredients, ethylenediaminetetraacetic acid, chlorobutanol, or sodium 
metabisulfite, did not improve furosemide stability. In fact, chlorobutanol 
and sodium metabisulfite had an adverse effect on its stability, especially 
when added with pH 5 buffers. This effect may be due to a decrease in 
the pH of the solutions (Table 111). Furosemide is known to be unstable 
at  lower pH values (3). The pH values of most solutions changed after 
storage (Tables I1 and 111). 

The effect of sodium metabisulfite (as the concentration was raised 
from 0.1 to 0.410) on furosemide stability is interesting. In Solutions 4-6 
and 7-9 (Table II), the stability of furosemide improved as the concen- 
tration of sodium metabisulfite was increased, perhaps due to initial 
oxidation of metabisulfite to sulfate by the oxygen present. The sulfate 
ion increased the rate of decomposition (oxidation) of fwsemide.  A 
similar scheme using epinephrine has been reported (5). 

Furthermore, the additional amount of sodium metabisulfite, after 

all of the oxygen was consumed, protected furosemide from the oxidation 
effect of the sulfate ion. This effect also has been reported (5). 

The described effects were not found in Solutions 10-12, probably due 
to their high pH values (Table 11). In these solutions, the effect of pH 
appears to be more prominent. Moreover, in solutions with basic pH 
values, furosemide does not appear to be susceptible to oxidation. The 
same may be true of solutions with pH values above 5.5. 

Crystals of furosemide were found in several solutions after 35 days, 
especially in those kept a t  room temperature (Table 11, Solutions 4-6). 
Furosemide is known to be poorly soluble in aqueous systems, especially 
acidic ones. 

Several other solutions (Solutions 7,9,11, and 12) became discolored 
after 152 days (Table 11). The cause of this discoloration was not deter- 
mined. 

I t  was not possible to treat the data mathematically because of very 
little decomposition (Solutions 1-3) or changes in pH values (Solutions 
4-12). 

Solutions 13-17 (with Propylene Glycol)-Solutions 13-17 proved 
to be very stable a t  both 24 and 50’. Considering experimental errors, 
the results of both temperatures were almost 1 W o  for all solutions at 170 
days (Tables I1 and 111). Furthermore, the pH values of the solutions did 
not change (Tables I1 and 111). However, the addition of cysteine hy- 
drochloride monohydrate (II), ethylenediaminetetraacetic acid, sodium 
sulfite, or their combinations did not improve furosemide stability. Al- 
though the solution containing I1 became discolored, the loss in furo- 
semide potency was negligible. Compound I1 apparently was oxidized 
in this solution. This discoloration did not occur when I1 was present in 
combination with sodium sulfite due to the protection provided by the 
sodium sulfite. Nevertheless, the addition of these ingredients is not 
desirable. In weakly basic solutions, furosemide does not appear to be 
susceptible to oxidation. 

The only critical factor in furosemide stability is the pH of the solution, 
which must he slightly basic and not change on storage. A stable liquid 
dosage form of furosemide can be prepared by dissolving an appropriate 
quantity of furosemide powder in 0.2 M aqueous dibasic potassium 
phosphate solution (50% of the total volume), adding alcohol (10% v/v), 
and bringing the solution to volume with propylene glycol. Since the 
solution did not lose potency a t  50” for -6 months, it should be stable 
for a t  least 2 years a t  room temperature. A panel of three persons ap- 
proved the taste of the product. 
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Abstract 0 Hydrastine, canadine, and berberine were determined by 
the acid-dye technique. At pH 5.6, both the tertiary and the quaternary 
hydrastis alkaloids formed ion-pairs with bromcresol purple. The liber- 
ated hydrastine and canadine from the alkaloid-dye complexes were 
determined spectrophotometrically in the presence of berberine by the 
three-wavelength method of analysis. However, berberine could not be 
assayed successfully by this method due to significant partitioning in the 
aqueous phase during extraction. At pH 7.2, only berberine could ion-pair 
with bromcresol purple to form a chloroform-extractable complex. 
Consequently, the herberine content was analyzed selectively through 
the colorimetric determination of the combined dye a t  580 nm. The 
suitability of the proposed methods was examined through the analyses 
of synthetic mixtures of hydrastis alkaloids and samples of hydrastis 
tincture and liquid extract. Percentage recoveries were 98.2-101.4 for the 
synthetic mixtures and 98.4-101.7 for the tincture and liquid extract 
spiked with berberine. 

Keyphrases 0 Colorimetry-analysis, berberine in pharmaceutical 
preparations and synthetic mixtures of hydrastis alkaloids, effect of pH 
on alkaloid-dye complex formation Spectrophotometry-analyses, 
hydrastine and canadine in pharmaceutical preparations and synthetic 
mixtures of hydrastis alkaloids, effect of pH on alkaloid-dye complex 
formation Hydrastis alkaloids-spectrophotometric and colorimetric 
determinations of alkaloid-dye complexes, effect of pH on complex 
formation Berberine-hydrastis alkaloid, colorimetric determination, 
effect of pH on alkaloid-dye complex formation 0 Canadine-hydrastis 
alkaloid, spectrophotometric determination, effect of pH on alkaloid-dye 
complex formation Hydrastine-hydrastis alkaloid, spectrophoto- 
metric determination of alkaloid-dye complex, effect of pH on complex 
formation 

The active ingredients and therapeutic uses of hydrastis 
were reviewed previously (1). The drug and its prepara- 
tions are official in several pharmacopeias (2). Pharma- 
copeial assay methods for hydrastis rhizome or its liquid 
extract determine the hydrastine content while neglecting 
other alkaloids (3 ,4) .  

BACKGROUND 

The BPC (3) assays for hydrastine involve either a gravimetric step 
(for the liquids) or a titrimetric end-point (for powdered hydrastis). As 
with most gravimetric methods, the residue obtained was found to  be 
impure since more than one spot was revealed by TLC. The titrimetric 
assay suffers from the disadvantage that the end-point is masked by the 
color of the extract. 

The procedure of the French Pharmacopoeia (4) depends on the se- 
lective extraction by ether of hydrastine from the powdered drug after 
alkalinization with ammonia. Stanislas et al. (5) suggested a modification 
of the method in which the extracted hydrastine was determined spec- 
trophotometrically at  295 and 313 nm. However, this modified method 
is relatively time consuming; it requires a t  least 7 hr. 

Paper chromatography followed by colorimetric or spectrofluorometric 
determination was suggested (6, 7) for the assay of hydrastis. Direct 
spectrofluorometric determination of berberine, hydrastine, and canadine 
in synthetic mixtures was attempted by Gaille et al. (8). However, when 
applied to the hydrastis extract, only berberine and canadine could be 
determined by this method. 

Column chromatography followed by spectrophotometric determi- 
nation of hydrastine and berberine in liquid extracts of hydrastis also was 
suggested (9). Berberine and coptisine in coptis rhizome were separated 
by constant-potential electrophoresis followed by fluorescence densi- 
tometry a t  550 nm (10). TLC was used to separate berberine prior to its 

determination as the tetrabromophenolphthalein ethyl ester ion-pair 
(11). Sakai et al. (12) determined berberine in pharmaceutical prepara- 
tions as an ion-pair using 2,6-dichloroindophenol sodium. The ion-pair 
complex was stable for only 30 min. 

The objective of the present work was to devise a simple and sensitive 
method for the determination of hydrastis alkaloids without chromato- 
graphic separation. Although the UV spectra of berberine, hydrastine, 
and canadine suggest that they can be determined spectrophotometrically 
by applying the three-wavelength method, it was possible to estimate only 
hydrastine and canadine in preparations of hydrastis. Because berberine 
is water soluble (1 in 4.51, it could not be determined by this method due 
to its incomplete recovery during extraction. Alternatively, berberine 
was selectively assayed colorimetrically using the acid-dye technique 
since, a t  pH 7.2, neither hydrastine nor canadine formed chloroform- 
extractable complexes with bromcresol purple. 

EXPERIMENTAL 

Materials-McIlvain buffers of pH 5.6 and 7.2 were prepared by 
mixing the required volumes of 0.1 M citric acid and 0.2 M dibasic sodium 
phosphate. Hydrastis liquid extract BPC, hydrastis tincture BPC, and 
analytical reagent grade sodium chloride were used. Hydrastine', cana- 
dine2, and berberine acid sulfate' were used as received. 

Solution Preparation-A berberine stock solution was prepared by 
dissolving 0.25 g of berberine acid sulfate in 100 ml of water. A berberine 
reference solution (1.25 mg %) was prepared by diluting 0.5 ml of the stock 
solution to 100 ml with 1 N HC1. 

The canadine and hydrastine stock solutions were prepared by dis- 
solving 0.2 g of either alkaloidal base in 100 ml of 1 N HCI. The canadine 
and hydrastine reference solutions were prepared by diluting 2 ml of the 
respective stock solution to 100 ml with 1 N HCI. Each reference solution 
contained 4 mg 7% of the alkaloidal base. 

The bromcresol purple solution was prepared by dissolving 50 mg of 
the dye3 in a few drops of 0.1 N NaOH and bringing the solution to 100 
ml with water. 

Methods-Berberine Content of Hydrastis Tincture and Liquid 
Extract-A 5-ml aliquot of hydrastis tincture (or 0.5 ml of hydrastis 
liquid extract diluted to 5 ml with 60% ethanol) was diluted to 1 liter with 
pH 7.2 buffer. A 10-ml aliquot (containing 0.05-0.2 mg of berberine) was 
transferred to a 50-ml separator containing 10 ml of chloroform and 1 ml 
of the dye solution. After shaking for 1 min, the layers were allowed to 
separate completely (15 rnin). 

The chloroform layer was transferred to a second separator, and the 
aqueous layer was reextracted with another 10 ml of chloroform. The 
combined chloroform extracts were shaken for 15 sec with 10 ml of 0.1 
N NaOH to liberate the combined dye. The aqueous layer was transferred 
to a 25-ml volumetric flask. After adjustment to volume, the intensity 
of the color of the solution was measured a t  590 nm. The berberine con- 
tent was determined by assaying a standard berberine solution con- 
comitantly. 

Hydrastine and Canadine Content of Hydrastis Tincture and Liquid 
Extract-Five milliliters of the tincture (or 0.5 ml of the liquid extract 
diluted to 5 ml with 60% ethanol) was diluted to 500 ml with pH 5.6 buffer. 
A 10-ml aliquot (containing 0.2-0.6 mg of total hydrastis alkaloids) was 
transferred to a 50-ml separator containing 1 ml of the dye solution and 
10 ml of chloroform. After shaking for 1 min, the layers were allowed to 
separate completely. 

The chloroform layer was transferred to a second separator, and the 
extraction was repeated with 2 X 10 ml of chloroform. The combined 
chloroform layers were extracted with 10 ml of 0.1 N NaOH for 15 sec, 

Merck, Darmstadt, West Germany. 
Provided by Dr. Peter W. Jeffs, Chemistry Department, Duke University, 
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Table I-Results of Replicate Assays of Hydrastine, Canadine, 
and Berberine in Hydrastis Tincture 

canadine, hydrastine, and berberine, respectively. The subscripts 1,2, 
and 3 refer to the respective wavelengths a t  285,295, and 345 nm. 

Alkaloid Concentration, g 70 (w/v) 
Assav J vdrastinea Berberine 

1 0.229 0.054 0.265 
2 0.227 0.050 0.261 
3 0.218 0.077 0.262 
4 0.223 
5 
6 

0.218 
0.223 

Mean 0.223 

0.052 0.266 ~ .~~ 

0.054 
0.052 
0.056 

~ ~ ~~ 

0.265 
0.262 
0.263 

(1 The hydrastine content found by the BPC method was 0.21 g % (w/v). 

followed by 5 ml of saturated sodium chloride solution. The chloroform 
layer was evaporated on a water bath just to dryness. The residue was 
dissolved in 1 N HCl, transferred to a 25-ml volumetric flask, and brought 
to volume. The absorbances of the final solution together with the 
canadine, hydrastine, and berberine reference solutions were measured 
concomitantly in 1-cm cells a t  285, 295, and 345 nm with a suitable 
~pectrophotometer~ using 1 N HCI as the blank. 

The concentrations of canadine, C,, and hydrastine, cb, expressed in 
gram percent (w/v), were calculated from: 

(a1  - A 3 $ ) h - ( A Z - A a E ) t h  y3 X - X - X -  1 500 100 (Eq.1) 
4 10 5 

C, = 
alp2 - a2P1 

where: 

A 1  = coal CbPl CCYI 

A3 = Ccy3 
A2 = c0a2 Cbt% + c ~ Y 2  

and where A 1, A2, and A3 are the ahsorbances of the final solution at  285, 
295, and 345 nm, respectively, and a, 0, and y are the absorptivities of 

0 . 8 t  ‘9, _........*... . ..........___.. 

I . - I  

5.0 5.4 5.8 6.2 6.6 7 .0  

Figure 1-Effect of pH on extraction of the alkaloid-bromcresol purple 
complex. Key: -, canadine; -.-, hydrastine; and ....., berberine. 

PH 

Beckman model 24 apectrophotometer. 

RESULTS AND DISCUSSION 

The A,,, values were 230 and 345 (berberine), 285 (canadine), and 295 
(hydrastine) nm. Analysis of a synthetic mixture containing 0.2% (w/v) 
hydrastine, 0.05% (w/v) canadine, and 0.25% (w/v) berberine by the 
proposed method gave percentage recoveries of 98.2 and 101.4 for cana- 
dine and hydrastine, respectively. Direct UV estimation was successful 
for berberine in synthetic mixtures. However, in preparations where an 
extraction step was involved, berberine could not be determined suc- 
cessfully (<SO% recovery). This result was due mainly to its partitioning 
between the aqueous and organic phases. 

Table I shows the results of replicate assays of hydrastis tincture for 
hydrastine and canadine by the suggested method. The mean gram 
percent of hydrastine found was 0.223 (f0.004). This result 
compares favorably with the result obtained by the BPC method (0.21% 
w/v). The slightly lower percentage recovery found by the BPC method 
might be attributed to incomplete extraction of hydrastine during the 
assay. For canadine, which oftens represents one-third to one-fourth of 
the hydrastine content, the results showed more scattering (Table I). 

Figure 1 shows the effect of pH on the extractability of alkaloid- 
bromcresol purple complexes for berberine, canadine, and hydrastine. 
The formation of the complexes was strongly pH dependent for canadine 
and hydrastine, with an optimum pH range of 5-5.6. At  pH values above 
7, any complexes formed between canadine and hydrastine and the dye 
were not recovered in the chloroform phase. For berberine, the alka- 
loid-dye complex apparently was formed within the whole pH range 
studied (5.0-7.2), with the complex extractability being only slightly pH 
dependent. 

The selective formation of the berberine-bromcresol purple complex 
a t  pH 7.2 was applied to the assay of this alkaloid in the presence of 
canadine and hydrastine. Replicate assays for berberine in a synthetic 
mixture containing the three alkaloids gave a mean percentage recovery 
(*SD) of 100.7 (* 0.31) for six determinations. Results of the berberine 
assay in the hydrastis tincture are shown in Table I. Recovery experi- 
ments made for hydrastis tincture spiked with various berberine con- 
centrations gave a percentage recovery of 98.4-101.7. 

The proposed procedures have the advantage of being less time con- 
suming, with the assay requiring an average of 1 h ~ .  The BPC procedure 
requires >5 hr and 100 ml of the tincture whereas 0.1 ml is required in 
the proposed method. This paper also presents a sensitive method for 
the assay of berberine in the presence of other tertiary hydrastis alka- 
loids. 
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Abstract  The effect of etidronate disodium on the deformability of 
human sickle cell erythrocytes was determined. A filtration process that 
demonstrated changes in trapping of 51Cr-tagged sickle cells in the fil- 
tration apparatus was used to evaluate drug effects. Compared to the 
nontreated control, etidronate disodium [disodium dihydrogen (l-hy- 
droxyethylidene)diphosphonate] reduced the trapping of sickled cells 
at low concentrations and increased trapping at high concentrations. 
These results indicate that etidronate disodium alters the deformability 
of sickled erythrocytes. 

Keyphrases 0 Etidronate disodium-effect on filterability of sickle cell 
erythrocytes Erythrocytes-sickle cell, effect of etidronate disodium 
on filterability Blood cell membrane-deformability of sickled 
erythrocytes, effect of etidronate disodium 0 Sickle cell anemia-de- 
formability of erythrocytes, effect of etidronate disodium 

Sickle cell anemia has been studied intensively for the 
last decade. It is a unique disease in that its etiology is well 
known. The link between the genetically determined 
structural defect in the hemoglobin molecule and the 
clinical manifestations of the disease make it an excellent 
system for study by molecular biologists. 

BACKGROUND 

Despite the well-understood cause of the disease, some details about 
the sickling process are poorly understood. For example, it was shown 
only recently that the erythrocyte membrane may play an important role 
in the sickling process (1). Measurements of the deformability of eryth- 
rocytes as a function of time after deoxygenation showed that erythro- 
cytes containing sickle cell hemoglobin became less deformable before 
any appreciable gelation of the sickle cell hemoglobin occurred. This 
finding is taken as evidence that the erythrocyte membrane is not only 
abnormal but that  i t  also contributes significantly to the rigidity of the 
sickled erythrocyte. 

One factor considered to be responsible for the abnormal membrane 
rigidity of the sickled erythrocyte is the presence of a high level of calcium 
in the cell (2). This calcium is expected to  bind to the erythrocyte mem- 
brane, altering its deformability much as it does in normal erythrocytes 
(3). Another factor involved in the process is hemoglobin binding to the 
erythrocyte membrane. It was shown that the extent of hemoglobin 
binding to the membrane influences membrane rigidity and that normal 
hemoglobin binds to the sickled erythrocyte membrane to a greater extent 
than to the normal erythrocyte membrane (4). 

Knowledge of the role of the erythrocyte membrane in deformability 
and its association with abnormally high levels of calcium has led to a new 
approach in the search for agents useful for therapeutic treatment of 
sickle cell disease. Investigators have begun looking for compounds that 
alter the calcium content of membranes (1). Anesthetics perform this 
function, and at least one, procaine hydrochloride, was shown to improve 
the filterability (deformability) of sickled erythrocytes (5) .  This approach 
has the potential of producing new and useful compounds for the treat- 
ment of sickle cell disease. 

During early clinical trials of a diphosphonate-based bone scanning 
agent', patients with sickle cell disease had a high soft tissue uptake of 
the scanning agent in their extremities. Since diphosphonates adsorb 
strongly to calcium salts, i t  was suggested that this uptake might be due 
to the adsorption of the scanning agent to calcium in the erythrocytes 
trapped in the extremities. If this adsorption did occur, the deformability 
of the erythrocyte might perhaps be altered by etidronate disodium, 

1 Osteoscan. 

which was the diphosphonate used in the scanning agent. Consequently, 
an investigation was initiated to determine if etidronate disodium alters 
sickle cell erythrocyte deformability. 

EXPERIMENTAL 

The filterability of erythrocyte suspensions generally is accepted as 
a measure of the deformability of the erythrocytes (6). Consequently, 
filterability was chosen as the parameter to determine the effects of eti- 
dronate disodium on deformability. The specific technique was adapted 
from the method of Wagner et al. (4). 

Approximately 10 ml of blood was obtained from individual patients 
with sickle cell anemia whose hematology was well characterized. The 
samples were washed three times in an isotonic buffer solution containing 
107 mM NaCI, 6 mM glucose, 400 mg of albumin/ml, and pH 7.4,30 mM 
phosphate. The cells were tagged with sodium ["'Crlchromate and treated 
with either etidronate disodium2 or potassium cyanate. 

The tagging was accomplished by splitting the sample in thirds. One- 
third of the sample (the negative control) was suspended in the isotonic 
buffer with 50 pCi of sodium [51Cr]chromate and incubated for 1 hr a t  
37'. Another third (the positive control) (2) was suspended in a solution 
containing sodium [51Cr]chromate as described and the same concen- 
trations of glucose, albumin, and phosphate as the standard buffer but 
also containing potassium cyanate. The potassium cyanate concentration 
was varied from one experiment t o  the next, with the isotonicity of the 
solutions maintained by addition of sodium chloride to the buffer. The 
remaining one-third of the sample was suspended in buffer and treated 
in the same manner as the positive control, except that  etidronate diso- 
dium was substituted for potassium cyanate. 

The suspensions then were incubated for 1 hr at 37'. After incubation, 
the cell suspensions were washed three times with the isotonic buffer and 
were suspended in a ratio of 1:9 with unlabeled washed cells from a normal 
healthy donor to a final hematocrit of 1%. At this point, cell suspensions 
were stored overnight at 4". The cells were equilibrated the next day to 
a partial pressure of oxygen of 26 mm Hg at 37' and filtered through 5-pm 

Stirring Motor 

Oxygen equilibration shoTba 1 

Nitrogen 
Air - 

.. . , C Filhotim chornber ckFmHg"ac""m 
lcctrode 

W o k  both ond o l l  
locketad opprotur 

at 370 

Figure 1-Schematic diagram of the filtration apparatus. The eryth- 
rocyte suspension is introduced into the oxygen equilibration chamber 
where the partial pressure of oxygen and temperature are monitored. 
The air-nitrogen mixture is saturated with water and heated to 37' 
before it is introduced into the equilibration chamber. When the system 
is equilibrated (partial pressure of oxygen of 26 mm Hg and temperature 
of 37"), -5 ml of suspension is transferred directly to the filtration 
chamber. Then a 10-mm Hg vacuum differential is applied to the f i l -  
tration system, and the suspension passes through the filter. 
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Table I-Filtration Data for Untreated and Potassium Cyanate- 
Treated Controls and Etidronate Disodium-Treated Cells 

Treatment, Percent of Cells 
Trapped f SD p a  

- _ _ ~  
Treatment mM 

Control 10.8 f 3.9 
Potassium cyanate 10: 0.88 f 0.13 <0.01 
Etidronate disodium 107 18.7 f 4.5 <0.01 
Control 44.3 f 11.4 
Potassium cyanate 107 13.9 f 0.8 <0.01 
Etidronate disodium 10.7 :36.4 f 6.7 <0.11 

Control :31.4 f 5.8 
Potassium cyanate 1 .o 20.2 f 4.8 <0.01 
Etidronate disodium 1 .0 20.6 i 6.8 <0.025 

Control 58.2 f 3,s 
Potassium cyanate 1 .O 50.5 f 11.1 <0. 10 
Etidronate disodium 0.10 44.4 f 5.8 <0.001 

Control 33.6 f 4.5 
Potassium cyanate 107 5.1 f 0.5 <0.001 
Etidronate disodium 0.001 35.5 f 11.0 NS 

~ 

a The p values were determined using a single-tailed Student t test. 

polycarbonate filter disks with a 10-mm Hg pressure differential. The 
filtration apparatus is described in Fig. 1. Following filtration, the filter 
paper and filtrate were counted in a well-type scintillation counter, and 
the percentage of cells that were not deformable enough to pass through 
the 5-pm pores of the filter disk were determined as: 

number of trapped cells 
total number of cells 

%trapping = x 100 

cpm from filter disk 
X 100 (Eq. 1) 

cpm from filter disk + cpm from filtrate 
The percent trapping is taken as a measure of deformability. The larger 
the trapping, the lower is the deformability. 

- 

RESULTS AND DISCUSSION 

The results from five filtration experiments are shown in Table I. The 
values reported are the means (k tsD)  of five filtrations per treatment 
group. The filtrations for all three treatments in each experiment were 
completed on the same day. 

The average trapping for the controls in each experiment varied from 
10.8 to 58.2%. Since the blood samples each came from different donors, 
this variability was not unexpected. I t  may have been due to the differ- 
ence in the sickle cell hemoglobin content or the oxygen affinity of the 
erythrocytes from individual to individual. 

Cyanate is effective in increasing the deformability of sickled eryth- 
rocytes and was included in these experiments as a positive control on 
the procedure (4). The average trapping for the cyanate-treated samples 
was significantly less than the control trapping in each experiment over 
the range of 1.0-107 mM cyanate. Consequently, it is believed that this 
apparatus and these procedures were capable of detecting changes in 
deformability . 

In these experiments, etidronate disodium altered the deformability 
of the sickled erythrocytes. A t  high concentrations (107 mM), the de- 
formability of the erythrocytes was decreased; at  lower concentrations 

-60 
0.001 0.01 0.1 1.0 10.0 100.0 

ETIDRONATE DISODIUM, mM 
Figure 2-Plot of ihe change in f’ilterability of etidronate disodium- 
treated cells compared t o  the nontreated controls. Negative changes 
in trapping indicate increased ceil (membrane) deforrnability, whereas 
positiue changes indicate decreased deforrnability. 

(0.10-10 mM), the deformability of the cells was increased significantly. 
This biphasic response is quite obvious in Fig. 2, although the position 
of the minimum is subject to some uncertainty since different blood 
samples were used at each concentration. This type of biphasic effect is 
unusual but not unique. For example, isoproterenol and the prosta- 
glandins exhibit a biphasic response on erythrocyte deformability. I t  is 
believed that this type of response is produced by the action of the drug 
on specific membrane receptors (7). 

Since filtration experiments generally are considered to be a measure 
of membrane deformability (6), and since etidronate disodium produces 
an effect similar to that produced by the membrane actions of prosta- 
glandin and isoproterenol, it is tempting to conclude that the filterability 
changes seen with etidronate disodium result from an interaction of 
etidronate disodium and the erythrocyte membrane. However, since 
sickle cell hemoglobin gelation is known to influence sickle cell erythro- 
cyte filterability, such a conclusion cannot be reached from this work 
alone. 
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Abstract A radioimmunoassay for the determination of the hypnotic 
flurazepam in plasma was developed. Plasma levels of intact flurazepam 
were measured following oral administration of therapeutic doses to 
humans. The procedure employs an antiserum obtained from a rabbit 
immunized with 3-hemisuccinyloxyflurazepam covalently coupled to 
bovine serum albumin and tritium-laheled flurazepam as the radioligand. 
Assay specificity was achieved by chromatographic isolation of flura- 
zepam from plasma extracts on Sephadex LH-20 prior to analysis. The 
method has a sensitivity limit of 0.1 ng of flurazepam/ml using a 1-ml 
plasma sample, and the intra- and interassay coefficients of variation did 
not exceed 9% over a range of 0.1-5 ng/ml. In eight subjects who received 
a single 30-mg dose of flurazepam, peak plasma concentrations of 0.5-3.0 
ng of intact drug/ml were reached after 0.5-1 hr, except in one subject 
where the peak occurred at  4 hr. The plasma concentrations of flurazepam 
declined with a harmonic mean apparent half-life of 2.3 hr. 

Keyphrases 0 Flurazepam-radioimmunoassay, plasma levels in hu- 
mans 0 Radioimmunoassay-flurazepam, plasma levels in humans 0 
Hypnotic agents-flurazepam, radioimmunoassay, human plasma 

Flurazepam hydrochloride' (Table I) was synthesized 
by Sternbach et al. (1) and now is the most widely pre- 
scribed hypnotic agent for the treatment of insomnia in the 
United States (2). Studies on the biotransformation of 
flurazepam in humans and dogs have shown that the drug 
is metabolized extensively (3). The major metabolite in 
human plasma is N-1-desalkylflurazepam (Table I). In- 
travenous studies (3) of the elimination of flurazepam in 
dogs showed that the blood levels of the intact drug dis- 
appeared rapidly (half-life of 1.4 hr). 

BACKGROUND 

Kaplan et al. (4) used a fluorometric assay to study the blood level 
profile of the major flurazepam metabolites in humans following chronic 
dosage. This procedure requires a two-stage derivatization process in- 
volving acid hydrolysis of flurazepam and its metabolites to their re- 
spective benzophenones followed by cyclization to the 9-acridinone de- 
rivatives. The derivatives then are separated by TLC and are analyzed 
by a spectrofluorometric procedure. However, the levels of the intact drug 
were below the assay sensitivity and could not be measured. 

More recently, an electron-capture GLC assay was developed by de 
Silva et al. (5) with sufficient sensitivity to measure the intact N-l-  
desalkyl metabolite. While this method is useful for toxicological work 
and measurement of the major metabolite present in plasma, it lacks 
sufficient sensitivity to measure the intact drug after administration of 
therapeutic doses. Thus, the plasma level profile and the apparent 
half-life of flurazepam in humans have not been established. 

The present report describes the development of a radioimmunoassay 
to determine the plasma levels uf intact flurazepam in humans following 
a single 30-mg oral dose. 

EXPERIMENTAL 

Preparat ion of Immunogen-3-Hydroxyflurazepam (Table I) was 
refluxed with succinic anhydride in dichloromethane containing trieth- 
ylamine to yield the desired hapten, 3-hemisuccinyloxyflurazepam (Table 
I), which was coupled covalently to bovine serum albumin by the mixed 
anhydride procedure of Erlanger et al. (6). The resulting conjugate was 

Flurazepam hydrochloride is the active drug substance in Dalmane. Its chemical 
structure is 7-chloro-l-[2-(diethylamino)ethyl)-5-(o-fluorophenyl)-l,3-dihydro- 
2H-1,4-benzodiazepin-2-one dihydrochloride. 

Table I-Flurazepam, the Hapten 3- 
Hemisuccinyloxyflurazepam, and the Cross-Reac tivity of 
Metabolites Present  in Plasma 

6JF 
Cross- 

Re - 
activ- 

Compound Ri R2 ity, % 

Flurazepam 

3-Hydroxy flurazepam 

3-Hemisuccinyloxyflur- 

Monodesethylflur- 

Didesethylflurazepam 
N- 1 -Hydroxyethylflur- 

azepam 

azepam 

H 

OH 

OCO(CH2)z- 

H 
COOH 

H 
H 

100 

- 

- 

17.0 

3.5 
<1.0 

azepam 

azepam 
N-l-Desalkylflur- H H <1.0 

dialyzed against 0.05 M NaHC03 followed by dialysis against distilled 
water and isolated by lyophilization. UV analysis of the immunogen (6) 
indicated that -18 moles of the hapten was covalently linked to 1 mole 
of albumin. 

Immunization and  Antibody Production-A female New Zealand 
White rabbit was immunized intradermally and boosted intravenously 
as described previously (7). Serum was collected a t  monthly intervals and 
stored a t  -20". The antiserum obtained following the second booster 
immunization was used throughout this study. The antiserum was diluted 
1:2000 with assay buffer2 prior to use. 

Extraction of Flurazepam from Plasma-Plasma (1 ml) was buf- 
fered to pH 9 with 1 ml of 1 M borate buffer and extracted twice with 5 ml 
of hexane3 on a reciprocating shaker for 15 min. The combined hexane 
extracts were evaporated to dryness in a 15-ml conical tube a t  40" under 
nitrogen, and the inside wall of each tube was rinsed down with 1 ml of 
hexane. Duplicate control plasma samples and internal standards con- 
taining 0.125,0.5, and 1 ng of flurazepam/ml were processed along with 
the unknowns. . 

Column Chromatography of Plasma Extracts-Prepacked col- 
umns containing 1 g of Sephadex LH-204 were washed first with methanol 
and then equilibrated with hexane-benzene-methanol(96:5:4). 

Each plasma extract was dissolved in 0.2 ml of the solvent system, 
applied to the top of column, and allowed to percolate into the bed. The 
tube was rinsed with another 0.5-ml portion of the solvent and transferred 
to the column. The column was developed using the solvent system, and 
the first 3.5 ml of eluate (which previously was shown to be devoid of 
flurazepam) was discarded. The next 5 ml of eluate containing the flu- 
razepam was collected in a 20-ml glass scintillation vial and evaporated 
to dryness under nitrogen a t  40'. The residue was dissolved in 0.5 ml of 
the assay buffer, and the vial was capped and incubated for 1 hr a t  37" 
to obtain maximum dissolution of flurazepam prior to radioimmuno- 
assay. 

* Assay buffer is Dulbecco phosphate-buffered saline (GIBCO, Grand Island, 
NY 14072). 

Hexane is UV grade, Burdick & Jackson Laboratories, Muskegan, Mich. 
Isolab, Akron, OH 44321. 
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Table 11-Plasma Concentrations (Nanograms per  Milliliter) of Flurazepam in Eight Human Subjects following a 30-mg Oral  Dose 

Subject 
Hour 1 2 3 4 5 6 7 8 
0.0 NM NM NM NM N M  NM NM NM 
0.5 1 .OO 0.30 0.15 1 .oo 0.14 1.80 0.24 NM 
1 .o 0.80 1.10 0.80 1.40 0.75 3.00 0.50 NM 

2 .0 0.70 0.50 
3.0 0.50 0.40 
4.0 0.30 0.25 

6.0 0.17 NM 

2 .0 0.70 0.50 
3.0 0.50 0.40 
4.0 0.30 0.25 

6.0 0.17 NM 

0.30 
0.40 0.75 0.40 0.60 0.24 NM 
0.30 0.45 0.30 0.80 0.20 0.35 
0.20 0.40 0.20 0.30 0.19 0.61 

0.10 0.28 0.17 0.20 0.12 0.27 
0.12c 0.27c 

0.14d 
8.0 NM NM NM 0.16 N M  0.16 NM NM 

The reported concentrations are based on duplicate analyses of each plasma sample. NM = not measurable. * At 1.5 hr. A t  5 hr. A t  7 hr. 

Radioimmunoassay-A calibration curve was generated by adding 
[3H]flurazepam5 (15,000 dpm) in 0.1 ml of buffer to duplicate 12 X 75-mm 
disposable glass culture tubes containing 0.03-2 ng of flurazepam in 0.2 
ml of buffer. Following preparation of the standards, duplicate 0.2-ml 
aliquots of the reconstituted unknown flurazepam fractions were added 
to tubes containing 0.1 ml of the (3H]flurazepam. Then the diluted an- 
tiserum (0.2 ml) was added to all tubes, except the nonspecific-binding 
control specimen to which was added 0.4 ml of buffer. 

Each tube was mixed gently on a vortex mixer and allowed to stand 
at  room temperature for 1 hr. Following the incubation, the antibody- 
bound radioligand was separated from the unbound fraction by precip- 
itation with saturated ammonium sulfate (7). After the pellet was dis- 
solved in 0.4 ml of water and 3 ml of scintillator6 to give a clear solution, 
radioactivity in each tube was quantified in a modified liquid scintillation 
counter as described previously (8). 

The calculation of the unknown flurazepam levels was performed by 
interpolation from a logit-log standard curve. 

Determination of Assay Blank-One-milliliter aliquots of pooled 
normal human control plasma were extracted and chromatographed as 
described previously on eight separate columns. A separate control col- 
umn was developed in the absence of any plasma extract. The fraction 
containing flurazepam eluate from each column was reconstituted with 
0.5 ml of buffer and then analyzed by the radioimmunoassay. 

Recovery of Flurazepam from Human Plasma-Various concen- 
trations (0.125-5 ng) of unlabeled flurazepam were added to the control 
human plasma, incubated for 30 min at  37’ and then stored at  -20’ until 
they were assayed. Then 1 ml of each plasma standard was extracted and 
chromatographed as described previously and analyzed by the radio- 
immunoassay. 

RESULTS AND DISCUSSION 

Radioimmunoassay Characteristics-The antiserum bound 50% 
of the radioligand at  a final dilution of 1:5000 in a 0.5-ml incubation 
volume. A logit-log plot of BIB0 (percent) versus concentration of un- 
labeled flurazepam gave a linear response between 0.03 and 2 ng, where 
B and Bo are the amounts of antibody-bound radioligand in the presence 
and absence of the unlabeled drug, respectively, following correction for 
nonspecific binding. A typical calibration curve had a slope of -0.98 with 
a correlation coefficient of 0.99. Repeated analyses of the 0.03-ng standard 
gave a BIB0 value of 87%; the working sensitivity of the procedure was 
-0.1 ng of flurazepam/ml using a 1-ml plasma sample. 

Blank values for eight 1-ml aliquots of control plasma following the 
extraction and chromatographic procedures were well below (mean BIB0 
= 95 f 2%) the detection limit while the recovery of internal standards 
over the range of 0.1-5 ng of flurazepamIm1 averaged 82.5 f 3%. 

The intra- and interassay coefficients of variation were determined 
by repeated analysis of six randomly selected plasma samples from 
subjects who had received a single 30-mg oral dose of flurazepam over 
a 6-week period. The coefficients of variation did not exceed 9% over a 
range of 0.1-1.6 ng of flurazepam/ml. 

[3HjFlurazepam, with a specific activity of 27 Cihmole, WBS stored as the free 
Aquasol, New England Nuclear, Boston, MA 02118. 

base in toluene at -20’. 

Radioimmunoassay Specificity-The specificity of the antiserum 
initially was evaluated by cross-reactivity studies involving all of the 
flurazepam metabolites known to be present in plasma (3). The mono- 
and didesethyl metabolites exhibited a cross-reactivity of 17 and 3.7%, 
respectively, while the other possible competitors cross-reacted less than 
1% (Table I). As the large substituent a t  the N-1 position of flurazepam 
was progressively metabolized to the N-desalkyl metabolite, cross-re- 
activity decreased, indicating that the substituent a t  N-1 on the hapten 
is a major antigenic determinant. 

In view of the cross-reactivity of both the mono- and didesethyl me- 
tabolites, a specific assay for flurazepam in plasma could not be developed 
without first separating i t  from its metabolites. Therefore, column 
chromatography on Sephadex LH-20 was employed. The elution profile 
of flurazepam was determined as described previously. Under these 
conditions, the plasma metabolites are not eluted from the column, thus 
providing a rapid and reproducible procedure for separating flurazepam 
from its interfering metabolites. 

Plasma Flurazepam Levels in  Humans-The method was applied 
to the analysis of plasma samples from eight subjects who received single 
30-mg doses of the drug. Peak plasma concentrations of intact flurazepam 
were reached after 0.5-1 hr in seven subjects and a t  4 hr in one subject 
(Table 11). Although the data could not be used for detailed phar- 
macokinetic analysis, the intact drug had a harmonic mean apparent 
half-life in plasma of 2.3 hr. 

This study demonstrates that, although orally administered flura- 
zepam undergoes extensive first-pass metabolism to yield N-l-desalk- 
ylflurazepam as its major metabolite in plasma, some intact flurazepam 
does reach the peripheral circulation. The extent to which intact flura- 
zepam contributes to the hypnotic activity of the drug is unknown. 
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Abstract A GLC method, employing a nitrogen-phosphorus-sensitive 
detector, is described for the analysis of mepivacaine, bupivacaine, eti- 
docaine, lidocaine, and tetracaine in biological fluids. The method is 
simple, reliable, and sensitive, with a practical limit of sensitivity of -2.5 
ng/ml, well below therapeutic plasma levels. Extensive start-up proce- 
dures and sample preparation are not required. 

Keyphrases GLC-analysis, mepivacaine, bupivacaine, etidocaine, 
lidocaine, and tetracaine in biological fluids 0 Anesthetics, local-si- 
multaneous GLC analysis of mepivacaine, bupivacaine, etidocaine, li- 
docaine, and tetracaine in biological fluids 0 Mepivacaine-simulta- 
neous GLC analysis with bupivacaine, etidocaine, lidocaine, and tetra- 
caine in biological fluids Bupivacaine-simultaneous GLC analysis 
with mepivacaine, etidocaine, lidocaine, and tetracaine in biological 
fluids Etidocaine-simultaneous GLC analysis with mepivacaine, 
bupivacaine, lidocaine, and tetracaine in biological fluids Lido- 
caine-simultaneous GLC analysis with mepivacaine, bupivacaine, eti- 
docaine, and tetracaine in biological fluids Tetracaine-simultaneous 
GLC analysis with mepivacaine, bupivacaine, etidocaine, and lidocaine 
in biological fluids 

GLC has been the method of choice for the quantitative 
analysis of basic drugs in biological media for many years. 
Goehl and Davison (1) reported a method, developed in 
these laboratories, for the analysis of meperidine by GLC 
with flame-ionization detection; an improved, general 
flame-ionization GLC method for basic drugs was de- 
scribed by Mather and Tucker (2). Other methods for basic 
drugs, based on GLC with various detectors, have been 
published (3-10). The most sensitive methods utilize 
GLC-mass spectrometry (11,12). 

This paper describes a GLC method, employing a ni- 
trogen-phosphorus-sensitive detector, that was used to 
determine mepivacaine, bupivacaine, etidocaine, lidocaine, 
and tetracaine in various biological fluids including plas- 
ma, cerebrospinal fluid, placental blood, and umbilical 
cord blood. It has proven to be facile, dependable, and 
equally applicable to a single sample or a large number of 
samples. Start-up time is minimal, and the sensitivity of 
the assay is several times greater than that of other re- 
ported GLC methods and is comparable to reported 
GLC-mass spectrometry methods. 

EXPERIMENTAL 

Reagents-Bupivacaine hydrochloride', mepivacaine hydrochloride2, 
etidocaine hydrochloride3, reagent grade ether, methanol, hydrochloric 
acid, and sodium hydroxide were used as received. 

Apparatus-The gas-liquid chromatograph4 was fitted with a ni- 
trogen-phosphorus detector. Columns (122 and 183 cm) packed with 
OV-1 or OV-17 on 100-120-mesh Ultrabonds or on 100-120-mesh Gas 

~ 

Marcaine Hydrochloride, Sterling-Winthrop Research Institute, Rensselaer, 

Carbocaine Hydrochloride, A. B. Bofors, Nobelkrut, Sweden. 
Duranest Hydrochloride, Astra Pharmaceutical Products, Worchester, 

Model 5710A. Hewlett-Packard, Palo Alto, Calif. 
RFR Corp., Hope, R.I. 

N.Y. 

Mass. 

mepivacaine 

FH3 

FH3 

CH3 
lidocaine 

bupivacaine 

tetracaine 

F H 3  

etidocaine 
Chrom Q6 were used, depending on the resolution required. Typical op- 
erating parameters were: column temperature, 200 or 250'; injector 
temperature, 300"; detector temperature, 350'; helium carrier gas flow, 
35 ml/min; hydrogen detector gas flow, 5 ml/min; air detector gas flow, 
50 ml/min; and detector bead voltage, 20 v. 

Procedure-To a 12-ml, round-bottom centrifuge tube fitted with 
a fluoroplastic-lined screw cap were added 1.0 ml of plasma, 25 p1 of the 
internal standard solution (10 pg/ml in methanol), and 5.0 ml of ether. 
The tube was shaken on a horizontal shaker for 10 min and centrifuged. 
After the aqueous layer was frozen in a dry ice-acetone bath, the ether 
layer was transferred to a clean 12-ml centrifuge tube and treated with 
0.2 ml of 1.0 N HCI. The tube was shaken, centrifuged, and frozen as 
before, and the ether phase was discarded. 

Following the addition of 0.2 ml of 2.0 N NaOH, the aqueous phase was 
extracted with 5.0 ml of ether and frozen. The ether phase was decanted 
into a 6-ml, glass-stoppered conical tube and dried a t  50' with a gentle 
stream of dry air. The residue was dissolved in 50 rl of methanol, and 1.0 
pl of the solution was analyzed by GLC. 

For the analysis of related esters, such as tetracaine, hydrolysis of the 
ester function must be prevented (13) by: ( a )  utilizing sodium arsenite 
(50 mg/ml of blood) as an esterase inhibitor, and ( b )  eliminating the 
back-extraction step. 

RESULTS AND DISCUSSION 

Figure 1 is a chromatogram, obtained with 3% OV-17 on Ultrabond, 
of a sample containing equal amounts of etidocaine, bupivacaine, and 
mepivacaine. Figure 2 shows chromatograms, obtained with 10% OV-1 
on Gas Chrom Q, of a blank plasma standard, a 0.2-pg/ml plasma stan- 
dard, and a clinical plasma sample using bupivacaine as an internal 

~~ ~~ ~~ 

Applied Science Laboratories, State College, Pa. 
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Figure I-Direct injection o f  10 ng each of bupiuacaine, mepiuacaine, 
and etidocaine Chromatographic conditions included a 122-cm X 2-mm 
( i d . )  column packed with 3% OV-I7 on 100-120-mesh Ultrabond, an 
injector temperature of 3OOo, a column temperature of 2W0, a detector 
temperature of 350°, a carriergas flow rate of 35 mllmin, and detector 
gases of hydrogen and air at flow rates of 5 and 50 mllmin, respec- 
tiuely. 

standard for etidocaine. The resolution obtained from the different 
columns is more of a function of the efficiency of the column, the carrier 
gas flow rate, and the temperature than of the stationary phase used. This 
effect is an added advantage since a particular column is not required, 
depending on the resolution requirements. 

The plasma sample represented in Fig. 2C was one of 72 samples in a 
study involving anephric patients. The large peak eluting just after bu- 
pivacaine in this chromatogram was seen in the plasma of all of the pa- 
tients studied but was not observed in the standards. Similar peaks, ob- 
served in samples collected in tubes with rubber stoppers, were identified 
by mass spectral analysis as the plasticizer tributoxyethyl phosphate. 
This phenomenon was reported by previous investigators (14), and it did 
not interfere with the analysis. By avoiding this plasticizer, the analysis 
time can be shortened; if high sensitivity is not required, the back-ex- 
traction step in sample preparation can be eliminated. 

The analytical method works equally well for mepivacaine, bupiva- 
caine, etidocaine, lidocaine, and tetracaine. However, tetracaine is hy- 
drolyzed rapidly by plasma pseudocholinesterase, making its detection 
after normal doses extremely difficult (13). The minimum quantifiable 
level, defined as the concentration whose lower W o  confidence limit just 

I l l  

inj. 1 2 3 inj: 1 2 3 
MINUTES 

I I  
inj. 1 2 

\ 
I 
3 

Figure 2-Analysis of etidocaine extracted from plasma with bupiua- 
caine (250 nglml) as the internal standard. Key: A, plasma blank (a t -  
tenuution 128); B, 200 nglml of plasma standard (attenuation 1%); and 
C ,  clinical sample (attenuation 256). Chromatographic conditions in- 
cluded a 183-cm X 2-mm ( i .d . )  column packed with 10% OV-I on 
100-120-mesh Gas Chrom Q, an injector temperature of 3W0, a column 
temperature of25Oo, a detector temperature of 350°, a carriergas (he- 
lium) flow rate of35 mllmin, and detector gases of hydrogen and air at 
flow rates of 5 and 50 mllmin, respectiuely. 

encompasses zero7, was -20 ng/ml for each of the five drugs when du- 
plicate standards of 0 and 50-500 nglml of the drug were used to produce 
the calibration curve. The minimum quantifiable level is dependent on 
the concentrations of the standards used, and lower values can be gen- 
erated by using lower concentration standards. For example, a minimum 
quantifiable level of 0.8 nglml was calculated using duplicate mepivacaine 
standards of 0 and 2.5-20 nglml in plasma with bupivacaine as an internal 
standard. The practical limit of sensitivity is 2.5 ng/ml, with the size of 
the solvent front as the limiting factor. The standard error of the assay, 
calculated from the pure error term of the least-squares fit of the stan- 
dards for three assays, using standards of 0 and 50-500 nglml was f 2  
ng/ml. 

The described method has proven to be simple, reliable, and sensitive, 
giving a linear response in the analysis of mepivacaine, bupivacaine, 
etidocaine, lidocaine, and tetracaine. Any of these compounds can be used 
as an internal standard for one or all of the others. Except for tetracaine, 
the sensitivity of the assay is well below that required to determine 
therapeutic levels and, for specific applications, can be extended to 
somewhat lower levels. Previously, this sensitivity was possible only 
through GLC-mass spectrometry. Since extensive start-up procedures 
and sample pretreatment are not required, the method is equally appli- 
cable to a single sample or numerous samples. It has been used to analyze 
plasma, cerebrospinal fluid, placental blood, and umbilical cord blood 
for drug concentrations. 

7 R. W. Ross, Jr., and H. Stander, paper presented at the Princeton Conference 
on Applied Statistics, Dec. 1975. 
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Abstract The in uitro dissolution and GI absorption of various sieve 
fractions of proquazone were studied (particle-size ranges of 45-74, 
160-300, and 500-1000 pm). The dissolution rates of preparations F45, 
F160, and F500 were determined in uitro in a flow-through assembly in 
artificial gastric juice at  37O. The time required for 63% of the maximum 
amount of soluble drug to pass into solution was characterized by the 
dissolution variable 7 ~ .  The in uitro dissolution rates for the preparations 
differed significantly in the order TD,F45 < TD,F160 < TD,FW. After oral 
administration of 300 mg of the fractions to each of eight rhesus monkeys, 
the area under the plasma level-time curve (AUC) differed significantly 
in the order A U C F ~ ~  > A U C F I ~  > A U C F ~ .  The dissolution rate in- 
creased with decreasing particle size. The AUC increased with decreasing 
particle size and with increasing dissolution rate. These results indicate 
that the dissolution rate probably determines the extent of absorption 
when dissolution is rate limiting. 

Keyphrases 0 Proquazone-effect of particle size on area under the 
curve 0 Dissolution rate, in uitro-proquazone, dependence on particle 
size 0 Particle size-proquazone, effect on in uitro dissolution rate 

After oral administration of solid dosage forms, ab- 
sorption from the GI tract can be described as a sum of two 
consecutive transport processes: ( a )  dissolution of the drug 
from the dosage form (which produces a solution, micelles, 
or a solubilized entity), characterized by the dissolution 
rate constant kl for dissolution in uiuo; and ( b )  transport 
of the drug to and through the intestinal membranes and 
its penetration into the general circulation, characterized 
by the total absorption rate constant k2. 

It is possible to distinguish between two fundamentally 
different cases (1): either the dissolution proceeds more 
slowly than the absorption (kl < k2), or the absorption 
proceeds more slowly than the dissolution (kl > k2). When 
kl < kz, it should be possible to increase the absorption 
rate by increasing k 1 through a reduction in the particle 
size (2). When kl > k2, a reduction in the particle size 
cannot affect the absorption rate. 

The effect of particle size on relative absorbability has 
been demonstrated for several drugs, e.g., griseofulvin (3), 
tetracycline (4), tolbutamide (5), and benoxaprofen (6). 
There also have been reviews on this subject (7-9). The 
relationship between particle surface area and GI ab- 

‘Ck 
I 

I 

sorption holds when absorption is dissolution rate limited, 
i.e., when kl < k2. For example, for proquazone, with a 
saturation solubility of 0.1% in artificial gastric juice, the 
area under the curve as a function of particle size and as 
a function of the in uitro dissolution rate was investigated. 
Proquazone’ (I) is a quinazolidine anti-inflammatory 
drug. 

EXPERIMENTAL 

The experimental preparation was crystallized from ethyl acetate. A 
sonic sifter2 followed by an air-jet sieve3 was used to fractionate the 
product into the following ranges: 45-74 pm (F45), 160-300 pm (F160), 
and 500-1000 pm (F500). Care was taken to ensure that the particle-size 
ranges did not overlap. The experimental fractions were packed by hand 
in hard gelatin capsules for oral administration. The packing appeared 
to  be very loose when the content was inspected. 

The measurement of the dissolution rate was carried out in a flow- 
through assembly at  a rate of 33 ml/min and a t  37O (10). The solvent 
consisted of 0.082 N HCl and 0.034 M NaCl a t  pH 1.2. Samples were 
drawn after 5, 10, 15,20, 25, 30, 45, 60,90, 120, 180, and 240 min. The 
concentration of free drug was determined spectrophotometrically at  232 
nm. 

Male rhesus monkeys (Macaca mulatta),  -3 years old and 8-10 kg, 
received no food for a period extending from 20 hr before administration 
to 4 hr after it, but they had free access to water. A 300-mg proquazone 
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Abstract The in uitro dissolution and GI absorption of various sieve 
fractions of proquazone were studied (particle-size ranges of 45-74, 
160-300, and 500-1000 pm). The dissolution rates of preparations F45, 
F160, and F500 were determined in uitro in a flow-through assembly in 
artificial gastric juice at  37O. The time required for 63% of the maximum 
amount of soluble drug to pass into solution was characterized by the 
dissolution variable 7 ~ .  The in uitro dissolution rates for the preparations 
differed significantly in the order TD,F45 < TD,F160 < TD,FW. After oral 
administration of 300 mg of the fractions to each of eight rhesus monkeys, 
the area under the plasma level-time curve (AUC) differed significantly 
in the order A U C F ~ ~  > A U C F I ~  > A U C F ~ .  The dissolution rate in- 
creased with decreasing particle size. The AUC increased with decreasing 
particle size and with increasing dissolution rate. These results indicate 
that the dissolution rate probably determines the extent of absorption 
when dissolution is rate limiting. 

Keyphrases 0 Proquazone-effect of particle size on area under the 
curve 0 Dissolution rate, in uitro-proquazone, dependence on particle 
size 0 Particle size-proquazone, effect on in uitro dissolution rate 

After oral administration of solid dosage forms, ab- 
sorption from the GI tract can be described as a sum of two 
consecutive transport processes: ( a )  dissolution of the drug 
from the dosage form (which produces a solution, micelles, 
or a solubilized entity), characterized by the dissolution 
rate constant kl for dissolution in uiuo; and ( b )  transport 
of the drug to and through the intestinal membranes and 
its penetration into the general circulation, characterized 
by the total absorption rate constant k2. 

It is possible to distinguish between two fundamentally 
different cases (1): either the dissolution proceeds more 
slowly than the absorption (kl < k2), or the absorption 
proceeds more slowly than the dissolution (kl > k2). When 
kl < kz, it should be possible to increase the absorption 
rate by increasing k 1 through a reduction in the particle 
size (2). When kl > k2, a reduction in the particle size 
cannot affect the absorption rate. 

The effect of particle size on relative absorbability has 
been demonstrated for several drugs, e.g., griseofulvin (3), 
tetracycline (4), tolbutamide (5), and benoxaprofen (6). 
There also have been reviews on this subject (7-9). The 
relationship between particle surface area and GI ab- 

‘Ck 
I 

I 

sorption holds when absorption is dissolution rate limited, 
i.e., when kl < k2. For example, for proquazone, with a 
saturation solubility of 0.1% in artificial gastric juice, the 
area under the curve as a function of particle size and as 
a function of the in uitro dissolution rate was investigated. 
Proquazone’ (I) is a quinazolidine anti-inflammatory 
drug. 

EXPERIMENTAL 

The experimental preparation was crystallized from ethyl acetate. A 
sonic sifter2 followed by an air-jet sieve3 was used to fractionate the 
product into the following ranges: 45-74 pm (F45), 160-300 pm (F160), 
and 500-1000 pm (F500). Care was taken to ensure that the particle-size 
ranges did not overlap. The experimental fractions were packed by hand 
in hard gelatin capsules for oral administration. The packing appeared 
to  be very loose when the content was inspected. 

The measurement of the dissolution rate was carried out in a flow- 
through assembly at  a rate of 33 ml/min and a t  37O (10). The solvent 
consisted of 0.082 N HCl and 0.034 M NaCl a t  pH 1.2. Samples were 
drawn after 5, 10, 15,20, 25, 30, 45, 60,90, 120, 180, and 240 min. The 
concentration of free drug was determined spectrophotometrically at  232 
nm. 

Male rhesus monkeys (Macaca mulatta),  -3 years old and 8-10 kg, 
received no food for a period extending from 20 hr before administration 
to 4 hr after it, but they had free access to water. A 300-mg proquazone 
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Table I-In Vitro Dissolution Rate  (Percent  Dissolved) at a 
Given Time 

F45 F160 F500 
Minutes Mean" SDb Mean SD Mean SD 

5 8.6 4.4 4.2 1.2 2.5 0.6 
10 43.1 2.9 18.1 1.4 6.8 0.7 
15 68.6 4.1 21.9 2.0 10.8 0.7 
20 81.5 4.0 30.5 2.2 14.9 1.1 
25 85.5 3.7 38.3 2.0 18.9 1.3 
:30 88.6 3.2 45.4 2.5 22.9 1.5 
45 93.2 2.4 61.9 2.2 33.0 1.9 
60 95.6 2.3 73.9 1.8 46.9 10.2 
I)( ) 97.6 2.0 88.2 1.3 60.7 8.5 

120 97.7 2.7 94.8 1.0 6 8 5  2.6 
180 97.6 2.3 98.7 0.6 83.8 1.8 
240 96.7 2.6 99.2 1.0 91.7 2.3 

70, inin' 8.5 1.2 42.8 2.9 93.1 9.8 

Values for the time where 6370 
of the maximum amount of soluhle drug passes into solution were ohtained using 
the Weiholl distribution. This distribution is a general linearization function that 
w a s  described for dissolution rate curves (17). The T I )  values were estimated ac- 
cording to a plot that was obtained using the published empirical lunction (14) and. 
therd'ore, may not necessarily correspond to the experimental timing where 639% 
0 1  the drug was dissolved. 

" 'I'hreo determinations. * Standard deviation. 

capsule was administered to each animal orally by provoking a swallowing 
reflex with the finger. The capsule was rinsed down with 5 ml of tap water. 
Blood, 2.5 ml, was drawn a t  0,0.33, 0.66, 1, 1.5, 2, 2.5, 3,4,6,8,  and 24 
hr. 

The fluorometric method detected the unchanged compound and the 
7-hydroxymethyl metabolite in the plasma. The plasma concentration 
I S  expressed in nanogram equivalents of proquazone per milliliter. By 
the addition of 2 N sodium carbonate, the alkaline plasma sample (1 ml) 
was extracted into n-heptane. This sample was reextracted into 5 N 
aqueous HCI. The compound was excited at  326 nm, and its emission was 
measured a t  510 nm. 

For the in uitro dissolution experiments, the homogeneity of the mean 
values was tested by simple analysis of variance and the differences be- 
tween mean values were tested by the Student-Newman-Keuls test 
(11). 

The plan for the experiments in laboratory animals was arranged ac- 
cording to two independent random designs based on 4 X 4 Latin squares. 
Since another proquazone preparation had to be tested, it was included 
i n  the experimental design but was not evaluated further. The homoge- 
neity of the mean values was tested by analysis of variance for repeated 
1,atin squares (12), and the distinction between mean values was verified 
hy Tukey's test (13). 

RESULTS AND DISCUSSION 

The experiments on the dissolution rate were evaluated by means of 
the dissolution variable 7 D  (14). The T D  value is the time in minutes 
during which 63% of the maximum amount of soluble drug passes into 
solution. 

1 3.7 

2.9' 
1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 

LOG MEAN PARTICLESIZE, prn 

Figure 1-Linear relationship between the logarithm of the mean value 
of the area under the plasma leuel-time curve (AUC) and the logarithm 
of the mean value of the particle size for preparations F45 (45-74 pm, 
n), F160 (160-300 pm, O), and F500 (500-1000 pm, A). 

In the experiments in rhesus monkeys, three of the animals had to be 
replaced. The influence of the particular animal was negligible in com- 
parison with the clearly significant effect of the product; i.e., the variance 
component caused by the animals was about three times less than that 
caused by the product. Blood samples could only be obtained up to a 
maximum period of 24 hr because of sampling difficulties. Therefore, the 
area under the plasma concentration-time curve ( A  U C )  was integrated 
up to 24 hr employing the trapezoidal rule. 

The fluorometric analysis was carried out on plasma samples on the 
assumption that there was a constant distribution of the drug and me- 
tabolites between plasma and blood cells. From in uitro binding experi- 
ments using human blood, the quantity of drug and metabolites bound 
to blood cells was known to amount to -20%. To comply with the con- 
ditions necessary for the analysis of variance, the figures for the AUC were 
submitted to a logarithmic transformation. Because of the small number 
of particle-size ranges investigated, no attempt was made to establish 
quantitative correlative equations. Nalimov's test was applied to the 
measurements to detect outliers before statistical analysis (15). Signifi- 
cant outliers (p  < 0.01) were replaced by the next highest or the next 
lowest value ( I  6). 

Table I shows that the in uitro dissolution rate increased with de- 
creasing particle size. The statistical analysis of the dissolution variable, 
TD,  of preparations F45, F160, and F500 yielded the following significant 
series (p = 0.01): Tg,F45 < 7 g , F ] m  < TD,FW.  By calculation, log T D  for F45, 
F160, and F500 for the particle-size ranges investigated was a linear 
function of the logarithm of the mean particle size. 

The mean plasma level-time profile (Table 11) shows characteristic 
differences. Preparation F45 yielded a peak value (1217 ng equivalents/ 
ml) at 1.5 hr, and this value was much higher than those obtained for F160 
and F500, which were 159 ng equivalents/ml a t  4 hr and 83 ng equiva- 
lents/ml a t  1 hr, respectively. From this result, it can be concluded that 
the relationship between the plasma level and particle size is particularly 

Table  11-Mean Plasma Level Data a (Nanogram Equivalents 
per  Milliliter) for Proquazone 

F45 F160 F500 
Hours Mean SD6 Mean S D  Mean SD 

0 0 0 0 5 1.6. 
0.33 229 266 41 80 11 15 E 

I5 
0.66 834 727 84 125 66 60 

1.5 1217 820 116 141 76 47 0 
2 830 563 122 127 62 40 
2.5 60 I 297 101 107 57 41 
3 509 238 125 109 56 71 
4 357 I85 159 165 64 87 1.0- 
6 23 1 118 149 98 61 88 
8 152 71 75 36 56 59 

1 1191 798 106 146 83 61 c 1.4. 

'? 1.2- 

24 153 182 105 97 43 24 3.1 3.3 3.5 3.7 0.8 
2.9 

AllC'  6156 3159 1966 674 986 499 LOG AUC24 hr, ng equivalentdml X hr 

0 Experiments were conducted in eight. rhesris monkeys after oral gavage of 
viiritrus sieve fractions of the drug: F4h (45-74 rm), F160 (160-300 r m ) ,  and F500 
I500 1000 pni). The area under the plasma level-time curve 
( . I (  '( ') (llanogram equivalents per milliliter per hour) was estimated by an ap- 
prc)xini;ite integration formula, the trapezoidal rule. 

Figure 2-Linear relationship between the logarithm of the area under 
the plasma leuel-time (AIJC) and the logarithm of the  mean ualue 

(45-74 pm, a), F160 (160-300 p m ,  O), and F500 (500-JOOO pm, A). 

Standard deviation. 
Of the dissolution uariable, T D ,  of Pro9'azone for prPparations F45 
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critical when it exceeds a certain range, i.e., 45-74 pm. The statistical 
analysis of the area under the curve (Table 11) yielded the following se- 
quence: A U C F ~ ~  > A U C F ~ ~ ~  > A U C F ~ .  Figure 1 shows that for these 
preparations, there was a nearly linear relationship between the logarithm 
of the area under the curve and the logarithm of the mean particle size 
in the particle-size range investigated. Therefore, the dissolution of the 
drug in the intestines appears to constitute the rate-limiting step for the 
whole process of intestinal absorption; i.e., k l  < kp. 

Figure 2 shows a clear linear relationship between the logarithm of the 
area under the curve and log TD.  The statistically significant difference 
between the area under the curve and T D  for the preparations suggests 
that  there is a genuine correlation between the AUC and the i n  uitro 
dissolution rate. 

These results indicate that it may be possible, in principle, to estimate 
the AUC from the in uitro dissolution rate. The same correlation prob- 
ably is obtained for any drug where dissolution is the rate-limiting step 
in absorption. 
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To the Editor: 
The importance of tablet porosity from a mechanical 

point of view has been discussed extensively (1,2). Porosity 
also has been linked to the release characteristics of drugs 
from dosage forms and enters directly into the Higuchi 
square root law for dissolution (3). In the latter case, both 
penetration and diffusion characteristics are important. 

There are cases in which tablets disintegrate and where 
the dissolution is relatively rapid so that the dissolution 
is a function of the disintegration (4,5). However, there are 
cases in which tablets disintegrate fairly rapidly and where 
the dissolution is dictated by the rapid penetration of 
water into the granule. If the dissolution of the active in- 
gredient and its diffusion out through the granule are rapid 
in relation to the penetration, then the dissolution is given 
by the amount of water that penetrates, i.e., by an equation 
of the type described by Jost (6,7): 

In (rn/mo) = - k ( t  - t , )  (Eq. 1) 

where rn is the undissolved mass at  time t ,  ti is the disin- 
tegration time, and k is the dissolution constant (in re- 
ciprocal time units). Since the penetration rate is expected 

to be a function of the porosity, c, of the tablet, then k also 
should be a function of E .  This argument assumes that the 
granules after disintegration have the same porosity as did 
the tablet before disintegration (8). 

In a recent study in these laboratories, tablets were 
formed from granulations made by several processes: ( a )  
fluid bed granulation’, ( b )  chopper-ribbon blender2, (c) 
chopper-ribbon blender followed by an oscillating gran- 
ulator, and ( d )  chopper-ribbon blender followed by a ro- 
tating granulator3. The formula used was equal parts of 
dibasic calcium phosphate (anhydrous) and sulfanilamide 
granulated with 0.7 parts of 5% cornstarch paste. Drying 
was carried out to 1% loss on drying. Several differences 
were observed among these processes, and the phenomena 
related to dissolution and porosity will be discussed. 

The granulations were screened and separated into four 
size fractions (<315, 315-400, 400-630, and >630 pm). 
Each fraction was compressed at  three machine pressures 
(1200,2400, and 3600 kg), and the resulting 12 batches of 
tablets from the four manufacturing procedures were 
subjected to dissolution tests by the beaker method (9). 
The porosities were measured using a mercury porosi- 
meter. 

The dissolution tests followed the relationship expressed 
in Eq. 1, and the prepared tablets had dissolution rate 
constants described by: 

k = ai + bic (Eq. 2) 
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critical when it exceeds a certain range, i.e., 45-74 pm. The statistical 
analysis of the area under the curve (Table 11) yielded the following se- 
quence: A U C F ~ ~  > A U C F ~ ~ ~  > A U C F ~ .  Figure 1 shows that for these 
preparations, there was a nearly linear relationship between the logarithm 
of the area under the curve and the logarithm of the mean particle size 
in the particle-size range investigated. Therefore, the dissolution of the 
drug in the intestines appears to constitute the rate-limiting step for the 
whole process of intestinal absorption; i.e., k l  < kp. 

Figure 2 shows a clear linear relationship between the logarithm of the 
area under the curve and log TD.  The statistically significant difference 
between the area under the curve and T D  for the preparations suggests 
that  there is a genuine correlation between the AUC and the i n  uitro 
dissolution rate. 

These results indicate that it may be possible, in principle, to estimate 
the AUC from the in uitro dissolution rate. The same correlation prob- 
ably is obtained for any drug where dissolution is the rate-limiting step 
in absorption. 
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To the Editor: 
The importance of tablet porosity from a mechanical 

point of view has been discussed extensively (1,2). Porosity 
also has been linked to the release characteristics of drugs 
from dosage forms and enters directly into the Higuchi 
square root law for dissolution (3). In the latter case, both 
penetration and diffusion characteristics are important. 

There are cases in which tablets disintegrate and where 
the dissolution is relatively rapid so that the dissolution 
is a function of the disintegration (4,5). However, there are 
cases in which tablets disintegrate fairly rapidly and where 
the dissolution is dictated by the rapid penetration of 
water into the granule. If the dissolution of the active in- 
gredient and its diffusion out through the granule are rapid 
in relation to the penetration, then the dissolution is given 
by the amount of water that penetrates, i.e., by an equation 
of the type described by Jost (6,7): 

In (rn/mo) = - k ( t  - t , )  (Eq. 1) 

where rn is the undissolved mass at  time t ,  ti is the disin- 
tegration time, and k is the dissolution constant (in re- 
ciprocal time units). Since the penetration rate is expected 

to be a function of the porosity, c, of the tablet, then k also 
should be a function of E .  This argument assumes that the 
granules after disintegration have the same porosity as did 
the tablet before disintegration (8). 

In a recent study in these laboratories, tablets were 
formed from granulations made by several processes: ( a )  
fluid bed granulation’, ( b )  chopper-ribbon blender2, (c) 
chopper-ribbon blender followed by an oscillating gran- 
ulator, and ( d )  chopper-ribbon blender followed by a ro- 
tating granulator3. The formula used was equal parts of 
dibasic calcium phosphate (anhydrous) and sulfanilamide 
granulated with 0.7 parts of 5% cornstarch paste. Drying 
was carried out to 1% loss on drying. Several differences 
were observed among these processes, and the phenomena 
related to dissolution and porosity will be discussed. 

The granulations were screened and separated into four 
size fractions (<315, 315-400, 400-630, and >630 pm). 
Each fraction was compressed at  three machine pressures 
(1200,2400, and 3600 kg), and the resulting 12 batches of 
tablets from the four manufacturing procedures were 
subjected to dissolution tests by the beaker method (9). 
The porosities were measured using a mercury porosi- 
meter. 

The dissolution tests followed the relationship expressed 
in Eq. 1, and the prepared tablets had dissolution rate 
constants described by: 

k = ai + bic (Eq. 2) 
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Figure l---Plot uf k,/bi versus f i  + (ailbi) according to Eq. 3. Key: 0,  
chopper-ribbon b l rndr r ;  0,  chopprr-ribbon blender fo/loured by an 
oscillating jirartulator; 0 ,  chopper-ribbon blender fo~kJuJcd by a rotating 
Amni i /ator;  and  0 ,  f lu id bed granulation. 

where a, and 6, are constants and the subscript i refers to 
the ith condition (sieve fraction, manufacturing method, 
or compression pressure). The constants a and b are 
functions of these variables. Therefore, there are 48 lines 
corresponding to Eq. 1. The correlation coefficients gen- 
erally were >0.94, and it is possible to tabulate all 48 values 
or draw 48 regression lines on one graph. For graphical 
presentation, a method (10) was used for which the data 
for each condition were recast in the following form: 

klbi = t + (a,/b,)  (Eq. 3) 

where klb; and E + (ai/bi) are dimensionless parameters. 
When one parameter is plotted as a function of the other, 
a straight line with a unity slope and a zero intercept 
should result. The 48 data points are plotted in Fig. 1 (the 
origin is offset), which shows visual agreement with the 
statements. The treatment is not statistical since the two 
variables (the left- and right-hand expressions in Eq. 3) are 
not independent. If a least-squares fit is drawn, the fol- 
lowing relationship is obtained: 

klh,  = (0.98 f O.O5)[c + (a i /b i ) ]  + (0.22 f 0.30) (Eq. 4) 

in accordance with a unity slope and a zero intercept. 
Equation 3 includes all of the data points, but Fig. 1 

shows that the relationship fails at very low porosity values 
(high compression pressures). The four cases where -a;/bi 
> ( i  [i.e., where values of + (a,/bi) are negative] do not 
seem to be part of the line. In these four cases, the adher- 
ence to Eq. 1 also was marginal (the correlation coefficients 
for these four points were 0.85-0.91), whereas the agree- 
ment was good to excellent in all of the other cases (i.e., 
correlation coefficients of >0.94). 

The data and the treatment show that there is a corre- 
lation between the dissolution constants, k, and the po- 
rosity, c, in the case where a tablet disintegrates into porous 
granules and the limiting process is the penetration of 
water into the dislodged granule. 
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To t h e  Editor: 

Concern about the presence of particulate matter in 
parenteral products is increasing, and certain harmful 
effects when such contamination is introduced into the 
body during intravenous therapy have been described 
(1-4). Additionally, studies in our laboratory implicated 
particulate contamination in infusion fluids as a cause of 
phlebitis (5-7). 

To gain insight into the nature and clinical significance 
of particulate matter in intravenous solutions, an extensive 
research program has been undertaken in cooperation with 
the Food and Drug Administration, which includes the 
identification of particulate matter in parenteral products. 
During this investigation, barium sulfate crystals were 
isolated and identified in six parenteral solutions packaged 
both in sealed glass ampuls and in glass vials with rubber 
stoppers. The conclusive identification of barium sulfate 
crystals was achieved through the correlation of analytical 
data from polarizing microscopy, scanning electron mi- 
croscopy with energy-dispersive X-ray analysis capability, 
micro X-ray powder diffraction, and micro Raman spec- 
troscopy. 

With the polarizing microscope, barium sulfate crystals 
isolated from the parenteral solutions appeared as single 
or agglomerated, well-formed, birefringent crystals, 8-30 
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To t h e  Editor: 

Concern about the presence of particulate matter in 
parenteral products is increasing, and certain harmful 
effects when such contamination is introduced into the 
body during intravenous therapy have been described 
(1-4). Additionally, studies in our laboratory implicated 
particulate contamination in infusion fluids as a cause of 
phlebitis (5-7). 

To gain insight into the nature and clinical significance 
of particulate matter in intravenous solutions, an extensive 
research program has been undertaken in cooperation with 
the Food and Drug Administration, which includes the 
identification of particulate matter in parenteral products. 
During this investigation, barium sulfate crystals were 
isolated and identified in six parenteral solutions packaged 
both in sealed glass ampuls and in glass vials with rubber 
stoppers. The conclusive identification of barium sulfate 
crystals was achieved through the correlation of analytical 
data from polarizing microscopy, scanning electron mi- 
croscopy with energy-dispersive X-ray analysis capability, 
micro X-ray powder diffraction, and micro Raman spec- 
troscopy. 

With the polarizing microscope, barium sulfate crystals 
isolated from the parenteral solutions appeared as single 
or agglomerated, well-formed, birefringent crystals, 8-30 
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Table I-Comparison of d Spacings of Particles from a 
Commercial Product with Reported Values for Barium Sulfate a 
~~~~ ~ 

d Spacing for Reported d Spacing 
Sample Particles for Barium Sulfate 

3.864 (50) 
3.559 (10) 
3.424 (100) 
3.300 (50) 
3.077 (100) 
2.812 (50) 
2.710 (50) 
2.466 (10) 
2.319 (10) 
2.210 (10) 
2.iii (loo) 
2.056 (10) 
1.865 (10) 

3.900 (57) 
3.576 (31) 
3.442 (100) 
3.317 (67) 
3.101 (97) 
2.834 i5oj 
2.726 (47) 
2.444 (2) 
2.303 (6) 
2.209 i27) 
2.120 (soj 
2.056 (23) 
1.857 (16) 

a b 
Figure I-Scunning electron micrographs of barium sulfate crystals 
isolated from procaine hydrochloridp (a) and atropine sulfate (b) 
(looox, 20 k u ) .  

The values in parentheses indicate the percent relative intensity of diffraction 
lines corresponding to various d spacings. 

Table 11-Parenteral Solutions Containing Barium Sulfate 
Crystals 

pm in maximum linear dimension with symmetrical edges 
and smooth surfaces. Under crossed polars, the crystals 
were birefringent and had symmetrical extinction. The 
high melting point (>300°) is indicative of the inorganic 
nature of the particles. Following characterization by 
polarizing microscopy, the crystals were examined by 
scanning electron microscopy and analyzed by energy- 
dispersive X-ray analysis to obtain the elemental compo- 
sition. Under scanning electron microscopy, the crystals 
appeared as perfect rhombohedra with smooth surfaces 
(Fig. 1). The energy-dispersive X-ray analysis spectrum 
(Fig. 2), monitored for 40 sec, indicated strong signals of 
sulfur (2.31 kev) and barium (4.47,4.83,5.13, and 5.45 kev) 
(8). 

To identify the crystals conclusively, micro X-ray 
powder diffraction was employed. A 57.3-mm diameter 
X-ray Phillips camera was used with the diameter reduced 
to 28.98 mm by means of a brass insert, which shortens the 
exposure time and reduces the dark film background (9). 
Eight to 10 crystals were subjected to X-rays under vacu- 
um for 12-16 hr. By adjusting the energy output to 35 kv 
and 15 mamp and using a CuKa radiation source and a 
nickel filter, a diffraction pattern was obtained. The d 
spacings calculated from the diffraction pattern using the 

Source of 
Sulfate 

Type  of or Bisulfite 
Product  Glass Container Ions 

Procaine hydrochloride, 2% 
Kanamycin sulfate, 0.5 g/2 ml 
Meperidine hydrochloride, 100 

Magnesium sulfate, 5 g/10 ml 
mg/ml 

Atropine sulfate, 0.5 mg/ml 
Promethazine hydrochloride, 25 

mg/ml 

Antioxidant 

Antioxidant 

30-ml vial 
2-ml vial Drug 
1-ml vial 

10-ml vial Drug 
(plunger) 
and rubber 
closure 

1 -ml ampul Drug 
1 -ml ampul  Antioxidant 

Bragg equation show maximum relative intensities at 3.42, 
3.08, and 2.11 A, which match well with those reported for 
barium sulfate (10) (Table I). 

Barium sulfate crystals in parenteral solutions also were 
identified by micro Raman spectroscopy'. An instrument 
for this technique became available recently and provides 
the composition of the particulate sample on the molecular 
scale. The sample is mounted on an ordinary microscope 
slide, the laser beam is focused on the crystal to be ana- 
lyzed, and a Raman spectrum is obtained. The spectrum 
of particles isolated from a parenteral product (Fig. 3) 
compares well with the reference spectrum of known 
barium sulfate crystals (Fig. 4). The spectrum of sample 
particles exhibited peaks at  455,988, and 1135 cm-', and 
the reference particles exhibited peaks at  450, 988, and 
1135 cm-'. 

Using the described microanalytical techniques, crystals 
detected in six commercial parenteral solutions were 
identified as barium sulfate. The solutions are listed in 
Table 11; on the basis that barium sulfate forms in situ2, 
the sulfate ions appear to originate from the anion of the 
drug andlor the bisulfite ion of the antioxidant. The 
barium ions appear to come from the borosilicate glass, 
which contains up to 5% BaO (1 1). 

1 2  3 4 5 6 7 8 9 10 
ENERGY, kev 

Figure 2-Energy-dispersive X-ray analysis spectrum (40 sec) of 
barium sulfate crystals f rom a parenteral solution showing a sulfur 
signal at 2.3 kev and barium signals at 4.5,4.8,5.1, and 5.5 kev. 

Microprobe MOLE, Instruments SA, Metuchen, NJ 08840. 
BaO + H20 - Ba(OH)2. 
Ba2+ + SO!- - Bas04 1 
2so:- + 0 2  - 2so:-. 
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Figure 3-Roman spectrum of barium sulfate crystal isolated from a 
parenteral product on a 0 45-pm po/ycarhonatP filter (Nuclepore Corp., 
Pleasanton, C a l i f )  Peaks due to  the crystal appear at 455,988, and 1135 
tm- ‘  

300 500 1000 1500 
CENTIMETERS-’ 

Figure 4-Raman spectrum of reference barium sulfate crystals on a 
glass slide showing peaks at 450,988, and 1135 cm-l .  

In a preliminary experiment, we were able to generate 
barium sulfate crystals in 10-ml ampuls containing par- 
ticulate-free solutions of either 0.2% sodium sulfate or 0.2% 
sodium bisulfite. These ampuls were autoclaved for 2 hr 
and stored at  room temperature for 30 days. Ampuls con- 
taining particulate-free water treated identically did not 
produce any crystals. 

Barium sulfate is so insoluble that it can be tolerated 
orally since it is the barium ion that is highly toxic. How- 
ever, crystals injected intravenously will lodge in various 
tissues, depending on their size, and can cause irritation. 
Therefore, it is important to define the conditions under 
which barium sulfate crystals form in parenteral products 
and to devise a means for preventing their formation, such 
as siliconizing the glass surface or adding either a com- 
plexing agent (i .e. ,  ethylenediaminetetraacetic acid) or a 
nucleation inhibitor (ie., polyvinylpyrrolidone). 
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Metabolite from Dosing of Parent  Drug 

Keyphrases 0 Metabolism-prediction of steady-state metabolite 
concentration, cinromide and carbamazepine, monkeys Steady-state 
concentration-prediction of metabolite and parent drug concentrations, 
metabolism, cinromide and carbamazepine, monkeys 0 Cinromide- 
prediction of steady-state metabolite concentration, monkeys Car- 
bamazepine-prediction of steady-state metabolite concentration, 
monkeys 

To the Editor: 
I t  has become apparent that the metabolites of many 

drugs contribute to the observed clinical efficacy andlor 
toxicity (1). In assessing the contribution of a given me- 
tabolite during chronic dosing, the relative steady-state 
concentrations of the metabolite and the parent drug (as 
well as the relative potencies) must be determined. This 
steady-state ratio was shown to be dependent only on the 
formation and elimination clearances of the metabolite (2, 
3): 

(Eq. 1) 
C:, - Cl, - f X 4 J  
C;, c1, Cl, 

where C*, and C; represent the steady-state plasma con- 
centrations of the metabolite and the parent drug, re- 
spectively; Clf and Cl, represent the formation clearance 
and intrinsic clearance (4) of the metabolite, respectively; 
f m  is the fraction of the parent drug metabolized to this 
metabolite; and C1, is the systemic clearance of the parent 
drug. 

From Eq. 1, it appears that knowledge of the metabolite 
clearance and the fraction metabolized (or formation 
clearance) is necessary to calculate this ratio. The purpose 
of the present report is to show that the steady-state me- 
tabolite to parent drug ratio, as well as the actual steady- 
state metabolite concentration, can be determined from 
administration of a single dose of the parent drug without 
administration of the metabolite. A change in the admin- 
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To the Editor: 
I t  has become apparent that the metabolites of many 

drugs contribute to the observed clinical efficacy andlor 
toxicity (1). In assessing the contribution of a given me- 
tabolite during chronic dosing, the relative steady-state 
concentrations of the metabolite and the parent drug (as 
well as the relative potencies) must be determined. This 
steady-state ratio was shown to be dependent only on the 
formation and elimination clearances of the metabolite (2, 
3): 

(Eq. 1) 
C:, - Cl, - f X 4 J  
C;, c1, Cl, 

where C*, and C; represent the steady-state plasma con- 
centrations of the metabolite and the parent drug, re- 
spectively; Clf and Cl, represent the formation clearance 
and intrinsic clearance (4) of the metabolite, respectively; 
f m  is the fraction of the parent drug metabolized to this 
metabolite; and C1, is the systemic clearance of the parent 
drug. 

From Eq. 1, it appears that knowledge of the metabolite 
clearance and the fraction metabolized (or formation 
clearance) is necessary to calculate this ratio. The purpose 
of the present report is to show that the steady-state me- 
tabolite to parent drug ratio, as well as the actual steady- 
state metabolite concentration, can be determined from 
administration of a single dose of the parent drug without 
administration of the metabolite. A change in the admin- 
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istration route from systemic to oral results in a first-pass 
effect for drugs with medium or high extraction ratios. 
Methods for such corrections are provided. Preliminary 
experimental data with two drugs support the proposed 
theoretical approaches. 

Equation 1 was derived assuming one-compartmental 
distribution and first-order elimination for the parent drug 
and the metabolite. It also is valid if either species (or both) 
exhibits multicompartmental behavior (mamillary model), 
as long as elimination occurs from the central compart- 
ment. 

In Eq. 1, C1, and f m  can be expressed in a model-inde- 
pendent manner using areas under the curve (5): 

(Eq. 2) 

where AUC is the area under the plasma concentration 
(molar)-time curve from zero to infinity; (AUC,)b repre- 
sents the A UC of c after a single dose of b; the subscripts 
m and p refer to the metabolite and the parent drug, re- 
spectively; and D refers to the dose in molar units. 

The formation clearance, Clf ,  then is given by the 
product of Eqs. 2 and 3: 

(Eq. 4 )  

Substitution of Eq. 4 into Eq. 1 shows that the steady- 
state ratio, C',/C>, becomes equal to the ratio of the areas 
of the metabolite and the parent drug after a single 
dose: 

(Eq. 5) 

Equation 5 shows that the ratio of the steady-state 
concentrations of the metabolite and the parent drug can 
be predicted from concentration-time data obtained after 
a single intravenous dose of the parent drug. This rela- 
tionship assumes linearity (with respect to dose and time) 
for the parent drug and the metabolite. This prediction 
requires the monitoring of metabolite and parent drug 
levels but does not require administration of the metabo- 
lite. 
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c1, DP 
Substitution of C i  from Eq. 7 into Eq. 6 yields: 

(Eq. 7) 

(Eq. 8)  

From a practical point of view, Eq. 8 implies that the 
steady-state metabolite concentration can be calculated 
by monitoring only metabolite levels without knowledge 
of parent drug levels (following administration of a single 
dose of the parent drug). 

Equations 5 and 8 are directly applicable to the multiple 
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multiple doses are given by the same route as the single 

Ro 
DP 

C k = - ( A U C m ) p  

Table I-Comparison of Predicted and Observed Metabolite to 
Parent Drug Ratio ( C b J C ; )  and Metabolite Concentration (Cb) 
at  Steadv State 
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Monkey Predicted Observed Predicted Observed 
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336 0.08 0.08 0.15 0.19 

Mean and standard deviation of prediction 

dose (Le., the same dosage form). When there is a change 
in the administration route, Eqs. 5 and 8 must be modified. 
For instance, to estimate the Ck/Ci  ratio after multiple 
oral doses from areas under the curve obtained after a 
single intravenous dose, a correction for any first-pass ef- 
fect of the parent drug must be included so that Eq. 5 be- 
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(Eq. 9) 

where Fp represents the fraction of the dose of the parent 
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(Eq. 10) 

where fa represents the-dose fraction absorbed into the 
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To the Editor: 
A recent publication (1) examined solid dispersion 

systems using techniques similar to those we described 
previously (2, 3). Discrepancies between the glass transi- 
tion temperature observed by the two groups of investi- 
gators (33-36") have been explained as being due to an 
artifact. We hope the present observations will clarify the 
matter. 

The glass transition temperature cannot be given an 
absolute value other than that extrapolated to a zero 
heating rate (4), because it is dependent on the rate of 
quenching of the glass and the heating rate employed to 
measure the transition. This was shown clearly by Rotger 
(5), who characterized the glass transition temperature by 
two rate indexes applicable to the quenching and heating 
rates of the sample. One immediate difference between the 
two reported studies (1,3) was the heating rate employed 
during the measurement of the glass transition. Timko and 
Lordi (1) used 10°/min, whereas we used 2"/min (3). We 
also quoted the glass transition temperature as the onset 
of the transition (first deviation from the thermograml 
baseline) rather than the extrapolated onset of Timko and 
Lordi ( l) ,  because this approach appeared to give better 
precision with different sample sizes. A t  2"/min, the dif- 

' D.S.H.lH, Perkin-Elmer. Beaconsfield, England 

Table I-Effect of Water on Glass Transition Temperature 

Water Added to Melt, o/o (w/w) Glass Transition Temperature 

3 -8--13' 
4 -13--18' 
5 -23- -26" 

ference between the extrapolated onset and the initial 
deviation is only -0.5-1". 

However, these two differences do not account for the 
large discrepancy reported in the two studies. For example, 
with our methods, the glass transition temperature of 
anhydrous citric acid was 7", rather than 10" as quoted by 
Timko and Lordi (1). 

The second difference in the two studies was the use of 
citric acid monohydrate (2,3) rather than anhydrous citric 
acid. We believe that the discrepancy in the glass transition 
temperature of the two materials is due to the water bound 
in the glass of the monohydrate, which is difficult to re- 
move from the melt a t  150" (the temperature used in our 
method). This concept is in agreement with our previous 
suggestion (2) that using the monohydrate is advantageous 
because of the formation of a citric acid solution. 

Since the devitrified glasses contain anhydrous citric 
acid, water probably is lost during crystallization of the 
melt and should be detectable as a weight loss. We mea- 
sured the weight loss on devitrification and drying at  60" 
after heating the monohydrate melt for varying periods at  
140-150". After 4 min of heating, the weight loss was 
4.8-5.6% (w/w); after 10 min of heating, it was reduced only 
to 4.3-5.3% (WIW). 

The effect of water on the glass transition temperature 
can be shown by incorporating water into a melt of anhy- 
drous citric acid produced by the method outlined previ- 
ously (2) and above and measuring the glass transition 
temperature as described previously (3). The results are 
shown in Table I. There is some variation in the glass 
transition temperature due to variation in water loss on its 
addition to the melt. However, if the water is added when 
the melt is relatively cool, it induces crystallization; 
therefore, the system has to be reheated, resulting again 
in loss of water. These results are consistent with the re- 
ported weight losses and suggest that -4.5% moisture is 
in the glass. If 9% (w/w) water (the amount present in the 
monohydrate) is added to anhydrous citric acid before 
melting and the glass preparation method is repeated, the 
glass transition temperature is -23--24", which is con- 
sistent with our previous results. 

The results suggest that when the monohydrate is used, 
an unavoidable amount of water is present in the glass, 
which affects the glass transition temperature. This effect 
is reproducible, suggesting a consistent amount of en- 
trapment in the melt. Furthermore, the properties of the 
anhydrous and monohydrate glasses are similar because, 
as a continuation of previous work (6), we found that the 
effect of phenobarbital on the citric acid (monohydrate) 
transition temperature was similar to that reported by 
Timko and Lordi (1). 

( 1 )  R. J. Timkoand N. G. Lordi,J. Pharm. Sci..  68,601 (1979). 
(2)  M. P. Summers and R. P. Enever, ibid., 65,1613 (1976). 
(3)  Ibid.. 66,825 (1977). 
(4) J. P. Mercier and J. J. Aklonis, J .  Paint Technol., 43,44 (1974). 
(5) H. Rotger, in "Amorphous Materials," R. W. Douglas and B. Ellis, 
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To the Editor: 
A recent publication (1) examined solid dispersion 

systems using techniques similar to those we described 
previously (2, 3). Discrepancies between the glass transi- 
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artifact. We hope the present observations will clarify the 
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measure the transition. This was shown clearly by Rotger 
(5), who characterized the glass transition temperature by 
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ously (2) and above and measuring the glass transition 
temperature as described previously (3). The results are 
shown in Table I. There is some variation in the glass 
transition temperature due to variation in water loss on its 
addition to the melt. However, if the water is added when 
the melt is relatively cool, it induces crystallization; 
therefore, the system has to be reheated, resulting again 
in loss of water. These results are consistent with the re- 
ported weight losses and suggest that -4.5% moisture is 
in the glass. If 9% (w/w) water (the amount present in the 
monohydrate) is added to anhydrous citric acid before 
melting and the glass preparation method is repeated, the 
glass transition temperature is -23--24", which is con- 
sistent with our previous results. 

The results suggest that when the monohydrate is used, 
an unavoidable amount of water is present in the glass, 
which affects the glass transition temperature. This effect 
is reproducible, suggesting a consistent amount of en- 
trapment in the melt. Furthermore, the properties of the 
anhydrous and monohydrate glasses are similar because, 
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Charge Transfer Effect through Hydrogen 
Bonding in Caffeine-p-Cresol and 
Theophylline-p -Cresol Complexes 

Keyphrases Charge transfer effect-hydrogen bonding in caffeine- 
p-cresol and theophylline-p-cresol complexes 0 Caffeine-hydrogen 
bonding in complex with p-cresol 0 Theophylline-hydrogen bonding 
in complex with p-cresol 

To the Editor: 

Charge transfer transitions were detected in the UV 
absorption spectra of mixtures containing caffeine-p- 
cresol and theophylline-p-cresol in chloroform (1). To gain 
more information about the bonding mechanism and the 
various geometries of the complexes that may exist in so- 
lution, we conducted an IR study of the two combina- 
tions. 

Changes can be detected in the IR absorption bands of 
the compounds mixed in chloroform. [The frequencies, 
expressed in reciprocal centimeters, were assigned ac- 
cording to Cross (2) and Silverstein and Bassler (31.1 

Caffeine-p-Cresol (Fig. 1)-p-Cresol-The intensity 
of the free OH stretching vibration of p-cresol a t  3590 
decreased. The intensity of the intermolecular hydro- 
gen-bonded OH stretching vibration increased apprecia- 
bly, with a slight shift toward a longer wavelength (-5).  A 
measurable increase in the intensity of the in-plane skel- 
etal stretching vibrations was detected at 1615,1595, and 
1502. 

Caffeine-The intensity of the CH stretching vibrations 
of the caffeine methyl groups at 2980 and 2945 decreased 
slightly. A decrease in the intensity of the carbonyl groups 
at  CZ (1700) and c6 (1655) was found, with the stretching 
vibration at c6 affected more. 

Theophylline-p-Cresol (Fig. 2)-p-Cresol-The 
intensity of the free OH stretching vibration at  3590 de- 
creased considerably. An appreciable increase in the in- 
tensity of the hydrogen-bonded OH stretching vibration 
at 3370 of the self-associated species was observed, with 
a considerable shift toward a longer wavelength (3320). 
The intensity of the aromatic CH stretching vibration a t  
2990 decreased noticeably, while a slight decrease was 
observed in the bands of the CH stretching vibrations of 
the methyl group at  2920 and 2860. The intensity a t  1615 
and 1502 of the in-plane skeletal stretching vibrations 
decreased slightly. 

Theophylline-An increase in the free NH stretching 
vibration at  3425 was observed. The broad band of the 
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Figure 1-IR spectra of chloroform solutions containing 4 X M 
caffeine (-.--), 1.5 X lo-‘ M p-cresol (- - -), and an equimolar mixture 
of the pure components (--em). The baseline of the solvent is represented 
by the dotted line. Measurements were taken in the sodium chloride cells 
with a 0.05-cm path length at 4?2°. The materials and methods used 
were thosegiven by Al-Ani and Borazan (1). 

hydrogen-bonded NH overlapping the CH stretching vi- 
bration at  3300-3000 seemed to be affected to a different 
extent; the maximum percentage increase was at 3260, 
while the minimum increase was at  3150. A t  3060, a no- 
ticeable decrease was found. The intensity of the bands at 
2990 and 2952, representing the CH methyl stretching 
vibrations, was decreased. A considerable decrease was 
found in the intensity of the C2=0 band at  1700, while a 
smaller decrease was found for the C6=0 band at 1655. A 
decrease was observed at  1551 of the C=C and C=N 
stretching vibrations of the ring. 

Based on theory and experimental observations (4-7), 
changes in the IR spectra may be explained as being due 
to the formation of heterogeneous complexes or to the 
formation of self-associated species. 

Calculation of dilution effects on p-cresol in chloroform 

1 .o 
m I I I I I I I L I l I I I I l  u 
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Figure 2-IR spectra of chloroform solution containing 2 X M 
theophylline (. . .), 1.5 X lo-’  M p-cresol (- - -), and an equimolar 
mixture of the pure components (-.--). The baseline of the solvent is 
represented by the solid line. Measurements were taken in sodium 
chloride cells with a 0.05-cm path length at -22’. 
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Proposed m o d e b  for I : I  caffeine-p-cresol complex in chloro- 
form 

indicated that the band a t  3590 increased while the band 
a t  3370 decreased. These results are further evidence that 
the first band can be attributed to the free OH stretching 
vibration while the second one can be assigned to the hy- 
drogen-bonded OH of the self-associated species. The 
band at  2990 of the aromatic CH stretching vibration also 
increased. However, bands belonging to the CH stretching 
vibrations of the methyl groups (2920 and 2860) were un- 
affected; those of the in-plane skeletal stretching vibrations 
(1615,1595, and 1502) all increased. The band a t  1502 was 
shifted toward shorter wavelength (1512) with a drastic 
increase in absorption. 

All of these results indicate the presence of self-associ- 
ated molecules. The groups involved in bonding are the 
hydroxyl group and the benzene ring. However, it is diffi- 
cult to propose an exact geometry or a stoichiometry of 
such self-associated species. Nevertheless, the following 
geometries of the self-associated aggregates may be pro- 
posed: hydrogen-bonded dimers, stacks of hydrogen- 
bonded dimers with methyl groups projected away from 
each other, stacked hydrogen-bonded dimers, and spher- 
ically oriented polymers with the OH groups projected 
inward and the nonpolar methyl groups oriented out- 
side. 

It is evident from changes in the IR spectrum (Fig. 1) of 
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CHJ 

Proposed models I : I theophylline-p-cresol complex in 
chloroform 

the solution containing caffeine-p-cresol that the areas 
that contribute most to the formation of the complex are 
the OH group and the skeletal carbons of p-cresol and the 
C2=0, C6=O, and CHR groups of caffeine. The models 
proposed for the geometry of a 1:l complex are pre- 
sented. 

When theophylline is mixed with p-cresol, a complex 
appears to  be formed (Fig. 2). The groups predominantly 
involved in formation of such a complex are the OH group 
and the aromatic CH group of p-cresol and the NH, aro- 
matic CH, methyl CH, C2=0, and C6=O groups of theo- 
phylline. The  formation of a planar complex where hy- 
drogen bonding is the dominant attractive force contrib- 
uting to its formation may be proposed. 

The increase in the intensity of the band corresponding 
to  the free NH stretching vibration a t  3425 may be due to 
overlapping with the hydrogen-bonded hydroxyl group of 
p-cresol or may result because dimers and polymers of 
theophylline, held together through hydrogen bonds with 
their NH groups, dissociate to interact with molecules of 
p-cresol and to  free some of the bonded NH groups. 

The  equilibrium constants, calculated a t  22O, of both 
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complexes were 0.22 and 0.16 M-’ for caffeine-p-cresol 
and theophylline-p-cresol, respectively, at 308 nm (1). On 
the other hand, the molar absorptivities of these complexes 
at  the intermolecular hydrogen-bonded OH stretching 
vibration band, 3370 cm-’, were -3 X lo3 and -4.3 X lo3 
for caffeine-p -cresol and theophylline-p-cresol, respec- 
tively. 

The present work supported the theory that hydrogen 
bonding is a type of charge transfer phenomenon (8- 
10). 
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Pilocarpine Ocular Distribution Volume 
~~~~ ~ ~ 
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drugs-pilocarpine, ocular volume of distribution 

To the Editor: 
It is well established that drugs introduced into the body 

by various routes distribute to and equilibrate with the 
blood as well as numerous body tissues. Thus, the apparent 
volume of distribution has become a useful parameter in 
explaining the drug concentrations achieved in the blood 
after dosing and for determining the extent of absorption 
of various agents administered in different formulations 
or dosage forms. 

Similarly, apparent distribution volumes also are useful 
in describing the ocular disposition characteristics of drugs 
administered topically to the eye. To make meaningful 
statements regarding the bioavailability of an ophthalmic 
preparation, it is necessary to know the apparent volume 
of distribution for that drug in the eye. 

As with volumes of distribution obtained for drugs ad- 
ministered by other routes, various factors can affect ap- 
parent volumes of distribution of ocular drugs. These 
factors include protein binding, tissue distribution, pig- 
mentation of the eye, and, of course, any pharmacological 

action the drug itself might exert. Therefore, the following 
discussion is limited to pharmacokinetic data obtained in 
albino rabbits of approximately the same weight. 

Conrad and Robinson (1) developed a method of 
quantitating apparent ocular drug distribution volumes 
in experimental animals by injecting drug directly into the 
anterior chamber and monitoring the decline in the 
aqueous humor concentration as a function of time. The 
data from the study were used subsequently’ (2, 3) to 
quantitate and describe the disposition of drugs in the 
eye. 

Conrad and Robinson (1) determined the apparent 
volumes of distribution and elimination rate constants for 
both a therapeutically active substance (pilocarpine) and 
a nondistributing species (inulin). From the relation- 
ship: 

c1= VdK (Eq. 1) 

and the values obtained for inulin, a clearance of 4.59 
pl/min from the aqueous humor was obtained. Since inulin 
neither binds nor distributes into the tissues and exits the 
anterior chamber solely via aqueous humor drainage, this 
value should represent normal aqueous humor turnover. 
The calculated value is consistent with values reported by 
other investigators (4,5) for aqueous humor turnover in 
rabbits. Similarly, unless an agent is known to decrease 
aqueous humor turnover, the value of 4.59 pl/min also 
should represent the slowest possible clearance of any 
compound from the aqueous humor. 

Following intracameral injection, the aqueous humor 
concentration of pilocarpine declined monoexponentially 
with an apparent first-order elimination rate constant of 
0.059 min-*. Based on the reported volume of distribution 
of 575 pl, a clearance value of 33.9 pl/min was obtained for 
pilocarpine. Since pilocarpine is known to facilitate 
aqueous humor outflow, it is not surprising that the elim- 
ination rate constant for pilocarpine and, in turn, the 
clearance were greater than those observed for inulin. 

In a recent study by Makoid and Robinson (6), the de- 
cline of pilocarpine concentration in the aqueous humor 
following topical dosing was multiexponential when fol- 
lowed for 12 hr. Conrad and Robinson (1) only followed the 
aqueous humor concentration of pilocarpine for 1 hr after 
direct intracameral injection. The effect that this apparent 
discrepancy might have in determining the ocular volume 
of distribution for pilocarpine led us to examine further 
the decline in the aqueous humor concentration following 
direct injection into the aqueous humor. 

For this study, the experimental procedure of Conrad 
and Robinson was repeated with pilocarpine of a higher 
specific activity (19.7 mCi/mg). In the original study, 
Conrad and Robinson (1) measured aqueous humor levels 
of pilocarpine at 5,10,15,20,30, and 60 min after injection, 
but they stated that the accuracy of their 60-min time 
point was in doubt. In our study, the 30-min point was 
excluded; however, a 25-min point was added. and sam- 
pling was extended to include 45-, 60-, 90-, and 120-min 
points. 

Figure 1 shows the results of this study when 10 pl of 1 
X M pilocarpine was injected intracamerally. The 
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complexes were 0.22 and 0.16 M-’ for caffeine-p-cresol 
and theophylline-p-cresol, respectively, at 308 nm (1). On 
the other hand, the molar absorptivities of these complexes 
at  the intermolecular hydrogen-bonded OH stretching 
vibration band, 3370 cm-’, were -3 X lo3 and -4.3 X lo3 
for caffeine-p -cresol and theophylline-p-cresol, respec- 
tively. 

The present work supported the theory that hydrogen 
bonding is a type of charge transfer phenomenon (8- 
10). 
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To the Editor: 
It is well established that drugs introduced into the body 

by various routes distribute to and equilibrate with the 
blood as well as numerous body tissues. Thus, the apparent 
volume of distribution has become a useful parameter in 
explaining the drug concentrations achieved in the blood 
after dosing and for determining the extent of absorption 
of various agents administered in different formulations 
or dosage forms. 

Similarly, apparent distribution volumes also are useful 
in describing the ocular disposition characteristics of drugs 
administered topically to the eye. To make meaningful 
statements regarding the bioavailability of an ophthalmic 
preparation, it is necessary to know the apparent volume 
of distribution for that drug in the eye. 

As with volumes of distribution obtained for drugs ad- 
ministered by other routes, various factors can affect ap- 
parent volumes of distribution of ocular drugs. These 
factors include protein binding, tissue distribution, pig- 
mentation of the eye, and, of course, any pharmacological 

action the drug itself might exert. Therefore, the following 
discussion is limited to pharmacokinetic data obtained in 
albino rabbits of approximately the same weight. 

Conrad and Robinson (1) developed a method of 
quantitating apparent ocular drug distribution volumes 
in experimental animals by injecting drug directly into the 
anterior chamber and monitoring the decline in the 
aqueous humor concentration as a function of time. The 
data from the study were used subsequently’ (2, 3) to 
quantitate and describe the disposition of drugs in the 
eye. 

Conrad and Robinson (1) determined the apparent 
volumes of distribution and elimination rate constants for 
both a therapeutically active substance (pilocarpine) and 
a nondistributing species (inulin). From the relation- 
ship: 

c1= VdK (Eq. 1) 

and the values obtained for inulin, a clearance of 4.59 
pl/min from the aqueous humor was obtained. Since inulin 
neither binds nor distributes into the tissues and exits the 
anterior chamber solely via aqueous humor drainage, this 
value should represent normal aqueous humor turnover. 
The calculated value is consistent with values reported by 
other investigators (4,5) for aqueous humor turnover in 
rabbits. Similarly, unless an agent is known to decrease 
aqueous humor turnover, the value of 4.59 pl/min also 
should represent the slowest possible clearance of any 
compound from the aqueous humor. 

Following intracameral injection, the aqueous humor 
concentration of pilocarpine declined monoexponentially 
with an apparent first-order elimination rate constant of 
0.059 min-*. Based on the reported volume of distribution 
of 575 pl, a clearance value of 33.9 pl/min was obtained for 
pilocarpine. Since pilocarpine is known to facilitate 
aqueous humor outflow, it is not surprising that the elim- 
ination rate constant for pilocarpine and, in turn, the 
clearance were greater than those observed for inulin. 

In a recent study by Makoid and Robinson (6), the de- 
cline of pilocarpine concentration in the aqueous humor 
following topical dosing was multiexponential when fol- 
lowed for 12 hr. Conrad and Robinson (1) only followed the 
aqueous humor concentration of pilocarpine for 1 hr after 
direct intracameral injection. The effect that this apparent 
discrepancy might have in determining the ocular volume 
of distribution for pilocarpine led us to examine further 
the decline in the aqueous humor concentration following 
direct injection into the aqueous humor. 

For this study, the experimental procedure of Conrad 
and Robinson was repeated with pilocarpine of a higher 
specific activity (19.7 mCi/mg). In the original study, 
Conrad and Robinson (1) measured aqueous humor levels 
of pilocarpine at 5,10,15,20,30, and 60 min after injection, 
but they stated that the accuracy of their 60-min time 
point was in doubt. In our study, the 30-min point was 
excluded; however, a 25-min point was added. and sam- 
pling was extended to include 45-, 60-, 90-, and 120-min 
points. 

Figure 1 shows the results of this study when 10 pl of 1 
X M pilocarpine was injected intracamerally. The 
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Figure 1 -Aqueous humor drug concentrations following intracameral 
injection of I0 p l  of I X M pilocarpine solution i n  albino rabbits. 
Points represent the mean of nt  least s e w n  determinations. Bars rep-  
resent the standard error o f  the  mean T h e  solid line is the  nonlinear 
regression line of the  data fitted t o  a biexponential equation using the  
N O N L I N p r o g m m .  

absolute pilocarpine levels obtained are in reasonable 
agreement with those of Conrad and Robinson for the first 
25 min. However, when later time points are considered, 
the curve clearly is not monoexponential. When the data 
reported here for the first 25 min are fitted to a monoex- 
ponential equation, an apparent volume of distribution 
and an elimination rate similar to those of Conrad and 
Robinson are obtained. However, due to the curvature 
noted at  later time points, the short sampling period re- 
ported by Conrad and Robinson evidently resulted in an 
underestimation of the apparent ocular distribution vol- 
ume for pilocarpine and represents a nonequilibrium ap- 
parent volume of distribution. This interpretation was 
mentioned by Conrad and Robinson but was rejected by 
reference to unpublished data. 

The concept of a changing volume of distribution with 
time is, of course, not new and is expected with tissues that 
equilibrate slowly (7). Preliminary studies in this labora- 
tory indicate that the partitioning of pilocarpine between 
aqueous humor and some ocular tissues is, in fact, a slow 
process. In addition, due to the effect of pilocarpine on 
aqueous humor turnover, it is to be expected that the slope 
of the pilocarpine decline from aqueous humor following 
intracameral injection would not remain constant over 
time. Ongoing experiments in this laboratory indicate that 
if pilocarpine levels are followed for times longer than those 
shown in Fig. 1, the slope becomes even more shallow. 
Therefore, a combination of factors, slow equilibration 
along with pilocarpine’s pharmacological effect, makes it 
difficult to assign precise values to the ocular volume of 
distribution or, in turn, to the clearance of pilocarpine. 

From a practical standpoint, apparent volumes of dis- 
tribution obtained in short-term studies such as those of 
Conrad and Robinson may suffice for some drugs in de- 
scribing aqueous humor drug levels in single-dose situa- 
tions since most of the drug is eliminated quite rapidly. 
However, such studies usually will not suffice to predict 
aqueous humor drug levels over a long time or in steady- 

state situations. Therefore, pharmacokinetic data obtained 
during ocular multiple.dosing or steady-state conditions 
may require a sdmewhat different interpretation than 
those obtained during short duration, single-dose 
studies. 
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Pharmaceutical Education. 

Applications of ‘I’LC and Bioautography to  
Detect Contaminated Antibiotic Residues: 
Tetracycline Identification Scheme 

Keyphrases 0 Cephalosporins-TLC-bioautographic analysis as 
contaminants in various tetracyclines 0 Penicillin-TLC-bioautographic 
analysis as contaminant in erythromycin o Tetracyclines, various- 
TLC-bioautographic analysis of four cephalosporins as contaminants 

Erythromycin-TLC-bioautographic analysis of penicillin and am- 
Dicillin as contaminants 

To the  Editor: 
A method to detect penicillin and ampicillin as con- 

taminants in various tetracyclines and penicillamine was 
reported previously (1). The method utilizes TLC followed 
by bioautography and has been applied to other contam- 
ination situations and antibiotic standard problems. The 
cephalosporins are related closely to penicillin in chemical 
structure, antimicrobial activity, and allergenicity. In 
addition to the occurrence of allergenic cross-reactivity 
with penicillin, several cases of apparent primary allergy 
to cephalosporins in patients not known to be hypersen- 
sitive have been reported (2). Minor modification of the 
assay permitted the separation of four cephalosporin 
contaminants from seven tetracyclines: demeclocycline, 
methacycline, minocycline, chlortetracycline, oxytetra- 
cycline, doxycycline, and tetracycline. 

The original method was followed with several excep- 
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injection of I0 p l  of I X M pilocarpine solution i n  albino rabbits. 
Points represent the mean of nt  least s e w n  determinations. Bars rep-  
resent the standard error o f  the  mean T h e  solid line is the  nonlinear 
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absolute pilocarpine levels obtained are in reasonable 
agreement with those of Conrad and Robinson for the first 
25 min. However, when later time points are considered, 
the curve clearly is not monoexponential. When the data 
reported here for the first 25 min are fitted to a monoex- 
ponential equation, an apparent volume of distribution 
and an elimination rate similar to those of Conrad and 
Robinson are obtained. However, due to the curvature 
noted at  later time points, the short sampling period re- 
ported by Conrad and Robinson evidently resulted in an 
underestimation of the apparent ocular distribution vol- 
ume for pilocarpine and represents a nonequilibrium ap- 
parent volume of distribution. This interpretation was 
mentioned by Conrad and Robinson but was rejected by 
reference to unpublished data. 

The concept of a changing volume of distribution with 
time is, of course, not new and is expected with tissues that 
equilibrate slowly (7). Preliminary studies in this labora- 
tory indicate that the partitioning of pilocarpine between 
aqueous humor and some ocular tissues is, in fact, a slow 
process. In addition, due to the effect of pilocarpine on 
aqueous humor turnover, it is to be expected that the slope 
of the pilocarpine decline from aqueous humor following 
intracameral injection would not remain constant over 
time. Ongoing experiments in this laboratory indicate that 
if pilocarpine levels are followed for times longer than those 
shown in Fig. 1, the slope becomes even more shallow. 
Therefore, a combination of factors, slow equilibration 
along with pilocarpine’s pharmacological effect, makes it 
difficult to assign precise values to the ocular volume of 
distribution or, in turn, to the clearance of pilocarpine. 

From a practical standpoint, apparent volumes of dis- 
tribution obtained in short-term studies such as those of 
Conrad and Robinson may suffice for some drugs in de- 
scribing aqueous humor drug levels in single-dose situa- 
tions since most of the drug is eliminated quite rapidly. 
However, such studies usually will not suffice to predict 
aqueous humor drug levels over a long time or in steady- 

state situations. Therefore, pharmacokinetic data obtained 
during ocular multiple.dosing or steady-state conditions 
may require a sdmewhat different interpretation than 
those obtained during short duration, single-dose 
studies. 
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Pharmaceutical Education. 

Applications of ‘I’LC and Bioautography to  
Detect Contaminated Antibiotic Residues: 
Tetracycline Identification Scheme 

Keyphrases 0 Cephalosporins-TLC-bioautographic analysis as 
contaminants in various tetracyclines 0 Penicillin-TLC-bioautographic 
analysis as contaminant in erythromycin o Tetracyclines, various- 
TLC-bioautographic analysis of four cephalosporins as contaminants 

Erythromycin-TLC-bioautographic analysis of penicillin and am- 
Dicillin as contaminants 

To the  Editor: 
A method to detect penicillin and ampicillin as con- 

taminants in various tetracyclines and penicillamine was 
reported previously (1). The method utilizes TLC followed 
by bioautography and has been applied to other contam- 
ination situations and antibiotic standard problems. The 
cephalosporins are related closely to penicillin in chemical 
structure, antimicrobial activity, and allergenicity. In 
addition to the occurrence of allergenic cross-reactivity 
with penicillin, several cases of apparent primary allergy 
to cephalosporins in patients not known to be hypersen- 
sitive have been reported (2). Minor modification of the 
assay permitted the separation of four cephalosporin 
contaminants from seven tetracyclines: demeclocycline, 
methacycline, minocycline, chlortetracycline, oxytetra- 
cycline, doxycycline, and tetracycline. 

The original method was followed with several excep- 
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Table I-Rr Values and Detection Limits of Cephalosporins 

Detection 
Antibiotic Rf  Limit, pg 

Cephalothin 0.65 0.01 
Cephaloridine 0.41 0.01 
Cephalexin 0.59 0.005 
CeDhalodvcin 0.38 0.01 

tions. The standard solutions of the cephalosporins were 
prepared a t  concentrations of 1.0, 0.5, 0.25, and 0.125 
pg/ml, and the mobile phase composition was adjusted to 
a barbital acetate buffer (pH 7.4) to acetone ratio of 8020 
(v/v). The tetracyclines remained near the starting point; 
the cephalosporins migrated with the Rj  values indicated 
in Table I. 

Similarly, erythromycin is administered frequently to 
patients sensitive to penicillin. Thus, any contamination 
of erythromycin by penicillin is particularly undesirable 
for such patients. The existing conventional methods to 
detect penicillin in erythromycin are extraction procedures 
followed by cylinder-plate assay or direct cylinder-plate 
assay. These methods are time consuming and require 
much more sample handling than does this TLC method. 
Again, the same methodology was followed except that the 
mobile phase composition ratio was changed to 9010 (v/v). 
Erythromycin base, erythromycin stearate, and erythro- 
mycin stearate tablets were assayed. The erythromycin 
remained at  the spotting point, whereas the Rj value for 
penicillin G was 0.24 and that for ampicillin was 0.47. 

The original system has been helpful in assessing the 
purity of some antibiotic standards. UV spectrophotom- 
etry is the official identity test for many antibiotics, in- 
cluding penicillin V. When a proposed standard of peni- 
cillin V potassium was assayed, the spectrum showed an 
additional peak. The following solutions were chromato- 
graphed in this system: penicillin V potassium, the pro- 
posed standard; penicillin V potassium, the working 
standard; a mixture of penicillin G potassium and peni- 
cillin V potassium; penicillin G potassium, the working 
standard; and p-hydroxypenicillin V potassium. The re- 
sults are shown in Fig. 1. Carbenicillin, amoxicillin, neo- 
mycin, and cyclacillin were assayed using this system. 

2 31 
-I 

0 

A B C D E 
COMPOUND 

Figure 1-TLC results /or purity of antibiotic standards. Key: A,  
penicillin Vpotassium, proposed standard, 0.1 pg; B, penicillin V p o -  
tassium, working standard, 0.1 fig; C ,  penicillin C potassium, 0.005 pg, 
and penicillin Vpotassium, 0.1 pg; D,  penicillin G potassium, working 
standard, 0.005 pg; and E ,  p-hydroxypenirillin V potassium, 0.01 pg. 
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pink t int ,  pale yellow, yellow, yellow, yellow, and yelloui; 1 hr-yellow 
circle with purple beard, yellow center with pink outline, pale yellow, 
yellow, yellow, yellow, and yellow with pink beard; 2 hr-yellou, center 
with purple beard, yellow center with rose outline, yrllow center with 
pink outline, yellow, yellow center with gray beard, pale yellow, and 
orange center with purple beard; 3 hr-light brown, dark brown with 
yellow center, pale-orange outline with gray beard, bright yellow, bright 
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the  bioautograph are denoted by AR. 

The method described in the Code of  Federal Regula- 
tions (paragraph 436.308) to identify the tetracyclines is 
a paper chromatographic technique in which individual 
tetracyclines are identified presumptively when the Rf 
value of the unknown matches the Rf  value of a known 
tetracycline. During the development of this thin-layer 
technique, it was noted that, after the chromatographic 
procedure, a series of color changes takes place that is 
unique for each tetracycline spot. Each spot develops in 
an individual manner with regard to shape and color so 
that no two give the exact same pictures. After the bioau- 
tograph, no two zones have identical configurations. The 
combination of shape and color at  the point of origin and 
individual shapes of the zones of inhibition can serve as a 
means of identification. As in the paper chromatographic 
method, an unknown sample can be run with the seven 
known standards and readily identified (Fig. 2). 

Since this TLC system is quite adaptable and the bio- 
logical phase is readily adjusted for particular needs, 
variations of the basic system should be applied success- 
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Drug  Design, Vol. VIII. Edited by E. J. ARIENS. Academic, 11 1 Fifth 
Ave., New York, NY 10003.1979.420 pp. 15 X 23 cm. $42.00. 
This book is the eighth member of a continuing set, which collectively 

comprises Volume 11 of the series of monographs entitled “Medicinal 
Chemistry.” Dr. Ariens has produced another valuable book. As stated 
in the preface of this volume, the term “drug” is to be interpreted in the 
widest sense. Indeed, this volume includes such diverse agents as syn- 
thetic sweeteners, ionophores, and potential environmental pollu- 
tants. 

In the first chapter, Martin discusses “Advances in the Methodology 
of Quantitative Drug Design.” This chapter is a systematic survey of the 
approaches available for finding the substituent group giving optimum 
activity from a lead compound either by batch or stepwise selection of 
new derivatives. The parameters for describing electronic, steric, and, 
particularly, lipophilic effects of substituents are considered. Consider- 
able attention is devoted to theoretical models for the distribution of 
drugs into different compartments depending on their physicochemical 
properties. Finally, the information that can be obtained by regression 
and discriminate analyses is discussed. The most valuable aspect of the 
chapter probably is the many caveats concerning the limitations and 
pitfalls of quantitative structure-activity relationship methods. 

In the second chapter, Kirschner and Kowalski deal with the “Appli- 
cation of Pattern Recognition to Drug Design.” The first portion covers 
the general methodology of pattern recognition, and the second portion 
covers applications to drugs. Although development of this powerful 
mathematical tool has been initiated, much more work is needed. 

In Chapter 3, the design of drug delivery systems that will release a 
constant amount of drug over a long period is discussed by Chan- 
drasekaran, Theeuwes, and Yum. This chapter primarily describes the 
features and theory behind three currently available systems; OROS 
Theophyllin for oral use, a transdermal scopolamine system, and the Alzet 
osmotic minipump. Chapter 4 is an excellent discussion of the use of re- 
ceptor binding data for the design of steroid hormones by Raynaud, 
Ojasoo, Bouton, and Philibert. The general techniques of receptor iso- 
lation and displacement of bound, radiolabeled ligands for various hor- 
monal activities are presented. Then, the specific structure-activity re- 
lationships for receptor binding of estrogens, progestins, androgens, and 
mineralcorticoid and glucocorticoid hormones are considered. The re- 
lationship between receptor binding and in vivo activity is discussed 
last. 

The fifth chapter, authored by Crosby, DuBois, and Wingard, covers 
synthetic sweeteners. There is an interesting discussion of the theory of 
taste and the known structure-activity relationships for sweet substances; 
however, too much basic material on molecular interactions, Hansch 
treatment, etc., is included that is covered elsewhere in the series and 
detracts from this chapter. Chapter 6, “Prospective Assessment of En- 
vironmental Effects of Chemicals,” by Hueck-van der Plas and Hueck 
is concerned with the test systems that can be used to predict the envi- 
ronmental impact of chemicals. This chapter probably will be of more 
interest to researchers dealing with agricultural chemicals rather than 
to those concerned with drugs for human use. 

The final chapter is fascinating; it describes the “Design of Selective 
lon Binding Macrocyclic Compounds and Their Biological Applications” 
and was authored by Izatt, Lamb, Eatough, Christensen. and Rytting. 

The factors affecting the selective-ion complexation by crown ethers and 
derivatives are discussed in detail. 

This volume generally is well written and free from typographical er- 
rors. Every medicinal chemist should find something of interest. 

Reviewed by James F. Stubbins 
Department of Pharmaceutical Chemistry 
Medical College of Virginia 
Virginia Commonwealth University 
Richmond. VA 23298 

Foreign Compound Metabolism in Mammals, Vol. 5. A Review of the 
Literature Published During 1976 and 1977. Senior Reporter, D. E. 
HATHWAY. The Chemical Society, Burlington House, London WlV 
OBN, England. 1979. 567 pp. 13 X 22 cm. Price $70.00. (Available from 
the American Chemical Society, 1155 16th St., N.W., Washington, DC 
20036.) 
This volume is an organized condensation of almost 3000 major me- 

tabolism-pharmacokinetics papers published in 1976 and 1977. The first 
half of the volume consists of five subject-oriented chapters, which are 
followed by eight product-oriented chapters. 

Chapter 1, Drug Kinetics hy P. G. Wellington, is the longest chapter 
(86 pages) and has the highest density of references (758 total references 
for a mean of 8.6 referencedpage). This chapter has 20 well-selected 
sections and deals with prostaglandins, ethanol, inorganic ions, and di- 
agnostic agents in addition to a wide variety of drug classes. Chapter 2, 
Enzymic Mechanisms of Oxidation, Reduction, and Hydrolysis by P. 
Bentley and F. Oesch, interestingly covers the assigned terrain. Many 
readers will appreciate the subsection on epoxide hydratase for its in- 
clusion of topics such as control and induction and occurrence in extra- 
hepatic tissues. 

P. C. Hirom and P. Millburn cover Enzymic Mechanisms of Conju- 
gation (Chapter 3) in a fairly lively fashion. They briefly discuss new 
conjugation reactions and amino acid conjugations, and they animate 
their treatment of “the usual suspects” by reporting the tissue distri- 
bution of the enzymes responsible for conjugations with glucuronic acid, 
sulfate, and glutathione. In Chapter 4, J. D. Baty deals selectively and 
well with Species, Strain, and Sex Differences in Metabolism. Beside 
discussing comparative catabolic and conjugation reactions, Baty focuses 
on comparative differences in biliary excretion. The final subject-oriented 
chapter, Mechanisms of Chemical Carcinogenesis hy D. E. Hathway, has 
this reviewer’s enthusiastic endorsement for its interesting, valuable, and 
topical content. Its 54 pages utilize 358 well-chosen references that are 
integrated superbly. 

The first product-oriented chapter has a more pharmacological or- 
ientation than do the others. This chapter, the Effect of Drugs on the 
Central Nervous System by B. E. Leonard, integrates mechanisms of 
action with biotransf‘ormations. C. Rhodes divides his report on Car- 
diovascular Drugs into sections dealing with thrombosis, hypertension, 
and cardiac disorders and summarizes some particularly interesting in- 
terspecies differences in biotransformation pathways of numerous drugs. 
L. G. Dring and P. Millburn address the metabolism of Sympathomimetic 
Amines and Bronchodilators and underscore many differences between 
in uico and in oitro biotransformation routes. 

0 18 I Journal of Pharmaceutical Sciences 
Vol. 69, No. 5, May 1980 



fully to other contamination problems and other areas of 
interest. 

(1) D. V. Herbst,J. Pharm. Sci., 66,1646 (1977). 
(2) H. Bundgaard, Arch. Pharm. Chem. Sci. Ed., 3,74  (1975). 

Doris V. Herbst 

BOOKS 

National Center for 
Antibiotics Analysis 

Food and Drug Administration 
Washington, DC 20204 

Received November 8,1979. 
Accepted for publication February 6,1980. 

REVIEWS 

Drug  Design, Vol. VIII. Edited by E. J. ARIENS. Academic, 11 1 Fifth 
Ave., New York, NY 10003.1979.420 pp. 15 X 23 cm. $42.00. 
This book is the eighth member of a continuing set, which collectively 

comprises Volume 11 of the series of monographs entitled “Medicinal 
Chemistry.” Dr. Ariens has produced another valuable book. As stated 
in the preface of this volume, the term “drug” is to be interpreted in the 
widest sense. Indeed, this volume includes such diverse agents as syn- 
thetic sweeteners, ionophores, and potential environmental pollu- 
tants. 

In the first chapter, Martin discusses “Advances in the Methodology 
of Quantitative Drug Design.” This chapter is a systematic survey of the 
approaches available for finding the substituent group giving optimum 
activity from a lead compound either by batch or stepwise selection of 
new derivatives. The parameters for describing electronic, steric, and, 
particularly, lipophilic effects of substituents are considered. Consider- 
able attention is devoted to theoretical models for the distribution of 
drugs into different compartments depending on their physicochemical 
properties. Finally, the information that can be obtained by regression 
and discriminate analyses is discussed. The most valuable aspect of the 
chapter probably is the many caveats concerning the limitations and 
pitfalls of quantitative structure-activity relationship methods. 

In the second chapter, Kirschner and Kowalski deal with the “Appli- 
cation of Pattern Recognition to Drug Design.” The first portion covers 
the general methodology of pattern recognition, and the second portion 
covers applications to drugs. Although development of this powerful 
mathematical tool has been initiated, much more work is needed. 

In Chapter 3, the design of drug delivery systems that will release a 
constant amount of drug over a long period is discussed by Chan- 
drasekaran, Theeuwes, and Yum. This chapter primarily describes the 
features and theory behind three currently available systems; OROS 
Theophyllin for oral use, a transdermal scopolamine system, and the Alzet 
osmotic minipump. Chapter 4 is an excellent discussion of the use of re- 
ceptor binding data for the design of steroid hormones by Raynaud, 
Ojasoo, Bouton, and Philibert. The general techniques of receptor iso- 
lation and displacement of bound, radiolabeled ligands for various hor- 
monal activities are presented. Then, the specific structure-activity re- 
lationships for receptor binding of estrogens, progestins, androgens, and 
mineralcorticoid and glucocorticoid hormones are considered. The re- 
lationship between receptor binding and in vivo activity is discussed 
last. 

The fifth chapter, authored by Crosby, DuBois, and Wingard, covers 
synthetic sweeteners. There is an interesting discussion of the theory of 
taste and the known structure-activity relationships for sweet substances; 
however, too much basic material on molecular interactions, Hansch 
treatment, etc., is included that is covered elsewhere in the series and 
detracts from this chapter. Chapter 6, “Prospective Assessment of En- 
vironmental Effects of Chemicals,” by Hueck-van der Plas and Hueck 
is concerned with the test systems that can be used to predict the envi- 
ronmental impact of chemicals. This chapter probably will be of more 
interest to researchers dealing with agricultural chemicals rather than 
to those concerned with drugs for human use. 

The final chapter is fascinating; it describes the “Design of Selective 
lon Binding Macrocyclic Compounds and Their Biological Applications” 
and was authored by Izatt, Lamb, Eatough, Christensen. and Rytting. 

The factors affecting the selective-ion complexation by crown ethers and 
derivatives are discussed in detail. 

This volume generally is well written and free from typographical er- 
rors. Every medicinal chemist should find something of interest. 

Reviewed by James F. Stubbins 
Department of Pharmaceutical Chemistry 
Medical College of Virginia 
Virginia Commonwealth University 
Richmond. VA 23298 

Foreign Compound Metabolism in Mammals, Vol. 5. A Review of the 
Literature Published During 1976 and 1977. Senior Reporter, D. E. 
HATHWAY. The Chemical Society, Burlington House, London WlV 
OBN, England. 1979. 567 pp. 13 X 22 cm. Price $70.00. (Available from 
the American Chemical Society, 1155 16th St., N.W., Washington, DC 
20036.) 
This volume is an organized condensation of almost 3000 major me- 

tabolism-pharmacokinetics papers published in 1976 and 1977. The first 
half of the volume consists of five subject-oriented chapters, which are 
followed by eight product-oriented chapters. 

Chapter 1, Drug Kinetics hy P. G. Wellington, is the longest chapter 
(86 pages) and has the highest density of references (758 total references 
for a mean of 8.6 referencedpage). This chapter has 20 well-selected 
sections and deals with prostaglandins, ethanol, inorganic ions, and di- 
agnostic agents in addition to a wide variety of drug classes. Chapter 2, 
Enzymic Mechanisms of Oxidation, Reduction, and Hydrolysis by P. 
Bentley and F. Oesch, interestingly covers the assigned terrain. Many 
readers will appreciate the subsection on epoxide hydratase for its in- 
clusion of topics such as control and induction and occurrence in extra- 
hepatic tissues. 

P. C. Hirom and P. Millburn cover Enzymic Mechanisms of Conju- 
gation (Chapter 3) in a fairly lively fashion. They briefly discuss new 
conjugation reactions and amino acid conjugations, and they animate 
their treatment of “the usual suspects” by reporting the tissue distri- 
bution of the enzymes responsible for conjugations with glucuronic acid, 
sulfate, and glutathione. In Chapter 4, J. D. Baty deals selectively and 
well with Species, Strain, and Sex Differences in Metabolism. Beside 
discussing comparative catabolic and conjugation reactions, Baty focuses 
on comparative differences in biliary excretion. The final subject-oriented 
chapter, Mechanisms of Chemical Carcinogenesis hy D. E. Hathway, has 
this reviewer’s enthusiastic endorsement for its interesting, valuable, and 
topical content. Its 54 pages utilize 358 well-chosen references that are 
integrated superbly. 

The first product-oriented chapter has a more pharmacological or- 
ientation than do the others. This chapter, the Effect of Drugs on the 
Central Nervous System by B. E. Leonard, integrates mechanisms of 
action with biotransf‘ormations. C. Rhodes divides his report on Car- 
diovascular Drugs into sections dealing with thrombosis, hypertension, 
and cardiac disorders and summarizes some particularly interesting in- 
terspecies differences in biotransformation pathways of numerous drugs. 
L. G. Dring and P. Millburn address the metabolism of Sympathomimetic 
Amines and Bronchodilators and underscore many differences between 
in uico and in oitro biotransformation routes. 

0 18 I Journal of Pharmaceutical Sciences 
Vol. 69, No. 5, May 1980 



fully to other contamination problems and other areas of 
interest. 

(1) D. V. Herbst,J. Pharm. Sci., 66,1646 (1977). 
(2) H. Bundgaard, Arch. Pharm. Chem. Sci. Ed., 3,74  (1975). 

Doris V. Herbst 

BOOKS 

National Center for 
Antibiotics Analysis 

Food and Drug Administration 
Washington, DC 20204 

Received November 8,1979. 
Accepted for publication February 6,1980. 

REVIEWS 

Drug  Design, Vol. VIII. Edited by E. J. ARIENS. Academic, 11 1 Fifth 
Ave., New York, NY 10003.1979.420 pp. 15 X 23 cm. $42.00. 
This book is the eighth member of a continuing set, which collectively 

comprises Volume 11 of the series of monographs entitled “Medicinal 
Chemistry.” Dr. Ariens has produced another valuable book. As stated 
in the preface of this volume, the term “drug” is to be interpreted in the 
widest sense. Indeed, this volume includes such diverse agents as syn- 
thetic sweeteners, ionophores, and potential environmental pollu- 
tants. 

In the first chapter, Martin discusses “Advances in the Methodology 
of Quantitative Drug Design.” This chapter is a systematic survey of the 
approaches available for finding the substituent group giving optimum 
activity from a lead compound either by batch or stepwise selection of 
new derivatives. The parameters for describing electronic, steric, and, 
particularly, lipophilic effects of substituents are considered. Consider- 
able attention is devoted to theoretical models for the distribution of 
drugs into different compartments depending on their physicochemical 
properties. Finally, the information that can be obtained by regression 
and discriminate analyses is discussed. The most valuable aspect of the 
chapter probably is the many caveats concerning the limitations and 
pitfalls of quantitative structure-activity relationship methods. 

In the second chapter, Kirschner and Kowalski deal with the “Appli- 
cation of Pattern Recognition to Drug Design.” The first portion covers 
the general methodology of pattern recognition, and the second portion 
covers applications to drugs. Although development of this powerful 
mathematical tool has been initiated, much more work is needed. 

In Chapter 3, the design of drug delivery systems that will release a 
constant amount of drug over a long period is discussed by Chan- 
drasekaran, Theeuwes, and Yum. This chapter primarily describes the 
features and theory behind three currently available systems; OROS 
Theophyllin for oral use, a transdermal scopolamine system, and the Alzet 
osmotic minipump. Chapter 4 is an excellent discussion of the use of re- 
ceptor binding data for the design of steroid hormones by Raynaud, 
Ojasoo, Bouton, and Philibert. The general techniques of receptor iso- 
lation and displacement of bound, radiolabeled ligands for various hor- 
monal activities are presented. Then, the specific structure-activity re- 
lationships for receptor binding of estrogens, progestins, androgens, and 
mineralcorticoid and glucocorticoid hormones are considered. The re- 
lationship between receptor binding and in vivo activity is discussed 
last. 

The fifth chapter, authored by Crosby, DuBois, and Wingard, covers 
synthetic sweeteners. There is an interesting discussion of the theory of 
taste and the known structure-activity relationships for sweet substances; 
however, too much basic material on molecular interactions, Hansch 
treatment, etc., is included that is covered elsewhere in the series and 
detracts from this chapter. Chapter 6, “Prospective Assessment of En- 
vironmental Effects of Chemicals,” by Hueck-van der Plas and Hueck 
is concerned with the test systems that can be used to predict the envi- 
ronmental impact of chemicals. This chapter probably will be of more 
interest to researchers dealing with agricultural chemicals rather than 
to those concerned with drugs for human use. 

The final chapter is fascinating; it describes the “Design of Selective 
lon Binding Macrocyclic Compounds and Their Biological Applications” 
and was authored by Izatt, Lamb, Eatough, Christensen. and Rytting. 

The factors affecting the selective-ion complexation by crown ethers and 
derivatives are discussed in detail. 

This volume generally is well written and free from typographical er- 
rors. Every medicinal chemist should find something of interest. 

Reviewed by James F. Stubbins 
Department of Pharmaceutical Chemistry 
Medical College of Virginia 
Virginia Commonwealth University 
Richmond. VA 23298 

Foreign Compound Metabolism in Mammals, Vol. 5. A Review of the 
Literature Published During 1976 and 1977. Senior Reporter, D. E. 
HATHWAY. The Chemical Society, Burlington House, London WlV 
OBN, England. 1979. 567 pp. 13 X 22 cm. Price $70.00. (Available from 
the American Chemical Society, 1155 16th St., N.W., Washington, DC 
20036.) 
This volume is an organized condensation of almost 3000 major me- 

tabolism-pharmacokinetics papers published in 1976 and 1977. The first 
half of the volume consists of five subject-oriented chapters, which are 
followed by eight product-oriented chapters. 

Chapter 1, Drug Kinetics hy P. G. Wellington, is the longest chapter 
(86 pages) and has the highest density of references (758 total references 
for a mean of 8.6 referencedpage). This chapter has 20 well-selected 
sections and deals with prostaglandins, ethanol, inorganic ions, and di- 
agnostic agents in addition to a wide variety of drug classes. Chapter 2, 
Enzymic Mechanisms of Oxidation, Reduction, and Hydrolysis by P. 
Bentley and F. Oesch, interestingly covers the assigned terrain. Many 
readers will appreciate the subsection on epoxide hydratase for its in- 
clusion of topics such as control and induction and occurrence in extra- 
hepatic tissues. 

P. C. Hirom and P. Millburn cover Enzymic Mechanisms of Conju- 
gation (Chapter 3) in a fairly lively fashion. They briefly discuss new 
conjugation reactions and amino acid conjugations, and they animate 
their treatment of “the usual suspects” by reporting the tissue distri- 
bution of the enzymes responsible for conjugations with glucuronic acid, 
sulfate, and glutathione. In Chapter 4, J. D. Baty deals selectively and 
well with Species, Strain, and Sex Differences in Metabolism. Beside 
discussing comparative catabolic and conjugation reactions, Baty focuses 
on comparative differences in biliary excretion. The final subject-oriented 
chapter, Mechanisms of Chemical Carcinogenesis hy D. E. Hathway, has 
this reviewer’s enthusiastic endorsement for its interesting, valuable, and 
topical content. Its 54 pages utilize 358 well-chosen references that are 
integrated superbly. 

The first product-oriented chapter has a more pharmacological or- 
ientation than do the others. This chapter, the Effect of Drugs on the 
Central Nervous System by B. E. Leonard, integrates mechanisms of 
action with biotransf‘ormations. C. Rhodes divides his report on Car- 
diovascular Drugs into sections dealing with thrombosis, hypertension, 
and cardiac disorders and summarizes some particularly interesting in- 
terspecies differences in biotransformation pathways of numerous drugs. 
L. G. Dring and P. Millburn address the metabolism of Sympathomimetic 
Amines and Bronchodilators and underscore many differences between 
in uico and in oitro biotransformation routes. 

0 18 I Journal of Pharmaceutical Sciences 
Vol. 69, No. 5, May 1980 



The short chapter on Anti-Infective Agents by P. Johnson and J. D. 
Coombes deals with the biotransformation of some unusual structures 
while covering antiparasitics, antibiotics, antimycotic agents, antidiar- 
rheals, antitubercular drugs, antivirals, and sulfonamides. Interesting 
interspecies and in uiuo-in uitro comparisons pervade the coverage of 
Prostaglandins and Steroids by G. R. Bourne and D. E. Hathway. In the 
chapter on Food Constituents, D. E. Hathway objectively evaluates the 
saccharin and cyclamate problems under the heading of sweetening 
agents and deals with single-cell proteins, flour, vitamins, urethane and 
diethyl dicarbonate, food colorants, flavoring principles, and natural 
constituents. 

C. T.  Bedford reviews Agricultural Chemicals in sections on animal 
health products, rodenticides, insecticides, herbicides, and fungicides. 
This chapter is enlivened by descriptions of an anticoagulant with se- 
lective toxicity for vampire bats, an anthelmintic that is degraded to 
benzene, and an ususual example of N-dearylation. C. T. Bedford also 
contributed the final chapter, Industrial Chemicals and Miscellaneous 
Organic Compounds. which contains sections on aliphatic compounds, 
aromatic compounds, heteroaromatic compounds, and organometallic 
and inorganic compounds. Like the previous chapter, this chapter sum- 
marizes the biotransformation of many important environmental con- 
taminants. Some of the more interesting reactions involve the formation 

presents elemental remarks on bioequivalency and gives an overview of 
analytical methods and their selection in bioavailability studies. 

The chapter on “Quality Controi of Poliomyelitis Vaccines” is by P. 
B. Stone. A review is given of tissue culture and animal testing of inac- 
tivated polio vaccine and the testing of live polio vaccine for adventitious 
agents, mycoplasma, and identity. 

The chapter on “Quality Control of Ophthalmic Products” by .J. D. 
Mullins and T. C. Fleming presents an elemental review of the anatomy 
of the eye, absorption, ophthalmic dosages, formulation, and pro- 
cessing. 

This volume presents useful information for those seeking an overview 
of quality control in the specific areas covered; however, pharmaceutical 
scientists currently involved in quality assurance may find the treatment 
too cursory. 

Reviewed by Eugene L. Parrott 
College of Pharmacy 
Uniuersit.y of Iowa 
Iowa City, I A  52242 

of a metabolite of 4-dimethylaminophenol, which contains three gluta- 
thione residues attached to a single aromatic ring, and the formation of 
phosgene and carbon monoxide as metabolites. 

The few typographical errors in this book are readily understood, as 
are the misspellings of the names of some prominent scientists in the 
author index. The comDound index lists onlv substrates. not metabolites. 

Handbook of Analytical Derivatization Reactions. By DANIEL H. 
KNAPP. Wiley, One Wiley Drive, Somerset, NJ 08873.1979.741 pp. 
15 X 23 cm. Price $34.95. 
This book presents a collection of analytical derivatization methods 

for gas chromatographic, liquid chromatographic, and mass spectral 
More unfortunate is the absence of a comprehensive subject index that 
would enable readers to use the volume cross-sectionally; for example, 
to collect valuable information on studies performed in the wide variety 
of species covered in the volume (including humans, subhuman primates, 
sheep, cattle, lambs, pigs, tree shrews, and insects) or on reaction types 
or sites of hiotransformation. 

Overall, this volume is recommended highly as an organized source of 
metabolism-pharmacokinetics literature on important xenobiotics of 
many kinds. One of its major achievements is that it demonstrates the 
richness of opportunities for valuable future investigations. 

Reuiewed by Frederick J. Di Carlo 
Office o/ Toxic Substances 
U.S. Environmental Protection Agency 
Washington, DC 20460 

Quality Control in the Pharmaceutical  Industry, Vol. 3. Edited by 
M. S. COOPER. Academic, 111 Fifth Ave., New York, NY 10003.1979. 
292 pp. 15.5 X 22.5 cm. Price $29.50. 
Volume 3 of this series consists of six chapters covering the interpre- 

tation of current good manufacturing practice regulations, the auditing 
function in the total control of quality, filtrative sterilization with porous 
membranes, bioavailability standards for pharmaceutical products, 
quality control of poliomyelitis vaccines, and quality control of oph- 
thalmic products. 

The chapter by A. S. Arambulo on “Interpretation of Current Good 
Manufacturing Practice Regulations” exceeds 100 pages and presents 
an excellent comprehensive review. The concept and parts of the regu- 
lations are discussed and illustrated by examples. This chapter should 
be of special interest to graduate students and recent graduates who are 
joining the pharmaceutical industry and to management personnel who 
have not been trained as physical or biological scientists. 

The chapter on “Auditing Function in the Total Control of Quality” 
by A. J. Schmitz, Jr., reviews the quality control of the product and the 
quality control of operations and control techniques. Auditing includes 
managerial review of quality assurance to a firm to procure, produce, 
distribute, and control all phases of the function of a firm including fa- 
cilities, personnel, standards, and the auditing method. 

The chapter on “Filtrative Sterilization with Porous Membranes” by 
’I’. H. Meltzer and R. C. Lukaszewicz is concerned with the technology 
o f  porous membranes. It does not discuss sterility testing, but it does 
discuss pore properties, manufacture, filter rating, retentivity, and types 
of filters used. Prefilters and filter construction, design, preparation for 
use, and usage are discussed. 

‘The chapter on “Rioavailability Standards for Pharmaceutical 
Products” by R. V. Smith and G. J .  Yakatan is the shortest chapter. I t  

anafysis. The reactions invoke only the covalent derivatives of organic 
compounds formed prior to analysis. Part I briefly discusses the uses o f  
analytical derivatization, the types of derivatives formed, and a typical 
apparatus employed in such reactions. 

Part  I1 features 15 sections concerning the derivatization of particular 
compound types. Among the classes considered are steroids, prosta- 
glandins, and drugs. An overview of derivatization for the sample type 
is given along with specific derivatization methods. For each major 
compound type, the derivatization reactions are organized further into 
subsections of the compound type and within each subsection according 
to the type of derivative formed. Each method description includes 
structural formulas for the reaction, experimental directions, and ref- 
erences to the original literature. Sections on derivatives for substituent 
location by mass spectrometry and derivatives for chromatographic 
separation of optical isomers also are included. 

Part  111 contains author and general subject indexes along with ap- 
pendixes listing the composition of brand name reagents and U.S. and 
foreign suppliers of reagents and apparatuses used for analytical deri- 
vatization. An index of the derivatives and reagents discussed in Part I 1  
also is included. 

This book should serve hoth as a self-contained methodology reference 
and as an introduction to the literature on analytical derivatization. 

Staff Review 

Pharmacognosy, 1 lth ed. By G. E. TREASE and W. C. EVANS. Cassell 
and Collier Macmillan Publishers Ltd., 35 Red Lion Square, London 
WClR 49G, England. 1978.784 pp, 16 X 23 cm. Price $32.50. 
This is the 11th edition of a longstanding series of revisions that trace 

their origin to the original work in 1934. The latest revision reflects the 
increasing awareness and knowledge of the active constituents of natural, 
particularly vegetable, drugs. The book has been partially rearranged 
from the 10th edition with lengthy revisions in the parts dealing with drug 
sources, including production and quality control and the consideration 
of the various classes of drugs of biological origin. 
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cluding an index. It is liberally filled with numerous structural tormulas, 
pictures (none in color), tables, and illustrations. Part 1 (Chapters 1-3) 
deals with drug classification, the literature of pharmacognosy, and plant 
nomenclature and taxonomy. Part 2 (Chapters 4-7) covers plant rnor- 
phology, anatomy, histology, and cellular content. Part 3 (Chapters %12) 
discusses the botanical and chemical characteristics of the more impor- 
tant orders and families of both nonflowering and flowering plants with 
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The short chapter on Anti-Infective Agents by P. Johnson and J. D. 
Coombes deals with the biotransformation of some unusual structures 
while covering antiparasitics, antibiotics, antimycotic agents, antidiar- 
rheals, antitubercular drugs, antivirals, and sulfonamides. Interesting 
interspecies and in uiuo-in uitro comparisons pervade the coverage of 
Prostaglandins and Steroids by G. R. Bourne and D. E. Hathway. In the 
chapter on Food Constituents, D. E. Hathway objectively evaluates the 
saccharin and cyclamate problems under the heading of sweetening 
agents and deals with single-cell proteins, flour, vitamins, urethane and 
diethyl dicarbonate, food colorants, flavoring principles, and natural 
constituents. 

C. T.  Bedford reviews Agricultural Chemicals in sections on animal 
health products, rodenticides, insecticides, herbicides, and fungicides. 
This chapter is enlivened by descriptions of an anticoagulant with se- 
lective toxicity for vampire bats, an anthelmintic that is degraded to 
benzene, and an ususual example of N-dearylation. C. T. Bedford also 
contributed the final chapter, Industrial Chemicals and Miscellaneous 
Organic Compounds. which contains sections on aliphatic compounds, 
aromatic compounds, heteroaromatic compounds, and organometallic 
and inorganic compounds. Like the previous chapter, this chapter sum- 
marizes the biotransformation of many important environmental con- 
taminants. Some of the more interesting reactions involve the formation 

presents elemental remarks on bioequivalency and gives an overview of 
analytical methods and their selection in bioavailability studies. 

The chapter on “Quality Controi of Poliomyelitis Vaccines” is by P. 
B. Stone. A review is given of tissue culture and animal testing of inac- 
tivated polio vaccine and the testing of live polio vaccine for adventitious 
agents, mycoplasma, and identity. 

The chapter on “Quality Control of Ophthalmic Products” by .J. D. 
Mullins and T. C. Fleming presents an elemental review of the anatomy 
of the eye, absorption, ophthalmic dosages, formulation, and pro- 
cessing. 

This volume presents useful information for those seeking an overview 
of quality control in the specific areas covered; however, pharmaceutical 
scientists currently involved in quality assurance may find the treatment 
too cursory. 

Reviewed by Eugene L. Parrott 
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Uniuersit.y of Iowa 
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of a metabolite of 4-dimethylaminophenol, which contains three gluta- 
thione residues attached to a single aromatic ring, and the formation of 
phosgene and carbon monoxide as metabolites. 

The few typographical errors in this book are readily understood, as 
are the misspellings of the names of some prominent scientists in the 
author index. The comDound index lists onlv substrates. not metabolites. 

Handbook of Analytical Derivatization Reactions. By DANIEL H. 
KNAPP. Wiley, One Wiley Drive, Somerset, NJ 08873.1979.741 pp. 
15 X 23 cm. Price $34.95. 
This book presents a collection of analytical derivatization methods 

for gas chromatographic, liquid chromatographic, and mass spectral 
More unfortunate is the absence of a comprehensive subject index that 
would enable readers to use the volume cross-sectionally; for example, 
to collect valuable information on studies performed in the wide variety 
of species covered in the volume (including humans, subhuman primates, 
sheep, cattle, lambs, pigs, tree shrews, and insects) or on reaction types 
or sites of hiotransformation. 

Overall, this volume is recommended highly as an organized source of 
metabolism-pharmacokinetics literature on important xenobiotics of 
many kinds. One of its major achievements is that it demonstrates the 
richness of opportunities for valuable future investigations. 

Reuiewed by Frederick J. Di Carlo 
Office o/ Toxic Substances 
U.S. Environmental Protection Agency 
Washington, DC 20460 
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tation of current good manufacturing practice regulations, the auditing 
function in the total control of quality, filtrative sterilization with porous 
membranes, bioavailability standards for pharmaceutical products, 
quality control of poliomyelitis vaccines, and quality control of oph- 
thalmic products. 

The chapter by A. S. Arambulo on “Interpretation of Current Good 
Manufacturing Practice Regulations” exceeds 100 pages and presents 
an excellent comprehensive review. The concept and parts of the regu- 
lations are discussed and illustrated by examples. This chapter should 
be of special interest to graduate students and recent graduates who are 
joining the pharmaceutical industry and to management personnel who 
have not been trained as physical or biological scientists. 

The chapter on “Auditing Function in the Total Control of Quality” 
by A. J. Schmitz, Jr., reviews the quality control of the product and the 
quality control of operations and control techniques. Auditing includes 
managerial review of quality assurance to a firm to procure, produce, 
distribute, and control all phases of the function of a firm including fa- 
cilities, personnel, standards, and the auditing method. 

The chapter on “Filtrative Sterilization with Porous Membranes” by 
’I’. H. Meltzer and R. C. Lukaszewicz is concerned with the technology 
o f  porous membranes. It does not discuss sterility testing, but it does 
discuss pore properties, manufacture, filter rating, retentivity, and types 
of filters used. Prefilters and filter construction, design, preparation for 
use, and usage are discussed. 

‘The chapter on “Rioavailability Standards for Pharmaceutical 
Products” by R. V. Smith and G. J .  Yakatan is the shortest chapter. I t  

anafysis. The reactions invoke only the covalent derivatives of organic 
compounds formed prior to analysis. Part I briefly discusses the uses o f  
analytical derivatization, the types of derivatives formed, and a typical 
apparatus employed in such reactions. 

Part  I1 features 15 sections concerning the derivatization of particular 
compound types. Among the classes considered are steroids, prosta- 
glandins, and drugs. An overview of derivatization for the sample type 
is given along with specific derivatization methods. For each major 
compound type, the derivatization reactions are organized further into 
subsections of the compound type and within each subsection according 
to the type of derivative formed. Each method description includes 
structural formulas for the reaction, experimental directions, and ref- 
erences to the original literature. Sections on derivatives for substituent 
location by mass spectrometry and derivatives for chromatographic 
separation of optical isomers also are included. 

Part  111 contains author and general subject indexes along with ap- 
pendixes listing the composition of brand name reagents and U.S. and 
foreign suppliers of reagents and apparatuses used for analytical deri- 
vatization. An index of the derivatives and reagents discussed in Part I 1  
also is included. 

This book should serve hoth as a self-contained methodology reference 
and as an introduction to the literature on analytical derivatization. 
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sources, including production and quality control and the consideration 
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cluding an index. It is liberally filled with numerous structural tormulas, 
pictures (none in color), tables, and illustrations. Part 1 (Chapters 1-3) 
deals with drug classification, the literature of pharmacognosy, and plant 
nomenclature and taxonomy. Part 2 (Chapters 4-7) covers plant rnor- 
phology, anatomy, histology, and cellular content. Part 3 (Chapters %12) 
discusses the botanical and chemical characteristics of the more impor- 
tant orders and families of both nonflowering and flowering plants with 
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lators and a summary of the pharmacological actions of plant drugs. 
Part  5 (Chapters 19-22) discusses phytochemistry, biogenesis, and 

basic and secondary phytometabolism with a small section on microbial 
conversions and aberrant syntheses in higher plants. Part  6 (Chapters 
23-35) constitutes the bulk of the book and is a discussion of the drugs 
of biological origin, organized by chemical class (e.g., carbohydrates and 
alkaloids) or by biological activity (plant tumor inhibitors, hallucinogens, 
and pesticides). Part 7 (Chapters 36 and 37) concerns genetics and 
comparative phytochemistry, while Part 8 (Chapters 38-41) finishes the 
book with a discussion of microscopy. 

One can find some inconsistencies in this book, as in any text. For in- 
stance, the stereochemistry of the cardiac steroid glycosides is not illus- 
trated in Chapter 27 (although these features are discussed), while the 
stereochemistry of the tropane alkaloids hyoscyamine and hyoscine is 
nicely illustrated in Chapter 30. A somewhat disturbing feature is that 
the authors chose to discuss the pharmacological activities of plant- 
derived drugs in one specific chapter instead of with the specific com- 
pound in the appropriate chapter. To my knowledge, there is little or no 
mention of the commonly occurring adverse effects associated with 
therapy with plant-derived drugs. There is no discussion of immunizing 
biologicals nor of antibiotics as therapeutic agents. Finally, the chapter 
on tumor inhibitors from plants seems weak and is particularly lacking 
in structural illustrations. 

The writing of a textbook on pharmacognosy is a labor of love in many 
ways. I t  is a particularly broad subject and it is difficult to be “all things 
to all people.” The authors have worked diligently to “marry” biology, 
biochemistry, chemistry, plant histology/anatomy, and pharmacology 
into one voluminous work. As the authors state: “The new edition has 
the same purpose as its predecessors, namely to give a comprehensive 
presentation of pharmacognosy which complements the very varied 
treatments which the subject receives in schools of pharmacy throughout 
the world.” Despite some shortcomings, the book adequately fulfills its 
broad-based mission, and I recommend that anyone involved in the broad 
discipline of pharmacognosy should obtain a copy. Furthermore, libraries 
of pharmacy schools and institutions interested in natural products 
should be interested in this work. 

Reviewed by Paul L. Schiff, Jr. 
Department of Pharmacognosy 
School of Pharmacy 
University of Pittsburgh 
Pittsburgh, P A  15261 
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DRIDGE. Symposium Press, 3/4 St. Andrews Hill, London EC4V 5BY, 
England. 1979. 169 pp. 15 X 22 cm. Price $23.00. 

Drugs and lmmunv Responsiveness. Edited by J. L. TURK and DAR- 

IEN PARKER. university Park Press, 233 E. Redwood St., Baltimore, 
MD 21202.1979.254 pp. 15 X 24 cm. Price $44.50. 

Carcinogens and Related Substances: Analytical Chemistry for Toxi- 
cological Research. By MALCOLM c .  BOWMAN. Dekker, 270 
Madison Ave., New York, NY 10016.1979.316 pp. 15 X 23 cm. Price 
$34.50. 

Plant Organelles. Edited by ERIC REID. (Methodological Surveys 
Biochemistry Subseries, Vol. 9.) Wiley, 605 Third Ave., New York, NY 
10016.1979.232 pp. 15 X 23 cm. 

Quantitative Mass Spectrometry in Life Seiences II. Edited by A, P. De 
LEENHEER, R. R. RONCUCCI, and C. VAN PETEGHEM. Else- 
vier/North-Holland Inc., 52 Vanderbilt Ave., New York, NY 10017. 
1978.501 pp. 16 X 25 cm. Price $48.45. 

Foundations of Molecular Pharmacology, Vol. 2: The  Chemical Basis 
of Drug Action. By J. B. STENLAKE. Athlone Press, University of 
London, 4 Gower St., London WC1, England. 1979.318 pp. 15 X 23 cm. 
Price $46.25. 

Advances in Chromatography, Vol. 17. Edited by J. CALVIN GIDD- 
INGS, ELI GRUSHKA, JACK CAZES, and PHYLLIS R. BROWN. 
Dekker, 270 Madison Ave., New York, NY 10016.1979.352 pp. 15 X 
23 cm. Price $36.50. 

Maternal Recognition of Pregnancy. (Ciba Foundation Syqposium 64.) 
ElseviedNorth-Holland Inc., 52 Vanderbilt Ave., New York, NY 10017. 
1979.425 pp. 16 X 24 cm. 

Oxygen Free Radicals and Tissue Damage. (Ciba Foundation Sympo- 
sium 65.) ElseviedNorth-Holland Inc., 52 Vanderbilt Ave., New York, 
NY 10017.1979.381 pp. 16 X 24 cm. 

Human Genetics: Possibilities and Realities. (Ciba Foundation Sym- 
posium 66.) Elsevier/North-Holland, Inc., 52 Vanderbilt Ave., New 
York, NY 10017.1979.425 pp. 16 X 24 cm. 

Submolecular Biology and Cancer. (Ciba Foundation Symposium 67.) 
Elsevier/North-Holland Inc., 52 Vanderbilt Ave., New York, NY 10017. 
1979.349 pp. 16 X 24 cm. 

Studies in Drug Utilization: Methods and Applications. Edited by U. 
BERGMAN, A. H. W. WAHBA, A. GRIMSSON, and B. WEST- 
ERHOLM. (WHO Regional Publications European Series No. 8.) 
World Health Organization, 1211 Geneva 27, Switzerland. 1979. 185 
pp. 15 X 24 cm. Price 20 Sw.fr. 

Nutrition and Cancer. Edited by JAN VAN EYS, MILDRED S. 
SEELIG, and BUFORD L. NICHOLS, Jr. Spectrum Publications, 
175-20 Wexford Terrace, Jamaica, NY 11432. 1979. 297 pp. 15 X 23 
cm. Price $25.00. 

Synthetic Aspects of Biologically Active Cyclic Peptides-Gramicidin 
S and Tyrocidines. By NOBUO IZUMIYA, TETSUO KATO, HA- 
RUHIKO AOYAGI, MICHINORI WAKI, and MICHIO KONDO. 
Wiley, One Wiley Dr., Somerset, NJ 08873.1979.166 pp. 14 X 23 cm. 
Price $29.95. 

Terpenoids and Steroids, Vol. 9. Senior Reporter, J. R. HANSON. (A 
Specialist Periodical Report.) The Chemical Society. 1979. 352 pp. 14 
X 22 cm. Price $72.00. (Available from Special Issue Sales, American 
Chemical Society, 1155 16th St., N. W., Washington, DC 20036.) 

Aromatic and Heteroaromatic Chemistry, Vol. 7. Senior Reporters, H. 
SUSCHITZKY and 0. METH-COHN. (A Specialist Periodical Re- 
port.) The Chemical Society. 1979. 368 pp. 13 X 23 cm. Price $72.50. 
(Available from Special Issue Sales, American Chemical Society, 1155 
16th St., N. W., Washington, DC 20036.) 

Recent Development in Mass Spectrometry in  Biochemistry and 
Medicine, Vol. 2. Edited by ALBERT0 FRIGERIO. Plenum, 227 W. 
17th St., New York, NY 10011. 1979. 492 pp. 16 X 25 cm. Price 
$45.00. 

Vitamin K Metabolism and Vitamin K-Dependent Proteins. Edited 
by J .  W. SUTTIE. University Park Press, 233 E. Redwood St., Balti- 
more, MD 21202. 1980.592 pp. 15 X 23 cm. Price $39.50. 

T h e  Nature of Enzymology. By R. L. FOSTER. Wiley, One Wiley Dr., 
Somerset, NJ 08873.1980.383 pp. 13 X 22 cm. Price $39.95. 

Selected Methods in  Cellular Immunology. Edited by BARBARA B. 
MISHELL and STANLEY M. SHOIGI. W. H. Freeman and Co., 660 
Market St., San Francisco, CA 94104.1980.486 pp. 16 X 23 cm. Price 
$29.95. 

Essays on the Anatomy and Physiology of Lymphoid Tissues. Edited 
by Z. TRNKA and R. N. P. CAHILL. (Monographs in Allergy, Vol. 16.) 
S. Karger AG, Arnold-Bbcklin-Strasse 25, CH-4011 Basel, Switzerland. 
1980. 262 pp. 15 X 23 cm. Price $94.50. 
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The short chapter on Anti-Infective Agents by P. Johnson and J. D. 
Coombes deals with the biotransformation of some unusual structures 
while covering antiparasitics, antibiotics, antimycotic agents, antidiar- 
rheals, antitubercular drugs, antivirals, and sulfonamides. Interesting 
interspecies and in uiuo-in uitro comparisons pervade the coverage of 
Prostaglandins and Steroids by G. R. Bourne and D. E. Hathway. In the 
chapter on Food Constituents, D. E. Hathway objectively evaluates the 
saccharin and cyclamate problems under the heading of sweetening 
agents and deals with single-cell proteins, flour, vitamins, urethane and 
diethyl dicarbonate, food colorants, flavoring principles, and natural 
constituents. 

C. T.  Bedford reviews Agricultural Chemicals in sections on animal 
health products, rodenticides, insecticides, herbicides, and fungicides. 
This chapter is enlivened by descriptions of an anticoagulant with se- 
lective toxicity for vampire bats, an anthelmintic that is degraded to 
benzene, and an ususual example of N-dearylation. C. T. Bedford also 
contributed the final chapter, Industrial Chemicals and Miscellaneous 
Organic Compounds. which contains sections on aliphatic compounds, 
aromatic compounds, heteroaromatic compounds, and organometallic 
and inorganic compounds. Like the previous chapter, this chapter sum- 
marizes the biotransformation of many important environmental con- 
taminants. Some of the more interesting reactions involve the formation 

presents elemental remarks on bioequivalency and gives an overview of 
analytical methods and their selection in bioavailability studies. 

The chapter on “Quality Controi of Poliomyelitis Vaccines” is by P. 
B. Stone. A review is given of tissue culture and animal testing of inac- 
tivated polio vaccine and the testing of live polio vaccine for adventitious 
agents, mycoplasma, and identity. 

The chapter on “Quality Control of Ophthalmic Products” by .J. D. 
Mullins and T. C. Fleming presents an elemental review of the anatomy 
of the eye, absorption, ophthalmic dosages, formulation, and pro- 
cessing. 

This volume presents useful information for those seeking an overview 
of quality control in the specific areas covered; however, pharmaceutical 
scientists currently involved in quality assurance may find the treatment 
too cursory. 

Reviewed by Eugene L. Parrott 
College of Pharmacy 
Uniuersit.y of Iowa 
Iowa City, I A  52242 

of a metabolite of 4-dimethylaminophenol, which contains three gluta- 
thione residues attached to a single aromatic ring, and the formation of 
phosgene and carbon monoxide as metabolites. 

The few typographical errors in this book are readily understood, as 
are the misspellings of the names of some prominent scientists in the 
author index. The comDound index lists onlv substrates. not metabolites. 

Handbook of Analytical Derivatization Reactions. By DANIEL H. 
KNAPP. Wiley, One Wiley Drive, Somerset, NJ 08873.1979.741 pp. 
15 X 23 cm. Price $34.95. 
This book presents a collection of analytical derivatization methods 

for gas chromatographic, liquid chromatographic, and mass spectral 
More unfortunate is the absence of a comprehensive subject index that 
would enable readers to use the volume cross-sectionally; for example, 
to collect valuable information on studies performed in the wide variety 
of species covered in the volume (including humans, subhuman primates, 
sheep, cattle, lambs, pigs, tree shrews, and insects) or on reaction types 
or sites of hiotransformation. 

Overall, this volume is recommended highly as an organized source of 
metabolism-pharmacokinetics literature on important xenobiotics of 
many kinds. One of its major achievements is that it demonstrates the 
richness of opportunities for valuable future investigations. 

Reuiewed by Frederick J. Di Carlo 
Office o/ Toxic Substances 
U.S. Environmental Protection Agency 
Washington, DC 20460 

Quality Control in the Pharmaceutical  Industry, Vol. 3. Edited by 
M. S. COOPER. Academic, 111 Fifth Ave., New York, NY 10003.1979. 
292 pp. 15.5 X 22.5 cm. Price $29.50. 
Volume 3 of this series consists of six chapters covering the interpre- 

tation of current good manufacturing practice regulations, the auditing 
function in the total control of quality, filtrative sterilization with porous 
membranes, bioavailability standards for pharmaceutical products, 
quality control of poliomyelitis vaccines, and quality control of oph- 
thalmic products. 

The chapter by A. S. Arambulo on “Interpretation of Current Good 
Manufacturing Practice Regulations” exceeds 100 pages and presents 
an excellent comprehensive review. The concept and parts of the regu- 
lations are discussed and illustrated by examples. This chapter should 
be of special interest to graduate students and recent graduates who are 
joining the pharmaceutical industry and to management personnel who 
have not been trained as physical or biological scientists. 

The chapter on “Auditing Function in the Total Control of Quality” 
by A. J. Schmitz, Jr., reviews the quality control of the product and the 
quality control of operations and control techniques. Auditing includes 
managerial review of quality assurance to a firm to procure, produce, 
distribute, and control all phases of the function of a firm including fa- 
cilities, personnel, standards, and the auditing method. 

The chapter on “Filtrative Sterilization with Porous Membranes” by 
’I’. H. Meltzer and R. C. Lukaszewicz is concerned with the technology 
o f  porous membranes. It does not discuss sterility testing, but it does 
discuss pore properties, manufacture, filter rating, retentivity, and types 
of filters used. Prefilters and filter construction, design, preparation for 
use, and usage are discussed. 

‘The chapter on “Rioavailability Standards for Pharmaceutical 
Products” by R. V. Smith and G. J .  Yakatan is the shortest chapter. I t  

anafysis. The reactions invoke only the covalent derivatives of organic 
compounds formed prior to analysis. Part I briefly discusses the uses o f  
analytical derivatization, the types of derivatives formed, and a typical 
apparatus employed in such reactions. 

Part  I1 features 15 sections concerning the derivatization of particular 
compound types. Among the classes considered are steroids, prosta- 
glandins, and drugs. An overview of derivatization for the sample type 
is given along with specific derivatization methods. For each major 
compound type, the derivatization reactions are organized further into 
subsections of the compound type and within each subsection according 
to the type of derivative formed. Each method description includes 
structural formulas for the reaction, experimental directions, and ref- 
erences to the original literature. Sections on derivatives for substituent 
location by mass spectrometry and derivatives for chromatographic 
separation of optical isomers also are included. 

Part  111 contains author and general subject indexes along with ap- 
pendixes listing the composition of brand name reagents and U.S. and 
foreign suppliers of reagents and apparatuses used for analytical deri- 
vatization. An index of the derivatives and reagents discussed in Part I 1  
also is included. 

This book should serve hoth as a self-contained methodology reference 
and as an introduction to the literature on analytical derivatization. 

Staff Review 

Pharmacognosy, 1 lth ed. By G. E. TREASE and W. C. EVANS. Cassell 
and Collier Macmillan Publishers Ltd., 35 Red Lion Square, London 
WClR 49G, England. 1978.784 pp, 16 X 23 cm. Price $32.50. 
This is the 11th edition of a longstanding series of revisions that trace 

their origin to the original work in 1934. The latest revision reflects the 
increasing awareness and knowledge of the active constituents of natural, 
particularly vegetable, drugs. The book has been partially rearranged 
from the 10th edition with lengthy revisions in the parts dealing with drug 
sources, including production and quality control and the consideration 
of the various classes of drugs of biological origin. 

The book is composed of eight parts with a total of 41 chapters, in- 
cluding an index. It is liberally filled with numerous structural tormulas, 
pictures (none in color), tables, and illustrations. Part 1 (Chapters 1-3) 
deals with drug classification, the literature of pharmacognosy, and plant 
nomenclature and taxonomy. Part 2 (Chapters 4-7) covers plant rnor- 
phology, anatomy, histology, and cellular content. Part 3 (Chapters %12) 
discusses the botanical and chemical characteristics of the more impor- 
tant orders and families of both nonflowering and flowering plants with 
references taken from Volumes 74-84 of Chemical Abstracts. Part 4 
(Chapters 13-18) includes a discussion of the sources of crude drugs, drug 
production, quality control, drug deterioration, and plant growth regu- 
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lators and a summary of the pharmacological actions of plant drugs. 
Part  5 (Chapters 19-22) discusses phytochemistry, biogenesis, and 

basic and secondary phytometabolism with a small section on microbial 
conversions and aberrant syntheses in higher plants. Part  6 (Chapters 
23-35) constitutes the bulk of the book and is a discussion of the drugs 
of biological origin, organized by chemical class (e.g., carbohydrates and 
alkaloids) or by biological activity (plant tumor inhibitors, hallucinogens, 
and pesticides). Part 7 (Chapters 36 and 37) concerns genetics and 
comparative phytochemistry, while Part 8 (Chapters 38-41) finishes the 
book with a discussion of microscopy. 

One can find some inconsistencies in this book, as in any text. For in- 
stance, the stereochemistry of the cardiac steroid glycosides is not illus- 
trated in Chapter 27 (although these features are discussed), while the 
stereochemistry of the tropane alkaloids hyoscyamine and hyoscine is 
nicely illustrated in Chapter 30. A somewhat disturbing feature is that 
the authors chose to discuss the pharmacological activities of plant- 
derived drugs in one specific chapter instead of with the specific com- 
pound in the appropriate chapter. To my knowledge, there is little or no 
mention of the commonly occurring adverse effects associated with 
therapy with plant-derived drugs. There is no discussion of immunizing 
biologicals nor of antibiotics as therapeutic agents. Finally, the chapter 
on tumor inhibitors from plants seems weak and is particularly lacking 
in structural illustrations. 

The writing of a textbook on pharmacognosy is a labor of love in many 
ways. I t  is a particularly broad subject and it is difficult to be “all things 
to all people.” The authors have worked diligently to “marry” biology, 
biochemistry, chemistry, plant histology/anatomy, and pharmacology 
into one voluminous work. As the authors state: “The new edition has 
the same purpose as its predecessors, namely to give a comprehensive 
presentation of pharmacognosy which complements the very varied 
treatments which the subject receives in schools of pharmacy throughout 
the world.” Despite some shortcomings, the book adequately fulfills its 
broad-based mission, and I recommend that anyone involved in the broad 
discipline of pharmacognosy should obtain a copy. Furthermore, libraries 
of pharmacy schools and institutions interested in natural products 
should be interested in this work. 

Reviewed by Paul L. Schiff, Jr. 
Department of Pharmacognosy 
School of Pharmacy 
University of Pittsburgh 
Pittsburgh, P A  15261 

NOTICES 

The Heritage of Nuclear Medicine. Edited by MARSHALL BRUCER, 
C. CRAIG HARRIS, WILLIAM J.  MacINTYRE, and GEORGE V. 
TAPLIN. Society of Nuclear Medicine, 475 Park Ave. S., New York, 
NY 10016.1979.191 pp. 21 X 27 cm. Price $14.50. 

Connectiup Tissue Change in Rheumatoid Arthritis and the Use of 
Penicillamine. Edited by 1. L. RONTA and A. CATS. (Agents and 
Actions Supplement 5.) Birkhauser Boston Inc., 380 Green St., P.O. 
Box 2007, Cambridge, MA 02139. 1979. 190 pp. 16 X 24 cm. Price 
$29.00, 

Behavior Analysis and Treatment o f  Substance Abuse. Edited by 
NORMAN A. KRASNEGOR. (NIDA Research Monograph 25.) Na- 
tional Institute on Drug Abuse. 1979. 256 pp. 14 X 23 cm. (Available 
from Superintendent of Documents, US. Government Printing Office, 
Washington, DC 20402.) 

The  Behauioral Aspects of Smoking. Edited by NORMAN A. KRAS- 
NEGOR. (NIDA Research Monograph 26.) National Institute on Drug 
Abuse. 1979.192 pp. 14 X 23 cm. (Available from Superintendent of 
Documents, U S .  Government Printing Office, Washington, DC 
20402.) 

Handbook of Biological Psychiatry, Part I: Disciplines Relevant to Bi- 
ological Psychiatry. Edited by HERMAN M. VAN PRAAG. Dekker, 
270 Madison Ave., New York, NY 10016. 1979. 429 pp. 15 X 23 cm. 
Price $45.00. 

Recent Advances in  Drug Research. By M. J. CLEARE, C. R. GANEL- 
LIN, D. HARTLEY, W. J. ROSS, M. S. TUTE, and K. R. H. WOOL- 
DRIDGE. Symposium Press, 3/4 St. Andrews Hill, London EC4V 5BY, 
England. 1979. 169 pp. 15 X 22 cm. Price $23.00. 

Drugs and lmmunv Responsiveness. Edited by J. L. TURK and DAR- 

IEN PARKER. university Park Press, 233 E. Redwood St., Baltimore, 
MD 21202.1979.254 pp. 15 X 24 cm. Price $44.50. 

Carcinogens and Related Substances: Analytical Chemistry for Toxi- 
cological Research. By MALCOLM c .  BOWMAN. Dekker, 270 
Madison Ave., New York, NY 10016.1979.316 pp. 15 X 23 cm. Price 
$34.50. 

Plant Organelles. Edited by ERIC REID. (Methodological Surveys 
Biochemistry Subseries, Vol. 9.) Wiley, 605 Third Ave., New York, NY 
10016.1979.232 pp. 15 X 23 cm. 

Quantitative Mass Spectrometry in Life Seiences II. Edited by A, P. De 
LEENHEER, R. R. RONCUCCI, and C. VAN PETEGHEM. Else- 
vier/North-Holland Inc., 52 Vanderbilt Ave., New York, NY 10017. 
1978.501 pp. 16 X 25 cm. Price $48.45. 

Foundations of Molecular Pharmacology, Vol. 2: The  Chemical Basis 
of Drug Action. By J. B. STENLAKE. Athlone Press, University of 
London, 4 Gower St., London WC1, England. 1979.318 pp. 15 X 23 cm. 
Price $46.25. 

Advances in Chromatography, Vol. 17. Edited by J. CALVIN GIDD- 
INGS, ELI GRUSHKA, JACK CAZES, and PHYLLIS R. BROWN. 
Dekker, 270 Madison Ave., New York, NY 10016.1979.352 pp. 15 X 
23 cm. Price $36.50. 

Maternal Recognition of Pregnancy. (Ciba Foundation Syqposium 64.) 
ElseviedNorth-Holland Inc., 52 Vanderbilt Ave., New York, NY 10017. 
1979.425 pp. 16 X 24 cm. 

Oxygen Free Radicals and Tissue Damage. (Ciba Foundation Sympo- 
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NY 10017.1979.381 pp. 16 X 24 cm. 

Human Genetics: Possibilities and Realities. (Ciba Foundation Sym- 
posium 66.) Elsevier/North-Holland, Inc., 52 Vanderbilt Ave., New 
York, NY 10017.1979.425 pp. 16 X 24 cm. 

Submolecular Biology and Cancer. (Ciba Foundation Symposium 67.) 
Elsevier/North-Holland Inc., 52 Vanderbilt Ave., New York, NY 10017. 
1979.349 pp. 16 X 24 cm. 

Studies in Drug Utilization: Methods and Applications. Edited by U. 
BERGMAN, A. H. W. WAHBA, A. GRIMSSON, and B. WEST- 
ERHOLM. (WHO Regional Publications European Series No. 8.) 
World Health Organization, 1211 Geneva 27, Switzerland. 1979. 185 
pp. 15 X 24 cm. Price 20 Sw.fr. 

Nutrition and Cancer. Edited by JAN VAN EYS, MILDRED S. 
SEELIG, and BUFORD L. NICHOLS, Jr. Spectrum Publications, 
175-20 Wexford Terrace, Jamaica, NY 11432. 1979. 297 pp. 15 X 23 
cm. Price $25.00. 

Synthetic Aspects of Biologically Active Cyclic Peptides-Gramicidin 
S and Tyrocidines. By NOBUO IZUMIYA, TETSUO KATO, HA- 
RUHIKO AOYAGI, MICHINORI WAKI, and MICHIO KONDO. 
Wiley, One Wiley Dr., Somerset, NJ 08873.1979.166 pp. 14 X 23 cm. 
Price $29.95. 

Terpenoids and Steroids, Vol. 9. Senior Reporter, J. R. HANSON. (A 
Specialist Periodical Report.) The Chemical Society. 1979. 352 pp. 14 
X 22 cm. Price $72.00. (Available from Special Issue Sales, American 
Chemical Society, 1155 16th St., N. W., Washington, DC 20036.) 

Aromatic and Heteroaromatic Chemistry, Vol. 7. Senior Reporters, H. 
SUSCHITZKY and 0. METH-COHN. (A Specialist Periodical Re- 
port.) The Chemical Society. 1979. 368 pp. 13 X 23 cm. Price $72.50. 
(Available from Special Issue Sales, American Chemical Society, 1155 
16th St., N. W., Washington, DC 20036.) 

Recent Development in Mass Spectrometry in  Biochemistry and 
Medicine, Vol. 2. Edited by ALBERT0 FRIGERIO. Plenum, 227 W. 
17th St., New York, NY 10011. 1979. 492 pp. 16 X 25 cm. Price 
$45.00. 

Vitamin K Metabolism and Vitamin K-Dependent Proteins. Edited 
by J .  W. SUTTIE. University Park Press, 233 E. Redwood St., Balti- 
more, MD 21202. 1980.592 pp. 15 X 23 cm. Price $39.50. 

T h e  Nature of Enzymology. By R. L. FOSTER. Wiley, One Wiley Dr., 
Somerset, NJ 08873.1980.383 pp. 13 X 22 cm. Price $39.95. 

Selected Methods in  Cellular Immunology. Edited by BARBARA B. 
MISHELL and STANLEY M. SHOIGI. W. H. Freeman and Co., 660 
Market St., San Francisco, CA 94104.1980.486 pp. 16 X 23 cm. Price 
$29.95. 

Essays on the Anatomy and Physiology of Lymphoid Tissues. Edited 
by Z. TRNKA and R. N. P. CAHILL. (Monographs in Allergy, Vol. 16.) 
S. Karger AG, Arnold-Bbcklin-Strasse 25, CH-4011 Basel, Switzerland. 
1980. 262 pp. 15 X 23 cm. Price $94.50. 
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WHERE HAVE ALL 
THE RESEARCHERS GONE? 

The “researchers” referred to in the title of this editorial are the clinical research 
people who conduct the studies concerning safety and effectiveness of new drugs 
using human volunteers as test subjects. 

Twenty-five years ago, it seemed that people conducting clinical trials were the 
proverbial “a-dime-a-dozen.’’ Today, however, they are few and far between; and 
their number keeps shrinking a t  an alarming pace. 

What has happened? What has caused this major shift? Is the net effect good 
or bad? And what impact will this have for the future of new drug development? 
A brief recapitulation and examination of this general phenomenon would appear 
to be in order. 

Drug testing was an extremely lax business back in the 1950s. Furthermore, not 
only was it simple and easy for virtually any medical practitioner to begin conducting 
clinical experiments using human subjects-without their consent or even their 
knowledge-but it was also glamorous, exciting, and the “in thing” among many 
physicians. Not surprisingly, abuses were commonplace and the results and findings 
of these pseudoscientific studies by mostly untrained researchers were frequently 
of questionable validity and doubtful value. 

Reform in the shape of the 1962 amendments to the Federal Food, Drug, and 
Cosmetic Act, coupled with related FDA regulations, changed this situation very 
abruptly by the mid-60s. “Experts qualified by scientific training and experience,” 
“submission of preclinical test” protocols, “signed agreements from each such in- 
vestigator,” “the establishment and maintenance of records,” “making of reports 
to the Secretary of HEW,” certification of “informed human consent,” and granting 
general authority for FDA inspectors to have “access to, to copy, and to verify all 
such records,” were some of the new provisions of that  legislation which directly 
related to the future operation of clinical investigators and their work. 

In retrospect, that  new law and its associated regulations had a very salutory 
effect. Most of the abuses were curbed, the amateur researchers were effectively 
weeded out, and the remaining people constituted a largely conscientious, qualified, 
and professional core of medical scientists. Indeed, almost overnight, clinical 
pharmacology came into its own, and this cadre of clinical investigators became 
regarded as a highly respectable sort of subdiscipline or specialty group. 

But because some abuses continued, and because a few investigators were 
dishonest and got caught at it, increasingly stringent rules and regulations were 
subsequently promulgated to govern the operation of clinical investigators. Con- 
currently, other forces were at play that also impacted on the area of clinical in- 
vestigations and on those who conduct such studies. 

One of these was concern over the use of prisoners in human drug trials and the 
question of whether prisoners could participate in a truly voluntary fashion. A 
second development was the surge of malpractice cases and the soaring costs of 
settling liability claims and judgments. A third development was our growing so- 
phistication as to what is needed to produce a valid drug investigation-including, 
for example, larger and better selected patient populations, adequate controls, and 
double-blind study designs. 

More recently, there have been some other changes. Institutional review boards, 
or IRBs, have been established and have become a formal part of the clinical in- 
vestigation process. They provide a broad perspective in reviewing the drug in- 
vestigator’s study plan, the suitability of its design, and the protection offered the 
patients participating. All of this is good, but it greatly lessens the feeling of freedom 
and hence the challenge that once.attracted clinical investigators to such work. 

The same can be said of FDA inspections which now are both more frequent and 
more thorough. They, too, give society greater confidence that patients’ rights are 
protected and that society is being properly served; but concurrently, they also add 
greatly to the annoyance and frustration level of the clinical investigator who is 
subjected to this often intense scrutiny. 

Increasingly, we are hearing reports that good people are dropping out of the pool 
of clinical researchers and that new people are reluctant to embark on careers in 
that field. Consequently, the field is giving signs that it is beginning to dry up, at  
least in this country. Partially, the impact has been dulled because many drug firms 
are now drawing upon foreign data to support their new drug applications. But that 
is no real or long-term solution for the problem. 

If this country is to continue to benefit from the introduction of important new 
drugs, we need to find an answer that will somehow rejuvenate clinical testing in 
the United States, while continuing to afford reasonable protection for those who 
participate as test subjects in such studies. And the importance of this problem is 
such that it calls for prompt attention and serious consideration. 
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WHERE HAVE ALL 
THE RESEARCHERS GONE? 

The “researchers” referred to in the title of this editorial are the clinical research 
people who conduct the studies concerning safety and effectiveness of new drugs 
using human volunteers as test subjects. 

Twenty-five years ago, it seemed that people conducting clinical trials were the 
proverbial “a-dime-a-dozen.’’ Today, however, they are few and far between; and 
their number keeps shrinking a t  an alarming pace. 

What has happened? What has caused this major shift? Is the net effect good 
or bad? And what impact will this have for the future of new drug development? 
A brief recapitulation and examination of this general phenomenon would appear 
to be in order. 
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only was it simple and easy for virtually any medical practitioner to begin conducting 
clinical experiments using human subjects-without their consent or even their 
knowledge-but it was also glamorous, exciting, and the “in thing” among many 
physicians. Not surprisingly, abuses were commonplace and the results and findings 
of these pseudoscientific studies by mostly untrained researchers were frequently 
of questionable validity and doubtful value. 

Reform in the shape of the 1962 amendments to the Federal Food, Drug, and 
Cosmetic Act, coupled with related FDA regulations, changed this situation very 
abruptly by the mid-60s. “Experts qualified by scientific training and experience,” 
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vestigator,” “the establishment and maintenance of records,” “making of reports 
to the Secretary of HEW,” certification of “informed human consent,” and granting 
general authority for FDA inspectors to have “access to, to copy, and to verify all 
such records,” were some of the new provisions of that  legislation which directly 
related to the future operation of clinical investigators and their work. 

In retrospect, that  new law and its associated regulations had a very salutory 
effect. Most of the abuses were curbed, the amateur researchers were effectively 
weeded out, and the remaining people constituted a largely conscientious, qualified, 
and professional core of medical scientists. Indeed, almost overnight, clinical 
pharmacology came into its own, and this cadre of clinical investigators became 
regarded as a highly respectable sort of subdiscipline or specialty group. 

But because some abuses continued, and because a few investigators were 
dishonest and got caught at it, increasingly stringent rules and regulations were 
subsequently promulgated to govern the operation of clinical investigators. Con- 
currently, other forces were at play that also impacted on the area of clinical in- 
vestigations and on those who conduct such studies. 

One of these was concern over the use of prisoners in human drug trials and the 
question of whether prisoners could participate in a truly voluntary fashion. A 
second development was the surge of malpractice cases and the soaring costs of 
settling liability claims and judgments. A third development was our growing so- 
phistication as to what is needed to produce a valid drug investigation-including, 
for example, larger and better selected patient populations, adequate controls, and 
double-blind study designs. 

More recently, there have been some other changes. Institutional review boards, 
or IRBs, have been established and have become a formal part of the clinical in- 
vestigation process. They provide a broad perspective in reviewing the drug in- 
vestigator’s study plan, the suitability of its design, and the protection offered the 
patients participating. All of this is good, but it greatly lessens the feeling of freedom 
and hence the challenge that once.attracted clinical investigators to such work. 

The same can be said of FDA inspections which now are both more frequent and 
more thorough. They, too, give society greater confidence that patients’ rights are 
protected and that society is being properly served; but concurrently, they also add 
greatly to the annoyance and frustration level of the clinical investigator who is 
subjected to this often intense scrutiny. 

Increasingly, we are hearing reports that good people are dropping out of the pool 
of clinical researchers and that new people are reluctant to embark on careers in 
that field. Consequently, the field is giving signs that it is beginning to dry up, at  
least in this country. Partially, the impact has been dulled because many drug firms 
are now drawing upon foreign data to support their new drug applications. But that 
is no real or long-term solution for the problem. 

If this country is to continue to benefit from the introduction of important new 
drugs, we need to find an answer that will somehow rejuvenate clinical testing in 
the United States, while continuing to afford reasonable protection for those who 
participate as test subjects in such studies. And the importance of this problem is 
such that it calls for prompt attention and serious consideration. 



OPEN FORUM 

Suspension Th eory-Ps ych ological/ 
Physiological States 

The tissues composing the body can be viewed as cell suspension 
systems. The various individual tissues organize and coordinate to 
function as a whole system. 

The cells of each local tissue continuously fluctuate between the 
coagulated and flocculated aggregation states. In addition, blood cells 
can exist in the dispersed state as separate entities. 

By flocculated is meant an aggregation of cells held together by 
bridging macromolecules in an open network structure. Entrapped in 
the openings of the network is polar bulk water. 

By coagulated is meant an aggregation held together by films of 
macromolecules that cover the adhering surfaces of closely adjacent 
cells. The water in which the cells are suspended is bound and forms 
part of an interstitial structured matrix, which is nonpolar in its 
solvent properties’s2. 

between psychological states and erythrocyte sedimentation rates 
and, thereby, between psychological states and the red blood cell 
aggregation state producing the erythrocyte sedimentation rate5. The 
normal emotional state exists with a dynamic equilibrium among the 
dispersed, coagulated, and flocculated suspension states. Increasing 
emotional agitation up to the manic state shifts the aggregation 
equilibrium to  a predominately flocculated state. Conversely, the 
depressed state (manic-depressive) shifts the suspension states to 
predominately a coagulated aggregation. 

with respect to free energy content, any increase in stress, 
psychological or physical, produces an increase in matrix structure 
breakers (catecholamines, etc.), which is accompanied by liberation of 
metabolic energy, i.e., a decrease in enthalpy. There is a 
corresponding increase in the entropy as reflected in the shift toward 
a flocculated and dispersed system. Thus, fuel for responding to the 
stress is at the expense of the free energy content of the total body as 
well as the local tissues involved. Countervailing conditions toward 
normal and depressive states are initiated by removal of the stress or 
prolonged presence of stress with excessive expenditure of the free 
energy. 

macromolecules, chiefly albumin, along with the catecholamines. 

stimulating hormone production, thereby permitting excess 
macromolecules to layer out on cell surfaces. Sufficient film 
production on cell surfaces results in a shift toward coagulation. 

energy. The liberation of chemical energy decreases and then ceases. 
The entropy of the tissue cellular suspensions then becomes 

It was postulated’ and then ~ h o w n ~ . ~  that a direct correlation exists 

If it is assumed that the normal emotional state is the ground state 

The presence of stress is accompanied by rising levels of 

Removal of stress lowers catecholamine as well as other energy- 

Prolonged presence of stress results in depletion of local tissue free 

increasingly more negative as the cells begin to pack closely together 
and to form the more structured coagulated state. The coagulated 
state permits regeneration of free energy and eventually the metabolic 
processes that start the cycle toward the flocculated state. 

entropy of the cell suspensions becomes increasingly positive as the 
change in enthalpy becomes increasingly negative. ,As the depressed 
stage is approached, the entropy becomes increasingly negative. With 
time, the local tissue enthalpy becomes increasingly positive. The 
local tissue free energy is increased as the by-product of the metabolic 
processes occurring in the other tissues. 

The coagulated state is the state of energy regeneration, growth, 
and division. Its organization is controlled by the external 
environment. The flocculated state is the state of energy expenditure 
and internal control of tissue organization (contact inhibition)6. In the 
extreme case, depression is an energy-rich state, energy that the body 
cannot liberate. The energy is expended on the tissues of the internal 
environment. In the manic state, excessive amounts of energy are 
being expended on the external environment. The body is continually 
responding to stress with psychological-physiological buffering 
processes. 

Accordingly, after a period of stress, sleep is a process for 
regenerating reversible thermodynamic states under optimum 
conditions. In sleep, there is a minimum ‘of external energy- 
stimulating signals. 

In aging, the reversible coagulation-flocculation process proceeds 
with a slow loss of entropy regeneration and reversibility and, thereby, 
a loss of ability to organize cell tissue aggregates. The final result is 
the loss of internal control of body organization and finally death, 
although individual cells might still live. 

The immortality of cancer cells, an irreversible coagulated state, is 
obtained a t  the loss of the ability to go to an organized state, e.g., the 
flocculated state6. 

In summary, as the manic stage is approached, the change in 
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Abstract  A simulation model and a subsequent computer program 
were developed as experimentation methods for evaluating tableting 
processes with respect to cost. These methods also allow estimation of 
the various times involved in a tableting operation (e.g., the processing 
time). The model was programmed in FORTRAN using the GASP IV 
simulation language. After verification of the program, experiments were 
run that involved comparing different levels of specific input variables 
to determine which variable had an effect on the cost-time relationships 
of a particular processing method. Among the possible input variables 
chosen for evaluation were the drying method, the type of tableting 
machine, the batch size, the labor rate, and the operation of the equip- 
ment in the process. An analysis of variance was made, and three separate 
regression equations were developed that described the relationship 
between the input variables and the dependent variables of processing 
cost and time. Graphs were developed from the regression equations by 
manipulating them through series of different independent variables. 
These graphs then were used in determining minimum costs and times, 
breakeven points, and rates of change, as well as in simple evaluation of 
processes through graphic representation. By using the simulation pro- 
gram to run experiments and then by analyzing them, results can be 
obtained to help in making intelligent decisions about the cost-time re- 
lationships of a particular tableting procedure before it is imple- 
mented. 

Keyphrases Tableting processes-cost evaluation, simulation model 
Models, simulation-cost evaluation of tableting processes 0 Cost 

evaluation-tableting processes, simulation model Processing for- 
mulations-tableting procedures, cost evaluation, simulation model 

The effects of alternative processing methods and for- 
mulations on the physical, chemical, and biological char- 
acteristics of tablet dosage forms (1,2) have been discussed 
extensively. Although these alternative processes and 
formulations can affect the time and cost for tablet pro- 
duction, little information has been published on these 
time-cost effects. This paper describes a method for as- 
sessing various processing time and cost effects with spe- 
cific alternative formulations and processing techniques. 
The general implications of these effects also are shown. 

The basic element of this method is a computer simu- 
lation encompassing the various tablet-processing tech- 
niques. Although simulation has been used in the phar- 
maceutical industry for the development of a completely 
computerized tableting plant (3) and for various chemical 
and business operations, these simulations are specific for 
a particular company and application. Also, these simu- 
lations have been employed to answer specific ques- 
tions. 

The approach illustrated here is generalized to simulate 
virtually any tableting operation, and it is coupled with an 
example of an experimental design so that inferences can 
be made over numerous factors that change from one 
tableting operation to another. In this way, the individual 
simulation serves as a basic experimental unit, much as 
would an individual laboratory experiment. Results from 
such simulations thus can be used in process analysis, de- 
sign, and performance evaluation with respect to cost-time 
information. 

MODEL 

Development-A general simulation model for the tableting of 
pharmaceutical products was developed. The model was constructed so 
that any of the three basic tableting methods (wet granulation, direct 
compression, and slugging) as well as variations in these methods could 
be simulated. The basic unit operations employed by these methods were 
arranged in linear fashion as shown in Part A of Fig. 1. T o  simulate a 
particular tablet processing technique, unit operations that are not part 
of the technique are excluded by having a zero time interval. In this way, 
a single model can simulate two or more tableting methods where any 
differences in the methods are inputted explicitly in the program. 

General unit operation input variables are included in every step of 
the model (Fig. 1, Part B). The times involved in each unit operation are 
determined by the type of equipment used in that particular step. These 
times reflect the cost involved per unit operation. Power and depreciation 
are other cost components. Only linear depreciation is used in the model, 
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Figure I-Tableting processes simulation model. Key: A, unit operations; B, general unit operation input Variables; C ,  unit operation-specific 
input variables; D, batch-specific input variables; and E ,  final cost-time output.  aProcess and formulation controllable cost. byearly process and 
formulation controllable cost .  

as noted in Table I, which also includes some of the important equations 
used in the model (4,s). The utilization factor used here is unity minus 
the fraction of time the equipment is idle. The utilization factor adjusts 
the actual batch time to account for a proportional amount of the idle 
time for the equipment. 

Unit operation-specific input variables that are used in only certain 
operations are given in Part  C of Fig. 1. These variables include ware- 
housing costs, but only those incurred during the staging operations be- 
fore the final product is complete. 

Batch-specific input variables that are used throughout the entire 
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Table I-Partial List of Basic Equations Used in the Model a 

ComDuted Outnut Eauations Variables 

Power consumption cost per unit 
operation (PCC) 

Labor cost per unit operation (LC) 

PCC = (HP) (UOPT) (ER) (0.012426432) 

LC = (PT t CT t UOPT t TBUO) (LR) 

Total cost per unit operation (TCUO) TCUO = PCC + LED + LC + AC 

Total cost per batch (TCB) 

Processing cost per batch (PC) 

Process and formulation 
cost (FCC) 

controllable 

Standard yield cost per tablet (SYCT) 

Linear equipment de reciation per 
unit operation ( L E ~ )  

TCB = Z:,lTCUO, where x is the total 

PC = TCB - CRM 

FCC = (EC - PC)/SY 

number of unit operations in the process 

SYCT = TCPT/SY 

LED = (IC - SV)/(SL X 525,960 X UF)] 
(UOP c +PT+CT) 

H P  = Horsepower of the equipment in the unit ~. 
operation 

UOPT = Unit operation processing time (minutes) 
ER = Electrical rate (dollars oer kilowatt hour) 
0.012426432 = Conversion fadtor 
PT = Unit operation preparation time 
CT = Unit operation cleaning time 
UOPT = Unit operation processing time 
TBUO = Time between unit operations 
LR = Labor rate (dollars per hour) 
PCC = Power consumption cost per unit operation 
LED = Linear equipment depreciation per unit 

LC = Labor cost per unit operation 
AC = Additional costs ( i e . ,  raw materials, bulk 

ackaging costs, and warehouse cost) 
T8UO = T otal cost per unit operation 

TCB = Total cost per batch 
CRM = Cost of raw materials 
EC = Excipient cost 
PC = Processing cost 
S Y  = Standard yield per batch 
TCPT = Theoretical cost per tablet 
SY = Standard yield per batch 
IC = Initial cost of each piece of equipment in the 

operation 

~~ 

process 
SV = Salvage value of each piece of eauiument in . .  

the process 

process 

process 

SL = Service life of each piece of equipment in the 

UF  = Utilization of each piece of equipment in the 

525,960 = Conversion factor 
UOPT = Unit operation processing time 
PT = Unit operation preparation time 
CT = Unit operation cleaning time 

All times are in minutes. 

simulation are given in Part  D of Fig. 1. 
The final costitime output needed for process analysis and evaluation 

is denoted as Part  E in Fig. 1. The Appendix gives detailed information 
regarding this output. In addition, various histograms and tables that 
show the cost breakdowns for individual unit operations are provided 
by the basic program to aid in specific process verifications and correc- 
tions. 

The basic simulation model was kept simple to reduce computer costs 
and to make it easier for users to adjust to specific operational variations. 
Adjustments to the input data will be needed when the operation being 
simulated deviates from the assumptions made in constructing the basic 
model. These assumptions and some of the required adjustments include 
the following: 

1. The time “between” unit operations is included in the cost of the 
successive operation. 

2. If a unit operation is skipped, then the time between it and the 
successive unit operation is uniform. The time “between” unit operations 
is dictated by the unit operation being left, not by the next unit operation 
in the process. This convention allows variations in the sequences of unit 
operations. 

3. Equipment depreciation for each unit operation in a process is based 
on the unit operation processing time, cleaning time, and preparation 
time. The batch depreciation is the sum of the individual depreciations 
of the unit operations. 

4. Labor cost for a unit operation includes the time between the cur- 
rent and the previous unit operation, cleaning time, preparation time, 
and unit operation processing time multiplied by a single labor rate. If 
multiple labor rates are involved, then a single composite labor rate can 
be used. 

5. The unit operation processing labor time is equal to the unit oper- 
ation processing time, except in the drying step (tray drying only) and 
the staging step. In the drying and staging steps, the unit operation 
processing labor time is much less than the unit operation processing 
time. 

6. Costs are assigned only to the particular hatch being processed. 
Accordingly, the time a laborer works on more than one batch during any 
particular processing step is not included in the final cost estimates. 

7. The laborer can do only one thing at  a time. For example, if the 
mixing unit operation lasted 15 min, the laborer would be a t  this step for 
15 min and would not be starting the next unit operation in advance. The 
only exceptions are the drying and staging unit operations, where the unit 
operation processing labor time differs from the unit operation processing 
time. 

8. All equipment used is powered by electricity; or if it is powered by 
some alternative form of energy, it can he converted into equivalent 
electrical units (kilowatt hours). 

Data-Data were collected from various pharmaceutical manufac- 
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Spocltlc Slmulatlon Run 

Figure 3-Simplified flow chart of tnbleting simulation computer program. 

turing firms o’n specific operations performed, sequences of operations, 
equipment specifications and layouts, products made, manpower re- 
quirements, approximate time requirements, and other relevant features 
to assure reasonable generality of the model and to provide reasonable 
values and ranges for various parameters and coefficients. 

‘rime and cost variations occur randomly in the unit operations, and 
an allowance was made i n  the hasic model to include these uncertainties. 
‘rime data were collected in triangular distribution f‘orm to provide users 
with a consistent and highly intuitive method for including these 
uncertainties (6). With the triangular distribution, users must specify 
the minimum value, the most likely or modal value, and the maximum 
value for the random time variable being described. Distributions rep- 
resentative of the data collected were used in the program, but other 
distributions can he incorporated, if necessary, with a minimum of pro- 
gramming effort. Figure 2 shows the probability density and cumulative 
prohahility functions of the triangular distribution. 

The probahility density function is described by: 

2(X - A )  
(M - A ) ( R  - A )  

F(X) = A 5 X 5 M (Eq. l a )  

F ( X )  = 0 otherwise (Eq. 1 c )  

The cumulative prohahility function is described by: 

( X  - A ) ’  
(M - A ) ( H  - A )  

F * ( X \  = A I X I M (Eq. 2a) 

(M - A )  
( R  - A )  

( H  - M ) ?  - ( R  - X)* 
( H  - M ) ( R  - A )  

F * ( X )  = ___ + M 5 X I B (Eq. 26) 

where X is the random time variable, A is the minimum value, B is the 
maximum value, and M is the modal (most likely) value. This distribution 

allows for asymmetry in the random variable, which often occurs in 
processing time requirements. In the computer program, a uniform 
random deviate is called and converted to a value of X through the cu- 
mulative probability function described by Eqs. 2a and 26. 

Programming-The model was programmed in FORTRAN with the 

Table  11-Example of the Printout  Produced by the FORTRAN 
Simulation Program 

Average Results 
of All Runs Average SD 

Tablets per batch 
Cost per batch 
Cost of raw materials 
Excipient cost 
Process cost 
Procr.s and formulation 

Cost per tablet 
Standard yield cost per tablet 
Process cost per tablet 
Labor cost per step 
Labor cost per batch 
Cost per step 
Equipment depreciation 
Power costs 

controllable cost 

250,000.00 
$6,293.00 
$5,879.76 

$59.13 
$413.24 
$476.18 

$0.025172 
80.025375 
$0.001653 

$25.73 
$385.98 
$419.53 

$4.42 
$2.84 

Warehouse costs $0.00 
Package costs $20.00 
Yearly production cost $1,132,739.82 
Yearlv mocess and formulation $85,712.12 

coitiollable cost 

between steps 
Processing time plus time 46.999 hr 

Total labor time 70.951 hr 
Cleaning and preparation time 41.057 hr 

4.108 

4.108 
4.141 

0.0000 1643 
0.0000 1656 
0.0000 1643 
0.270 
4.047 
0.274 
0.075 
0.065 

739.415 
745.378 

0.755 

0.744 
0.850 

624 I Journal of Pharmaceutical Sciences 
Vol. 69, No. 6, June 1980 



Table 111-Comparison of Actual versus Simulated Average 
Total  Processing Time plus Time between Unit  Operations 

Simulated Time Percent Difference 
Actual Time from from from Actual 

Product Manufacturer, hr Program, hr Time 

1 5.12 5.57 8.79 
2 33.0 36.7 11.2 

7 41.0 

16.0 
27.2 
33.4 
29.3 
37.0 

5.88 
2.64 

2.81 
9.76 

15.4 

8 39.5 36.4 7.85 

aid of a computer simulation package called GASP IV (7). GASP IV al- 
lows users to build computer simulations with a minimum of effort. The 
programmer develops subroutines that interact with various GASP IV 
subroutines. Subroutines in the GASP IV package provide much of the 
statistical analysis used in the simulation and in creating the cost-time 
histograms in the program output. Each unit operation in the model was 
programmed as a separate subroutine so that users could incorporate 
additional cost-time features into any unit operation with a minimum 
of difficulty. 

By using different initial uniform random deviates, a different stream 
of random numbers are generated with each simulation run and are 
converted to random variations in time and cost output through the 
specific forms of the triangular distributions. These variations take the 
form of an average and a standard deviation for each cost-time output 
of the model. This result is indicated in the simplified flow diagram of 
the computer program shown in Fig. 3. 

Table IV-Fixed Unit  Operation Input  

Table I1 shows a sample of the output averages and standard deviations 
to illustrate the management information provided by the basic simu- 
lation program. 

Verification-The model verification was accomplished in two steps. 
The first step involved inspection by pharmaceutical processing per- 
sonnel, including tableting operation supervisors and directors of phar- 
maceutical manufacturing departments, of the model concept, as- 
sumptions, and variable values to assure that they were representative 
of actual tableting processes. 

The second step involved taking various tablet products from different 
companies, running the simulation on them as specified by their pro- 
cessing sheets, and then comparing the average simulated processing 
times with the average time reported in the company's records. Table I11 
shows the results of these comparisons and the percentage differences 
between the simulation and the actual processing times. No relationships 
between simulation errors and actual processing times were evident from 
these data when they were plotted on a scattergram. Final cost data 
comparisons could not be obtained for proprietary reasons. 

Model Application-Numerous experiments were run using the 
simulation, especially those involving interprocess analysis. The exper- 
iment illustrated here is an example of an intraprocess analysis. The goal 
was to determine how different levels of specific processing variables 
affect the final processing time and processing cost of a particular wet 
granulation tableting technique. 

Numerous variables affect the processing time and cost. The variables 
chosen for investigation were the type of drying (tray or fluid bed), the 
type of tableting machine, the batch size, the average utilization of all 
equipment in the process, and the labor rate. 

Except. for the variable of the type of drying, there are many options 
for each variable, so the number of combinations possible is extremely 
large. Consequently, investigation of even a small fraction of these 
combinations is economically unfeasible in a search for more economical 

Unit Operations 
in Process 

1. Raw materials 
2. Premix 
3. Screen 
4. Mix 
5. Granulate 
6. Wetscreen 
7. Dry 
8. Dry screen or size 
9. Weigh 

10. Add running powder or lubricant 
11. Finalmix 
12. Bulk package 
13. Compress 
14. Final in-Drocess aualitv control 

cost  of 
Equipment Used in Equipment in 

Unit Operation Unit Operation* 
Horsepower of 

Equipment 
~~ ~ 

Scales 
Small blenderC 
Screens 
Mixerd 
Mixer 
Screens 

Hammer millf 
Scales 
scoop 
Large mixerg 
scoop 

Quality control 

e - 

e - 

$7,000.00 
$20,000.00 

$50.00 
$30,000.00 
$30,000.00 

$50.00 
-e 

$10,000.00 
$7,000.00 

$5.00 
$43,000.00 

$5.00 
-e 

$2,000.00 

0.1 
3.0 
0.0 
2.0 
2.0 
0.0 

-e  

10.0 
0.1 
0.0 
15.0 
0.0 
- e  

0.1 

The additional inputs were: bulk packaging costs = $20.00, electrical rate = $O.O25/kw hr; standard yield = 0.992; and batches per year = 100. Service life of equipment 
Variable level input. I Fitzpatrick Co. ,  is 15 years. 

Elmhurst, IL 60126.8 General Machine Co. of New Jersey, Newark, NJ 97114. 

Table V-Variable Unit  ODeration InDut 

Patterson Kelly Co., Division of Harsco Corp., East Stroudsburg, PA 18301. Day Mixing, Cincinnati, OH 45212. 

Levels 
Drying 
Method 

Utilization of Batch Labor 
Tableting All Equipment Size, Rate per 
Machine in Process, % tablets Hour 

1 Tray dried (stainless steel tray dryer) 
Horsepower = 3.0 
cost = $20,000.00 
Tray drying processing time: mode = 

1080.0, minimum = 960.0, and 
maximum = 1200.0 

Tray drying labor time: mode = 60.0, 
minimum = 50.0, and maximum = 
70.0 

2 Fluid bed dried 
Horsepower = 25.0 
cost  = $100,000.00 
Fluid bed drying processing and labor 

time: mode = 32.5, minimum = 
20.0, and maximum = 45.0 

- 3 

Tablet machine A 100 500,000 $5.50 
Horsepower = 3.0 
Cost = $43,000.00 
Tablets per minute: mode = 

2800.0, minimum = 1500.0, 
and maximum = 4100.0 

50 1,000,000 $11.00 Tablet machine B 
Horsepower = 15.0 
cost  = $90,000.00 
Tablets per minute: mode = 

7608.0. minimum = 4347.0, 
and maximum = 10,869.0 

- - 1,500,000 $16.50 

All times are in minutes. 
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Table VI-Results of Analysis of Variances 

Processing Processine Time Model 
Cost Modil ANOfA Results 

ANOVA Results Fluid Bed Dried Tray Dried 
~ ~~~ 

B (Batch size) B (Batch size) €3 (Batch size) 
L (Labor rate) T (Tableting T (Tableting 
U Utilization factor machine) machine) 
T (Tableting machine BT (B-T BT (B-T 
D (Drying method) interaction) interaction) 

LU ( L U  interaction) 
BT (B-T interaction) 
L T  (L-T interaction) 
U T  (U-T interaction) 

LUT (L-U-T interaction) 

a Tested at 0.01 level of significance with pooled error term. Certain interactions 
were determined to be poolahle into an error term after testing indirectly across 
the restriction error with the residual error at a 0.25 level of significance. 

tableting methods. An alternative approach is to use an experimental 
design that analyzes the effect of entire variables and their interactions 
to identify those that affect the processing time and cost. This approach 
allows identification of those variables and interactions where processing 
times and costs do change significantly, thereby reducing the number 
of variables to be considered. 

Once the significant variables and interactions are identified, a formula 
for describing the processing time and cost can be devised through re- 
gression methods to show the magnitude of these time and cost effects. 
Various decision rules then can be developed with these formulas to aid 
in the management of the tableting process, the potential purchase of 
new equipment, or the design of a new tableting process. Some of these 
features will be demonstrated here. In addition, optimization methods 
may be employed to find the most economic processing method following 
the concepts discussed previously (8-10). A variety of experimental de- 
signs, regression procedures, and optimization techniques can he em- 
ployed in this conceptual approach, but the choice among these alter- 
natives is beyond the scope of this investigation. 

EXPERIMENTAL 

The particular tableting technique being investigated, as well as the 
fixed unit operation input, is shown in Table IV. The levels of the fixed 
input remain the same throughout the entire experiment. Salvage values 
for all equipment were estimated to be zero at the end of the service life 
of 15 years. 

The different levels of the variables of the drying method, tableting 
machine, utilization factor, batch size, and labor rate used in the exper- 
imental design approach are noted in Table V. All of the variables in 
Table V were assumed to be continuous between the levels tested, except 
for the drying method, which was considered discrete. 

A five-way split-split plot experimental design was employed. This 

Table  VII-Results of Regression Analysis 

Processing Cost Processing Time 
Regression Equation Regression Equations 

Variable B (Coefficent) Variable B (Coefficient) 

L 
L2 

0.781e-01 Tray Drying 
-0.179e-02 T -0.146e -05 

B 0.982e-07 B 0.126e-06 
UT -0.608e-05 R T  -0.106e-10 
B2T 0.161e-17 H' -0.500e -14 
IJ -0.411e-01 Constant 1.464 
LU 0.245e-02 R2 = 0.9999 
D -0.555e-02 Fluid Bed Drying 
LUT 0.620e -06 T -0.153e-05 
B' 
T 
BT 

-0.128e -13 €3 
0.1 17e-04 BT 

-0.101e-10 B2 

O.585e -07 
-0.374e - 11 
-0.600e- 14 

LT -0.922e-06 Constant 1.021 
L'T 0.302e -07 R2 = 0.9998 
L'UT -0.243e-07 
Constant 2.146 
R2 = 0.9998 

design allows the experimental conditions to be run twice using two 
separate sets of initial uniform random deviates, which are used to obtain 
random time variables from the different triangular time distributions. 
I t  was assumed that the effect of the two different sets of initial uniform 
random deviates would be statistically insignificant; consequently, the 
interactions involving this effect could be pooled together as an error 
term. This error term then could be used in an analysis of variance. A test 
was made on this assumption by rerunning the simulation strictly a t  the 
model value for all of the triangular time distributions and comparing 
the average processing time and cost output without variability to that 
obtained from the results using the different sets of initial uniform ran- 
dom deviates. Since there was an insignificant difference, this assumption 
was partially verified. 

Before running an analysis of variance, the generated processing cost 
and time outputs were checked to assure homogeneous variances. Since 
the processing cost means were proportional to the cost variances, a 
logarithmic transformation of these data was made, and the Burr-Foster 
Q test (11) assured homogeneity at  a 0.01 level of significance. Mean 
processing time data were separated into tray drying and fluid bed drying 
categories due to trends in the data within each method. The need for 
this separation was expected since drying method levels were considered 
discrete. Logarithmic and fourth-root logarithmic transformations on 
the tray drying and fluid bed drying processing time data, respectively, 
gave homogeneous variances a t  the 0.01 level of significance as confirmed 
by the Burr-Foster Q test. 

An analysis of variance was performed separately on each of three data 
sets: ( a )  the processing cost with both drying methods, ( b )  the processing 
time using tray drying, and ( c )  the processing time using fluid bed drying. 
The results showed that the effects of the two different sets of initial 
uniform random deviates were insignificant. The main effects and in- 
teractions that were statistically significant in the analysis of variance 
are listed in Table VI. 

A second-order stepwise regression analysis was performed on those 
variables found to be statistically significant in the analysisvf variance. 
The equations developed by this analysis, as well as the squared corre- 
lation coefficients, are given in Table VII. 

RESULTS AND DISCUSSION 

Graphical Development-The regression equations in Table VII 
were programmed on a digital computer and manipulated through a series 
of over 100 points between the high and low levels of the factors tested. 
The graphs shown in Figs. 4-7 were selected for discussion from among 
the many that were developed using a computer plotting technique and 
the points generated from the regression equations. 

Processing Time Analysis-The processing time increased as a 
function of increasing batch size (between 0.5 X lofi and 1.5 X lo6 tab- 
letdbatch), as expected, but the rate of increase always was greater with 
tablet machine A'. The reason for this greater rate of increase was that 
tablet machine A had a lower speed than tablet machine R?, so it took 
longer for tablet machine A to produce a fixed batch size of tablets than 
tablet machine B. Tray-dried batches made with tablet machine A always 
had longer processing times than fluid bed-dried and tablet machine 
B-produced batches. The most interesting feature of this test was that 
processing tirnes were almost linear functions of the batch size, even 
though there were interactions and higher order terms in the regression 
equation. 

Another test was made 011 the processing time as a function of the mean 
tableting rate for different batch sizes with different drying methods as 
shown in Fig. 4. The tray-dried processing time for a fixed batch size was 
offset by a constant processing time of -27.8 hr more per batch than the 
lluid bed-dried? processing time. Beside the decrease of the batch pro- 
cessing time with increased tableting rates, the processing time effects 
also were marginally decreased (Fig. 4). 

Although the et'fects of the examples follow the form of intuitive ex- 
pectations, the magnitude of these et'fects would be difficult to anticipate 
without considerable data. However, use of the graph allows easy visual 
understanding of the trends caused by these effects as well as computa- 
tion of their magnitude. 

Processing Cost Analysis- Figure 5 illustrates how the processing 
cost decreases with increasing mean tableting rate using different con-  
hinations of drying methods and batrh sizes. The processing cost change 
over the limits of the tableting rate (mean tablets per minute) becomes 

H = hatch size, L = labor rate, U = utilization factor, T = tablet machine, and 
D = drying method. Minimum F value for variable entry = 0.01, maximum Fvalue 
for variable removal = 0.005. and tolerance = 0.001. 

' Model 541, Stokes Division, Pennwalt Corp., Philadelphia, Pa. 
Model M75MKII1, Manesty Machines Ltd., Speke, I.iverpool, England. 
Model AG100, Aeromatic Inc.. Hernardsville, N.J 07924. 
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I- t 0 
f 25.00 
v, 
v, 

1o.ool I I I 1 1 1 I 
2800 3401 4002 4603 5204 5005 6406 7007 7608 

MEAN TABLETS PER MINUTE 
Figure 4-Simulated processing time versus mean tablets per minute 
produced curves for different combinations of drying methods and batch 
sizes. Key: -0-, tray dried, 1,500,iMO tablets; -0-, tray dried, 1,250,000 
tablets; -H-, tray dried, 2,000,000 tablets; -0-, tray dried, 750,000 
tablets; -A-, tray dried, 500,000 tablets; --@--, fluid bed dried, 1,500,000 
tablets; --0--, fluid bed dried, 1,250,000 tablets; --.--, fluid bed dried, 
1,000,000 tablets; -- o--, fluid bed dried, 750,000 tablets; and --A--, fluid 
bed dried, 500,000 tablets. 

less as the batch size decreases. Breakeven points normally are observed 
when only one factor is changing, but the breakeven points shown here 
are between different batch sizes as well as between different drying 
methods. For example, a t  a production rate of -7207 tablets/min, the 
processing cost per loo0 tablets is about 24t for a 1,500,000-tablet batch 
that is fluid bed dried compared to 28t/1000 tablets for a 1,250,000-tablet 
tray-dried batch. T o  find a true cost breakeven point between these two 
curves, the mean tablets per minute uersus the processing cost per fixed 
number of tablets (i.e., per thousand) has to be plotted. This can be done 
easily using Fig. 5. 

Figure 6 shows how the processing cost per batch increases with in- 
creasing batch size using different combinations of tableting machines, 
utilization factors, and drying methods. Processing costs with tablet 

4- 

400.0 

J 

3 3 7 . 0 y  I 1 1 I 1 I 1 

0.0500 0.0760 0.1000 0.1250 0.1500 
0.0626 0.0875 0.1125 0.1375 

BATCH SIZE, x 1 0 - 7  
Figure 6-Simulated processing cost versus batch size curues for dif- 
ferent combinations of tableting machines, utilization factors (UF), and 
drying methods a t  a fixed labor rate of $5.50/hr. Key: -A-, tablet ma- 
chine A, UF = 0.5, tray dried; - -O-- ,  tablet machine A, UF = 0.5, fluid 
bed dried; -0-, tablet machine A, UF = 0.75, tray dried; --a--, tablet 
machine A, UF = 0.75, fluid bed dried; -a-, tablet machine A, UF = 1.0, 
tray dried; --0--, tablet machine A, UF = 1.0, fluid bed dried; -0-, tablet 
machine B, UF = 0.5, tray dried; --.--, tablet machine B, UF = 0.5, fluid 
bed dried; --A--, tablet machine B, UF = 0.75, tray dried; -0-, tablet 
machine B, UF = 0.75, fluid bed dried; --A--, tablet machine B, UF = 
1.0, tray dried; and -A-, tablet machine B, UF = 1.0, fluid bed dried. 

machine A are lower than tablet machine B with small batch sizes, but 
these costs increase at a greater rate with increasing hatch sizes. As a 
result, there is a breakeven point with the batch size. For example a t  
440,625 tabletshatch, the curves for tray-dried tablets with a utilization 
factor of 0.5 intersect. This breakeven point can be seen in the encircled 
area of Fig. 6. The only difference in these two curves is the type of tab- 
leting machine used. Tablet machine A is less expensive to operate a t  
small batch sizes due to its smafler power cost and equipment deprecia- 
tion charged per batch. However, as the batch size increases, tablet ma- 
chine B becomes less expensive to operate due to its high production 
output and, thus, minimal tableting unit operation processing labor cost. 
The cleaning and preparation time for both tablet machines were as- 
sumed to be approximately the same. For a constant utilization factor, 
Fig. 6 shows that the breakeven batch size is the same for tray drying or 
fluid bed drying. As the utilization factor increases, the breakeven batch 
sizes decrease. Increases in processing cost with larger batch sizes are 
approximately linear with tablet machine B, but those with tablet ma- 
chine A tend to be slightly marginally decreasing. 

Figure 7 illustrates how the processing cost changes with increasing 
labor rate up to $8.25/hr using all combinations of drying methods, tab- 
leting machines, and utilization factors at a fixed batch size of l,OOO,OOO 
tablets. The processing costs increase with labor rate in a marginally in- 
creasing manner up to $8.25/hr. Figure 7 also shows that for a given uti- 
lization factor and a given tableting machine, fluid bed drying has a lower 
processing cost than tray drying. Figure 7 may be useful in evaluating 
processes as labor rates become inflated. 

Processing Time-Processing Cost Interaction-By comparing the 
graphs where the dependent variable is processing time with graphs where 
the dependent variable is processing cost, it is evident that  the drying 
method affects the processing time to a greater extent than does the 
tableting rate while the tableting rate affects the processing cost more 
than the drying method. This observation indicates that while the cost 
of either drying method varies little per batch, the time difference be- 
tween the two is great. The time saved by using fluid bed drying over tray 
drying could he used for increased production of other product batches. 
Since the simulation only represents the cost-time variables for a single 
batch of a single product, multiple-batch and multiple-product consid- 
erations should be kept in mind. 
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LABOR RATE, dollardhr 

Figure 7-Simulated processing cost versus labor rate curues for dif- 
ferent combinations of tableting machines, utilization factors (UF), and 
drying methods at a fixed batch size of 1,000,000 tablets. Key: -A-, 
tablet machirw A, UF = 0.5, tray dried; --A--, tablet machine A ,  UF = 
0.5, fluid bed dried; -m-, tablet machine A, UF = 1.0, tray dried; -D-, 
tablet machine B, UF = 0.5, tray dried; --o--, tablet machine A ,  UF = 
1.0, fluid bed dried; - -  A--, tablet machine R ,  UF = 0.5, fluid bed dried; 
-0-, tablet machine B, UF = 1.0, tray dried; and -- m--, tablet machine 
R, UF = 1.0, fluid bed dried. 

CONCLUSIONS 

1. The model and simulation program shown here can be used in in- 
traprocess as well as interprocess cost and time evaluations. 

2. The simulation program itself can be used as an experimentation 
method, with an almost unlimited numher of experiments and manipu- 
lations possible at  a fraction of the cost and time of the actual processing 
experiments. 

3. Statistical methods as well as optimization techniques can be ap- 
plied to the experimental simulation output to make optimal decisions 
about the results. 

4. The model and simulation can he a tool in making management and 
process-engineering decisions concerning tableting cost and time con- 
siderations, especially with processes that are new or being updated. 

APPENDIX 

The following cost-time outputs for each run of the simulation program 
may be defined: 

1. Tablets per batch-the number o f  tablets produced in a batch. I t  
is the theoretical yield rather than the standard yield of tablets. 

2. Cost per batch-the total cost per hatch, including raw material 
cost, labor cost, equipment depreciation, power consumption costs, 
warehouse costs, and bulk packaging costs. 

3. Cost of raw materials-the cost of both active and inactive ingre- 
dients in the formulation. 

4. Excipient cost-the cost of the raw materials minus the cost of the 
active ingredients in the formulation. 

5. Process cost-the total cost minus the cost of the raw materials. 
6. Process and formulation controllable cost-the processing cost 

plus the excipient cost divided by the standard yield per batch. This cost 
will change if one uses a different process or a different formulation. 

7. Cost per tablet-the total cost divided by the theoretical number 

8. Standard yield cost per tablet-the cost per tablet divided by the 

9. Process cost per tablet-the process cost divided by the theoretical 

10. Labor cost per unit operation-the average labor cost per step 

11. Labor cost per batch-the total labor cost per batch. 
12. Cost per unit operation-the same explanation as in the section 

on labor cost per step applies here. This cost is the total average cost per 
step. It includes raw material costs. 

13. Equipment depreciation-the total equipment depreciation that 
can be assigned to this particular batch. 

14. Power costs-the cost of the energy consumed by the equipment 
during the process. 

15. Warehouse costs-the total cost of using warehouse space to store 
a batch of unfinished product. 

16. Package costs-the cost of bulk packaging the unfinished product 
to he stored or bulk packaging the final product to be stored. I t  is a fixed 
number in that the formulator must know the cost. 

17. Yearly production cost-the total cost per batch multiplied by the 
number of batches produced per year. 

18. Yearly process and formulation controllable cost-the per batch 
formulator controllable cost multiplied by the number of batches per 
year. 

19. Processing time plus time between steps-the total time it takes 
to process a batch. This time does not include cleaning or preparation 
time; it only includes the time it takes to produce a batch if everything 
is prepared and cleaned. 

20. Total labor time-the total labor time spent in producing a batch. 
It is the time that a laborer is paid for that can be assigned to a particular 
batch. 

21. Cleaning and preparation time-the total cleaning and preparation 
time spent during the production of a batch. 

of tablets. 

standard yield per batch. 

number of tablets produced. 

including the end-of-process step. 
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Abstract The application of direct zero-order UV spectrophotometric 
and graphical or derivative background correction methods to selected 
pharmaceutical preparations shows their relative advantages in different 
situations. The assay of the active components in a changeable matrix 
is a problem with formulations having a limited shelflife. Although the 
standard three-point correction procedures can provide accurate data, 
there are practical problems if the irrelevant absorption band is such that 
only the derivative approach gives enough resolving power for reliable 
qualitative and quantitative determinations. 

Keyphrases 0 Excipients-solutions, suspensions, and suppositories, 
changeable matrixes and their effect on UV absorbance spectra, com- 
parison of three background correction methods Spectroscopy, 
UV-changeable matrixes of pharmaceutical preparations, comparison 
of three background correction methods, interference by excipients or 
degradation products Degradation-pharmaceutical preparations, 
effect on UV absorbance spectra, comparison of three background cor- 
rection methods, changeable matrixes 

The assay of certain drugs or natural products by clas- 
sical UV spectroscopic techniques usually can be accom- 
plished by simple and direct procedures. These procedures 
generally involve reading the absorbance of the sample 
versus that of a standard at  selected wavelengths, except 
where the analyte is part of a complex matrix containing 
other UV-absorbing degradation products and chemicals 
(1). In such a situation, the spectral overlapping of the ir- 
relevant absorption bands produced by the interfering 
components can be so strong as to mask completely the 
band of the compound, making it difficult or impossible 
to determine not only its concentration but also its pres- 
ence. Since the irrelevant absorption of multicomponent 
samples cannot be suppressed efficiently due to the in- 
herent lack of resolution of the classical UV spectroscopic 
techniques, its effects must be compensated for by often 
cumbersome sample cleanup and separation procedures. 
Thus, the convenience of the direct UV readings using a 
conventional spectrophotometer is lost. 

BACKGROUND 

The practical limitation derived from variable and nonspecific spectral 
interferences has been treated by mathematical and graphical methods, 
ranging from very simple to tedious and lengthy procedures, according 
to the shape of the irrelevant absorption spectrum (2). The Morton- 
Stubbs (3) three-point correction method has been used extensively 
where there is an unknown or variable contribution to the measured 
absorption. However, the method assumes that the irrelevant absorption 
is linear over the working wavelength range (4). 

Background interferences also have been corrected by the application 
of absorbance ratios and orthogonal function coefficients (5,6), which 
are sensitive to instrumental parameters and difficult to apply if the ir- 
relevant background absorption is similar to the spectral band of the 
analyte (4). The method of Glenn (5) was applied and evaluated by Wahbi 
and Abdine (7), who, in spite of considering it useful in many cases, ac- 
knowledged that it may give unsatisfactory results if the polynomial, 
number of points, and wavelength range and intervals are not selected 
properly. Furthermore, many of these methods require special attention 

to operational parameters, which detracts from their applicability to 
many practical problems in pharmaceutical analyses. 

On the other hand, the recently introduced commercial systems that 
can produce a graphic display of the derivative (dAldX or d2AldX2) of 
the analog signal given by the spectrophotometer provide a different 
approach to these problems. In many cases, the derivative techniques 
allow resolution of two spectral bands of very close wavelength so they 
can be used in the quantitative spectrophotometric assay of complex 
mixtures of spectrally interfering substances (8). 

The derivative spectroscopy technique was introduced (9) as a means 
of resolving two overlapping spectral bands of almost coincident wave- 
length. However, the potential of this technique for pharmaceutical 
analysis has not been studied in detail, although it could be easily inferred 
from the small, though significant, body of data reported by different 
laboratories. For instance, derivative recording of UV spectra was applied 
successfully to steroid structure determination (10) and to the quanti- 
tation of mutually interfering rare earth elements and dyes (11) and gases 
(12,13). The quantitation of pyrene in the presence of excess anthracene 
by derivative luminescence also was reported (14), and more recently, 
the technique was used in biology to determine total urinary porphyrins 
(15) as well as phenylalanine residues in proteins (16). 

A recent communication discussed second derivative UV-visible 
spectrophotometry for the quantitation of drugs in their dosage forms 
(17) and reported coefficients of variation of better than 2% for routine 
quality control. A general review of derivative and wavelength modulation 
spectroscopy appeared recently, which mentioned other selected appli- 
cations (18). All of these data support the idea that derivative spectros- 
copy may have considerable potential in routine quantitative measure- 
ments (18,19). 

Thus, considering the present state of the art  with regard to UV de- 
terminations of a complex matrix in pharmaceutical preparations, 
comparative assessment was desired for the applicability of simple, direct, 
graphical-algebraical and derivative UV measurements in cases where: 
(a) the background absorption of excipients or other products may not 
be constant due to manual batch-to-batch variations, and (b)  the corre- 
sponding excipient absorbance is either strong (samples with large ex- 
cipient concentrations) or weak compared to  that of the substance as- 
sayed (samples with few excipients and a large amount of active drug). 
Four examples representative of the various cases usually encountered 
in pharmaceutical analysis were considered. 

EXPERIMENTAL 

Apparatus-A double-beam ratio recording, scanning, grating spec- 
trophotometer' with a variable bandpass from 0.2 to 4.0 nm was used. 
This spectrophotometer was equipped with a derivative spectrum at-  
tachment2 consisting of an analog differentiating circuit that can record 
optionally the first or second derivative spectrum and the original 
(zero-order) spectrum. 

The spectra were obtained a t  a bandpass of 1 nm and a scanning speed 
of 240 nm/min. The recorder response was set a t  medium, and the scan 
speed was set to 12 cm/min a t  a span of 1 or 2 and a mode of 0.5. 

Pharmaceutical  Preparations-Suppositories-The active ingre- 
dients in the suppositories were: dipyrone (1 g), anisotropine methyl- 
bromide (0.020 g), and phenobarbital (0.015 g). The suppositories also 
contained 2.204 g of saturated fatty acid glycerides as excipients and had 
a total weight of 3.24 g. 

Solutions-One solution contained 1.58 g of oxyfedrine hydrochloride 
(a sympathomimetic agent) and 113.2 g of excipients brought to a total 
volume of 150 ml with distilled water. Estradiol benzoate (10 mg/ml) was 

Perkin-Elmer model 200. 
Perkin-Elmer model 200-0628. 

0022-35491 801 0600-0629$0 1.001 0 
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Table I-Determination of Phenobarbital  Content of Standard 
Solutions 

0.4 1 
w 
0 
$0.3- 
m n 
0 g 0.2- 
a 

1 
A l  

0.4- 

0.3- 

I* 
200 240 280 240 280 

WAVELENGTH, nm 
Figure 1-Curue a, zero-order UVspectrum of a sample containing all 
of the pharmaceutical preparation components, except phenobarbital; 
curve b, zero-order UVspectrurn of a phenobarbital standard; curue c, 
zero-order UVspectrum of an  extract of the commercial formula; curue 
d,  second deriuatiue UV spectrum of the extract of the commercial 
formula; and curue e, second derivative UVspectrum of the extract of 
the excipients without phenobarbital. 

contained in a suspension of lecithin (8 mg/ml) and chlorobutanol (3  
mg/ml). An excipient solution (100 ml) contained 0.2 g of proges- 
terone. 

All preparations except the progesterone-containing formula were 
commercial preparations. For the three solutions, the only sample 
preparation needed prior to the actual determinations was simple dilution 
to a predetermined volume with a suitable solvent. However, since phe- 
nobarbital was present in a ratio of 1 part to 216 parts of excipients, the 
suppositories first were subjected to a cleanup procedure to remove a 
significant proportion of the unwanted materials. 

Cleanup Procedure for Phenobarbital  in Suppositories-The 
sample to be assayed (three suppositories, equivalent to 45 mg of phe- 
nobarbital) was placed in a 250-ml erlenmeyer flask and dissolved in -200 
ml of ether. The solution was filtered3, and the filtrate was collected in 
a 500-ml volumetric flask and taken to dryness on a rotary-film evapo- 
rator. 

The dry residue was extracted with 200 ml of 10% NHiOH in ethanol 
a t  -50". The filtrate was cooled in an ice bath under agitation, filtered3 
again under vacuum, and collected in a 250-ml flask. The residue on the 
filter paper was washed, and the filtrate was brought to volume with the 
ammonium hydroxide-ethanol solution. A 5-ml aliquot was diluted to 
100 ml with ammonium hydroxide in ethanol to obtain a final pheno- 
barbital concentration of 9 pg/ml. 

RESULTS AND DISCUSSION 

Phenobarbital  in Suppositories-Standard solutions of pheno- 
barbital and of the excipient mixture of the commercial preparations were 
run individually on the IJV spectrophotometer and gave the absorption 
spectra shown in Fig. 1 (peaks a and b). The corresponding absorption 
spectruni of a commercial product extract (phenobarbital plus excipients) 
is also illustrated in Fig. 1 (peak c). In this case, the spectral band was 
displaced upward due to the background interference of the coextracted 
excipients, which was clearly reflected in the absorbance value ( A l l  a t  
280 nm (Fig. 1, peak c). Quantitatively, this spectral interference signif- 
icantly affected the direct measurement of the absorbance value a t  the 
peak maximum. Consequently, the relative error obtained by direct UV 
determinations of the known phenobarbital amounts added to the re- 
sidual excipient matrix remaining after extraction of the suppositories 
was +14.3% (Table I). 

In contrast, the peak-to-peak (AI) measurement of the second deriv- 
ative spectra of the same samples (Fig. 1, peak d )  reduced the relative 
error to -4.2%. Accordingly, the dispersion of these comparative data 
indicates that the applicability of the procedure is neither dependent on 
nor limited by the extraction efficiency of the active drug but instead by 
the method used to quantitate the UV absorbance curves. As will be 
demonstrated with other examples, this case is often true in the appli- 

~~~~ 

Direct Reading Second Derivative 
of UV Absorbance Readings (AI) 

Average, %b 114.3 
Relative error, + 14.3 
SD. % 4.0 

95.8 
-4.2 

0.6 

a Heavy spectral interferences, due to relatively large quantities of excipients, 
were removed partially by preextraction of reconstituted samples (n = 5) lacking 
phenobarbital but prepared according to the manufacturing process. These ex- 
cipient samples were extracted according to the procedure outlined in the text. A 
known amount of phenobarbital (equivalent to that contained in the commercial 
formulas) was next added to the extracts, which thus were certified to contain the 
specified amount of active drug. n = 5. 

Table  11-Determination of Phenobarbital  Content in 
Suppositories * 

UV Absorbance 
Direct Reading Second Derivative 

A242 Found, mg AI (n  = 5) Found, mg Sample 

UV Absorbance 
Direct Reading Second Derivative 

A242 Found, mg AI (n  = 5) Found, mg Sample 

1 
2 
3 
4 
5 
6 

SD, % 
Relative error. ?h 

- 
Y 

0.486 17.81 9.33 14.99 
0.454 16.63 8.97 14.43 
0.455 16.67 8.76 14.10 
0.457 16.74 8.74 14.07 
0.506 18.54 9.75 15.66 
0.454 16.63 8.59 13.83 

17.17 
4.73 

+14.46 

14.51 
4.75 

-3.2 

Recently prepared commercial suppositories with a declared value of 15 mg/ 
suppository. 

cation of UV spectrophotometric techniques for the quantitation of 
pharmaceutical preparations. 

The experimental data proved that phenobarbital was extracted effi- 
ciently from the suppositories in a 97% yield (average of five derivative 
determinations, SD 1.6%). Nevertheless, to discard the possibility of a 
loss due to faulty extraction or to any other unexplained causes, the active 
drug was added to the final ethanol solution of the extract, thus ensuring 
that each test sample contained exactly the specified amount of pheno- 
barbital. By removing this possible sampling error, i t  was expected that 
the values obtained from the different spectroscopic measurements would 
allow for a true and representative assessment of the UV background 
correction methods. 

An application of the direct UV reading and second derivative proce- 
dures (Fig. 1, peak d )  to the control assay of suppositories randomly se- 
lected from a single recent batch gave the results shown in Table 11. The 
relative errors from both methods represent the kind of data consistently 
obtained in this laboratory since the introduction of second derivative 
UV spectroscopic methods for routine control work on complex 
changeable matrixes. Moreover, the -3--4% error of these second de- 
rivative determinations could be a consequence of the second derivative 
UV absorption band of the blank sample (no phenobarbital added) (Fig. 
1, peak e). 

I / 

uj: 
-I- I / 2 n d  D E R I V A T I V E  

0.4 1.0 2.0 3.0 
RELATIVE RATIO OF EXCIPIENTS TO PHENOBARBITAL 

:I W-41 filter paper, Whatman Inc., Clifton, N.J. 
Figure 2-Determination of phenobarbital in extracts from samples 
containing different amounts of excipients relative to phenobarbital. 
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Table 111-Comparison of Phenobarbital  Content (Percent) i n  
Aged Commercial Preparations by Different Methods 

UV with Morton- 
Second Stubbs 

Derivative Three-Point 
Sample HPTLC DirectUVO UV Correction 

D-l(l969) 79 108.0 (29) 79.3 (0.3) 82.5 (3.5) 
D-2 (1969) 91.1 127.7 (36.6) 88.3 (-1.8) 90.7 (-0.4) 
F-1 (1971) 94.7 115.9 (21.2) 94.8 (0.1) - 
F-2 (1971) 84.2 106.8 (22.6) 79.7 (-4.5) 82.3 (-1.9) 

0 The differences relative to the HPTLC determinations are given in parentheses 
(8). 

The small positive signal a t  242 nm (indicated by the arrow) has a 
subtracting effect on the total amplitude of the hl measured. These re- 
sults are in agreement with the errors calculated theoretically for a similar 
case. According to the data reported previously (20) using the same 
peak-to-peak (AI) measurement of the second derivative band, theo- 
retical systematic errors of -2--4.3% and a random error of 1.8% were 
found, which compare favorably with the data in this report. 

The potential of the derivative data for quantitation is demonstrated 
in Fig. 2, which shows that the increase in the excipient concentration 
relative to that of phenobarbital affected the zero-order UV determina- 
tions of this active drug with relative errors of up to 58%, without much 
effect on the derivative measurements. 

Although the example given proves in principle the higher reliability 
of the derivative UV data, it also could be argued that a three-point 
Morton-Stubbs (3) background correction often still could compete fa- 
vorably with the derivative procedures. In pharmaceutical product 
analysis, the procedure is applicable, providing that the excipients give 
a uniform background and can be used as a kind of “blank” (1). However, 
even in such a case, the irrelevant background absorption should be 
constant in each sample, which may be difficult to achieve due to the 
usual variations between excipient batches. This factor is especially 
important in aged commercial preparations that also contain undefined 
amounts of unknown degradation products. Furthermore, the operating 
conditions must remain perfectly reproducible. And the corresponding 
absorbance must be weak in comparison to that of the active drug ( l ) ,  
a condition that often cannot be met without lengthy concentration or 
cleanup procedures (4), as was done in this study to increase the ratio of 
phenobarbital to excipients (initially, 1:216). 

For these reasons, the results of the direct, derivative, and three-point 
UV methods were compared for the quantitative determination of phe- 
nobarbital in aged commercial preparations. These samples were con- 
sidered to be representative of cases in which the background absorption 
changes with time due to the formation of unknown degradation products 
(i.e., no reference samples available as “blanks”). The results (Table 111) 
demonstrate that when a derivative UV spectrophotometer is unavailable, 
the Morton-Stubbs correction provides comparable data; in this case, 
the amount of phenobarbital remaining undegraded in the four samples 
was determined by separating it from the excipients and degradation 
products using high-performance TLC (HPTLC). These samples then 
were quantitated spectrophotometrically (8). 

Oxyfedrine Hydrochloride Solution-The UV absorption spectrum 
of a standard oxyfedrine solution as the hydrochloride (Fig. 3a) showed 
two maxima in the 350-220 range, one centered a t  310 nm and the other 
a t  252 nm. The absorption spectrum of the excipient mixture was char- 
acterized by a peak a t  270 nm with an appreciable shoulder a t  310 nm 
(Fig. 3b). This comparison represents an interesting practical case since 
the difference in absorption maxima of the active drug and the excipient 
blank (252 uersus 270 nm) was such that the inflection point in the 
composite spectrum (at the position indicated by the arrow in Fig. 3c) 
in many cases was obliterated completely. The result was a continuous 
straight slope that precluded any meaningful qualitative or quantitative 
work without isolation of the active product from the excipient mixture 
or the application of background correction methods. 

Furthermore, the inapplicability of the uncorrected measurements 
for quantitative purposes is demonstrated in the plot of Fig. 4, where even 
at  a low ratio of excipients to oxyfedrine (0.5), the zero-order data in- 
cluded a 20% error. This situation deteriorated further as the matrix 
changed due to increased concentrations of those excipients responsible 
for the irrelevant background absorption relative to the concentration 
of the active drug. As shown, at a relative ratio of two, the uncorrected 
error was 70% relative to the true 100% value. The corresponding values 
obtained with UV derivative techniques or the Morton-Stubbs three- 
point correction (Fig. 4) stayed within a 12% margin of error. A good 

ZERO ORDER UV 

PROBLEM 

2ND DERIVATIVE 

PROBLEM 

1 1 ‘  

NANOMETERS 

la 
I 0x1 PHE DR I N E  2ND DERIVATIVE 

&J A I/- 
/ 1 

230 270 310 350 
‘3 
230 270 310 350 

NANOMETERS 
Figure 3-Zero-order and second deriuatiue UV spectra of oxyfed- 
rine-containing formulation. Key: a, UV spectrum of oxyfedrine alone; 
b, UV spectrum of the excipients; and c, UV spectrum of the mix- 
ture. 

correlation between both correction methods thus is illustrated by this 
practical application. However, as the next two examples indicate, this 
case is not always true. 

Progesterone in Solution-Figure 5 shows the results obtained with 
a noncommercial progesterone-containing product according to the 
zero-order and second derivative UV spectroscopic methods. The UV 
determination of progesterone alone does not pose any special difficulties. 
However, in these mixtures, i t  gave a spectrum in which the absorbance 

I 

50 
0.5 1 .o 1.5 2.0 

RELATIVE RATIO OF EXClPlENTS TO OXYFEDRINE 
Figure 4-Determination of oxyfedrine in samples containing different 
relative amounts of excipients. 

Journal of Pharmaceutical Sciences I 631 
Vol. 69, No. 6, June 1980 



Z E R O  O R D E R  UV 

W z 
0 
a: w 

2 N D  D E R I V .  U V  

P N D  D E R I V A T I V E  

Table IV-Replicate Determination of Progesterone in Samples 
with a Progesterone to Excipient Ratio of 1:2 

E XC I P I E N T S  
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I 
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C 

. 
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NANOMETERS 
Figure 5-Zero-order and second derivative U V  spectra of solutions 
of progesterone and excipients as indicated. 

band with its characteristic 237-nm maximum became a shoulder. On 
the first determinations carried out on this preparation, it was observed 
that a t  a progesterone concentration of 10 Hg/ml, corresponding to a 
progesterone to excipients ratio of one, the direct zero-order UV mea- 

Method Solution A, YO Solution B, % 

Direct U V  162.8 160.8 
Derivative UV 99.0 98.2 
Three-point correction 71.4 68.4 63.9 

1.174 1.076 1.130 

surements produced relative errors of +37 and 45% for replicate sample 
determinations while the second derivative and three-point correction 
methods gave errors of -5.4 and +11.9%, respectively. In contrast with 
the previous two cases, the relative error calculated by the three-point 
method was significantly higher than the value computed from the second 
derivative (AI in Fig. 5). Therefore, it was necessary to analyze different 
solutions characterized by values of the progesterone to excipients below 
or above the usual ratio of one. The results obtained are plotted in Fig. 
6. In this case, since the level of the irrelevant background absorption was 
kept constant while the amount of the active drug was increased, the 
points on the graph were distributed, as expected, along curves asymp- 
totically approaching the theoretical value. 

The results demonstrate that the only points not seriously affected by 
the changing interference due to the background absorption were those 
of the derivative determinations. Also, as expected, when the relative 
amount of the active drug in the preparation increased, the relative error 
given by the three-point correction approached the value obtained by 
derivative analysis, fulfilling the requirement that  the background ab- 
sorbance must be weak relative to that of the substance being determined 
(1). The points represented for the three-point correction curve in Fig. 
6 are the average values of two determinations on the same solution 
carried out a t  different absorbance ratios, as indicated in Table IV (So- 
lution A). Solution B (Table IV), determined a t  a different Ah- /Ah ,  
ratio, gave a similar value. From a consideration of the absorption spec- 
trum, slightly different wavelengths were selected on each side of the peak 
maximum a t  241 nm to give different absorbance ratios (Table IV). 
Nevertheless, the results were comparable. 

PRO0LEM M I X  

L'L 180 NANOMETERS 220 260 300 
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2 N D  D E R I V A T I V E  
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NANOMETERS 
Figure 7-Curve A,  zero-order UVspectrurn of an estradiol benzoate 
suspension in lecithin; curve H, second derivative U V  spectrum of the 
same; curve C, UVspectrurn of estradiol benzoate; and curve D, second 
dpriuatiue UV spectrum of estradiol benzoate. 
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Table V-Estradiol Benzoate Determination in the Presence of 
Lecithin in Different Proportions 

Method 
Estradiol Benzoate-Lecithin Ratio 

L0.8 1:5 1:lO 

Direct UV 103 121.8 

Derivative UV 101.2 105 
Three-point 96.8 111.3 

reading 

correction” 

143.6 

108.8 
115.0 

AA,/AA, = 1152. Absorbances were read at 221.6.231, and 237.6 nm for the 
three-point correction. 

Estradiol Benzoate in Suspension-A final representative case 
where the derivative techniques demonstrated their superiority over other 
background-correction methods is illustrated by the assay of estradiol 
in a pharmaceutical suspension with lecithin. At the usual concentrations 
in the pharmaceutical preparation analyzed (1:0.8), the characteristic 
230-nm spectrum of estradiol benzoate (Fig. 7C) was masked by the 
spectrum of the problem mixture (Fig. 7A). Under these conditions (e.g., 
relatively high active drug to lecithin ratio), the three methods gave values 
that fit within a 3.5% margin of error, with the second derivative deter- 
mination being the most accurate (Table V). However, when this ratio 
was diminished, the relative error increased proportionally, representing 
a case where the three-point correction cannot cope with the level of ir- 
relevant background interference. Evidently, this method requires a 
cleanup procedure to remove as much of the interfering compound as 
possible, thus increasing the relative concentration ratio to more ame- 
nable values. The more simple approach is to cancel as much of this 
background effect as possible by the application of second derivative UV 
spectroscopic techniques. 

Conclusions-An appraisal of the UV assay of active drugs in phar- 
maceutical preparations illustrates the kind of results that can be ex- 
pected by application of graphical and derivative background correction 
procedures to samples whose background absorption characteristics 
preclude a direct reading of the UV spectra. 

Depending on the ratio of the active drug to the rest of the components 
in a given formulation (excipients and degradation products), the direct 
quantitation of the uncorrected UV absorption spectra may lead to sig- 
nificant errors relative to the formulated values. These values, allowing 
for factors such as extraction efficiency whenever applicable, are well 
established by the formulation of the commercial product, except 
products with a limited shelflife. 

By working with changeable matrixes (varying the active drug to ex- 
cipient ratio), it also was shown that the derivative and three-point cor- 

rection techniques provide comparable results in some cases. In general, 
both can compensate for the irrelevant UV absorption from the secondary 
sample ingredients, as long as it is within reasonable limits. However, the 
graphical Morton-Stubbs three-point correction procedure sometimes 
cannot cope with the level of interference, leaving the derivative spec- 
troscopic procedure as the only method giving reliable results over a 
relatively wide span of drug to excipient ratios. 

Likewise, the three-point or other related correction methods (3-7) 
are applicable qualitatively as long as there is an identifiable, though 
distorted, UV profile characteristic of the product assayed. On the other 
hand, there are situations where it becomes difficult, if not impossible, 
to infer the presence of the active product, because its characteristic W 
pattern may be masked totally by the background. One such situation 
is the assay of estradiol. 
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Abstract 0 This investigation was carried out (a) to determine if the 
enzyme inductive effect produced by phenobarbital reduces the inter- 
individual variability in the biotransformation of a drug, as suggested 
in the literature; ( b )  to test whether the intrinsic clearance of free drug, 
for drugs exhibiting restrictive clearance, reflects the activity of drug- 
metabolizing enzyme systems; and ( c )  to determine if enzyme induction 
affects the apparent volume of distribution of a drug that tends to con- 
centrate in the liver. Twelve pairs of adult male rats, matched with respect 
to their serum warfarin free fraction, received an intravenous injection 
of (.!?)-(-)-warfarin, 0.6 mghcg, after four daily injections of either saline 
solution or phenobarbital (75 mg/kg). Phenobarbital treatment increased 
both the total and intrinsic clearance of @)-(-)-warfarin almost threefold 
but did not reduce the coefficient of variation of the intrinsic clearance. 
Serum protein binding of (S)-(-)-warfarin was not affected by pheno- 
barbital treatment. The biological half-life of warfarin and the duration 
of its anticoagulant effect were reduced substantially by treatment with 
phenobarbital, Consistent with pharmacokinetic theory, the relationship 
between total clearance and the free fraction of warfarin in serum re- 
mained approximately linear, but the slope of the regression line was 
increased for the animals treated with phenobarbital. 

Keyphrases a Warfarin-pharmacokinetics, effect of phenobarbital 
on drug biotransformation and enzyme induction, rats 0 Pharmacoki- 

* netics-warfarin biotransformation, inductive enzyme effect of pheno- 
barbital, rats Phenobarbital-effect on enzyme induction, effect on 
warfarin biotransformation, pharmacokinetics, intersubject variability 
determination, rats Anticoagulants-warfarin, effect of phenobarbital 
on warfarin biotransformation, rats 

It is well known that treatment with phenobarbital en- 
hances the elimination of warfarin in both humans and rats 
(1-7). In uit ro studies indicated that phenobarbital causes 
induction of the enzyme system(s) responsible for the 
biotransformation of warfarin (6), but these studies failed 
to test for variability in the degree of induction (as mea- 
sured by the enhancement of warfarin elimination) as a 
function of the elimination kinetics of warfarin prior to 
enzyme induction. This question is important because 
there are pronounced interindividual differences in the 
elimination kinetics of warfarin in humans as well as in 
animals (8,9). 

BACKGROUND 

Intersubject variability in antipyrine half-life decreased when subjects 
were treated with phenobarbital, and it was suggested that treatment 
with phenobarbital (or another enzyme inducer) might have a similar 
effect on the variability in the elimination kinetics of other drugs (10). 
In the cited study, the relative decrease in the half-life of antipyrine after 
phenobarbital administration was proportional to the prephenobarbital 
half-life. 

Previous reports in this series showed that the total body clearance of 
warfarin is highly dependent on the serum protein binding of the drug, 
specifically on its free fraction in serum (9 , l l ) .  Recent studies revealed 
a 15-fold range in the serum free fraction of warfarin in rats (8,12) and 
an approximately fourfold variation in humans (9, 13-15). 

The proportionality constant between the total clearance and the free 

fraction for nonperfusion rate-limited systems is the intrinsic clearance 
k”.  Thus, k ”  = TC/f,, where TC is the total body clearance and f, is the 
free fraction of drug in serum or plasma (11). An essentially linear rela- 
tionship between TC and f p  of warfarin has been observed in both hu- 
mans and rats (9, ll). This relationship permits isolation of the effects 
of certain treatments or procedures on the protein binding of a drug from 
the effects on the activity of enzymes responsible for the biotransfor- 
mation of that  drug. This ability should help to determine the reasons 
for a change in the total clearance of a drug. 

If enzyme induction leads to a decrease of the intersubject variability 
in the biotransformation kinetics of a drug, then a decrease in the coef- 
ficient of variation of k ”  should be observed. Furthermore, if the relative 
degree of enhancement of drug elimination caused by induction of an 
enzyme system is proportional to the preinduction activity of the enzyme 
system, then the relative increase in intrinsic clearance caused by in- 
duction should be proportional to its preinduction (control) value. 

Treatment of rats with Phenobarbital produces an increase in their 
relative liver weight (16). Since the liver contains a large fraction of the 
amount of warfarin in the body of a rat (8,17), treatment of rats with 
phenobarbital might increase the apparent volume of distribution of 
warfarin. This possibility has not been explored to date. 

The purposes of this investigation were ( a )  to determine if the enzyme 
inductive effect produced by phenobarbital reduces the interindividual 
variability in the biotransformation of (S)-(-)-warfarin; ( b )  to test 
whether the intrinsic clearance of free (S)-(-)-warfarin reflects the ac- 
tivity of drug-metabolizing enzyme systems; and (c) to determine if en- 
zyme induction affects the apparent volume of distribution of (S)-(-b 
warfarin. (S)-(-)-Warfarin rather than racemic warfarin was used to 
decrease the complexity of the experiment since the metabolism of the 
individual enantiomers might be induced to a different extent. Since the 
(S)-(-)-enantiomer of warfarin is a more potent anticoagulant and has 
a longer biological half-life than the (R)-(+)-enantiomer in rats (18), 
experiments with (S)-(-)-warfarin are easier to perform. 

EXPERIMENTAL 

Seventy-two adult male Sprague-Dawley rats’, 250-300 g initially and 
320-400 g during the study, were screened to obtain two groups of rats 
matched individually with respect to their free fraction of warfarin in 
serum. 

For screening purposes, 3 ml of blood was taken from the tail artery 
of the rats and the serum was separated. Approximately 1 Fg/ml of ra- 
cemic [14C]warfarin2 (specific activity 76 pCi/mg) was added to the serum, 
and its free fraction was determined by equilibrium dialysis for 20 hr 
against isotonic pH 7.4 phosphate buffer a t  37O (8). Twenty-four rats were 
paired according to their free fraction of warfarin in serum. One member 
of each pair was assigned to the group to be treated with phenobarbital, 
and the other served as a control. The free fraction values ranged from 
0.00296 to 0.0158. 

Two weeks after the screening experiment, the rats in the group des- 
ignated for phenobarbital treatment received 75 mg of phenobarbitalhcg 
ip daily for 4 days, while the control group received injections of a com- 
parable volume of normal saline for the same period. The rats had un- 
restricted access to food3 and water throughout the study. 

On Day 5, the rats in both groups received a single dose of (3H](S)- 
(-)-warfarin4 (0.578 mg/kg, specific activity 0.943 mCi/mg, in isotonic 

’ Blue Spruce Farms, Altamont, N.Y. 
Amersham-Searle Corp., Arlington Heights, Ill. 
Charles River formula 4RF. 
Research Triangle Inc.. Research Triangle Park, N.C 
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Table I-Effect of Phenobarbital  on Pharmacokinetics of 
(S)-(-)-Warfarin in Matched Pairs of Rats a 

Ratio of 
Pheno- 

Pheno- barbital 
Parameter Control barbital to Control 

~ ~~ 

Serum free fraction 0.266-1.29* 0.315-1.42 1.04 f 0.14b 

Half-life, hr 10.6-47.2 3.28-30.1 0.409 f 0.114 
Volume of distribu- 103-155 112-185 1.13 f 0.08 

x 100 

tion, mlikg 

(h: kg) 
of free dru , 
[ml/(hr kgfi X 100 

Total clearance, ml/ 1.56-9.62 2.58-35.5 2.95 f 0.78 

Intrinsic clearance 7.00 f 1.65* 19.9 f 5.07' 2.85 f O.8Ob 

Duration of anticoae- 62-124 25-75 0.469 f 0.079 
ulant effectd, hr - 
0 Twelve pairs of rats matched with respect to their serum free fraction of racemic 

warfarin. Results are shown as ranges of values for those parameters that are not 
normally distributed due to the intentional selection of animals with a wide range 
of free fraction values. Ratio and intrinsic clearance data are reported as the mean 
i SII * Data from 11 animals or animal pairs only due to loss of the blood sample 
for the serum free fraction determination from one rat. Statistically significantly 
different from control (t test, p < 0.001). Time required for prothrombin complex 
activity to return to 60% of normal after intravenous injection of 0.6 mg/kg. 

saline adjusted to pH 7.4) via the tail vein. Blood samples (0.27 ml) were 
obtained a t  -2-6-hr intervals from the tail artery (19). The plasma was 
separated, and the warfarin concentration in 0.1 ml of plasma was de- 
termined by TLC and scintillation counting as described previously (8, 
20). Tritium exchange has been shown to be negligible under these ex- 
perimental conditions (21). Prothrombin complex activity in plasma was 
measured (19) to determine the duration of the anticoagulant effect. 

At the completion of the study, the rats were sacrificed by removing 
as much blood as possible from the abdominal aorta under ether anes- 
thesia. The serum was separated, 0.5 pg/ml of [3H](S)-(-)-warfarin 
(specific activity 3.77 mCi/mg) was added, and the free fraction was de- 
termined by equilibrium dialysis as described. The total intrinsic clear- 
ances, half-life, and apparent volume of distribution were determined 
as described previously (18,20). 

I f  
L 

0.03 I I I I I I 
40 80 120 

HOURS 
Figure 1-Effect of phenobarbital on elimination of (S)-(-)-warfarin, 
0.6 mglkg iu, in rat pairs with high (IJ,.) and low ( 0 , O )  serum free 
fraction values of the drug. Key: solid symbols, phenobarbital-treated 
animals; and open symbols, control animals. 
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Figure 2-Relationship between total clearance and free fraction of 
(S)-(-)-warfarin in serum ofrats.  Key: 0,  phenobarbital treated ( r  = 
0.968, p < 0.00Z); and 0, control ( r  = 0.902, p < 0.001). Regression lines 
were forced through the origin. 

RESULTS 

The initial screening study permitted the selection of well-matched 
pairs of rats over a wide range of serum racemic warfarin free fraction 
values. The mean f SD of the free fraction ratios of the 12 pairs was 1.00 
f 0.05. The correlation coefficient of the free fraction values for the two 
members of each pair in the entire group was 0.995 ( p  < 0.001). 

In agreement with previous observations (181, the free fraction value 
of racemic warfarin determined in the screening study correlated strongly 
with that of the free fraction of (S)-(-)-warfarin determined a t  the end 
of the experiment ( r  = 0.982, p < 0.001), indicating the suitability of the 
racemic warfarin free fraction for Screening purposes. The ratio of racemic 
to (S)-(-)-warfarin free fraction values (mean f S D )  was 1.12 f 0.068 
for the control rats and 1.10 f 0,18 for the phenobarbital-treated rats, 
showing that phenobarbital treatment had no apparent effect on the free 
fraction of warfarin in serum. This lack of effect is consistent with pre- 
vious observations (22). 

The similarity of warfarin free fraction values in the rat pairs was 
maintained throughout the study (Table I). The correlation coefficient 
of the free fraction value of (S)-(-)-warfarin within pairs at the end of 
the study was 0.984 ( p  < 0.001). 

The time course of the (S)-(-)-warfarin concentration in serum after 
intravenous injection in individual members of two pairs of rats (those 
with the highest and lowest mean free fraction values, respectively) is 
shown in Fig. 1. A summary of the pharmacokinetic data obtained in the 
study is presented in Table I. The biological half-life of @)-(-)-warfarin 
and the duration of the anticoagulant effect in rats treated with pheno- 
barbital were - 50-50% shorter on the average than those of the control 
member of each pair. On the other hand, the apparent volume of distri- 
bution showed no statistically significant change by the Wilcoxon test, 
even though it was larger in 11 of 12 phenobarbital-treated animals than 
in their controls. A strong correlation was observed in both groups be- 
tween the first-order eliminatioh rate constant and the free fraction of 
@)-(-)-warfarin in serum ( r  = 0.983 and r = 0.938 for phenobarbital- 
treated and control groups, respectively; p < 0.001 for both groups). As 
observed previously (8), the apparent volume of distribution also corre- 
lated with the free fraction of warfarin in serum based on combined re- 
sults from both groups ( r  = 0.713, p < 0.001). 

On the average, the total clearance of @)-(-)-warfarin was almost three 
times higher in rats treated with phenobarbital than in their respective 
controls (Table I). The intrinsic clearance in the phenobarbital-treated 
rats also was approximately three times higher on the average than that 
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of the control member o f  each pair. Treatment with phenobarbital did 
not decrease the coefficient of variation of the intrinsic clearance; it was 
24% in the control group and 26% in the phenobarbital group. 

The relationship between the free fraction of (S)-(-)-warfarin in serum 
and the total clearance for control and phenoharbital-treated animals 
is shown in Fig. 2. Essentially linear relationships were obtained in each 
case. The slope of a plot of the relative increase (expressed in percent) 
in the intrinsic clearance caused by phenobarbital treatment (comparing 
members of matched rat pairs) versus the control intrinsic clearance was 
not significantly different from zero. There was a strong and apparently 
linear relationship between the total clearance of (S)-(-)-warfarin in the 
control member and phenobarbital-treated member of each rat pair (Fig. 
3). 

DISCUSSION 

The dose and the duration of phenobarbital administration used in 
this study were sufficient to produce a pronounced enzyme inductive 
effect as reflected by an almost threefold increase in the intrinsic clear- 
ance of (S)-(-)-warfarin. However, enzyme induction did not decrease 
the interindividual variability of the intrinsic clearance; there was es- 
sentially no difference in the coefficient of variation of the intrinsic 
clearance between the control and treated animals. Since phenobarbital 
treatment had no effect on the serum protein binding of (S)-(-)-warfarin, 
and since the relative effect of enzyme induction was independent of the 
normal intrinsic clearance value, the relationship between the total 
clearance and the serum free fraction remained essentially linear as 
predicted by theory (1 1) .  Thus, the slope of such a plot, i.e., the intrinsic 
clearance of free drug, does reflect the effect of enzyme induction. 

In a recent study, it was found that the liver contains about 44% of the 
total amount of warfarin in normal (not phenobarbital-treated) rats (8). 
The phenobarbital treatment regimen used in this study increased the 
relative liver weight of rats by -22% (16). This increase suggests that the 
apparent volume of distribution of warfarin should increase by -10% in 
phenobarbital-treated rats. The results of the present study show that 
the apparent volume of distribution of (S)-(-)-warfarin was increased 

by 13% on the average, but this increase was not statistically significant. 
Statistical analysis of the data for the probability of a type I1 error 
strongly suggests (PB rr 0.4) that  a real difference of 10% would not be 
detected in our study a t  CI = 0.05 (23). 

Branch and Shand (24) recently reevaluated previously published data 
on the effect of enzyme induction on antipyrine elimination kinetics in 
humans. Rather than basing their analysis on the biological half-life as 
did Vesell and Page (lo), they used the clearance value as a more ap- 
propriate index of the activity of antipyrine-metabolizing enzyme sys- 
tems. They found that the intersubject variability of antipyrine clearance 
by nine normal subjects was as large after phenobarbital treatment as 
in the noninduced state. The results of the present study with warfarin 
are consistent with these conclusions and are particularly noteworthy 
because the degree of enzyme induction was more pronounced than in 
the antipyrine study. 
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Abstract  The application of a rapid, selective, and sensitive re- 
versed-phase high-performance liquid chromatographic method to the 
separation of the hydrochloride salts of heroin (diacetylmorphine) and 
cocaine and their hydrolysis products is described. The method was used 
to study the stability of heroin and cocaine in Brompton mixtures in 
pharmaceutically useful pH range and vehicles a t  different temperatures. 
The pH range of optimal stability for both heroin and cocaine was 3.0-3.5. 
The disappearance of heroin and cocaine in Brompton mixtures followed 
pseudo-first-order kinetics in buffered solutions. Increased alcohol and 
decreased syrup concentrations diminished heroin hydrolysis but did 
not influence cocaine stability. Substitution of morphine for heroin in 
Brompton mixtures markedly increased the rate of cocaine hydrolysis. 

Keyphrases Cocaine-high-performance liquid chromatographic 
analysis with heroin and hydrolysis products, Brompton mixtures 
0 Heroin-high-performance liquid chromatographic analysis with 
cocaine and hydrolysis products, Brompton mixtures 0 High-perfor- 
mance liquid chromatography-analysis, cocaine and heroin with hy- 
drolysis products, Brompton mixtures Brompton mixtures-stability, 
high-performance liquid chromatographic analysis of cocaine and heroin 
with hydrolysis products 0 Diacetylmorphine-high-performance liquid 
chromatographic analysis with cocaine and hydrolysis products, 
Brompton mixtures 

The treatment of patients with chronic severe pain has 
triggered interest in the use of morphine and heroin (dia- 
cetylmorphine) in popular oral formulations, namely 
Haustus elixir and diacetylmorphine and cocaine elixir, 
respectively (1). The latter formulation, referred to as a 
Brompton mixture, has been in use in Great Britain and 
Canada. Since heroin is a Schedule I narcotic in the United 
States, morphine frequently is substituted for this agent. 
There is no set composition for Brompton mixture. How- 
ever, most variations contain salts of morphine or heroin 
combined with cocaine hydrochloride (hereafter referred 
to as their respective bases), alcohol, and a sweetening 
agent in an aqueous medium. Varying degrees of effec- 
tiveness have been reported for these analgesic mixtures 
(2-4). 

The hydrolysis of diacetylmorphine to morphine via 
6-monoacetylmorphine has been confirmed qualitatively 
(5, 6) and quantitatively (7). Furthermore, numerous 
methods have been published for the stability determi- 
nation of cocaine (8-10). Several methods include the de- 
termination of one or more of its hydrolysis products, 
mainly benzoylecgonine, ecgonine, and benzoic acid 
(10-12). However, no single system has been used for both 
of these substances in the presence of their decomposition 
products. 

Separation and quantitation of these components in 
such a complex mixture by TLC (12-14) is laborious and 
quantitatively imprecise. GLC requires extraction and 
derivatization and suffers from thermal degradation lim- 
itations (8,9,12). On the other hand, the reversed-phase 
high-performance liquid chromatographic (HPLC) 

method described here allows the simultaneous quanti- 
tation of heroin and cocaine in the presence of their hy- 
drolytic products, an internal standard, and “inert” com- 
ponents by a simple, direct isocratic elution on a single 
analytical column. The separation was carried out in 
aqueous solution at.a pH that showed minimal degradation 
of heroin and cocaine and eliminated preparatory proce- 
dures. The HPLC-UV method was applied to evaluate the 
stability of morphine or heroin plus cocaine at various 
temperatures and pH levels. The influence of alcohol and 
sucrose concentrations on heroin and cocaine stability was 
studied also. 

EXPERIMENTAL 

Reagents-Hydrochloride salts of heroin, 6-monoacetylmorphine, 
morphine, cocaine, and benzoylecgonine were used as received’. Benzoic 
acid, 2-chloro-3-nitropyridine, and the internal standard, 4-chloropyri- 
dine hydrochloride, were obtained commercially2. Acetonitrile3 (HPLC 
grade) and distilled water were filtered through 0.45-pm solvent-resistant 
filters4. All other chemicals were reagent grade aod were used without 
further purification. 

Equipment-A modular high-pressure liquid chromatograph 
equipped with a constant-flow pump5 was used to deliver the eluent to 
a stainless steel column packed with fully porous 10-pm silica particles 
bonded with a monomolecular layer of octadecylsilane6. Injections were 
made with a rotary valve injector equipped with a 10-11 injection 100~7. 
No attempt was made to control the column temperature. A variable- 
wavelength UV detector8 set a t  235 nm was operated a t  an attenuation 
of 0.02 aufs, and the integrator output to the recorder was attenuated X4 
to detect the eluted compounds. The output signals were recorded with 
a strip-chart recorderg. 

Peak retention times and peak areas were monitored and quantitated 
automatically relative to the internal standard by area measurements 
using a computing integratorlo. 

Chromatographic Conditions-The chromatographic mobile phase 
consisted of one volume of acetonitrile and three volumes of 0:015 M 
monobasic potassium phosphate adjusted to pH 3.0 with 2 N phosphoric 
acid”. The apparent pH of the eluent mixture was 3.30. The column 
pressure a t  a flow rate of 0.8 ml/min was -620 psi. Separations were ef- 
fected isocratically a t  ambient temperature. The chromatographic pa- 
rameters, i.e., capacity factors (k’), separation factors (relative retention, 
a), and resolution (It8), of various solutes were calculated from the ad- 
justed retention times (15). 

Preparat ion of Solutions-Heroin and cocaine were dissolved in 
appropriate media (Table I) to yield concentrations of 1 and 0.5 mg/ml, 
respectively. Morphine-cocaine solutions a t  respective concentrations 
of 1 and 0.5 mg/ml were prepared only in the “standard vehicle” (11). 

The solutions were filtered4 through solvent-resistant filters and dis- 
pensed promptly (1.0 ml) in 2-ml flint ampuls. These ampuls were sealed 

National Institute on Drug Abuse, Rockville, Md. 
2 Aldrich Chemical Co., Milwaukee, Wis. 
3 Fisher Scientific Co., Fair Lawn, N.J. 

Millipore, Bedford, Mass. 
Model 3500B, Spectra-Physics, Santa Clara, Calif. 

6 pBondapak CIS. Waters Associates, Milford, Mass. 
7 Valco Instruments Co., Houston, Tex. 
8 Model SP 770, Spectra-Physics, Santa Clara, Calif. 
9 OmniScribe, Houston Instruments, Austin, Tex. 
‘0 System I, Spectra-Physics, Santa Clara, Calif. 
1’ Beckman Zeromatic pH meter, Beckman Instruments, Irvine, Calif. 
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Table I-Composition of Various Vehicles 

Alcohol, 
Vehicle 9o (v/v) 

1 0 
I1 12.5 

111 25 
IV 40 
v 100 

VI 12.5 
VII 12.5 

VIII 25 
IX 12.5 
X 12.5 

XI 12.5 
XI1 12.5 

XI11 12.5 

Syrup (16), Distilled Water, 0.05 M Citrate 
% (v/v) To (v/v) Buffer, % (v/v) 

25 
25 
25 
25 

12.5 
40 
75 
25 
25 
25 
26 
25 

__ 

75 
62.5 
50 
35 

75 
47.5 

- 

- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 

62.5 (2.30P 
62.5 (3.00) 
62.5 (3.50) 
62.5 (4.50) 
62.5 (5.25) 

The pH values are given in parentheses. 

and stored at  5 f 0.1,25 f 0.1, and 50 f 0.1". Periodically, 300-pl samples 
were removed and diluted to 2.0 ml with the mobile phase containing 85 
Wg/ml of the internal standard, 4-chloropyridine hydrochloride. The 
stability of heroin, morphine, and cocaine in these mixtures was moni- 
tored over a period not exceeding 65 days. 

RESULTS AND DISCUSSION 

Chromatographic Behavior-The hydrochlorides of morphine, 
6-monoacetylmorphine, benzoylecgonine, 4-chloropyridine, heroin, and 
cocaine were eluted in that order. Figure 1 illustrates the separation of 
a synthetic mixture of these substances and benzoic acid. The chroma- 
tographic retention data for each substance are listed in Table 11. At a 

w 
v) 
2 

v) 
W 

B 
a 

0 
0 

v, 
I 0 

I I I I 1 I 

0 5 10 15 20 26 
MINUTES 

Figure 1-High-performance liquid chromatogram of morphine ( M ) ,  
6-monoacetylmorphine ( M A M )  benzoylecgonine ( B E ) ,  the internal 
standard (IS),  diacetylmorphine ( D A M ) ,  benzoic acid (BA) ,  and co- 
caine (COC). 

Table 11-Retention Times ( TR) ,  Capacity Factors (k"), 
Separation Factors (a), and  Resolution (R , )  of Various Solutes' 

Compound TR, sec k' a R S  

0.42 2.88 4.89 Morphine 270 
6-Monoacetylmorphine 420 1.21 1.35 2.19 
Benzoylecgonine 500 1.63 1.48 3.12 
4-Chloropyridine 648 2.41 1.38 2.87 
Diacetylmorphine 820 3.32 1.24 2.14 

5.00 1.26 2.46 Cocaine 1140 
2-Chloro-3-nitropyridine 1390 6.32 

Benzoic acid 972 4.12 1.22 2.02 

Retention data of various solutes from a 300 X 4.6-mm i.d. pcBondapak CIS (10 
pm) column. The mobile phase was acetonitrile-monobasic potassium phosphate 
(0.015 M) (pH 3.0), the flow rate was 0.8 ml/min, and UV detection was a t  235 
nm. 

Table 111-Effect of Alcohol Concentration on the  Stability of 
Heroin and  Cocaine in  the  Brompton Mixture at Various 
TemDeratures 

t90 at  5 f t gga t25 f  tgg at  50 f 
Alcohol, 0.1", days 0.1", days 0.1", days 
% (v/v) Heroin Cocaine Heroin Cocaine Heroin Cocaine 

16 >60 6 >60 1.5 5 
5 

0 (1) 
12.5 (11) 25 >60 10 >60 2 
25 (111) 40 >60 15 >60 4 5 

75 >60 30 >60 8 7 
- - - - 50 48 

40 (IV) 
100a (V) 

a Contains heroin (1 mg/ml) and cocaine (0.5 mg/ml). 

Table IV-Effect of Syrup Concentration on Heroin and  Cocaine 
Stability in  the  Brompton Mixture at 50 f 0.1" 

Simole Svruo. % (v/v) 
t 90, days 

Heroin Cocaine 

12.5 (VI) 
25 (11) 
40 (VII) 

4 
2 
1.5 

5 
5 
5 

flow rate of 0.8 ml/min, the analysis time was -22 min, and baseline 
resolution was achieved in nearly every case. The retention times (TR in 
seconds), k', a, and R, for all of these substances in hydrolyzed samples 
were identical to those determined for the synthetic mixture. During the 
2-month study, there was no noticeable loss in column performance. 

The HPLC system may be used to quantitate every component in so- 
lution when desired. In this study, only the disappearance of heroin and 
cocaine was followed. The chromatographic responses for these com- 
pounds were linear (r > 0.999) in the working concentration range (20-200 
pg/ml). The sensitivity limits were 10 ng for heroin and 3 ng for cocaine 
with a signal-to-noise ratio of better than five. To reduce the duration 
of each analysis, 4-chloropyridine hydrochloride was selected as the in- 
ternal standard on the basis of its shorter retention time. However, 2- 
chloro-3-nitropyridine may be used instead (Table 11). 

Effects of Alcohol and Syrup Concentrations-The disappearance 
rates of heroin and cocaine as a function of the alcohol content in the 
mixture containing a fixed concentration of simple syrup were evaluated 
a t  various temperatures (5 f 0.1, 25 f 0.1, and 50 f 0.1") (Table 111). 
Cocaine was stable a t  25 and 5" and did not appioach the tgg values (time 
for 10% disappearance of original concentration). during the 2-month 
observation period. However, heroin was markedly less stable a t  all 
temperatures studied. Thus, recommendations are based on the stability 
of heroin in these mixtures. 

Hydrolysis of heroin was diminished with increasing proportions of 
alcohol, while the disappearance rate of cocaine was unaffected. Under 
the usual alcohol concentrations found in Brompton mixtures (12.5-25%), 
these solutions had a useful life of 10-14 days a t  25". However, the sta- 
bility of diacetylmorphine was markedly enhanced in alcohol. The tgg 
of either heroin or cocaine in ethanol was >45 days at  50". When stored 
at  5", such a mixture may be used as a stock solution to facilitate prepa- 
ration of Brompton mixtures a t  the time of dispensing. 

Unlike alcohol, decreasing the syrup content a t  a fixed alcohol con- 
centration in the mixture had a less pronounced effect on diacetylmor- 
phine and no effect on cocaine stability (Table IV). 

Effects of pH and  Temperature-The influence of the Brompton 
mixture pH on the stability of heroin and cocaine was of interest since 
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Table V-Disappearance Rates of Heroin and Cocaine in 
Various Brompton Mixtures 

k l  at 5 f 0.1’, day-’ k l  a t  50 f 0.1’, day-’ 
Vehicle Heroin Cocaine Heroin Cocaine 

- - I 6.56 X 0.42 X 
- - 

- 
11 4.20 x 10-3 0.42 x 10-3 

V - - 2.10 x 10-3 2.20 x 10-3 

IX - - 146 x 10-3 1.75 x 10-3 

X - - 70.0 x 10-3 2.15 x 10-3 

3 4 . 2 5 ~  10-3 

I11 2.62 X 0.35 X - 
IV 1.40 x 10-3 0.31 x 10-3 - - 

(48) 

(0.7) (60) 

(49) 

0 Period (days) for 10% disappearance of original concentration is given in pa- 
rentheses. 

Table VI-Effects of Morphine and Heroin on Cocaine in 
Brompton Mixture 

tgo at  25 f 0.1’, days tgo a t  50 f 0.1’, days 
Vehicle Heroin Cocaine Heroin Cocaine 

I1 10 >60 2 5 
11aa - - 1.75 - 
IIb - 10 - 1.5 

- - 2.9 6.5 
- >60 11 - 

XI1 
XIIaC 

Contains only heroin (1 mg/ml) in standard vehicle 11. * Contains morphine 
(1 rn /ml) and cocaine (0.5 mg/rni) in vehicle 11. Contains only cocaine (0.5 mghnl) 
in veticle XII. 

the optimal pH values for minimal degradation of diacetylmorphine (7) 
and cocaine (11,17) were shown separately to be 4.0-4.5 and 2.5-3.0, re- 
spectively. Hence, the pH range of 2.30-5.25 was chosen. The results 
(Table V) indicate that the optimal pH is between 3.0 and 3.5 for the 
overall minimal hydrolysis of heroin and cocaine in such a mixture. 

The available data show the predominant influence of temperature 
on the rate of diacetylmorphine and, particularly, of cocaine hydrolysis 
in the Brompton mixture (Tables I11 and VI). A 10-fold decrease in 
temperature of the Brompton mixture diminished the rate of hydrolysis 
of heroin by -10-fold and that of cocaine by at  least 50-fold. 

Kinetic Evaluations-Semilog plots of heroin or cocaine concen- 
trations in the Brompton mixture uersus time exhibited excellent lin- 
earity (r  > 0.99) in 95% ethanol or buffered solutions (V and IX-XIII). 
Thus, the disappearance of heroin and cocaine followed pseudo-first- 
order kinetics under the conditions studied. Table V presents the cal- 
culated pseudo-first-order rate constants and tgo values a t  50 f 0.1’ for 
heroin (2.36 X M) in 0.05 M citrate 
buffers (18) or in 95% ethanol. 

However, the disappearance rates of both diacetylmorphine and co- 
caine in unbuffered solutions (common in Brompton mixtures) a t  25 f 
0.1 and 50 f 0.1’ were biphasic. A rapid change was followed bya  more 
gradual one, with the final phase being linear on a semilogarithmic plot 
(r > 0.99). The extent of the initial change and the terminal phase slope 
of each solution were temperature dependent and were more dominant 
a t  high temperature. The tgo values of heroin and cocaine in these solu- 
tions were determined from the respective plots of concentration uersus 
time. At 5 f 0.1’, the hydrolysis rates of heroin and cocaine in unbuffered 

M) and cocaine (1.47 X 

Brompton mixtures followed pseudo-first-order kinetics over the period 
studied (Table V). However, the amount of hydrolysis was minimal and 
did not approach tgo values. 

Effects of Heroin, Cocaine, and Morphine-The results (Table VI) 
indicated that although cocaine had no effect on the heroin decomposition 
rate in the Brompton mixture (I1 uersus IIa), the presence of diacetyl- 
morphine increased the cocaine decomposition rate in the mixture (XI1 
uersus XIIa). 

The frequent substitution of morphine for heroin in the Brompton 
mixture in the United States warranted a study to determine the effect 
of this substitution on the stability of cocaine and morphine in 12.5% 
alcohol and 25% simple syrup USP. Morphine appeared to be stable, but 
such a replacement adversely affected the cocaine hydrolysis rate a t  all 
temperatures studied (I1 uersus IIb). In fact, the tgo value (10 days) was 
essentially the same as that observed in the diacetylmorphine-cocaine 
mixture at 25’. This acceleration of cocaine hydrolysis is of special con- 
cern. Cocaine hydrolyzes to pharmacologically inactive substances (191, 
whereas the diacetylmorphine decomposition products, 6-monoacetyl- 
morphine and morphine, retain analgesic activity. The chemical stability 
of both cocaine and diacetylmorphine was enhanced by adjustment to 
pH 3.0-3.5. However, the biological effects d this pH adjustment have 
not been evaluated. 
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Abstract  0 A GLC-mass spectrometric method employing specific-ion 
monitoring was developed for the determination of plasma concentrations 
of labeled ('5N1,3, I3C2) and unlabeled barbital following simultaneous 
intravenous and oral administration. This method proved to be more 
sensitive and precise than the method employing G I C  with flame-ion- 
ization detection or GLC with alkali flame-ionization detection. After 
extraction of [15N1,3, '3C21barbita1, barbital, and the internal standard, 
hutalbital, from plasma with ether, the organic solvent is evaporated, and 
the labeled and unlabeled drug as well as the internal standard are con- 
verted into their N,N-dimethyl derivatives by treatment with diazo- 
methane. The excess reagent is evaporated, and the resulting methyl 
derivatives are analyzed by CLC-mass spectrometry with selected-ion 
monitoring. The method is sufficiently sensitive to determine 0.5 pg of 
the labeled and unlabeled drug/ml with a relative standard deviation of 
<5%. The application of the method to the deter.mination of the plasma 
concentration of labeled and unlabeled drug over 6 days following si- 
multaneous oral and intravenous administration of a single dose is 
demonstrated. 

Keyphrases Barbital-plasma concentrations of unlabeled and la- 
beled drug following simultaneous oral and intravenous administration, 
GLC-mass spectrometric analysis 0 GLC-mass spectrometry-analysis 
of plasma concentrations of unlabeled and labeled barbital following 
simultaneous oral and intravenous administration, specific-ion moni- 
toring 0 Pharmacokinetics-barbital, plasma concentrations of unla- 
beled and labeled drug following simultaneous oral and intravenous 
administration, GLC-mass spectrometric analysis 

Barbiturates have been investigated extensively. GLC 
procedures employing flame-ionization detection have 
been preferred for the quantitative determination of 
barbiturates in biological fluids and tissues (1-5). GLC 
techniques using newer and more sensitive detectors than 
flame-ionization detectors, such as alkali flame-ionization 
detectors and electron-capture detectors, also have been 
explored (6,7). Analysis of barbiturates by high-pressure 
liquid chromatography was reported (8). More recently, 
barbiturates have been analyzed by rapid and specific 
radioimmunoassay (9,lO) and by GLC-mass spectrometric 
procedures (11-13). 

To study the effect of congestive heart failure on drug 
disposition, a procedure capable of simultaneously and 
separately quantitating the amounts of drug in plasma 
originating from oral as well as intravenous dosing was 
required. Simultaneous quantitation of the two fractions 
in the same plasma sample was essential because conges- 
tive heart failure is not easily stabilized and pharmacoki- 
netic parameters may differ in successive studies. 

Barbital was chosen as the model drug for this study 
since it is not metabolized; the determination of phar- 
macokinetic parameters therefore is simplified. Stable 
isotopically labeled barbital was given intravenously at  the 

same time that unlabeled barbital was administered orally. 
A GLC-mass spectrometric method employing a spe- 
cific-ion monitoring technique was developed for the si- 
multaneous quantitation of barbital given by the two 
routes. 

EXPERIMENTAL 

Reagents-Barbital sodium', ether2, hydrochloric acid3, sodium 
sulfate4, methanol5, and butalbita16 were used. [15N1,3, l"C21Barbital 
sodium7 was specified to contain a t  least 90 atom %of carbon 13 and 95 
atom % of nitrogen 15. Diazomethane was generated using a commercially 
available kit8. Plasma was obtained from the Red Cross Blood Bank. 

Animals-Male Sprague-Dawley rats were assigned randomly to two 
groups. The first group (276 f 2 g, n = 5) was administered 25 mg of 
barbital sodium/kg iv. The second group (271 f 7 g, n = 5) was treated 
similarly with [I5N1,3, '3C2]barbital sodium. Two hours after treatment, 
rats were sacrificed by decapitation; their blood was collected in a 
heparinizeds centrifuge tube (50 IU/ml of 0.9% NaCl solution). Plasma 
obtained after centrifugation for 20 min was frozen until i t  was as- 
sayed. 

Standards-Stock solutions equivalent to 1 mg of the acid form/ml 
were prepared by dissolving the appropriate amounts of the sodium salts 
of both labeled and unlabeled barbital in methanol. Appropriate dilutions 
were prepared as required. Aliquots of the stock solution containing 1 
mg/ml of butalbital in methanol were diluted before assay with 0.25 N 
HCI to obtain the working internal standard solution (10 p g / m l ) .  

Extraction from Plasma-To 1 ml of a human or rat plasma sample 
(spiked or from dosed animals) in screw-capped'O culture tubes was added 
1 ml of the internal standard solution. The samples were mixed" and then 
extracted with 10 ml of anhydrous ether by mixing12 for 10 min. After 
separation by ~entr i fugat ion '~ for 10 min, the organic phase was trans- 
ferred with a pipet and desiccated with anhydrous sodium sulfate. After 
further centrifugation for 10 min, the organic phase was decanted into 
an evaporating tube14 and evaporatedL5 to dryness at  50" under a dry 
nitrogen stream. The samples then were frozen until analysis. 

Methylation was carried out immediately before the GLC-mass 
spectrometric analysis to avoid any breakdown and formation of side 
products. The dried extract was dissolved in 50 pl of methanol by mixing, 
and 1 ml of ethereal diazomethane was added. The sample was mixed and 
allowed to react a t  room temperature for 5 min. The excess diazomethane 

Reagent grade, BDH Chemicals, Toronto, Ontario, Canada. 
Diethvl ether (anhvdrous). Baker Analvzed Reaaent, Canlab, Montreal, 

Quebec, Canada. 
3 Baker Analyzed Reagent, Canlab, Montreal, Quebec, Canada. 

Anhvdrous. Baker Analvzed Reaeent. Canlab. Montreal. Quebec, Canada 
Burdick & Jackson Labbratories,Muskegon, Mich. 
Provided by Sandoz Pharmaceuticals, Dorval, Quebec, Canada. 
Merck Sharp and Dohme Canada Ltd., Montreal, Quebec, Canada. 

Heparin sodium, Fisher Scientific Co., Montreal, Quebec, Canada. 
a Diazald, Aldrich Chemical Co., Milwaukee, Wis. 

lo Kimak with Teflon liner. 
' I  Vortex Genie, Fisher Scientific Co.. Montreal, Quebec, Canada. 
l 2  Eherhach reciprocating shaker, Ann Arbor, Mich. 
l 3  IEC International Centrifuge, Boston, Mass. 
l4 Custom made, Montreal Glass Blowing Registered, Montreal. Quebec, 

l5 Thermolyne Dri Bath, Thermolyne Corp., Dubuque, Iowa. 
Canada. 

640 f Journal of Pharmaceutical Sciences 
Vol. 69, No. 6, June 1980 

0022-3549f 80f 0600-0640$0 1.OOf 0 
@ 1980, American Pharmaceutical Association 



Table I-Recovery of Barbital  and  [ 1 5 N ~ , ~ ,  13Cz]Barbital from 
Plasma Determined by the GLC-Mass Spectrometric Assay 

Table  11-GLC-Mass Spectrometric Estimation of Barbital  
Added to  Plasma 

Mean 
Micrograms Added" Micrograms Mean Percent 

to 1 ml of Plasma Recovered Recovery f SD 

Barbital 
0.3 
4.0 

10.0 

0.302 100.56 f 5.16 
3.36 84.00 f 3.56 
8.50 84.97 f 1.47 

Mean 89.84 f 8.61 ~ ~ . -  

115N1,3. I3C2]Barbital 
0.5 0.560 112.08 f 2.50 
2.0 1.90 95.21 f 6.19 

10.0 8.98 89.80 f 2.74 
Mean 99.00 f 10.56 

" n = 4 .  

was removed by evaporation a t  50°, leaving a methanolic solution that 
was injected in aliquots of 1-2 pl into the gas-liquid chromatograph. 

GLC with Flame-Ionization Detection-The gas-liquid chroma- 
tographI6 was equipped with a flame-ionization detector. The column 
was coiled glass tubing, 1.83 m long X 2 mm i.d., packed with 3% phen- 
ylmethyl~ilicone'~ on acid-washed, dimethylchlorosilane-treated, flux- 
calcined diatomite supportla (80-100 mesh). The operating temperatures 
were: injection port, 250O; column, 225'; and detector, 275". The carrier 
gas was nitrogen at a 3 5 - d m i n  flow rate. The hydrogen and compressed 
air flow rates were adjusted to give the maximum response. Pentobar- 
bitalIg (30 pg/ml of plasma) was the internal standard. Flash-heater 
methylation was carried out with trimethylanilinium hydroxide in 
methanol*". 

GLC with Alkali Flame-Ionization Detection-The gas-liquid 
chromatograph16 was equipped with an alkali flame-ionization detector. 
The operating temperatures were: injection port, 275'; column, 170'; and 
detector, 300'. The internal standard was aminopyrineZ1 (10 pg/ml of 
plasma). The column was the same as that described for the method with 
flame-ionization detection. 

GLC-Mass Spectrometry-The gas-liquid chromatograph-mass 
spectrometerz2 was operated in the electron-impact mode with 70 ev as 
the ionization beam energy. The source was maintained a t  200'. The 
chromatographic column was a coiled glass tube, 1.22 m long X 2 mm id., 
packed with 3% cyanopropylmethyl phenylmethyl~ilicone~~ on acid- 
washed, dimethylchlorosilane-treated, flux-calcined diatomite supportz4 
(100-120 mesh). The injection port, the column, and the interface tem- 
peratures were 250,150, and 275", respectively. The carrier gas was he- 
lium a t  a %-ml/min flow rate. 

Reference Samples for  Recovery-The acid form of barbital was 
obtained by successive extractions of an acidified aqueous solution of 
barbital sodium with ether. The combined extracts were evaporated and 
dried a t  80" overnight. The reference solution of barbital (1 mg/ml) was 
prepared by dissolving appropriate amounts of the drug in methanol. 
Different volumes of this solution were added to each evaporating tube 
to obtain four solutions at each of three concentrations (Table I). The 
external standard (10 pg of butalbital) and 10 ml of anhydrous ether then 
were added. The mixture was evaporated to dryness at  55" under a dry 
nitrogen stream. Methylation was carried out as described, and aliquots 
(1-2 11) were injected into the gas-liquid chromatograph-mass spec- 
trometer. The mean of the peak area ratio thus obtained was designated 
as the 100% value. 

For the recovery experiments for barbital sodium, amounts equivalent 

Barbital" Mean Peak 
Added, pg n Area Ratio f SD cv, % 

0.5 6 0.059 f 0.003 4.55 
2.0 5 0.252 f 0.010 3.84 
4.0 5 0.445 f 0.019 4.31 
6.0 5 0.660 f 0.037 5.59 

10.0 6 1.081 f 0.038 3.49 

Mean CV was 4.36% for y = mr, where rn = 0.109 f 0.002; r2  = 0.998. 

Table  111-GLC-Mass Spectrometric Estimation of 
[I5N1,3, 13Cz]Barbital Added to Plasma 

1I5N1.3, I3CzI- 
Barbital" Added, Mean Peak Area 

n Ratio f SD cv, % 

0.3 
1 .o 
2.0 
3.0 
6.0 

6 o.nm f 0.01 4.71 . .-. ~ ~ . . ~  

5 0.160 f 0.004 4.08 
5 0.197 f 0.008 4.06 
6 '0.299 f 0.010 3.23 
6 0.590 f 0.015 2.57 

0 Mean CV was 3.73% for y = rnx, where rn = 0.099 f 0.001; r 2  = 0.999. 

results of spiked control plasma by plotting the peak area ratios uersus 
the concentration of the drug (Tables I1 and 111). Peak area ratios were 
calculated by dividing the peak area under each ion investigated (e.g., 
m/e 169 for barbital and mle 172 for labeled barbital) by the peak area 
under the ion (mle  196) monitored for the internal standard. 

RESULTS AND DISCUSSION 

Methylation of barbital with diazomethane gave a major peak (99% 
by the peak area on the total-ion monitor) when it was analyzed under 
the described conditions. GLC-mass spectrometric analysis of the eluted 
compound did not show a molecular ion (m/e  212); however, other di- 
agnostic ions a t  m/e 184,183,169,126, and 112 supported identification 
of the compound as Nl,N3-dimethylbarbital. Similarly, methylation of 
[I5N1,3, l3C2)barbital gave a peak with the same retention time (1.1 min) 
with major ions a t  m/e 187,186,172, 127, and 113 (Fig. 1). The ions were 
consistent with the fragmentation pattern reported (14) for Nl.N3- 
dimethylbarbital. The isotopic purity of the labeled compound is dem- 
onstrated by the absence of an ion a t  m/e 169 (Fig. 1). 

Mass spectral analysis of themethylated internal standard, butalbital, 
suggested that the N~,Na-dimethylated derivative was formed (99% by 
the peak area). The mass spectrum showed no molecular ion; however, 
characteristic ions a t  m/e 209,196, 195, 181, and 74 were consistent with 
identification of the compound as the Nl,N3-dimethyl derivative. 

The use of diazomethane as a suitable methylating agent for barbitu- 
rates was reported previously (15). Dried extracts of samples are stable 
for periods of months when kept a t  -2OO. However, when diazomethane 
is added to them, analysis must be completed within 12 hr. In preliminary 
studies, flash-heater methylation with the safer reagent, trimethylani- 
linium hydroxide, was tried; however, because of the decomposition of 
the barbital derivative, it was abandoned. Diazomethane methylation 
of barbital and bultalbital gave the desired N,J"-dimethyl derivative 
of the compounds with negligible amounts of by-products (methyl enol .. \ 

to the acid form added to plasma (1.0 ml) were extracted with ether as 
described. Then 10 pg of butalbital was added to the organic extract and 
the Drocedure was followed. The recoverv of barbital was calculated from 

etners'. 
Single-ion chromatograms obtained after methylation of a reference 

sample containing [I5N1,3, 13C2]barbital and bulaibital in methanol are 

the peak ratio thus obtained (mean f S o )  compared to the value desig- 
nated as 100%. The same procedure was followed for the recovery of 
[''NI,:~, '3C2]barbital sodium. 

Calibration Curve-Calibration curves were assembled from the 

Model 5830A. Hewlett-Packard. Montreal, Quebec, Canada. 
I7 OV-17, Chromatographic Specialties, Brockville, Ontario, Canada. 
I s  Gas Chrom Q, Chromatographic Specialties, Brockville, Ontario, Canada. 
l9 Abhott Laboratories Ltd., Montreal, Quebec, Canada. 
2o Methelute, Chromatographic Specialties, Brockville, Ontario, Canada. *' Casgrain et Charbonneau, Montreal, Quebec, Canada. 
22 Model 5985 data system, Hewlett-Packard, Avondale. Pa. 
23 OV-225, Chromatographic Specialties, Brockville, Ontario, Canada. 
24 Chromosorb W (HP), Chromatographic Specialties, Brockville, Ontario, 

40 

40 80 120 160 
m le 

Figure I-GLC-mass spectrometry (normalized) of diazomethane- 
Canada. methylated (I5N1,3, *:3C2]barbital. 
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Table V-Estimation of Barbital  Added to  Plasma by GLC with 
Flame-Ionization Detection 

Barbital" Mean Peak 
Added, pg n Area Ratio f SD cv, % 

MINUTES 
Figure 2-Typical selectiue-ion and total-ion chromatograms from the 
assay of barbital and labeled barbital. Key: A, no plasma; and B,  2-hr 
plasma sample from a barbital-treated rat. The ions a t  m/e 169,172, 
and 196 represent barbital, [15N1,3. 13Cz]barbital, and the internal 
standard, butalbital, respectively. 

shown in Fig. 2a. The isotopic purity of the labeled compound is estab- 
lished further by the absence of a signal due to the mle 169 ion (relative 
abundance <O.Z%). Figure 2b shows a typical single-ion chromatogram 
obtained from a 2-hr plasma sample of a barbital-treated rat. The plasma 
had to be diluted with Red Cross Blood Bank plasma to fit the peak in 
the linear portion of the detector response curve. T o  rule out the possi- 
bility of any difference between the plasma disposition of barbital and 
[15N1,3, 13C2]barbital, two groups of rats were treated with each drug re- 
spectively as described under Experimental. Comparison of 2-hr plasma 
concentrations in treated rats is illustrated in Table IV. Results are ex- 
pressed as the mean for five rats. Results were compared using the Stu- 
dent t test, and no statistical difference could be found. Therefore, i t  was 
concluded that there was no isotopic effect in the plasma disposition of 
[I5N1,3, 13C2]barbital sodium in rats. 

The overall recoveries of barbital and labeled barbital from plasma are 
summarized in Table I. Mean percent recoveries of 89 and 99% were 
considered satisfactory. Recoveries of slightly over 100% sometimes were 
observed a t  very low concentrations. This artifact probably is due to 
background noise. 

The accuracy and precision of the GLC-mass spectrometric assay are 
demonstrated in Tables I1 and 111. Results from at least five determina- 
tions of each barbital concentration, ranging from 0.3 to 10 pg/ml of 
plasma, were obtained as described under Experimental. The overall 
coefficients of variation for barbital and ["N1,3, 13Cz]barbital were 4.36 
and 3.73%, respectively. The GLC-mass spectrometric response was 
linear for both compounds within this concentration range. The detection 
limit was 1 ng on-column (3X noise). The calibration curves for barbital 
and labeled barbital were straight lines with an intercept of 0.020 and 
0.003, respectively, when they were not forced through the origin. Mean 
slopes of 0.109 f 0.002 and 0.099 f 0.001 for the two compounds were 
obtained when linear regression without the intercept program was ap- 
plied. 

The sensitivity of the GLC-mass spectrometric detection using sin- 
gle-ion monitoring was compared against GLC with flame-ionization 
detection and GLC with alkali flame-ionization detection when the same 

Table  IV-Comparison of 2-hr Plasma Concentrations in 
Treated Rats  

Plasma 
Concentration, 

Compound Ccg/ml Mean f SD 

[lhN1,3. '3C21Barbital sodium 25.03 
24.81 
24.04 25.13 f 0.88 

Barbital sodium 

26.47 
25.29 
24.95 
24.42 
24.13 24.81 f 0.61 
25.73 
24.82 

5.0 12 0.13 f 0.015 11.8 
8.0 14 0.227 f 0.031 13.7 

15.0 8 0.414 f 0.012 2.83 
30.0 
50.0 

12 
10 

0.765 f 0.016 
1.309 f 0.036 

2.09 
2.17 

Mean CV was 6.64% with y = rnx + 6, where m = 0.025 f 0.012 and b = 0.027; 
r 2  = 0.995. 

Table  VI-Estimation of Barbital  Added to Plasma by GLC with 
Alkali Flame-Ionization Detection 

Barbital" Mean Peak 
Added, pg n Area Ratio f SD cv, % 

1.0 6 0.132 f 0.024 18.41 
5.0 8 0.543 * 0.036 6.78 

10.0 8 
20.0 6 
30.0 8 

. . . . - - . . . . . 
1.028 f 0.059 5.71 
2.168 f 0.087 3.87 
3.257 f 0.212 6.53 

a Mean CV was 8.26% with y = r n x  + 6, where rn = 0.107 f 0.050 and b = 0.008; 
r 2  = 0.993. 

extraction procedure was employed (see Experimental). As shown in 
Tables V and VI, both methods are applicable when plasma barbital 
concentrations of >5 pglml are expected. However, the GLC-mass 
spectrometric method offers the greatest sensitivity and precision and 
is more suited to quantitation in the therapeutic range, e.g., <5 pg/ml. 

Figure 3a shows selective-ion and total-ion chromatograms obtained 
from control plasma processed as described under Experimental but with 
the internal standard omitted. Most of the endogenous plasma con- 
stituents were eluted a t  0.86 min. No extraneous peaks that interfered 
with the selected ions for labeled (mle 172) and unlabeled (mle 169) 
barbital or butalbital (m/e 196) were observed over 20 min (2 min shown). 
Figure 3b shows typical selective-ion and total-ion chromatograms from 
a 2-hr plasma sample collected from a human volunteer treated with 
[15N1,3, I3C2]barbital sodium intravenously and barbital sodium orally 
a t  the same time. The signals a t  m/e 169 and 172 represent 7.62 pg of 
unlabeled barbital/ml and 2.51 pg of labeled barbital/ml, respec- 
tively. 

Application of the GLC-mass spectrometric procedure to the deter- 
mination of plasma levels of both labeled and unlabeled barbital is shown 
in Fig. 4. A dose of 1.5 mg of [lSN1,3, 'W~nlbarbital sodiumkg was injected 
intravenously (within 20 sec) into a healthy female volunteer (65 kg); a t  
the same time, she swallowed a capsule containing 4.5 mg of barbital 

I i 2 1 2 
MINUTES 

Figure 3-Typical selective-ion and total-ion chromatograms from the 
assay of barbital and labeled barbital. Key: A, plasma blank; and B, 2-hr 
plasma sample from the same uolunteer (65 kg) who received [15N1,3, 
I3C2]barbital sodium intrauenously and barbital sodium orally a t  the 
same time. The signals a t  m/e 169 and I72 represent 7.62 pg of barbi- 
tallml and 2.51 pg of labeled barbitallml, respectively. The signal a t  m/e 
296 is that  for the internal standard, butalbital. 
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Figure 4-Barbital (m) and labeled barbital (0 )  concentrations in the 
plasma of a female volunteer (65 kg)  who swallowed a capsule con- 
taining 4.5 mg of barbital sodiumlkg and simultaneously received 1.5 
mg of [l5N1.3, 13Cz]barbital sodiumlkg iu (within 20sec).  

sodiumlkg. Blood (7 ml) was withdrawn a t  intervals over 6 days, and al- 
iquots of plasma (1.0 ml) were assayed for barbital. Concentration-time 
curves of both isotopes in plasma are illustrated in Fig. 4, and the paral- 
lelism observed between their elimination phases strongly supports the 
evidence that both isotopes behave similarly in the organism. 

In conclusion, the described GLC-mass spectrometric procedure is 
sensitive and specific and should be applicable to studies on the effect 
of congestive heart failure on barbital disposition. 
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Abstract  The transfer rates of lidocaine and five derivatives were 
measured across the everted rat  intestine. No obvious relationship was 
observed between the first-order rate constants for transfer and the li- 
pophilicity of the compounds as measured by their apparent partition 
coefficients. The intestinal mucosal epithelium also did not appear to 
be the rate-limiting barrier for the passage of these agents across the 
intestinal membrane regardless of the respective clearance of the com- 
pound. I t  is suggested that the ionized form of these agents may be ca- 
pable of crossing the intestinal barrier a t  substantial rates, although it 
is not known if a similar situation exists in uiuo. The transfer rate is be- 
lieved to be due to the passage of intact drug and not the metabolite. 

Keyphrases Lidocaine-determination of transfer and clearance rates 
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concentrations and pH, in uitro absorption Absorption-lidocaine and 
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The in uitro everted rat small intestine is a technique 
that has been utilized as a biological screen for the as- 
sessment of drug permeability and may be indicative of in 
uiuo absorption problems. Feldman et al. (1) found a 
rank-order agreement between the in uitro transfer of 
prednisolone across the everted rat small intestine in the 
presence of various substituted propionamides with that 

reported for in situ experiments in the rat. Kaplan and 
Cotler (2) used the everted rat intestine as a biological 
screen to assess permeability characteristics of numerous 
compounds and concluded that this technique, employed 
along with a dissolution screen, allows evaluation of po- 
tential problems in the initial stages of product develop- 
ment. 

The nature of the mechanical separation of the intestine 
from the intact animal imparts inherent advantages and 
disadvantages to the technique. Separation enables the 
investigator to control the physical environment of the 
intestinal preparation and to study some effects of the 
physicochemical properties of the drugs on the transfer of 
these agents across the intestinal preparation. However, 
separation of the intestinal preparation may alter or ob- 
literate some important influencing factors present in the 
absorption of a compound in uiuo. Concern has been ex- 
pressed over viability ( 2 4 ,  structural integrity (61, and 
the presence of unnatural absorption barriers. 

This study concerned the transfer rates of lidocaine (I) 
and five experimental derivatives across the everted rat 
intestine. These compounds were chosen because they 
represent minor molecular modifications of the parent 
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Figure 4-Barbital (m) and labeled barbital (0 )  concentrations in the 
plasma of a female volunteer (65 kg)  who swallowed a capsule con- 
taining 4.5 mg of barbital sodiumlkg and simultaneously received 1.5 
mg of [l5N1.3, 13Cz]barbital sodiumlkg iu (within 20sec).  

sodiumlkg. Blood (7 ml) was withdrawn a t  intervals over 6 days, and al- 
iquots of plasma (1.0 ml) were assayed for barbital. Concentration-time 
curves of both isotopes in plasma are illustrated in Fig. 4, and the paral- 
lelism observed between their elimination phases strongly supports the 
evidence that both isotopes behave similarly in the organism. 

In conclusion, the described GLC-mass spectrometric procedure is 
sensitive and specific and should be applicable to studies on the effect 
of congestive heart failure on barbital disposition. 
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The in uitro everted rat small intestine is a technique 
that has been utilized as a biological screen for the as- 
sessment of drug permeability and may be indicative of in 
uiuo absorption problems. Feldman et al. (1) found a 
rank-order agreement between the in uitro transfer of 
prednisolone across the everted rat small intestine in the 
presence of various substituted propionamides with that 

reported for in situ experiments in the rat. Kaplan and 
Cotler (2) used the everted rat intestine as a biological 
screen to assess permeability characteristics of numerous 
compounds and concluded that this technique, employed 
along with a dissolution screen, allows evaluation of po- 
tential problems in the initial stages of product develop- 
ment. 

The nature of the mechanical separation of the intestine 
from the intact animal imparts inherent advantages and 
disadvantages to the technique. Separation enables the 
investigator to control the physical environment of the 
intestinal preparation and to study some effects of the 
physicochemical properties of the drugs on the transfer of 
these agents across the intestinal preparation. However, 
separation of the intestinal preparation may alter or ob- 
literate some important influencing factors present in the 
absorption of a compound in uiuo. Concern has been ex- 
pressed over viability ( 2 4 ,  structural integrity (61, and 
the presence of unnatural absorption barriers. 

This study concerned the transfer rates of lidocaine (I) 
and five experimental derivatives across the everted rat 
intestine. These compounds were chosen because they 
represent minor molecular modifications of the parent 
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compound lidocaine and have some similar physico- 
chemical properties, such as molecular weight and size, but 
a relatively wide degree of difference in their lipophilicity. 
Previous studies (7) in these laboratories showed that the 
effect of lidocaine and these derivatives on the pharma- 
cological end-points of overturn and death in goldfish was 
related to the lipophilicity of these compounds and the 
effect on the absorption rate. 
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EXPERIMENTAL 

Determination of Transfer  Rates of Drugs across Everted Rat 
Intestine-Sprague-Dawley rats', 200-300 g, were fasted 24 hr prior to 
the experiment. Water was allowed ad libitum. The animals were anes- 
thetized with ether, a midline abdominal incision was made, and the in- 
testine was cut a t  the ileo-cecal junction. The intestine also was cut at 
the pvloric junction and removed from the animal. The first 15 cm 
proximal to the pyloric junction was discarded, and the remaining in- 
testinal segment was rinsed inside and out with normal saline. 

The proximal portion of the intestine was fastened to a glass rod, and 
the intestine was everted. Two consecutive 10-cm everted intestinal 
segments were attached to cannulas, placed in 60 ml of mucosal solution 
in a test tube, suspended in aconstant-temperature water bath2 a t  3 7 O ,  
and oxygenated with 95% oxygen-5% carbon dioxide. The mucosal so- 
lution was modified Krebs bicarbonate buffer (8) of either pH 6.4 or 7.4 
containing various concentrations of lidocaine or its derivatives?. Two 
milliliters of serosal solution consisting of the modified Krebs bicarbonate 
buffer without any drug present was introduced into the everted segment 
ilia a syringe and polyethylene tubing. A t  the end of the predetermined 
sampling time, the serosal solution was removed and the serosa was rinsed 
with 2 ml of the modified Krebs bicarbonate buffer. This rinse was 
combined with the initial sample and was retained for analysis. Two 
milliliters of fresh serosal solution then was added to the everted segment 
for the next sampling interval. 

Stripping Experiments-The procedure for the preparation of the 
segments was modified as follows. Either the proximal or distal segment 
was stripped of its epithelial layer after eversion by running forceps up 
and down the length of the segment until the epithelial tissue was 
sloughed off about the tips of the forceps. The experiment then was 
performed as described previously. 

Assay--The samples were alkalinized by the addition of 1 ml of 2 N 
NaOH and extracted into 10 ml of carbon tetrachloride by shaking4 for 
5 min. The aqueous layer was aspirated, and 8 ml of the organic phase 
was shaken with 10 ml of 0.004% bromthymol blue in pH 6.0,0.05 M 
phosphate buffer for 5 min. Following centrifugation6 for 6 min a t  4000 
rpm, the bromthymol blue layer was removed by aspiration. Five milli- 
liters of the organic layer and 5 ml of 0.1 N NaOH solution were shaken 
for 5 min, and the samples were centrifuged6 a t  2000 rpm for 5 min. The 
aqueous supernate was read a t  615 nm on a double-beam spectropho- 
tometer7. 

The drug concentration in each sample was determined using ab- 
sorbance uersus concentration plots obtained in the described manner 
which were linear over the concentration range studied. 

Qualitative Assay for  Metabolites-Everted sacs were attached to 
cannulas and placed in 60 ml of bathing mucosal solutions consisting of 
pH 7.4 modified Krebs bicarbonate buffer containing 400 pg of lido- 
caineiml. Two milliliters of the buffer was placed on the serosal side of 
the membrane. A 10-cm long segment of intestine was used as a blank 
and was placed in an erlenmeyer flask containing the pH 7.4 buffer. All 
solutions were placed in a constant-temperature water bath a t  37" and 
oxygenated with 95% oxygen-5% carbon dioxide. 

A t  the end of 1 hr, the sacs were removed from the bath and serosal 
samples were placed in glass bottles. Sacs were washed with 2 ml of the 
pH 7.4 buffer, which was added to serosal samples. Two milliliters of 
mucosal solution was taken and added to  bottles containing 2 ml of the 
buffer. To the serosal and mucosal samples, 1 ml of 2 N NaOH was added. 
The treated and untreated sacs were rinsed with distilled wat,er and added 
to bottles containing 4 ml of the buffer and 1 ml of 2 N NaOH. 

- 

' TIMCO Breeding Lahoratories, Houston, Tex. 
'' Thermomix 1420, B Braun Melsungen AG. :' Generously supplied by Astra Pharmaceuticals, Worcester, Mass. 

5 Damon/IEC Division model HN-S centrifuge. 
Eberbach shaker power unit, No. 6000. 

Clay Adams Dynac centrifuge. 
Perkin-Elmer model 124. 
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Figure I-Transfer rate of lidocaine across the euerted rat small in- 
testine as a function of time for a 400-pgfml mucosal solution. 

Sacs were homogenized8 and centrifugedg a t  10,000 rpm for 10 min. 
The supernate was added to 5 ml of benzene. The serosal and mucosal 
samples also were added to 5 ml of benzene. All samples then were shaken 
and centrifuged6 a t  2000 rpm for 5 min. The supernatant benzene then 
was drawn off and placed in test tubes immersed in a constant-temper- 
ature water bath2, which was maintained at  50' under a continuous-flow 
air hood until the benzene was evaporated completely. 

The evaporated samples were reconstituted with 1OOfil of benzene of 
which 5 gl was injected into a gas-liquid chromatograph'" equipped with 
a flame-ionization detector. A 198-cm X 3.2-mm column, packed with 
3% OV-17 coated onto 100-120-mesh Gas Chrom Q, was utilized. The 
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Figure 2-Cumulative amount of lidocaine transferrcd across the 
euerted rat small intestine as a function of time for a 400-figlml rnucosal 
solution. 
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* Hrinkmann Polytron type PT 10 10 20 3500. 
9 Sorvall RC-5 superspeed refrigerated centrifuge. 
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Table I-Average Rates of Transfer  and  Clearances fo r  
Lidocaine a t  Different Mucosal Concentrations at pH 7.4 

Mucosal 
Concentation, Number of Slope, Clearance, 

pg/ml Segments pg/mm ml/min 

200 7 11.64 f 1.00 0.0582 f 0.0050 
400 12 27.34 f 2.84 0.0684 f 0.0071 
700 3 40.73 f 4.84 0.0582 f 0.0069 

Table 11-Transfer Rates  of Lidocaine f o r  a 200-pg/ml Mucosal 
Solution 

40 

C .- 
E 
2 3 0  a 
w' 
a I- 

a: 
2 0 -  

U 
u) 
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a: 
I- 

a 
10 

Transfer Rate, yg/min 
Proximal Segment Distal Segment 

- 

- 

- 

I 

Mean 
SD 
t 

11.85 
11.11 
11.27 

13.30 
10.16 
12.39 

a 11.41 - 
11.41 11.64 
0.31 1.61 

-0.6726 
p > 0.05 

~~ 

a Intestinal preparation was torn 

operating temperatures were: injection port, 250'; detector, 260"; and 
column, 180". Nitrogen was used as the carrier gas a t  a flow rate of 42 
ml/min. 

RESULTS AND DISCUSSION 

Drug concentrations in each sample were converted into amounts of 
the drug, which then were divided by the sampling time to give the av- 
erage transfer rate (micrograms per minute). The time a t  which the 
transfer rate plateaus can be considered as the start of steady-state 
transfer of drug. A typical plot of the transfer rate as a function of time 
is illustrated in Fig. 1 for lidocaine. In this example, the time to reach 
steady state is -20 min. The cumulative amount of drug transferred as 
a function of time for each drug was plotted, and a representative plot 
is illustrated in Fig. 2 for lidocaine. The slope of the line calculated from 
the values obtained after steady state is achieved represents the transfer 
rate (micrograms per minute) for the respective compound and was ob- 
tained by linear least-squares analysis. 

The average transfer rates for lidocaine were determined for ZOO-, 4OO-, 
and 700-pg/ml mucosal concentrations of the drug at pH 7.4. The slopes 
(transfer rate) of the cumulative amount uersus time plots as determined 
by linear least-squares analyses are listed in Table I. The drug clearance 
is defined as the milliliters of drug solution completely cleared of drug 
per unit time and can be obtained from: 

I I I J 
200 400 600 800 
CONCENTRATION, pglml 

OL 

Figure 3-Transfer rate of lidocaine across the everted rat small in- 
testine versus mucosal concentration. 

Table  111-Chemical S t ruc tu re  and Physicochemical 
Parameters  

I IIa 111" IV" V" VI" 
~~ 

Ri H H CH3 H CH3 CHs 
R2 CzHs CH3 CH3 CH3 CzHs CzH5 

CzH5 CH3 CH3 C2H5 CzHs C3Hi 
7.72 7.22 7.26 7.53 7.98 7.88 

R3 
PKa 
PChept-bufb 3.59 0.27 0.79 1.55 9.60 54.56 
Pc,lLh,.~c 68.66 8.75 16.99 19.35 125.86 244.90 
~~ 

Compounds 11-VI have the following Astra Pharmaceuticals code numbers: 
Partition 

Partition coefficient between n- 
11, W36017; 111, W36024; IV, W36004; V, W36023; and VI, W36032. 
coefficient between n-heptane-pH 7.4 buffer. 
octanol-pH 7.4 buffer. 

Table IV-Average Rates  of Transfer  a n d  Clearances fo r  Local 
Anesthetic Agents at a 400-pg/mI Mucosal Concentration at pH 
7.4 

Number 
Com- of Slope, Clearance, 
Dound Segments d m i n  ml/min K ,  min-' 

I 12 27.34 f 2.84 0.0684 f 0.0071 0.00114 
I1 7 17.59 f 1.76 0.0440 f 0.0044 0.00073 

TIT 4 15.03 f 0.70 0.0376 f 0.0018 0.00063 __- 
IV 4 23.42 I 3.49 0.0585 f 0.0087 0.00098 
V 4 22.83 f 1.48 0.0571 f 0.0037 0.00095 

VI 4 19.60 f 1.99 0.0490 f 0.0050 0.00082 

&/At c1=- 
C (Eq. 1) 

where C1 is the clearance of the respective compound, Ax/At is the rate 
of drug transferred from the driving-force compartment (mucosal solu- 
tion), and C is the drug concentration in the driving-force compartment. 
If one assumes that the transfer of drug occurs uia a passive first-order 
process, then the drug clearance would be expected to be identical a t  the 
different concentrations since the clearances are reflective of a rate of 
transfer per unit concentration. Inspection of Table I shows no obvious 
trend of clearance with respect t o  drug concentration in the mucosal so- 
lution. A linear relationship is observed between the average transfer rates 
and the drug concentration in the mucosal solution (Fig. 3). The average 
clearance of lidocaine obtained from the slope of the transfer rate versus 
concentration plot was 0.0571 ml/min. 

Since the experiments used two segments from the same intestinal 
preparation of each rat, a statistical analysis was performed to determine 
whether selection of one segment over another led to significant differ- 
ences in the observed rates. In general, the selection of one segment over 
another probably is of greater concern for a drug transported by an active 
process due to site specificity of the carrier. However, if the size or com- 
position of the intestinal barrier were to change dramatically from one 
segment to another, changes in the transfer rates reflecting these alter- 
ations might be observed. 

A t test was utilized to determine if any significant differences existed 
between the proximal and distal segments of the intestinal preparations 
in terms of transfer rates for the 200-pg/ml mucosal solution (Table 11). 
No differences were found for transfer rates with regard to the segment 
,of the intestinal preparation used. Therefore, no distinction will be made 
between the proximal and distal segments employed in this study. 

Table 111 includes the structural formulas for lidocaine and the five 
derivatives. Molecular modification of the lidocaine molecule involves 
the substitution of methyl, ethyl, and propyl groups a t  the R1, Rz, and 
R3 positions of the lidocaine molecule. The pKa values of the compounds 
ranged from 7.22 for I1 to 7.98 for V. The partition coefficients between 
n-heptane-pH 7.4 buffer" and n-octanol-pH 7.4 buffer12 also are listed 
in Table 111. 

The transfer rates and clearances for the lidocaine derivatives also were 
determined utilizing a 4OO-pg/ml mucosal concentration (Table IV). The 

' I  Reported b Astra Pharmaceuticals. 
12 Determinefin this laboratory. 

Journal of Pharmaceutical Sciences I 645 
Vol. 69, No. 6, June 1980 



Table V-Rank-Order Relationship f o r  Lidocaine and Five 
Derivatives 

Par tit ion Partition 
Coefficient Coefficient 

(n-heptane-pH ( n  -0ctanol-pH Rate 
Rank 7.4 buffer) 7.4 buffer) Constant 
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IV 
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apparent rates ranged from 15.03 + 0.70 pg/min for 111 (clearance of 
0.0380 ml/min) to 27.34 f 2.84 pg/min for lidocaine (I) (clearance of 0.68 
ml/min). Dividing the rate (micrograms per minute) by the total amount 
of drug (micrograms) in the mucosal solution or dividing the clearance 
by the volume of mucosal solution yields the apparent first-order rate 
constant (Table IV). 

Table V gives the rank ordering of lidocaine and the five derivatives 
in terms of the apparent rate constant and partition coefficient. No ap- 
parent relationship appears to exist between the first-order rate constants 
for transfer and the partition coefficients. Kakemi et al. (9) demonstrated 
a rather good logarithmic relationship between the gastric absorption 
rate constants for numerous barbiturate derivatives and their corre- 
sponding partition coefficients. Plots of the logarithm of the apparent 
rate constant as a function of the logarithm of the partition coefficient 
between n-heptane-pH 7.4 buffer and n-octanol-pH 7.4 buffer are il- 
lustrated in Figs. 4 and 5. No relationship appears to exist between the 
observed transfer rate constants and the partition coefficient regardless 
of which partition coefficient is used. 

To determine if the ionized form of the drug moiety also is capable of 
being transferred across the everted rat  intestine, experiments were 
performed using lidocaine a t  pH 6.4 and a mucosal concentration of 400 
pg/ml. Figure 6 is a representative plot of the transfer rate of lidocaine 
as a function of time. The transfer rates were obtained from the cumu- 
lative amount uersus time plots, and the average transfer rates of lido- 
caine are listed in Table VI. The average transfer rate at pH 7.4 was -27 
pg/min; a t  pH 6.4, it was -22 pg/min. A Student t test showed that the 
difference in rates a t  the two different pH values was significant ( p  < 
0.001). I t  is possible, by using simultaneous equations, to calculate the 
approximate transfer rates for the unionized and ionized species. The  
transfer rate is given by: 

Rt = fiRi + fuRu (Eq. 2) 

where R, is the total transfer rate, f is the fraction of drug that exists as 
a specific species, and R, and R, are the respective transfer rates of the 
ionized and unionized species. Substituting the average transfer rate and 

~~~ 

2 3 4 
LOG PARTITION COEFFICIENT + 2 

Figure 4-Log-bg plot of apparent transfer rate constants for anes- 
thetic agents across the ewrted rat small intestine as a function of the 
partition coefficient (n-heptane-pH 7.4 buffer). 

I I 
2 3 

LOG PARTITION COEFFICIENT f 1 

I 

Figure 5-Log-log plot of apparent transfer rate constants for anes- 
thetic agents across the eoerted rat small intestine as a function of the 
partition coefficient (n-octanol-pH 7.4 buffer). 

the drug fraction that exists as each respective species yields a t  pH 
7.4: 

27.34 = 0.68R, + 0.32RU (Eq. 3) 

22.16 = 0.95R, + 0.05R, 0%. 4) 
and a t  pH 6.4 

Multiplying Eq. 3 by 1.39706 and subtracting from Eq. 4 yield: 

-16.036 = -0.397RU (Eq. 5) 

Multiplying both sides of Eq. 5 by -1 and solving for R, yield: 

40.39 pglmin = R, 

21.20 pg/min = R, 

(Eq. 6) 

Substituting 40.39 back into Eq. 3 and solving for R, yield: 

(Eq. 7 )  

It appears that  the ionized species is capable of crossing the everted 
rat  small intestine a t  a relatively high rate. Whether the same situation 
exists in oioo is not known. The ability of the ionized species to cross the 
in uitro intestinal preparation may be a manifestation of the mechanical 
process of everting the intestine as well as a loss of structural integrity 
with time. 

Since the in uitro everted rat intestine includes the presence of un- 
natural absorption barriers, evaluation of whether differences in the 
transfer rates would occur if the intestinal mucosal epithelium was 

1 1 I I 
10 20 30 40 

MINUTES 
Figure 6-Transfer rate of lidocaine across the everted rat small in- 
testine versus time. Key: A, 400-pglrnl lidocaine rnucosal solution, p H  
6.4; and 0,400-pgglml lidocaine rnucosal solution, pH 7.4. 
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Table VI-Average Rates of Transfer  and  Clearance of 
Lidocaine (400 pg/ml) at pH 6.4 and  7.4 

Number of Rate, Clearance, 
pH Segments pg/min ml/min 

7.4 12 27.34 f 2.84 0.0684 f 0.0071 
6.4 7 22.15 f 1.98 0.0554 f 0.0050 

Table VII-Average Transfer  Rates  for  Lidocaine and I1 across 
Stripped and  Unstripped Intestinal Segments at pH 7.4 and 6.4 

Compound Segmenta PH pg/min 
Intestinal Transfer Rate, 

1 Stripped 7.4 25.70 f 2.84 
I Unstripped 7.4 26.79 f 4.22 
I Stripped 6.4 21.27 f 2.57 
I Unstripped 6.4 22.62 f 1.36 

I1 Stripped 7.4 17.64 f 2.80 
I1 Unstripped 7.4 16.66 f 1.72 

Three segments were used. 

stripped from the intestinal segments was desired. In the in uitro model, 
the intestinal mucosal epithelium represents a distinct harrier that may 
be rate limiting in uiuo. Experiments were performed utilizing a 400- 
pg/ml mucosal concentration of lidocaine a t  pH 7.4 and 6.4. Stripping 
was performed alternately on the proximal and distal segments of the 
intestinal preparations. A representative plot of the cumulative amount 
transferred as a function of time is illustrated in Fig. 7. The rates for the 
stripped and unstripped segments a t  pH 7.4 and 6.4 are listed in Table 
VII. Statistical analysis using the Student t test showed that the transfer 
rates of lidocaine were not significantly ( p  > 0.05) different between the 
stripped and unstripped segments at  either pH studied. Since the fraction 
of unionized and ionized species changed dramatically between the two 
pH values studied and the rates for the stripped and unstripped were the 
same, the intestinal mucosal epithelium apparently is not the rate-lim- 
iting barrier for either species. 

Since previous studies (10, 11) suggested that the intestinal mucosal 
epithelium may be rate limiting for compounds with low clearances and 
not for compounds with high clearances, it was decided to evaluate 

Figure 7-Cumulatiue amount of lidocaine transferred across the eu- 
ertcd rat small intestine QS Q function of time from Q 400-pglml mucosal 
solution. Key: 0,  unstripped intestinal preparation; and A ,  stripped 
intestinal preparation. 

whether the intestinal mucosal epithelium was rate limiting for one 
compound with a lower clearance than lidocaine. Compound 111 would 
have been the ideal selection, but lack of a sufficient quantity prohibited 
its use. Therefore, I1 was chosen. I t  has a clearance of 0.0439 ml/min and 
was utilized with stripping again performed alternately on the proximal 
and distal segments. The results are listed in Table VII, with the statis- 
tical analysis using the Student t test showing no significant difference 
( p  > 0.05) between the transfer rates of the stripped and unstripped in- 
testinal segments. Therefore, 11, which has the next to lowest clearance 
value of the drugs investigated, also does not appear to he rate limited 
in its transfer by the intestinal mucosal membrane. 

Since the absorption rate of a drug in uioo can he defined as the rate 
of appearance of free unchanged drug, a qualitative evaluation was per- 
formed to determine if the transfer rate of the drug in uitro represents 
the transfer rate of the parent molecule and not the metabolite formed 
by a first-pass intestinal metabolic phenomenon. Everted sacs were 
suspended in mucosal solutions containing 400 pg of lidocaine/ml in the 
pH 7.4 buffer. The inside of the sac (serosa) also was filled with 2 ml of 
the same solutions. At the end of the predetermined incubation time, the 
mucosal solution, serosal solution, and tissue homogenates were assayed 
by GLC. 

Only one peak was evident in all of the samples I‘or the mucosal and 
serosal solutions and for the proximal or distal tissue homogenates. These 
samples all had the same retention time (10 min) as the control lidocaine 
samples. No peaks indicative of a lidocaine metabolite were observed’:<. 
Since amide-linked local anesthetics are metabolized almost completely 
by the liver in both humans (12) and rats (13), it appears reasonable to 
conclude that the transfer rates of the compounds across the everted rat 
small intestine are reflective of the transfer of intact drug. 

From these results, it appears that the anesthetic agents are absorbed 
across the everted rat small intestine by a passive process with no ap- 
parent metabolism. The ionized drug molecule also is capable of crossing 
the membrane a t  appreciable rates, although it is somewhat lower than 
the unionized species. No apparent relationship was found hetween the 
rate constants and their respective lipophilicity. This result is in contrast 
to previous studies in goldfish (7). Removal of the epithelial layer by 
stripping did not appear to affect the transfer rates significantly, re- 
gardless of the clearance of the compound or the pH of the bathing so- 
lution. Thus, the intestinal mucosal epithelium apparently is not the 
rate-limiting barrier for the transfer of these compounds across the ev- 
erted rat small intestine. The relationship between the parameters oh- 
tained in the present in uitro study and absorption of these agents in an 
intact animal remains to be evaluated. 
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Abstract 0 The effect of molecular weight on drug diffusion and drug 
action has been described based on the relation D = (R7'/6nqN) 
($4nN/3fi), an inverse relation between the clearance of drugs through 
artificial membranes and molecular weights, and apparent correlations 
between log (l/dose) and log mol. wt. for various central nervous sys- 
tem-acting drugs, anticancer drugs, and water-soluble vitamins. I n  situ 
rat jejunum permeability data of various drugs were correlated with log 
P (octanol-buffer) and log mol. wt. A parabolic equation of log P com- 
bined with log mol. wt. proposed previously was shown to give significant 
correlations for hydrolysis data of amides and antifungal data of amines. 
This model is mathematically simpler and easier to interpret than the 
more complex curvilinear and bilinear models. 

Keyphrases Molecular weight-effect on drug diffusion and activity, 
parabolic model 0 Diffusion-effett of molecular weight, parabolic model 

Structure-activity relationships-effect of molecular weight, parabolic 
model 

While the importance of lipophilicity (partition coeffi- 
cient) in drug action has been well recognized (1, 2), the 
effect of molecular weight on the biological activity of 
drugs has not been appreciated fully. This report discusses 
the rationale of including a log mol. wt. term in quantita- 
tive structure-activity correlations by using specific ex- 
amples of drug absorption data and in uitro biological data. 
Statistical analysis is employed to assess the significant 
contribution of the log mol. wt. term above and beyond the 
contribution from lipophilicity (log P).  

MATHEMATICAL MODELS 

Few of the various mathematical models developed (3-12) include the 
effect of the change in molecular weight among homologs, analogs, or 
congeners (13,14) .  Several of these models are discussed here. 

Model A-A parabolic model based on a nonsteady-state theory 
(3-5): 

log I/C = - k(bg  P)* + k' log P + k" (Eq. 11 

where C is the drug concentration required to produce a standard bio- 
logical response (e.g., ED50 and P is the 1-octanol-water partition 
coefficient, and k ,  k', and k "  are derived by the least-squares method. 

log 1/C = a log P + 6 (Eq. 2a) 

log l /C = a(log P ) 2  + p(log P )  + y (Eq. 26) 

where N ,  /3, and y are derived by least-squares fit and P, is the limit of 
the straight line. 

Model B-The curvilinear model of Franke and Oehme (7): 

for log P < log P, 

for log P > log P, 

Model C-A bilinear model (8 ,9) :  

log 1/C = a log P - b log (/3P + 1) + c (Eq. 3) 

where a. 6, p, and c are coefficients derived from the regression anal- 
ysis. 

Model D-The Hyde model (10): 

log C = constant + log (a + 10-l) 

Model E-The Higuchi-Davis model (equilibrium model) (11): 

(Eq. 4) 
where K is the Hansch TT constant. 

D = C,,V, + 'F C,V, (Eq. 5) ,=1 

D c, = v., + PiVj (Eq. 6) 

v, + y PiVi 
*= 1 

where D is the amount of drug, C,, is the concentration in the water phase, 
C, is the drug concentration on the receptor, and P, = C,/C,. 

Model F-The asymptotic model of Ho et al (12): 

where P:pp is the predicted apparent permeability coefficient; Pa, P'p, 
and P:,lipid are the permeability coefficients of the aqueous diffusion layer, 
aqueous pores, and lipid membrane diffusion-bioconversion pathway, 
respectively; and Pz,ljpid = ( lOn* /Xs) ,  where x, is the fraction of the 
undissociated form. 

log % Abs. or log k = -kl(log P)2 + k p  (log P )  + m[log ( U I D ) ]  
+ n(log mol. wt.) + q(log x )  + k3 (Eq. 9) 

where U / D  = (pKa - pH) for acids and x is a parameter to account for 
branching or stereochemical factors. 

Regardless of the fact that  in many instances there is a high degree of 
covariance between the partition coefficient (log P )  and the molecular 
weight (log mol. wt.) while in other cases there may not be a wide spread 
in the molecular weight, the molecular weight may affect both in uitro 
drug diffusion and in uiuo drug action in the following ways: 

1. An inverse relationship exists between the diffusion coefficient ( D )  
and the molecular weight [(rnol. ~ t , ) ' ' ~ ]  according to the Sutherland and 
Einstein equation: 

Model G-The Lien model (13): 

(Eq. 10) 

where 9 is the viscosity of the solution, r is the radius of the spherical 
particle, N is Avogadro's number, ij is the partial specific volume in cubic 
centimeters per gram of the solute, and M is the molecular weight (15, 
16). 

2. An inverse relationship exists between log clearance and log mol. 
wt. for clearance through artificial membranes and possibly through bi- 
ological membranes and the kidneys as well according to (17): 

log clearance = -0.432 log mol. wt. + 2.701 
n = 6  r =0.997 s = 0.016 (.Eq. 11) 

for drugs with molecular weights less than 1000. 
3. Direct apparent correlations appear to exist between log (l/dose) 

and log mol. wt. of various central nervous system-acting drugs, anti- 
cancer drugs, and water-soluble vitamins (14). 

Accumulated data have shown that in many cases where a bilinear 
model gives a better correlation than a parabolic model, one can obtain 
equally good correlation simply by including a log mol. wt. term in the 
equation. Furthermore, when log 1/C or log K is corrected for the dif- 
ference in log mol. wt., a bilinear dependence on log P usually is restored 
to a parabolic dependence (or only part of a parabola) (Eqs. 12-21 and 
Figs. 1-3). 

RESULTS AND DISCUSSION 

The biological data and the physicochemical constants used in the 

Equations 12-17 were derived from the data of Ho et al. (12). Since 
regression analysis are summarized in Tables 1-111. 
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Figure 1-Linear dependence of the apparent permeability coefficient 
on the uncorrected octanol-buffer (pH 6.0) partition coefficient /or 13 
neutral compounds. Lower permeability coefficients flog Pap,) for the 
steroids result when the log mol. wt. term is not included. 

the uncorrected octanol-buffer (pH 6.0) partition coefficients were used, 
no apparent correlation could be obtained when both neutral and acidic 
drugs were included. When these two groups were separated, statistically 
highly significant correlations were obtained, as judged from the corre- 
lation coefficient r and the standard deviation s of the regression for 
permeability (log Pap,) through the rat jejunum with high stirring 
(12). 

For both neutral and acidic drugs, the equations are: 

log Pap, = 0.090 log P(wt-bun - 3.967 
n = 24 r = 0.407 s=  0.258 (Eq. 12) 

n = 24 r = 0.740 s = 0.195 (Eq. 13) 
log Papp = 0.183 log P(wt-bun - 0.689 log mol. wt. - 2.627 

A C I D I C  DRUGS 

LOG Papp f 1.225 LOG M . W .  = 0.106 LOG PWt. ,buf I - 1.221 
0.0 

n = l l .  r-0.903. s=O.143 -'-i-t-9-4 
t a 

2 
Q 

LOG PapD = 0.026 LOG PWtlbuf - 3. ma 1 m - 
-3.0 

n = 11. r - 0.088, s = 0.313 
Q Q  

I 
-1.0 0.0 1.0 2.0 3.0 4.0 

jog Poct-buf 
Figure 2-Plot showing the lack of correlation between log Papp of 1 1  
acidic drugs and log Po&bu/. When the log mol. wt. term is included, the 
correlation becomes statistically significant. 

2 LOG % Hydrol. + 2.869 LOG. M. W. = -0.274 (LOG PI  A' 

( 1.5 - 2.4 I 

I 
-1.0 0.0 1 .0 2.0 3.0 4.0 

log P 
Figure 3-Parabolic dependence of the hydrolysis of a series of ali- 
phatic amides by rabbit liver extracts. The correlation improves when 
the log mol. wt. term is included. 

For neutral drugs only, they are: 

log Pap, = 0.125 log P(oct.buf) - 4.082 
n = 13 r = 0.679 s = 0.203 (Eq. 14) 

n = 13 r = 0.933 s = 0.105 (Eq. 15) 
log Papp = 0.237 log P(oct-buf) - 0.657 log m01. Wt. - 2.884 

For acidic drugs only, they are: 

log Pap, = 0.026 log P(act-buf) - 3.808 
n = I1  r = 0.088 s = 0.313 (Eq. 16) 

n = 11 r = 0.903 s = 0.143 (Eq. 17) 

The log mol. wt. term is significant at  the 99.95 percentile level in Eqs. 
15 and 17 as indicated by an F test (F l , l o  = 31.4 and F1.8 = 35.1, respec- 
tively). 

For the limited data available, addition of the (log P)* term did not 
result in significant improvement in the correlation. 

Equations 18 and 19 were derived from the data of Bray et al.  (18) on 
the hydrolysis of aliphatic amides by amidase from rabbit liver ex- 
t ract  

log % hydrolysis = -0.172 (log P ) 2  t 0.643 log P + 1.154 

log Papp = 0.106 log P(oct-buf) - 1.225 log m01. Wt. - 1.221 

n = 12 r = 0.881 s = 0.306 (Eq. 18) 

log 96 hydrolysis = -0.274 (log P ) 2  + 1.427 log P 
- 2.869 log mol. wt. + 5.923 

n = 12 r = 0.929 s = 0.253 0%. 19) 

The addition of the log mol. wt. term to the parabolic equation of log P 
again significantly improves the correlation at  the 90 percentile level (F1.8 
= 5.12). 

Equations 20 and 21 were derived from the antifungal data of a series 
of aliphatic amines against Rhinocladium beurmanni (19): 

log l /C = -0.199 (log P)' + 2.119 log P - 1.382 
n = 15 r = 0.967 s = 0.354 (Es. 20) 
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Table I-Zn Situ Permeability Coefficients and Physicochemical 
Constants Used in the Regression Analysis for  R a t  Jejunum 
Data 

Table  111-Antifungal Activities of Aliphatic Amines against 
Rhinocladium beurmanni and  Phvsicochemical Constants Used 
in the Correlation 

log P,,,, cm/sec 1% log P 
Compound Exp.” C a k b  mol. wt. (oct-buf)a 

Neutral 
Methanol 
Ethanol 
Butanol 
Hexanol 
Octanol 
Decanol 
Hydrocortisone 
Prednisolone 
Progesterone 
Benzene 

Prostaglandin Fz 
Prostaglandin E:! 
Prostaglandin El 
Butyric acid 
Hexanoic acid 
Octanoic acid 
Decanoic acid 
Phenol 
Benzoic acid 
Phenylacetic acid 
Salicvlic acid 

Acidic 

-4.036 
-4.081 
-3.896 
-3.726 
-3.609 
-3.597 
-4.310 
-4.292 
-3.635 
-3.558 

-4.377 
-4.167 
-4.081 
-3.726 
-3.578 
-3.530 
-3.506 
-3.616 
-3.587 
-3.585 
-3.668 

-4.029 
-4.052 
-3.904 
-3.758 
-3.591 
-3.414 
-4.202 
-4.227 
-3.601 
-3.623 

-4.175‘ 
-4.162 
-4.133 
-3.525 
-3.566 
-3.575 
-3.564 
-3.484 
-3.660 
-3.761 
-3.813 

1.506 -0.66 
1.663 -0.32 
1.870 0.88 
2.009 1.88 
2.115 2.88 
2.205 3.88 
2.559 1.53 
2.557 1.42 
2.498 3.90 
1.893 2.13 

2.550 1.60 
2.547 1.69 
2.550 2.00 
1.945 0.74 
2.065 1.74 
2.159 2.74 
2.236 3.74 
1.974 1.46 
2.087 1.11 
2.134 0.70 
2.140 0.28 

O Taken from Ref. 12. Calculated from Eq. 15. Calculated from Eq. 17 

Table 11-Hydrolysis of Aliphatic Amides by Rabbit-Liver 
Extracts  and Physicochemical Parameters  Used in the 
Regression Analysis 

log ’70 Hydrolysis log P 
Amide Exp.” Calc. b log mol. wt. (oct-water)= 

CH. 0.602 0.418 1.177 -1.21 __.“ . 
CZH5 0.301 0.574 1.463 -0.71 
C3H7 0.544 0.617 1.741 -0.21d 
C4H9 1.114 1.273 1.757 0.29 

1.748 1.566 1.852 0.79 
1.964 1.605 1.988 1.29 C.Hl.2 

C5Hll 

__.“ . 
CZH5 0.301 0.574 1.463 -0.71 
C3H7 0.544 0.617 1.741 -0.21d 
CdHq 1.114 1.273 1.757 0.29 

1.748 1.566 1.852 0.79 
1.29 

C&;i 
C.Hl.2 1.964 1.605 1.988 _ ” ~ ~  
C7H;F, 1.964 1.873 1.996 1.79 
C8H17 1.806 1.860 2.054 2.29 
C9H19 1.597 1.731 2.105 2.79 
C10H21 1.255 1.481 2.150 3.29 
C I I H W  0.903 1.106 2.191 3.79 
C;;H;; 0.903 0.602 2.229 4.29 

a Taken from Ref. 18. Calculated from Eq. 19. Calculated from the value of 
C ~ H ~ C O N H Z  by subtracting or adding 0.50 for each CHz unit. Experimentally 
determined value taken from A. Leo, C. Hansch, and D. Elkins, Chern. Reu., 71, 
525 (1971). 

log l/C = -0.499 (log P)2 + 8.010 log P - 42.691 log mol. wt. + 74.281 
n = 15 r = 0.994 s = 0.161 (Eq. 21) 

The log mol. wt. term in Eq. 21 is significant a t  the 99.95 percentile level 
(F1.11 = 46.7). The relatively large coefficient associated with the log mol. 
wt. term and the large constant term in Eq. 21 probably are due to the 
fact that  the log mol. wt. values range only from 1.864 to 2.431. Similarly, 
high coefficients were obtained for many other sets of antimicrobial data 
from the same and other sources. In some cases when the parabolic 
equation of log P gave an almost perfect correlation (r 2 0.97), the ad- 
dition of the log mol. wt. term did not further improve the correlation. 
In reality, when one considers the experimental errors involved, a cor- 
relation coefficient of -0.95-0.97 ( r 2  of -0.90-0.94) probably is the 
maximum limit one should expect. 

The data suggest that the semiempirical model of Lien (13) can be used 
when there is a fairly wide spread in the molecular weights of the drug 
molecules. The advantages of this model are the simplicity of the math- 
ematical equation (one can use any standard linear or nonlinear regression 

log l/C, M log P 
log mol. wt. (oct-water)r Amine Exp.” Calc. b - 

C4H9 0.663 0.866 1.864 0.81 
C5H 11 1.190 1.098 1.940 1.31 
&HI3 1.675 1.551 2.005 1.81 
C ~ H ~ C .  2.151 2.095 2.062 2.31 
CiH;; 2.621 2.732 2.111 2.81 
CgHis 3.075 3.290 2.156 3.31 
CloHzl 3.536 3.770 2.197 3.81 
C I I H ~  3.983 4.171 2.234 4.31 
C;;H;i 4.388 4.451 2.268 4.81 
CiiHw 4.629 4.567 2.300 5.31 
C;;H&, 4.709 4.562 2.329 5.81 
C15H31 4.397 4.350 2.357 6.31 
C16H33 3.882 3.974 2.383 6.81 
C17H:as 3.307 3.434 2.407 7.31 
C;gH;; 2.530 2.645 2.431 7.81 

Taken from Ref. 19. Calculated from Eq. 21. Taken from E. J. Lien, C. 
Hansch, and S. M. Anderson, J .  Med. Chern., 11,430 (1968); higher homologs were 
calculated by adding 0.50 for each CH2 unit. 

programs) and the more understandable physical meaning linking dif- 
fusion and molecular weight. 
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Abstract 0 An automated electrolytic sensing zone (electrozone) method 
was developed to determine the particle-size distribution of milled and 
micronized pharmaceutical powders. The powdered drugs obeyed log- 
normal statistics, and the distributions were well defined by their geo- 
metric volume mean diameter and the geometric s m d a r d  deviation. The 
results show that accurate data can be obtained between 2 and 80 pm with 
a precision of 4 . 5  pm. Pulse-width analyses were performed to deter- 
mine the feasibility of using a pulse-width discrimination program. 
However, in this case, the program discriminates against real particles 
and, therefore, its usefulness is limited. Milled and micronized materials 
are described adequately by a spherical diameter, and the automated 
electrozone system described is an excellent method for quality control 
purposes. 

Keyphrases 0 Particle-size distribution-milled and micronized 
pharmaceutical powders, geometric volume mean diameter, electrolytic 
sensing zone method with and without a pulse-width discriminator 

Distribution, particle size-milled and micronized pharmaceutical 
powders, geometric volume mean diameter, electrolytic sensing zone 
method with and without a pulse-width discriminator 0 Powders- 
milled and micronized, particle-size distribution, geometric volume mean 
diameter, electrolytic sensing zone method with and without a pulse- 
width discriminator. 

The physical properties of pharmaceutical powders are 
as important to an acceptable drug formulation as are its 
chemical properties (1). For example, the solubility, dis- 
solution rate, and processing characteristics often depend 
on the particle size of the powders. Furthermore, the par- 
ticle size can influence the bioavailability of poorly soluble 
drugs (2). 

The growing need for particulate analyses and deter- 
mination of particulate-size distributions in the quality 
control of pharmaceutical products emphasizes the need 
for efficient and reproducible methods. The popular mi- 
croscopic method has several disadvantages for use in a 
quality control laboratory operation. It is time consuming, 
the counting and sizing results are subject to the judgment 
and experience of the microscopist, and the analyst cannot 
readily discern particles that are <5 pm long. 

Other methods are available for the particle-size analysis 
of powdered drugs (1,3).  One method that overcomes the 
disadvantages of the microscopic determinations utilizes 
the Coulter or electrozone principle (electrolytic sensing). 
This electrical sensing zone method is capable of detecting 
and sizing small particles and counting a statistically sig- 
nificant number of particles. 

The present study is part of a continuing project to 
automate the particle-size analysis of powdered drugs used 
for formulating suspensions, capsules, and tablets. Milled 
and micronized materials were studied since these particle 
reduction methods create particles that are well suited for 
particle sizing by an electrical sensing zone. 

EXPERIMENTAL 

M a t e r i a l s T h e  micronized steroids and spectinomycin hydrochloride 
were commercially available1. Research grade sodium chloride, lithium 

chloride, and 3A ethanol (contains 5% methanol) were used in the elec- 
trolytic solutions. Polysorbate 80 (polyoxyethylene 20 sorbitan mono- 
oleate) was used as a wetting agent. Polystyrene spheres of 2.0,3.5,5.2, 
8.0,9.8,10.3,17.7,20.0,32.0,40.0, and 80.0 pm2 were used to calibrate the 
instrument. Neomycin sulfate was selected as a mold inhibitor'. 

Equipment-The particle-size analyses were carried out using a 
multichannel electrozone particle-size analyzer interfaced to a digital 
minicomputer3. The system is depicted graphically in Fig. 1. Orifice tubes 
with diameters of 48,76,120, and 190 pm were used. The depths of the 
orifices were between 75 and 100% of the diameter. 

Electrolyte-The aqueous electrolyte consisted of 0.9% NaCI,O.l% 
polysorbate 80, and neomycin sulfate (4 ghiter) in water saturated with 
the bulk drug to be analyzed. The solution was prepared by stirring the 
powdered drug into the aqueous solution for 20 min and filtering once 
through a 0.22-ym filter. The alcoholic electrolyte was made in a similar 
manner using lithium chloride and 3A ethanol. 

Sample Preparation-About LOO mg of the steroid was placed in -25 
ml of the saturated electrolyte. The vial containing the powdered drug 
and the electrolyte then was immersed in an ultrasonic bath for a time 
sufficient to disperse the sample and break up the agglomerated particles. 
The required time varied from 2 to 10 min, depending on the material. 
No prior sample preparation was required for spectinomycin hydro- 
chloride. 

Particle-Size Determination-For the steriods, a few (1-4) drops 
of the sonicated suspension were added to the counting cell until the 
count was between 10 and 100 times greater than the background a t  the 
most sensitive current setting. Care also was taken to ensure that the 
coincident count (i.e., two particles counted as one) was <lo%. The 
background count should be maintained a t  a level of -5% of the sample 
count in the lowest channel. The analysis then was performed under 
computer control until 2000 counts were accumulated in one of the 128 
raw data channels. The particle size in each channel then was calculated 
by the computer using the calibration tables stored on the flexible disk 

REGULATED 
VACUUM 

I I t 1 ANALYZER I 
al 

- 

CONTAINING 
SUSPENDED 
PARTICLES 

I TERMINAL I 
Figure 1-Graphic representation of the automated Electrozone par- 
ticle-size analyzer. 
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Table I-Resistivity Measurements Table  11-Calibration and  Linearity Data for t h e  Orifice Tubes 

Electrolyte 

Resis- 
tivity, 

ohm-cm 
~~ 

0.9% LiCl in 3A ethanol with 0.1% polysorbate 80 316 
0.9% LiCl in methanol with 0.1% polysorbate 80 123 
0.9% NaCl in water with 0.17~ polysorbate 80 62 
4% Ammonium thiocyanate in isopropanol with 0.14% 398 

Methanol >50,000 
Distilled water >50,000 
Tap  water 1,280 

polysorbate 80 

Research grade 

system. This operation was repeated a t  several current settings until a 
complete distribution was obtained. 

The analyses of spectinomycin hydrochloride were performed in a 
similar manner, except that  a small amount of powder (-9 mg) was in- 
troduced directly into the saturated 3A ethanolic electrolyte solution that 
had been normalized previously. This suspension was stirred vigorously 
for 15-30 sec before proceeding with the particle-size analysis. 

RESULTS AND DISCUSSION 

Spectinomycin Hydrochloride-During this investigation, the 
resistivities of several electrolytes were measured using a conductivity 
bridge (Table I). Resistivity is important because it limits the maximum 
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Figure 2-A: Plot o/ thc particle size of spectinomycin hydrochloride 
yersus probability demonstrating log-normality. B: Spectinomycin 
hydrochloride particle-size distribution on a uolume or mass basis. 

~~~ ~ 

Observed Count Microscopic Count 
Diameter, pm Diameter, pma Tube Size, pm 

76 
48 

120 
48,190 

76 
120 

48,76 
120,190 
76,120 

120 
190 

1.9 
4.2 
5.2 

8.9,7.9 
9.8 

10.5 
18.2,17.7 
19.9, 19.7 
31.3,32.3 

40.4 
83.0 

2.0 
3.5 
5.2 
8.0 

10.3 
10.4 
17.7 
20.0 
32.0 
40.0 
80.0 

The relative standard deviation as listed by Duke Standards was 10%. 

usable current through the appearance of thermal noise. Thermal noise 
occurs due to power dissipation a t  the orifice (e.g., released bubbles of 
dissolved gases). This effect is observed as ragged baseline grass on the 
display scope or is viewed microscopically as a grayish stream line trailing 
from the orifice. 

Power dissipation and hence thermal noise are inversely proportional 
to the orifice size. Consequently, an electrolyte of low resistivity is re- 
quired when a small orifice is used. A resistivity in the range of 10-100 
ohm-cm is considered optimum, although solutions having a resistivity 
between 1 and 1000 ohm-cm are usable. Spectinomycin hydrochloride 
is an electrical nonconductor that  is soluble in water and methanol but 
is only slightly soluble in 3A ethanol. Therefore, even though the lithium 
chloride-3A solution has a conductivity that is outside the optimum 
range, it was the electrolyte of choice because of the low solubility of 
spectinomycin hydrochloride in this solution. 

The measured primary spectinomycin particles obeyed log-normal 
statistics when the' data were converted to a volume or mass basis as 
shown in Fig. 2A (4). A typical volume distribution is depicted in Fig. 2B. 
For a log-normal distribution, only the geometric mean and the standard 
deviation are needed to define the whole distribution function. These 
values can be calculated from a log-normal plot of the cumulative data. 
A computer program wasused to calculate the geometric volume mean 
(mass median) diameter (Mu) and the geometric standard deviation (a) 
defined by: 

(Eq. 1) 

and: 

0%. 2) 

i= 1 

where M is the particle diameter on the volume or mass basis, ayd N is 
the number of particles. The geometric count mean diameter, Mu, was 
derived from the geometric volume mean diameter by the relation: 

R c  = exp [In Mu - 3.0 (In u ) ~ ]  (Eq. 3) 
The orifice tubes were calibrated using polystyrene spheres of known 

Table  111-Precision of Spectinomycin Hydrochloride Particle- 
Size Analyses 

Geometric Mean Diameter, pm 
Sample Volume Count 

1 
2 
3 
4 
5 
6 
7 
8 
9 
Mean 
s n 

18.5 
18.2 
18.9 
18.7 
18.9 
19.2 
19.5 
18.8 
18.2 
18.8 
0.4 

4.9 
4.9 
5.4 
5.7 
5.4 
6.1 
5.8 
5.5 
4.9 
5.4 
0.4 
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Table IV-Results of Milling Effects 100- 

75 

c z 

Geometric Volume Geometric 
Sample Millfeed Rate Mean Diameter, pm SD 

1 Unmilled 47.0 1.88 
2 Fast feed 18.5 1.85 
3 Slow feed 16.6 1.86 
4 Blocked feed 13.0 1.62 

- 

Table V-Pulse-Width Analyses 

Sample Current, mampa Mode, psec SDb, psec 

Spectinomycin 1/16 33 10 
Spectinomycin Jz 
Spectinom ycin d3 

31 13 
34 10 Spectinomycin 1/16 
29 13 
63 7 32-pm Polystyrene 1/16 

32-pm Polystyrene 1 12 116 13 

Log = 8 and gain = 2'/~ for all analyses. SD = 0.425 X (full width a t  half 
maximum). 

diameter. The data (Table 11) show that there was good agreement be- 
tween the present results and the microscopic results of the manufacturer. 
A linear regression of the data for the observed size versus the microscopic 
size showed that the method was linear with little or no bias (slope 0.97, 
intercept 0.3, and correlation coefficient 0.999). The precision (Table 111) 
of the method was excellent for the volume mean diameter (RSD 2.3%) 
and adequate for calculating the count mean diameter (RSD 8.0%). 

Spectinomycin hydrochloride is formulated as a powder for resus- 
pension. It is injected into muscle tissue as a saturated aqueous suspen- 
sion, and the particle size must be controlled for patient comfort and good 
injection properties (i.e.,  the suspension should not block the injection 
needle). The results in Table IV show that different size particles were 
created by different milling speeds. This observation indicates that the 
method is capable of determining the effectiveness of particle reduction 
during the milling operation and, therefore, makes an excellent quality 
control method. 

Pulse-Width Analysis-There is a direct relationship between the 
basic transit time of small spheres flowing through the center of the orifice 
tube aperture and the width of the electrical pulse produced (5). The 
pulse-width overlay for the analysis program allows the analyzer to 
provide data on typical transit times for solid particles. The results of the 
pulse-width analysis are listed in Table V, and typical distribution curves 
are illustrated in Figs. 3 and 4. It took a normal particle of spectinomycin 
hydrochloride 32 psec to travel through an orifice that was 90-120 pm 
deep. Prolonged transit times result if the particles are near the aperture 
wall where the fluid velocity is less or if they are prolate or oblate ellip- 
soids or flexible structures (5). The results indicate that particle size also 
has an important effect. This effect is well illustrated by the fact that the 
apparent transit time was almost twice as long (63 psec) for the 32-pm 
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Figure 3-Spectinomycin hydrochloride particle transit times using 
u current setting of 1.414 mamp. 
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Figure 4-Particle transit times of spectinomycin hydrochloride and 
32-pm polystyrene spheres using a current setting of 0.062 mamp. 

reference than for the spectinomycin whose average particle size was 19 
pm (Table 111). 

I t  has been suggested that since pulses produced by particles traveling 
along the orifice walls have correspondingly longer durations than pulses 
produced by particles passing along the orifice axis, the undesirable pulses 
may be eliminated by pulse-width discrimination. However, as noted 
earlier, this effect also would discriminate against the larger particles 
present. The effect of using a pulse-width discrimination of 79 psec 
(pulses greater than 79 psec are not counted) can be demonstrated by 
comparing the results listed in Tables 111 and VI. These data were ob- 
tained on the same sample of material. The apparent smaller geometric 
volume mean diameter (12.8 uersus 18.8 pm) can only be the result of the 
computer ignoring the larger particles. It is suggested that pulse-width 
discrimination is a viable technique only if all of the particles are much 
smaller (I 10%) than the orifice length and diameter. 

Steroids-The aqueous saline solution was chosen as the electrolyte 
and saturated with bulk drug even though the steroids are rather insol- 
uble in water. This precaution controls the nonproportional dissolution 
of the smaller particles relative to the larger ones. As a further check on 
dissolution, the number of particles in 100 p1 of prepared sample was 
counted before and after the determination at  a fixed current. Compar- 
ison of these counts indicated that sample dissolution (or decomposition) 
was negligible. 
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Figure 5-Typical particle-size distribution (volume basis) of a mi- 
cronized steroid. 
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Figure 6-Particle-size distribution of triamcinolone. Key: 0 ,  non- 
sonicated; and 0, sonicated 10 min. 

One basic objective of particle-size determinations is to measure the 
size of primary particles rather than the size of agglomerates or.fractured 
primary particles. In general, samples routinely are sonicated to break 
up agglomerates into primary particles prior to obtaining particle-size 
distributions. Since extended sonication can reduce the size of polyeth- 
ylene spheres (6), the effects of sonication on steroid particle size was 
examined. 

The effect of sonication time 011 the agglomerate and primary particle 
size indicated that optimum times exist for each of these steroids. Sam- 
ples were prepared as described under Experimental, except that  the 
time of sample sonication was varied. All steroids displayed a rapid initial 
decrease in their volume mean and in the cumulative percent of observed 
particles with a diameter greater than 10 or 20 pm. This apparent de- 
crease in size with sonication leveled off within the optimum times listed 
in Table VII. The appearance of the size distribution remained smooth 
and log-normal for all of the micronized steroids (Fig. 5). However, for 
triamcinolone (not micronized), the ratio of small to large particles in- 
creased with sonication time (Fig. 6). 

The effect of sample dispersion also was studied using microscopic 
methods. The results (Fig. 7) confirm that sample sonication disperses 

Table  VI-Particle Size of Spectinomycin Hydrochloride 
Determined Using Pulse-Width Discrimination a 

Geometric Mean, wm 
Volume Derived Count 

14.5 
14.5 
14.8 
10.8 
11.6 
10.3 

Mean 12.8 
RSD. 90 16.4 

5.0 
4.9 
5.1 
5.2 
5.4 
5.2 
5.1 
3.9 

0 Pulse-width discrimination set at 79 psec 

Table  VII-Optimum Sample Dispersion Time Using Ultrasonic 
Mixing 

Steroid Sonication Time, min 

Hydrocortisone 1-2 
Hydrocortisone acetate 1-2 
Methylprednisolone 1 -2  
Methylprednisolone acetate 1-2 
Medroxyprogesterone acetate 2-5 
Prednisolone anhydrous 1-2 
Prednisolone acetate 1-2 
Prednisone 2-5 
Prednisone acetate 5-10 
Progesterone 5-10 

the agglomerates into single crystals for counting and sizing. This ob- 
servation was true for all of the steroids except triamcinolone. This steroid 
exists as individual crystals with very few agglomerates. The deterioration 
(Fig. 6) of the triamcinolone particle-size distribution upon sonication 
observed with the celloscope and the fact that  sonication is known to 
fracture particles (6) suggest that  sonication results in primary particle 
breakdown for this steroid. 

The case of triamcinolone is important because it points out that, al- 
though dispersion of samples by ultrasonication works well, it should not 
be used without examining the effects on the material to be dispersed. 
This consideration is important for any analytical measurement made 
directly on the solid material. The distributions depicted in Fig. 6 show 
that a significant number of small particles are created by sonication. I t  
is clear that a sample sonicated for 10 min does not represent the actual 
particle size of triamcinolone. As shown by the unsonicated sample in 
Fig. 6 and the results listed in Table VIII, it is possible to obtain a rea- 

Figure 7-Photomicrographs of hydrocortisone acetate; magnification is 125X. Key: left, sample not sonicated; and right, sample sonicated 10 
min. 
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Table VIII-Particle-Size Results f o r  Triamcinolone 

Geometric Volume 
Sample Mean Diameter, pm Geometric SD 

A 
B 
C 
D 
E 
F 
G 
H 

9.5 
8.5 
9.2 

10.3 
10.8 
9.3 
8.3 
8.7 

1.7 
1.8 
1.7 
1.8 
1.8 
1.9 
1.8 
1.8 

sonable measure of the particle size for triamcinolone by shaking the 
sample vial gently to disperse the powder. The results presented for tri- 
amcinolone indicate that the method of sampling and dispersion is as 
important to the particle-size measurement as the parameters relating 
directly to the measurement. In fact, it was found previously that the error 
in counting particles by the electrozone method is less than the error due 
to sampling (3). 

CONCLUSIONS 

Experience has shown that, for pharmaceutical powders, the volume 
or mass basis (identical to volume if the measured particles have equal 
densities) is the most useful way of representing particle diameters for 
milled and micronized powders. These powders usually have log-normal 
particle distributions (7) that can be described completely by the geo- 
metric median or mean diameter and the geometric standard deviation. 
In addition, milled and micronized materials are described adequately 
by a spherical diameter; therefore, the automated electrozone system 
described in this paper is excellent for quality control purposes. 

The electrolytic sensing zone method does have some limitations. The 
particles must be relatively insoluble in a solvent that  has a moderate 
dielectric constant, Unusually shaped particles (i.e., long rods or platelets) 
are converted to a mean diameter that  is considerably less than the lon- 
gest dimension of the actual particle. For example, a sphere of 4 - l m  di- 
ameter would have approximately the same volume as a cylinder of di- 
ameter 2.5 p m  and length 7.5 pm. Thus, the method is relatively insen- 
sitive to particle shape. However, the advantages clearly outnumber the 
disadvantages. The method is highly sensitive, fast, and generally ap- 
plicable. Sample preparation and data reduction are simple. The oper- 
ator-fatigue factor is much less than for microscopy. 
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Abstract The kinetics of ampicillin and amoxicillin partitioning with 
simultaneous acid-catalyzed hydrolysis were studied in a stirred transfer 
cell containing isobutanol as the extract and aqueous hydrochloric acid 
(0.1-0.5 N) as the raffinate a t  37O. Biexponential data for the concen- 
tration in both the raffinate (C1) and the extract (C2) as a function of time 
were analyzed simultaneously by nonlinear regression to estimate the 
apparent first-order rate constant for transfer from hydrochloric acid 
to isobutanol ( k i z ) ,  the reverse transfer constant (hil), and the hydrolysis 
rate constant (k). Agreement between k values determined in the pres- 
ence of simultaneous partitioning and those determined in the absence 
of partitioning (kapp) verified the nonlinear estimates. Apparent partition 
coefficients, which represent the values that would be obtained in the 
absence of hydrolysis ( K b  = C ; / C ; ) ,  were estimated from Kb = k12/k21. 
During terminal moncexponential loss, where C1 = Y’e-8‘ and Cp N 

Z’e-flt, the kinetically controlled C&I ratio (r) is described by [k;d(kil  
- p) ] ,  which decreases with decreasing k values until r approaches Kb. 
The difference between the terminal concentration ratio, r ,  and its cor- 
responding partition coefficient, Kb, is a measure of the degree to which 

kinetic processes control distribution. Both ampicillin and amoxicillin 
showed kinetic control of the distribution ratios in 0.5 N HCl, where the 
hydrolysis rate constant was significant relative to the distribution rate 
constants. Ampicillin had r N 1.74 and K b  u 0.92; amoxicillin had r N 

0.95 and K b  u 0.65. As the ( k i 2  + k; , ) /k  ratio increased, the r values 
approached KD so that in 0.1 N HCl, r = K b  = 0.33 for amoxicillin and 
r = 0.6 and K’, = 0.56 for ampicillin. In general, amoxicillin distribution 
rate constants ( k i z  + k i l )  were roughly twice those of ampicillin, whereas 
ampicillin K b  and r values were nearly double those of amoxicillin. Thus, 
the kinetic and thermodynamic rank orders are opposite. This result may 
have implications in drug design via molecular modification. 
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simultaneous hydrolysis Kinetics-amoxicillin and ampicillin, si- 
multaneous partitioning and hydrolysis 

A stirred transfer cell can be used to determine the rate 
constants for distribution between partially miscible 
phases with simultaneous degradation in the aqueous 
phase (1). This technique is potentially useful for corn- 
paring the partitioning of closely related drugs under 
conditions where they are not stable. The method allows 

calculation of the apparent partition coefficient, Kb, that 
would be observed if the drug were stable. It also allows 
estimation of the concentration ratio, r ,  of the two phases 
a t  a time sufficiently long for r to approach a constant 
value. Thus, the calculated equilibrium value, KL,  and the 
kinetic value, r ,  can be compared. If these values vary 

0022-35491 801 0600-0655$0 1.001 0 
@ 1980, American Pharmaceutical Association 

Journal of Pharmaceutical Sciences I 655 
Vol. 69, No. 6, June 1980 



Table VIII-Particle-Size Results f o r  Triamcinolone 

Geometric Volume 
Sample Mean Diameter, pm Geometric SD 

A 
B 
C 
D 
E 
F 
G 
H 

9.5 
8.5 
9.2 

10.3 
10.8 
9.3 
8.3 
8.7 

1.7 
1.8 
1.7 
1.8 
1.8 
1.9 
1.8 
1.8 

sonable measure of the particle size for triamcinolone by shaking the 
sample vial gently to disperse the powder. The results presented for tri- 
amcinolone indicate that the method of sampling and dispersion is as 
important to the particle-size measurement as the parameters relating 
directly to the measurement. In fact, it was found previously that the error 
in counting particles by the electrozone method is less than the error due 
to sampling (3). 

CONCLUSIONS 

Experience has shown that, for pharmaceutical powders, the volume 
or mass basis (identical to volume if the measured particles have equal 
densities) is the most useful way of representing particle diameters for 
milled and micronized powders. These powders usually have log-normal 
particle distributions (7) that can be described completely by the geo- 
metric median or mean diameter and the geometric standard deviation. 
In addition, milled and micronized materials are described adequately 
by a spherical diameter; therefore, the automated electrozone system 
described in this paper is excellent for quality control purposes. 

The electrolytic sensing zone method does have some limitations. The 
particles must be relatively insoluble in a solvent that  has a moderate 
dielectric constant, Unusually shaped particles (i.e., long rods or platelets) 
are converted to a mean diameter that  is considerably less than the lon- 
gest dimension of the actual particle. For example, a sphere of 4 - l m  di- 
ameter would have approximately the same volume as a cylinder of di- 
ameter 2.5 p m  and length 7.5 pm. Thus, the method is relatively insen- 
sitive to particle shape. However, the advantages clearly outnumber the 
disadvantages. The method is highly sensitive, fast, and generally ap- 
plicable. Sample preparation and data reduction are simple. The oper- 
ator-fatigue factor is much less than for microscopy. 
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Abstract The kinetics of ampicillin and amoxicillin partitioning with 
simultaneous acid-catalyzed hydrolysis were studied in a stirred transfer 
cell containing isobutanol as the extract and aqueous hydrochloric acid 
(0.1-0.5 N) as the raffinate a t  37O. Biexponential data for the concen- 
tration in both the raffinate (C1) and the extract (C2) as a function of time 
were analyzed simultaneously by nonlinear regression to estimate the 
apparent first-order rate constant for transfer from hydrochloric acid 
to isobutanol ( k i z ) ,  the reverse transfer constant (hil), and the hydrolysis 
rate constant (k). Agreement between k values determined in the pres- 
ence of simultaneous partitioning and those determined in the absence 
of partitioning (kapp) verified the nonlinear estimates. Apparent partition 
coefficients, which represent the values that would be obtained in the 
absence of hydrolysis ( K b  = C ; / C ; ) ,  were estimated from Kb = k12/k21. 
During terminal moncexponential loss, where C1 = Y’e-8‘ and Cp N 

Z’e-flt, the kinetically controlled C&I ratio (r) is described by [k;d(kil  
- p) ] ,  which decreases with decreasing k values until r approaches Kb. 
The difference between the terminal concentration ratio, r ,  and its cor- 
responding partition coefficient, Kb, is a measure of the degree to which 

kinetic processes control distribution. Both ampicillin and amoxicillin 
showed kinetic control of the distribution ratios in 0.5 N HCl, where the 
hydrolysis rate constant was significant relative to the distribution rate 
constants. Ampicillin had r N 1.74 and K b  u 0.92; amoxicillin had r N 

0.95 and K b  u 0.65. As the ( k i 2  + k; , ) /k  ratio increased, the r values 
approached KD so that in 0.1 N HCl, r = K b  = 0.33 for amoxicillin and 
r = 0.6 and K’, = 0.56 for ampicillin. In general, amoxicillin distribution 
rate constants ( k i z  + k i l )  were roughly twice those of ampicillin, whereas 
ampicillin K b  and r values were nearly double those of amoxicillin. Thus, 
the kinetic and thermodynamic rank orders are opposite. This result may 
have implications in drug design via molecular modification. 

Keyphrases 0 Amoxicillin-kinetics of simultaneous partitioning and 
hydrolysis 0 Ampicillin-kinetics of simultaneous partitioning and 
hydrolysis 0 Hydrolysis kinetics-amoxicillin and ampicillin, simulta- 
neous partitioning 0 Partitioning kinetics-amoxicillin and ampicillin, 
simultaneous hydrolysis Kinetics-amoxicillin and ampicillin, si- 
multaneous partitioning and hydrolysis 

A stirred transfer cell can be used to determine the rate 
constants for distribution between partially miscible 
phases with simultaneous degradation in the aqueous 
phase (1). This technique is potentially useful for corn- 
paring the partitioning of closely related drugs under 
conditions where they are not stable. The method allows 

calculation of the apparent partition coefficient, Kb, that 
would be observed if the drug were stable. It also allows 
estimation of the concentration ratio, r ,  of the two phases 
a t  a time sufficiently long for r to approach a constant 
value. Thus, the calculated equilibrium value, KL,  and the 
kinetic value, r ,  can be compared. If these values vary 
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Table I-Apparent First-Order Ra te  Constants (lo3 k in  
minutes-') for the Transfer  and Hydrolysis ( ki2, k;,, and  k) of 
Ampicillin in a n  Lsobutanol-Aqueous Hydrochloric Acid S t i r r ed  
Transfer  Cell at 37" a 

Revolutions 
Per 

Minute [HCI]* k i 2  k ; ,  k K b  r 

75 0.5 7.57 8.03 10.5 0.94 1.78 
0.3 6.66 7.46 5.78 0.89 1.34 
0.2 6.09 7.35 3.53 0.83 1.08 
0.1 4.69 8.28 1.53 0.57 0.64 

120 0.5 8.71 9.05 10.7 0.96 1.71 
0.3 7.46 8.29 6.09 0.90 1.32 
0.3' 8.14 8.68 5.56 0.94 1.30 
0.2 6.41 7.80 3.60 0.82 1.06 
0.1 5.00 9.04 1.51 0.55 0.62 

The apparent partition coefficient (Kb = k&k' ,) is compared .to the distri- 
bution ratio according to Eq. 5, where r = [AMPf,/[AMP], = kIz!(+$ - 8). 

Initial am icillin con- 
centration of 2.4 X 

Concentration prior to equilibration with isobutanol. 
M. The other concentrations were 4.0 X 10- ! M. 

widely, e.g. ,  r > Kb, then the phase ratio is controlled by 
the rate constants. This observation may be important for 
molecular modification. 

BACKGROUND 

Ampicillin and amoxicillin were studied because of their molecular 
similarity and the dramatic increase in the oral absorption of amoxicillin 
compared to ampicillin (2). The kinetics of acid-catalyzed hydrolysis and 
partitioning into isobutanol are represented in Scheme I: 

k' 
k 12 c1,+ c1 e c 2  

k;, 
&hemp I 

where k represents the apparent first-order hydrolysis constant; the 
distribution constants, k i Z  and hi l ,  were described previously (1). The 
penicillin concentration in the raffinate is represented by C1 and that 
in the extract is represented by C1. The hydrolysis product concentration 
in the raffinate is represented by C1,. According to theory ( l ) ,  the con- 
centration in the raffinate (aqueous hydrochloric acid) is described 
by: 

C, = Xfe-at + Ye-Bt  (Eq. 1) 

where X' = C'& - k i l ) / ( a  - 01, Y' = CY(kil - j3)/(a - j3), Cp is the initial 
concentration in the raffinate, and a and B are as defined previously (1). 
The concentration in the extract (isobutanol) is described by: 

cs = Z'(e-Bt - e - " t )  (Eq. 2) 

where Z' = Cek',,/(cu - 8).  In agreement with theory, both penicillins il- 
lustrate kinetic control of the phase ratios when hydrolysis is signifi- 
cant. 

Table 11-Apparent First-Order Rate  Constants (lo3 k in  
minutes-I) for t he  Transfer  and  Hydrolysis (k' ,~,  kil, and  k) of 
Amoxicillin a in a n  Isobutanol-Aqueous Hydrochloric Acid 
Stirred Transfer  Cell a t  37" 

Revolutions 
per 

Minute [HCIIC k ; 2  k i l  k KD r 

75 0.5 10.7 16.4 11.1 0.65 0.99 
0.3 9.17 16.3 5.37 0.56 0.70 
0.2 5.39 16.6 3.04 0.44 0.51 
0.1 6.22 18.8 1.03 0.33 0.34 

1 20 0.5 14.2 21.4 10.9 0.66 0.91 
0.3 10.4 18.9 5.71 0.55 0.67 
0.2 10.3 23.2 3.16 0.44 0.49 
0.1 6.87 20.9 1.03 0.33 0.34 

~ ~ 

(I The apparent partition roefficient ( K b  = k',Jkb1) is com ared 40 the distri- 
bution ratio according to Eq. 5, where r = [AMOX],/(AMOX~, = k12 / (kZI  - 0). 

Initial conce~~t ra t i i~n  of 4.4 X 10-2M. c Concentration prior toequilibration with 
isohutanol. 

Table  111-Apparent First-Order Ra te  Constants (kopp at 37") 
f o r  Hydrolysis in Aqueous Hydrochloric Acid Saturated with 
Isobutanol 

103 kaDP. min-1 
[HCIIe, N Ampicillinb Amoxicillinb 

0.1 
0.2 
0.3 

1.32 
2.82 
4.89 

1.25 
3.21 
4.83 

0.4 8.44 7.89 
0.5 10.5 10.9 
0.7 18.1 18.0 

Concentration prior to equilibration with isobutanol. Initial concentration 
of 4.4-4.5 x 10-2 M. 

EXPERIMENTAL 

Analytical Methods-Amoxicillin trihydrate' (85.0% amoxicillin) 
and ampicillin trihydrate' (83.7% ampicillin) were 97% pure after ac- 
counting for the water of hydration when they were assayed by the acid 
degradation method. All other materials were analytical grade. 

Both penicillins were assayed by a literature method that involves 
reaction with hydroxylamine and subsequent complexation with a ferric 
reagent (3). Absorbance was measured a t  486 nm against appropriate 
blanks that were modified to accommodate aqueous acid or isobutanol 
s a m p 1 e s . 

Kinetics of Simultaneous Parti t ioning and Hydrolysis of Ampi- 
cillin and  Amoxicillin-Aqueous hydrochloric acid (0.1-0.5 N )  and 
isobutanol were equilibrated by shaking a t  37". The phases then were 
separated and kept a t  37". A stirred transfer cell containing 100 ml of each 
of the previously equilibrated phases was used to study the kinetics of 
simultaneous partitioning and hydrolysis a t  37". This system was de- 
scribed previously (1). 

Samples of ampicillin or amoxicillin were introduced into the aqueous 
phase. Aliquots (0.25 or 0.5 ml) were withdrawn simultaneously from both 
phases as a function of time and assayed. The phase volume ratio thus 
was kept constant. The number of samples withdrawn was limited to 
provide a maximum decrease in the total volume of -5%. Experimental 
conditions are listed in Tables I and 11. 

Control Experiments for  Kinetics of Degradation in Separated 
Phases-Experimental controls were designed to take into account both 
the miscibility of phases and the partitioning of hydrochloric acid into 
isobutanol during the equilibration step. Aqueous hydrochloric acid 
(0.1-0.7 N )  and isobutanol were equilibrated by shaking a t  37O. The 
phases were separated, and the aqueous acid was kept a t  37". A penicillin 
sample then was dissolved in the acid to provide an initial concentration 
of -4.5 X M. Aliquots were assayed as a function of time. Experi- 
mental conditions are listed in Table 111. Apparent first-order rate con- 
stants, k,,,: were obtained from the negative slopes of linear plots of In 
[concentration] versus time. 

Degradation in the isobutanol phase was shown to be insignificant by 
the following technique. Experiments were initiated as described for the 
simultaneous partitioning and hydrolysis with the 0.5 N HCl system. 
After the isobutanol phase had achieved a peak penicillin concentration, 
the phases were separated; the isobutanol phase was maintained a t  37". 
Aliquots were assayed as a function of time for 24 hr. The apparent 
first-order rate constants were negligible relative to those for hydrolysis 
in the aqueous controls. The rate constant for amoxicillin was 1% of the 
control, and that for ampicillin was 2% of the control. Therefore, Scheme 
I is adequate to describe the simultaneous partitioning and hydrolysis 
experiments. 

RESULTS AND DISCUSSION 

Kinetics of Hydrolysis of Amoxicillin and Ampicillin-In aqueous 
solutions, aminopenicillins can undergo hydrolysis with simultaneous 
polymerization. Bundgaard (4, 5) demonstrated both ampicillin and 
amoxicillin dimerization via nucleophilic attack by the free side-chain 
amino group in one molecule on the 0-lactam of a second molecule. The 
percentage of total degradation attributed to dimerization ranged from 
98% at pH 8.10 (0.673 M )  to 13% at pH 9.10 (0.054 M )  for ampicillin and 
from 93% a t  pH 8.6 (0.477 M )  to 9% a t  pH 10 (0.024 M )  for amoxicillin. 
Under the conditions in Table 111, both penicillins are in the cationic form 
(AH+) since, in both cases, the pKa (35") of the carboxylic acid is -2.6 
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Figure I-Data representing the simultaneous determination of C, (0)  and C:! (0) in Scheme I using a stirred transfer cell containing 0.3 N 
HCl and isobutanol (preequilibrated) at 37' a t  75 rpm. The curves were obtained by simultaneous nonlinear regression based on Eqs. 1 and 2. 
The resulting estimates for the rate constants are given in Tables I and  11. 

and that of the side-chain protonated amine is -7.2 (4,5). The lack of 
unprotonated amine to act as the nucleophile together with the dilute 
solutions (-0.04 M )  makes self-association unlikely. Hou and Poole (6) 
reported simple first-order hydrolysis in the presence of 0.044.20 N HCI 
a t  35'. 

The precise degradation mechanism is not critical to this study since 
identical conditions were employed for both the simultaneous parti- 
tioning and hydrolysis kinetics (Tables I and 11) and the controls (Table 
111). Furthermore, it is not necessary to determine the exact content of 
the two phases since hydrolysis in the aqueous phase is carried out as a 
control in which phase separation represents the sole difference between 
the experiments. At 3 7 O ,  the solubility of isobutanol in.water is -7.4% 
(wlw) and that of water in isobutanol is -18% (w/w) (7). Miscibility of 
the solvents, while significant, was kept constant throughout all experi- 
ments by preequilibration. Therefore, the reported rate constants are 
associated with water-isobutanol-hydrochloric acid mixtures. This 
technique provides a simple control experiment without requiring an 
exact definition of the phases. 

Kinetics of Simultaneous Parti t ioning and  Hydrolysis of Ampi- 
cillin and Amoxicillin-A previous report (1) demonstrated that the 
apparent partition coefficient, K',, defined by: 

K L  = C ; / C ;  (Eq. 3) 

12.00- 

w 9.00- 
I- a 
2 
t;; 
z &OO- 

w 

W 

-I z 
0 
Z 3.00- 

z 

where, a t  constant pH, C ;  is the equilibrium concentration in the extract 
and C ;  is the equilibrium concentration in the raffinate, may be calcu- 
lated from: 

(Eq. 4) 

where k i Z  and k;, are. the observed first-order rate constants for transfer 
from the raffinate to the extract and from the extract to the raffinate, 
respectively. Data for both phases (such as those shown in Fig. 1) were 
analyzed simultaneously using nonlinear regression (8) for the best es- 
timates of k i2 ,  kil ,  and k based on Eqs. 1 and 2, which are derived from 
Scheme I. 

According to theory, the rate constants for hydrolysis ( k  in Scheme 
I) should agree with those determined without partitioning under the 
same aqueous conditions (I). Thus, a plot of the k values versus the kapp 
values (Table 11) should be linear with a slope of unity and an intercept 
of zero. Figure 2 shows good agreement with this prediction. Figure 2a, 
for ampicillin, has a slope of 0.97 and an intercept of 0.6 X Figure 
2b, for amoxieillin, has a slope of 1.0 and an intercept of -0.05 X 
In both cases, the correlation coefficient exceeds 0.996. The hydrolysis 
rate conbtant also should be independent of the stirring rate. Tables I and 
I1 show good agreement between the k values determined with different 
stirring rates. 

12.00- 

p 9.00- 
a r 
t; 
w 

0.00 ! 1 
0.00 3.00 6.00 9.00 12.00 0.00 3.00 6.00 9.00 12.00 

HYDROLYSIS CONSTANT HYDROLYSIS CONSTANT 
a b 

Figure 2-Nonlinear estimates of the first-order rate Constant for hydrolysis in the presence of simultaneous partitioning (Z03 in min-I, Tables 
I and II) versus the corresponding hydrolysis constants determined independently in 0.1,0.2,0.3, and 0.5 N HCI saturated uith isobutanol ( lo3  
k,,, in min-*; Table I I I )  for ampicillin (a) and amoxicillin (b). In  each case, the correlation coefficient of the regression line exceeds 0.996 and 
the slope is -1. 
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The apparent partition coefficient that  would be obtained for the 
penicillin if it were stable in aqueous hydrochloric acid may be calculated 
from Eq. 4. Estimates for k;2, ki l ,  and K b  are given in Tables I and 11. 
Contrary to the values for hydrolysis, k ,  the distribution constants in- 
crease with increased stirring rate, as expected. However, the partition 
coefficient, K‘D, should be independent of the stirring rate. Comparison 
of‘ the K b  values at a fixed hydrochloric acid concentration but with 
different stirring rates shows good agreement between the estimates. 

There also is evidence for an increase in KD with increasing hydro- 
chloric acid concentration. Since the pKa values are -2.6 (carboxylic acid) 
and -7.2 (protonated amine), both penicillins exist in the cationic form 
(AH+) under these conditions. [The pKa of the phenolic hydroxyl group 
on amoxicillin is 9.5 at 35O (5)). Therefore, it is not likely that the increase 
in K b  is due to any pH effect on the ionic species. Examination of the 
values for kiZ and kZ1 reveals that  k’,, is relatively independent of the 
hydrochloric acid concentration but that  k increabes with increased 
hydrochloric acid concentration. Therefore, the observed increase is due 
to an effect in the aqueous phase since the rate constant for transfer from 
isobutanol to aqueous hydrochloric acid is relatively constant. This should 
not be due to the increase in ionic strength in going from 0.1 to 0.5 N HCl. 
Since the aqueous solutes are in the form of cations (AH+), increased ionic 
strength would be expected to decrease the activity coefficient, thus 
decreasing the apparent K b  value since the latter is based on concen- 
tration measurements. 

A second and more likely possibility is the increased rate of diffusion 
of the neutral ion-pair (AH+, Cl-), as reported previously for bromide 
on the dextromethorphanium ion (9). This effect appears to be very likely 
based on the work of Hurwitz and Carney (lo), who enhanced the ap- 
parent partition coefficients for ampicillin using several ion-pair or ad- 
duct-forming additives. At pH 7, quaternary compounds were the most 
effective, but the results also were dependent on the anion. For example, 
the chloroform-water Kb values using tetraheptylammonium with 
various anions were: acetate, 4.78 hydroxide, 1.74; chloride, 1.80. bromide, 
0.46; and iodide, 0.016. At pH 3, the anions trichloroacetate (added as 
the carboxylic acid, pKa = 0.70) and picric acid (as the phenol, pKa = 
0.38) increased the KD value in octanol by -30 and -250 times, respec- 
tively. Thus, chloride was effective as the counteranion at pH 7. At pH 
3, where ampicillin exists in the AH+ form, K b  was increased by the ad- 
dition of anions without the quaternary cations. These observations 
support the suggestion that the increase in k12 values with increased 
hydrochloric acid may be due to the formation of the neutral ion-pair 
(AH+, CI-). 

Both penicillins illustrate the difference between the observed phase 
ratios, r ,  and the apparent partition coefficients, KD. This difference was 
most pronounced with 0.5 N HCl. When a constant r value was observed, 
the values agreed with those calculated from Eq. 5 (11): 

r = k ; z / ( k ; l -  8) (Eq. 5) 
For example, with 0.5 N HCl, where 8 is most significant relative to k;z 
and k‘,,, the ampicillin r value was 1.78, while K D  was 0.94. This result 
illustrates how kinetic control can reverse the expected results based on 
partition coefficients. Here, the K D  value predicts that  the aqueous 
concentration should be greater than that in the isobutanol phase. 
However, the concentration in isobutanol was 1.78 times that of the 
aqueous phase. As the hydrochloric acid concentration decreased, r ap- 
proached Kb.  This result is due to the decreasing significance of the 
competing hydrolysis process. 

The observed rate constant for the partitionjng between the phases 
is the sum of the forward and reverse constants, k l 2  and (1). If this sum 
becomes large enough relative to the hydrolysis constant, k ,  then r ap- 

proaches Kb. This effect has been referred to as preequilibrium, and a 
first approximation that ( k i z  + k’,J 2 20k will provider K b  has been 
suggested (11). In both cases (Tables I and II), k decreased nearly 10-fold 
as the hydrochloric acid concentration was decreased from 0.5 to 0.1 N. 
At the same time, k, ,  remained nearly constant, while ki2 only decreased 
to about 60% of its value using 0.5 N HCl. Therefore, the ( k i 2  + k i l ) / k  
ratio increased 10-fold (75 rpm) and eight-fold (120 rpm) for amoxicillin 
and six-fold (75 rpm) and 5.6-fold (120 rpm) for ampicillin. The r values 
for amoxicillin a t  0.1 N HCl were the same as its KD values since the (hi2 + k i l ) / k  ratios were 24 (75 rpm) and 27 (120 rpm). 

Although the K b  and r values were larger for ampicillin than for am- 
oxicillin, the rate constants for distribution ( k i 2  + k21) were nearly twice 
as large for amoxicillin. Amoxicillin thus distributed more rapidly but 
showed a lower isobutanol concentration for any given C1 value. With 
significant hydrolysis, neither drug distribution ratio (Cz/C1) was re- 
flected by the K b  values. 

These observations illustrate one potential limitation in the application 
of partition coefficients to biological systems. The use of partition coef- 
ficients to predict the biological activity of structurally nonspecific drugs 
has received much attention since its inception (Meyer-Overton law). 
These well-accepted concepts are included in most undergraduate 
textbooks on medicinal chemistry. Further quantitation of these prin- 
ciples uses linear free energy relationships of the type known to chemists 
as Hammett up functions. Since K b  values are thermodynamic param- 
eters, they describe equilibrium ratios rather than distribution rates. For 
systems that do not achieve equilibrium, such as an intravenous injection 
of a rapidly metabolized drug, the apparent distribution ratio may be 
predicted better from kinetic parameters. Comparisons of the type re- 
ported here for ampicillin and amoxicillin may be useful in drug design 
oia molecular modification. 

Conclusion-Ampicillin and amoxicillin both illustrated a difference 
between the observed isobutanol-aqueous phase concentration ratio, r ,  
and that predicted by the partition coefficient value, Kb, when 0.5 N HCl 
was used. This difference diminished as the hydrochloric acid concen- 
tration (and, therefore, the hydrolysis rate) was decreased. Both the r 
and K b  values were roughly twice as large for ampicillin compared to 
amoxicillin. However, the sums of the distribution rate constants for 
amoxicillin were larger than those for ampicillin. There was no significant 
difference between the hydrolysis rate constants for the compounds. The 
estimates for the hydrolysis rate constants in the presence of partitioning 
were in good agreement with those determined independently. 
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Abstract The solubility of caffeine in various dioxane-water mixtures 
was analyzed in terms of solute-solvent interactions using a modified 
version of the Hildebrand treatment for regular solutions. The solubility 
equation employs a term ( W )  to replace the geometric mean (c1cp)1t2, 
where c1 and c p  are the cohesive energy densities for the solvent and so- 
lute, respectively. The new equation provides an accurate prediction of 
solubility once the interaction energy, W, is obtained. In this case, the 
energy term is regressed against a polynomial in 61 of the binary mixture. 
A quartic expression of W in terms of the solvent solubility parameter 
was found for predicting. the solubility of caffeine in dioxane-water 
mixtures. The expression yields an error in mole fraction solubility of 
<3%, a value approximating that of the experimentally determined sol- 
ubility. The one exception to a good fit is near the maximum solubility, 
where a depression or valley occurs between the two peaks in solubility 
data; at  this point, the theoretical equation predicts the solubility within 
-9%. The new model also may be used to estimate the solubility of drug 
molecules employing the volume fraction of water in the solvent mixture 
instead of the composite solubility parameter, 61. The method has po- 
tential usefulness in preformulation and formulation studies during which 
solubility determination is important for drug design. 

Keyphrases 0 Caffeine-solubility in water-dioxane mixtures, extended 
Hildebrand approach, mathematical prediction of solute-solvent solu- 
bilities Solubility-caffeine in water-dioxane mixtures, prediction of 
solubility, extended Hildebrand approach Hildebrand solubility 
equation, modified-caffeine in water-dioxane mixtures, solubility 
predictions 

In previous reports (1, 2), the Hildebrand-Scatchard 
solubility approach (3) to the prediction of solubility was 
extended to semipolar crystalline drugs in pure solvents 
and in polar binary solvent mixtures. The equation for 
calculating the solubility of drug molecules in polar and 
nonpolar solvents is ( 2 ) :  

v2$J: (6: + 6; - 26162) A S f  T,,, 
-log xz = 2 log - + ~ 

R T 2.303RT 

+- "@: (26162 - 2W) (Eq. l a )  
2.303RT 

or: 

-log xp = -log- Tm + - "" ( 6 : +  6H-2W) (Eq. l b )  
R T 2.303RT 

where X 2  is the mole fraction solubility of the crystalline 
solute a t  temperature T on the Kelvin scale; AS!,, is the 
entropy of fusion of the crystalline drug molecule at its 
melting point, T m ;  R is the molar gas constant; VZ is the 
molar volume of the solute, and 61 is the volume fraction 
of the pure or mixed solvent. The solubility parameters for 
the solvent (subscript 1) and the solute (subscript 2) are 
61 and 62, respectively. The W expression is an interaction 
term which, in regular solution theory, is taken to be equal 
to a geometric mean, ( c I c ~ ) ~ ' ~ ,  where c1 is the cohesive 
energy density of the solvent (6:) and c2 is the cohesive 
energy density of the solute (6%). 

The first right-hand term of Eq. l b  is the negative log- 
arithm of the ideal solubility (-log X i ) ,  and the second 
term is the logarithmic solute activity coefficient (log ( ~ 2 ) .  
In Eq. l a ,  log a2 is divided into the regular solution term 

for van der Waals interaction energies (log a") and a final 
term (log ( Y E )  representing residual solute-solvent inter- 
actions ( 2 ) .  The quantities V2&(2.303RT) will be repre- 
sented by A.  

In the present approach, W is evaluated from knowledge 
of the other terms in Eq. 1, obtained experimentally or 
found in the literature. In polar systems, W equals the 
geometric mean ( ~ 1 ~ 2 ) ~ ' ~  only at  points A and B along the 
solubility profile (Fig. 1) where the real solubility line 
crosses the regular solution line. This fact emphasizes that 
the Hildebrand-Scatchard equation (3), written in terms 
of cohesive energy densities: 

v2$J: (c1 + cz + 2(c1c2)"21 (Eq. 2 )  
ASfm T,,, -logX2=-10g-+- R T 2.303RT 

correctly calculates the solubility of drugs in mixed polar 
solvents only at  these two points in Fig. 1. 

A better approach is not to restrict the interaction term 
W to a geometric mean but rather to evaluate it experi- 
mentally from the solubility of the solute in various solvent 
concentrations in a binary mixture employing Eq. Ib. An 
empirical equation for W as a function of solubility pa- 
rameters of the solvent mixture remains to be discovered. 
Then, back-calculating W and substituting into Eq. 1 
permit the mole fraction solubility of a drug (solute) to be 
predicted in essentially any solvent mixture. 

EXPERIMENTAL 

The solubility of crystalline caffeine' in dioxane, water, and mixtures 
of dioxane and water was determined as described for theophylline so- 
lutions (2). The other quantities required for predicting drug solubility 
in mixed solvents also were discussed (2). The solubility parameter, 62, 
for caffeine may be obtained from the peak solubility (Fig. I), where the 
solvent 61 value should approximate the 62 value as required by Eq. 2. A 
more accurate determination (4) may be obtained by a differential 
method, plotting AXJA61 versus 61 (Fig. 2) and reading 62  as the 61 value 
a t  the apex of this curve. 

RESULTS AND DISCUSSION 

T o  obtain the ideal solubility of caffeine, the procedures described 
under Experimental were employed; the following values were obtained: 
AH!,,, 5044 cal/mole; T,,,, 512'K; and AS!,, = AH!,,/T,,,, 9.85 cal/mole/ 
degree. The ideal mole fraction solubility of caffeine was calculated from 
these values: Xl ,  = 0.06845 (log X b  = -1.1646). The molar volume of 
caffeine is 144 cm3/mole, which may be obtained as an average of the 
apparent molar volume in the mixtures (5). It also may be estimated by 
the group contribution method of Fedors (6). 

The experimental solubility of caffeine a t  25 f 0.1' in dioxane-water 
mixtures is plotted in Fig. 1 versus the solubility parameter, 61, of the 
various mixed solvent systems. Also shown in Fig. 1 are the ideal solubility 
(Xb = 0.06845) and the regular solution curve (Eq. 2) .  The solubility of 
caffeine ( 6 2  = 13.8) in pure dioxane (61 = 10.0), pure water (61 = 23.5). 
and in the mixture of the two solvents is represented by the solid circles 
in Fig. 1. The maximum solubility of caffeine in the mixture is X z  = 

' Knoll Chemicals. 
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Figure 1-Mole fraction solubility, XZ, of caffeine (62 = 13.8) at 25" 
i n  dioxane, water, and dioxane-water mixtures. Key: A and R, points 
where real solubility equals regular solution solubility and W = ( C ~ C Z ) ~ / *  
= 6162; 0,  expcrimental points; and .  . * 0 . . -, valley between two peaks 
in  the  caffeine solubility profile. 

0.0282 and occurs at 61 = 13.8. This value is well below the ideal solubility, 
X i  = 0.06845, as predicted from regular solution theory. The discrepancy 
between the results using the original Hildebrand equation and the ex- 
perimental points demonstrates that Eq. 2 cannot be used to predict drug 
solubility in polar solvent systems. 

Solubility Prediction Using Regression of W versus &-Equation 
1, differing from Eq. 2 in that the geometric mean is not used, provides 
an accurate prediction of solubility once W is obtained. Although W 
presently cannot be estimated based on fundamental physicochemical 
properties of the solute and solvent, W may be regressed against a poly- 
nomial in 61 of the solvent mixtures as described previously (1,2). The 
following quadratic, cubic, and quartic equations were obtained using 
the experimental solubility data for caffeine in dioxane-water mix- 
tures: 

W = 79.4113802 + 1.868572561 + 0.43564816: (Eq. 3) 

(Eq. 4) W = 66.3515007 + 4.390198261 + 0.27920656: + 0.00312816: 

W = 15.0752785 + 17.627902561 - 0.96682666: 
+ 0.05391206f - 0.00075786: (Eq. 5) 

The W values calculated using these expressions compared favorably 
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Figure 2-Drterminotiu;i of caffeinc snlubility parameter, 62, using 
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Figure 3-Comparison of 31 observed caffeine solubilities i n  diox- 
ane-water systems at 25" with solubilities predicted by the extended 
Hildebrand approach. The  intercept of the line i s  0.001, and the slope 
is 0.999 The  correlation coefficient, r2,  is 0.989 for n = 31. 

with the original W values computed using Eq. 1. The solid line plotted 
in Fig. 1 was obtained employing the quartic expression (Eq. 5). This 
calculated solubility curve fits the experimental data points quite well 
(Figs. 1 and 3), predicting the solubility of caffeine in dioxane-water 
mixtures a t  most points within an error of -370, a value approximating 
the error in experimentally, determined solubility values. 

One notable exception to the fit is near the peak solubility where a 
depression or valley occurs between two peaks in the solubility data. Here 
the theoretical equation cannot reproduce the exact solubility and results 
in an error of 8.6%. Paruta et al. (7) first reported the peaks and valleys 
in solubility data and demonstrated essentially the same profile for caf- 
feine as shown in Fig. 1. These workers (7) attributed the decreased sol- 
ubility of caffeine in the dioxane-water mixture a t  this solvent compo- 
sition to solvation or to the possible self-association of caffeine into 
polymeric forms as reported previously (8). 

Equations 3-5 are empirical expressions and cannot be expected to 
reproduce the acute change in solubility represented by small peaks and 
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Figure 4-Soluent solubility parameter, 61, i n  relation to the compo- 
sition, (J, of the dioxane-water mixture as calculated from Eq. 6. The  
intercept of the line is 10.00, and the slope is 23.45. The  number of data 
sets, n, is 31. 
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Table I-Comparisons of Observed and Calculated Solubilities 
of Caffeine I82 = 13.8) in  Dioxane-Water Systems at 25” (-log Xi 
= 1.1646); X, - 0.06845; V2 = 144 cm3/mole 

~~ 

Volume 
Percent Percent 
of Water Solution X2 X2 Solubility 
(loo&,) Density A b  61 (obs) (calc) Difference 

0 
10 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
80 
90 

100 

1.0337 
1.0440 
1.0516 
1.0532 
1.0542 
1.0556 
1.0542 
1.0516 
1.0506 
1.0481 
1.0443 
1.0399 
1.0346 
1.0254 
1.0095 
1.0024 

0.10257 
0.09714 
0.09467 
0.09454 
0.09310 
0.09323 
0.09269 
0.09294 
0.09369 
0.09374 
0.09520 
0.09543 
0.09653 
0.09837 
0.10020 
0.10179 

10.01 0.00849 0.00939 
11.33 0.02255 0.01976 
12.70 0.02698 0.02696 
13.37 0.02605 0.02830 
14.04 0.02823 0.02866 
14.71 0.02647 0.02762 
15.39 0.02628 0.02606 
16.06 0.02429 0.02388 
i6.73 0.02137 0.02138 
17.40 0.01997 0.01904 
18.07 0.01617 0.01641 
18.75 0.01465 0.01420 
19.42 0.01195 0.01194 
20.76 0.00780 0.00796 
22.11 0.00453 0.00466 
23.45 0.00229 0.00222 

10.6 
12.4 
0.1 
8.6 
1.5 
4.3 
0.8 
1.7 
0.0 
4.7 
1.5 
3.1 
0.1 
2.1 
2.9 
3.1 

a Data selected from the 31 solubility points shown in Fi 1. Calculated solu- 
bilities were obtained with the help of Eq. 8 as describe% in the text. * A = 
V&!/(2.303RT) in Eqs. 1 and 2. 

valleys in a solubility profile. The calculated solubility line (solid line of 
Fig. l ) ,  representing the quartic expression (Eq. 5), passes smoothly 
through the points about the peak solubility, ignoring the slight de- 
pression (dotted line at  the peak in Fig. 1) at  the maximum solubility. 
This kind of second-order deviation in drug solubility in polar solvents 
requires additional investigation and a considerably refined model for 
its characterization. 

Predicting Drug Solubility from Solvent Concentration-The 
solubility parameter, 61, against which W is regressed to calculate solu- 
bility is calculated for a mixture of two solvents, a and b ,  using: 

(Eq. 6) 

where the total volume fraction of the two solvents is given by: 

61 = 60 + 6 b  (Eq. 7) 

Therefore, it is possible to express 61 in terms of the volume fraction (or 
volume percent) of either binary solvent species. The solubility param- 
eter, 61, is plotted in Fig. 4 against the volume fraction of water in the 
mixture. A straight line is obtained, which suggests the possibility of 
bypassing W and 61 and back-calculating log adA by regressing it directly 
against the volume fraction of water, &,, in the solvent mixture. The 
quartic regression equation becomes: 

log ap/A = 8.409751 - 38.4195186, + 109.60755462, 
- 114.353521& + 49.3830994; (Eq. 8) 

Equation 8 yields the calculated solubility data found in Table I. For 
example, at 65% water, a volume fraction, @,, of 0.65 is substituted in Eq. 
8, which yields 7.157 for log ap/A. This value is multiplied by A to obtain 
log a2 or 0.68299. Log a2 then is added to -log Xi, which is 1.1646, to 
obtain the negative logarithm of the solubility, -log Xp. The sign is 

changed and the antilog is calculated to obtain Xp = 0.01420. This result 
is within 3.1% of X2 (obs) = 0.01465. The procedure is shown more clearly 
as: 

(Eq. 9a) 

(Eq. 9b) 

(Eq. 9c) 

log a2 - log Xk = -log x2 

antilog (-1.84759) = Xz = 0.01420 

0.68299 + 1.1646 = 1.84759 = -log Xp 

CONCLUSIONS 

The extended Hildebrand approach to solubility employs a power 
series (quartic) equation in 61 to back-calculate W, which reproduces the 
solubility of caffeine in dioxane-water mixtures within the accuracy or- 
dinarily achieved in experimental solubility results. 

Hildebrand et al. (9) made the following observations: “Plato asserted 
that heavenly bodies move in circles because a circle is the most perfect 
geometrical figure. He was wrong: the most perfect geometrical construct 
is a straight line between two axes; one which expresses theory, the pther 
which states the fads” (9). To test this Hildebrand hypothesis, Fig. 3 was 
drawn, and an almost straight line of zero intercept was obtained, r2 = 
0.989. 

The close correlation of calculated results with experimental solubility 
is gratifying, although the extended method cannot be called a theory. 
A t  best, the method is semiempirical, because one uses solubilities orig- 
inally to obtain the W values. Then W (or log adA) is regressed in terms 
of solvent 6 values or volume fractions of a solvent in the mixture to 
back-calculate solubilities. It is surprising that such good fits of the data 
have been obtained both with theophylline (2) and with caffeine in binary 
solvent systems. However, dioxane-water mixtures are relatively well 
behaved, producing fairly uniform bell-shaped solubility profiles; other 
solvent pairs may not perform as well. Limited experience with the sol- 
ubility of drugs in pure solvents shows that the extended Hildebrand 
approach will prove useful for pure solvent systems only if a technique 
more fundamental than power series regression on 61 is found. 

REFERENCES 

(1) A. Martin, J. Newburger, and A. Adjei, J. Pharm. Sci., 68(10), IV 

(2) Ibid., 69,487 (1980). 
(3) J. H. Hildebrand and R. L. Scott, “The Solubility of Nonelectro- 

(4) K. C. James, C. T. Ng, and P. R. Noyce, J. Pharm. Sci., 65,656 

(5) F. T. Gucker, Jr., W. I. Ford, and C. E. Moser, J. Phys. Chem., 43, 

(6) R. F. Fedors, Polym. Eng. Sci., 14,147 (1974). 
(7) A. N. Paruta, B. J. Sciarrone, and N. G. Lordi, J. Pharm. Sci., 54, 

838 (1965). 
(8) T. Higuchi and D. Guttmann, J. Am. Pharm. Assoc., Sci. Ed., 46, 

4 (1957). 
(9) J. H. Hildebrand, J. M.’Prausnitz, and R. L. Scott, “Regular and 

Related Solutions,” Van Nostrand Reinhold, New York, N.Y., 1970, p. 
141. 

(1979). 

lytes,” 3rd ed., Dover, New York, N.Y., 1964. 

(1976). 

153 (1939). 

ACKNOWLEDGMENTS 

Supported in part by the endowed professorship provided to A. Martin 
by Mr. Coulter R. Sublett. 

Journal of Pharmaceutical Sciences I 664 
Vol. 69. No. 6, June 1980 



Effects of Different Buffer Species on Partition 
Coefficients of Drugs Used in Quantitative 
Structure-Activity Relationships 

POU-HSIUNG WANG and ERIC J. LIENX 
Received December 10, 1979, from the Section of Biomedicinal Chemistry, School of Pharmacy, Uniuersity of Southern California, Los Angeles, 
CA 90033. Accepted for publication January 29, 1980. 

~ 

Abstract 0 A study was conducted in which the same organic solvent, 
1-octanol, and different buffer systems were used to obtain intercorre- 
lations among log P,,,, values given by log P (octanol-water) = a log P 
(octanol-buffer) + b, where a and b are different constants for the dif- 
ferent systems used. The range of a was 0.418-1.156 and that of b was 
-1.962-1.176 for the four buffer systems examined. Only with neutral 
drugs was the slope (a) close to 1.0 and the intercept ( b )  close to 0.0 for 
the three buffer systems studied. For acidic drugs, only l-octanol- 
phosphate buffer gave a 1:l correlation with 1-octanol-water partition 
coefficients. Acetate and bicarbonate buffer systems gave different cor- 
relations. For basic drugs, none of the three systems examined gave a 1:l 
correlation with 1-octanol-water partition coefficients. 

Keyphrases Partition coefficients-acidic, basic, and neutral drugs, 
effects of various octanol-buffer systems Solvents-various octanol- 
buffer systems, effects on partitioning of acidic, basic, and neutral drugs 

Buffers-various octanol-buffer systems, effects on partitioning of 
acidic, basic, and neutral drugs 

The distribution of a drug or chemical compound be- 
tween two phases in which it is soluble is an important 
topic. Nernst (1) emphasized that the partition coefficient 
is constant only if a single molecular species is distributed 
between two immiscible phases. Therefore, partitioning 
can be considered as classical thermodynamics in an 
equilibrium process. Pharmacologists became interested 
in the partition coefficient following the work of Meyer (2) 
and Overton (3), who first showed the parallel relationship 
between the nonspecific narcotic activity of drugs and their 
oil-water partition coeffients. In biochemical and phar- 
macological systems, the partition coefficient is an ex- 
trathermodynamic property and is a useful parameter for 
hydrophobic interactions with macromolecules, mem- 
branes, enzymes, and drug receptors. 

BACKGROUND 

There has been a recent rapid development in correlation studies of 
molecular structure with biological activity based on a model that utilizes 
the partition coefficient of the active compound in a reference partition 
system as a major parameter in the correlation equation. Hansch and 
coworkers (4-9) successfully used the linear free energy approach to es- 
tablish quantitative structure-activity relationships for many biological 
systems. Lien and coworkers (10-18) studied the quantitative struc- 
ture-activity relationships of various derivatives of drugs having a high 
correlation of biological activity with lipophilicity. The linear free energy 
relationship approach still has limitations due to the nonadditivity of 
the partition coefficients of some organic compounds (19,20). 

Among the many solvent systems studied, 1 -0ctanol-water has been 
used most for quantitative structure-activity relationship studies (21, 
22). The possible intermolecular interactions of solute molecules have 
not been studied systematically. Purcell et al. (23) stated that the be- 
havior of aliphatic acids can be complex but can be controlled by proper 
buffering. Several investigators (24-26) recently used phosphate buffer 
systems in which the ionic strength was adjusted by inorganic compounds 
(i.e., sodium chloride, potassium chloride, etc.); the’ pKa values of the 
drug were determined using the Debye-Huckel equation. This factor then 
was used to calculate the degree of ionization (a) in the measurement of 
the partition coefficient. 

Ballard (27), who has done extensive work in this field, recently studied 
the carbonic acid system. He suggested that the pKa value of carbonic 
acid is a mixed constant involving the pKa of carbonic acid, the hydration 
of carbon dioxide in solution to form carbonic acid, and the activity and 
degree of dissociation of bicarbonate ion. He concluded that the ther- 
modynamic pKa value of carbonic acid probably is not as affected by pH 
as is pKa’. However, both pKa and pKa’ are affected by temperature. 

Other investigators (27-31) used phosphate buffers without adjusting 
the ionic strength. Rouot et al. (32) used a combined buffer system such 
as 0.067 M KH2P04 mixed with 0.067 M Na2HP04, while Moore and 
Koreeda (33) used citric acid (pH 1.8) and sodium bicarbonate (pH 9.0) 
in addition to phosphate buffer (pH 7.00). Marco et af. (34) used a pH 
7.4 tris(hydroxymethy1)aminomethane hydrochloride buffer system. The 
pKa’ values were ignored in all of these investigations. 

Each buffer species has its optimum pH range. I t  is questionable 
whether only one buffer can be utilized for a wide range of pH values. 
Moser et al. (35) suggested that the measurement of the partition coef- 
ficient of many weak acids is valid only within a pH range of about three 
units above the pKa. Above this range, they showed that such effects as 
ion-pair extraction of some species with buffer counterions can cause 
extreme deviations from the straight line described by the log P uersus 
pH plot. 

Dearden and George (36) criticized the assumption that the ionized 
fractions of an ionizable drug are insoluble in the lipid phases. It generally 
is assumed that the partition coefficient of the unionized species may be 
measured from the experimental apparent distribution coefficient a t  a 
pH giving a significant degree of ionization and the pKa of the solute. 
However, when octanol is saturated with water, the small amount of water 
in the octanol layer may be expected to dissolve some ionized species. It 
was concluded that differences in log P values between unionized and 
ionized species decreased steadily as log P was increased due to ion-pair 
formation with buffer counterions (36). Thus, the extraction of such 
ion-pairs into the nonaqueous phase should be related directly to the li- 
pophilicity of the drug. The buffer system still retains a certain com- 
plexity when i t  comes to the measurement of the partition coefficient of 
a drug. There are some advantages in using a particular buffer system 
since it may increase the solubility of a drug, keep the pH of the medium 
constant, and/or retain the neutral form of the drug to  avoid intermo- 
lecular interaction. 

In measuring the partition coefficient, the ratio of the concentrations 
of the solute in two immiscible solvents is determined after equilibrium 
is reached. Mathematically, it may be defined as CorganiJCaqueoua:The 
1-octanol-water system is a system of two immiscible solvents that has 
been used extensively. In the Pomona College data bank, Hansch and 
coworkers collected several thousand compounds for which the partition 
coefficients were measured in I-octanol-water. Therefore, l-octanol- 
water is the most frequently used system for comparative correlation 
studies. In addition, many diverse immiscible systems have been em- 
ployed to  avoid hydrogen bonding, solubility problems, etc. These sys- 
tems have parallel relationships with the 1-octanol-water system and 
with each other. Examples of other organic solvents are chloroform, 
heptane, cyclohexane, butanol, and oil. 

In the measurement of the partition coefficient of a drug, one considers 
the species that distributes to the binary phases, a water-saturated or- 
ganic solvent phase and an organic solvent-saturated water phase; the 
partition coefficient should not be mistaken as arising from a system 
composed of simply one pure solvent phase and one pure water phase. 
The true (corrected) partition coefficient, P,,,,, should characterize the 
transfer of only an undissociated molecular species. It generally is as- 
sumed that the true or corrected partition coefficient of a drug is inde- 
pendent of the pH and the buffer species used. In other words, one can 
use different buffer systems and a given organic solvent (e .g . ,  I-octanol) 
in measuring the partition coefficient of an acidic or basic drug as long 
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as one considers the degree of ionization. The true partition coefficient 
of the undissociated form then is obtained from P,,, = Papp/(l - a), 
where a is the degree of ionization. The a value can be readily calculated 
from a = 1/[1+ antilog (pKa - pH)) for acids and a = 1/[1+ antilog (pH 
- pKa)] for bases; these expressions are obtained from buffer equa- 
tions. 

The validity of the assumption that only the pH of the buffer system 
will affect the apparent partition coefficient, but not the pH of the buffer 
species, has been questioned but has never been proven or disproven. The 
major objectives of this study were to  explore whether this assumption 
is valid and to ascertain how the results obtained may affect quantitative 
structure-activity relationship studies. 

EXPERIMENTAL' 

pKa Values-The pKa values of the drugs studied were obtained from 
the literature (38,39). The pKa values of several drugs were estimated 
from homologs or analogs (Table I). 

Purification of 1-Octanol-Recent grade 1-octanol was purified by 
shaking with 1 N NaOH, shaking with 1 N HzS04, shaking with 5% 
NaHC03, drying with excess anhydrous magnesium sulfate, and frac- 
tional distillation with collection of the fraction a t  the boiling range of 
192-194' (23,40). The purified solvent did not show any UV-absorbing 
contaminant. 

Buffer Preparation-Buffer systems such as acetate, phosphate, 
tris(hydroxymethy1)aminomethane. and bicarbonate were prepared as 
stock solutions according to a literature procedure (41) and then were 
diluted to 0.01 M. The pH values were adjusted by adding 0.1 N HC1 or 
NaOH and were checked with a digital pH meter*. Each buffer was within 
the appropriate pH range for its own optimum buffer capacity. 

The acetate buffer pH was adjusted to 4.00. Both the phosphate buffer 
and the tris(hydroxymethy1)aminomethane buffer were adjusted to  pH 
7.40. The pH value of the bicarbonate buffer was 9.20. The pH value of 
the deionized, distilled water was 6.90 f 0.05. The pH value always 
changed when acidic or basic drugs were dissolved in water saturated with 
1-octanol, so the final pH value of the water layer was measured after 
partitioning. 

Determination of Apparent and True  (or Corrected) Parti t ion 
Coefficients-The drugs were partitioned between 1-octanol saturated 
with buffer (or distilled water) and the same aqueous phase saturated 
with 1-octanol. In most cases, a 1:l ( v h )  ratio ( i e . ,  25 mk25 ml) of 1- 
octanol to buffer (or water) was used. The drug was dissolved first in the 
aqueous phase and then equilibrated with gentle shaking for 3-4 hr at  
room temperature (25 f 1') followed by centrifugation for 30 min. A 
standard curve was obtained from six or eight points of the drug solution 
by the UV or visible spectrophotometric method3 to give an absorbance 
of 0.2-0.9 in a 3-ml cell. The concentration of the sample in the aqueous 
phase after equilibrium and separation was determined from the ab- 
sorbance and the standard curve. The absorbance of the sample was 
adjusted to 0.2-0.9 by dilution. 

The apparent partition coefficient was calculated from Pap? = 
C1.0ctsno&2aqueow Each determination was done a t  least in quadruplicate 
using different amounts of the sample, and the mean and standard de- 
viation were determined (SD 5 0.03). Values with a deviation of >0.03 
were remeasured. The true or corrected partition coefficient (log P,,,, 
value) was calculated from P,,,, = Papp/(l - a), where a is the degree of 
drug ionization a t  the given pH. The problem of the low solubility of 
benzoic acid, hydrocortisone, and 5-methyl-5-phenylhydantoin was 
circumvented by using <2% absolute methanol. 

Regression Analysis-For the regression analysis, a least-squares 

Phenolsulfonphthalein, 1-octanol (reagent grade), and salicylic acid were 
purchased from Fisher Scientific Co. Atropine sulfate and hydrocortisone were 
purchased from Sigma Chemical Co. Benzoic acid was purchased from Pfizer, Inc. 
3,5-Diamino-1,2,4-triazole was purchased from Aldrich Chemical Co. Thiosemi- 
carbazide was urchased from Eastman Or anic Chemicals. Phthalimide potassium 
was purchaseffrom Matheson, Coleman $: Bell. Theobromine and ephedrine hy- 
drochloride were purchased from Merck & Co. Thiourea and sulfanilamide were 
purchased from Mallinckrodt Chemical Works. Procainamide hydrochloride was 
purchased from Pfaltz & Bauer. Sulfadiazine sodium was purchased from City 
Chemical Corp. Diphenhydramine, propranolol, labetalol, atenolol, meto rolol, 
and methapyrilene hydrochloride were kindly provided by Dr. S. H. Wan, gchool 
of Pharmacy, University of Southern California. 5-Methyl-5-phenylhydantoin was 
kindly provided by Dr. J. Cohen, School of Pharmacy, University of Southern 
California. Trimethylene thiourea, N,N'-diethylethylene thiourea, butylene 
thiourea, and ethylene thiourea were synthesized by Lien (37). 

* Beckman 3500. 
Perkin-Elmer double-beam spectrophotometer or Coleman 124. 

program was used to derive the equations listed in Table I1 and run on 
a computer through a remote terminal4. 

RESULTS AND DISCUSSION 

The apparent and corrected partition coefficients of various drugs 
measured in this study are summarized in Tables I, 111, and IV. 

Bonner and Woolsey (42) showed that different solutes and temper- 
ature may affect the structure of water (ie., the percentage of unbonded 
water molecules and the number of water molecules on different solutes), 
which undoubtedly affects the solubility of a drug in the aqueous phase 
and the organic-aqueous partition coefficient. The buffer and water may 
form a complex structure, and since the buffer has a counterion function 
(ion-pair function), it may affect the physicochemical properties of the 
drug. The pH value of distilled water changes by -2.5 when a certain 
amount of acidic drug is dissolved in the water layer. Therefore, after 
partitioning, the final pH value of the water layer has to be determined 
by a pH meter. Equations correlating the log P,,,, values obtained from 
different systems with those from 1-octanol-water are summarized in 
Tables I1 and V and Figs. 1-3. 

In Table 11, according to the slopes and intercepts in the equations, 
acidic, basic, and neutral drugs should not be grouped together in a single 
equation in most cases. The correlation coefficients and standard de- 
viations of separate equations are much better than those of the com- 
posite equation (compare Eqs. 1-3 with Eqs. 5-7, 8-10, and 11-13). 
Several basic drugs such as propanolol and labetalol were not soluble 
enough in an alkaline pH (9.2). Hence, the partition coefficients could 
not be determined by the conventional methodology; consequently, Eq. 
7 has only six data points. For a basic drug with Eqs. 5,6, and 7, the slopes 
are 0.870, 0.421, and 0.496, respectively; they are all less then one, and 
the intercepts are -1.253,1.143, and 1.137, which do not approach zero. 
If the slope of an equation is approximately one and the intercept ap- 
proaches zero, it may be interpreted that the ratio of the true partition 
coefficient of the drug in octanol-water and in octanol-buffer is 1:l. In 
this case, the true partition coefficient, which was measured in octanol- 
buffer, is equivalent to that obtained in octanol-water. These values could 
be utilized in quantitative structure-activity relationship studies without 
correction. 

I t  may be seen from Eqs. 5-7 that no 1:l ratio exists between the three 
systems examined. Equation 5 has a higher slope and a lower intercept 
compared to Eqs. 6 and 7. It is suggested that the acetate buffer interacts 
with the protonated form of basic drug molecules and increases their li- 
pophilicity. On the other hand, phosphate buffer and bicarbonate buffer 
attract basic drug molecules in the aqueous layer. For acidic drugs, ac- 
cording to the slope (0.984) and the intercept (0.081) from Eq. 9, the 
measured partition coefficients of acidic drugs in phosphate buffer as 
well as in octanol-water can be combined in the quantitative structure- 
activity relationship work. The partition coefficient of the acidic drug 
measured in acetate buffer or in bicarbonate buffer must be corrected 
with the necessary equations before extrapolation to octanol-water. 

For neutral drugs, the slopes of Eqs. 11,12, and 13 are 0.988,0.992, and 
0.997, respectively, all of which are very close to one, and the intercepts 
are -0.020, -0.045, and -0.025, respectively, which are nearly zero. The 
measured partition coefficients of neutral drugs in any of the three buffer 
systems will give similar results to the octanol-water system. The slope 
of Eq. 4 is 0.985, which is close to unity, and the intercept is 0.015, which 
approaches zero. Therefore, the partitioning behavior of the drugs ana- 
lyzed in octanol-tris(hydroxymethy1)aminomethane is the same as in 
octanol-phosphate. 

The ability of counterions in different buffers to affect the mechanism 
of intermolecular or intramolecular bonding forces in the partitioning 
behavior presents a complex problem. In the measurement of the parti- 
tion coefficients of drugs, many different solvent systems have been used 
to ensure proper solubility of the drug. Equations for various organic 
solvent systems were published by Hansch andLeo (21,22). It is proposed 
that the equations obtained from this study, as outlined in Table 11, be 
used to correct for different buffer systems. These equations should be 
important in quantitative structure-activity relationship studies since 
no previous systematic study with different buffers has been reported. 

Salicylic acid may be used to illustrate the complex phenomenon of 
molecular interaction in partitioning. According to the Debye-Huckel 
equation (43), the errors in the measurement of the partition coefficient 
of salicylic acid and phenformin might be attributed to the difference 
between pKa and pKa' due to the ionic strength of the electrolytes. 

IRM 370/155 computer uia an IBM 4012 M E  terminal. 
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Table I-log Pap,, and log P,,,, of Various Drugs in Octanol-Phosphate and in Octanol-Bicarbonate 

1-Octanol-Phosphate 1 -0ctanol-Bicarbonate 
Buffer (pH 7.4) Buffer (pH 9.2) 

log Pcorr log Pcorr 
Drug pKa 1-ff log P U D D  (*SD) 1 - C U  log P U D D  (fSD) 

Diphenhydramine 

Propranolol 

Phenformin 

Labetalol 

Atropine sulfate 

Metoprolol 

Atenolol 

Methapyrilene 

Procainamide 

Ephedrine 

Phenolsulfon- 
phthalein 

Salicylic acid 

Sulfanilamide 

Benzoic acid 

Theobromine 

Phthalimide 

5-Methyl-5-phenyl- 
hydantoin 

Sulfadiazine 
sodium 

N,N’-Trimethvlene 
thiourea 

N,N’-Diethylethyl- 
ene thiourea 

N,N’-Ethylene 
thiourea 

Thiourea 

Thiosemicarbazide 

N,N‘- Butylene 

Hydrocortisone 
thiourea 

8.98 

9.45 

11.80 

9.45 

9.25 

9.68 

9.45 

8.90 

9.24 

9.63 

7.90 

2.75 

10.43 

4.34 

10.05 

8.30 

8.33 

6.48 

.- 

- 

- 

.- 

- 

- 

- 

0.025640 

0.008836 

0.000040 

0.008836 

0.013933 

0.005223 

0.008836 

0.030679 

0.014254 

0.005989 

0.759927 

0.000447 

0.999068 

0.000863 

0.997741 

0.984078 

0.999226 

0.107342 

1.00 

1 .OO 

1.00 

1.00 

1.00 

1.00 

1 .oo 

1.60 

1.24 

-1.47 

1.13 

-0.06 

-0.25 

-1.62 

1.29 

-1.33 

-1.35 

-1.60 

- 1.62 

-0.73 

-1.34 

-0.72 

- 1.47 

1.01 

-1.00 

-0.65 

1.16 

-0.65 

-0.97 

-1.26 

-0.09 

1.53 

3.20 
(0.02) 
3.29 

(0.01) 
2.94 

(0.02) 
3.18 

(0.01) 
1.24 

(0.01) 
2.04 

(0.02) 
0.43 

(0.01) 
2.81 

(0.02) 
0.51 

(0.01) 
0.87 

(0.02) 

(0.03) 
1.73 

(0.03) 
-0.73 
(0.03) 
1.72 

(0.03) 
-0.72 
(0.01) 

-1.47 
(0.02) 
1.01 

(0.01) 
-0.03 
(0.02) 

-0.66 
(0.02) 
1.17 

(0.01) 
-0.65 
(0.01) 

-0.97 
(0.02) 

-1.26 
(0.02) 

-0.09 
(0.01) 
1.53 

(0.01) 

-1.45 

- 

- 

0.002562 

- 

0.471500 

0.248700 

0.360205 

- 

0.476985 

0.271191 

0.047727 

0.00000036 

0.944439 

0.000014 

0.875001 

0.1 12045 

0.1 19040 

0.001902 

1 .oo 
1 .oo 
1.00 

1 .00 

1.00 

1.00 

1 .oo 

a - 

a - 

-0.96 

a - 

0.08 

1.62 

-0.37 

- a 

0.37 

0.46 

-2.15 

-1.27 

-0.74 

-2.46 

-0.81 

-2.57 

0.51 

-2.12 

-0.71 

1.11 

-0.65 

-0.98 

-1.25 

-0.10 

1.51 

- a 

-a  

1.64 
(0.02) 

-a  

1.14 
(0.02) 
2.22 

(0.02) 
0.08 

(0.01) 
-a 

0.65 
(0.01) 
1.02 

(0.02) 
-0.83 
(0.03) 
(5.18)* 
(0.02) 

-0.71 
(0.01) 
2.43 

(0.03) 
-0.75 
(0.03) 

-1.60 
(0.01) 
1.44 

(0.03) 
0.06 

(0.02) 
-0.72 
(0.02) 
1.11 

(0.01) 
-0.65 
(0.02) 

-0.98 
(0.02) 

-1.25 
(0.01) 

-0.10 
(0.01 ) 
1.51 

(0.01) 
Not determined due to limited solubility. * This was probably due to the error in high (Y and low 1 - n: see Discussion. 

Table 11-Equations Correlating log Pc0,, in 1-Octanol-Water with that in 1-Octanol-Buffer 
~ ~ 

Equation na r b  S C  

All Drugs Pooled Together 
(1) log P (octanol-water) = -0.260 + 0.685 log P (octanol-acetate buffer, pH 4.0) 
(2) log P (octanol-water) = 0.122 + 0.892 log P (octanol-phos hate buffer, pH 7.4) 
(3) log P (octanol-water) = 0.037 + 1.029 log P (octanol-bicarionate buffer, pH 9.2) 
(4) log P (octanol-phosphate buffer, pH 7.4) = 0.015 + 0.985 log P [octanol-tris(hydroxymethy1)amino- 

23 0.941 0.541 
24 0.947 0.504 
20 0.939 0.480 
12 0.997 0.109 

methane buffer, pH 7.41 
For Basic Drugs 

(5) log P (octanol-water) = -1.253 + 0.870 log P (octanol-acetate buffer, pH 4.0) 
(6) log P (octanol-water) = 1.143 + 0.421 log P (octanol-phosphate buffer, pH 7.4) 
(7) log P (octanol-water) = 1.137 + 0.496 log P (octanol-bicarbonate buffer, pH 9.2) 

(8) log P (octanol-water) = -0.217 + 1.156 log P (octanol-acetate buffer, pH 4.0) 
(9) log P (octanol-water) = 0.081 + 0.984 log P (octanol-phosphate buffer, pH 7.4) 

For Acidic Drugs 

(10) log P (octanol-water) = -0.304 + 0.895 log P (octanol-bicarbonate buffer, pH 9.2) 

9 0.901 0.257 
10 0.954 0.167 
6 0.870 0.235 

7 0.989 0.292 
7 0.980 0.291 
7 0.967 0.375 

For Neutral Drugs 
(11) log P (octanol-water) = -0.020 + 0.988 log P (octanol-acetate buffer, pH 4.0) 
(12) log P (octanol-water) = -0.045 + 0.992 log P (octanol-phosphate buffer, pH 7.4) 
(13) log P (octanol-water) = -0.025 + 0.997 log P (octanol-bicarbonate buffer, pH 9.2) 

7 0.998 0.070 
7 0.999 0.061 
7 0.999 0.052 

a Number of data points used in the regression analysis. Correlation coefficient. Standard deviation of regression (standard error of estimate). 
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Table 111-log PaPp and log Pcorr of Various Drugs in Octanol-Acetate a n d  in Octanol-Water 

1-Octanol-Acetate Buffer (pH 4.0) 1-Octanol-Water 
1% Pcorr log Pcorr 

Drug PKa 1 - L y  lag Papp  (fSD) 1-Cu log Papp (fSD) 
Diphenhydramine 

Phenformin 

Atenolol 

Atropine sulfate 

Propranolol 

Metoprolol 

Labetalol 

Procainamide 

Methapyriline 

Ephedrine 

Salicylic acid 

Phenolsulfonphthalein 

Sulfadiazine sodium 

Sulfanilamide 

Benzoic acid 

5-Methyl-5-phenylhydantoin 

Theobromine 

Phthalimide 

N,N’-Trimethylene thiourea 

Thiourea 

N,N’-Diethylethylene thiourea 

N.N‘- Ethylene thiourea 

Hydrocortisone 

N,N’- Butylene thiourea 

Thiosemicarbazide 

8.98 

11.80 

9.45 

9.25 

9.45 

9.68 

9.45 

9.24 

8.90 

9.63 

2.75 

7.90 

6.48 

10.43 

4.34 

8.33 

10.05 

8.30 

- 

- 

- 

- 

- 

- 

- 

0.000010 

0.00000008 

0.000035 

0.000006 

0.000035 

0.000002 

0.000035 

0.000006 

0.000013 

0.000002 

0.053240 

- 

- 

0.999963 

0.685211 

0.999953 

0.9999991 

0.999950 

1 .oo 
1.00 

1 .oo 
1 .oo 
1 .oo 
1.00 

1 .oo 

-0.61 

-0.95 

-1.84 

- 1.83 

-0.23 

-1.72 

-0.42 

-2.18 

-1.10 

-1.71 

1.60 

- 
C - 

-0.70 

1.82 

1.03 

-0.68 

-0.66 

-0.74 

-0.96 

1.14 

-0.65 

1.52 

-0.09 

-1.31 

4.37 
(0.01) 
(6.12)O 
(0.01) 
2.62 
(0.02) 
3.42 
(0.02) 
4.22 
(0.01) 
3.96 
(0.02) 
4.03 
(0.01) 
3.06 
(0.02) 
3.80 
(0.01) 
3.93 
(0.01) 
2.87 
(0.01) 

(0.04) 
-1.16b 

- c  

-0.70 
(0.02) 
1.98 
(0.02) 
1.03 
(0.03) 
-0.68 
(0.01) 
-0.66 
(0.03) 
-0.74 
(0.02) 
-0.96 
(0.02) 
1.14 
(0.01) 
-0.65 
(0.02) 
1.52 
(0.02) 
-0.09 
(0.01) 
-1.31 

0.000926 

0.000 140 

0.002812 

0.003970 

0.002812 

0.00 1857 

0.002812 

0.005 104 

0.01 11 15 

0.000229 

0.025626 

0.788070 

0.705874 

0.999898 

0.369592 

0.999226 

0.999985 

0.984078 

1.00 

1.00 

1.00 

1.00 

1 .oo 
1.00 

1.00 

-0.27 

0.03 

-0.05 

-0.59 

-1.40 

-0.71 

-1.27 

-1.11 

0.22 

-1.96 

1.10 

-1.77 

-0.27 

-0.75 

1.61 

1.01 

-0.69 

-1.47 

-0.76 

-1.09 

1.11 

-0.65 

1.48 

-0.09 

-1.22 

2.76 
(0.02) 
2.43 
(0.02) 
1.21 

(0.03) 
1.81 
(0.02) 
2.41 
(0.03) 
2.01 
(0.02) 
2.51 
(0.02) 
1.19 
(0.01) 
2.17 
(0.01) 
1.70 
(0.02) 
3.10 
(0.02) 
-1.66 
(0.03) 

-0.08 
(0.01) 
-0.75 
(0.02) 
2.04 
(0.02) 
1.01 
(0.01) 
-0.69 
(0.02) 
-1.47 
(0.02) 
-0.76 
(0.02) 
-1.09 
(0.01) 
1.11 
(0.01) 
-0.65 
(0.01) 
1.48 
(0.01) 
-0.09 
(0.01) 
-1.22 

(0.01) (0.01) 
This was probably due to the error in high ct and low 1-a; see Discussion. * E. J. Lien, Drug Intell., 4.7 (1970). c Not determined due to limited solubility. 

Table IV-log Pnpp and  log PcO,, of Various Drugs in  Octanol-Tris(hydroxymethy1)aminomethane 

1-Octanol-Tris(hydroxymethy1)aminoniethane (pH 7.4) 
Drug pKa 1 - L y  log Pa,, log Pcorr f SD 

Propranolol 
Atropine sulfate 
Labetalol 
Diphenhydramine 
Metoprolol 
Atenolol 
Methapyrilene 
Procainamide 
Ephedrine 
Sulfadiazine sodium 
N,N’-Trimethylene thiourea 
N,N’-Diethylethylene thiourea 

9.45 
9.25 
9.45 
8.98 
9.68 
9.45 
8.90 
9.24 
9.63 
6.48 
- 
- 

0.008836 
0.013933 
0.008836 
0.025640 
0.005223 
0.008836 
0.030679 
0.014254 
0.005989 
0.107352 
1.00 
1.00 

~ ~~ 

1.33 3.39 f 0.01 
-0.05 1.31 f 0.01 
1.08 3.13 f 0.01 
1.61 3.20 f 0.02 

-0.25 2.04 f 0.01 
-1.78 0.27 f 0.03 
1.35 2.87 f 0.02 

- 1.09 0.76 f 0.01 
-1.48 0.75 f 0.02 
- 1 .oo -0.03 f 0.02 
-0.68 -0.68 f 0.02 

1.13 f 0.01 1.13 

Therefore, pKa’ is introduced to correct for the ionic strength of elec- 
trolytes according to: 

equation contributed to the increase in the pKa’value by4 .05 .  However, 
the corrected value of 01 was not altered substantially. The value of pKa’ 
did not affect log PCorr of the drug in this study. The salicylic acid was 
dissolved in water, which resulted in a pH change of the solution from 
6.8 to 4.33. According to (Y = 1/[1 + antilog (pKa - pH)], ~y is 0.9744. 
Therefore, it may be assumed that most of the drug molecules have ion- 
ized and subsequently are concentrated in the aqueous layer. This effect 

0.51(22 - l)& 
pKa’ = pKa + 

1 + V 5  
where I.( is the ionic strength of the electrolytes. In this study, the con- 
centration of the buffer solution was 0.01 M. The second term in the 
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Table V-Intercorrelation between log P,,,, in Octanol-Water 
and log Pee,, in Octanol-Buffer 

log P (octanol-water) 
= a log P (octanol-buffer) + b 

a b 
Drug Buffer pH (slope) (intercept) 

Basic Acetate 4.0 

Bicarbonate 9.2 
Acidic Acetate 4.0 

Bicarbonate 9.2 
Neutral Acetate 4.0 

Bicarbonate 9.2 

Phosphate 7.4 

Phosphate 7.4 

Phosphate 7.4 

0.870 
0.421 
0.496 
1.156 
0.984 
0.895 
0.988 
0.992 
0.997 

~ 

-1.253 
1.143 
1.137 

-0.217 
0.081 

-0.304 
-0.020 
-0.045 
-0.025 

1 
1 I I 1 

1 2 3 4 5 
log P (octanol-acetate buffer, pH 4.0) 

3 

-2  -1 

- 2  

1 2 3 
'og P (octanol-acetate buffer, pH 4.0) 

I 
I I 

1 2 3 4 
log P loctanol-phosphate buffer, pH 7.4) 

* 
1 2 3 

log P (octanol-bicarbonate buffer, pH 

/ 

1 I 

1 2 3 4 

log P (octanol-bicarbonate buffer, pH 9.2) 

Figure 1-Linear relationships between the corrected (true) partition 
coefficient in 1-octanol-water and that in 1-octanol-buffer for basic 
drugs. 

9.21 

-24 
Figure 2-Linear relationships betureen the corrected (true) partition 
coefficient in 1-octanol-water and that in 1-octanol-buffer for  acidic 
drugs. 

would result in a very low value for the apparent partition coefficient. 
Consequently, the 1 - a value is very small. A small error in 1 - N will 
result in a large difference in log P,,,,. If one utilizes s constants or 
fragment constants, f (44,45), to calculate log P,,,, of salicylic acid, the 
value appears to be much lower than that obtained in Table I. It appears 
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1 2 3 
log P (octanol-acetate buffer, pH 4.0) 

1 2 3 4 
,/ I log P (octanol-phosphate buffer pH 7.4) 

-24 

L 

4- 
al 

$ 2  

5 1  

I - 
4- 

Q. 

.sl 

1 2 3 
log P (octanol-bicarbonate buffer, pH 9.2) 

-24 

Figure 3-Linear relationships between the Corrected (true) partition 
coefficient in 1-octanol-water and that in 1-octanol-buffer for neutral 
drugs. 

to be an outlier on the statistical line. This result may be attributed to 
entrapment of the ionized species by the small amount of the buffer so- 
lution dissolved in the octanol phase. Phenformin, a basic drug highly 
ionized at low pH, presents the same problem. Consequently, both of 
these outliers were deleted from the appropriate equations. 

Both water and buffer species have their own intrinsic capacity, which 
may affect the partitioning behavior of the drug. A comparison of acetate 
buffer, tris(hydroxymethy1)ainomethane buffer, phosphate buffer, and 
bicarbonate buffer reveals that the phosphate buffer is similar to water, 

according to Eqs. 6,9, and 12. All of these equations have high correlation 
coefficients. It may be concluded that phosphate buffer (pH 7.4) is ap- 
propriate to keep the constant pH in the measurement of the partition 
coefficient of neutral and acidic drugs as long as they are soluble enough 
in the system. 

CONCLUSION 

These findings have significant bearing on quantitative structure- 
activity relationship studies; i.e., the true partition coefficients (log P,,,) 
of acidic and basic drugs obtained from different buffer systems may not 
be suitable for regression analysis without correction. For acidic and 
neutral drugs, the phosphate buffer (pH 7.4) appears to give log P,,,, 
values closer to those obtained from octanol-water than acetate and bi- 
carbonate buffers. Therefore, the phosphate buffer system probably is 
the most suitable system for measuring true (or corrected) partition 
coefficients for quantitative structure-activity relationship work as long 
as the drug is soluble enough in this system. For basic drugs, any dis- 
crepancies must be corrected when different buffer systems are used in 
the measurement of partition coefficients. 
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Abstract  The effect of oxalic acid, citric acid, and their sodium salts 
on the structure of aluminum hydroxycarbonate gel was studied to il- 
lustrate the various mechanisms by which polybasic acids interact with 
aluminum hydroxycarbonate gel. Analysis of changes in the pH-stat ti- 
trigram, the carbonate to aluminum ratio, the aluminum content of the 
supernate following centrifugation, and the adsorption of the organic 
solute indicates that polybasic acids may: ( a )  partially neutralize the 
aluminum hydroxycarbonate gel by a general acid effect, ( b )  modify the 
aluminum hydroxycarbonate surface by adsorption of the anionic form 
of the polybasic acid, ( c )  extract aluminum by the formation of a soluble 
complex, and ( d )  lead to the precipitation of a new crystalline phase. 

Keyphrases 0 Polybasic acids-oxalic acid, citric acid, and their sodium 
salts, effect on aluminum hydroxycarbonate gel structure, complexation 
of polybasic acids with aluminum, adsorption of polybasic anion, acid 
neutralization 0 Complexation-polybasic acids and their sodium salts 
with aluminum hydroxycarbonate gel, acid neutralization, structural 
changes in aluminum hydroxycarbonate gel Acid neutralization- 
complex formation with polybasic acids and aluminum hydroxycarbonate 
gel Aluminum hydroxycarbonate-complexation with polybasic acids 
and their sodium salts, structural changes, acid neutralization 

Citric acid, oxalic acid, and other polybasic acids can 
inhibit the crystallization of aluminum hydroxide and form 
complexes with aluminum (1-3). Gibaldi and Mufson (4) 
found that the neutralization of dried aluminum hydroxide 
gel was inhibited when sodium citrate or sodium tartrate 
was added to the 0.1 N HCl used as the reaction medium. 
It was concluded that dried aluminum hydroxide gel reacts 
with sodium citrate or sodium tartrate to produce a 
water-soluble complex as well as to reduce surface area by 
flocculation. 

Polybasic acids are important in soil-weathering reac- 
tions due to their role in complexing and solubilizing alu- 
minum (5,6). In addition, it was found that the edge faces 
of gibbsite (7), as well as synthetic goethite (8), can adsorb 
oxalate anion. 

The nature of the interaction of polybasic acids with the 
surface of aluminum hydroxycarbonate has not been ex- 

amined in detail. This study describes the mechanisms by 
which polybasic acids interact with aluminum hydroxy- 
carbonate and the effect of these interactions on the acid 
reactivity of aluminum hydroxycarbonate gel. 

EXPERIMENTAL 

An aluminum hydroxycarbonate gel that exhibited a moderate rate 
of acid neutralization was selected so that any increase or decrease in the 
acid neutralization rate would be observed easily. The gel was amorphous 
to X-rays and had an IR spectrum characteristic of aluminum hydroxy- 
carbonate gel (9). 

Mixtures containing 0.2 M equivalent aluminum oxide and either 0.1 
or 0.2 M polybasic acid or salt were prepared by dissolving the polybasic 
acid or salt in water and adding the solution to an appropriate quantity 
of aluminum hydroxycarbonate gel with mixing. 

The acid neutralization reaction was monitored by an automated 
pH-stat titration a t  pH 3.0 and 25O (10). 

The carbonate content was determined by gasometric displacement 
using the Chittick apparatus’ ( 7  1) and is expressed as the molar ratio of 
carbonate to aluminum. 

The aluminum content of the supernate was determined by centri- 
fuging at 15,000 rpm (27,OOOXg) for 30 min and measuring the aluminum 
content of the supernate by atomic absorption spectroscopy. The result 
represents the aluminum-ion content as well as the aluminum content 
of hydroxyaluminum polymers that remain in the supernate after cen- 
trifugation. The aluminum content of the supernate depended on the 
conditions of centrifugation, and all results reported were obtained under 
carefully standardized conditions. 

The distribution of the organic solute was monitored by analyzing both 
the supernate and the solid phase for organic carbon content by the 
Walkley-Black method (12). In every case, the sum of the organic carbon 
in solution and in the solid phase was 82-101% of the theoretical carbon 
content. 

The solid phase that formed when 0.2 M citric acid was added to the 
aluminum hydroxycarbonate gel was analyzed by X-ray diffraction2 and 
IR spectroscopy. A sample of the solid phase was vacuum dried over 
phosphorus pentoxide and ground to a fine powder with an agate mortar 
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Citric acid, oxalic acid, and other polybasic acids can 
inhibit the crystallization of aluminum hydroxide and form 
complexes with aluminum (1-3). Gibaldi and Mufson (4) 
found that the neutralization of dried aluminum hydroxide 
gel was inhibited when sodium citrate or sodium tartrate 
was added to the 0.1 N HCl used as the reaction medium. 
It was concluded that dried aluminum hydroxide gel reacts 
with sodium citrate or sodium tartrate to produce a 
water-soluble complex as well as to reduce surface area by 
flocculation. 

Polybasic acids are important in soil-weathering reac- 
tions due to their role in complexing and solubilizing alu- 
minum (5,6). In addition, it was found that the edge faces 
of gibbsite (7), as well as synthetic goethite (8), can adsorb 
oxalate anion. 

The nature of the interaction of polybasic acids with the 
surface of aluminum hydroxycarbonate has not been ex- 
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which polybasic acids interact with aluminum hydroxy- 
carbonate and the effect of these interactions on the acid 
reactivity of aluminum hydroxycarbonate gel. 
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An aluminum hydroxycarbonate gel that exhibited a moderate rate 
of acid neutralization was selected so that any increase or decrease in the 
acid neutralization rate would be observed easily. The gel was amorphous 
to X-rays and had an IR spectrum characteristic of aluminum hydroxy- 
carbonate gel (9). 

Mixtures containing 0.2 M equivalent aluminum oxide and either 0.1 
or 0.2 M polybasic acid or salt were prepared by dissolving the polybasic 
acid or salt in water and adding the solution to an appropriate quantity 
of aluminum hydroxycarbonate gel with mixing. 

The acid neutralization reaction was monitored by an automated 
pH-stat titration a t  pH 3.0 and 25O (10). 

The carbonate content was determined by gasometric displacement 
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conditions of centrifugation, and all results reported were obtained under 
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The distribution of the organic solute was monitored by analyzing both 
the supernate and the solid phase for organic carbon content by the 
Walkley-Black method (12). In every case, the sum of the organic carbon 
in solution and in the solid phase was 82-101% of the theoretical carbon 
content. 

The solid phase that formed when 0.2 M citric acid was added to the 
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Figure I-The pH-stat titrigrams at p H  3.0 and 25' for aluminum 
hydroxycarbonate gel equiualent to 0.2 M A1203 with 0.1 M polybasic 
acids. Key: A, control; B, oxalic acid; C,  sodium oxalate; D, citric acid; 
E, sodium citrate; and *, aged a t  40' for 2 weeks. 

and pestle. Powder mounts for X-ray diffraction were prepared using 
McCreery mounts. The diffraction pattern was recorded from 6 to 55' 
20 under the following conditions: CUK, radiation, 40 kv, 20 mamp, 500 
cps full scale, and 2'/min scan speed. IR spectra3 were obtained by 
pressing a disk containing 0.5 mg of the dried powder with 300 mg of 
potassium bromide. 

RESULTS 

Figure 1 shows the pH-stat titrigrams of aluminum hydroxycarbonate 
gel immediately following the addition of 0.1 M oxalic acid, citric acid, 
sodium oxalate, or sodium citrate and after aging for 2 weeks at 40'. As 
expected, the acid neutralization rate decreased slightly during aging of 
the control aluminum hydroxycarbonate gel (Fig. IA). 

Oxalic acid (Fig. 1B) caused an initial decrease in the total amount of 
neutralized acid that was related directly to the oxalic acid concentration. 
In addition, a more rapid acid neutralization rate was observed imme- 
diately following oxalic acid addition. However, the acid neutralization 
rate decreased much more rapidly with aging (Fig. IB') than did the rate 
for the control aluminum hydroxycarbonate gel. 

Sodium oxalate initially did not affect the pH-stat titrigram (Fig. 1C). 
However, a totally different acid neutralization profile was observed upon 
aging; i t  was characterized by a two-phase titrigram in which -15% of 
the acid was neutralized immediately and the major portion followed a 
slow, zero-order reaction (Fig. lC*). 

The addition of citric acid substantially decreased the acid neutral- 
ization rate (Fig. lD), which decreased further upon aging (Fig. ID*). 
However, the pH-stat titrigram still shows evidence of the three-phase 
titrigram that characterized aluminum hydroxycarbonate gel (9). 

The addition of sodium citrate resulted in a slow, two-phase neutral- 
ization reaction, which did not change during aging (Fig. 1E). 

The polybasic acids caused a decrease in pH accompanied by a decrease 
in the carbonate to aluminum ratio (Table I). This effect also was ob- 
served when 0.1 M HCI was added to the aluminum hydroxycarbonate 
gel. The carbonate to aluminum ratio was not affected by the addition 
of sodium oxalate or sodium citrate. 

Oxalic acid caused an initial increase in the aluminum content of the 
supernate, which decreased slowly during aging. Citric acid initially 
produced a high level of aluminum in the supernate, which dropped 
significantly during aging. The addition of 0.2 M citric acid converted 
the liquid gel into a solid within 30 min of mixing. Hydrochloric acid in- 
creased the aluminum content in the supernate, which increased further 
upon aging. 

Sodium oxalate caused a small increase in the aluminum content of 
the supernate, which did not change during aging. A substantial increase 
in the aluminum content of the supernate occurred following the addition 
of sodium citrate, with approximately half of the aluminum in the gel 
solubilized by the addition of 0.2 M sodium citrate. 

The adsorption of the polybasic acid or its salt was measured by de- 
termining the carbon content of the supernate and the solid phase (Table 
I). Approximately 40% of the added oxalic acid was in solution immedi- 
ately following the addition of oxalic acid. The oxalic acid concentration 
in solution slowly decreased during aging. Sodium oxalate showed the 
same pattern, except that  higher levels of oxalate ion were found in so- 
lution. 
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Table 11-X-Ray PowderDiffraction Pattern of the New Phase 
Formed when 0.2 M Citric Acid Was Added to Aluminum 
Hydroxycarbonate Gel Equivalent to 0.2 M A1,0, Compared 
to the 10 Most Intense Peaks for Citric Acid, Sodium Citrate, 
and Aluminum Citratea 

Citric Acid Sodium Citrate 
New Phase Monohydrate b Dihydratec 

Inter- Inter- Inter- 
planar Relative planar Relative planar Relative 

Spacing, Intensity, Spacing, Intensity, Spacing, Intensity,  
A % a % A % 

_- 

14.26 100 
7.63 10 
7.20 10  
6.92 16 ... - 
6.66 21 
6.28 12 
6.19 1 2  
5.64 10 
5.10 6 
5.01 6 
3.82 9 
3.65 22 
3.49 16 
3.47 16  
3.35 16 
3.29 20 
3.13 14 
3.10 14 
3.02 7 
2.93 10  
2.15 7 

5.82 
4.87 
3.980 
3.849 
2.741 
4.94 
3.639 
3.045 
2.684 
4.66 
3.744 
3.025 
2.913 

100 
90  
65 
55 
4 0  
25 
25 
25 
18  
16  
16 
16 
16 

7.86 
3.10 
5.05 
5.49 
3.01 
2.438 
9.54 
3.258 
2.742 
4.83 
3.23 
2.964 
2.414 

100 
35 
30 
18 
14 
1 4  
12 
12 
1 2  
10  
10 
10  
10 

a s a m p l e  obtained from Pfaltz and  Bauer,  S t amford ,  Conn. ,  was amor -  
phous to X-rays. bData from A.S.T.M. Card 15-985. CData f rom A.S.T.M. 
Card 16-1170. 

A high citric acid level was seen in solution initially but dropped sharply 
during aging. Most of the added sodium citrate was present in solution 
both initially and during aging. 

The X-ray diffractogram and IR spectrum of the solid that formed 
upon the addition of 0.2 M citric acid are shown in Table I1 and Fig. 2, 
respectively. The appearance of a new phase is indicated by the peaks 
in the X-ray diffractogram, which differ from that of citric acid, sodium 
citrate, or aluminum citrate. The reaction of citric acid with aluminum 
to form citrate anion in the new phase was confirmed by the shift of the 
carbonyl stretching band of citric acid a t  1730 cm-' t o  an unresolved 
doublet with maxima a t  1615 and 1640 cm-I. 

DISCUSSION 

Polybasic acids and their salts cause significant changes in the structure 
of aluminum hydroxycarbonate gel that affect both acid reactivity and 
stability, and several mechanisms may be responsible for these 
changes. 

Oxalic acid appears to act by a general acid effect, which causes partial 
neutralization of the aluminum hydroxycarbonate gel. This effect is 
suggested by the decrease in the total amount of acid neutralized, the loss 
of carbonate from the gel structure, and the increased aluminum content 
of the supernate. 

The increased acid neutralization rate following the addition of oxalic 
acid agrees with the previous observation (13) that  the reaction of 
structural carbonate with acid disrupts the gel structure and increases 
the porosity. This effect facilitates diffusion of acid into the gel and leads 
to an accelerated acid neutralization rate. However, the gel is expected 
to polymerize more rapidly upon aging in the absence of structural car- 
bonate. This behavior was confirmed by the large decrease in the acid 
neutralization rate upon aging (Fig. lB*) .  

Adsorption of the oxalate anion produced in the neutralization reaction 
of oxalic aci'd and aluminum hydroxycarbonate gel may occur, as sug- 
gested by the decreased concentration of organic carbon in solution. 
Evidence for the adsorption of oxalate anion also was seen when sodium 
oxalate was added to the aluminum hydroxycarbonate gel. No immediate 
effect was observed on the pH-stat titrigram, but the slow, constant rate 
of acid neutralization observed after aging (Fig. 1C*) suggests that oxalate 
anion is adsorbed by the aluminum hydroxycarbonate surface and that 
the acid neutralization rate is controlled by the diffusion of protons 
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Figure 2-ZR spectra of citric acid (- -) and the solid phase that formed 
from a mixture of 0.2 M citric acid and aluminum hydroxycarbonate 
gel equiualent to 0.2 M A1203 (-). 

through the adsorbed oxalate layer to the aluminum hydroxycarbonate 
gel surface. 

The carbonate to aluminum ratio was not affected by sodium oxalate. 
However, the amount of oxalate anion in solution decreased during aging, 
and only a relatively small increase in the aluminum content of the su- 
pernate was observed. This behavior supports the proposed surface ad- 
sorption mechanism. 

The addition of sodium citrate to aluminum hydroxycarbonate gel also 
produced a pH-stat titrigram consisting primarily of a slow, zero-order 
acid neutralization reaction, which did not change during aging. 

It is hypothesized that citrate anion is adsorbed by the aluminum hy- 
droxycarbonate surface, producing the same type of diffusion-controlled 
acid neutralization as was seen in the aged sodium oxalate sample. 

Adsorption of citrate anion occurs immediately in contrast to oxalate 
anion. The increase in the aluminum content of the supernate to -60% 
following aging of the 0.2 M sodium citrate sample and the high levels 
of citrate anion in solution suggest that, following citrate anion adsorp- 
tion, aluminum is extracted from the aluminum hydroxycarbonate 
through the formation of a soluble complex. 

Citric acid caused the greatest decrease in the acid neutralization rate. 
After aging for 2 weeks a t  40°, only 30% of the theoretical amount of acid 
was neutralized in 200 min (Fig. lD*). 

The decrease in the carbonate to aluminum ratio and the high initial 
aluminum content of the supernate suggest that  citric acid acts by a 
general acid effect to neutralize partially the aluminum hydroxycarbonate 
gel. However, the mechanism by which citric acid affects the gel structure 
appears to be more complex than that observed for oxalic acid. 

The sharp decrease in both aluminum in the supernate and organic 
carbon in solution during aging suggests the precipitation of a new phase 
containing aluminum and citrate. When 0.2 M citric acid was added, the 
aluminum hydroxycarbonate gel turned solid within 30 min. The struc- 
ture of the solid phase that formed is not known; the new phase contained 
citrate anion, but the X-ray diffractogram differed from that for sodium 
or aluminum citrate. 

Although the crystalline phase was not identified, its formation rate 
is dependent on the citric acid concentration. The crystalline phase does 
not exhibit acid neutralization properties when measured by pH-stat 
titration a t  pH 3, and its formation destroys the antacid properties of 
aluminum hydroxycarbonate gel. 
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Abstract 0 Deiodination of diatrizoic acid, an anionic radiopaque, was 
found to be catalyzed by Cu(11). Through a detailed study of o-iodoben- 
zoic acid, a model compound, the copper-catalyzed SNI mechanism was 
established based on observations of common ion, salt, and pH effects. 
Meta- and para -iodobenzoic acids were unreactive. Deiodination thus 
was facilitated by a neighboring carboxylate that attracted copper. 
Iopamidol, a nonionic radiopaque, also underwent deiodination. At  pH 
7 or above, the hydroxide-ion substitution predominated. A t  pH below 
7, the reaction is in favor of the copper-catalyzed s N 1  mechanism. 
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The most important radiopaques are the water-soluble, 
anionic compounds such as diatrizoic acid (I), iothalamic 
acid, and iodipamide. These compounds are benzoic acid 
derivatives with two or three iodines attached to the ben- 
zene ring. There appears to be no evidence in the literature 
that appreciable deiodination occurs in products con- 
taining any of these compounds (1). However, experiments 
in these laboratories showed that significant deiodination 
took place in the absence of chelating agents. 

Since the mechanism of this reaction was not estab- 
lished, this paper will discuss the deiodination kinetics of 
diatrizoic acid as a representative of anionic radiopaques. 
A model compound, o-iodobenzoic acid, was studied to 
support the proposed mechanism. A new nonionic radi- 
opaque, iopamidol (11) (2), also was examined, and its 
deiodination kinetics were compared with those of di- 
atrizoic acid. 

EXPERIMENTAL 

Materials-Diatrizoic acid’, iopamido12, 8-hydro~yquinoline~, and 

Renografin. E. R. Squibb & Sons, New Brunswick, N.J. 
C I ~ H Z ~ I ~ N ~ O ~ ,  ~,N‘-bis(2-bydroxy-l-(hydroxymethyl)ethyl]-5- (2 hy 

dr0~~-l-oxo~ro~~l~am1nol-2.4.6-triiodo-l.3-benzenedicarboxamide ( k a c c o  
15,000, SQ 18,396), E. R. Squibb & Sons, New Brunswick, N.J 

Eastman Kodak Co., Rochester, N.Y. 

COOH 

I 
I 

m -  and p-iodobenzoic acids3 were used without further purification; 
o-iodobenzoic acid3 was recrystallized twice from ethanol-water. All other 
chemicals were reagent grade. The water used complied with the USP 
specifications for purified water. 

Deiodination of Diatrizoic Acid-Diatrizoic acid was dissolved in 
water with a stoichiometric amount of sodium hydroxide. SBrensen 
phosphate buffer (3) was added to bring the final phosphate concentra- 
tion to 0.0067 M. The chelating agent employed was edetate disodium 
USP at 0.04% (w/v). The amount of iodide produced after stressed con- 
ditions was determined by the USP method (4), which specifies the 
measurement of the absorbance of iodine in a toluene extract at 495 nm4 
after the iodide has been oxidized to iodine. The concentration was cal- 
culated from a standard curve obtained from potassium iodide solutions. 
Similar to the USP specification, the amount of iodide found was ex- 
pressed as the percentage of the weight of iodide with respect to the 
weight of radiopaque in the same solution. 

Kinetic Studies for o-Iodobenzoic Acid-0-Iodobenzoic acid was 
dissolved in water with a stoichiometric amount of sodium hydroxide. 
Slrensen phosphate buffer a t  0.0067 M and cupric sulfate a t  0.5 ppm of 
CU(II) were used unless stated otherwise. Solutions were immersed in a 
constant-temperature (f0.1’) oil bath5, and samples were removed pe- 
riodically for UV assay. Absorbances of the samples at 295 nm were used 
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Model 25 spectrophotometer, Beckman Instruments, Irvine, Calif. 
Constant-temperature circulator model FJ, Haake Inc., Saddle Brook, N.J. 
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Table I-Production of Iodide from Diatrizoic Acid Solutions 
at Various pH Values 

Hours  
4 

PH lodide Found *, PO 

7.8 
7.4 
7 .O 
6.6 
6.2 

0.371 
0.388 
0.333 
0.227 
0.150 

Solutions contained 20% (w/v) diatrizoic acid and 0.0067 M Sqkensen phosphate 
buffer and were assayed after autoclaving at 120' for 30 min. Unautoclaved 
samples and sam les containing 0.04% (w/v) edetate disodium autoclaved at 120' 
for 30 rnin showefundetectable amounts of iodide (<O.gl%). The weight percent 
of iodide with respect to the weight of diatrizoic acid in the same solution. 

to calculate the amount of salicylic acid produced in the reaction. The 
residual amount of o-iodobenzoic acid, employed in the semilogarithmic 
plot, was obtained by subtracting the concentration of salicylic acid 
produced from the initial concentration of o-iodobenzoic acid. The re- 
action rates were calculated graphically from the initial slopes. 

In one experiment, deiodination was followed simultaneously by three 
assay methods: the iodine assay, which was the same as for diatrizoic acid; 
the colorimetric assay, which measures the violet color produced by sal- 
icylic acid in the presence of ferric chloride; and the UV assay. 

In another experiment, samples were analyzed by high-pressure liquid 
chromatography (HPLC) to identify the degradants produced in the 
kinetic study. The column was prepacked with reversed-phase Partisil 
ODS-26. The mobile phase was methanol-water-phosphoric acid (48: 
52:0.04). The UV detector7 was operated at 240 nm. The flow rates was 
2 ml/min, and the volume of the injectorg loop was 20 pl. 

Deiodination of 0-, m-, and p-Iodobenzoic Acids-Solutions of 
these compounds a t  0.5 M were prepared by the addition of a stoichio- 
metric amount of sodium hydroxide, 0.0067 M phosphate buffer, and 0.04 
mM of Cu(11). After autoclave sterilization, the iodide content in these 
solutions was determined by the method described for diatrizoic acid. 

Deiodination of Iopamidol-The reaction kinetics were followed by 
monitoring the iodide content. The solution pH values were maintained 
by 0.0067 M S$rensen phosphate buffer, and the iodide concentration 
was assayed by the procedure described for diatrizoic acid solutions. 

Since the iodide ion produced by deiodination was much less than 1% 
of the iopamidol, a typical equation for first-order kinetics can be sim- 
plified (5) through approximation in an infinite series: 

(Eq. 1) 1 [ iopamidol] [ I t  1 ko = -log, 
t [iopamidol] - [I,] = (3 (iopamidol] 

I I I 
2 4 6 

HOURS 

Figure 1-Production of iodide (Mj a t  No in 0.01 M diatrizoic acid 
solution containing 0.0067 M, p H  7 phosphate buffer and 4 ppm of 
CU(II) .  

~ 

6 Whatman, Clifton, N.J. 
7 Model 1201 SpectroMonitor 1,  Laboratory Data Control, Rivlera Beach, 

Fla. 
Model 110A solvent meterin pump, Altex, Berkeley, Calif. 
Model 7010 injection valve, fiheodyne, Berkeley, Calif. 

\ \ 0 5  \ 

1 I I 1 I I 
280 290 300 310 320 

WAVELENGTH, nm 

Figure 2-UV spectral changes due t o  the formation of salicylic acid 
from o-iodobenzoic acid (0.002 M). The numbers shown by the curves 
are the times elapsed in hours when the solution was studied a t  9oo and 
pH 7. 

where [iopamidol] is the initial concentration of iopamidol, [ I t ]  is the 
iodide concentration a t  time t ,  and ko is the initial rate constant expressed 
in reciprocal time. 

RESULTS AND DISCUSSION 

Deiodination of Diatrizoic Acid-To examine the effect of chelating 
agents, 2Wo diatrizoic acid solutions a t  various pH values were autoclaved 
a t  120' for 30 min. Table I shows the production of the iodide content 
in solutions without a chelating agent. The iodide content, although small, 
exceeded the USP limit of 0.02%. Under the same conditions, prepara- 
tions containing edetate disodium (0.04%) yielded undetectable amounts 
of iodide (<O.OOOl%). Therefore, it was concluded that in solutions 
without edetate, the trace amounts of heavy metals catalyzed the liber- 
ation of iodine from diatrizoic acid. 

A spectrochemical analysis of water from the same source revealed a 
heavy metal content a t  the parts-per-billion level Fe, 16; Cu, 9; Pb, 3; Ni, 
1.4; and Zn, 37. The 0.0067 A4 phosphate buffer may contribute -6 ppb 
or less of heavy metals. Since the USP limit for heavy metals for radi- 
opaque compounds is 20 ppm, the majority of the heavy metal in the di- 
atrizoic acid solution probably comes from the bulk compound; therefore, 
a heavy metal concentration in the parts-per-million range results. 

To identify the metal responsible for catalysis, solutions of low metal 
content were obtained by extracting'the same 20% diatrizoic acid solution 
at pH 7 with chloroform containing 0.1% 8-hydroxyquinoline. This so- 
lution was subdivided and spiked with l ppm each of CU(I!), Fe(III), and 
Fe(1I) as the sulfate salt, CO(II), Zn(I1), and Ag(I) as the nitrate salt, or 
Pb(r1) as lead acetate. After autoclaving for 30 min, only the solution 

coo- COO- 

COO- 
I 

Scheme I - S N ~  mechanism of deiodination 
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Table 11-Deiodination Rate Constants for o-Iodobenzoic Acid 

Iodobenzoic Concentration, [CU(II)I, 
Experiment mM PPma PH 

1 .2 0.5 7.0 
2 1 0.5 7.0 
3 0.4 0.5 7.0 
4 4 0.5 7.6 
5 4 0.5 7.6 
A 4 0.5 8.0 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

4 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

0.5 
5.08 
2.54 
1.27 
0.25 
0.2 
0.5 
0.5 
0.5 
0.5 
0.5 

6.5 
7.0 
7.0 
7.0 
7.0 
7.0 
7.0 
7.0 
7.0 
7.0 
7.0 

0.5 7.0 
0.5 
0.5 
0.5 

7.0 
7.0 
7.0 

Other Additives TemDerature 

1.45 mM salicylic acid 

0.6 mM KI . . ~~~~ ~ ~~~ 

1.2 mM KI 
2.4 mM KI 
20 mM NaBr 
100 mM KN03 

90" 
90" 
90" 
90" 
90" 
90" 
90" 
90" 
90" 
90" 
90" 
90" 
90" 
90" 
90" 
90" 
90" 
85.5" 
81" 
75.5" 
68" 

ko,  hr-' 

0.127c 
0.121 
0.131 
0.127 
0.127 
0.129 
0.118 
0,117 
0.116 
0.122 
0.127 
0.134 
0.112 
0.844 
0.0739 
0.126 
0.174 
0.0589 
0.0462 
0.0165 
0.0054 

For CU(II), 1 ppm is equivalent to 0.015 mM. All solutions included 0.0067 M SBrensen phosphate buffer and a stoichiometric amount of sodium hydroxide. The 
standard deviation of ko for Experiments 1-12 is 0.00577. 

coo- 

- 

COO- 

++%) 

COO- 

Scheme II-SNl mechanism of deiodination 

spiked with CU(II) yielded a detectable iodide content. From these results, 
it is evident that  CU(II) catalyzed the deiodination of diatrizoic acid. By 
using a chelating agent such as edetate disodium, this reaction can be 
retarded. 

To investigate the Cu(II)-catalyzed deiodination further, production 
of iodide in a diatrizoic acid solution was monitored as a function of time. 
Figure 1 shows the increasing iodide content as the solution was heated 
a t  90". By assuming that each diatrizoic acid molecule produces only one 
iodide ion, a semilogarithmic first-order plot (not shown) of the diatrizoic 
acid concentration uersus time resulted in a significant curvature. T o  
explain this deviation from first-order kinetics, the two possible mech- 
anisms (6) for deiodination were examined. 

The Sp42 Mechanism-At constant pH, the sN2 mechanism (Scheme 
1) cannot explain the curvature observed in the first-order plot of di- 
atrizoic acid. In addition, the deiodination of diatrizoic acid is indepen- 
dent of the pH between pH 6 and 8 (Table I) ,  and that observation does 
not support a bimolecular reaction in which the hydroxide ion takes part 
i n  the rate-determining step. 

The s N 1  Mechanism-The first step in the s N 1  mechanism (Scheme 
111, the rate-determining step, is the formation of carbonium ion. The 
iodide produced in the first step can inhibit further deiodination through 
the reversible reaction and thus accounts for the curvature observed in 
the semilog plot. In addition, this mechanism requires pH independence, 
which is consistent with the observed results. The aromatic SNI mech- 
anism is well established for the dissociation of diazonium salts. However, 
for aromatic halides, even active ones, a unimolecular s N 1  mechanism 
has not been observed with certainty (7). 

T o  obtain further support that  an s N 1  mechanism is operative in 
deiodination, a simple model compound was studied because a diatrizoic 
acid contains other labile moieties such as anilide linkages that may 
perturb the reactivity of the molecule and complicate the mechanism. 
o-Iodobenzaic acid was selected for its  structural similarity to radiopaque 
compounds in general. Furthermore, deiodination kinetics can be fol- 

lowed by a simple UV assay of its deiodination product, salicylic acid, 
rather than by the  more time-consuming iodide assay. 

Deiodination of o-Iodobenzoic Acid- A t  neutral pH, o-iodobenzoic 
acid hydrolyzes to yield equal moles of salicylic acid, iodide, and the hy- 
dronium ion. Typical UV spectral changes are illustrated in Fig. 2. In one 
experiment, the reaction was followed by UV, colorimetric, and iodine 
assays, and the consistent results verified that deiodination of o-iodo- 
benzoic acid, within experimental errors, produced only salicylic acid and 
iodide. This fact also was supported by the HPLC evidence shown in Fig. 
3, in which only iodide and salicylic acid could be identified on the 
chromatogram. Figure 3 also shows that salicylic acid was stable under 
the conditions of the kinetic study, with decarboxylation, in particular, 
not taking place. 

A semilogarithmic plot of the o-iodobenzoic acid concentration uersus 
time shows that a typical reaction initially is rectilinear and finally ex- 
hibits definite exponential decline (Fig. 4). The pseudo-first-order rate 
constants, ko, were calculated graphically from the initial slopes from: 

A 
At 

log,--o= -hot (Eq. 2) 

where A0 and At are the o-iodobenzoic acid concentrations at  times zero 
and t ,  respectively. The time was measured in hours. Rate constants 
under various conditions are shown in Table 11. In Experiments 1-3 and 
5 in Table 11, in which the initial concentration of o-iodobenzoic acid was 
varied, consistent rate constants further demonstrated that the reaction 
is first order with respect to the o-iodobenzoic acid concentration. 

Since deiodination required CU(II) as a catalyst, the reaction product, 
salicylic acid, might chelate copper, affect reaction rates, and thus cause 
a curvature in the semilog plot. Experiments 4 and 5 (Table 11) showed 
that the reaction rate remained constant with excess salicylic acid. A 
Cu(Il)-salicylate complex probably still is capable of catalyzing deiodi- 
nation. The fact that deicdination is independent of pH between pH 6 
and 8, as demonstrated with diatrizoic acid (Table I), also was shown by 
Experiments 5-8 (Table 11). 

The effect of the Cu(I1) concentration was illustrated by Experiments 
&11 (Table II), which showed that the reaction seemed to be independent 
of the CU(II) concentration between 0.25 and 5.08 ppm. Solutions spiked 
with CU(II) in this concentration range resulted in essentially constant 
reaction rates. Without spiking, the reactions rates often were scattered, 
perhaps due to various amounts of Cu(11) introduced as impurities in 
water, buffer, or bulk compounds. 

Addition of a small amount of potassium iodide greatly retarded 
deiodination. For the deiodination of o-iodobenzoic acid, iodide is the 
common ion. The magnitude of the common ion effect (a), a'O, can be 

l o  The common inn effect can he used as strong evidence for a carbonium-ion 
intermediare. I n  deiodination reactions. the IY value measures the relative reac- 
tivities of iodide and water to the carhonium ion. Generally, the more stable the 
intermediate carbonium is, the larger (Y is. 
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Figure 3-High-pressure liquid chromatograms from kinetic studies 
of o-iodobenzoic acid (0.002 M) in p H  7phosphate buffer and 4 ppm 
of Cu(l1) a t  90" for 0 hr (A) ,  I hr (B), 2 hr (C), and 24 hr (D) and for 
salicylic acid under the same conditions for 0 hr (E)  and 24 hr (F). Key: 
a, iodide; b, salicylic acid; and c, o-iodobenzoic acid. 

calculated from: 

(Eq. 3) 

where k l  is the initial rate constant with an added iodide concentration 
of [I-] and ko is the rate constant at  [I-] = 0. 

The a values for deiodinat,ion were 400 and 517 when the iodide con- 
centrations were 1.2 and 2.4 mM, respectively. These values are on the 
same order of magnitude as the a values for the s N 1  hydrolysis of tri- 
phenylmethyl chloride (9). Such large a values for iodobenzoic acid lend 
strong support to the proposed s N 1  mechanism. 

Addition of other halide ions, such as sodium bromide, did not affect 
reaction rates (Experiment 16). Increasing the ionic strength by adding 
large amounts of salt, such as potassium nitrate, enhanced deiodination 
(Experiment 17). These observations support an sN1 mechanism. From 
an Arrhenius plot (Fig. 5) of the rate constants a t  five temperatures 
(Experiments 1 and 18-21), the heat of activation was calculated 
graphically to be 34 kcal/mole, which is comparable to many unimolecular 
s N 1  reactions (10). 

Deiodination of rn- and  p-Iodobenzoic Acids-Apart from CU(II) 
catalysis, deiodination is clearly of the s N 1  type for o-iodobenzoic acid. 
This reaction could be a unique instance of unimolecular aromatic sub- 
stitutions in addition to the decomposition of diazonium ions. In the s N 1  
mechanism, the neighboring carboxylate can function in either of two 
ways to facilitate the reaction. First, through electronic resonance effects, 
the negative carboxylate moiety could stabilize the formation of positive 
carbonium intermediates. If this were the case, p-iodobenzoic acid should 
undergo a reaction similar to o -iodobenzoic acid. Second, through a 
chelation effect, the carboxylate moiety could associate with copper ions, 
bringing them close to the reaction site and, perhaps, assisting the copper 
ion in polarizing the carbon-iodine bond. If this were the case, only o -  

t 0.0015 
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Figure 4-First-order plot of deiodination of o-iodobenzoic acid 
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Figure 5-Arrhenius plot of deiodination of o-iodobenzoic acid a t  p H  
7.0 with Cu(lI) catalysis. 

iodobenzoic acid would be reactive and them- and p-analogs would not 
be. 

Table 111 demonstrates that  m-  and p-analogs of iodobenzoic acid 
produced almost negligible amounts of iodide. The reaction rates of o- 
iodobenzoic acid and diatrizoic acid were comparable. These results ruled 
out any possible effect from electronic resonance and favored the second 
alternative of copper complexation by the ortho-carboxylate. This result 
also indicated that the two iodines adjacent to carboxylate in diatrizoic 
acid are most vulnerable to deiodination. 

Deiodination of Iopamidol-The anionic radiopaque benzoic acid 
derivatives were examined in the previous sections. However, the newly 
developed nonionic radiopaques, due to a lack of negatively charged 
carboxylate moieties, tend to undergo deiodination uia other mechanisms. 
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Figure 6--Amount of iodide found in 20% iopamidol solution (pH 7, 
0.0067 M phosphate buffer) subjected to  various numbers of autoclave 
cycles. Each cycle was 90 min at  120'. Key: 0, without chdating agent; 
and 0 ,  with 0.04% edetate disodium. 

674 I Journal of Pharmaceutical Sciences 
Vol. 69. No. 6, June 1980 



Table 111-Deiodination of Diatrizoic Acid a n d  o-, m-, and p -  
lodobenzoic Acids upon Autoclaving 

Iodide 
Compound Produced, M 

Diatrizoic acid 
o-Iodobenzoic acid 
m-Iodobenzoic acid 
p-Iodobenzoic acid 

0.0397 
0.0452 
0.00001 
0.00003 

a Solutions contained 0.5 M compound, 0.04 mM CuSO4, and 0.qoS-i M wrensen 
phosphate buffer to maintain the pH at 7.6. * Samples were subjected to 30 min 
of autoclave sterilization at 120O. 

An understanding of deiodination of this class of compounds is benefi- 
cial. 

Deiodination of iopamidol was found to be extremely slow. T o  study 
the mechanism, samples had to be subjected to more drastic conditions, 
i.e., 90 min of 120’ autoclave treatment. The production of iodide was 
plotted against the number of 90-min cycles (Fig. 6). In the range of 
-0.01% or less, the iodide content could be considered rectilinear with 
respect to the number of cycles. The reaction rate can be calculated di- 
rectly from the iodide content and reaction time. Figure 7 shows the 
semilogarithmic plot of the reaction rate constants a t  various pH values. 
In the absence of a chelating agent, thus probably causing the reaction 
to be catalyzed by copper, a plateau on the rate-pH profile suggests a 
predominant s N 1  mechanism that would be similar to the s N 1  mecha- 
nism already described. 

In the presence of a chelating agent, such as edetate disodium, a unit 
slope on the pH-rate profile indicates that  the reaction is dependent on 
the hydroxide-ion concentration and clearly suggests an sN2 mechanism. 
The SNZ mechanism becomes more important as the pH increases due 
to the increase of the hydroxide concentration. At pH values above 7.5, 
the sN2 mechanism overshadows the s N 1  mechanism. The deiodination 
is predominantly a substitution of hydroxide ion and occurs regardless 
of the presence of a chelating agent. 

The different behavior of diatrizoic acid and iopamidol can be sum- 
marized as follows. In diatrizoic acid, the carboxylate group promoted 
the sN1 mechanism by drawing the copper ion closer to the reaction 
center or by stabilizing the carbonium charge. The sN2 mechanism was 
completely inoperative because of the repulsion of hydroxide ion by the 
same negative charge. In iopamidol, the absence of carboxylate eased the 
attack by hydroxide ion, and thus the sN2 mechanism was operable, al- 
though only in barely detectable rates. The CU(II) ions catalyzed the 
deiodination of iopamidol; however, the SN1 reaction was much slower 
than that of diatrizoic acid. 

CONCLUSION 

This investigation was undertaken to determine the deiodination 
mechanism of certain water-soluble radiopaques. For the benefit of for- 
mulating injectable radiopaques, deiodination was examined only at 
neutral pH values. Evidence has been presented to show that, in anionic 
radiopaques, deiodination proceeds by an sN1 mechanism, which also 
requires the assistance of neighboring carboxylate groups and CU(II) ion. 
By studying a model compound, o-iodobenzoic acid, the high magnitude 
of the common ion effect, salt effect, pH independency, and high acti- 
vation energy, characteristics of an s N 1  reaction, were observed. In 
nonionic radiopaques, because of the absence of negatively charged 
carboxylate, deiodination is facilitated by hydroxide ion. With trace 

/ 

I / 1 I I 
6 7 8 

PH 
Figure 7-Deiodination rate-pH profile for ioparnidol in 0.0067 M 
phosphate buffer a t  autoclave temperature. Key: 0, without chelating 
agent; and 0 ,  with 0.04% edetate disodium. 

metal, s N 1  deiodination of a nonionic radiopaque remains operative, 
although a t  a much slower rate than an anionic radiopaque. 
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A b s t r a c t  0 T h e  changes in solubility of several polar organic solutes 
when polar organic solvents are added to a relatively inert solvent such 
as  isooctane were determined. The relative changes in solubility predicted 
from regular solution theory using solubility parameters often did not 
agree with the observed results. However, the solubilities could be ra- 
tionalized mathematically hy assuming the  formation of specific so- 
lute-solvent complexes. Agreement o f  the  thermodynamic data report.ed 
here with such models provides further evidence that  specific interac- 
lions. when they occur, are  more important than the  bulk properties of 
the pure crimponents in determining drug solubilities in nonaqueous 
systems. Specific examples demonstrate the relationship between the 
soluhility and molecular structure ot'the solute and solvent. For example, 
holuhility can be related to  the hydrogen-donating and hydrogen-ac- 
cepting abilities of the solute and solvent. Steric factors also appear to  
play a role in solubility, while structural modifications in a solute or 
solvent molecule far removed t'rom the interactive functional group have 
little intluence on molar soluhility changes with the added polar cosol- 
vent. 

Kcyphrases 0 Solubility--polar organic solutes in nonaqueous systems, 
role 0 1  specific interactions 0 Solute-solvent interactions-polar organic 
solutes in nonaqueous systems, role of specific interactions Solvents, 
nonaqueou-  solubility of polar organic solutes, role of specific inter- 
ac t  i c  )]is 

The solubility of a drug in a given solvent is an important 
property in pharmaceutical chemistry. Much work in drug 
design and drug product formulation stems from a need 
to  achieve higher or lower solubilities to promote drug 
stability and bioavailability, to obtain controlled release 
rates, to avoid unpleasant side effects, and to optimize drug 
delivery to a target site. Consequently, the ability to pre- 
dict drug solubility from molecular structure would be 
useful. 

Current methods of solubility prediction often rely on 
the premise that the solubility of a solute in a given solvent 
is related simply to the bulk properties of the pure com- 
ponents. Such expressions as "polar solutes dissolve in 
polar solvents" or "like dissolves like" are based on this 
approach. This assumption also is the basis of a popular 
predictive method derived from regular solution theory, 
in which solubility is predicted from the solubility pa- 
rameters of the pure components (1) .  Although this ap- 
proach originally was intended strictly for systems in- 
volving only London dispersion forces, its use has been 
extended to include quite polar solution components in 
some cases (2 ,3 ) .  

Recent studies indicated that the relative solubilities of 
polar solutes in both polar and nonpolar organic solvents 
often may be unrelated to the bulk properties of the pure 
components but are highly sensitive to the functional 
groups of the interacting molecules (4-9). One study sug- 
gested that specific intermolecular interactions, when they 
occur, often are the dominant factors in determining sol- 
ubility, with corrections based on regular solution theory 
being unnecessary (4). 

In the present study, the relative solubilities of several 

organic substances in various solvents or cosolvent mix- 
tures were compared with predicted solubilities from 
regular solution theory and from a model assuming the 
existence of stoichiometric solvate species. The  results 
indicate that  the relative solubilities of polar substances 
in solvents that  interact specifically with the solute are 
determined largely by these specific interactions. 

EXPERIMENTAL 

Reagents-Isooctane', with a stated purity of 2 9 9  mole %, was used 
without further purification. n -Butyl ether2 was purified by slow shaking 
with a n  alkaline-saturated potassium permanganate solution followed 
hy repeated washing with distilled water, concentrated sulfuric acid, and 
water. I t  was dried with calcium chloride overnight. This liquid then was 
distilled from sodium, and the middle fraction was collected and stored 
under  nitrogen in an amber glass hottle. 

n-Butyl  e ther3,  with a st,ated purity ot'9970, was used without further 
purification, n -Pentyl ether4 was treated similarly to  n-butyl ether. n -  
Hutyl n -hutyrate5 was shaken with 2 N NaOH, washed repeatedly with 
distilled water, dried over anhydrous magnesium sulfate, and then dis- 
tilled under reduced pressure. The  middle fraction was collected for use. 
Chloroform6 was purified by washing with water to remove the ethanol 
preservative, dried over calcium chloride, and distilled. All solvents were 
stored over 4-A molecular sieves7 to  remove possible trace amounts of 
water. 

T h e  solutes selected had relatively low isooctane solubilities and a 
minimum number of hydrogen donor or acceptor functional groups 
available for interaction with solvent molecules. Anthracene:' had a 
claimed purity of 99.7% and was used without further purification. An- 
thraquinone2, p -idopheno13, and p-nitropheno18 were recrystallized from 
chloroform-isooctane. Carbazole? and p-phenylphenol", with a n  indi- 
cated purity of 99+ and 97%. respectively, were recrystallized further 
from acetone-isooctane. 2,4,6-TriiodophenoP was recrystallized from 
methanol. 

Solubi l i ty  Determination--Solubilities of the  solutes were deter- 
mined in a series o f  solvents or cosolvent mixtures ranging from 100% 
isooctane to  10070 ether, ester, or chloroform. Isooctane-interactive co- 
solvent mixtures were prepared by weight. Cosolvent molarities were 
calculated from the densities of the pure components. A series of vials 
was prepared, each containing a n  amount of solid well in excess of its 
estimated saturation solubility and -5 mi of one of the described solvents 
or cosolvent mixtures. T h e  vials were sealedY and brought to equilibrium 
hy rotating in a constant-temperature bath a t  2 5 O  for a t  least 2 days. 
Random duplicate samples were allowed to equilibrate for longer peritxls, 
hu t  no  significant differences in saturation solubility were observed. 

T h e  molar concentration of  solute in solution was determined spec- 
trophotometrically"' by filtering'' a portion of the solution and diluting 
a known aliquot as  required. T h e  filter assernhlies, pipets, and ot.her 
materials used in transferring the  original sample were maintained a t  a 
temperature equal t.o the  sample equilibration temperature prior to 
sampling. T h e  solvent used as  a diluent in the spectrophotometric de- 

I Phillips I'etroleum Co. 

:' Aldrich Chemical Co. 
Baker grade. d .  T. Baker Chemical Co 

Waltz and Bauer. 
Eastman. 

6 Itcagent grade, Fisher Scientific C(I 
Linde " Matheson. Cdenian and Bell. 

Y Te!lon can liners were used. 
" ('ary 14. 15, IA, o r  I 1 8  spectriiph(it~inrettr. 
I '  Millipore filters BIIWI' 01300 or FH1.P 013iKl.  
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Table I-Molar Solubilities of Various Organic  Solutes in  Organic  Solvents at 25' 

Isooctane 
Solute Structure (x 104) Butyl Butyrate Butyl Ether Pentyl Ether Chloroform 

- - p-Nitrophenol 3.3 - 1.27 

- p-Iodophenol 150 - 3.39 - 

p -Phenylphenol 12.4 0.62 

2,4,6-Triiodophenol 1-+ 50 - 

n 

Carbazole 

Anthraquinone * 
0 

1.7 

2.8 

0.099 

0.0038 

0.21 0.12 0.10 

0.10 - - 

O.OfL9 

- 

0.018 

- 

0.047 

0.044 

- 0.021 0.016 - Anthracene 66 

terminations was methanol or methanol containing 0.1 N HCl. While the 
nonphenolic compounds obeyed Beer's law in methanol, the phenols 
followed Beer's law more closely a t  low concentrations when the solvent 
was acidified. 

RESULTS AND DISCUSSION 

The molar solubilities determined in this study for various organic 
substances in several organic solvents are listed in Table I. Compounds 
expected to be strong hydrogen donors (phenols), weak hydrogen donors 
(chloroform and carbazole), and hydrogen acceptors (ethers, butyl 
butyrate, and anthraquinone) are included. Table I1 lists the molar sol- 
ubility of carbazole in various interactive and inert solvents. 

Comparison of Experimental Data with Regular .Solution Theory 
Predictions-The term regular solution as proposed by Hildebrand in 
1929 refers to solutions in which the entropy change is the same as for 
an ideal solution of the same composition but where the heat content 
increases with mixing (1). Regular solution theory gave rise to the now 
familiar solubility equation, expressed here in terms of the activity 
coefficient of the solute, y2: 

(Eq. 1) 

where 81 and 62 are the solubility parameters or cohesive energy densities 
[6 = (AE/V)1/2] of the solute and solvent, respectively (12). Equation 1 
involves an important assumption, the geometric mean rule, that  fre- 
quently has been incorrectly taken for granted. In using solubility pa- 
rameters, it is assumed that the energy of interaction of unlike molecules 
is given by the geometric mean of the interaction of like pairs (c12 = 
[rll~22]'/~). This assumption is strictly true only for nonpolar molecules 
interacting oia London dispersion forces (13). The geometric mean rule 
should not be presumed to be valid for either polar solutes or solvents. 

The failure of simple one-component solubility parameter theory in 
systems of polar or interactive components has been recognized (14). 
However, since this approach still is widely used and recommended, 
several additional examples may illustrate the inadequacy of regular 
solution theory for predicting the solubilities of substances considered 
in this study. 

The solubility parameters for various solvents are listed in Table I1 
along with the molar solubility of carbazole in those solvents. The solu- 
bility parameter of carbazole is estimated as -10, and its molar volume 
is -150 cm3. By comparing the solubility parameters of the hydrocarbon 
solvents in Table 11, the solubility of carbazole predicted from regular 
solution theory should be five times higher in hexadecane and cyclo- 
hexane than in isooctane. The actual solubilities are relatively constant 
in these hydrocarbon solvents, which is intuitively satisfying considering 
the chemical similarity of these solvent molecules. Also, previous studies 
showed that the molar solubilities of several other polar solutes are rel- 

atively independent of the alkane reference solvent chosen (4, 5). Al- 
though molar volume corrections may be a factor, these errors apparently 
are compensated for by using molarity as the concentration unit. In ad- 
dition, recent work suggested that even for systems involving components 
of markedly different molal volumes, the assumption of ideal entropy 
of mixing gives more satisfactory agreement with observed results than 
do theories considering molal volume differences (15). 

From a comparison of solubility parameters in Table 11, the solubility 
of carbazole in some hydrocarbon solvents should he roughly equal to or 
higher than its solubility in ethyl ether (6 = 7.4), butyl ether ( 6  = 7.5), 
pentyl ether (6 = 7.9), and butyl butyrate (6 = 8.0). However, the observed 
solubilities are 20-100 times higher in the hydrogen-accepting solvents 
than in the relatively inert alkane solvents, a result that  cannot be ac- 
counted for by regular solution theory but is readily explainable from a 
consideration of the specific interactions occurring. 

In general, one would predict from regular solution theory that, for all 
solutes in this study, the order of solubility should be chloroform > butyl 
butyrate > ethers = hydrocarbons. These predictions obviously are not 
confirmed in Table I1 or by the relevant data for phenylphenol in Table 
I. Only for anthraquinone (and perhaps anthracene) is the solubility 
highest in chloroform, which also would be predicted from the knowledge 
that anthraquinone is a hydrogen acceptor and chloroform is a weak 
hydrogen donor. 

In some instances, it may be possible to rationalize a particular change 
in solubility between two solvents using solubility parameters, even 
though the molecules involved would be expected to interact through 
hydrogen bonding. For example, the ratio of the solubility of anthra- 
quinone in chloroform to its solubility in isooctane is 77 (using mole 
fractions) and is consistent with a solubility parameter of -1 1.8, assuming 

Table  11-Molar Solubility of Carbazole at 25" in Several 
Solvents with Various Solubility Parameters  (6) 

Solubility, 
Solvent 6 M 

Isooctane 
n-Hexane 
n-Heptane 
Ethyl ether 
Butyl ether 
Decane 
Dodecane 
Pentyl ether 
Butyl butyrate 
Hexadecane 
Chloroform 

6.9" 
7.3" 
7.4" 
1.4" 
7.6b 
7.8" 
7.90 
7.9d 
8.0 
8.0" 
9.2" 

1.1 x 10-3 a 
1.3 x 10-3 a 
1.6 x 10-3 a 

1.25 X 10-1 
2.9 X 
1.5 X 
1.4 X 
1.8 x 10-2 
1.0 x 10-1 c 

4.5 x 10-2 " 
1.7 x 10-3 a 

From Ref. 4. Calculated from heat of vaporization (Ref. 10). Data from this 
study. Estimated from Ref. 11.  
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Figure I-Solubility of anthraquinone versus molarity of chloroform 
(0 )  in isooctane at 25’. The solid line was calculated from the equilib- 
rium constants in Table I I I .  The dashed line represents predicted 
solubilities using solubility parameters described from solubility data 
in the pure soluents. 

CHLOROFORM CONCENTRATION, M 

a molar volume of 150 cm3 for anthraquinone. A further test of this sol- 
ubility parameter is to determine whether the theory can reliably predict 
solubilities between these two solvent extremes, that is, in mixed solvents. 
From regular solution theory, the solubility parameter of a mixed solvent 
is the weighted average (based on volume fractions) of the solubility 
parameters of the pure components (1): 

6 = tJl& + 9262 (Eq. 2)  

With Eq. 2, the predicted solubility values for anthraquinone in chloro- 
form-isooctane cosolvent mixtures can be represented by the dashed line 
in Fig. 1. In comparison to the experimental points, the predicted solu- 
bilities increase much too gradually at low chloroform concentrations, 
illustrating the failure of the solubility parameter approach to predict 
the shape of the solubility profile for this example. 

The inadequacy of the simple one-component solubility parameter 
approach has led to many more or less empirical multicomponent solu- 
bility parameters to incorporate the effects of specific interactions (13, 
16). Although such attempts generally lack a firm theoretical foundation, 
they demonstrate that specific interactions are of great importance in 
many cases. 

Specific Interactions and  Solubility-Much early criticism of the 
specific interaction theory was based on the difficulty in proving the 
existence of “species” from thermodynamic data alone (1). However, a 
wealth of spectroscopic data now documents the formation of stoichio- 
metric species through hydrogen-bonding interactions. Abundant evi- 
dence, based on IR frequency shifts (17), ‘H-NMR data (18, 19), and 
ITC-NMR studies (20),  supports the existence of molecular complexes 
between various hydrogen donors [including phenols (21) and chloroform 
(22)] and hydrogen acceptors [even for such a weak hydrogen acceptor 
as benzene ( 2 3 ) ] .  

It would be unreasonable to assume that hydrogen-bonding interac- 

0.6t 
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m 0.31 
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d > 
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Figure 2-Solubility of p-phenylphenol versus molarity of various 
intrracting cosoluents in isooctane at 25’. The lines represent the cal- 
culated soluhilities based ott the equilibrium constants in Table III. Key: 
0, butyl butyrate: A, butyl ether; 0 ,  pentyl ether; and A, chloroform. 
The final point in each case rcpresents the solubility in the pure co- 
.\olucnt. 

X 

f 

0 Y ;  3 4 k 6 ; Q 9 1 0 1 ‘ 1 1 2  
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Figure 3-Solubility of carbazole versus molarity of various interacting 
cosoluents in isovctane at 2.5’. The lines represent the calculated solu- 
bilities based on the equilibrium constants in Table I I I .  Key: 0,  butyl 
butyrate; A, butyl ether; and 0,  chloroform. The final point in each case 
represents the solubility in the pure cosoluent. 

tions are not an important contribution to the solubilities of interest in 
the present study, based on the available spectroscopic data. Additional 
features supporting the contention that specific interactions such as 
hydrogen bonding are reflected in the solubility data reported here will 
be discussed later. 

Mathematical Treatment  of Solubility Data in Terms of So- 
luteSolvent  Species Formation-Typical diagrams of solubility versus 
molarity of the interactive cosolvent are shown in Figs. 2 and 3 for p -  
phenylphenol and carbazole in the presence of various complexing agents. 
A plot of the solubility of anthraquinone uersus chloroform molarity was 
shown in Fig. 1. The solubility curves generally are parabolic. These 
curves can be fitted mathematically using a model that  assumes solvate 
species formation. 

Solubility in Unassociated Solvents-It is assumed that the fol- 
lowing equilibria hold between the solute, S, and the complexing agents 
or interacting cosolvents, L: 

s + L = s L e s L 2 f - - . . . s L n  
Scheme I 

Each reaction is defined by an equilibrium constant for formation of the 
complex: 

+ L  + L  

(Eq. 3) 

(Eq. 4) 

where the concentrations are expressed as molarities; SO is the saturation 
solubility of solute in isooctane, which is assumed to represent the free 
solute concentration in the cosolvent mixtures; and L/ is the free (un- 
complexed) ligand. I t  also is assumed that a single solute molecule is 
present in each complex, but the mathematical form of the resulting 
equation is not changed by allowing more than one solute per complex. 
Throughout this discussion, i t  is assumed that the activity coefficients 
of all species are one where the standard state in every case is a 1 M so- 
lution of solute behaving as if it were completely surrounded by isooctane 
solvent. The total solubility of solute in any system can be expressed 
as: 

ST = [So] + Ki: i [So][L/ ]  + K I : ~ K I : I [ S O ] [ L / ] ~  + . . . (Eq.5) 

and LT, the total complexing agent added, is: 

LT = [ L / ]  + K1:1[So][L/] + ~ K ~ : . L K I : I [ S O ] [ L / ] ~  + . . . (Eq. 6) 

The total concentration of interactive cosolvent, LT, is equal to LI in 
the absence of solute. This relationship is true only when the extent of 
self-association of cosolvent is negligible, and it cannot be assumed for 
alcohol cosolvents. 

As is evident from Eq. 5, the shape of the plots of solubility versus co- 
solvent added should be concave upward in unassociated solvents, in 
agreement with the data in Figs. 1-3. 

Estimation of Equilibrium Constants-If SO, the solubility of the 
solute in ismtane,  is very low, the amount of ligand in complexes is small 
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Table 111-Solvate Equilibrium Constants (Liters per  Mole) of Various Solutes with Polar Solvents a t  25" 
~ ~~ 

Butyl Ether Pentyl Ether Butyl Butyrate Chloroform 
Solute K I I  K I ~  K I I  K I Z  090 K I I  Ki2 0% K11 K12  K l ,  U% 

- - p -Nitrophenol 102.5 0.56 2.2b - - - - - - - - 
p -1odophenol 26.0 _ _  0.5'' 
p -Phenylphenol 8.9 0.42 2.7 8.3 0.27 2.1 21.2 0.78 3.3 0.73 0.25 0.15 2.8 
Carbazole 2.5 0.25 1.1 1.9 0.23 1.9 6.5 0.44 3.3 0.68 0.30 0.06 4.3 
2,4,6-Triiodophenol 1.1 0.93 1.4 .- - - - - - 

- 0.96 0.39 0.15 2.5 Anthraquinone - - .- .- - - - - 

- - - - - - - - - - 

- - - - 

The n% value is the square root of the sum of the squares of  the percent deviation hetween the calculated and observed solubilities divided by thr degrees offreedom. * Fit of data helow 0.1 M. Fit ofdata in 1:1  region only. 

and [LT]  N [L,]. Also, a t  low concentrations of L ,  only 1:l complexes are 
important, and a plot of the fractional change in solubility uersus ligand 
added gives a straight line a t  low cosolvent concentrations with a slope 
of K I : ~ :  

fractional change - [ST]  - [SO] - - - KI:I[LTI (Eq. 7) 
in solubility [Sol 

Such plots are shown in Fig. 4 for several substances in butyl ether. A t  
higher cosolvent molarities, two-parameter equations containing terms 
for 1:l and 1:2 complexes were needed to descrihe the data adequately. 
Only two parameters were necessary to describe completely the entire 
solubility curve in all solvents except chloroform, where three parameters 
often were required (Table 111). 

Graphical methods are quite cumbersome when an appreciable amount 
of the added cosolvent exists in complexed form, because LT then does 
not equal the free ligand concentration. Therefore, a computer program 
using the simplex method of least squares (24, 25) was written to solve 
Eqs. 5 and 6 simultaneously, optimizing the variables Ki:l, Kl,z, and K1:3. 
The sum of squares of the percent deviation of the experimental solu- 
bilities from the calculated solubilities was minimized to give equal weight 
to each point. The computer-calculated complexation constants for those 
instances where specific interactions can reasonably be assumed are listed 
in Table 111. Constants determined graphically (Fig. 4) usually were 
within 10% of the computer-optimized values. 

Choices of Most Important Factors in Predicting Solubility- 
Nonaqueous systems of pharmaceutical interest generally involve polar 
solutes in polar, interactive solvents. Therefore, predictive relationships 
between solubility and one or more independent variables that express 
the interactive tendencies of the molecules involved would be valuable. 
It was shown in the preceding discussion that solubility parameters, which 
reflect bulk properties of the pure components, often are not related to 
the observed relative solubilities. However, specific solvation models can 
readily account for the solubility behavior. 

By first determining the solubilities in an alkane solvent, an estimate 
of factors that  are not related to specific interactions in solution is ob- 
tained. Differences in alkane solubilities largely reflect differences in 
solute crystalline energies, although dispersion interactions between the 
d u t e  and solvent also may vary with molecular structure. In interactive 
dven t s ,  the specific interaction component, which is of primary interest 
here, is reflected by the change in solubility from that in isooctane. 

I 

" , , . a ,  

1,,.1, 

'*O* 0 0.1 0.2 ",,..a, 0.3 0.4 

BUTYL ETHER CONCENTRATION, M 
Figure 4-Determination of K1:l from the slopes of the plots of the 
fractional change in solubility versus butyl ether molarity in isooctane 
at 2.5' (see Eq. 7). Key:  0, p-nitrophenol; H, p-phenylphenol; 0, car- 
bazole; 0, 2,4,6-triiodophenol; and A, anthracene. 

While the fact that these systems can he f i t  with solvation models does 
not. prove conclusively that the solubility changes are due largely to 
specific interactions, the Kl:l values obtained from the solubility data 
are consistent with what is expected from a consideration of the relative 
hydrogen-donating and hydrogen-accepting abilities of the respective 
molecules (8). A brief comparison of the solubility data in Table I provides 
a qualitative indication of the importance of hydrogen honding in de- 
termining relative solubilities. The solubility of the strong hydrogen donor 
p-nitrophenol increases by almost 4000-fold in going from isooctane to 
the hydrogen-acceptor solvent butyl ether. The solubility of the weaker 
hydrogen donor carhazole increases by -38 times in going from isooctane 
to hutyl ether; anthracene, which has no donatable hydrogens, differs 
by a lactor of only three in the two solvents. 

These large differences cannot be accounted for by solubility param- 
eters since the solubility parameter of butyl ether is quite similar to that 
of isooctane. However, they are quite consistent with specific interaction 
theory. 

I t  also is instructive to compare the butyl ether-isooctane solubility 
ratios for p-nitro-, p-iodo-, and p-phenylphenols, which are 3850, 226, 
and 169, respectively. These phenols are listed in order of decreasing 
acidity and also decreasing hydrogen-donating ahility based on literature 
data (8).  

Empirical correlations of equilibrium data based on linear free energy 
relationships were applied previously in hydtogen-bonded systems (8, 
26), usually taking the form of the Hammett equation (27,28), log (KIKo) 
= pu, where K and Koare the equilibrium constants of a substituted and 
an unsubstituted solute species, respectively; p reflects the sensitivity 
of the reaction to solute substituent changes; and u represents the 
Hammett substituent constant. Higuchi et al .  (8) derived a similar 
equation, log (K/Ko) = hdh,, and calculated h d  and h, values for donors 
and acceptors in nonpolar solvents, where h d  is a measure of the effect 
of change in the hydrogen donor on hydrogen bonding and ha measures 
the influence of the acceptor on the interaction. 

Figure 5 is a plot of log K1:l derived from the solubility data of the 
para-substituted phenols in butyl ether uersus the Hammett up sub- 
stituent constant obtained from the effect of these para-substituents on 
the ionization of benzoic acids in waterI2 (29). Because the ionization 

hd or up 
Figure 8 - h t  of log K1 for the interaction of para-substituted phe-  
nols (p-phenylphenol, p-iodophenol, and p-nitrophenol) ~ t h  butyl 
ether in isooctane a t  2.5' versus the Hammett up substituent ( 0 )  con- 
.stant and versus Higuchi hd values (A). 

'* Resonance effects are less important in hydrogen honding than in Briinsted 
acidity and basicity, so poor correlations of hydrogen bonding with acidity are o b  
tained with IT- values, which reflect the substituent effect 011 phenol ionization 
(14) .  
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Table IV-Standard Free Energies of Transfer  of Solute (AGO) f rom Isooctane to Various Interactive Solvents and  the Calculated 
Hydrogen-Bonding Contribution to the Free Energy from K I : ~  Values ( A G i s )  

Solute 
Bytyl Ether Pentyl Ether Butyl Butyrate Chloroform 

A G O “  AGLRa AGOQ AGL# AGO” AGLRO AGO” AGbRa 

- - - - - - p -Nitrophenol -4.90 -3.6 
p-Iodophenol -3.2 -2.5 
p -Phenylphenol -3.0 -2.3 -2.7 -2.2 -3.7 -2.8 -2.6 -1.4 
Carbazole -2.1 -1.6 -1.9 -1.4 -2.9 -2.2 -2.4 -1.3 

- - - - - - 

- - - - - - 2,4,6-‘l’riiodophenol -1.8 -1.2 
Anthraquinone - - - - - - -3.0 -1.5 

llnits are kilocalories per mole. 

constants in nonpolar media have not been determined, a direct corre- 
lation with acidity under the same solvent conditions is impossible., Figure 
5 also shows the plot of the same values of log K1:l uersus Higuchi’s h d  
values (8), which were derived from both thermodynamic and spectro- 
scopic data. This correlation clearly suggests that  the K1:l values reflect 
hydrogen-bonding interactions. 

Steric effects also come into play in solubility, as demonstrated by the 
relatively low K1:l and low solubility for 2,4,6-triiodophenol in butyl ether, 
a hydrogen-accepting solvent (Table 111). This effect presumably is due 
to the steric hindrance to hydrogen bonding by the ortho-iodo groups. 

While solubility is quite sensitive to the solute and solvent functional 
group composition, structural alterations that are not in the vicinity of 
an interacting functional group and do not alter the acidity or basicity 
of the functional group have little influence on solubility differences in 
organic solvents. For example, K1:l values for the interaction of carbazole 
with ethers varying in alkyl chain length are 3.53 M-I for ethyl ether (5). 
2.5 M-’ for butyl ether. and 1.9 M-’ for pentyl ether. Furthermore, K I : ~  
for the interaction of p-phenylphenol with butyl ether is 8.9 M-’; with 
pentyl ether, it is 8.3 M-I. Solubilities in the pure ethers differ by a much 
larger amount (Table II), due in part to the greater concentration of ether 
oxygens in pure ethers of shorter chain length. 

The K1:2 values listed in Table 111 are very small and relatively in- 
sensitive to the molecular structure of the solute or solvent. These con- 
stants cannot justifiably be called specific interaction constants. The 
much smaller magnitudes of K1:2 suggest that  the 1:l solute-solvent in- 
teractions are saturable, a characteristic of specific interactions. For in- 
stance, for the nitrophenol-butyl ether system, K1:1 = 102.5 l i tershole  
and K1:2 = 0.56 liter/mole. The strong hydrogen-bonding tendency be- 
tween these two species does not carry over into the 1:2 interaction since 
the hydrogen-donating tendency of p-nitrophenol is “saturated” in 
forming t.he 1:1 complex. 

If it is assumed that the K1:1 values obtained in dilute solutions of the 
interactive cosolvents represent specific interactions, one can calculate 
the contribution of this specific interaction to the overall transfer free 
energy from isooctane to pure solvent (Table IV). This comparison ig- 
nores the likelihood that complexes larger than 1:l may exist in the pure 
interactive solvent. For example, 1:2 complexes are expected to be quite 
important in chloroform solutions of anthraquinone since anthraquinone 
has two hydrogen-acceptor sites. Therefore, the specific interaction 
contributions to solubility expressed in Table IV probably are minimum 
estimates. However, nonspecific contributions to the K1:1 values in dilute 
solution also may be a factor, particularly when the K1:1 values are 
small. 

In most cases, the specific interaction contribution to the overall free 
energy of transfer is the major factor, as is evident from Table IV. The 
differences may be composed of higher order molecular complexes or 
nonspecific effects, but these differences generally are small compared 
to the overall transfer free energy. Clearly, the specific interaction ten- 
dency should receive the greatest emphasis in attempts to predict solu- 
bility in similar systems. 

CONCLUSION 

It was shown that solubilities of polar organic substances in polar or- 
ganic solvents can be rationalized quantitatively by assuming the for- 
m a h n  of stoichiometric solvate species. Additional evidence also sup- 

ports the contention that specific interactions are more important than 
bulk properties of the pure components in determining relative solubil- 
ities. 
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Abstract  Bretylium [(~-bromoben~yl)ethyldimethylamine] is a 
quaternary ammonium compound used as the tosylate salt for treatment 
of ventricular fibrillation in humans. A sensitive assay was developed for 
the determination of low bretylium concentrations in plasma and urine. 
The internal standards were (p-bromobenzyl)ethyldimethylammonium 
p-toluenesulfonate and (0-methoxybenzyl)ethyldimethylammonium 
p -toluenesulfonate. Samples were deproteinized with acetonitrile and 
extracted with methylene chloride. After the evaporation of the organic 
phase, the residue was reacted with sodium 2,4,5,-trichlorothiophenolate 
in methanol. This procedure yielded volatile compounds with excellent 
electron-capture capabilities for the GLC analysis. The assay sensitivity 
is 5 ng/ml. The extraction recovery of bretylium as determined by a direct 
radioactivity measurement was 90 and 97% for plasma and urine, re- 
spectively. The method is highly reproducible with no significant day- 
to-day variations. Comparisons of 60 standard plasma samples, 25 
standard urine samples, and plasma samples from a dog that received 
[ 14C]bretylium showed excellent agreement between the GLC method 
and direct radioactivity measurement of bretylium. 

Keyphrases Bretylium-determination in biological fluids by GLC 
and direct radioactivity measurement, humans GLC-analysis of 
bretylium in biological fluids, humans 0 Radiochemistry-analysis of 
bretylium in biological fluids, compared to GLC determination, hu- 
mans 

Bretylium [ (~-br~m~ben~yl)ethyldimethylamine] is a 
quaternary ammonium compound used as the tosylate salt 
for the treatment of ventricular fibrillation in humans (1, 
2). Various methods for its determination have been re- 
ported (3-7). The most promising method is a GLC anal- 
ysis (6) utilizing sodium thiophenolate to react with 
bretylium to produce o-bromobenzyl phenylthio ether. 
However, it is tedious and lacks sufficient sensitivity. 

This paper reports a simplified and sensitive GLC 
method for the determination of bretylium in small plasma 
and urine samples. The new extraction procedure mini- 
mizes the variability in assay recovery and reproducibility. 
To validate this method, the results of the GLC method 
were compared with direct radioactivity measurement of 
[ **C] bretylium in standard samples as well as in samples 
collected from a dog that received the labeled drug. 

EXPERIMENTAL 

Materials and Methods-A stock solution of bretylium tosylatel 
( I )  (10 mg/ml as a quaternary ammonium compound) was prepared in 
purified water. This solution was used to prepare standard plasma and 
urine samples containing 5-250 ng of bretylium/ml. The stock solutions 
of the internal standards, (p -bromobenzyl)ethyldimethylammonium 
p-toluenesulfonate2 (11) and (0-methoxybenzy1)ethyldimethylammonium 
p-toluenesulfonate2 (111) (each containing 1 pg/ml as the quaternary 
ammonium compound), were prepared in purified water. The glassware 
used in solution preparation and in the assay was washed with soap, 
soaked in 4 N HN03 for 24 hr, rinsed with purified water, and finally 
rinsed with methanol. 

Sodium 2,4,5-trichlorothiophenolate (IV) was used as a reacting agent. 
I t  was synthesized by a method similar to that described previously for 

Genes Chemical Co., New York, N.Y. 
2 Synthesized by the method of Jenden et  01 .  (a), Arnar-Stone Laboratories, 

McGaw Park, Ill. 

Table I-Recovery of [14C]Bretylium from Plasma and Urine 

[ 14C]Bretylium Percent Recovery Percent Recovery 
Added", ng/ml from Plasma" from Urine 

4.75 90.8 (3.68) 
9.33 89.2 (1.03) 97.3 

24.10 
49.8 
13.7 

90.5 ii.23) 
89.3 (1.56) 
90.3 (1.30) 

96.3 
97.4 
96.1 

98.7 92.7 (1.07) 99.3 
Mean 90.4 (1.66) 97.2 cv 1.41 - 1.17 

a Mean of five determinations. The ('4C]bretylium concentration was determined 
by direct scintillation counting af each sample. The numbers in parentheses are 
the coefficients of variation in percent. 

the preparation of sodium thiophenolate (6,8). The reagent was only 
moderately hygroscopic and, when stored in a drying oven, was stable 
for a t  least 6 months. 

Assay-Method I-To 1 ml of plasma or urine was added 0.1 ml of the 
internal standard solution containing 100 ng of I1 and 1 ml of acetonitrile3. 
The sample was vortexed for 10 sec and centrifuged at  4000 rpm for 5 min. 
The supernate was transferred into a 155 X 13-mm polytef-lined screw- 
capped culture tube4, extracted with 5 ml of methylene dichloride5 by 
gentle shaking for 30 min, and centrifuged a t  4000 rpm for 5 min. Five 
milliliters of the organic layer was evaporated to dryness in a new culture 
tube. The residue was dissolved in 3 ml of methanol containing 1.0 pg of 
IV and allowed to react and evaporate to dryness a t  60" with vigorous 
shaking in a vacuum. The same reaction procedure was repeated twice 
using 1 ml of the substituted thiophenolate solution. The residue was 
reconstituted with 200 ml of methanol from which 2 pl was injected into 
the gas-liquid chromatograph. 

Method II-To 0.25 ml of plasma or urine was added 0.1 ml of the in- 
ternal standard solution containing 100 ng of 111, 0.5 ml of 0.1 N NaCl 
solution, and 1 ml of acetonitrile. The sample was vortexed for 10 sec and 
centrifuged a t  4000 rpm for 5 min. The supernate was transferred into 
a culture tube to which 0.2 ml of 1 N NaOH was added. The mixture was 
extracted with 5 ml of methylene dichloride by gentle shaking for 30 min 
and was centrifuged a t  4000 rpm for 5 min. The samples then were treated 
as in Method I, except that  they were reacted only once with 3 ml of 
methanolic solution containing 1.0 pg of IV. 

GLC Procedure-Analysis was performed on a gas-liquid chroma- 
tograph6 equipped with a 2.08-m X 4-mm i.d. silanized glass column 
(coiled) packed with 3% OV-225 on 100-120-mesh Supelcoport and a 
63Ni-electron-capture detector. The injection port, column, and detector 
temperatures were maintained isothermally a t  270, 250, and 300°, re- 
spectively. Argon-methane (955 v / ~ )  was used as the carrier gas at  a flow 
rate of 50 ml/min (30 ml/min through the column, 20 ml/min directly to 
the detector as a scavenger gas). 

Data acquisition was performed on a laboratory minicomputer7. The 
peak heights of the derivatized bretylium were divided by the peak 
heights of the derivatized internal standard, and the ratios were used to 
construct the standard curve and to determine its linearity. 

Animal Study-One male beagle do$, 13.1 kg, received [14C]bretylium 
tosylateg ([benzyl-7-14C], 0.512 pCi/mg), 10 mg/kg iv. Food was withheld 
for 4 hr after drug administration. Blood samples (5 ml each) were drawn 
in heparinized vacutainers through the jugular vein a t  4,6,8,12,16,20, 
and 24 hr after dosing. The plasma samples were kept frozen until they 

HPLC grade, E. M. Laboratories, Cincinnati, Ohio. 
No. 2511-83, Wheaton Tubing Products, Millville, N.J. 
Nano rade, Burdick &Jackson Laboratories, Muskegon, Mich. 
Mode? 428, Packard Instruments, Downers Grove, Ill. 
Model 3352D, Hewlett-Packard, Avondale. Pa. 
Laboratory Research Enterprises, Kalamazoo, Mich. 

9 New England Nuclear, Boston, Mass. 

0022-3549/80/0600-068 1$0 1.001 0 
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Table 11-Reproducibility, Day-to-Day Variations, and  Recovery of the GLC Method for Determination of Bretylium in Plasma and 
Urine 

Plasma Assayb Urine Assayb 
A r t  I 1.1 Mean Overall Mean Mean .. 

Concentration a ,  Mean Concentration in Plasma, ng/ml Percent of Concentration in Overall Percent of 
ng/ml Day 1' Day 5d Added concentration' Urinef, ng/ml Added Concentratione 

4.75 4.50 (4.47) 4.81 (4.14) 
9.33 9.10 (11.6) 9.61 (2.85) 

24.1 24.6 (11.5) 25.8 (3.01) 
49 8 SR.7 (4.66) 51.1 (1.38) 
73.7 75:i i6.06j 72.8 i3.16j 
98.7 98.3 (6.46) 101.0 (4.98) 
Mean - (7.45) - (3.25) 

98.0 (5.37) 
99.7 (9.09) 

104.0 (9.01) 
105.7 (4.47) 
100.7 (5.28) 
100.7 (5.94) 
101.5 (6.52) 

10.G3.87) 
23.8 (3.81) 
46.4 (2.97) 
74.5 (4.50) 

102.3 (2!22) 
- (3.47) 

C V  2.8 

['4C]Hretylium added to plasma and urine samples. The numbers in parentheses are the coefficients of variation in percent. n = 6. n 

were assayed. Plasma samples were analyzed by direct counting of the 
radioactivity via a scintillation counterlo and by the GLC method de- 
scribed under Method I I .  

RESULTS AND DISCUSSION 

Bretylium, a quaternary ammonium compound, can be extracted from 
biological samples by an ion-pair extraction procedure, a complicated 
and tedious method described previously (6). In the present study, the 
use of acetonitrile as a deproteinization agent served to remove the pro- 
teins, to purify the biological sample, and to enhance the partitioning of 
bretylium into methylene dichloride, which was used as the extraction 
solvent. Although acetonitrile is fully miscible with the aqueous solution, 

a 
b 

I I1 
I 

a 

\ 
0 5 10 1'5 0 5 10 1'5 0 5 l b  1'5 

MINUTES 

Figure I-Typical chromatograms for a blank standard sample spiked 
wjth the infernal standard /or  Method I ( A )  and Method I1 ( B ) ,  and a 
sample from a patient who rewived bretylium ( C ) ,  where a, b, and c are 
the thiophenylether derivatives of  bretylium, (p-bromobenzyl )ethyl-  
dimethylamine, and (o-methoxybenz~yl)ethyldimethylamine, respec- 
tive1.v. 

'" Model 2425, Packard Instruments, Downers Grove. Ill .  

i.25r l.oot 
0 
L I  

a 
n 

115.G4.84) 98.9 (3.82) 

93.2 (2.97) 
101.1 (4.49) 
103.6 (2.25) 
102.5 (3.67) 

8.15 

= 4 .  e n  = 10.1, = 5. 
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- 
0 
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Figure 2-Reproducibility of the assay of three sets of standard plasma 
samples determined on Days I (a), 3 (O), and 8 (0) by Method II. 

it was almost completely partitioned in the orgasic layer. The recovery 
of ['*C]bretylium from plasma and urine was 90.4 and 97.2%, respectively 
(Table I). The coefficient of variation for five samples a t  each concen- 
tration (range 4.8-98.7 ng/ml) ranged from 1.0 to 3.7%. There was no 
correlation between the extraction recovery and plasma concentrations. 
This approach simplified the previous procedures for bretylium extrac- 
tion from plasma and may be useful for extracting other quaternary 
amines from biological fluids. 

T o  determine bretylium by GLC, Kuntzman et al. (6) used sodium 
thiophenolate, which reacts with the quaternary ammonium compound 
and yields a volatile derivative, o-bromobenzylphenylthio ether. The 
use of this reagent resulted in a sensitivity of -70 ng/ml when a large 
volume (3 ml) of the sample was used. To improve this sensitivity, sodium 
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Figure 3-Profile of  log plasma concentration versus time in a dog that 
received an intravenous dose of 10 rng of ['4C]bretylium/kg. Plasma 
samples were assayed by direct radioactivity measurement (0) and by 
the GLC method (Method I I ,  0) .  
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Table 111-Precision of the GLC Method for Determination of Bretylium in Plasma 

Actual Concentration a, Concentration Foundb, ng/ml 
nelml SamDle 1 SamDle 2 Sample 3 Sample 4 Sample 5 Sample 6 

4.75 
9.33 

24.1 
49.8 
73.7 
98.7 

4.49 
9.38 

22.6 
51.4 
74.9 
95.5 

4.73 
9.38 

27.1 
53.6 
70.7 

103.2 

4.24 
7.00 

26.1 
56.4 
68.6 
97.9 

4.52 
10.00 
19.8 
57.1 
80.1 
92.3 

9.41 9.41 
26.7 25.3 
52.2 51.5 
70.0 78.0 

108.4 92.7 

[14C]Bretylium was used. See mean and coefficient of variation values in Table 

CH, 

6HJ Cl 
I Iv 

+ CH,-N-CHJ 
dimethylethylamine 

o-bromobenzyl 2,4,5- 
trichlorothiophenyl ether 

Scheme I 

thiophenolate was replaced by IV, which also readily reacts with bre- 
tylium and its congeners to produce derivatives extremely sensitive to 
electron-capture detection. Scheme I shows the derivative. Although the 
thiophenolate anion can attack at  any of the four amine substituents by 
an S N ~  process, attack at  the o-bromobenzyl group, as depicted, is pre- 
ferred due to resonance stabilization of the reaction transition state 
(9). 

In this study, two internal standards, I1 (Method I) and I11 (Method 
11), were used. Compound 111 reacts more readily with sodium thiophe- 
nolate and makes the assay less time consuming. Figure 1 shows typical 
chromatograms from the assay. The retention times of the phenylthio 
ether derivatives were 6.1, 7.4, and 9.4 min. Bretylium usually is given 
with other drugs that may interfere with the assay. To minimize such 
interference, one of the two internal standards may be selected, de- 
pending on the desired retention time. 

Under the assay conditions, there were observable impurity peaks at  
retention times of 2.7 and 3.4 min that did not interfere with the drug or 
internal standard peak. As expected, qualitative and quantitative GLC 
showed that the corresponding primary, secondary, and tertiary amines 
of bretylium do not react with the thiophenolate and have very poor in- 
trinsic electron-capturing ability. The GLC chromatograms showed 
symmetrical peaks for bretylium and the internal standards, and there 
were no indications of interference from those amines. 

Figure 2 and Table I1 show the linearity, reproducibility, day-to-day 
variation, and recovery data of the assay. Table I11 lists the precision data 
of the GLC method for the determination of bretylium in plasma. The 
slopes of the plots of the peak height ratio of bretylium to that of the in- 
ternal standard versus bretylium concentrations in the range of 5-250 
ng/ml were 0.00409,0.00476, and 0.00449 as determined on Days 1,3, and 
8, respectively (10). There was no statistically significant difference in 

11. 

the slopes, intercepts, and individual concentrations determined on two 
or three occasions during an 8-day period. 

In this study, plasma and urine concentrations of 5 ng/ml were deter- 
mined easily using a 0.25-ml sample. However, the sensitivity can be 
improved by simple modifications. The GLC assay was compared with 
a direct radioactivity measurement in 60 standard plasma samples and 
25 standard urine samples (Table 11). The correlation coefficients be- 
tween the results of the two methods were 0.999 for plasma and 0.998 for 
urine samples. Similarly, plasma samples from a dog that received an 
intravenous dose of 10 mg of [14C)bretylium tosylatehg were assayed by 
both the GLC and the direct radioactivity measurement methods. Figure 
3 shows the plasma bretylium concentration versus time profile. There 
was excellent correlation between the results of the two procedures, and 
there was no significant difference between the data (paired t test). 

A series of standard plasma samples with concentrations ranging from 
5 to 250 ng/ml was kept a t  ambient temperature for ‘4 days. The GLC 
determinations showed results of 102.2 f 10.5% of the corresponding 
concentrations of controls that were kept frozen during the same period. 
These dataindicate that bretylium is stable in plasma. This result also 
is consistent with data reported previously on bretylium stability (7). 

The proposed procedure is sensitive and requires a single extraction 
step without any back-extraction or cleaning procedure. This method 
offers the distinct advantage of requiring very small biological samples. 
The choice of the internal standard depends on the individual case and 
drugs involved. Although both internal standards give essentially the 
same results, the use of the o-methoxy congener is less time consuming. 
This GLC method may be used in single-dose pharmacokinetic studies 
in humans and animals. It also may be applicable to quality control tests 
and drug compatibility studies. Other quaternary amines may be ex- 
tracted and derivatized in a similar manner. 
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GLC-Mass Spectrometric Determination of Maprotiline and 
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Abstract  A quantitative GLC-mass spectrometric assay was devel- 
oped for the determination of maprotiline and its major metabolite, 
desmethylmaprotiline, in animal and human plasma. The assay utilizes 
selective-ion focusing to monitor, in a GLC effluent, the fragment ions 
and the base peaks of maprotiline and desmethylmaprotiline trifluo- 
roacetamides generated by electron-impact ionization. Maprotiline-d3 
was the internal standard. The assay can measure 2 ng of maprotiline (and 
the metabolite)/ml of plasma with -5% precision. The curves relating 
the amounts of maprotiline and the metabolite added uersus the amounts 
experimentally found over a large concentration range were linear with 
nearly zero intercepts and slopes of 0.99 f 0.01 and 0.98 f 0.02, respec- 
tively. The method was used to study the pharmacokinetic pattern of the 
drug in rabbits as well as to analyze intact maprotiline and the metabolite 
in patients maintained on therapeutic doses of maprotiline. Assay 
specificity was confirmed by complete consistency of the mass spectra 
of maprotiline and desmethylmaprotiline with those of the authentic 
materials. 

Keyphrases 0 Maprotiline-GLC-mass spectrometric analysis, human 
and animal plasma Desmethylmaprotiline-GLC-mass spectrometric 
analysis, human and animal plasma GLC-mass spectrometry-stable 
isotope-labeled maprotiline, selected-ion monitoring, pharmacokinetics 

Antidepressants-maprotiline, GIL-mass spectrometric analysis, 
human and animal plasma 

Maprotiline, l-(3-methylaminopropyl)dibenzo[b,e]- 
bicycl0[2,2,2]0ctadiene'*~, is a tetracyclic drug with seda- 
tive, antiaggressive, and antidepressant effects. In contrast 
to the tricyclic antidepressants, it has no influence on the 
central metabolism of 5-hydroxytryptamine and has weak 
anticholinergic actions (1). As an antidepressant, it has 
shown equal therapeutic efficacy but fewer side effects 
compared to tricyclic antidepressants (2-4); it also is less 
toxic ( 5 6 )  and has less of an effect on the cardiovascular 
system (7,8). Maprotiline has been used in Europe for the 
treatment of patients who had severe side effects with 
other antidepressants and for depressed patients with 
cardiovascular symptomatology. It is under evaluation for 
clinical use in the United States. 

A precise and specific assay for maprotiline and its major 
metabolites in biological fluids and tissues is needed. As- 
says based on the double radioisotope derivative technique 
(9), electron-capture detection (lo), and specific nitrogen 
detection (11) have been reported. This report describes 
a GLC-mass spectrometric assay for the intact drug and 
its major metabolite, desmethylmaprotiline, in the plasma 
of rabbits and humans. 

GLC-mass spectrometry in the selected-ion monitoring 
(12-14) mode was used to quantitate plasma levels of the 
drug and its major metabolite, N -  desmethylmaprotiline, 
in rabbits after maprotiline administration. The meth- 
odology also was applied to measure steady-state levels of 
the free drug and the metabolite in the plasma of patients 
on therapeutic doses. Stable isotope-labeled maprotiline, 

* Ciha 34,276-Ba. I,udiomil. Ciba-Geigy AG, Basel, Switzerland. 
Kindlv provided hy Dr. W. Riess of Ciha-Geigy. Basel, Switzerland. 

maprotiline-d3 (IN-rnethyl-3H]maprotiline), was syn- 
thesized and used as an internal standard for the estima- 
tion of both maprotiline and desmethylmaprotiline. 

EXPERIMENTAL 

Materials-Analytical grade maprotiline hydrochloride', desmeth- 
ylmaprotiline methanesulfonate2, trifluoroacetic anhydride3, ethyl 
chl~roformate~,  and lithium aluminum deuteride4 were used without 
further purification. All solvents were analytical grade5. Silanized tubes6 
(10 ml) with screw caps" were used for extraction; final solvent evapo- 
ration was performed in 5-ml glass-stoppered centrifuge tubes8. Pasteur 
pipets with hand-drawn constricted tips were utilized for all solution 
transfers. Plasma samples were stored frozen at -10' until they were 
analyzed. 
Maprotiline-d3-Desmethylmaprotiline, upon treatment with ethyl 

chlorocarbonate, gave the corresponding carbonate (15) in a 78% yield. 
The carbonate was reduced with lithium aluminum deuteride in tetra- 
hydrofuran to maprotiline-ds (16). The material showed satisfactory mass 
spectral (electron-impact ionization) characteristics. A selective-ion 
detection analysis of maprotiline-dj showed the presence of an ion 
equivalent to 99 f 0.2% (n = 5) maprotiline-ds. 

Extraction from Plasma-To 1 ml of plasma was added an appro- 
priate amount of maprotiline-d3 (typically 70 ng/ml) as an internal 
standard. The plasma was diluted to 5 ml with borate buffer and soni- 
cated for 0.5 min while keeping the temperature a t  -6'. The homogenized 
material was adjusted to pH 9.5 with 0.1 N NH40H and extracted twice 
with 5 ml of benzene. The organic fractions were combined, 1 ml of 0.1 
N HCI was added, and the solution was shaken for 15 min and centri- 
fuged. 

The organic layer was discarded, and the aqueous phase was adjusted 
to pH 9.5 with 1 N NH40H and extracted twice with 3 ml of benzene. The 
organic fractions were combined and dried, and the solvent was evapo- 
rated at  50° under a gentle nitrogen stream. Recovery of maprotiline and 
desmethylmaprotiline added to control plasma was studied a t  the 10- 
ng/ml level. 

Formation of Derivatives-The dried extract was taken up in 100 
pi of ethyl acetate, and 50 pl of trifluoroacetic anhydride was added. The 
material then was heated in an oil bath at  80' for 45 min. The solution 
was cooled to room temperature, and the solvents were evaporated a t  40' 
under a gentle nitrogen stream. The dried extract was reconstituted in 
50 pl of chloroform, and -1 pI was injected into the gas-liquid chromo- 
graph-mass spectrometer for mass fragmentographic assay. 

Instrumentation-The magnetic sector, single-focusing mass spec- 
trometer9 was interfaced with a gas chromatograph and equipped with 
a multiple-ion detector-peak matcher accessory (14,17). GLC was per- 
formed on a 1.8-m X 2-mm i.d. glass column silanized with 5% di- 
methyldichlorosilane in toluene and packed with 1% OV-17 on 100- 
200-mesh Gas Chrom Q. The column was conditioned for 24 hr a t  280" 
with a flow rate of 20 ml of helium/min. The column temperature was 
225", the flash heater was at  240°, the separator was a t  250°, and the ion 
source was a t  275O. 

The accelerating voltage was 3.5 kv in the scan mode and 3.0 kv in the 
multiple-ion detection mode, the ionization potential was 70 ev, and the 
trap current was set at 60 pamp. The magnetic field was kept constant 

3 Aldrich Chemical Co., Milwaukee, Wis. 
4 Isotopic purity of 99 atom '70 deuterium, Merck Sharp & Dohme, Canada Ltd., 

Montreal, Quebec, Canada. 
Fisher Scientific Co., Pittsburg, Pa. 
Kimble Owens, Illinois, Toledo, Ohio. 

Pyrex 8084. 
LKB 9000, LKB, Stockholm, Sweden. 

1 Lined with Teflon, DuPont. 
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Scheme I-Proposed electron-impact fragmentation of maprotiline derivative 
ni/c :%I5 

by focusing the backgroun' ion (column bleed) a t  mle 355, and the ad- 
ditional voltages were 752,600, and 569 v for measuring ion intensities 
a t  mle 331,345, and 348, respectively. The retention times of desmeth- 
ylmaprotiline and maprotiline trifluoroacetamides were 2.0 and 3.0 min, 
respectively. 

Experiments with Animals-Experiments were performed on rab- 
bits to determine the time course of maprotiline and desmethylmapro- 
tiline in plasma after the intravenous administration of varying drug 
doses. In a typical experiment, a 6-kg rabbit was given a single intravenous 
dose of 2.7 mg of maprotiline hydrochloride in water. 

Blood samples were drawn and collected in heparinized tubes. The 
plasma was prepared as usual. An appropriate amount of the internal 
standard (typically 70 ng) was added to the plasma samples (1.0 ml), and 
the samples were processed as described. The amounts of endogenous 
maprotiline and desmethylmaprotiline were calculated from the ratio 
of ion intensities at rnle 345,331,'and 348, respectively. 

Human Studies-Plasma of several patients on a normal therapeutic 
dose of maprotiline was analyzed for maprotiline and the metabolite. An 
appropriate amount of the internal standard was added to the plasma 
samples (0.25 ml), and the samples were processed as described. The 
amounts of endogenous maprotiline and desmethylmaprotiline were 
calculated from the ratio of ion intensities a t  mle 345,331, and 348, re- 
spectively. 

RESULTS AND DISCUSSION 

The mass spectrum of maprotiline trifluoroacetamide (Table I) shows 
a molecular ion at mle 373, a base peak at rnle 345, an intense peak at  m/e 
191, and a peak of modest intensity a t  rnle 218. A reasonable mechanism 
for the fragmentation is presented in Scheme I. The molecular ion un- 
derwent a typical retro-Diels-Alder process (18,19) to give a radical ion 
at rnle 345, the base peak. The driving force for this reaction must be the 
expulsion of a stable neutral ethylene molecule and the formation of an 
unusually stable radical ion at m/e 345. Since both the radical site and 
the cationic site are benzylic in this ion, obviously this very stable ion 
results in a base peak at  mle 345. 

This interpretation is substantiated further by the presence of a 
metastable ion at  mle 319. The mass spectrum of maprotiline-ds triflu- 
oroacetamide (Table I) confirms this interpretation, since in this case 
the molecular ion and the base peak, as expected, are shifted to a higher 

mass by 3 amu. The mass spectrum of desmethj ..naprotiline trifluo- 
roacetamide (Table I) shows a molecular ion at  rnle 359, a base peak at  
rnle 331 as a result of a retro-Diels-Alder process, and a metastable ion 
at m/e 305. The ions at m/e 218 and 191 are the common fragment ions 
appearing in the spectra of maprotiline, maprotiline-d3, and desmeth- 
ylmaprotiline trifluoroacetamides. 

GLC-Mass Spectrometric Quantitation-The ions at  rnle 345 and 
331 are specific for maprotiline and desmethylmaprotiline (mle 348 for 
maprotiline-&) trifluoroacetamides and are not observed in the elec- 
tron-impact ionization spectra of other tricyclic antidepressants (20,21) 
and known metabolites of maprotiline (22). Consequently, the biological 
extract along with maprotiline-d3 was treated with trifluoroacetic an- 
hydride at  80°, the excess reagents were evaporated, and an aliquot of 
the reconstituted solution was injected into the gas-liquid chromato- 
graph-mass spectrometer; maprotiline was quantitated by measuring 
the ion intensities at rnle 345 and 348 while desmethylmaprotiline was 
assayed by measuring the ion intensities at m/e 331 and 348. 

Control plasma samples subjected to the described procedure showed 
.no significant background ions at mle 345,348, and 331. Known amounts 
of maprotiline and desmethylmaprotiline and a fixed amount of the 
isotopic analog (maprotiline-d3) were added to control plasma and pro- 
cessed as described. Maprotiline and desmethylmaprotiline were quan- 
titated from the ratios of ion intensities at rnle 3451348 and 3311348, re- 
spectively. Analysis of the data for maprotiline (Fig. 1) gave a slope of 
0.99 f 0.01 and an intercept of 0.15 f 0.1 ng. Similarly, the data for 

Table I-Mass Spectral Analysis a of Trifluoroacetamides of 
Maprotiline, Maprotiline-&, and Desmethylmaprotiline 

d e b  
Presumed Maprotiline- Desmethyl- 

Fragmentation Maprotiline d3 maprotiline 

M 373 (6) 376 (6) 359 (4) 
M - 28 345 (100) 348 (100) 331 (100) 
M - 28 part 218 (11)  218 (11) 218 (6) 

M - 28 side 191 (82) 191 (82) 191 (82) 
side chain 

chain 

Only common major fragments are presented. The values in parentheses 
represent the percent relative intensity. 
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desmethylmaprotiline (Fig. 1) gave a slope of 0.98 f 0.01 and an intercept 
of0.2 f 0.1 1 ng. These data affirm a simple linear relationship between 
the ion intensity ratios and concentrations of maprotiline and 
desmethylmaprotiline and exclude any isotopic fractionation in the 
fragmentation process as well as in the physicochemical steps in the 
assay. 

Six samples containing 10 ng each of maprotiline and desmethylma- 
protiline/ml were analyzed using 7.0 ng of maprotiline-ds/ml as the in- 
ternal standard. The results were 9.91 f 0.15 ng/ml for maprotiline and 
9.87 f 0.16 ng/ml for desmethylmaprotiline. These samples were assayed 
in duplicate; in this set, exactly the same amounts were taken as before, 
but the internal standard was added after the extraction. The recoveries 
for these samples, based on comparison of the ion intensity ratios of the 
two sets, were 82 f 7% for maprotiline (m/e 345/348) and 85 f 6% for 
desmethylmaprotiline (mle 331/348). The variability in recoveries is to 
be expected in trace analysis and is attributed to variable glassware and 
GLC column adsorption. 

Table I1 shows the concentration of intact drug and its major metab- 
olite in rabbit plasma after a single intravenous dose. The decline of 
maprotiline concentration in plasma exhibited a typical fast absorption 
phase ( a )  followed by a slow disposition phase (o), while desmethylma- 
protiline peaked out a t  -50 hr after maprotiline administration. 

The plasma levels of maprotiline and the metabolite varied consider- 
ably in different patients maintained on a normal therapeutic dose. More 
extensive data are needed for assessment of steady-state concentrations 
of these materials in human plasma. 

Sensitivity and Specificity-The assay for maprotiline and its major 
metabolite presented here is sensitive, specific, and applicable to other 
body fluids and tissues. The assay sensitivity is a function of extraction 
efficiencies, GLC column conditions, and the ion source and cannot be 

Table 11-Analyses of Maprotiline and Desmethylmaprotiline 
in the  Plasma of Rabbits and Patients on Maprotiline Therapy 

Sample Hours Desmethylmaprotiline Maprotiline 

1 1.25 
2 2.25 
3 5 
4 18 
-I 48 
6 68 
I 97 

Patient 1 
Patient 2 
Patient 3 
Patient 4 

Rabbit Plasma*, ng/ml 

6.3 f 0.34 
27.4 f 1.1 
46.0 f 1.3 

120.0 f 2.2 
280.0 f 4.5 
35.4 f 1.7 
14.0 f 0.61 

Human Plasma‘, ng/ml 

179.6 f 3.1 
88.1 f 3.8 

179.2 f 3.1 
140.2 f 3.3 

2320.0 f 22 
1096.0 f 13 

95.2 f 2.8 
38.6 f 2.6 
30.2 f 2.1 
17.6 f 0.9 
9.8 f 0.28 

1558.3 f 14 
1160.6 f 12 
617.6 i 7.2 
353.4 f 4.9 

Mcan ot duplicate deterniinnti<tn:.. * Analysis of niapriitiline and desmethyl- 
in:iprotiiine i n  rabhit:. a h  a tunctiiin of time after the administratiun of a single dose. 
’ Stcady-.;tate I)Ia:.ma lebrls 01‘ maprotiline and desrnethylmaprotiline i n  ya- 
t i r i i t i  
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Figure 2-Selective-ion chromatograms for  maprotiline (m/e 345), 
desmethylmaprotiline (m/e 331 ), and maprotiline-da (m/e 348). Key: 
A, control human plasma; B, control human plasma (1 ml) spiked with 
10 ng each of maprotiline and desmethylmaprotiline and 7 ng of ma- 
protiline-ds; C, control rabbit plasma ( 1  ml) spiked as in B; and D, E,  
and F, typical rabbit and human plasma. 
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Figure 3-Mass spectrum of maprotiline along with the added internal 
standard maprotiline-da from the human plasma extract. 

quoted in absolute terms. With good mass spectrometer performance, 
a clean ion source, a freshly silanized GLC column and glassware, and 
>50% recoveries, an assay sensitivity of -2 ng each of maprotiline and 
desmethylmaprotiline/ml of plasma is possible. 

The results from the control plasma and plasma of patients show good 
specificity of the assay. The mass chromatograms obtained from bio- 
logical extracts (Fig. 2) show clean and symmetrical peaks. Furthermore, 
these biological extracts were pure enough so that the entire mass spectra 
of maprotiline and desmethylmaprotiline trifluoroacetamides could be 
recorded. The mass spectrum of maprotiline trifluoroacetamide with 
added maprotiline-ds (Fig. 3) shows expected doublets a t  m/e 345-348. 
Also significant was a singlet of increased relative ion intensity a t  m/e 
191, a common fragment ion from the two isotopic species. The mass 
spectrum of desmethylmaprotiline trifluoroacetamide in the biological 
extract was identical to that of the authentic material. 
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Abstract o Application of several analytical probes indicated that 
certain batches of the investigational new drug gemcadiol(2,2,9,9-tet- 
ramethyl-1,lO-decanediol) were contaminated with impurities whose 
nature and source were unknown. Subsequent study showed that these 
impurities consisted of polymeric material formed by self-condensation 
of the dialdehyde precursor. Gel permeation chromatographic techniques 
were found to be useful in the analysis of polymers present in both the 
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Gemcadiol (2,2,9,9-tetramethyl-l,lO-decanediol, I) is 
an investigational new drug that is being evaluated as a 
triglyceride- and cholesterol-lowering agent (1). This drug 
may be synthesized by a process whose last step involves 
sodium borohydride reduction of 2,2,9,9-tetramethyl- 
1,lO-decanedial (11) (2). 

When various batches of I were analyzed, it became 
apparent that significant interbatch variation existed for 
which the cause was not known. This study was conducted 
to determine the reason for the observed inconsistencies 
and to provide a more definitive method of analysis. 

EXPERIMENTAL 

Reagents-The solvents were analytical reagent grade. The sodium 
borohydride’ was used as received. 

Alfa Inorganics. Ventron Corp. 

Apparatus-IR spectra were obtained using a grating IR spectro- 
photometer*. GLC was done on a programmable research chromato- 
graph3 equipped with a flame-ionization detector and an electronic in- 
tegrator4. NMR spectra were obtained on a 90-MHz instrument5 with 
deuterochloroform as the solvent and tetramethylsilane as the internal 
standard. 

GLC Studies-GLC studies were performed using 183 X 0.64-cm 
stainless steel columns packed with 5% silicone gum rubber6 on silanized 
diatomaceous earth7. Chromatograms were obtained under isothermal 
conditions (225’) after injection of 2 p1 of a 10% solution of the sample 
in methanol. In certain cases, the solution injected was acidified by adding 
1 drop of 3 N HCl to 1 ml of the methanolic sample solution. 

Liquid Chromatography of I-Liquid chromatographic separation 
of the components present in impure samples of I was accomplished using 
modified dextran beads* packed in a 40 X 3-cm glass chromatographic 
column. Methanol (25% v/v) in benzene was the mobile phase. The col- 
umn was charged with a sample of -500 mg dissolved in 5 ml o’f the mobile 
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181 1206 I245 346 
196 226 264 

ELUTION-VOLUME, ml 
Figure 1-Liquid chromatogram of polymerized II obtained on a col- 
umn packed with Bio Beads SX-2 using benzene as the eluent. Elution 
volumes of each peak are indicated. The indicated molecular weights 
are: peak 2, 610-690; peak 3, 750-840; peak 4 ,  940-1060; peak 5,  
1200-1400; and peak 6,1300-.1600. 

phase; it was operated a t  a flow rate of 1 ml/min, and 10-ml fractions were 
collected. The fractions were transferred to tared aluminum weighing 
pansg (70 mm), the eluent was allowed to evaporate, and the pans were 
hrought to constant weight under a vacuum. The weight of nonvolatile 
material in each pan then was plotted uersus the eluent volume to obtain 
the chromatogram. 

Liquid Chromatography of 11-The chromatographic system em- 
ployed for I1 was essentially the same as that developed by Mulder and 
Buytenhuys (3). Glass columns (90 X 2.4 cm) packed with porous sty- 
renedivinylbenzene beadsi0 were employed with benzene as the mobile 
phase. The columns were attached to a commercial high-efficiency liquid 
chromatographic system" equipped with a refractive index detectorlZ. 
Five milliliters of a 5% sample solution in benzene was introduced to the 
column with a sample injection valve13. The columns were operated at 
a flow rate of 20 ml/hr a t  ambient temperature. 

Estimation of Molecular Weights of Components Present in 
Partially Polymerized 11-A mixture containing known compounds 
of relatively high molecular weights was prepared by dissolving 100 mg 
of I1 and 50 mg each of tristearin14 (mol. wt. 891), trimyristin14 (mol. wt. 
723), and trilaurin14 (mol. wt. 639) in 5 ml of benzene. A chromatogram 
was obtained for this mixture using the chromatographic system and 
conditions described for the liquid chromatography of 11. The elution 
volumes of the known components were noted, and a plot of log mol. wt. 
uersus elution volume was constructed. 

Although the plot was linear, its slope caused the anticipated molecular 
weights to be underestimated (specific adsorption effects). Nevertheless, 
these estimates are the basis for the lower molecular weights of the mo- 
lecular weight estimate given in Fig. 1. By assuming that the lowest 
polymeric contaminant of the aldehyde mixture, Component 2, had a 
molecular weight of 678 and by calibrating the column with this com- 
pound and I1 (mol. wt. 226), the estimates for the upper limit of the range 
estimate were obtained. 

Reduction of Samples of 11-In general, 1 g of I1 was dissolved in 5 
ml of I-propanol and placed in a small beaker containing a magnetic 
stirring bar. A solution of sodium borohydride (176 mg/g of 11) in distilled 
water was added dropwise with stirring. The resulting mixture was stirred 
for an additional 30 min. 

After the reaction was complete, the mixture was poured into excess 
water and ice, and this mixture was stirred. The final mixture was ex- 
tracted with three equal volumes of chloroform, and the chloroform ex- 
tract was dried over anhydrous magnesium sulfate. After the magnesium 
sulfate was separated by filtration, the chloroform was evaporated and 
and the residue was brought to constant weight under vacuum. 

Reduction of Components in Impure Samples of 11-Each com- 

Arthur H. Thomas Co. 
I" Rio Beads SX-2, Bio Had Laboratories. 
'I Series 4100. Varian Aerugraph. 
l 2  Varian Aerograph. 
I:' SV-8031. C'hromatronix. 
I s  Xu Chek Prep, Elysian, Minn. 

Table I-NMR (Deuterochloroform) Data fo r  I11 

Functional Chemical Relative 
GrouD Shift. DDm Area 

CHZ (CHzOH) 
CHO 

0.82 
1.0 
1.21 
1.74 
3.27 
9.40 

6 
6 

12 
1 
2 
1 

Tab le  11-Results f rom Analysis of Various Batches of I by 
Differential  Scanning Calorimetry (DSC) and  GLC 

Batch 
Percent I 

DSC GLC 

A 99.6 98.0 
B 97.4 92.4 

98.9 97.8 
86.9 

C 
D - a 

Thermogram was excessively distorted so calculation was not possible. 

ponent found in polymerized samples of 11 was reduced immediately 
following elution from the chromatographic column by piping the column 
eluate into separate receivers, each containing 100 mg of sodium boro- 
hydride dissolved in water-methanol (1040). The methanol was evapo- 
rated in a rotary evaporator, and excess water was added. 

The aqueous mixture was extracted three times with 25-ml portions 
of chloroform, and the chloroform extracts were pooled. The combined 
chloroform extracts were back-washed with water until they were neutral 
to litmus paper and then they were dried over anhydrous magnesium 
sulfate. After freeing the extract of solid magnesium sulfate, the chloro- 
form was evaporated and the residue was collected. 

Preparat ion and  Characterization of lO-Hydroxy-2,2,9,9-tet- 
ramethyldecanal (111)-Compound 11,100 g, was dissolved in 128 ml 
of 2-propanol and was kept stirring in a beaker. A solution of 8.3 g of so- 
dium borohydride in 109 ml of water was added dropwise. At the end of 
this addition, the reaction mixture was analyzed by GLC and found to 
be a mixture of 80% I and 20% 111. The solvent was evaporated, and the 
residue was dissolved in warm acetonitrile. Upon cooling, some I crys- 
tallized, leaving a supernate containing 32% I and 68% 111. Compound 
111 was isolated from the mother liquor as follows. 

The solvent was evaporated, and 50 g of the residue was refluxed for 
2 hr with 50 g of Girard's Reagent T15, 50 ml of acetic acid, and 500 ml 
of 95% ethanol. The alcohol then was evaporated, and the residue was 
washed three times with 200-ml portions of ether. It then was dissolved 
in 300 ml of water, and 60 ml of 5 N HCI was added. The mixture was 
heated on the steam bath for 1 hr. The formed oil was separated and 
dissolved in ether. The ether solution was washed with a dilute potassium 
bicarbonate solution and then with water. The ether solution was dried 
over anhydrous magnesium sulfate, and the ether was evaporated. 

The residue was free of I and was identified as 10-hydroxy-2,2,9,9- 
tetramethyldecanal(II1). The mass spectrum exhibited a molecular ion 

8 
u- 100, 

2 O L - -  y .  4.0 . 5:.o 
I- 3.0 6.0 7.0 8.0 10.0 16.0 

9.0 12.0 20.0 
WAVELENGTH, ,urn 

Figure 2 -IR spectrum of an impure batch of I in which the extraneous 
absorption near 9.0 pm is circled (potassium bromide dispersion). 

~ ~ ~- 

I s  Aldrich Chemical Co., Milwaukee, Wis 
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4.35 3.38 1.55 0.86 
1.24 

6 .  ppm 
Figure 3-NMR spectrum of impure I (1 7; in deuterochloroform) in 
which the extraneous absorption a t  4.35 ppm is circled and where X 
denotes side bands 

a t  m/e 228. IR analysis gave a strong hand a t  5.78 pm due to C=O. GLC 
gave only one peak. The NMR data are given in Table I. 

Anal.-Calc. for C ~ ~ H ~ H O :  C, 73.68; H, 12.28. Found: C, 73.60; H, 
12.20. 

Determination of Amount of Polymeric Contaminants in I- 
Approximately 10 g of Sephadex LH-20 was conditioned by stirring with 
benzene-methanol (75:25) for several hours. The solvated heads were 
packed into a 45 X 2-cm glass column. The height of the resin bed was 
42 cm. Approximately 200 mg of the sample was weighed accurately and 
dissolved in 5 ml of the eluent (benzene-methanol). The solution then 
was introduced into the column, and the column was eluted with ben- 
zene-methanol (75:25). 

Fractions of 30,35, and 40 ml were collected and transferred into three 
tared aluminum pans. The solvent was evaporated, and the pans were 
dried under vacuum to constant weight. Fractions 2 and 3 contained the 
total polymeric impurities and the drug, respectively. These fractions 
were weighed, and the amount of polymeric contaminants in I was cal- 
culated from their weights. 

RESULTS AND DISCUSSION 

Purity estimates of various hatches of I, obtained by differential cal- 
orimetryfs (4), are shown in Table 11; significant interbatch variation was 
observed. IR spectra obtained from these batches differed in that the 
spectrum of the less pure material had extraneous absorption near 9 pm 
(Fig. 2). The NMR spectra of high and low quality drug were similar (Fig. 
3), except for a barely perceptible peak near 4.35 ppm. 

Gas-liquid chromatograms obtained from impure batches (Fig. 4, left) 
were characterized by a large symmetrical peak preceded by a small 
distorted peak or shoulder. The relative area of the distorted peak or 
shoulder varied from hatch to batch, and its shape suggested it could have 
arisen from partial thermal decomposition of I itself or associated con- 
taminants. When the methanolic sample solution used for injection was 
acidified prior to injection, relatively impure samples gave a chromato- 
gram like that shown in Fig. 4 (right). The retention time of two of the 
observed small peaks corresponded to I1 and 111. The presence of these 
compounds was confirmed through mass spectrometry and the coinci- 
dence of the retention time with authentic samples. 

Since the chromatographic behavior of the vapor phase indicated 
thermal decomposition, other means of separation were investigated. It 
was determined that extraneous material could be separated from the 

H ,C+- CHQH 

111 

Model DSC I B  differential scanning calorimeter, Perkin-Elmer. 

-6 
-6 

RETENTION TIME, min 
Figure 4-Ghs-liquid chromatograms of impure I .  The chromatograni 
on the left is that obtained when a neutralsolution o f I  in methanol ioas 
injected. The chromatogram on the right uia~ ob&ained ulhcn an  acidic 
solution of I in methanol was injected. Peaks 5 , 4 ,  and 6 represent 111, 
II, and I, respectioely. 

drug through gel permeation chromatography using Sephadex LH-20 
with methanol-benzene as the eluent17. A typical chromatogram obtained 
on an impure batch of drug is shown in Fig. 5. IR spectra obtained on the 
material responsible for the various peaks showed strong absorption a t  
-9 p n  for peaks 1-3, whereas the spectrum of peak 4 had no extraneous 
absorption and was consistent with the pure drug. 

More of the major contaminant (peak 3) was obtainedIs for charac- 
terization, and the NMR spectrum was informative (Fig. 6) .  While the 
spectrum of the contaminant was similar to that of the drug, the details 
differed. A significant difference was that the signal from the methyl 
protons occurred a t  more than one chemical shift, and there was a small 
but real peak near 4.4 ppm. The complete NMR data obtained on this 
sample are summarized in Table 111. 

Structures A and B are consistent with the NMR data and are chem- 
ically reasonable (5-8). 

Anal.-Calc. for Structure A or B C, 73.68; H, 12.28. Found: C, 73.70; 
H. 12.19. 

l E 0 1  160 
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Figure 5-Liqutd chromatogram of an impure hatch of1 Peaks I ,  2, and 
3 are impurities Peak -1 is pure I. 

~~ ~~~~~ 
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Table 111-NMR Data Obtained from Material Corresponding to 
Peak 3 in  Fig. 5 

Relative Functional Chemical 
Group Shift, ppm Area 

4.4 
0.85 
1.25 
i.57 
3.3 

Table IV-NMR Data Obtained from Material  Corresponding to 
Peak  4 i n  Fig. 1 

Functional Chemical Shift, Relative 
Group PPm Area 

CH 4.4 7.5 

The IR spectrum showed a strong band a t  9 pm, suggesting the pres- 
ence of C-0-C. GLC of an acidified methanolic solution gave only one 
peak corresponding to lO-hydroxy-2,2,9,9-tetramethyldecanal(III). The 
molecular weight determined by the Rast procedure (9) was 611 f 10%. 
This result and its behavior on the gel permeation column19 indicate that 
its molecular weight cannot be 228, so Structure B is favored. 

Examination of the IR spectrum of various batches of the dialdehyde 
precursor (11) revealed that relatively strong absorption near 9 pm existed 
in some batches but not in others. A sample of dialdehyde giving an IR 
spectrum that had strong absorption near 9 pm and a sample not having 
this extraneous absorption were reduced, and the reduction products were 
chromatographed. The chromatograms obtained showed that impurities 
were formed only in the case where the dialdehyde gave an IR spectrum 
with significant absorption near 9 pm. 

Since further information regarding the nature of the contaminants 
in the dialdehyde was desirable, a liquid chromatographic system suitable 
for their separation was developed and chromatograms were obtained. 
A chromatogram representative of the dialdehyde with strong 9-pm 
absorption is shown in Fig. 1. The system employed provided near 
baseline separation of a t  least six contaminants. 

A range estimate of molecular weights of the various components ob- 
tained on t.he basis of elution volume are included in Fig. 1. Attempts were 
made to obtain definitive NMR data directly on these contaminants; 
although peaks were present that could be assigned to ring and aldehyde 
protons (Table IV),  spurious peaks also were observed. These peaks. 

( C )  

( b )  td) Y>H,~ 
H,C\d(CHI)’-C \ 
/ \  0 /crz ( f ’  

H:C C- 
\ O H  

(a1 ( e )  
A 

CH I 

1 
12.6 
12.6 

6, PPm CH3 (0.90) 
Figure 6-NMR spectrum of material corresponding t o  peak 3 in Fig. -( 1.05) 
5 (2?”;, in deuterochloroform). CH2 

R = C - ( C H ~ ) , ~ - - C H , O H  
AH 

B 

1 
2 

? 
CHO 

8.04 
9.48 

72 

122 

2 
3 

Table V-NMR Data Obtained from Material  Corresponding to  
Peak 4 in Fig. 1 a f t e r  Reduction with Sodium Borohydride 

Functional Chemical Shift, Proton 
Group PPm Ratio 

CH 4.37 1.44 
CHn 0.86 14.2 
CHP (alkyl) 1.23 14.6 
OH 1.67 1.0 
CHZ (CH20H) 3.29 1.85 

which resulted from oxidation, precluded clear definition of proton ra- 
tios. 

Since the components of the impure dialdehyde were well separated, 
they were reduced concurrently with elution, and an impure drug sample 
was spiked with the reduced aldehyde impurities. Liquid chromatograms 
then were obtained, which indicated that the material responsible for 
peak 2 (Fig. 1) corresponded to drug contaminant 3 (Fig. 5) and that al- 
dehyde contaminant 4 (Fig. l) corresponded to drug contaminant 2 (Fig. 
5). Since components of the impure dialdehyde were better separated 
than their reduced counterparts, a sufficient sample of a minor drug 
contaminant, peak 2 (Fig. 5 ) .  was obtained by chromatographing partially 
polymerized dialdehyde and providing concurrent reduction. This ma- 
terial was a viscous clear liquid. 

Anal.-Calc. for C70H138010 (Structure C): C, 73.81; H, 12.13. Found: 
C, 73.50; H, 12.09. 

The molecular weight calculated for Structure C was 1138; the range 
indicated by gel permeation chromatography was 940-1060. 

GLC of the acidic methanolic solution gave both the monoaldehyde 
monoalcohol (111) and the dialdehyde in a molar ratio of 4:l. The presence 
of the dialdehyde is significant and indicates that this higher molecular 
weight impurity contains a dialdehyde bridge incorporated so as to 
protect both potential aldehyde groups from reduction. The NMR data 
are presented in Table V. 

These properties are consistent with and indicative of Structure C as 
the structure of the next most abundant drug contaminant. 

I y  The elution volume of this material is much less than that of 11, whose molecular 
weight is 228. 
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Table VI-Theoretical Proton Ratios for Various Protons 
Involved in Polymeric Alcohols Containing Various Numbers of 
Trioxane Rings 

Proton Ratios (Group per OH) 
Protons 1 Ring 2Rings 3Rings 4Rings 

Ring CH 1 .o 1.5 1.8 2.0 
Aliphatic CH2 12.0 15.0 16.8 18.0 
Methvl 12.0 15.0 16.8 18.0 

The ratio of various protons having different chemical shifts would be 
expected to vary as polymerization continued. In particular, the ratio of 
ring CH, aliphatic CH2, and methyl protons to hydroxyl protons would 
increase as the number of bridged trioxane rings increased (Table VI). 

While it was important to separate individual components for char- 
acterization, this need does not apply for the establishment of drug purity. 
The gel permeation technique was modified to allow analysis of the total 
polymeric material in drug samples. To validate this method of analysis, 
mixtures having known compositions were analyzed. The results (percent 
impurity added 0,5.2, and 9.4; found 0,5.1, and 9.4) indicate that the 
method described under Experimental is sufficiently accurate for use. 

CONCLUSIONS 

Available information indicates that contaminants present in certain 
batches of I consist of polymeric alcohols characterized by at  least one 
trioxane ring. These contaminants originate in the dialdehyde precursor, 
which may polymerize to form corresponding compounds. Reduction of 

polymers present in the dialdehyde yields the alcohol polymers, which 
may persist throughout purification and contaminate the finished drug. 
Analysis uia gel permeation liquid chromatography provides a useful 
means to analyze the degree of contamination by these polymeric com- 
pounds. 
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Streptozocin (NSC-85998), the 2-deoxy-D-glucose de- 
rivative of 1-methylnitrosourea (11, has been shown to 
inhibit primary DNA synthesis in mammalian cells (2,3). 
Due to its selective toxicity for pancreatic P-cells, strep- 
tozocin has been used to induce diabetes in a variety of 
animals (4-6). In addition, it has been useful in the treat- 
ment of metastatic insulinoma (7,8). 

BACKGROUND 

Previous kinetic studies showed that streptozocin degradation obeys 
first-order reaction kinetics. These studies also indicated the presence 
of at least two pathways for streptozocin degradation, one involving the 
N-nitroso group and the other involving another portion of the molecule, 
probably the glucose moiety (9). While chromatography has been used 

to isolate several streptozocin metabolites (10, l l ) ,  their molecular 
structures have not been identified precisely. 

In addition, data for streptozocin concentrations in various tissues of 
mice aa a function of time were obtained previously (10) using three assay 
methods: bioassay and chemical and radiochemical assays. The bioassay 
is the closest indicator of the actual streptomin content, but this method 
does not preclude the possibility that some drug metabolites also may 
be bioactive. The chemical assay measures the N-nitroso group of 
streptozocin and its metabolites. The radiochemical assay measures a 
tritiated hydrogen atom that originally was at  the C-6 position of the 
glucose moiety of streptozocin and must be accounted for either as part 
of the streptozocin molecule or as part of the several streptozocin me- 
tabolites known to exist. 

The objective of this study was to utilize these data along with the 
present knowledge of streptozocin metabolism to develop mathematical 
models for the distribution, transport, and metabolism of streptozocin 
in mice. 

THEORETICAL 

In recent years, physiologically based pharmacokinetic modeling (12, 
13) has been applied extensively to predict drug distributions in plasma 
and various tissues of mammalian systems (14,151. A pharmacokinetic 
model is a simplified representation of a real physical system (Scheme 
I) derived from experimental observations, previous knowledge, and a 
number of assumptions. It is based on relevant physical and biochemical 
parameters such as plasma flow rates, tissue volumes, tissue binding 
constants, mass transfer coefficiente, and, when necessary, chemical re- 
action constants to account for drug metabolism. The validity of the 
model as a means of predicting tissue drug distributions and excretion 
rates is tested by comparing model predictions with data. Plasma flow 
rates and tissue volumes for most species and tissues are readily available 
in the literature. Mass transfer, binding, and metabolism parameters for 
a given drug must be estimated from the available data. 
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Table VI-Theoretical Proton Ratios for Various Protons 
Involved in Polymeric Alcohols Containing Various Numbers of 
Trioxane Rings 

Proton Ratios (Group per OH) 
Protons 1 Ring 2Rings 3Rings 4Rings 

Ring CH 1 .o 1.5 1.8 2.0 
Aliphatic CH2 12.0 15.0 16.8 18.0 
Methvl 12.0 15.0 16.8 18.0 

The ratio of various protons having different chemical shifts would be 
expected to vary as polymerization continued. In particular, the ratio of 
ring CH, aliphatic CH2, and methyl protons to hydroxyl protons would 
increase as the number of bridged trioxane rings increased (Table VI). 

While it was important to separate individual components for char- 
acterization, this need does not apply for the establishment of drug purity. 
The gel permeation technique was modified to allow analysis of the total 
polymeric material in drug samples. To validate this method of analysis, 
mixtures having known compositions were analyzed. The results (percent 
impurity added 0,5.2, and 9.4; found 0,5.1, and 9.4) indicate that the 
method described under Experimental is sufficiently accurate for use. 

CONCLUSIONS 

Available information indicates that contaminants present in certain 
batches of I consist of polymeric alcohols characterized by at  least one 
trioxane ring. These contaminants originate in the dialdehyde precursor, 
which may polymerize to form corresponding compounds. Reduction of 
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may persist throughout purification and contaminate the finished drug. 
Analysis uia gel permeation liquid chromatography provides a useful 
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Streptozocin (NSC-85998), the 2-deoxy-D-glucose de- 
rivative of 1-methylnitrosourea (11, has been shown to 
inhibit primary DNA synthesis in mammalian cells (2,3). 
Due to its selective toxicity for pancreatic P-cells, strep- 
tozocin has been used to induce diabetes in a variety of 
animals (4-6). In addition, it has been useful in the treat- 
ment of metastatic insulinoma (7,8). 

BACKGROUND 

Previous kinetic studies showed that streptozocin degradation obeys 
first-order reaction kinetics. These studies also indicated the presence 
of at least two pathways for streptozocin degradation, one involving the 
N-nitroso group and the other involving another portion of the molecule, 
probably the glucose moiety (9). While chromatography has been used 

to isolate several streptozocin metabolites (10, l l ) ,  their molecular 
structures have not been identified precisely. 

In addition, data for streptozocin concentrations in various tissues of 
mice aa a function of time were obtained previously (10) using three assay 
methods: bioassay and chemical and radiochemical assays. The bioassay 
is the closest indicator of the actual streptomin content, but this method 
does not preclude the possibility that some drug metabolites also may 
be bioactive. The chemical assay measures the N-nitroso group of 
streptozocin and its metabolites. The radiochemical assay measures a 
tritiated hydrogen atom that originally was at  the C-6 position of the 
glucose moiety of streptozocin and must be accounted for either as part 
of the streptozocin molecule or as part of the several streptozocin me- 
tabolites known to exist. 

The objective of this study was to utilize these data along with the 
present knowledge of streptozocin metabolism to develop mathematical 
models for the distribution, transport, and metabolism of streptozocin 
in mice. 

THEORETICAL 

In recent years, physiologically based pharmacokinetic modeling (12, 
13) has been applied extensively to predict drug distributions in plasma 
and various tissues of mammalian systems (14,151. A pharmacokinetic 
model is a simplified representation of a real physical system (Scheme 
I) derived from experimental observations, previous knowledge, and a 
number of assumptions. It is based on relevant physical and biochemical 
parameters such as plasma flow rates, tissue volumes, tissue binding 
constants, mass transfer coefficiente, and, when necessary, chemical re- 
action constants to account for drug metabolism. The validity of the 
model as a means of predicting tissue drug distributions and excretion 
rates is tested by comparing model predictions with data. Plasma flow 
rates and tissue volumes for most species and tissues are readily available 
in the literature. Mass transfer, binding, and metabolism parameters for 
a given drug must be estimated from the available data. 
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Scheme I-Schematic representation of a typical model compartment 
where Q is the plasma perfusion rate; C, is the afferent plasma con- 
centration; Vv, V', and Vc are the volumes of the vascular, interstitial, 
and intracellular spaces, respectively; C", C', and Cc are the drug con- 
centrations in the vascular, interstitial, and intracellular spaces, re-  
spectively; jA is the net flux of drug to  the intracellular space; and met 
is the rate of drug disappearance via metabolism. The vascular and 
interstitial spaces are combined into a single extracellular subcom- 
partment, and the efferent plasma concentration is assumed to be equal 

to the extracellular drug concentration. 

As shown in Scheme I, a tissue compartment can be divided into three 
subcompartments: the vascular, interstitial, and intracellular spaces. 
Drug concentrations in each subcompartment are assumed to be uniform, 
and the effluent plasma concentration is assumed to be equal to the drug 
concentration of the vascular subcompartment. 

For most drugs and tissues, the vessel wall is more permeable than the 
cellular membrane, and the vascular and interstitial subcompartments 
can be combined into a single subcompartment, the extracellular space. 
Therefore, in the present study, transport in all of the compartments was 
modeled according to a membrane-limited model, which is similar to 
models applied previously to methotrexate uptake into the bone marrow, 
spleen, and intestine of rats (13), dactinomycin (actinomycin D) uptake 
into the testes of beagle dogs (16), and methotrexate uptake into several 
types of tumors (17, 18). 

With these assumptions and definitions, two nonsteady-state material 
balance equations for a particular body (or tissue) compartment may be 
derived: 

dCf - 
Vf- - ( j A ) i  - (met)j 

dt  
where the subscript i refers to the i th body compartment; Vg and Vc are 
the volumes of the extracellular and intracellular spaces (milliliters), 
respectively; Cr and CF are the total drug concentrations in the extra- 
cellular and intracellular spaces (micrograms per milliliter), respectively; 
Qi is the plasma perfusion rate (milliliters per minute); q; is the drug 
clearance rate (zero for compartments other than the kidneys and liver) 
that accounts for drug elimination via the urine and bile (milliliters per 
minute); C, is the afferent plasma concentration (micrograms per mil- 
liliter); VA); is the net flux of drug into the intracellular subcompartment 
(micrograms per minute); and (met); is the rate of drug metabolism in 
the i th compartment (micrograms per minute). 

The net flux GA); between the extracellular and intracellular sub- 
compartments and the relationship between free and bound drug are 
defined by: 

G A ) ;  = Vih;(CP - C t / R ; )  03s. 3) 

where h, and Ri are apparent first-order diffusion constants and tissue 
equilibrium partition coefficients into which the effect of drug binding 
in the extracellular fluid has been incorporated, respectively. The use 
of a first-order diffusion constant, hi, assumes that the transport mech- 
anism across the cell membrane is linear and nonsaturable. 

The drug metabolism rate, (met);, in the intracellular subcompartment 
is defined by: 

(met); = kiV,Cr (Eq. 4) 

where k, is the first-order reaction constant for streptozocin degradation. 
The use of first-order kinetics to describe streptozocin degradation was 
verified by previous kinetic studies (9). 

Previous pharmacokinetic studies illustrated the applicability of a 
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Figure 1-Streptozocin bioequiualents versus time in plasma, liver, 
and kidneys of mice following an injection of 300 mglkg ip. Points rep- 
resent the experimental data of Bhuyan et  al. (10) for plasma (01, liver 
(m), and kidneys (+). The curves represent model predictions. The 
parameters of Table I (bioassay values) and an exponential equation 
for the plasma concentration (494 53e-0 0549t) were used t o  obtain the 
simulations. 

nonlinear regression analysis to the available plasma data to obtain an 
exponential equation for plasma concentrations as a function of time (15, 
17,18). This approach was utilized in the present study. Thus, once the 
parameter values and plasma exponential equations are known, Eqs. 1 
and 2 are solved to obtain predictions for streptozocin concentrations 
in a given tissue as a function of time. 

T o  compare model predictions with the data, the average drug con- 
centration in a tissue must be defined as: 

c, = ( C y :  + cfv:)/v, (Eq. 5) 

where C, is the overall drug concentration of the i th  compartment (mi- 
crograms per milliliter). 

EXPERIMENTAL 

Data for streptozocin concentrations as a function of time were ob- 
tained by Bhuyan et al. (10) using three independent assay methods: 
bioassay, chemical assay, and radiochemical assay. In these experiments, 
streptozocin (tritiated or unlabeled) was dissolved in phosphate buffer 
and was administered intraperitoneally to 20-g female BDFl (C57BL/6 
X DBA/2) mice'. At various postinjection times up to 2 hr, groups of mice 
(four or five per group) were sacrificed; blood samples were collected. 
tissues were excised, and all were assayed for streptozocin. 

The experimental procedures used were those described by Bhuyan 
et al.  (10). 

RESULTS AND DISCUSSION 

Values for the compartmental volumes and tissue flow rates (V, and 
Q,, respectively) for each tissue were obtained from the literature (19). 
The binding, diffusion, and metabolism constants (R,, h,, and k , )  were 
determined by applying parameter estimation methods (18, 20) to the 
data of Bhuyan et al. (10). With these parameter values (Table I), the 
chemical and bioassay data for the liver, kidneys, and pancreas were 
modeled by first obtaining exponential fits for the plasma data and then 
solving Eqs. 1 and 2 for each tissue. The results are shown in Figs. 1 and 
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Table I-Model Parameters for Streptozocin Distribution in Mice * 
Reaction 

Tissue Extracellular Plasma Partitionc Constantc Constant 
Volume Volume Flow Rate Coefficient ( R )  (h) ,  min-l ( k ) ,  min-I 

Diffusion 

Tissue ( V ) ,  ml ( V c ) ,  mld ( Q ) ,  ml/min Bio Chem Bio Chem Bio Chem 

Liver 1.30f 0.5 
Kidney$ 0.34 0.13 
Pnncrens 0.096 0.04 

1.11 23.6 19.7 0.0164 0.1392 0.0086 0.0041 
5.6 7.7 0.0305 0.1625 0.0096 0.0041 

0.048b - 15.8 - 0.0063 - 0.0041 
0.81 

_.__ ~~ - --I 

0 Data were obtained by bioassay and chemical ?say methods. * Mice weighed 20 g. Obtained by parameter estimation using the bioassay and chemical assay data 
Bile clearance, 91, is negligible (10). Taken from Ref. 19. 8 Kidney clearance, q k .  was estimated of Bhuyan et al. (10) for an injection of 300 mg/kg ip. 

from the data of Bhuyan et al. (10) to be 0.42 ml/min. 
Estimated. 
Assumed. 

2. The average error. between the data and the model predictions was 
18.3% for the bioassay data (Fig. 1) and 15.1% for the chemical assay data 
(Fig. 2). The model also was applied to obtain fits for the radiochemical 
assay data (20). Since the parameter values obtained from the radioassay 
data are of limited value because of the rapid metabolism of streptozocin, 
these results are not given here. 

The models presented in this report utilize data for an intraperitoneal 
injection of 300 mg/kg. They also provide a quantitative basis for the 
prediction of drug distributions at other doses and for other modes of 
injection. Such extensions were discussed previously for other drugs 
(16-18). In addition, the development of membrane-limited models for 
drug transport and the inclusion of terms to account for tissue binding 
and drug metabolism are emphasized here. 

The bioassay is the best available measure of the whole streptozocin 
molecule. In modeling the bioassay data, a reaction constant of 4.009 
min-l was determined for both the kidneys and the liver. This value is 
in good agreement with a half-life of -1 hr, which was reported previously 
(9). 

As stated previously, the chemical assay is a measure of the N-nitroso 
group of streptozocin and its metabolites. Previous investigators related 
the mode of action of streptozocin and other nitrosoureas to the akylation 
of various cell components (i.e., DNA, RNA, nucleic acid precursors, and 
proteins) and the subsequent inhibition of cell division and other critical 
biochemical processes (21,22). The observed suppression of NAD+ and 

inhibition of pyridine synthesis (23-27) also may be explained within the 
context of this mode of action. 

The degradation pattern of streptozocin to yield a methyl carbonium 
ion capable of alkylating various cell constituents can be envisioned as 
a two-step process with methyldiazonium ion as an intermediate. This 
process is consistent with the known biological degradation patterns for 
N-nitrosoureido compounds (28) and illustrates the importance of the 
chemical assay in measuring drug activity relative to the proposed mode 
of drug action. 

While the present analysis describes the available data in mice ade- 
quately, more data are needed to characterize the transport and metab- 
olism more precisely. Chromatography has isolated several streptozocin 
metabolites (10, ll), but further work is needed for their identification. 
As those findings become available, they can be incorporated into a more 
complex pharmacokinetic model to describe the drug metabolism. In 
addition, detailed drug distribution data a t  different dose levels and for 
different species should be collected and compared with the present 
pharmacokinetic model as has been done for other drugs (14). Finally, 
pharmacokinetic studies on other nitrosoureas and glucose-like drugs 
would provide quantitative information about their transport, mode of 
action, and metabolism and additional insights into streptozocin phar- 
macokinetics. 
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Abstract 0 Some naturally occurring pseudoguaianolides and germa- 
cranolides as well as synthetic related compounds were observed to be 
antihyperlipidemic agents in mice. Several of these compounds a t  a dose 
of 20 mg/kg/day resulted in lowering of serum cholesterol by -30% and 
of serum triglycerides by -25%. Thiol-bearing enzymes of lipid syn- 
thesis, i.e., acetyl-CoA, citrate-lyase, acetyl-CoA synthetase, and 
(3-hydroxy-P-methylglutaryl-CoA reductase, were inhibited by these 
agents in uitro, supporting the premise that these agents alkylate thiol 
nucleophiles by a Michael-type addition. The a-methylene-y-lactone 
moiety, the P-unsubstituted cyclopentenone ring, and the a-epoxycy- 
clopentanone system of these compounds appeared to be responsible for 
the lowering of serum lipids. 

Keyphrases 0 Lactones, sesquiterpene-antihyperlipidemic activity, 
structure-activity relationships, serum levels of cholesterol and triglyc- 
erides, mice Structure-activity relationships-sesquiterpene lactones, 
antihyperlipidemic activity, effect on serum levels of cholesterol and 
triglycerides, mice Antihyperlipidemic activity-sesquiterpene lac- 
tones, structure-activity relationships, serum levels of cholesterol and 
triglycerides, mice 

Pseudoguaianolide (I, 111, IV, V, X, and XI) and ger- 
macranolide (XI1 and XIII) sesquiterpene lactones and 
related compounds (XIV and XV) are potent antineo- 
plastic agents, effective against Walker 256 carcinosarco- 
ma, Lewis lung carcinoma, P-388 lymphocytic leukemia, 
and Ehrlich ascites carcinoma in rodents (1). Furthermore, 
these agents significantly inhibited induced inflammation 
and arthritic states in rats (2). 

In a study of the effects of sesquiterpene lactones on 
cellular metabolism as antineoplastics, these agents in- 
hibited P-hydroxy-@-methylglutaryl-CoA reductase ac- 
tivity of 10-day-old Ehrlich ascites tumor cells. For ex- 
ample, helenalin (I) a t  7 pmoles caused 67% inhibition. 
Compound I also lowered the elevated serum cholesterol 
level of tumor-bearing mice by 39% (3). These observations 
suggested that the sesquiterpene lactones should be tested 
as antihyperlipidemic agents. 

EXPERIMENTAL 

Source of Test Compounds-Some of the test compounds are natural 
products and were isolated from plant species by literature techniques 

(4). Helenalin (I) was isolated from Balduina angustifolia' (5); tenulin 
(V) (6) and aromaticin (XI) (6,7) were isol.sted from Helenium amarurn2; 
deoxyelephantopin (XII) was obtained from Elephantopus carolinianus3 
(8); and eupahyssopin (XIII) was isolated from Eupatorium hyssopi- 
folium4 (9). 

Plenolin (111) was obtained by hydrogenation of helenalin to give the 
identical compound as the naturally occurring product (10). 2,3-Dihy- 
drohelenalin (11) and 2,3-epoxyhelenalin (IV) were chemically modified 
from helenalin (11). Dihydrotenulin (VI), 2,3-epoxytenulin (VII), iso- 
tenulin (VIII), 2,3-epoxyisotenulin (X), and dihydroisotenulin (IX) were 
prepared by the methods of Waddell et al. (11). Thymine 0-methy- 
lene-y-lactone (XIV) (12), a-methylene-y-lactone (XVIII) (13), and 
2,3-epoxycyclopentan-l-one (XVI) (14) were prepared by literature 
methods. 2-Cyclopentenone5.(XV), maleic anhydride5 (XVII), clofibrate6 
(XIX), and acetazolamide7 (XX) were obtained commercially. 

Serum Hypolipidemic Activity-CF1 male mice (-30 g) were fed 
foods with water ad libitum for the duration of the experiment. The drugs 
were suspended in 1% carboxymethylcellulose-water and homogenized. 
The doses were based on the weekly weights of the mice (15). The com- 
pounds were tested at  20 mg/kg/day ip. 

On Days 9 and 16, blood was collected by tail vein bleeding in alkali-free 
nonheparinized microcapillary tubes, which then were centrifuged 3 min 
to obtain the serum. Duplicate 30-pl samples of nonhemolyzed serum 
were used to determine the serum cholesterol levels in milligram percent 
by a modification of the Liebermann-Burchard reaction (16). A separate 
group of mice were bled on Day 14, and their serum triglyceride levels 
(milligram percent) were determined using duplicate 25-p1 samples 
(17). 

Enzymatic Assays-Compounds were tested in uitro a t  1 jtmole for 
their effects on the enzymatic activity of a 1Wo liver homogenate prepared 
in 0.25 M sucrose and 0.001 M ethylenediaminetetraacetic acid at  pH 
7.2. Adenosine triphosphate citrate-lyase activity was measured by the 
method of Hoffmann et al. (18). Acetyl-CoA synthetase activity was 
determined by the method of Goodridge (19). The acetyl-CoA formed 
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Abstract 0 Some naturally occurring pseudoguaianolides and germa- 
cranolides as well as synthetic related compounds were observed to be 
antihyperlipidemic agents in mice. Several of these compounds a t  a dose 
of 20 mg/kg/day resulted in lowering of serum cholesterol by -30% and 
of serum triglycerides by -25%. Thiol-bearing enzymes of lipid syn- 
thesis, i.e., acetyl-CoA, citrate-lyase, acetyl-CoA synthetase, and 
(3-hydroxy-P-methylglutaryl-CoA reductase, were inhibited by these 
agents in uitro, supporting the premise that these agents alkylate thiol 
nucleophiles by a Michael-type addition. The a-methylene-y-lactone 
moiety, the P-unsubstituted cyclopentenone ring, and the a-epoxycy- 
clopentanone system of these compounds appeared to be responsible for 
the lowering of serum lipids. 

Keyphrases 0 Lactones, sesquiterpene-antihyperlipidemic activity, 
structure-activity relationships, serum levels of cholesterol and triglyc- 
erides, mice Structure-activity relationships-sesquiterpene lactones, 
antihyperlipidemic activity, effect on serum levels of cholesterol and 
triglycerides, mice Antihyperlipidemic activity-sesquiterpene lac- 
tones, structure-activity relationships, serum levels of cholesterol and 
triglycerides, mice 

Pseudoguaianolide (I, 111, IV, V, X, and XI) and ger- 
macranolide (XI1 and XIII) sesquiterpene lactones and 
related compounds (XIV and XV) are potent antineo- 
plastic agents, effective against Walker 256 carcinosarco- 
ma, Lewis lung carcinoma, P-388 lymphocytic leukemia, 
and Ehrlich ascites carcinoma in rodents (1). Furthermore, 
these agents significantly inhibited induced inflammation 
and arthritic states in rats (2). 

In a study of the effects of sesquiterpene lactones on 
cellular metabolism as antineoplastics, these agents in- 
hibited P-hydroxy-@-methylglutaryl-CoA reductase ac- 
tivity of 10-day-old Ehrlich ascites tumor cells. For ex- 
ample, helenalin (I) a t  7 pmoles caused 67% inhibition. 
Compound I also lowered the elevated serum cholesterol 
level of tumor-bearing mice by 39% (3). These observations 
suggested that the sesquiterpene lactones should be tested 
as antihyperlipidemic agents. 

EXPERIMENTAL 

Source of Test Compounds-Some of the test compounds are natural 
products and were isolated from plant species by literature techniques 

(4). Helenalin (I) was isolated from Balduina angustifolia' (5); tenulin 
(V) (6) and aromaticin (XI) (6,7) were isol.sted from Helenium amarurn2; 
deoxyelephantopin (XII) was obtained from Elephantopus carolinianus3 
(8); and eupahyssopin (XIII) was isolated from Eupatorium hyssopi- 
folium4 (9). 

Plenolin (111) was obtained by hydrogenation of helenalin to give the 
identical compound as the naturally occurring product (10). 2,3-Dihy- 
drohelenalin (11) and 2,3-epoxyhelenalin (IV) were chemically modified 
from helenalin (11). Dihydrotenulin (VI), 2,3-epoxytenulin (VII), iso- 
tenulin (VIII), 2,3-epoxyisotenulin (X), and dihydroisotenulin (IX) were 
prepared by the methods of Waddell et al. (11). Thymine 0-methy- 
lene-y-lactone (XIV) (12), a-methylene-y-lactone (XVIII) (13), and 
2,3-epoxycyclopentan-l-one (XVI) (14) were prepared by literature 
methods. 2-Cyclopentenone5.(XV), maleic anhydride5 (XVII), clofibrate6 
(XIX), and acetazolamide7 (XX) were obtained commercially. 

Serum Hypolipidemic Activity-CF1 male mice (-30 g) were fed 
foods with water ad libitum for the duration of the experiment. The drugs 
were suspended in 1% carboxymethylcellulose-water and homogenized. 
The doses were based on the weekly weights of the mice (15). The com- 
pounds were tested at  20 mg/kg/day ip. 

On Days 9 and 16, blood was collected by tail vein bleeding in alkali-free 
nonheparinized microcapillary tubes, which then were centrifuged 3 min 
to obtain the serum. Duplicate 30-pl samples of nonhemolyzed serum 
were used to determine the serum cholesterol levels in milligram percent 
by a modification of the Liebermann-Burchard reaction (16). A separate 
group of mice were bled on Day 14, and their serum triglyceride levels 
(milligram percent) were determined using duplicate 25-p1 samples 
(17). 

Enzymatic Assays-Compounds were tested in uitro a t  1 jtmole for 
their effects on the enzymatic activity of a 1Wo liver homogenate prepared 
in 0.25 M sucrose and 0.001 M ethylenediaminetetraacetic acid at  pH 
7.2. Adenosine triphosphate citrate-lyase activity was measured by the 
method of Hoffmann et al. (18). Acetyl-CoA synthetase activity was 
determined by the method of Goodridge (19). The acetyl-CoA formed 
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from both enzymatic assays was coupled with hydroxylamine to produce 
acetyl hydroxylmate, which was measured a t  540 nm. 

Acetyl-CoA carboxylase activity was measured by a method (20) uti- 
lizing sodium 13H]bicarbonate (6.2 mCi/mmole) after 30 min of incuba- 
tion at  37' for enzyme polymerization (21). Fatty acid synthetase was 
determined by the method of Brady et al. (22) utilizing incorporation 
of [2'-14C]malonyl-CoA (37.5 mCi/mmole) into fatty acids. [l4C]Acetate 
(57.8 mCi/mmole) incorporated into cholesterol (0-hydroxy-0-methyl- 
glutaryl-CoA reductase activity) was extracted by the method of Wada 
et al. (23) and measured as described by Haven et al. (24). 

RESULTS 

The sesquiterpene lactones and germacranolides significantly lowered 
serum cholesterol levels in mice (Table I). Helenalin (I), tenulin (V), 
2,3-epoxytenulin (VII), isotenulin (VIII), 2,3-epoxyisotenulin (X), 
deoxyelephantopin (XII), eupahyssopin (XIII), and thymine lactone 
(XIV) treatment in uivo resulted in >30% reduction in the serum cho- 
lesterol levels of mice after 16 days. 

Helenalin at  6 mg/kg/day and tenulin at  20 mg/kg/day reduced serum 
triglyceride levels by 24 and 2890, respectively, after 2 weeks of dosing. 
2-Cyclopentenone (XV) and eupahyssopin were essentially inactive, 
causing 2 and 6% reduction of serum triglyceride levels, respectively. 
Helenalin, tenulin, deoxyelephantopin, eupahyssopin, and 2-cyclopen- 
tenone in uitro a t  1 pmole suppressed the enzymes that regulate acetyl- 
CoA availability for triglyceride and cholesterol synthesis, i.e., acetyl-CoA 
synthetase and citrate-lyase activity. The sesquiterpene lactones tested 
suppressed acetyl-CoA synthetase activity by 41-49% and citrate-lyase 
activity by 25-3970. The regulatory enzyme of fatty acid synthesis, ace- 
tyl-CoA carboxylase, was inhibited 66-84s in the presence of sesqui- 

CH* 
XI 

0 
x11 

0 

0 
XnI 

CH, 
XIV 

P 0 O? 0 oQ% p 
XVI XVII XVIII xv 

terpene lactones. Fatty acid synthetase activity also was inhibited 40-52% 
by these agents. 0-Hydroxy-0-methylglutaryl-CoA reductase activity 
of the liver was inhibited 21-2896 by the sesquiterpene lactones tested. 

Table I-Serum Cholesterol Levels in CFI Male Mice af ter  
Intraperitoneal Dosing at 20 mg/kg/day 

Compound 
Percent of Control 

Day 9 Day 16 

I Helenalin (6 mg/kg/day) 
I1 2,3-Dihydrohelenalin 

111 Plenolin 
IV 2,B-Epoxyhelenalin 
V Tenulin 

VI 2,3-Dihydrotenulin 
VII 2,B-Epoxytenulin 

IX 2,3-Dihydroisotenulin 
X 2,3-Epoxyisotenulin 

XI Aromaticin 
XI1 Deoxyelephantopin 

XI11 Eupahyssopin 
XIV Thymine lactone 
XV 2-Cyclopentenone 

XVI 2,3-Epoxycyclopentan-l-one 
XVII Maleic anhydride 

XVIII a-Methylene-y-lactone 
XIX Clofibrate 

1% Carboxvmethvlcellulose 

VIII Isotenulin 

60 f 3" 
99 f 5 
89 f 6 b  
85 f 7c  
76 f 5" 
79 f 9 
86 f 5c 
81 f 6 O  
79 f 4" 

101 f 7" 
82 f 6" 
83 f 7c 
65 f 5" 
93 f 5 
72 f 4" 
77 f 8" 
84 f 7 c  
87 f 5c 
98 f I 

63 f 4O 
I7 f 7" 
85 f 5c 
72 f 3O 
65 f 4" 
89 f Id 
65 f 4" 
65 f 5" 
79 f 4' 
69 f 6" 
71 f 5O 
68 f 4" 
64 f 4" 
66 f B0 
73 f 6" 
74 f 6" 
78 f 7" 
73 f 4" 
96 f 5 

100f 5e 1 0 0 f 6 f  
~ ~~~~~ 

" p  = 0.001. b p  = 0.010. c p  = 0.005. d p  = 0.025. 115mg%. f 119 mg%. 
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Table 11-Effects of Sesquiterpene Lactones on Liver Regulatory Enzymes for Cholesterol and  Triglyceride Synthesis 

Acetyl-CoA Citrate- 
S ynthetase Lyase 

Activity Activity 

I (1 pmole) 
V (1 pmole) 

xII (1 pmole) 
XI11 (1 pmole) 
XV (1 pmole) 

XIX (41 umoles) 

57 f 3" 
59 f 4" 
51 f 2" 
52 f 6" 
51 f 3" 

75 f 3" 
68 f 3" 
66 f 4" 
61 f 2" 
63 f 3" 

~ , ~ ~ - ~ I  xx 66 f 4: 66 f 7" 
1% Carboxymethylcellulose 1 0 0 f 5  100 f 4' 

Percent of Control, 7 f SD 
Acetyl-CoA Fatty Acid /?-Hydroxy-/?-Methyl- 
Carboxylase S ynthetase glutaryl-CoA 

Activity Activity Reductase Activity 

16 f 2" 53 f 40 72 f 3 
26 f 4" 49 f 6" 72 f 4 
28 f 6" 60 f 3" 79 f 7 
34 f 3" 48 f 5" 77 f 5 
17 f 4" 49 f 3" 73 f 4 
- - 77 + 5 

13 f 2; 
100 f 7 

82 f 6 
100 f 7e 

.. - -  
100; 4f 

a p = 0.001. 28.5 mg of acetyl-CoA formed/g of wet tissue/30 min. 30.5 mg of citrate hydrolyzed/g of wet tissue/30 rnin. 
dpm/g of wet tissue/30 min. 1,142,065 dpm/g of wet tissue/60 min. 

32,010 dpm/g of wet tissue/30 min. 37,656 

DISCUSSION 

The sesquiterpene lactones were effective antihyperlipidemic agents 
in rodents. The a-methylene-y-lactone moiety, the /?-unsubstituted 
cyclopentenone ring, and the a-epoxycyclopentanone system contributed 
to the antihyperlipidemic activity of the sesquiterpene lactones and re- 
lated compounds. Saturation of the 2,3-double bond of the cyclopen- 
tenone ring led to a loss of antihyperlipidemic activity, as was seen with 
11. VI, and IX. The a-epoxycyclopentanone ring system retained the 
antihyperlipidemic activity regardless of whether the a-methylene group 
of the y-lactone ring (11,13-double bond) was reduced (i.e., IV, VII, and 
X). Compounds containing the a-methyl-y-lactone group (V and VIII) 
as opposed to the a-methylene-y-lactone moiety (I) were equally active, 
because in both cases the essential cyclopentenone ring was retained (with 
the exception of 111, in which case the 11-methyl group was /?-oriented). 
The configuration of the y-lactone ring did not appear to play an im- 
portant role in the ability of the pseudoguaianolides to  lower serum 
cholesterol levels, because the cis- fused lactones I and IV were approxi- 
mately as potent as the trans-fused V, VII, VIII, and XI. 

Germacranolides that contain the a-methylene-y-lactone moiety had 
significant antihypercholesterolemic activity, e.g., deoxyelephantopin 
(XII) and eupahyssopin (XIII). In addition to the essential a-methy- 
lene-y-lactone moiety, XIII contains an ester side chain, a primary hy- 
droxyl group, and an epoxy ring, which may contribute to the pharma- 
cological activity. Compound XII, in addition to the a-methylene- 
y-lactone, contains an a,/?-unsaturated-y-lactone ring and an ester side 
chain. The simple 2-cyclopentenone (XV), 2,3-epoxycyclopentan-l -one 
(XVI), maleic anhydride (XVII), and a-methylene-y-lactone (XVIII) 
were not as active in lowering serum cholesterol, indicating that some 
other steric, configurational, or conformational arrangement w a  required 
for potent activity. The sesquiterpene lactones also were observed to lower 
serum triglycerides. 

The proposed mechanism of action of the sesquiterpene lactones is the 
formation of adducts with the thiol groups of enzymes by a rapid Mi- 
chael-type addition of the a-methylene-y-lactone moiety or cyclopen- 
tenone ring system to the thiol nucleophile, thereby inactivating the 
enzyme (25,26). Helenalin and tenulin block cellular metabolism by in- 
hibiting key regulatory thiol-bearing enzymes, e.g., DNA polymerase (6, 
27) and phosphofructokinase (25). The /?-hydroxy-/?-methylglutaryl-CoA 
reductase, acetyl-CoA carboxylase, and fatty acid synthetase reportedly 
contain exposed thiol groups (28.29). Further elevated cyclic adenosine 
monophosphate levels, which helenalin elevated by 194% (30), were re- 
lated to the reduction of /?-hydroxy-/?-methylglutaryl-CoA reductase 
activity (31) and fatty acid synthesis by modulating acetyl-CoA car- 
boxylase, fatty acid synthetase, and cytosol pyruvate levels for acetyl-CoA 
generation (32). For these reasons, several key regulatory enzymes in the 
genesis of fatty acid and cholesterol synthesis were measured to evaluate 
the effects of sesquiterpene lactones in uioo. 

Studies on the generation of acetyl-CoA for fatty acid and cholesterol 
synthesis from cytosol acetate and citrate showed that the pseudo- 
guaianolides (helenalin and tenulin) and the germacranolides (deoxy- 
elephantopin and eupahyssopin) equally suppressed the activities of these 
two enzymes, Acetyl-CoA carboxylase activity, the regulatory enzyme 
of fatty acid synthesis, was reduced drastically in the presence of the 
sesquiterpene lactones, with helenalin being the most potent agent. Fatty 
acid synthetase activity also was reduced in the presence of the sesqui- 
terpene lactones by -50%. P-Hydroxy-/?-methylglutaryl-CoA reductase 
activity was inhibited equally by the sesquiterpene lactones. The com- 
mercially available clofibrate, present at 41 pmoles, resulted in 23% in- 
hibition, indicating that the sesquiterpene lactones were far more potent 

in inhibiting this enzyme that regulates cholesterol synthesis. Clofibrate 
required a dose of 300 mg/kg/day in rodents to reduce serum cholesterol 
levels and had no effect a t  20 mg/kg/day. Thus, it can be concluded that 
the sesquiterpene lactones possess sufficient ability to block lipogenesis 
to warrant further investigation as antihyperlipidemic agents. 
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Abstract  0 A tristimulus reflectance spectrophotometer was used to 
examine the color changes of nystatin during accelerated stability studies, 
and a relationship was observed between the loss of microbiological po- 
tency and the change in color during thermal degradation. By substitution 
of the measured tristimulus values in the Kubelka-Munk equation, the 
remission function was calculated and resulted in a linear response with 
time. Application of the technique to bulk raw materials and formulated 
products is demonstrated, and uses of the technique are discussed. 
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The most frequent use of surface color measurements 
in the pharmaceutical industry has been the monitoring 
of color stability of coated tablets (1). Alternative uses of 
the procedure have been described, particularly in pre- 
formulation and stability studies. These applications 
generally involve the determination of the discoloration 
exhibited by a particular drug-excipient mixture or for- 
mulation. By this means, the incompatibility of various 
mixtures was reported (2-6), and the stability of active 
ingredients in formulated products was determined (7). 
Prediction of the shelflife of tablets also may be assessed 
by this technique (8, 9). A comprehensive review of the 
pharmaceutical applications of tristimulus colorimetry and 
diffuse reflectance spectroscopy was published recently 
(10). The stability of the polyene antibiotic nystatin was 
evaluated in these laboratories by monitoring the color 
change at  elevated temperatures. The color change a t  a 
solid surface is measured quantitatively by diffuse re- 
flectance spectrometry, and monochromatic light generally 
is used to illuminate the sample. Alternatively, illumina- 
tion may be by a white light source, and the values of each 
of the three primary color components (the tristimulus 
values) of the reflected light are determined. This tech- 
nique usually is referred to as tristimulus colorimetry. 

For nystatin, a visual relationship between the degree 
of browning observed and the loss of microbiological po- 
tency was demonstrated previously’. Therefore, tristim- 
ulus colorimetry was used to quantitate the observed color 
changes since the measurement of the tristimulus values 
closely parallels the color discrimination obtained with the 
human eye. 

THEORY 

T o  quantitate the observed degradation of nystatin, it was necessary 
to derive a suitable equation so that a relationship between the color and 
intensity of the reflected light, as described by the tristimulus values, and 
the concentration of colored material in the reflecting surface was defined. 
Kubelka and Munk (11, 12) derived an equation to describe the phe- 
nomenon of diffuse reflectance. For the special case of an infinitely thick 
opaque layer, i t  is: 

(1 -R-)* k f(R,) = - = - 
2R, s 

(Eq. 1) 

where R ,  is the diffuse reflectance of the layer relative to a nonabsorbing 
standard, h is the molar absorption coefficient, s is the scattering coef- 
ficient, and f(R,) is the remission function. In practice, this requirement 
will be satisfied by a layer of material several millimeters deep. 

The color of light reflected from the sample surface is described by the 
measured tristimulus values X, Y, and 2. The Y value corresponds to the 
Munsell value, which measures the degree of sample darkening, without 
regard to hue or chroma. The tristimulus values are used to calculate the 
chromaticity coordinates x ,  y, and z according to x = X / ( X  + Y + Z), y 
= Y / ( X  + Y + Z), and z = Z / ( X  t Y t Z). 

Tristimulus values are measured relative to a nonabsorbing standard, 
usually a white ceramic tile. For this study, the color of a sample before 
and after degradation was compared. This comparison may be achieved 
if the color of the degraded material is determined using the material prior 
to degradation as the standard. However, this procedure introduces 
practical difficulties and necessitates a large supply of original material. 
To overcome these difficulties, all materials were measured against a 
white tile as the standard, and the relative color change was calculated 
from the expression x o / x f ,  where xo is the initial chromaticity coordinate 
of the sample and x f  is the chromaticity coordinate a t  time t .  

Substitut.ion of these values into the Kubelka-Munk equation 
gives: 

’ L‘. Nager, unpublished data 
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the procedure have been described, particularly in pre- 
formulation and stability studies. These applications 
generally involve the determination of the discoloration 
exhibited by a particular drug-excipient mixture or for- 
mulation. By this means, the incompatibility of various 
mixtures was reported (2-6), and the stability of active 
ingredients in formulated products was determined (7). 
Prediction of the shelflife of tablets also may be assessed 
by this technique (8, 9). A comprehensive review of the 
pharmaceutical applications of tristimulus colorimetry and 
diffuse reflectance spectroscopy was published recently 
(10). The stability of the polyene antibiotic nystatin was 
evaluated in these laboratories by monitoring the color 
change at  elevated temperatures. The color change a t  a 
solid surface is measured quantitatively by diffuse re- 
flectance spectrometry, and monochromatic light generally 
is used to illuminate the sample. Alternatively, illumina- 
tion may be by a white light source, and the values of each 
of the three primary color components (the tristimulus 
values) of the reflected light are determined. This tech- 
nique usually is referred to as tristimulus colorimetry. 

For nystatin, a visual relationship between the degree 
of browning observed and the loss of microbiological po- 
tency was demonstrated previously’. Therefore, tristim- 
ulus colorimetry was used to quantitate the observed color 
changes since the measurement of the tristimulus values 
closely parallels the color discrimination obtained with the 
human eye. 

THEORY 

T o  quantitate the observed degradation of nystatin, it was necessary 
to derive a suitable equation so that a relationship between the color and 
intensity of the reflected light, as described by the tristimulus values, and 
the concentration of colored material in the reflecting surface was defined. 
Kubelka and Munk (11, 12) derived an equation to describe the phe- 
nomenon of diffuse reflectance. For the special case of an infinitely thick 
opaque layer, i t  is: 

(1 -R-)* k f(R,) = - = - 
2R, s 

(Eq. 1) 

where R ,  is the diffuse reflectance of the layer relative to a nonabsorbing 
standard, h is the molar absorption coefficient, s is the scattering coef- 
ficient, and f(R,) is the remission function. In practice, this requirement 
will be satisfied by a layer of material several millimeters deep. 

The color of light reflected from the sample surface is described by the 
measured tristimulus values X, Y, and 2. The Y value corresponds to the 
Munsell value, which measures the degree of sample darkening, without 
regard to hue or chroma. The tristimulus values are used to calculate the 
chromaticity coordinates x ,  y, and z according to x = X / ( X  + Y + Z), y 
= Y / ( X  + Y + Z), and z = Z / ( X  t Y t Z). 

Tristimulus values are measured relative to a nonabsorbing standard, 
usually a white ceramic tile. For this study, the color of a sample before 
and after degradation was compared. This comparison may be achieved 
if the color of the degraded material is determined using the material prior 
to degradation as the standard. However, this procedure introduces 
practical difficulties and necessitates a large supply of original material. 
To overcome these difficulties, all materials were measured against a 
white tile as the standard, and the relative color change was calculated 
from the expression x o / x f ,  where xo is the initial chromaticity coordinate 
of the sample and x f  is the chromaticity coordinate a t  time t .  

Substitut.ion of these values into the Kubelka-Munk equation 
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Table I-Reproducibility of Nystatin Preparations 
- 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

SamDle 
Cream 

X Y 

64.2 
64.4 
64.2 
64.3 
64.2 
64.3 
64.1 
64.4 
63.9 
64.2 
64.2 

67.5 
67.5 
67.4 
67.5 
67.3 
67.5 
67.5 
68.0 
67.5 
67.5 
67.5 

~0.14 0.18 
0.21 0.26 

64.1- 64.3 67.4-67.6 

Similar equations may be Hritten involving they  and z chromaticity 
coordinates. 

EXPERIMENTAL 

Tristimulus Value Measurements-Powders-To determine the 
tristimulus values of degraded nystatin powder, it was necessary to devise 
a sample holder. A nickel crucible cover2 proved to be suitable. The recess 

Powder 
Z X Y Z 

56.3 
56.5 
56.2 
56.7 
56.3 

82.4 
82.4 
81.8 
82.3 
81.9 

86.8 
S .8  ~~ ~ 

86.4 
86.7 
86.6 

74.1 
73.8 
73.6 
74.0 
73.8 

56.9 
56.8 
56.1 
56.4 
56.4 
56.5 82.2 86.6 73.8 
0.26 0.28 0.18 0.19 
0.46 0.34 0.20 0.25 

56.3-56.7 81.9-82.5 86.4-86.8 73.6-74.1 
_____ ~ _ _ _ _ _ ~  

in the cover was filled loosely with powder and leveled off with a spatula. 
The powder then was compressed into the recess by pressing a similar 
cover on top, resulting in a powder bed that was -2 mm thick. The un- 
derside of this second cover was highly polished so that a smooth powder 
surface remained after compression. . 

Ointments and Creams-For these formulations, a suitable sample 
holder consisted of a 3-mm thick polytef spacer, with a hole 30 mm in 
diameter, sandwiched between two clear glass microscope slides. To 
prepare a sample for color measurement, one microscope slide was placed 
beneath the spacer, and the 30-mm orifice was overfilled slightly with 
the ointment or cream to be tested. The second microscope slide then was 
placed on top, and the sandwich was gently squeezed together. By this 
means, all air bubbles were eliminated from the sample surface. 

Measurement of the tristimulus values was accomplished by clipping 
either sample holder over the sample port of the colorimeter3. All mea- 
surements were made against a standard white tile4 as the reference and 
with the nonspecular insert fitted. 

Correlation of Potency with Color Change-Nystatin powder was 
heated a t  75 and 85" in open dishes and in sealed screw-top bottles. 
Stored material was sampled a t  24-hr intervals for 14 days. The color of 
the samples was determined as already described. The microbiological 
potencies of the same samples were determined by the agar-plate pro- 
cedure using Socchoromyces cereuiseae5 (SQ 1600) and referenced 
against the current nystatin reference standard. 

Degradation of Nystatin Powder and Formulations-Ointment 
and cream formulations were filled into Araldite-lined aluminum tubes 
and stored in thermostatically controlled environments at  20,32, and 40'. 
The color of samples was assessed after 3,6, and 12 months of storage. 
Additional examination of the samples a t  40' was undertaken after 1 and 
2 months of storage. 

Powders were stored in humidity ovens6 under ambient and 75% rel- 
ative humidity (RH); 75% RH was achieved with a saturated aqueous 
solution of sodium chloride in contact with excess solid phase. Degra- 
dation was studied a t  75,85, and 100' by withdrawal of samples at  24-hr 
intervals for color determination. 

RESULTS AND DISCUSSION 

Before proceeding with the experimental work, the reproducibility of 
the proposed methods for tristimulus value determination was appraised. 
Tristimulus value measurements on representative fractions from the 
same batch of ointment or raw material (Table I) demonstrated good 
reproducibility for both sample types. A direct comparison of the tri- 
stimulus values with microbiological potency (Fig. l a )  demonstrated that 
an unprecedented quantitative relationship existed between the two 
parameters during the heat degradation of nystatin. The results represent 
the observed degradation over 14 days a t  75". Similar curves were ob- 
tained a t  higher temperatures. Furthermore, a linear correlation was 
obtained when the tristimulus values were plotted as logarithmic func- 
tions (Fig. lb ) .  Therefore, quantitation of the color change of the anti- 
biotic is an alternative method of assessing the microbiological stability 
of nystatin. 

Further examination of the heat-degraded nystatin by reversed-phase 
b 

Figure 1-Correlation of color change with loss of microbiological P O .  
tency for nystatin powder during heat degradation (14 days a t  75'). 

Catalog item 3328-Ml0, A. H. Thomas, Philadelphia, Pa. 
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20" 

1.0- 

0.5 

6 12 18 24 
MONTHS 

Figure 2-Change Ln color with respect to time for a nystatin-ste- 
roid-lidocaine ointment 

- 

high-performance liquid chromatography7 indicated that the observed 
color change also was related to the chemical decomposition of nystatin. 
A chemical decomposition of 13% was observed during the 14-day deg- 
radation period. 

Ointments and Creams-To determine the applicability of the 
method to ointment and cream formulations, nystatin-steroid prepa- 
rations were examined a t  intervals throughout the normal stability 
program, and the Kubelka-Munk functions were calculated from the 
tristimulus values obtained. A plot of the Kubelka-Munk remission 
function uersus time (Fig. 2) for a nystatin-steroid-lidocaine ointment 
demonstrates a linear response over the time period considered. Either 
the X or Y function may be used with essentially similar results. The 
slope of the remission function uersus time graph represents the degra- 
dation rate constant k. The k values obtained for the degradation of the 

\ 
I 1  

3.20 3.25 3.30 3.35 3.40 

1 0 3 1 ~  
Figure 3-Arrhenius plot for nystatin-steroid-lidocaine ointment. 

P. R.  Wood and J.  K. Salmon, presented at the 35th International Congress of 
Pharmaceutical Sciences (F.I.P.). Dublin, Ireland, 1975. 

Z L  1 

1 2 3 4 5 6 
MONTHS 

Figure 4-Comparison of the color change of two nystatin cream. Key. 
0 ,  with added antioxidant; and 0, without antioxidant. 

ointment a t  20, 32, and 40' were evaluated in accordance with the 
Arrhenius equation. A plot of log k uersus 1/T resulted in a linear graph, 
thus suggesting that accelerated stability evaluations a t  40' are valid for 
the prediction of room temperature stability (Fig. 3). 

Discoloration of the antibiotic in two cream formulations is shown in 
Fig. 4, and a linear response with time again is apparent. The difference 
in the slope values indicates the difference in stability of the two for- 
mulations (one contained an antioxidant) and confirmed data previously 
obtained in these laboratories using microbiological assays. 

Accelerated stability testing of creams and ointments at temperatures 
higher than 40' has not been attempted. 

0 
0 

8 
8 

0 
0 

0 

CI 

0 
8 

0 

8 

8 
0 

DAYS 
Figure 5-Comparison of the discoloration of nystatin powder stored 
i n  open and closed containers a t  75 and 85". Key: 0, open dish, X re- 
mission function; W ,  closed container, X remission function; 0, open 
dish, Y remission function; and 0 ,  closed container, Y remission func- 
tion. 
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9t 
Table 11-Reproducibility of Technique 

-1 ? 7 

A50 7 5%RH 

=/ 
. -0 1 ou ./_ A 
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L 
2 4 6 8 10 12 14 

DAYS 
Figure 6-Effect of temperature and humidity on the rate of nystatin 
powder discoloration. 

Bulk Raw Material-With the ointment and cream formulations, 
which are stored in sealed containers during stability monitoring, only 
one variable (temperature) is possible. However, with solids, the material 
may be. stored in open or closed systems; with open containers, humidity 
may be included as another variable parameter. Bashkovich et al. (13) 
reported an increase in the rate of nystatin inactivation in a humid at- 
mosphere. 

T o  assess the effect of these variables on the discoloration of nystatin, 
the antibiotic was stored in open dishes and in sealed screw-top vials a t  

6t 

4 
(* 

? 
X 

0 z I  
C I  

0 
0 

0 

0 

0 
A 0 0  
0 
0 

a 
0 

0 

2 4 6 8 10 12 14 
DAYS 

Figure 7-Reproducibility of color change. Key: 0, first experiment; 
0, second experiment; and @, third experiment. 

Assay Slope x lo4 Correlation Coefficient 

1 4.57 0.9935 
2 4.79 0.9964 
3 5.23 0.9928 

a series of temperatures. In additional experiments, the powder was 
stored in an atmosphere of 75% RH in open dishes at  elevated tempera- 
tures. The color change was determined daily, and the Kubelka-Munk 
remission functions were calculated from the results. 

The use of open and closed containers is compared in Fig. 5, which 
shows the change in remission function with time. The plots for each type 
of container demonstrate that  essentially similar results were obtained 
regardless of the temperature. Comparison of the tristimulus values of 
the degraded nystatin samples, determined before and after thorough 
mixing of the material, showed little difference, indicating that the color 
change was not a surface phenomenon but instead took place throughout 
the entire material. 

The effect of moisture on nystatin degradation is demonstrated in Fig. 
6. Not only was the degradation rate increased, but the plateau effect, 
noted with samples stored a t  ambient relative humidity, was eliminated 
under humid conditions. The nature of the plateau effect is not under- 
stood fully, but it is thought to be due in part to a loss of moisture from 
the nystatin samples, all of which contained about 5% moisture prior to 
degradation. This moisture level is normal in the manufactured 
product. 

Only samples stored under humid conditions resulted in a linear change 
of the Kubelka-Munk remission function throughout the 14-day period. 
The most satisfactory correlation coefficient was obtained for the nystatin 
degraded a t  75" and 75% RH. T o  assess the reproducibility of the deg- 
radation rate under these conditions, one batch of nystatin was degraded 
on three separate occasions during 3 months. The results (Fig. 7) show 
little scatter and indicate the robustness of the procedure. Calculation 
of the respective slopes and correlation coefficients for each set of points 
(Table 11) demonstrated the reproducibility of the technique. 

The linear response thus allows calculation of an actual degradation 
rate, which is advantageous when comparing factors affecting nystatin 
stability, as in preformulation studies, or when comparing the stability 
of bulk nystatin from different sources. Previous investigations were 
accomplished microbiologically (13-15). However, the decrease in potency 
observed during the degradation period was nonlinear and allowed only 
qualitative comparisons. With the alternative procedure described in this 
paper, it is possible to compare materials and formulations quantitatively, 
an objective previously unattainable. 

If the application of this novel technique to other antibiotics proves 
successful, the tristimulus colorimetric technique should be established 
firmly in pharmaceutical analysis. 
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Abstract  A high-pressure liquid chromatographic procedure for the 
determination of sulfamethazine residues in beef tissues is presented. 
Tissue samples are extracted and analyzed utilizing normal-phase 
chromatography and a UV detector a t  254 nm. Primary and confirmatory 
identification and quantitative determination are provided a t  the tol- 
erance limit of 0.1 ppm of sulfamethazine in tissues. Recoveries obtained 
from liver, fat, kidney, and muscle tissues were 69,82, 77, and 76%, re- 
spectively, when spiked a t  the tolerance limit. 

Keyphrases 0 Sulfamethazine-high-pressure liquid chromatographic 
ietermination, beef tissues 0 High-pressure liquid chromatography- 
analysis, sulfamethazine, beef tissues Chemotherapeutic agents- 
sulfamethazine, high-pressure liquid chromatographic determination, 
beef tissues 

Sulfamethazine (I), a chemotherapeutic agent, has been 
used successfully for more than 30 years in the treatment 
of infectious diseases in cattle. A tolerance limit of 0.1 ppm 
has been established for the drug residues in uncooked 
edible tissues of cattle'. The Bratton-Marshall (1) pro- 
cedure and subsequent modifications (2, 3) were used to 
indicate the residue levels of I but, due to nonspecificity 
(4), these procedures no longer meet the rigorous re- 
quirements recently established by the regulatory agencies 
for residue assay procedures. 

Several procedures that provide improved specificity 
For sulfamethazine residues in tissues using TLC (4), GLC 
(5), and high-pressure liquid chromatography (HPLC) (6) 
were reported recently. However, no procedure has been 
approved by the regulatory agencies for use in a tissue 
residue study. A study was conducted in this laboratory 
to develop a procedure that could be approved for the 
determination of sulfamethazine residues in beef tissues. 
The method employs HPLC to provide a qualitative (both 
primary and confirmatory) and quantitative assay of I in 
tissues at  the tolerance limit. 

EXPERIMENTAL 

Materials-Methylene chloride2, chlorQform2, methanol3, isooctane3, 
md acetic acid3 were analytical reagent grade and were used as received. 
S~lfamethazine~ (I), s~lfadimethoxine~ (III), sulfadiazine6 (VI), and 
;ulfachlorpyridazine2 (V) were used as received. S~lfabromomethazine~ 
11) was dissolved in water, buffered to pH 5-6, and extracted into 
nethylene chloride prior to chromatography. Sulfaeth~xypyridazine~ 
IV) was obtained by direct dissolution of an equivalent amount of a 
iolus8 into methylene chloride. 

Apparatus and  Chromatographic Parameters-A high-pressure 
liquid chromatographg was equipped with a septumless injector, a nor- 
mal-phase 25-cm columnlo, a UV detector set a t  254 nm, and a strip-chart 

21 CFR 556.670. 
Mallinckrodt Chemical Co., St. Louis, Mo. 

3 J .  T. Baker Chemical Co.. Phillipsburg, N.J. 
4 American Cyanamid Co., Princeton, N.J. 

Hoffmann-La Roche Inc., Nutley, N.J. 
K 6i K Laboratories, Plainview, N.Y. 
Merck and Co., Rahway, N.J. 
SEZ C-R bolus, American Cyanamid Co., Princeton. N.J. 
Aerograph 4100 series, Varian Associates, Palo Alto, CaliC 
MicroPak CN-10, Varian Associates, Palo Alto, Calif. 

recorder. Unless otherwise noted, a mobile phase of 65% chloroform, 
30.5% isooctane, 4.0% methanol, and 0.5% acetic acid was used. The flow 
rate was 20 ml/hr, and the UV detector was operated a t  0.002 aufs. 

Working Standards-Solutions of each sulfonamide were prepared 
a t  8 pg/ml in methylene chloride. 

Analytical Standards-Standards equivalent to 0.1,0.2, and 0.4 ppm 
of  I in tissues were prepared by pipetting 0.5,l.O. and 2.0 ml, respectively, 
of a 4-ppm solution of I in methylene chloride into tared 30-ml beakers. 
The weight of each solution was adjusted to 1 f 0.02 g by evaporation or 
addition of methylene chloride immediately prior to injection of a 10-pl 
aliquot into the liquid chromatograph. Standards were not allowed to 
evaporate to  dryness. 

Acetylation Technique-One milliliter of methanol and 2 drops of 
acetic anhydride were added to each sample to be acetylated. The samples 
then were heated on a hot plate at 80-90° until acetic acid fumes could 
not be detected. The residue was dissolved in 1 g of methylene chloride, 
and 10-pl aliquots were injected. 

Residue Assay Procedure-The tissues were cut into small pieces 
(200-300 mg), and 20 f 0.1 g was weighed into 100-ml beakers. Following 
the addition of 25 ml of methylene chloride, the samples were mixed with 
a glass stirring rod and allowed to  stand for 20-30 min with frequent 
stirring. The methylene chloride was decanted into 125-ml separators 
through a funnel plugged with glass wool. The tissues were extracted with 
two additional 25-ml portions of methylene chloride, and the aliquots 
were pooled in their respective separators. 

After the addition of 10 ml of 3 N H2S04, the samples were extracted 
for 15 min, and the lower phase was discarded completely. The remaining 
aqueous phase was washed twice by adding 10 ml of methylene chloride, 
shaking for 10 min, and discarding the lower phase. 

One milliliter of 10% K2HP04 and 3 ml of 40% NaOH were added to 
each separator. The samples were mixed well and allowed to cool, and 
the pH was measured with pH paper. A pH of 5-6 was obtained by 
dropwise addition of 3 N H2S04 or 40% NaOH. The final pH was mea- 
sured potentiometrically. 

After the addition of 5 ml of methylene chloride, the samples were 
extracted for 15 min. The lower phase was dried by draining through a 
bed of anhydrous sodium sulfate and collected in previously weighed 
50-ml beakers. The extraction was repeated, and the extracts were col- 
lected in their respective beakers. 

The samples were placed on a hot plate at 60-70°, and the weight of 
the solution was adjusted to 1 f 0.02 g by evaporation immediately prior 
to injecting 10 pl into the liquid chromatograph. 

Evaporation to dryness of either samples or standards was avoided 
because of resulting sulfamethazine losses. 

After the samples were chromatographed satisfactorily, the samples 
were acetylated and reinjected. 

RESULTS AND DISCUSSION 

Qualitative Assay-Ten-microliter samples of each working standard 
were injected into the liquid chromatograph stabilized a t  the specified 
parameters. Retention times of each sample are given in Table I. Primary 
identification of an unknown sulfonamide can be made by comparison 
o f  retention times for the sample to those of authentic standards. 

Table  I-Sulfonamide Retention Times 

Sulfonamide Retention Time, min 

Sulfabromomethazine 
Sulfadimethoxine 
Sulfamethazine 
Sulfaethoxypyridazine 
Sulfachlorpyridazine 
Sulfadiazine 

3.56 
3.99 
4.34 
4.60 
5.60 
5.55 
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Table 11-Acetylated Sulfonamide Retention Times 
~ 

Acetylated Sulfonamide Retention Time, min 

Acetylsulfabromomet hazine 4.16 
Acetylsulfadimethoxine 4.70 

Acetylsulfaethoxypyridazine 5.23 
Acetylsulfachlorpyridazine 6.68 
Acetylsulfadiazine 6.78 

Acetylsulfamethazine 5.34 

Table 111-Retention Times of Sulfadimethoxine, 
Sulfamethazine, Sulfaethoxypyridazine, and  Their Acetylated 
Derivatives Using the Alternative Solvent System of 97% 
Chloroform, 2% Acetic Acid, and  1% Ethanol 

Sulfonamide 

Sulfadimethoxine 
Sulfamethazine 
Sulfaethoxy yridazine 
Acet y lsul facfmethoxine 
Acetylsulfamethazine 
Acetylsulfaethoxypyridazine 

Retention Time, min 

3.5 
4.4 
5.3 
8.0 

10.2 
13.5 

One-milliliter portions of each working standard were acetylated, and 
10-pl aliquots were injected as described. Retention times of each acet- 
vlated sulfonamide are given in Table 11. Confirmatory identification of 
an unknown sulfonamide can be made by comparison of i ts  retention time 
after acetylation to that of acetylated authentic standards. 

Improved resolution of I, 111, and IV was obtained usingan alternative 
solvent system of 97% chloroform, 2% acetic acid, and 1% ethanol (Fig. 
1). Retention times of these three sulfonamides and their acetylated 
derivatives are given in Table 111. 

Solutions containing mixtures of sulfamethazine and any of the other 
sulfonamides examined could be resolved completely with the two solvent 
systems. Due to column variation, slight adjustment of the mobile phases 
may be necessary for adequate resolution. 

The specificity of the technique, primarily due to the retention times 
of'sulfamethazine and its acetylated derivative, is increased by the tissue 
extraction procedure. Only compounds possessing amphoteric properties 
very similar to I are recovered to 2ny significant degree. Many potentially 
interfering, naturally occurring components of tissue and nearly all drugs 
other than sulfonamides currently being used in cattle are eliminated 
prior to chromatography. Although recoveries of sulfonamides other than 
I have not been confirmed, the potential interference of many compounds 
(11-VI) is eliminated by the resolutions obtained with the technique. 
Sulfonamides other than the ones mentioned previously that have been 
examined and found not to interfere include sulfamerazine, sulfathiazole, 
sulfanilamide, sulfapyridine, and sulfaquinoline. No compound has been 
found to date that interferes with the identification of residues of I in 
tissues using this method. 

Quantitative Assay-Analytical standards containing amounts of 
I equivalent to 0.1,0.2, and 0.4 ppm in tissues were prepared. Ten-mi- 

I 111 

I I  I I I 
0 2 4 6 

RETENTION TIME, rnin 
Figure 1-High-pressure liquid chromatogram of a mixture of  I ,  111, 
and IV obtained by injecting I0 p1 of a standard solution equivalent t o  
0. I p p m  of each in  tissue. The  solvent system was 97% chloroform, 2% 
acetic acid, and I % ethanol 

Table IV-Reproducibility and Linearity of the Quantitative 
Technique 

Concentration, ppm Peak Height" ( f S D )  

0.1 29.2 (f1.16) 
0.2 56.6 (f0.58) 
0.4 103.4 (f3.31 

~~ 

Average of four injections. 

Table V-Percent Recovery Data a Obtained by Applying the 
Residue Assay Procedure to Spiked Beef Tissues 

Concentration 
Added, ppm 

0.1 
0.1 
0.1 
0.1 
0.1 
Average 
SD 
0.2 
0.2 
0.2 
0.2 
0.2 
Average 
SD 
0.4 
0.4 
0.4 
0.4 
0.4 
Average 
SD 

Percent Recovered 
Liver Kidneys Muscle Fat 

73,71 
66,66 
59,65 
75,74 
73, - b  

69.1 
5.4 

68.69 
64,71 
68.67 
68,69 
68,70 

68.2 
1.9 

82,82 
72,76 
71.69 
63.70 

73.2 
6.1 

74, - b  

84,91 
73,71 
67,75 
69.73 
83,81 

76.7 
7.7 

87,84 
81,78 
72,72 
66.74 
82.79 

77.5 
6.4 

84, - -b  
79,79 
78,78 
65,72 
80,82 

77.4 
5.7 

76,83 
76,76 
76,79 
65,65 
81,81 

75.8 
6.2 

61,96 
76,73 
76.77 
67,68 
79,86 

75.9 
9.9 

91,86 
87,82 
79,85 
70,68 
90,100 

83.8 
9.6 

80,87 
80,86 
84,83 
80, - b  
75,83 

82.0 
3.7 

81,83 
82,87 
86,80 
77, - b  

-b ,  76 
81.5 
3.9 

74,83 
82,72 
75,81 
61,86 
81,86 

78.1 
7.7 

0 Duplicate samples. b Sample lost 

croliter injections of these standards after weight adjustment of the so- 
lution to 1 f 0.02 g gave peak heights proportional to the amounts of I 
injected. Reproducibility and linearity of the technique are shown by 
replicate injections of standards a t  the various concentrations (Table IV). 
Unknown amounts of I in solution are determined by comparison of 
sample and standard peak heights obtained from 10-rl injections after 
weight adjustment to 1 f 0.02 g. 

Residues of I in tissues are calculated from: 
sample peak height 

standard peak height 
micrograms of I in standard 

weight of sample, g 
X = ppm of I 

(Eq. 1) 

Recovery of I f rom Tissues-Percent recovery data (Table V) were 
obtained by taking beef tissues spiked at 0.1.0.2, and 0.4 ppm of I through 
the tissue assay procedure and comparing the peak heights obtained to 
those of the appropriate analytical standards. These data were obtained 
from five samples of each tissue, in duplicate, at  each concentration. 
Analyses of the data showed >70% average recovery in every tissue at the 

RETENTION TIME, min 
Figure 2-High-pressure liquid chromatograms obtained by applying 
the residue assay procedure to unspikrd tissues. The solvent system was 
65% chloroform, 30.5?; isooctane, 4.0!';, methanol, and 0.5% acetic acid. 
Key. A ,  h e r ;  R, kidneys; C ,  muscle; and D ,  fat .  
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1 

I 2  

D 

1 - 
4 6  

RETENTION TIME, min 
Figure 3-High-pressure liquid chromatograms obtained by applying 
the residue assay procedure t o  tissues spiked t o  contain 0.1 p p m  of I .  
The solvent system uias 65% chloroform, 30.59, isooctane, 4.0% 
methanol, and 0.5% acetic acid. Key: A, liuer; R, kidneys; C ,  muscle; and 
LJ, fa t .  

tolerance level except liver, which had a recovery of 69% and a relative 
standard deviation of -10% (Table V). 

Unspiked tissues typically showed no peak other than random baseline 
noise in the region where I eluted (Fig. 2). The magnitude of the sulfa- 
methazine signal obtained from tissues spiked a t  the tolerance limit was 

-20% of full scale (Fig. 3). A favorable signal-to-blank ratio a t  the tol- 
erance limit was obtained with this procedure, allowing low detection 
limits. The tolerance limit of 0.1 ppm of I in tissues was approximately 
five times the detection limit of the method. 

With slight modifications, the method should be applicable to several 
sulfonamides currently used in veterinary medicine. Recoveries of sul- 
famethazine only have been demonstrated to date. 
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Abstract This investigation revealed that cocaine hydrochloride was 
teratogenic when administered in nontoxic doses to gravid CF-1 mice on 
Days 7-12 of gestation. The teratogenic susceptibility of the CF-1 mouse 
fetus to cocaine hydrochloride was evident throughout this portion of 
the gest,ation period. The early appearance of eye defects and the oc- 
currence of skeletal defects later in gestation after cocaine hydrochloride 
challenge paralleled the sequence of ontogenesis. 

Keyphrases Cocaine hydrochloride-evaluation as potential tera- 
togen, effect on catecholamine levels in placenta, skeletal and soft tissue 
malformations in fetal mice Teratogenic drugs-cocaine hydrochloride, 
effect on fetal mice Inhibition, competitive-cocaine hydrochloride 
and norepinephrine, effect on fetal mice 

Cocaine (benzoylmethylecgonine), the first local anes- 
thetic discovered, not only inhibits nerve conduction but 
also prevents norepinephrine reuptake at  nerve terminals 
(1). Because of the latter action, norepinephrine levels are 
augmented and vasoconstriction occurs (1). 

BACKGROUND 

Previous studies detected catecholamines in human amniotic fluid (2) 
and placenta (3). If the mechanisms for storage and release of norepi- 
nephrine in the placenta are comparable to those a t  nerve terminals, 
increased catecholamine levels induced by cocaine could cause placental 
vasoconstriction. 

A relationship between placental vasoconstriction and fetal anomalies 
was demonstrated in studies involving mechanical obstruction of uterine 
and placental vascular flow by clamping, which probably causes fetal 
malformations through decreased oxygen availability (4-71, and by drugs 

such as serotonin (8) and morphine (9), which accomplish similar effects 
pharmacodynamically. 

With respect to the autonomic neural involvement of cocaine as a po- 
tential teratogen, Furchgott et al. (10) detected a specific transfer site 
with which norepinephrine molecules combine before being transferred 
to storage or enzymatic inactivation loci. According to Johnson and Kahn 
(1 1). the potentiation of norepinephrine responses by cocaine results from 
competitive inhibition between the local anesthetic and norepinephrine 
molecules a t  these transfer sites. Thus, in pregnant mice, cocaine con- 
ceivably could induce fetal malformations by raising catecholamine levels 
which, in turn, cause placental vasoconstriction uia competitive inhibi- 
tion. 

The purpose of this study was twofold: ( a )  to test the hypothesis that  
cocaine is a potential teratogen in mice, and ( 6 )  if the results were affir- 
mative, to ascertain the precise days of gestation when fetal susceptibility 
to the teratogen is evident. 

EXPERIMENTAL 

Animals-The test animals were CF-1 mice’, 25-30 g. Females were 
placed in aggregate cages, each holding 10 animals. Two weeks after their 
arrival, the mice were bred if they weighed at least 25 g. Males were placed 
individually in metal cages (12.5 X 15 X 10 cm) with a wire-mesh front 
and floor2. All animals were maintained on laboratory food3 and tap water 
ad libitum. 

The room housing the animals was protected from exposure to natural 
sunlight and was equipped with an electrical lighting system4, which al- 
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1 Charles River Breeding Laboratories, Wilmington, Mass. 

3 Purina Laboratory Chow, Ralston Purina Co., St. Louis, Mo. 
RD-T unit, Norwich Wire Works, Norwich, N.Y. 

Model V-45073 astronomic dial time switch with “skipper,” International 
Register Co., Spring Grove, Ill. 
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Figure 3-High-pressure liquid chromatograms obtained by applying 
the residue assay procedure t o  tissues spiked t o  contain 0.1 p p m  of I .  
The solvent system uias 65% chloroform, 30.59, isooctane, 4.0% 
methanol, and 0.5% acetic acid. Key: A, liuer; R, kidneys; C ,  muscle; and 
LJ, fa t .  

tolerance level except liver, which had a recovery of 69% and a relative 
standard deviation of -10% (Table V). 

Unspiked tissues typically showed no peak other than random baseline 
noise in the region where I eluted (Fig. 2). The magnitude of the sulfa- 
methazine signal obtained from tissues spiked a t  the tolerance limit was 

-20% of full scale (Fig. 3). A favorable signal-to-blank ratio a t  the tol- 
erance limit was obtained with this procedure, allowing low detection 
limits. The tolerance limit of 0.1 ppm of I in tissues was approximately 
five times the detection limit of the method. 

With slight modifications, the method should be applicable to several 
sulfonamides currently used in veterinary medicine. Recoveries of sul- 
famethazine only have been demonstrated to date. 
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Abstract This investigation revealed that cocaine hydrochloride was 
teratogenic when administered in nontoxic doses to gravid CF-1 mice on 
Days 7-12 of gestation. The teratogenic susceptibility of the CF-1 mouse 
fetus to cocaine hydrochloride was evident throughout this portion of 
the gest,ation period. The early appearance of eye defects and the oc- 
currence of skeletal defects later in gestation after cocaine hydrochloride 
challenge paralleled the sequence of ontogenesis. 

Keyphrases Cocaine hydrochloride-evaluation as potential tera- 
togen, effect on catecholamine levels in placenta, skeletal and soft tissue 
malformations in fetal mice Teratogenic drugs-cocaine hydrochloride, 
effect on fetal mice Inhibition, competitive-cocaine hydrochloride 
and norepinephrine, effect on fetal mice 

Cocaine (benzoylmethylecgonine), the first local anes- 
thetic discovered, not only inhibits nerve conduction but 
also prevents norepinephrine reuptake at  nerve terminals 
(1). Because of the latter action, norepinephrine levels are 
augmented and vasoconstriction occurs (1). 

BACKGROUND 

Previous studies detected catecholamines in human amniotic fluid (2) 
and placenta (3). If the mechanisms for storage and release of norepi- 
nephrine in the placenta are comparable to those a t  nerve terminals, 
increased catecholamine levels induced by cocaine could cause placental 
vasoconstriction. 

A relationship between placental vasoconstriction and fetal anomalies 
was demonstrated in studies involving mechanical obstruction of uterine 
and placental vascular flow by clamping, which probably causes fetal 
malformations through decreased oxygen availability (4-71, and by drugs 

such as serotonin (8) and morphine (9), which accomplish similar effects 
pharmacodynamically. 

With respect to the autonomic neural involvement of cocaine as a po- 
tential teratogen, Furchgott et al. (10) detected a specific transfer site 
with which norepinephrine molecules combine before being transferred 
to storage or enzymatic inactivation loci. According to Johnson and Kahn 
(1 1). the potentiation of norepinephrine responses by cocaine results from 
competitive inhibition between the local anesthetic and norepinephrine 
molecules a t  these transfer sites. Thus, in pregnant mice, cocaine con- 
ceivably could induce fetal malformations by raising catecholamine levels 
which, in turn, cause placental vasoconstriction uia competitive inhibi- 
tion. 

The purpose of this study was twofold: ( a )  to test the hypothesis that  
cocaine is a potential teratogen in mice, and ( 6 )  if the results were affir- 
mative, to ascertain the precise days of gestation when fetal susceptibility 
to the teratogen is evident. 

EXPERIMENTAL 

Animals-The test animals were CF-1 mice’, 25-30 g. Females were 
placed in aggregate cages, each holding 10 animals. Two weeks after their 
arrival, the mice were bred if they weighed at least 25 g. Males were placed 
individually in metal cages (12.5 X 15 X 10 cm) with a wire-mesh front 
and floor2. All animals were maintained on laboratory food3 and tap water 
ad libitum. 

The room housing the animals was protected from exposure to natural 
sunlight and was equipped with an electrical lighting system4, which al- 
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Table I-Mean Values of the Test Groups 

Maternal Fetal Resorption 
Weight Ratio, Ratio, Mean Soft 
Ratio, Right Horn1 Right Horn1 Fetal Sex Ratio, Tissue Skeletal 

Treatmenta Day SIT6 Left Horn Left Horn Weight, g MIF Abnormalities Abnormalities 

Untreated - 28.2150.9 5.615.3 0.3/0.2 1.13 4,716.2 0.0 
Saline 7 30.2156.3 6.1/5.6 n n/n 3 1.16 8.0/3.7 0.1 ".",-.- 

8 28.1154.2 6.315.3 0.210.2 1.14 7.014.7 0.2 
9 28.4153.3 6.3/5.1 0.3/0.0 1.17 8.313.1 0.1 

10 30.7155.6 5.715.7 0.010.6 1.15 6.814.6 0.0 
11 30.6153.0 5.815.5 0.010.5 1.11 6.115.2 0.0 
12 27.4152.1 6.514.6 0.510.0 1.15 7.1/4.0 0.0 

Cocaine 7 29.5154.8 5.516.2 0.210.3 1.14 5.616.1 6.OC 
8 28.6150.9 5.715.0 0.510.2 1.10 6.214.5 2.1c 
9 29,8154.4 6.714.7 0.710.2 1.12 6.3c/5.1c 2.2c 

10 30.1152.0 5.714.3 l.lCl1.0 1.13 6.213.8 2.1c 

1.3 
3.5 
1.7 
1.6 
4.0 
2.6 
3.8 
7.7' 
7.3c 
8.6c 
5.2 

11 30.4153.6 6.514.3 0.610.7 1.13 6.614.2 2.6c 6.0 
12 28.6153.3 5.815.2 0.110.2 1.19 6.015.0 1.oc 8.1 

0 The dose of saline was 0.3 ml sc, and the dose of cocaine was 60 mg/kg sc. S = starting weight, and T = terminal weight. Statistically significant in comparison 
with respective saline controls, p < 0.05. 

Table  11-Occurrence of Exencephaly, Cryptorchidism, and  Hydronephrosis on Day of Treatment  (Compared with Saline) 

Exencephaly Cryptorchidism H ydronephrosis 
Litters Fetuses Litters Fetuses Litters Fetuses 

Treatmenta Day Normal Abnormal Normal Abnormal Normal Abnormal Normal Abnormal Normal Abnormal Normal Abnormal 

Untreated - 
Saline 7 

8 
9 

8 
9 

10 
11 
12 

8 
8 
8 
8 

4 
7 
8 
8 

0 
0 
0 
0 
0 
0 
0 
1 
1 
4b 
1 
0 
0 

43 
45 
46 
44 
44 
44 
43 
44 
39 
41 
39 
44 
44 

0 
0 
0 
0 
0 
0 
0 
1 
2 
5b 
1 
0 
0 

8 0 43 
7 1 44 
7 1 45 
7 1 43 

0 44 
0 44 
0 43 
2 42 
4 35 
3 42 
4b 33 
3 39 
2 42 

0 
1 
1 
1 
0 
0 
0 
3 
6b 
4 
7 6  
56 
2 

8 
8 
8 
8 
8 
8 
8 
4 
7 
4 
6 
6 
7 

0 43 
0 45 
0 46 
0 44 
0 44 
0 44 
0 43 
46 37 
1 40 
4b 41 
2 37 
2 41 
1 43 

0 
0 
0 
0 
0 
0 
0 
8b 
1 
56 
3 
3 
1 

a The dose of saline was 0.3 ml sc, and the dose of cocaine was 60 mg/kg sc. Statistically significant in comparison with respective saline controls, p < 0.05. 

lowed 12 hr of light (790 am-7:00 pm) and 12 hr of darkness. The tem- 
perature was maintained a t  22-26'. 

Determination of Teratogenic Dose-The teratogenic dose of a 
suspected teratogen is based m its relationship to its toxic dose ( L D d  
T o  ascertain the LDm of cocaine hydrochloride, 40 female nongravid mice 
were selected randomly and assigned to one of five groups of eight animals 
each. Dosage levels for the five groups were 75, 100, 125, 150, and 175 
mg/kg, respectively. Each mouse was weighed to the nearest 0.1 g, caged 
individually, and injected subcutaneously with a freshly prepared cocaine 
hydrochloride solution into the right side of the abdomen. After each 
injection, the mice were observed for behavioral changes and fatali- 
ties. 

The estimated LD50 of cocaine hydrochloride in nongravid mice was 
113 mg/kg (12). Nongravid animals are acceptable substitutes for gravid 
animals because the LDso of a drug in gravid mice generally is equivalent 
to that in nongravid mice (13). Because a dose that produces severe 
toxicity and behavioral changes in female mice also will exert devastating 
effects on developing fetuses, the teratogenic dose should be nonlethal 
and elicit only minimal pharmacological responses. 

Stimulation followed by depression and eventual recovery occurred 
in most animals receiving doses of 100 mglkg or higher, but deaths also 
were noted a t  these levels. At the lowest dose (75 mglkg), four animals 
showed no apparent effects; four became excited, developed a Straub tail, 
and hit the cage, and one convulsed. Although this dosage produced no 
deaths, it was not regarded as optimal because of excessive stimulation 
of the central nervous system. Therefore, another randomly selected 
group of animals was given a 'iO-mg/kg dose by the same route and pro- 
cedure. At this level (below the LDI), no deaths were noted, although 
convulsions still persisted. A 60-mg/kg dose was given to another group, 
which showed mild excitatory responses and a Straub tail in the absence 
of convulsions. Therefore, this dose (60 mglkg) was selected as the tera- 
togenic dose for this study. 

Breeding Procedure and Treatment Regimen-Timed pregnancies 
were accomplished by placing two females in a cage with a male from 300 
pm until 7:OO am, whereupon they were removed and examined for va- 

ginal plugs. Animals with plugs were termed gravid, and the day of ges- 
tation coincident with their appearance was designated as Day 0. The 
pregnant mice then were weighed to the nearest 0.1 g5, and each weight 
was recorded as the maternal starting weight. 

Gravid animals were placed in individual cages identical to those of 
the males, where they remained undisturbed until the morning of Day 
7 of gestation when they were reweighed. A weight gain of 2 g or more 
confirmed pregnancy. These animals then were assigned randomly to one 
of 13 groups of eight mice each. Six groups received single injections of 
cocaine hydrochloride (60 mg/kg) on Day 7,8,9,10,11, or 12, respectively; 
six groups received 0.3 ml 0 1  normal saline as a single injection on Days 
7-12 of gestation (trauma controls). The final group represented un- 
treated controls. 

Preparat ion of Cocaine Hydrochloride Solution-Cocaine hy- 
drochloride solution6 (2%) was prepared by dissolving the drug in dou- 
ble-distilled water. The sodium chloride solution7 was prepared com- 
mercially. All injections were made subcutaneously with a glass sy- 
ringes. 

Examination of Fetuses-Following treatment, each mouse was 
permitted to proceed to Day 18, the day prior to the termination of ges- 
tation, whereupon the terminal maternal weight was recorded. The an- 
imal then was sacrificed by cervical dislocation, and its abdomen was 
opened to expose the peritoneal cavity. The uterine horns were examined 
grossly for fetal swellings and resorption sites, appearing as small dark 
nodules, which were counted and recorded. 

Following incision of the uterine horns, the exposed fetuses were re- 
moved, blotted dry, and weighed to the nearest 0.01 g on a torsion bal- 
anceg. Each fetus was examined grossly for external soft tissue defects 
and sexed. Viability was determined by reflex movement of the limbs in 
response to mechanical stimulation with a blunt probe. Every other fetus 

Model 700 triple-beam balance, Ohaus. 
Merck 2209, lot L3.506, Merck and Co., Rahway, N.J. 

7 Sodium chloride LISP (code 2A1302), TravenoI Laboratories, Deerfield, Ill .  
8B-D 1-ml tuberculin syringe with a 1.27-cm, 26-gauge needle. 
9 Model PL-800, Torbal. 
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Table 111-Occurrence of Anophthalmia, Malformed Lenses, and Missing Lenses on Day of Treatment  (Compared with Saline) 

Anophthalmia Malformed Lenses Missing Lenses 
Litters Fetuses Litters Fetuses Litters Fetuses 

Treatment0 Day Normal Abnormal Normal Abnormal Normal Abnormal Normal Abnormal Normal Abnormal Normal Abnormal 

43 0 8 0 43 0 8 0 43 0 
45 0 8 0 45 0 0 45 0 

0 46 0 

8 0 
0 8 7 8  

8 8  0 46 0 8 0 46 0 8 

Untreated - 
Saline 

44 0 8 0 44 0 8 0 44 0 
44 0 8 0 44 0 8 44 0 0 

9 8  

1 1  X n 44 n 8 0 44 0 8 44 0 0 
10 8 

0 
0 - _ _  

8 0 43 0 8 0 43 0 

2 

_-  
4 4b 39 6 6  

2 39 

12 8 0 43 0 
41 46 3 56 31 14* 3 Cocaine 7 5  

8 6  2 39 2 5 3 38 3 6 
2 44 2 6 2 44 2 8 0 46 0 

37 3 7 1 39 1 7 1 39 1 
41 3 

10 5 3 
11 5 3 40 46 6 2 42 2 5 3 
12 6 2 42 2 8 0 44 0 5 3 41 3 

9 6  

The dose of saline was 0.3 rnl sc, and the dose of cocaine was 60 mg/kg sc. Statistically significant in comparison with respective saline controls, p < 0.05 

Table IV-Occurrence of Delayed Ossification of the Skull, Paws, and  Centrum on Day of Treatment  (Compared with Saline) 

Delayed Ossification Skull Delayed Ossification Paws Delayed Ossification Centrum 
Litters Fetuses Litters Fetuses Litters Fetuses 

Treatmenta Day Normal Abnormal Normal Abnormal Normal Abnormal Normal Abnormal Normal Abnormal Normal Abnormal 
~~~ ~ 

Untreated - 8 0 45 0 3 5 36 9 8 0 45 0 
Saline 7 8  0 50 0 3 5 34 16 8 0 50 0 

8 8  0 48 0 4 4 41 7 8 0 48 0 
9 8  0 48 0 7 1 43 5 8 0 48 0 

10 8 0 48 0 2 6 32 16 8 0 48 0 
11 8 0 47 0 4 4 33 14 8 0 47 0 
12 7 1 45 1 2 6 32 14 8 0 46 0 

Cocaine 7 8  0 49 0 2 6 26 23 8 0 49 0 
8 7  1 42 3 2 6 22 23 8 0 45 0 
9 1  1 45 1 1 76 16 30 7 1 45 1 

10 I 1 40 1 1 7 20 21 8 0 41 0 
11 6 2 38 5b 2 6 24 19 8 0 43 0 
12 2 56 34 106 0 7 19 256 6 1 40 46 

The dose of saline was 0.3 rnl sc, and the dose of cocaine was 60 rng/kg sc. Statistically significant in comparison with respective saline controls, p < 0.05. 

Table V-Occurrence of Split  Sternebrae,  Malformed Sternebrae,  and  Crankshaft  Sternebrae on Day of Treatment  (Compared with 
Saline) 

Split Sternebrae Malformed Sternebrae Crankshaft Sternebrae 
Litters Fetuses Litters Fetuses Litters Fetuses 

Treatmento Day Normal Abnormal Normal Abnormal Normal Abnormal Normal Abnormal Normal Abnormal Normal Abnormal 

Untreated - 7 1 44 1 8 0 45 0 7 1 44 1 
Saline 7 3  5 40 10 8 0 50 0 7 1 49 1 

8 5  3 43 5 8 0 48 0 7 1 47 1 
9 5  3 44 4 6 2 46 2 6 2 46 2 

10 3 5 41 7 4 4 43 5 7 .  1 47 1 
11 6 2 45 2 8 n 47 0 6 2 45 2 _ _  - ._ - ~ ~~ 

12 4 4 41 5 4 4 41 5 6 2 43 3 
Cocaine 7 2 6 39 10 2 66 35 14b 6 2 46 3 

8 4  4 38 7 4 46 37 8 b  4 4 39 6 b  
9 1  l b  33 13 5 3 39 7 3 5 31 96 

10 5 3 37 4 1 7 29 12b 7 1 40 1 
11 5 3 38 5 3 56 35 8 b  6 2 41 2 
12 3 4 34 10 2 5 38 6 6 1 43 1 

The dose of saline was 0.3 rnl sc, and the dose of cocaine was 60 rng/kg sc. Statistically significant in comparison with respective saline controls, p < 0.05 

was immersed in either a bone-staining solution or Bouin’s fixative and 
processed for skeletal or soft tissue examination, respectively. 

Fetuses destined for soft tissue examination were fixed and decalcified 
in Bouin’s fixative for at  least 2 weeks, whereupon they were reexamined 
for external anomalies with a low power binocular dissecting microscopelo 
and sectioned according to a literature method (14). Fetuses designated 
for skeletal examination were processed according to the technique of 
Staples and Schnell (15). The significance of observed variations among 
the experimental groups was determined by the Student t test and the 
uncorrected x2 test for binomial populations (16). 

RESULTS AND DISCUSSION 

The results of this study support the hypothesis that cocaine possesses 
teratogenic potential. Significant occurrences of soft tissue abnormalities, 

~~~ ~~~ 

10 Model ASZ30L2. Bausch Kt Lomb. 

as compared with those of the controls, were observed on each day of 
cocaine treatment. Significant skeletal anomalies were observed on Days 
7-9 of cocaine treatment as compared with the controls (Table I). Fol- 
lowing the subcutaneous administration of cocaine hydrochloride (2%) 
a t  60 mg/kg, a significant incidence of fetuses with exencephaly, cryp- 
torchidism, hydronephrosis, anophthalmia, malformed or missing lenses, 
delayed ossification of the skull, paws (17), or centrum, extra ribs, mal- 
formed or crankshaft sternebrae (la), and split or butterfly xiphoid 
processes occurred when compared with those observed in the respective 
control groups (Tables 11-VI). 

Significant differences also were noted in the resorption (Day 10) and 
sex ratio (Day 9) when compared with those of the controls (Table I). Data 
in Table I indicate that cocaine did not alter the maternal mean terminal 
weights when compared to those of the controls, nor did the maternal 
weight gain during gestation appear to indicate fetal size or development. 
Furthermore, the initial starting weight of gravid mice was not responsible 
for any changes in the mean fetal weight L e . ,  there was no apparent 
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Table VI-Occurrence of Split  Xiphoid, Butterfly Xiphoid, a n d  Extra Ribs on Day of Treatment  (Compared with Saline) 

Treatment” Day 

Untreated - 
Saline 7 

8 
9 

8 
9 

10 
11 
12 

Split Xiphoid Butterfly Xiphoid 
Litters Fetuses Litters Fetuses 

Normal Abnormal Normal Abnormal Normal Abnormal Normal Abnormal 

Extra Ribs 
Litters Fetuses 

Normal Abnormal Normal Abnormal 

8 0 45 0 
8 0 50 0 
8 0 48 0 
8 0 48 0 
8 0 48 0 
8 0 47 0 
7 1 45 1 
6 2 47 2 
6 2 40 

8 
8 
8 
8 
8 
8 
8 
6 
6 
6 
8 
6 
4 

0 
0 
0 
0 
0 
0 
0 
2 
2 
2 
0 
2 
36 

45 0 
50 0 
48 0 
48 0 
48 0 
47 0 
46 0 
47 2 
42 3 
44 2 
41 0 
40 3 
40 46 

8 
8 
7 
8 
7 
6 
8 
6 
6 
7 
6 
5 
3 

0 45 
0 50 
1 47 
0 48 
1 45 
2 44 
0 46 
2 45 
2 42 
1 45 
2 39 
3 40 
4b 40 

0 
0 
1 
0 
3 
3 
0 
46 
3 
1 
2 
3 
4b 

a The dose of saline was 0.3 ml sc, and the dose of cocaine was 60 mg/kg ac. Statistically significant in comparison with respective saline controls, p < 0.05. 

correlation between fetal growth retardation and increased susceptibility 
to teratogenesis). 

The central stimulatory effects of cocaine hydrochloride observed in 
the dams were minimal, and no fatalities occurred in the treated groups. 
These results agree with those of previous studies in which other tera- 
togenic drugs also were nonlethal (19). Because of the mild excitability 
and nonlethality observed with the dose of cocaine hydrochloride em- 
ployed in this study, there appears to be no correlation between the 
production of fetal malformations and increased maternal toxicity. 

A critical period exists when a maximum frequency of teratogenic in- 
sults occurs. Although these periods overlap for different organs and 
structures, there is a definite time of susceptibility to teratogens, as was 
confirmed by this investigation. Interference with developmental or 
biochemical processes a t  a specific time during ontogenesis by either drug 
treatment or hypoxia causes defects that parallel the development period 
of the affected organ or structure. For example, the days of gestation 
during which the most prominent occurrence of defects was noted in this 
study corresponded to those reported previously (6 ,8 ,9 ,19) .  

In addition, there was a correlation between cocaine hydrochloride and 
other specific treatments and conditions with respect to the production 
of comparable anomalies on similar days of gestation. For example, the 
most prominent day for the occurrence of exencephaly and sternebrae 
defects in this study was Day 9. Previous studies with different agents 
(8,19) and hypoxic conditions (6,20) also found maximum responses for 
exencephaly and vertebral defects on Day 9 of gestation. It appears that  
cocaine may decrease placental transfer of oxygen as a contributing factor 
to its teratogenicity, because hypoxic conditions elicit similar anomalies 
( i . e . ,  exencephaly) a t  similar times of the gestation period (6, 8, 19, 
20). 

A significant incidence of skeletal abnormalities appeared late in 
gestation whereas eye defects occurred early, paralleling closely the period 
of ontogenesis for these structures (21,22) (Tables I11 and IV). The period 
of susceptibility of the CF-1 mouse fetus to  the teratogenic effects of 
cocaine hydrochloride was evident throughout the range of drug ad- 
ministration in this study (Days 7-12) and was not confined to any par- 
ticular day. 
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Abstract A new method was developed for the quantitative analysis 
of chlorpheniramine in serum using the high sensitivity and selectivity 
of GLC-mass spectrometry with selected-ion monitoring. Intense frag- 
ment ions at m/e 203 and 207 from the drug and a tetradeuterated analog, 
respectively, are monitored continuously. The deuterated quantitation 
standard can be prepared by a simple exchange reaction. A linear cali- 
bration curve was obtained over the range of 0-160 ng/ml of serum using 
85 ng of the standard/ml. The sensitivity limit is 1-2 ng/ml, and each 
serum extract can be analyzed in <2 min. The method was applied to a 
clinical pharmacokinetic investigation and was sufficiently sensitive to 
measure chlorpheniramine concentrations through at least 1.5 biological 
half-lives. 

Keyphrases 0 Chlorpheniramine-GLC-mass spectrometric analysis, 
pharmacokinetics, human serum 0 GLC-mass spectrometry-analysis, 
chlorpheniramine, pharmacokinetics, human serum 0 Pharmacokinet- 
ics-chlorpheniramine, GLC-mass spectrometric analysis, human serum 
0 Antihistaminics-chlorpheniramine, GLC-mass spectrometric anal- 
ysis, human serum 

Chlorpheniramine is an alkylamine antihistamine 
widely used to alleviate symptoms of the common cold and 
of allergic reactions. Despite the importance of this drug, 
little pharmacokinetic data have been published. In three 
studies using oral dosing with four to six adult subjects, 
biological half-lives of 12-15 hr ( l ) ,  24.5-36.3 hr (2), and 
20.6-42.5 hr (3) were reported. The inconsistencies in the 
available pharmacokinetic data and the unavailability of 
data in subjects from different age groups with intravenous 
dosing established the need for further investigation in this 
area. 

BACKGROUND 

Chlorpheniramine is a potent antihistamine recommended for use in 
relatively small doses (4). Previous studies established the need for assay 
methods that are sufficiently sensitive to measure -2 ng of drug/ml of 
serum (1,2), a fact that contributed to the paucity of pharmacokinetic 
data. Although several analytical procedures are available to measure 
chlorpheniramine (1,2, 5-10), most of the methods were developed to 
assay the drug in dosage forms or in urine; only a few of these methods 
have the necessary sensitivity to measure normal serum levels throughout 
a kinetic investigation. 

TLC with liquid scintillation counting (1) cannot be used routinely 
because it requires administration of radiolabeled drug to human 
subjects. TLC followed by chemical conversion to an azo dye and sub- 
sequent colorimetric analysis (2) is a laborious procedure. The GLC 
procedure using electron-capture detection is also complicated (9). This 
method requires the liquid chromatographic separation of the drug from 
its metabolites and an oxidation reaction as preliminary steps. 

Perhaps the best assay available with regard to sensitivity and analysis 
time involves GLC-mass spectrometry in the selected-ion mode (10). 
Disadvantages of this procedure for general application include the ne- 
cessity to synthesize a deuterium-labeled analog of chlorpheniramine 
for use as the internal standard and the use of chemical-ionization 
techniques with trimethylamine as the reagent gas. Many analytical fa- 
cilities are not equipped for chemical-ionization mass spectrometry. 

The assay described in this report utilizes the high sensitivity and se- 
lectivity of GLC-mass spectrometry operated in the selected-ion mode 
with electron-impact ionization. A deuterium-labeled internal standard 
was prepared by a simple exchange reaction. Serum extracts can be an- 

alyzed in <2 min to a level of <2 ng of chlorpheniramine/ml. This method 
was applied to a clinical pharmacokinetic investigation. 

EXPERIMENTAL 

Materials-Chlorpheniramine', monodemethylchlorpheniramine2, 
and didemethylchlorpheniramine2 were obtained as maleate salts. The 
tetradeuterated analog of chlorpheniramine was prepared by dissolving 
50 mg of the free base in 0.5 ml of 98% deuterosulfuric acid in deuterium 
oxide3 (99.5 atom %deuterium) and heating the solution in a sealed glass 
tube at 120° for 6 hr. The contents were cooled and added slowly to 0.5 
ml of deuterium oxide4 (99.8 atom % deuterium). 

Exchanged chlorpheniramine was isolated by adding the acidic solution 
dropwise to 4.2 ml of 5 N NaOH with ice bath cooling followed by ex- 
traction with ethyl acetate. The extract was washed with water and dried 
over anhydrous magnesium sulfate, and the solvent was evaporated. The 
resulting product was analyzed by TLC5, GLC6, high-performance liquid 
chromatography', PMR8, and mass spectrometryg and was found to be 
chemically homogeneous. Deuterium was incorporated specifically in 
the p-chlorophenyl ring to >98% of the theoretical amount. Overall yields 
of tetradeuterated chlorpheniramine .(chlorpheniramine-d4) averaged 
50%. 

Instrumentation-A gas-liquid chromatograph-quadrupole mass 
spectrometer-computer systemg was used. The gas-liquid chromatograph 
was equipped with a glass column (2 mm X 1.8 m) packed with 3% OV-22 
on 80-100-mesh Supelcoportlo and operated at  a helium carrier gas flow 
rate of 30 mumin. The injection port was maintained at 250°, the column 
oven was at  2709, the jet separator interface was at  270°, and the ion 
source was at 180'. The mass spectrometer was operated in the elec- 
tron-impact mode with an electron energy of 70 ev. 

Analytical Procedure-Serum samples, 1 or 2 ml, were placed in 16 
X 125-mm disposable glass culture tubes, and 85 ng of chlorphenira- 
mine-& dissolved in 20 pl of methanol was added with vortex mixing. 
A 1-ml volume of saturated sodium borate solution and 8 ml of hexanell 
were added to each tube. The serum was extracted on a mechanical 
mixer12 for 20 min and centrifuged a t  2000 rpm for 3 min. The hexane 
layer was transferred to another tube and concentrated under a nitrogen 
stream at  40' to -1 ml. To this solution was added 0.5 ml of 0.1 N HCI, 
the tubes were vortexed for 2 min and centrifuged, and the hexane layer 
was discarded. 

The aqueous solution was brought to pH >9 with a saturated sodium 
borate solution and was extracted with 1 ml of ethyl acetate13 by vortex 
mixing for 2 min. The mixture was centrifuged, and the ethyl acetate layer 
was transferred to a 1-ml vial14. The solvent was evaporated under a ni- 
trogen stream with warming a t  40'. The inner surface of the vial was 
rinsed with 100 pl of methanol" and evaporated to concentrate chlor- 
pheniramine at  the bottom. The residue was redissolved in 50 pl of ace- 
tonitrile". and the volume was reduced again under nitrogen to <5 pl. 

Analyses were performed by injecting the entire sample (volumes of 

~~ ~ ~~ ~~ ~ 

Courtesy of Cord Laboratories, Broomfield, Colo. 
Courtesy of Smith Kline and French Laboratories, Philadelphia, Pa. 

3 Merck and Co., Rahway. N.J. 
Norell Chemical Co., Landin 

6 Silica gel G plates, Analtech,%ewark, Del. The solvent system was ethyl ace- 
tate-methanol-ammonium hydroxide (4541). 

6 Model 5710 with flame-ionizetion detector, Hewlett-Packard, Palo Alto, Calif. 
The column and column packing are described later and were operated at 180" with 
proframming to 260' a t  4'/min. 

Model 332 with 4.6 X 250-mm Partisil PAC column, Altex Scientific, Berkeley, 
Calif. The mobile phase was methanol. 

Model EM390, Varian, Sunnyvale, Calif. 
Model 5984A, Hewlett-Packard, Palo Alto, Calif. 

lo Supelco, Bellefonte, Pa. 
l 1  HPLC grade, Fisher Scientific Co., St. Louis, Mo. 
l2 Labindustries, Berkeley, Calif. 
l3 Spectranalyzed, Fisher Scientific Co., St. Louis, Mo. 
l4 Reactivial, Pierce Chemical Co., Rockford, Ill. 
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Table I-Hydrogen-Deuterium Exchange in the p-Chlorophenyl 
Group of Chlorpheniramine a t  100" 
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Figure I-Mags spectra of chlorpheniramrne (mol u t  274,276)  and 
the tetradeuterated analog, chlorpheniramine-dl 

2-4 pl) into the gas-liquid chromatograph. After a 30-sec delay, the col- 
umn effluent was directed into the mass spectrometer, which was oper- 
ated under computer control in the selected-ion mode. Ions at  m/e 203 
and 207 were monitored continuously with 100-msec dwell times. The 
chlorpheniramine retention time was 50-60 sec under the conditions 
employed. Peak areas were determined with the standard system soft- 
wareg. Recoveries of chlorpheniramine consistently were in the range from 

Standard Calibration Curve-Chlorpheniramine maleate was 
converted to the free base and purified by distillation under reduced 
pressure. A standard solution was prepared in methanol a t  a concentra- 
tion of 1.0 mg/ml. Solutions in methanol were stable for a t  least 3 months 
when stored at -20'. Dilutions of the standard solution were prepared 
at 10, 1.0, and 0.10 pg/ml. Serum samples obtained from a drug-free 
volunteer were spiked with volumes of the appropriate solution so that 
no more than 20 fi1 was added to each milliliter of serum. Chlorphenira- 
mine concentrations were 0,3,6,10,15,20,40,60,90,120, and 160 ng/ml, 
and each sample contained 85 ng of chlorpheniramine-dr. Extractions 
and analyses were performed as described using three or four samples 
at each concentration. Ratios of m/e 203 to 207 peak areas were plotted 
against known chlorpheniramine concentrations. 

Pharmacokinetic Study-A 12-year-old male s ~ b j e c t ' ~  with a history 
of allergic rhinitis was administered intravenously a 0.01-mg/kg dose of 
chlorpheniramine maleate over 5 min after removal of a control blood 

55 to 70%. 

M+ 
H 
I 

Cl---@CH* - + CH,=CH-N(CH,), 

m/e 203,206 
Scheme I 

l 5  Treated in the Clinical Research Unit of the National Jewish Hospital, Denver, co 80206. 

Deuterium Incorporation", 
% of theoretical Reaction Time, hr 

0.17 28 
0.33 43 
1.0 58 
4.0 74 
8.5 86 

14.6 94 
24.0 96 
48.0 >98 

a Determined by PMR spectroscopy. 

sample. Blood samples (5-8 mi) were drawn periodically, and the serum 
was prepared immediately and stored a t  -70" until it was analyzed. It 
was established that chlorpheniramine is stable under these conditions 
for at least 1 year. Analyses were performed as described, and peak ratios 
were converted to chlorpheniramine concentrations with reference to 
the standard curve. The plasma concentration versus time data were 
computer fitted (1 1) to a biexponential equation. After correction for the 
5-min infusion period, pharmacokinetic parameters were calculated using 
standard methods (12). 

RESULTS 

The electron-impact mass spectrum of chlorpheniramine (Fig. 1) re- 
veals an intense ion at m/e 203, which probably is formed by fragmen- 
tation of the molecular ion (Scheme I). A complementary ion containing 
chlorine 37 occurs a t  m/e 205. The relatively high mass and intensity of 
the m/e 203 ion provide an excellent opportunity for quantitation by 
GLC-mass spectrometry with selected-ion monitoring. The preferred 
internal standards for this technique are isotopic variants of the com- 
pounds to be measured (13). Inspection of the chlorpheniramine spec- 
trum reveals no ions with mle values higher than 206 (except for a small 
m/e 216 ion). Therefore, a deuterated analog should contain a t  least four 
deuterium atoms in the part of the molecule that is retained in the frag- 
ment ion. 

Conditions have been developed for the efficient exchange of the four 
p-chlorophenyl hydrogens for deuterium atoms. The progress of this 
exchange reaction is shown in Table I. Two hydrogens are exchanged in 
less than 1 hr a t  loo", and the reaction is >98% complete after 48 hr. At 
120°, exchange is virtually complete after only 6 hr. A mass spectrum of 
the tetradeuterated analog of chlorpheniramine (chlorpheniramine-&) 
is shown in Fig. 1. The base peak is shifted to m/e 207, and no peak occurs 
a t  mle 203 that would interfere with chlorpheniramine quantitation. 

The brominated analog of chlorpheniramine is another useful anti- 
histamine that can be quantitated by a similar procedure involving 
preparation of a tetradeuterated internal standard. Fragmentation of 
brompheniramine produces a mass spectrum with intense ions a t  m/e 
247 and 249 (containing bromine 79 and bromine 81. respectively) with 
no ions of m/e higher than 250. The exchange reaction proceeds in a 
similar manner to yield bromphenirarnine-d4 with intense ions at  m/e 
251 and 253. 

A standard calibration curve was developed by adding chlorphenira- 
mine in amounts from 0 to 160 ng together with 85 ng of chlorphenira- 
mine-d4 to 1.0-ml serum samples and extracting these samples as de- 
scribed under Experimental. Extracts were analyzed by monitoring the 
ion currents for ions a t  m/e 203 and 207. A background signal normally 
is observed at  m/e 207 due to bleeding of the silicone rubber septum and 
of the GLC stationary liquid phase. This relatively small and constant 
signal easily can be subtracted from the signal of chlorpheniramine- 
d4. 

With the chromatographic conditions used, the retention time of the 
drug is 50-60 sec. Typical ion-current profiles obtained with a serum 
extract containing only the internal standard and with an extract con- 
taining both the drug and the internal standard are shown in Fig. 2. 
Analyses of serum samples yielded data for calculation of a regression 
line with a correlation coefficient of 0.998. Chlorpheniramine was added 
to four serum samples (2.0 ml each) at  4.0 ng/ml together with the internal 
standard. These samples were determined to contain 4.2 f 0.2 ng of 
drug/ml (mean =k S D ) .  The maximum sensitivity of the method is 1-2 
ng/ml using 2 ml of serum. 

The principal metabolites of chlorpheniramine that could interfere 
with the analysis are the products of mono- and di-N-demethylation (14, 
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Figure 2-Computer-reconstructed ion-current profiles of serum ex- 
tracts. Extract A containing internal standard only was injected at  t 
= 0. Extract B containing the internal standard and 10 ng of chlor- 
pheniramine was injected a t  t = 2 min. 

15). The m/e 203 ion formed by fragmentation and loss of the amino 
group appears in the mass spectra of both metabolites. However, with 
the GLC conditions used in this work, the drug is well separated from its 
metabolites. The ion-current profiles of chlorpheniramine and mono- 
demethylchlorpheniramine are shown in Fig. 3. The retention time of 
didemethylchlorpheniramine is greater than that of the metabolite 
shown, eliminating the possibility of interference with the drug. 

The quantitative procedure described here was applied to a phar- 
macokinetic study of chlorpheniramine in a 12-year-old male subject. 
The plasma concentration versus time curve is shown in Fig. 4, and the 
selected pharmacokinetic parameters calculated from these data are 
summarized in Table 11. 

DISCUSSION 

Pharmacokinetic studies of chlorpheniramine require methods capable 
of producing reliable quantitative data over the range of 2-100 ng/ml of 
serum. The high sensitivity of the technique involving GLC-mass spec- 
trometry with selected-ion monitoring is particularly well suited to this 
analysis because of the favorable fragmentation pattern of chlorphenir- 

Table 11-Pharmacokinetic Parameters for Chlorpheniramine 
Administered Intravenously to a 12-Year-Old Male Subject 

Parameter Value 

Initial dilution volume (V,) 
Volume of distribution during 

postdistribution phase (V,) 
Total body clearance 
t 1/29 a 
t 1/29 P 

298.2 ml/kg 
562.8 ml/kg 

0.415 ml/min/kg 
0.53 hr 
15.6 hr 

> 
v) z w 
I- 

I- z 
w 
U 
U 
3 

k 

f 

Y 
0 

u 

I 1 
1 2 

MINUTES 
Figure 3-Computer-reconstructed ion-current profile of a mixture 
of chlorpheniramine (A) and rnonodernethylchlorphenirarnine (B) .  The 
ion current at m/e 203 was monitored. 

amine. A high percentage of the total ion current of the compound is due 
to the rn/e 203 ion. The selective nature of this analytical technique allows 
the use of chromatographic conditions with which analyses can be com- 
pleted rapidly and without interferences from other compounds. 

The assay reported here is sufficiently sensitive to measure serum levels 
24 hr after a single intravenous dose of 0.01 mg/kg. Each extract can be 
analyzed in <2 min. The chlorpheniramine assay using GLC-mass 
spectrometry that was published previously (10) involved the use of 
chemical-ionization conditions. However, the present results show that 
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Figure 4-Plasma concentration-time curve for an intravenous dose 
of chlorphenirarnine rnaleate to a 12-year-old male subject. 

Journal of Pharmaceutical Sciences I 709 
Vol. 69, No. 6, June 1980 



the more common method of electron-impact ionization is suitable. In 
addition, the previous investigators used a deuterated analog of chlor- 
pheniramine that must be synthesized. The standard used in the present 
work can be prepared by a simple exchange reaction and without puri- 
fication of the deuterated product. 

The pharmacokinetic study conducted with one patient demonstrates 
the utility of the assay. Drug levels during the elimination (6) phase were 
in the range of 4-10 ng/ml of serum through 24 hr after dosing. These data 
demonstrate sufficient sensitivity to measure serum levels for a period 
in excess of 1.5 half-lives of the drug. Biological half-lives reported re- 
cently for adults after oral dosing are somewhat higher (2,3) than the 
half-life determined in the present study. The young age of the patient 
and the drug administration route could explain the difference. Work 
is in progress using the assay described here to obtain pharmacokinetic 
data for a large group of subjects. 
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Abstract A GLC technique with selected-ion monitoring is described 
for chlorambucil determination in plasma using [2H]chlorambucil as the 
internal standard. Chlorambucil is extracted from plasma with methylene 
chloride at  pH 3 and converted to a thiazane derivative by reaction with 
0.1 M sodium sulfide a t  80’. The carboxylic group of the chlorambucil 
derivative is derivatized with ally1 bromide using extractive alkylation. 
Analysis by selected-ion monitoring was performed by focusing at rnle 
305 (M) and 313. The relative standard deviation was f 5 %  (n  = 5) at the 
Io-ng/ml level. 
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Chlorambucil, a nitrogen mustard drug, is used for the 
treatment of neoplastic diseases. The fate of the drug in 
humans is partially unknown since analytical methods 
with sufficient sensitivity and selectivity have not been 
available. A mass fragmentographic method involving 
derivatization of the carboxylic group of chlorambucil by 
methylation was published recently (1). However, large 
variations in the GLC yield were observed in these labo- 
ratories after a derivatization involving alkylation, prob- 
ably as a result of degradation of the nitrogen mustard 
group in the GLC system. 

This paper presents a GLC technique using selected-ion 
monitoring for the determination of chlorambucil in 

plasma. The nitrogen mustard group is converted to a 
thiazane by reaction with sodium sulfide, followed by ex- 
tractive alkylation of the carboxylic group. 

EXPERIMENTAL 

Synthesis of 4-[4-(Thiazane-4-yl)phenyl]butyric Acid (I)- 
Chlorambucil(25 mg) was dissolved in 10 ml of 0.1 M sodium sulfide and 
heated for 1 hr a t  80’. The solution was cooled, acidified (pH -3) with 
phosphoric acid, and extracted with methylene chloride (10 ml). The 
organic phase was separated and evaporated to dryness. The residue was 
recrystallized from methylene chloride-n-hexane (mp 81-82’). The 
purity ( 4 7 % )  was established by TLC’ and potentiometric titration with 
sodium hydroxide. 

The mass spectrum2 was consistent with the expected structure. There 
were prominent peaks a t  mle 266 (~WO) ,  265 (lOO), 218 (131,193 (14). 192 
(77), 191 (59), 132 (24), 131 (52), 130 (14), 118 (52), 117 (13), and 91 (11). 
No peak was observed at rnle 297, thus establishing that no dithiazane 
was formed (cf.. Ref. 2). 

Reaction of Chlorambucil with Sodium Sulfide-Chlorambucil 
in methanol (0.5 ml) was mixed with an aqueous sodium sulfide solution 
(10 ml), giving a final chlorambucil concentration of 4 pg/ml. The yield 
of I was established by liquid chromatograph? after acidifying part of 
the solution. The derivatization yields were calculated using the syn- 
thetically prepared I as a reference compound. 

Silica 60, Fm, 0.25 mm, Merck, Darmstadt, West Germany; the eluting solvent 
was methylene chloride-ethyl acetate ( 8 2 ) .  

LKB 2091 with direct inlet; the ionizing energy was 70 ev. 
3 The chromatographic equipment used was described in Ref. 3. The mobile phase 

was methanol-water-acetic acid (0.1 M) (702010). The support was LiChrosorb 
RP-18 from Merck, Darmstadt, West Germany. 
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the more common method of electron-impact ionization is suitable. In 
addition, the previous investigators used a deuterated analog of chlor- 
pheniramine that must be synthesized. The standard used in the present 
work can be prepared by a simple exchange reaction and without puri- 
fication of the deuterated product. 

The pharmacokinetic study conducted with one patient demonstrates 
the utility of the assay. Drug levels during the elimination (6) phase were 
in the range of 4-10 ng/ml of serum through 24 hr after dosing. These data 
demonstrate sufficient sensitivity to measure serum levels for a period 
in excess of 1.5 half-lives of the drug. Biological half-lives reported re- 
cently for adults after oral dosing are somewhat higher (2,3) than the 
half-life determined in the present study. The young age of the patient 
and the drug administration route could explain the difference. Work 
is in progress using the assay described here to obtain pharmacokinetic 
data for a large group of subjects. 
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Abstract A GLC technique with selected-ion monitoring is described 
for chlorambucil determination in plasma using [2H]chlorambucil as the 
internal standard. Chlorambucil is extracted from plasma with methylene 
chloride at  pH 3 and converted to a thiazane derivative by reaction with 
0.1 M sodium sulfide a t  80’. The carboxylic group of the chlorambucil 
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Chlorambucil, a nitrogen mustard drug, is used for the 
treatment of neoplastic diseases. The fate of the drug in 
humans is partially unknown since analytical methods 
with sufficient sensitivity and selectivity have not been 
available. A mass fragmentographic method involving 
derivatization of the carboxylic group of chlorambucil by 
methylation was published recently (1). However, large 
variations in the GLC yield were observed in these labo- 
ratories after a derivatization involving alkylation, prob- 
ably as a result of degradation of the nitrogen mustard 
group in the GLC system. 

This paper presents a GLC technique using selected-ion 
monitoring for the determination of chlorambucil in 

plasma. The nitrogen mustard group is converted to a 
thiazane by reaction with sodium sulfide, followed by ex- 
tractive alkylation of the carboxylic group. 

EXPERIMENTAL 

Synthesis of 4-[4-(Thiazane-4-yl)phenyl]butyric Acid (I)- 
Chlorambucil(25 mg) was dissolved in 10 ml of 0.1 M sodium sulfide and 
heated for 1 hr a t  80’. The solution was cooled, acidified (pH -3) with 
phosphoric acid, and extracted with methylene chloride (10 ml). The 
organic phase was separated and evaporated to dryness. The residue was 
recrystallized from methylene chloride-n-hexane (mp 81-82’). The 
purity ( 4 7 % )  was established by TLC’ and potentiometric titration with 
sodium hydroxide. 

The mass spectrum2 was consistent with the expected structure. There 
were prominent peaks a t  mle 266 (~WO) ,  265 (lOO), 218 (131,193 (14). 192 
(77), 191 (59), 132 (24), 131 (52), 130 (14), 118 (52), 117 (13), and 91 (11). 
No peak was observed at rnle 297, thus establishing that no dithiazane 
was formed (cf.. Ref. 2). 

Reaction of Chlorambucil with Sodium Sulfide-Chlorambucil 
in methanol (0.5 ml) was mixed with an aqueous sodium sulfide solution 
(10 ml), giving a final chlorambucil concentration of 4 pg/ml. The yield 
of I was established by liquid chromatograph? after acidifying part of 
the solution. The derivatization yields were calculated using the syn- 
thetically prepared I as a reference compound. 

Silica 60, Fm, 0.25 mm, Merck, Darmstadt, West Germany; the eluting solvent 
was methylene chloride-ethyl acetate ( 8 2 ) .  

LKB 2091 with direct inlet; the ionizing energy was 70 ev. 
3 The chromatographic equipment used was described in Ref. 3. The mobile phase 

was methanol-water-acetic acid (0.1 M) (702010). The support was LiChrosorb 
RP-18 from Merck, Darmstadt, West Germany. 
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Table I-Acid Dissociation Constants and Parti t ion Coefficients of Chlorambucil and  I 

log Partition 
Dissociation Constantso Coefficient to 

~ K 1 2  PKZL Methylene Chloride Compound PK1 PK2 

Chlorambucil - 2.49 i 0.02 - 4.46 f 0.04 4.45 f 0.04 
I 3.68 f 0.02 4.12 f 0.02 4.45 f 0.03 4.00 f 0.02 3.47 f 0.04 

a For definition, see Ref. 3. b Microscopic constants from Ref. 3. 

Alkylation of I-A solution of the alkylating reagent (I) and the in- 
ternal standard (decachlorobiphenyl) in methylene chloride (2 ml) was 
mixed with a solution (2 ml) of 0.1 M tetrabutylammonium in 0.1 M 
NaOH. The mixture was shaken at 25O. Part of the organic phase (0.1 ml) 
was separated and mixed with pH 4 phosphate buffer. The organic phase 
was analyzed by GLC with flame-ionization detection4. 

Extraction of Chlorambucil from Plasma-Plasma (2.00 ml) con- 
taining 8 pg of chlorambucil/ml was mixed with hydrochloric acid, 
phosphoric acid, or phosphate buffer (0.2 ml). The mixture was extracted 
with methylene chloride (2.00 ml) for 30 min. An aliquot of the organic 
phase was separated and evaporated to dryness with nitrogen gas. The 
residue was dissolved in methanol-water-acetic acid (0.1 M) (7515:lO) 
and analyzed by liquid chromatograph$. 

Determination of Chlorambucil in Plasma-Plasma (2.00 ml) was 
mixed with 0.100 ml of [2H]chlorambuci16 in ethanol (2.00 pg/mU7 and 
0.2 ml of 1 M phosphoric acid (final pH of -3) and extracted with 5.00 
ml of methylene chloride for 30 min. The organic phase was separated 
and extracted with 0.5 ml of 0.1 M sodium sulfide for 5 min. The aqueous 
phase was separated and heated for 15 min a t  80'. Concentrated phos- 
phoric acid (0.01 ml) was added, and hydrogen sulfide was removed with 
nitrogen for 5 min. Sodium hydroxide (12 M, 0.05 ml), 0.5 M tetrabu- 
tylammonium (0.2 ml), methylene chloride (0.2 ml), and allyl bromide 
(0.05 ml) were added, and then the mixture was shaken for 30 min at  25'. 
The organic phase (1-2 pl) was analyzed by GLC-mass spectrometrys. 

Handling of Blood Samples-Blood samples were obtained by ve- 
nous puncture using 10-ml glass tubes containing 250 IU of lyophilized 
heparin. The plasma fraction was separated immediately, and an aliquot 
was mixed with the internal standard and frozen until it was assayed. 
Chlorambucil was stable for a t  least 2 weeks a t  -20'. 

I I 
0 1 2 

HOURS 
Figure 1-Alkylation of I. The alkylating agents were allyl bromide 
(A), methyl iodide (A), benzyl bromide (O), and pentafluorobenzyl 
bromide (0); the organic phase was 0.05 M alkylating agent in meth- 
ylene chloride; the aqueous phase was 0.100 M tetrabutylammonium 
in 0.100 M NaOH (equal phase volumes); and the temperature was 
%.ao. 

4 Varian 1400 gas-liquid chromatograph. The 1.5-m column was packed with 

5 For the chromatographic equipment and conditions, see Ref. 3. 
Kindly supplied by AB Leo, Helsingborg, Sweden. The deuterium labeling was 

The internal standard was stable for at least 6 hr at 4 O  in ethanol. 
LKB 2091 with an ionizing energy of 70 ev. The 1.5-m column was packed with 

3% OV-17 on Gas Chrom Q and was operated at 275'. 

in the bis(2-chloroethy1)amino group. 

5% OV-17 on Gas Chrom Q and was operated at 250". 

Table  11-Extraction of Chlorambucil from Human Plasma 

log Distribution Ratio (Yield, %) 
PH Calculated Found 

1 
3.2 
7.0 

2.94 (99.9) 
4.35 (100.0) 
1.91 (98.8) 

0.18 (60 f 4) 

0.10 (56 f 2) 
>2 (102 f 4) 

RESULTS AND DISCUSSION 

Extraction from Plasma-A quantitative extraction of chlorambucil 
(log D - 2) theoretically should be obtained within the pH range of 1-7, 
as revealed by calculations based on the partition coefficient and the acid 
dissociation constants (Table I). However, the extraction of chlorambucil 
from plasma was quantitative only at  pH -3, while the yields at pH 1 and 
7 were considerably lower (Table 11). The extraction yields were unaf- 
fected by extraction times of 10-60 min. Obviously, a considerably higher 
extraction capacity is needed to obtain a quantitative recovery from 
plasma as compared to pure aqueous solutions. This effect might be due 
to the fact that chlorambucil is bound extensively to plasma albumin (4), 
giving a concomitant reduction in the partitioning to the organic 
phase. 

Thiazane Formation-Nitrogen mustards previously were converted 
to thiazanes by reaction with sodium [35S]sulfide for qualitative metabolic 
studies (21, but so far the reaction has not been studied quantitatively. 
The influence of the sodium sulfide concentration on the yield of thiazane 
was studied by liquid chromatography (Table 111). The reaction was 
complete within 15 rnin a t  80". Hydrolysis of chlorambucil to 4-[p- 
[di(2-hydroxyethyl)amino]phenyl]butyric acid [cf. ,  Ref. 31 was insig- 
nificant, a t  least in 0.1 or 1 M sodium sulfide, reflecting the high nucle- 
ophilicity of the sulfide ion. The thiazane yield was only -25% with a 
reaction time of 1 hr a t  25" (0.10 M sodium sulfide). 

Protolytic and Partition Properties of I-The protolytic properties 
of I were evaluated by a photometric technique described previously (3). 
The base strength of the amino group was considerably higher for I 
compared to chlorambucil (pK2 = 4.12 and 2.49, respectively, Table 
I). 

The lipophilic character of chlorambucil was decreased by the thiazane 
formation, as revealed by a decrease in the partition coefficient to 
methylene chloride by -1 log unit (Table I). 

Extractive Alkylation of I-The extractive alkylation of I was per- 
formed using methylene chloride as the organic phase and 0.1 M tetra- 
butylammonium in 0.1 M NaOH as the aqueous phase. More than 90% 
of I was extracted as an ion-pair into the organic phase, as calculated from 
the extraction constant (log E = 2.17 f 0.02 and - log k&ss = 4.19 f 0.04, 
determined according to Ref. 5). Therefore, an increase in the lipophilic 
character or concentration of the counterion should only slightly affect 
the reaction rate (6). 

The alkylation rates using different alkylating agents are given in Fig. 
1. Pentafluorobenzyl bromide showed the highest reactivity, while the 
lowest one was obtained with allyl bromide. By increasing the concen- 

Table  111-Influence of Sodium Sulfide Concentration on Yield 
of I' 

Minutes 
Sodium Sulfide Concentration, M 

0.01 0.10 1.00 

Yield of I, % 

1 46 44 60 
5 82 90 94 

15 84 92 97 
30 87 99 93 
60 87 95 97 

The temperature was 80". 
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Table IV-Relative Retention of Alkyl Derivatives of I ,I 

Derivative 
~~ 

Relative Retention 

Methyl 
Allyl 
Pentafluorobenzyl 
Benzyl 

1.00 
1.46 
3.50 
7.25 

The column was packed with 3% OV-17 and was operated at 275'. 

tration of allyl bromide to 1 M ,  a quantitative reaction was obtained 
within 30 min. 

GLC Properties of Alkyl Derivatives of I-All of the alkyl deriva- 
tives chromatographed with excellent peak symmetry on an OV-17 col- 
umn. The relative retentions of the derivatives are given in Table IV. The 
retention increased in the order methyl, allyl, pentafluorobenzyl, and 
benzyl. Due to their higher volatility, the methyl and ally1 derivatives were 
selected for further studies regarding their selected-ion monitoring 
properties. 

Selected-Ion Monitoring Properties of Methyl and  Allyl Deriv- 
atives of I-The mass spectra of the allyl and methyl derivatives of I are 
given in Fig. 2. By focusing the mass spectrometer at  the molecular ions 
of the compounds, a higher selectivity was obtained with respect to the 
metabolites formed by enzymatic transformation of the butyric acid side 
chain of chlorambucil as compared to focusing a t  m/e 192 [4-(thiazane- 
4-yl)benzyl fragment]. Derivatization with allyl bromide and focusing 
a t  m/e 305 were used in the analytical method since derivatization of 
plasma blanks with methyl iodide and detection at m/e 279 gave an in- 
terfering peak with a retention time close to that of the methyl derivative 
of I. 

Internal Standard-Chlorambucil labeled with eight deuterium 
atoms in the nitrogen mustard moiety was used as the internal standard. 
It contained <1% of the unlabeled compound. The degradation rate of 
the internal standard did not differ significantly from that of chloram- 
bucil. 

Selectivity--No peaks interfering with the determination of chlor- 
ambucil or the internal standard were observed with blank plasma. The 
thiazane derivative of chlorambucil theoretically could be formed by the 
reaction of chlorambucil with endogenous sulfur-containing compounds 
and, if present, be codetermined with chlorambucil. Plasma samples (1, 
2,5, and 6 hr after an oral dose of 10 mg of chlorambucil) were analyzed 
according to the described procedure, except that  the sodium sulfide 
extraction step was substituted with extraction with 0.1 M NaOH. In all 
cases, the thiazane concentration was below the detection limit (<1 ng/ml 
of plasma). 

Precision-The standard curve obtained from plasma samples was 
linear in the range studied (10-640 ng/ml). A least-squares analysis gave 
a correlation coefficient of 0.9999, a slope of 7.96 X 
and an intercept of 6.00 X The relative standard 
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f 7.36 X 
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Figure %-Mass spectra for allyl (A) and methyl (B) derivatives of I. 
The ionizing energy was 70 ev 

Figure 3-Chromatogram obtained 
from patient plasma containing 30 ng 
of chlorarnbucillrnl. The chlorambucil 
peak was at m/e 305, and the C2H]-  
chlorambucil was a t  m/e 313. 
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Figure 4-Plasma concentrations after oral ( 0, and intravenous (A) 
administration of 10 mg of chlorambucil. 

deviation was f 5 %  (n = 5) a t  the lO-ng/rnl level. A chromatogram ob- 
tained from the analysis of a sample containing 30 ng/ml is shown in Fig. 
3. 

Analysis of Plasma from Patients Undergoing Chlorambucil 
Treatment-The plasma concentration-time profile from a patient 
receiving 10 mg of chlorambucil orally and intravenously is shown in Fig. 
4. A detailed study on the pharmacokinetics of chlorambucil will be 
published later. 
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Abstract  An in uitro technique was developed to characterize the 
intermittent flume patterns associated with the short bursts of me- 
tered-dose aerosols. Two orthogonal video images are utilized to describe 
t.he complex shape and direction of the flume pattern. This technique 
facilitates the evaluation of components manufactured by different 
suppliers. 

Keyphrases 0 Aerosols, inhalation-characterization of flume pattern, 
video technique compared with chemical analysis, delivery systems an- 
alyzed Delivery systems-inhalation aerosols, flume pattern charac- 
terized by video technique Distribution-of drug in lung alveoli. 
analysis of delivery systems, inhalation aerosols, flume patterns char- 
acterized by video technique 

Various test procedures have been developed to evaluate 
aerosol products (1). The test methods for delivery rate, 
pressure measurement, unit spray sampling, container 
sampling, and propellents analysis are included in NF XIV 
(2). Particle-size analysis and spray patterns are among 
several tests that should be performed on inhalation 
aerosols to ensure their therapeutic effectiveness. 

BACKGROUND 

Extensive research (3) has been conducted on the relationship of the 
particle size of an active drug to its  distribution and retention in the lungs. 
The conflict of theories and experimental results has been attributed to 
such variables as the species of animal used, nonuniform breathing rates, 
methods of measuring the particle-size distribution, methods of ad- 
ministering the agents used, and the effects of lung moisture content on 
the size of the inhaled particles (4-6). However, it generally is agreed that 
the depth of penetration increases with decreasing particle size while the 
whole lung retention increases with increasing particle size (7,8).  The 
optimum particle-size range for inhalation of medicinals into the lungs 
currently is accepted as 0.5-5 pm (9,lO). 

While the importance of particle size in inhalation therapy has been 
well documented, other parameters affecting deposition and retention 
of inhaled matter have received less attention. Hayton ( 1 1 )  pointed out 
that, in many instances, a fairly high percentage of the formulation dis- 
pensed is retained in the oral adapter, the mouth, and the back of the 
throat instead of obtaining the desired deep penetration into the bronchi. 
Various methods have been useful for determining the aerosol dose de- 
livered through an oral adapter to the desired portions of the lungs. 
Karig e t  al. (12) developed a compartmentalized lung chamber for the 
evaluation of oral inhalation aerosols. An in uitro method was established 
for evaluating the penetration of solid particles in the lungs using several 
aerosol generators. Sciarra and Cutie (13) developed a simulated respi- 
ratory system for the in uitro evaluation of two differently designed oral 
inhalation delivery systems and demonstrated that the deposition 
properties of the dose may be a function of the oral inhalation 
adapter. 

The interest in therapeutic and diagnostic uses of inhalation aerosols 
can be directed at  particles within the aerodynamic size range of 1-10 pm 
in diameter. When the alveolated regions of the lungs are the desired site 
of therapeutic action, the size is limited to 1-5 pm in diameter. The de- 
position of particles in the 1-10-pm aerodynamic diameter range is 
governed by inertial impaction and gravitational settling (14). 

With the foregoing discussion, it can he concluded that the particle size 
and particle distribution within the aerosol cloud are the major factors 
affecting the site and mass of drug deposition in the airways. Other factors 
influencing aerosol penetration and deposition in the airways include the 

synchronization of the aerosol administration with inhalation and the 
aerosol mist characteristics. The spray pattern at different dist.ances from 
the mputhpiece of the inhalation adapter can influence the penetration 
and deposition of particles in the desired portions of the lung. The nature 
ofthe flume pattern from an inhalation aerosol will he indicative of spray 
patterns a t  different distances. 

The purpose of this study was to develop an in citro technique to 
characterize the flume patterns to demonstrate physical equivalence of 
valve and actuator performance. With the same inhalation product. the 
technique also was used to screen actuators by studying their flume 
patterns. Manufacturers of inhalation aerosols must have alternative 
suppliers of package components, and this technique can he used as one 
criterion to demonstrate the equivalent performance of these alternative 
package components. 

EXPERIMENTAL 

Materials-The inhalation aerosol contained a suspension of a mi- 
cronized corticosteroid in a fluorochlorocarbon propellent. The contents 
were packaged in a 16-ml aluminum can. Sixty-three-microliter valves 
and inhalation adapters from two suppliers (A and B) were used. 

Video Systems-A high-resolution video camera' coupled with a 
macro lens2 was used to capture the flume patterns of emitted sprays. 
These patterns were recorded on a 2.54-cm video tape recorder? (Fig. 1). 
This 2.5-cm broadcast quality video tape system provided a higher res- 
olution of the flume patterns that the 1.3-cm video tape system in usual 
hobby use. 

During playback, these flume patterns were displayed on a television 
monitor4 from which the desired individual frames of flume pattern were 
photographed using a view camera5. Since video tape resolution is de- 
graded by 50% whenever an individual frame is viewed, an accessory 
digital image enhancer6 was employed to improve image contrast by 
gray-scale adjustment. The benefit of this adjustment was most visible 
along the fringe area of the aerosol flume. Image enhancement was ap- 
plied only to the flume display on the video monitor. All of the original 
video data on the tape remained unchanged. 

Imaging Requirements-Since the flume pattern is three dimen- 
sional, a single two-dimensional image cannot completely characterize 

FLUME INHALER w n 

- - PLAY BACK 

Figure 1-Apparatus block diagram of f l u m e  analysis 

' Model AVC 3200, Sonv Corp., Tokyo. Japan. * Cosmicar 25MM, FI. 4television lens, Cosmicar Corp., Tokyo, Japan. '' Model AV 9650, Sony Corp., Tokyo, Japan. 

' Model CC404, Calumet Corp., Elk Grove, Ill. ' Model M 2 ,  Dynasciences Corp., Chatsworth, Calif. 

Model TWISVL. Shiha Electric Corp., Tokyo. Japan. 
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Figure 4-Apparatus block diagram of f lume analysis for top view. 

Figure 2-Apparatu.q block diagram 
uieuis. tested. 

analysis for orthogonal light-emitting diodes clearly identified the particular spray pattern being 

System Output-The output is a video image of the aerosol flume 

its complex shape and direction unless the pattern is symmetrical. When 
the flume pattern is asymmetric, a combination of two simultaneous 
orthogonal views is required to describe the character and direction of 
the flume pattern adequately. 

In metered-dose aerosols, the total duration of the burst can be as short 
as 50 msec, so image delays between the two orthogonal views should be 
minimized. To achieve minimum delay, the same scan line was utilized 
lor the corresponding image positions. This objective was accomplished 
hy rotating the camera 90' from its usual viewing position. This action 
reduced the delay from milliseconds to microseconds for equivalent image 
portions, which was a prerequisite for accurate three-dimensional anal- 
ysis. 

For adequat.e visualization of the micrometer-sized aerosol droplets, 
a high-intensity light source was adjusted to deliver the scattered light 
from the flume droplets forward to the viewing lens (Fig. 2). For optimum 
contrast in orthogonal views, two flexible fiber optic bundles were used 
to ensure uniformity of the scattered light intensity in both views. A high 
quality optical front surface mirror, having a flatness of 0.5 A, was posi- 
tioned a t  a 45' angle to provide simultaneous images in the two orthog- 
onal views of the video camera. 

System Operation-Video and optical systems were assembled and 
arranged as shown in Figs. 2,3, and 4 for orthogonal, side, and top views, 
respectively. A black screen was placed parallel to the flume as a back- 
ground to achieve proper contrast. 

The product to be tested, ie. ,  an inhaler in its respective actuator, was 
placed in a fixed position (Fig. 4). An operator placed the recording sys- 
tem into the recording mode and subsequently actuated the product to 
emit a spray. After a single trial spray was emitted, flume patterns of the 
subsequent two sprays from that product were recorded by the video 
system. These series of sprays were identified on the video tape by an 
alphanumeric light-emitting diode configuration, which was recorded 
simultaneously during each spray burst. In the playback mode, the 

BLACK SCREEN 

T 

2 

711 2 Mm 

LENS SET AT 29 mm 12 

V I M 0  
CAMERA 

TO VIDEO TAPE RECORDER 

c 
Figure 3-Apparatus block diagram of flume analysis for side view. 

pattern that can be viewed on a video field basis (each field is spaced 16.7 
msec apart). The total life of the flume pattern is available from the time 
it passes from the actuator until it is dissipated in the atmosphere. When 
flume patterns were ohserved on a frame-to-frame basis, flume size in- 
creased progressively up to the fourth frame (66.7 msec after flume 
commencement) and thereafter started dissipating. Therefore, the flume 
pattern in the fourth frame was selected to be photographed for com- 
parison. 

RESULTS AND DISCUSSION 

Videotapes of flume patterns of the corticosteroid oral inhalers A and 
€3 were played and examined. Flume patterns were observed individually 
on a frame-to-frame basis; flume size increased progressively up to the 
fourth frame and thereafter started dissipating. For package components 
A and B, no significant difference was noticed in flume patterns of Sprays 
1 and 2. Photographs of these flume patterns in the fourth frame for the 
top and side view are shown in Figs. 5 and 6, respectively. The similar 
shape and size of flume patterns for package components A and B indi- 
cate equivalent physical performance. This result suggests that the spray 
emitted from package components A and B will have a similar projectile 
and force to enter the throat and lung, suggesting equivalent dispensing 
of the drug by two different actuators to different parts of the respiratory 
system. 

Application of this video system for screening actuators was extended 
to a nasal inhaler. Figures 7-9 are flume patterns of the orthogonal view 
of a nasal inhaler obtained using three actuators from the same lot. Each 
photograph also was taken during the fourth frame of a video field to 
establish a common basis for analysis. 

A typical example for a good flume pattern is shown in Fig. 7. The 
aerosol spray patterns are symmetrical; if a line were drawn through the 
center of each flume, each half would be equal and that line would in- 
tersect the center of the actuator nozzle. This result indicates that the 
center of the aerosol spray pattern is a t  the center of the actuator. 
Moreover, the exit angles of the spray pattern in both views are parallel 
to the axis of the actuator nozzle in their respective views. 

Marginal actuators yield poor flume patterns with one or more dis- 
crepancies with the described criteria for a good flume pattern as illus- 
trated in Fig. 8. The flume patterns in both views exhibit a large dis- 
placement from the center of the actuator nozzle. This condition generally 
yields a poor or marginal delivery of product since a portion of the product 
is trapped on the inner wall of the nozzle and remains as a residue. In fact, 
with some actuators, the second burst showed streaking lines in the flume 
pat,terns. These lines were the corticosteroid, which was left as a residue 
in the nozzle and was evacuated with the second burst of propellent. 
Erratic delivery can be attributed to this actuator, e.g., the first burst is 
low on product, and the second burst is much higher. 

Figure 9 shows the flume pattern from an actuator with a defective 
nozzle; there is a slight burr around the exit jet of the nozzle. The right 
portion of the figure (the side view of the actuator) exhibits a very poor 
flume pattern with heavy streaking lines about the nozzle. These lines 
indicate a misdirection of the spray inside the nozzle piece. The other 
orthogonal view lacks these lines, which strongly suggests that two views 
are necessary for a proper flume definition. 

Since the three actuators had a common canister of propellent and were 
evaluated a t  a similar video field, one actuator can be accepted as good, 
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SPRAY 1 

Figure 5-Series of typical flume patterns that are shown in the top oiew. 

one as marginal, and one as bad. This video technique can be used to 
screen potentially bad actuators. T o  establish a comparison between the 
video technique and chemical analysis, 20 actuators were studied by both 
techniques. In the video technique, based on the described criteria, the 
quality of actuators was rated good (G) ,  fair (F), and poor (P) (Table 
I). 

The total amount of drug delivered from an actuator and the amount 
retained on the actuator were determined for 20 actuators by liquid 

Table  I-Comparison of Results Obtained by Chemical Analysis 
and the Video Technique 

Analysis Ratings 
Actuator BIAO Chemical Video 

I 0.185 
I1 0.636 

I11 0.515 
IV 0.173 
V 0.224 

2 G 
20 P 
18 
1 
6 F 

' b  - 

XI 0.332 
XI1 0.199 

XI11 0.214 
XIV 0.307 xv 0.225 
XVI 0.467 

XVII 0.304 
XVIII 0.465 

XIX xx 0.455 
0.197 

12 P 
4 G 
5 G 

11 
7 

16 P 
10 G 
15 P 
14 F 
3 G 

' b  - 

a A is the amount of drug delivered through the actuator, and R is the amount 
of drug retained on the actuator. Not available for video test. 

SPRAY 2 

chromatography. The ratio of B to A was calculated for each actuator, 
where A is the total amount of drug delivered through the actuator and 
B is the total amount of drug retained on the actuator. The smaller the 
ratio, the better is the rating. Actuators were rated from one to 20 based 
on the ratio. A rating of one was given to the actuator with the lowest ratio. 
Table I lists the ratings obtained by chemical analysis and the video 
technique. On the basis of these chemical analysis data, five actuators 
were rated as good, 10 as fair, and five as poor. These results compared 
very well with the results obtained by the video technique (Table 11). 

To increase the average amount of drug delivered through an actuator, 
the following two steps are necessary. First, the use of defective actuators 
should be eliminated by improving the incoming inspection of these units. 
Second, the design of the actuators should be modified to improve drug 
delivery. 

The five actuators rated as good by the chemical test had an average 
delivery of 82%. However, the average yield of the five actuators rated 
as poor by the chemical test was 6Wo. T o  locate the defective parts of the 
actuators, the following experiments were performed. 

The plastic inserts were replaced with machined-steel inserts, and the 
flume patterns were studied before and after the replacements. The re- 
placed plastic inserts were inspected visually. These steel inserts gave 
an improved flume pattern after replacing plastic inserts with burrs inside 

Table  11-Number of Actuators within Ratings According to 
Chemical Analysis and  Video Technique 

Ratine Number of Actuators Video Ratines and Number 
Chemiial within Rating of Actuatorswithin Range 
Number Range G" Fa Po 

1-5 56 
6-15 l o b  

1G20 56 

4 0 0 
1 4 4 
0 0 4 

O G = good, F = fair, and P = poor. One actuator not available for video 
test. 
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t h r  orifiee o r  with irregular orif'ice shape. Otherwise, the flume patterns 
remained unchanged. This result shows that the aerosol ejected through 
the orifice with a nonzero exit angle with respect to the axis of the  delivery 
tube was cau.sed t)v skewed seating of the plastic insert. If' the  plastic in- 
serts are inspected carefully hefore mounting in the actuators toeliminate 

those units showing hurrs or other nonuniformity in either the rear or 
the insert tip, the yield of acceptable actuators can be improved. 

T h e  flume pattern of the  vaporized liquid propellent shows that  its 
spread was wider along t h e y  axis than along the z axis because the  pro- 
pellent was accelerated first in the  x-y plane and then along the  x axis 
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(Fig. 10). Since the flume pattern was not cylindrically symmetrical, 
changing the cross section of the delivery tube from a circular to an el- 
liptical shape with the major axis along they axis can reduce the amount 
of drug trapped on the inner surface wall. The video technique also was 
uied to study the flume patterns of an aerosol spray by varying the length 
of the discharging tip; as expected, the longer the tip, the narrower was 
the spread of the flume pattern. If the amount of drug retained inside the 
plastic insert is small compared with that retained on the inner wall of 
the delivery tube, the path length of the plastic insert could be in- 
creased. 

After the propellent has been discharged and before it reaches 
Chamber B, the direction of acceleration has a negative component along 
the x axis. Thus, if one increases the angle between the axis of the plunger 
and the axis of the delivery tube, one can increase the drug delivery yield 
through the actuators. 
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Abstract  0 An analytical procedure is described for the GLC determi- 
nation of ll-methyl-16,16-dimethylprostaglandin Ez in aqueous poly- 
ethylene glycol 400 solutions. Because of the nature of the carrier matrix, 
sample cleanup was required prior to GLC separation. Separation was 
achieved using a diethylaminoethylcellulose microcolumn. This proce- 
dure has proven to be amenable to routine analysis. 

Keyphrases Prostaglandin analogs- -GLC analysis, pre-GLC sample 
cleanup procedure, polyethylene glycol carrier matrix 0 GLC-prosta- 
glandin analog determination, sample cleanup prior to GLC, polyethylene 
glycol carrier matrix Polyethylene glycol-carrier matrix in aqueous 
prostaglandin analog solutions, GLC analysis, pre-GLC sample cleanup 
procedure 

Research into the synthesis of prostaglandin analogs 
that provide increased metabolic and chemical stability 
over naturally occurring prostaglandins has focused on the 
prostanoid Il-methyl-16,16-dimethylprostaglandin Ez' 
(I), the structure of which differs only slightly from that 
of natural prostaglandin E2 (11). Previous studies (1, 2) 
showed that I is a potent inhibitor of gastric acid secretion 
in humans and dogs with no appreciable side effects. 

In compliance with the Good Laboratory Practices 
(GLP) regulations, aqueous solutions of I were analyzed 
as part of an analytical monitoring program for rat and dog 
toxicity studies. Many GLC and high-performance liquid 
chromatographic procedures have been published for the 
analysis of prostaglandin E2 (3-13), but none was suitable 
for the present application because of interferences from 
excipients in the sample solutions. 

This paper describes a sensitive and specific procedure 
for the analysis of I in aqueous media containing poly- 
ethylene glycol 400, butylated hydroxyanisole, and as- 
corbyl palmitate (111). The procedure involves the elimi- 
nation of water and polyethylene glycol 400 by utilizing a 
diethylaminoethylcellulose microcolumn, conversion of 
I to the trimethylsilyl derivative, and GLC determina- 
tion. 

EXPERIMENTAL 

Reagents-All solvents and chemicals were reagent grade unless 
otherwise specified. 

Instrumentation-The gas chromatograph2 was equipped with a 
hydrogen flame-ionization detector connected to an electronic chroma 
tographic automation system3 lor peak area integration. The stainless 
steel column, 2.5 m X 2 mm i.d., was packed with 3% OV-1 on Chromosorb 
W-HP4 (80- 100 mesh) and conditioned a t  320' for 24 hr under nitrogen 
a t  a flow rate of 30 ml/min The instrument parameters were: injector 
temperature, 280'; detector temperature, 300"; carrier gas (nitrogen) flow 

1 Hoffrnann-La Koche Inc., Nutley, N.d. 
Varian Aeroyraph model 3700, Varian Associates, Walnut Creek, Calif 
Model 3385A, Hewlett-Packard, Palo Alto, Calif. 
Alltech Associates, Arlington Heights, 111. 

0 

I: R,  = R, = R, = CH, 
11: R, = OH, R, = R, = H 

rate, 30 ml/min; hydrogen flow rate, 30 ml/min; and air flow rate, 300 
ml/min. 

The column temperature was programmed stepwise isothermally from 
0 to 12.5 min a t  290°, followed by flash heating to 310" to elute 111. 
Electrometer sensitivity was adjusted to give -6O0/0 full-scale deflection 
for 8 FI of injected standard solution. 

Sample Preparation-Aliquots of the sample solution (2.0 ml for I 
concentrations of >0.005% and 5.0 ml for those having <0.005%) were 
diluted to 50 ml with methanol. 

Standard Preparation-Standard solutions were prepared by di- 
luting I in methanol to give a final concentration of 8 X 

Internal  Standard Preparation-Stock solutions of n-triacontane 
(IV), the internal standard, were prepared by dissolving 6 mg of IV in 50 
ml of hexane. A 1.0-ml aliquot of this solution was added to a 12-ml 
conical flask and evaporated to dryness under a dry nitrogen stream. The 
residue was dissolved in 10 ml of trimethylsilylating reagent, which was 
a mixture of 60% hexamethyldisila~ane~ and 10% trimethylchl~rosilane~ 
in acetonitrile. 

Microcolumn Cleanup Procedure-A diethylaminoethylcellulose6 
slurry was prepared by adding 300 ml of methanol to -6.0 g of the ion- 
exchange medium. The slurry was degassed under vacuum for 30 min and 
transferred to a glass-stoppered solution bottle. 

A glass column (15 cm X 6 mm i.d.) was used for the pre-GLC cleanup. 
The column, fitted with a hydrophilic polyethylene disk tapered to 1.65 
mm i.d., was filled with the cellulose slurry to a gel height of 8 f 1 mm 
(Fig. 1). 

The column bed was washed with 2 ml of methanol, and the effluent 
was discarded. Based on the concentration of I, various volumes of the 
sample or standard solution (standard solution, 2.0 ml; samples with I 
concentrations of >0.02%, 2.0 ml; samples with I concentrations of 
<0.005%, 4.0 ml; and placebo, 4.0 ml) were applied to the top of the gel 
and allowed to absorb into the bed; the resulting effluent was dis- 
carded. 

Interfering excipient substances were washed from the column with 
4.0 ml of distilled water applied to the top of the gel bed, and the effluent 
was discarded. Residual water was removed from the gel by applying a 

mg/ml. 

CH,OOCCHz(CH,)l~CHzCH, 

1 
H-C-OH 

Hi) OH 
III 

5 Aldrich Chemical Co., Milwaukee, Wis. 
6 Preswollen DE-52, Whatman Inc.. Clifton, N.J. 
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6.0mm id. 

Figure 1-Diethylaminoethylcellulose microcolumn utilized in pre- 
CLC sample cleanup procedure. 

gentle nitrogen stream to the top of the column for -1 min. Compound 
I was eluted from the column with 7.0 ml of anhydrous ether, and the 
eluate was evaporated to dryness a t  room temperature under a nitrogen 
stream. 

Preparation of Trimethylsilyl Derivatives-After the eluate was 
evaporated carefully to dryness, 400 wl of the trimethylsilylating reagent 
containing the internal standard (IV) was added, and the solution was 
left for 30 min at  room temperature. This solution was injected onto the 
GLC column. 

Calculations-The concentration of I in 4wo polyethylene glycol 400 
solutions was determined from: 

where Xspl and X s d  are the peak areas of I in the sample and standard 
preparations, respectively; Yap, and Y,a are the peak areas of IV for the 
sample and standard, respectively; V I  is the volume of the initial sample 
aliquot (milliliters); DF is the sample dilution factor; and Csa is the 
concentration of I in the standard solution (milligrams per milliliter). 

RESULTS AND DISCUSSION 

The samples studied were aqueous solutions containing 40% poly- 
ethylene glycol 400, 0.05% ascorbyl palmitate, 0.02% butylated hy- 
droxyanisole, and 0.0014.02% (0.01-0.2 mg/ml) of I. In all cases, pre-GLC 
sample cleanup was necessary to eliminate sample matrix interfer- 
ences. 

Column chromatographic techniques have been used widely for sample 
preparation and cleanup procedures, but few applications employing 
ion-exchange resins have been reported where the adsorptive properties 
of the resin matrix were a factor in the separation. By utilizing ion-ex- 
change resins and either nonpolar solvents or electrolyte-free water- 
alcohol mixtures as eluents, separations have been achieved for sugars 
(14), alcohols (151, organic acids (16), analgesics (171, and benzene de- 
rivatives (18,19). In each of these applications, the dominant mechanism 

was adsorption onto the resin matrix with little or no ion exchange oc- 
curring. 

With this technique, a microcolumn sample cleanup procedure was 
developed that eliminated matrix interferences in aqueous solutions of 
I. It was found that I could be separated selectively from polyethylene 
glycol 400 and isolated from water (water had to be eliminated before 
silylation reagents could be used) using a microcolumn containing di- 
ethylaminoethylcellulose (free base form). Columns were prepared by 
adding a degassed methanolic slurry of diethylaminoethylcellulose to 
a gel height of 8 f 1 mm to a 15-cm X 6-mm i.d. glass column outfitted 
with a fritted disk. The small void volume of this column, a departure 
from most conventional procedures, was especially advantageous since 
only a small volume of solvent was needed for complete elution of I. 

Aliquots of sample solutions of I were diluted with methanol and ap- 
plied onto the microcolumns. Polyethylene glycol 400, I, and I11 were 
retained on the diethylaminoethylcellulose due to a combination of ad- 
sorption onto the cellulose matrix backbone and ion exchange with the 
diethylaminoethyl functional groups bound to the cellulose. The ion- 
exchange interaction was confirmed by attempting the same separation 
using cellulose without the diethylaminoethyl functional groups. With 
this medium, definitive separation of polyethylene glycol 400 and I was 
not accomplished, and the results were not reproducible. 

With diethylaminoethylcellulose, solvent systems were investigated 
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Figure 2-Gas chromatograms of a sample containingZ(O.045 mglml), 
polyethylene glycol 400, ascorbyl palmitate (IIZ), and n-triacontane 
( I V )  as the internal standard after pre-GLC sample cleanup for which 
detector response was 2 X lo-" amplsec full scale (A ) ;  and a standard 
stock solution containing I ,  ascorbyl palmitate ( I I I ) ,  and n-triacontane 
( I V )  for which the detector response was 16 X amplsec full scale 
( R ) .  
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Figure 3-Gas chromatograms of 
a sample containing I (0.01 mg/ 
ml ) ,  polyethylene glycol 400, and 
n-triacontane ( I V )  (1s the internal 
standard after pre-GLC sample 
cleanup (A) ;  and a placebo con- 
taining n-triacontane (ZV) as the 
internal standard, afterpre-GLC 
sample cleanup, prepared at the 
same excipient concentration 
level as Sample A ( B ) .  The de- 
tector response was 2 x IO-" 
amplsec full scale. 

Table I-Assay Results for Samples Containing I, Polyethylene 
Glycol 400, Ascorbyl Palmitate, and Butylated Hydroxyanisole 

Sample Claim of I, Average Result f SD, Percent of RSD, 
mg/ml n mg/ml Claim % 

0.200 6 0.207 f 0.00115 103 5.6 
0.044 5 0.0469 f 0.00530 106 11.3 
0.010 3 0.00974 f 0.00042 97.4 4.3 

in which I would be retained on the column while polyethylene glycol 400 
and I11 would be eluted; however, no system could be found with these 
properties that  also would provide 100% recovery of I. For this reason, 
efforts were directed to the development of a system to remove poly- 
ethylene glycol 400 and water, leaving the separation of I and I11 by GLC 
as the next step. 

Polyethylene glycol 400 was removed during the wash step by parti- 
tioning with water; I and 111, having little affinity for water, remained 
bound to the column. The latter compounds then were eluted with an- 
hydrous ether. The resulting eluate was evaporated to dryness under a 
nitrogen stream, and the residue was reacted with silylating reagent. 

Baseline separation of I and 111 was achieved in 16 min by GLC using 
a 2.5-m X 2-mm i.d., 3% OV-1 on Chromosorb W-HP column for samples 
containing >0.045 mg of I/ml (Fig. 2). However, artifacts of polyethylene 
glycol 400 were found in those samples having <0.045 mg of I/ml because 
of the need to apply significantly more sample to the microcolumn for 
quantitative detection. Even a t  low levels, quantitation of I was not af- 
fected (Fig. 3). 

The trimethylsilyl derivative of I was formed by reaction with a hex- 
amethyldisilazane-trimethylchlorosilane mixture in acetonitrile, with 
no loss in potency of I detected after 24 hr. In earlier studies with stronger 
silylating reagents, I degradation was observed by GLC as a peak eluting 
prior to I. 

Results of validation studies have shown that the procedure is accurate, 
precise, and suitable for routine analysis. The loading capacity of the 
microcolumns was linear over a range of 7.50-22.5 wg of I, with a least- 
squares correlation coefficient of 0.997. Results of a recovery study using 
the standard addition method yielded a mean value of 101%. A method 

precision study, conducted with 15 replicate samples, yielded a coefficient 
of variation of 7.3%. The analysis of actual samples over a concentration 
range of 0.01-0.2 mg of I/ml yielded results with acceptable variation 
(Table I). 
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Abstract The production and characterization of a specific antibody 
for use in the radioimmunoassay of procainamide are described. Cross- 
reactivity was measured by a nonequilibrium competitive procedure. 
Procainamide analog concentrations resulting in 50% inhibition were: 
procainamide, 1.59 nmoles/ml; N-acetylprocainamide, 3.55 nmoles/ml; 
a propyl analog of procainamide, 398 nmoles/ml; procaine, 316 nmoles/ml; 
lidocaine, >8000 nmoles/ml; and practolol, >16,000 nmoles/ml. Varia- 
tions in the ability to inhibit binding of labeled procainamide were related 
to structural similarities and differences. The affinity constant of the 
antibody for procainamide was 2.9 X lo8 liters/mole as measured from 
a Scatchard plot. The assay allows the direct measurement of procain- 
amide in a 0.1-ml aliquot of diluted serum. The advantages of this method 
over currently available techniques are its sensitivity, specificity, and 
simplicity. Furthermore, prior extraction of serum samples is not re- 
quired. As little as 1 ng of drug/ml of serum can be detected by this 
method. The accuracy and precision were determined by adding known 
amounts of procainamide to human serum and then assaying five repli- 
cates of each concentration. The within-day and between-day coefficients 
of variation were 2 and 5%, respectively. The proposed method was used 
to determine the serum concentration after an intravenous dose of pro- 
cainamide. A comparison of the radioimmunoassay results with values 
obtained by a GLC procedure showed excellent agreement. 

Keyphrases Procainamide-radioimmunoassay .in human serum 
Radioimmunoassay-procainamide in human serum Antiarrhythmic 
activity-procainamide, specific antibody production and character- 
ization 

Procainamide (I) is a widely used antiarrhythmic with 
a narrow therapeutic range (1). Since procainamide is very 
potent, the choice of the proper dosage is critical. Variation 
in the dose requirement of patients appears to be due 
mainly to individual differences in procainamide absorp- 
tion, distribution, and elimination (2 ,3) .  

Determination of plasma concentrations of I has been 
studied using spectrometric (4), GLC (5), and high-pres- 
sure liquid chromatographic .(6) procedures. However, 
various shortcomings exist. A radioimmunoassay for I 
could provide more than a 1000-fold increase in sensitivity 
as well as much greater specificity over those levels offered 
by existing procedures. Radioimmunoassay is based on 
competition between antigenic determinants of the labeled 
and unlabeled antigens for a limited number of specific 
antibody binding sites. Anything that competes for such 
sites, or in any other way affects the binding of labeled 
antigen, will influence the results. 

The establishment of a practical radioimmunoassay 
procedure for a particular compound of clinical signifi- 
cance depends, among other factors, on the production of 
a high affinity antiserum with little cross-reactivity with 
compounds of similar structure. An ideal antibody is one 
that reacts with only one species of the molecule ( i e . ,  the 
antigen). However, antibodies tend to cross-react with 
compounds other than the specific antigen if there are 
certain structural similarities. The greater the ability of 
an antibody to distinguish between minute structural 
differences, the less is the tendency to cross-react and the 
greater is the specificity of the antibody. A radioimmu- 

noassay for I is described, with particular emphasis on 
antibody specificity. 

EXPERIMENTAL 

Hapten-Protein Condensation-Three drug-protein derivatives 
were prepared by coupling I1 to bovine serum albumin2, egg albumin3, 
and rabbit serum albumin2, respectively. Procainamide was conjugated 
mainly through the tyrosyl residues of bovine serum albumin uia a di- 
azotization and condensation procedure (7,8). Compound I (150 mg) was 
dissolved in 2 ml of distilled water a t  2', and the pH was adjusted to 9 
with 1 N NaOH. 

Nitrous acid was prepared by mixing 40 mg of sodium nitrite, in 5 ml 
of ice-cold distilled water, with 1 ml of 1 N HCI. This solution was added 
immediately to the solution of I, and diazotization was allowed to proceed 
for 15 min with occasional stirring. The diazotized drug solution was 
added in 1-ml increments to the protein solution (1 g of protein in 50 ml 
of ice-cold 0.04 N NaOH), and the pH was adjusted to 8.5. The mixture 
was stirred to eliminate any local excess of acid. The pH of this mixture 
was checked a t  15-min intervals for 2 hr and was finally adjusted to 8.5 
with 0.1 N NaOH. The solution was incubated overnight a t  5' to allow 
completion of the coupling reaction. 

The conjugation mixture was dialyzed against distilled water over 2-3 
days, thus allowing for the removal of unreacted low molecular weight 
materials. The purified drug-protein solution was lyophilized and stored 
frozen in small quantities. The spectrometric analysis of the conjugate 
(I-bovine serum albumin) indicated that the molar ratio of procainamide 
to bovine serum albumin was between 20 and 22. 

Radioiodination-Radioiodinated antigen was prepared by conju- 
gation of I to rabbit serum albumin with subsequent iodination of the 
complex by the chloramine-T procedure (9) using 2 mCi of carrier-free 
sodium ['251]iodide4. The I-rabbit serum albumin (2  mg in 0.5 ml of 
phosphate buffer, pH 7.5) was added to 2 mCi of sodium ['251]iodide (in 
0.5 ml of phosphate buffer) and mixed with 2 mg of chloramine-T5 in 0.5 
ml of iodination buffer. After 2 min of incubation, 4 mg of sodium met- 
abisulfite in 0.5 ml of phosphate buffer was added to reduce both chlo- 
ramine-T and any unreacted iodine. Carrier potassium iodide (5 mg in 
0.5 ml of buffer) then was added. 

This mixture was incubated at room temperature for 2 min and then 
was purified by gel filtration in a 0.9 X 15-cm G-25 Sephadex column6 
equilibrated with the iodination buffer. The total iodination mixture (2.5 
ml) was added to the column with a plastic disposable syringe, and the 
column eluate was collected in 0.5-ml fractions, which were counted to 
determine the radioactivity profile. The radiochemical purity and percent 
labeling yield were measured, and the specific activity of 1251-labeled 
I-rabbit serum albumin was calculated (1.90 Ci/mmole of I). 

Preparat ion of Anti-I Serum-The drug-protein conjugate (I- 
bovine serum albumin) was antigenic when female albino rabbits were 
given several injections of 0.5-2 mg of complex dissolved in phosphate- 
buffered saline (pH 7.5) emulsified in a 1:2 ratio of Freund's complete 
adjuvant7. 

Booster shots were given at  4-5 week intervals, and blood samples were 
collected 10 days after each booster uia the marginal ear vein. Develop- 
ment of the drug-specific antibody was followed qualitatively and 
quantitatively by use of a microgel immunodiffusion technique (10, 11). 
After 5 -6 months, antiserum dilutions of 1:500 and 1:lOOO yielded 50% 
binding of 4 ng of I. 

E. H. Squibb & Sons, Princeton, N.J. 
Sigma Chemical Co., St. Louis, Ma. 
Fisher Scientific Co., Fair Lawn, N.J. 
New England Nuclear, Boston, Mass. 
d. 'l'. Baker Chemical Co., Phillipsburg, N.J. 
Pharmacia Laboratories, Piscataway, N.J. 
Difco Laboratories, Detroit, Mich. 
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Specificity Analysis-Several antiarrhythmic and cardiac depres- 
sants were selected as potential cross-reacting compounds on the basis 
of their structural similarity with I or because they are coprescribed with 
I. The compounds selected (shown as their hydrochlorides for I-V) were: 
N-acetylprocainamide8 (II), a propyl analog of procainarnide’ (1111, 
procaine2 (IV), lidocaineg (V), and practolol1° (VI). 

Cross-reactivity of the antibody was measured by a nonequilibrium 
competitive procedure: 100 pl of the cross-reacting antigen in the range 
of 10-8-10-3 M was mixed with 50 j11 of the properly diluted antiserum 
in a 0.5-ml disposable polypropylene test tube” and incubated for 0.5 
hr a t  5O. Then 10 p1 of the radioiodinated antigen (equivalent to 4 ng of 
the tracer) was added, and the mixture was incubated for 1 hr a t  5’. Fi- 
nally, 100 p1 of the second antibodyL2 (goat anti-rabbit immunoglobulin 
G) was added and the tubes were incubated for an additional hour a t  
5O. 

The tubes then were centrifuged for 15 min at 3000 rpm, and the free 
(supernatant) and bound (precipitated) fractions were separated. The 
percentage of the iodinated antigen b u n d  to the antibody was calculated 
in the presence (% B,) and absence (To Bo) of the unlabeled cross-reacting 
molecules (12). The percentage of inhibition was calculated from: 

) X  100 (Eq.1) 
To Bo - Sa B, 

% Bo 
percentage of inhibition = 

The percentage of inhibition was plotted as a function of the logarithm 
of the cross-reactant concentration (Figs. 1 and 2). The concentration 
resulting in 50% inhibition of binding with 4 ng of the radiolabeled antigen 
in a total volume of 260 j11 was measured from the graph. 

Radioimmunoassay-Procainamide standards were prepared by 
dilution of a 0.2-mg/ml stock solution in 0.05 M phosphate-buffered sa- 

Arnar-Stone Laboratory, Mount Prospect. Ill. 
9 Astra Pharmaceutical Products, Worcester, Mass. 
‘0 Stuart Pharmaceutical Co., Wilmington, Del. 
l 1  Brinkmann Instruments, Westbury, N.Y. 
l 2  Miles Research Products, Elkhart, Ind. 

I -  
-5 -4 -3 

LOG CONCENTRATION, M 
Figure 1-Competitive inhibition of binding of 4 ng of radioiodinated 
procainarnide by the prior addition of an  increasing concentration of 
unlabeled I (A) or I I  (0). 

line, pH 7.5. Duplicate standards, 0-200 ng, were prepared in the phos- 
phate-buffered saline. 

Antiserum was diluted (1:500-1:lOOO) with the assay buffer to yield 
40-60% binding with labeled hapten. Then a 0.1-ml aliquot of diluted 
antibody was used per tube for the assay. The radioiodinated antigen also 
was diluted in 0.05 M phosphate-buffered saline so that a 0.05-ml aliquot 
had an activity of 35,ooO-40,000 cpm. Radioisotopic purity was checked 
periodically by paper chromatography, using 75% methanol for devel- 
opment. An appropriate dilution of goat anti-rabbit immunoglobulin C 
was used as the precipitating antibody (0.15 mlhube). An equilibrium 
assay procedure was used. 

Table I is an outline of the radioimmunoassay protocol. The procedure 
was as follows. The standards and unknowns were mixed with the ra- 
dioiodinated antigen, buffer, and the antiserum in 6 X 50-mm disposable 
culture tubesI3, which were placed inside regular 12 X 75-mm disposable 

z- 4 0 ,  0 
k m 
z I 30- 

2 0 .  

10. 

-7 -6 -5 -4 -3 -2 
LOG CONCENTRATION, M 

Figure 2-Competitiue inhibition of binding of 4 ng of radioiodinated 
prorainarnide by the prior addition of an  incrrasing concentration of 
unlabeled I I I  (a) or IV (0). 

13 Corning Glass Works, Corning, N.Y. 
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Table I-Procainamide Radioimmunoassay Protocol and Volumes of Reagents Used 

Cold Iodinated Second Total 
Tube Procainamide, Procainamide, Antiserum, Antibody, Volume, 

Number Description ml Buffer, ml ml ml ml ml 
~ ~ ~~~~~~~~~~ ~ ~ ~ 

192 Zero standard 0.1 
394 10-ng standard 0.1 
5,6 20-ng standard 0.1 
7,8 40-ng standard 0.1 
9,10 60-ng standard 0.1 

11.12 80-ng standard 0.1 
13,14 100-ng standard 0.1 
15,16 120-ng standard 0.1 
17,18 140-ng standard 0.1 
19,20 160-ng standard 0.1 
21,22 200-ng standard 0.1 
23,24 Total count - 
25,26 “Nonspecific binding” - 
27.28 Unknowns (0.1 ml) - 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
- 
- 
0.1 

0.15 0.4 
0.15 0.4 
0.15 0.4 
0.15 0.4 
0.15 0.4 
0.15 0.4 
0.15 0.4 
0.15 0.4 
0.15 0.4 
0.15 0.4 
0.15 0.4 
- 0.4 

0.15 0.4 
0.15 0.4 

culture tubes for convenience in handling and centrifugation. All tubes 
were vortexed for 2-3 sec and then incubated for 3 hr at 25’. Then 0.15 
ml of the second antibody was added to all tubes, which were vortexed 
again for 3 sec. 

After centrifugation of the tubes at 3000 rpm for 20 min, the supernate 
(free fraction) was separated from the precipitate (bound fraction) using 
a disposable pasteur pipet14. The activity of the free and bound fractions 
was counted using a y-scintillation spe~trometerl~. The procainamide 
concentration was plotted as a function of the total-to-bound radioac- 
tivity ratio. However, the data also can be processed by use of a computer 
program (13). The unknown concentrations were measured by interpo- 
lation. 

Sensitiuity and Detectability-Sensitivity was defined by Horwitz 
(14) as the amount of measured response per unit of stimulus (i.e., the 
slope of the response curve). Sensitivity should be evaluated from a linear 
response plot, because a linear dose-response curve gives a constant value 
for sensitivity. Sensitivity of the procainamide radioimmunoassay system 
was calculated as the reciprocal of the slope of the dose-response plot 
(Fig. 3). The detectability or detection limit of a radioimmunoassay 
procedure is defined as the minimum concentration of the unlabeled 
antigen that provides a measurable response under defined conditions 
(14). The detection limit of the system, estimated as the reciprocal of the 
affinity constant, was 4.8 X 

Precision-The precision of the system was determined by addition 
of known amounts of I to procainamide-free human serum and then assay 
of five replicates of each concentration (Table 11). 

Human Study-A healthy, 26-year-old male subject was given an 
intravenous dose of I (461 mg/30 ml) over 10 min by use of an infusion 
pump16. Blood samples were collected at  several postinfusion intervals 
(Table 111). The serum was separated and kept frozen until it was ana- 
lyzed. 

M. 

00 

m* 

n* 
** 

00 

00. 

1.5 2.0 2.5 3.0 3.5 
RATIO OF TOTAL TO BOUND RADIOACTIVITY 

Figure 3-Plot of the standard curue for I ( 0 )  as predicted by a theo- 
retical radioimmunoassay model ( 0 )  via a computer program (13).  

Fisher Scientific Co., Pittsburgh, Pa. 
l6 Model 5220, Packard Instrument Co., Downers Grove, Ill. 
16 Harvard Apparatus, Hillis, Mass. 

Table 11-Estimation of Procainamide in Human Serum by 
Radioimmunoassay 

Ratio of 
Procainamide Procainamide Assayed 

Added, ng Measured, ng Mean f SE to Added 

5.00 4.85 4.92 f 0.063 0.984 
4.72 
4.96 
5.10 

10.0 

15.0 

20.0 

25.0 

4.95 
9.82 

9.65 

9.96 

10.2 

10.2 

14.5 
15.1 
14.9 
14.9 
15.0 
20.1 
19.8 
19.9 
20.2 
19.8 
24.8 
25.1 
24.5 
24.6 
25.2 

9.96 f 0.102 0.996 

14.9 f 0.102 0.993 

19.9 f 0.081 0.998 

24.8 f 0.136 0.992 

GLC Assay-Procainamide was extracted from the serum with 
methylene chloride as described by Elson et al. (15) and was analyzed 
by the GLC17 method of Simons and Levy (16). Each serum sample then 
was analyzed for procainamide concentration by the radioimmunoassay. 
The results were compared with values obtained from the GLC procedure 
(Table 111). 

RESULTS AND DISCUSSION 

The results of the cross-reactivity analysis of the procainamide anti- 
body are summarized in Table IV. Inhibition plots of the cross-reacting 
analogs are shown in Figs. 1 and 2. 

Since procainamide is a low molecular weight drug, i .e.,  <500, the 
antiserum usually recognizes the whole structure rather than parts of it. 
Therefore, the antibody can detect slight changes in molecular structure 
from that of the immunizing antigen (I). This characteristic of the anti- 
body is more pronounced in the nonequilibrium competitive procedure 
(Table IV). The results of the cross-reactivity experiments indicate that 
any modifications in the basic benzamide structure of I (k., procaine and 
lidocaine) diminish the antibody binding stimulated by the I-bovine 
serum albumin complex. Also, the presence of the tertiary nitrogen and 
the carbon chain length on this nitrogen influence the immunoreactivity 
of the molecule. 

l7 Series 2400, Varian Aerograph, Palo Alto, Calif. The gas chromatograph was 
equipped with a flame-ionization detector and had a 0.914-m glass column packed 
with 10% OV-7 on 100-120-mesh WH-P. The temperatures of the injector, column, 
and detector were 260,245, and 280°, respectively. 
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Table 111-Comparison of Procainamide Levels as Measured by 
Radioimmunoassay and GLC 

where: 

Postinfusion Serum Procainamide Levels, pg/ml 
Time, min Radioimmunoassay GLC 

3 6.95 6.9 
11 5.61 5.3 
43 4.22 4.4 
53 3.98 3.8 
68 3.76 4.2 _ _  
82 
97 

3.70 
3.55 

3.6 
3.5 

112 3.42 3.8 
142 3.35 3.3 
290 1.69 1.6 

Table IV-Summary of Nonequilibrium Competitive Cross- 
Reactivity of Procainamide Antibody a with Structural ly  
Related Compounds 

Concentration 
for 50% 

Inhibition of 
Binding , Concentration Molecular 

Compound M x Hatiob Weight 

I 
I1 

Ill 
IV 

0.159 
0.355 

39.8 
316 

1.00 272.0 
2.30 313.5 

250 300.0 
1987 273.0 

V > 800 >5000 272.0 
VI >1600 > 10000 266.0 

“ Antihody raised against I-bovine serum albumin. Compared to I. 

Differences in 50% inhibition values for the cross-reacting compounds 
were indicated by inhibition curves with differing slopes. The antibody 
developed against the hapten differentiates between the antigen and its 
N-acetyl metabolite (11). Although the values of 50% inhibition for these 
two compounds differ only slightly, twice the concentration of 11 is re- 
quired to compete equally with I for the antibody binding sites. In ad- 
dition, the antibody recognizes the molecular differences between the 
immunizing antigen and its propyl analog. This analog concentration 
must be 250 times that of I to inhibit binding by 50%. In the case of pro- 
caine, this value is -2000. The antibody appears to be very sensitive to 
changes in molecular structure. 

The increasing value of 50% inhibition of 11-VI parallels the degree of 
difference between the molecular structure of these compounds and I. 
Furthermore, the antibody was characterized with respect to its affinity 
constant by a Scatchard analysis. The calculated value was 2.9 X lo8 li- 
tedmole. The radioimmunoassay parameters were adjusted to optimum 
values. The standard curve showed excellent linearity over the range of 
0-100 ng of Vml. Therefore, patient samples should be diluted properly 
(about 100-fold) to fall within this concentration range. Dilution also 
reduces the degree of nonspecific binding. Correction for nonspecific 
binding was made by subtracting the activity of a nonspecific binding 
blank from both standards and unknowns. 

The proposed method was characterized by evaluation of the sensitivity 
and detectability of the system, which were 0.04 divisionhg of I and 1.3 
ng of I/ml, respectively. The precision of the assay is good since the 
standard error of replicates was 51% of the mean value for each con- 
centration measured (Table 11). The ratios of the assayed procainamide 
to  that added indicate an acceptable recovery. 

The within-day and between-day precision were evaluated by duplicate 
measurements of identical samples on the same day and on consecutive 
days. The coefficient of variation, CV, was estimated from (17): 

(Eq. 2) 

- 1 X 100 (Eq.3) 1 highest value of each duplicate 
lowest value of each duplicate 

d = [  

and n is the number of duplicate determinations. For the procainamide 
antibody, the within-day coefficient of variation ranged from 1.4 to 4.2% 
with a mean of 2.2%. The between-day coefficient of variation ranged 
from 2.9 to 9.1% with a mean of 5.6%. The coefficient of variation was 
measured over the concentration range of 0-200 ng/ml. 

The validity of the assay was established further by comparing the 
values obtained by radioimmunoassay to values obtained from a GLC 
assay. The results (Table 111) showed excellent agreement. 

In summary, the described method is a sensitive and relatively simple 
microanalytical procedure, which can be performed directly on an aliquot 
of serum without prior extraction or purification. This radioimmunoassay 
procedure permits the simultaneous analysis of a large number of sam- 
ples. 
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Abstract Hydrolysis rates of acetylsalicylate in the free acid and anion 
forms and in the dilute solution of the copper complex, tetrakis-p- 
acetylsalicylato-dicopper(II), were compared. The hydrolysis rate was 
unaffected by the presence of copper(I1). The pH-dependent rate was 
3.64 X 10-4 mmole/liter/min per pH unit a t  37' in Ringer's solution. The 
synthetic procedures commonly used for the preparation of this com- 
pound yield a product contaminated with salicylate. This contamination 
is avoided by synthesis of the compound in methanol, which yields a 
complex containing no measurable salicylate. 

Keyphrases Anti-inflammatory agents-aspirin, comparison of hy- 
drolysis rate with that of tetrakis-p-acetylsalicylato-dicopper(I0, pH 
dependency Aspirin-comparison of hydrolysis rate with that of te- 
trakis-p-acetylsalicylato-dicopper(tI), pH dependency 0 Hydrolysis 
rates-aspirin and tetrakis-p-acetylsalicylato-dicopper(t0, pH depen- 
dency 

The use of a mixture of copper and salicylate in the 
treatment of arthritis has been discussed (1-3). Sorenson 
(4) recently reported that tetrakis-p-acetylsalicylato-di- 
copper(I1) has greater anti-inflammatory properties than 
does aspirin (acetylsalicylic acid) alone and suggested that 
this complex might be the pharmacologically active form 
of aspirin. This hypothesis generated considerable testing 
and discussion of the copper complex (5-15), a review of 
which was given by Sorenson (16,17). 

The evidence presented in the literature concerning 
Sorenson's hypothesis that the copper complex is the 
pharmacologically active form of aspirin is limited to ob- 
servations of the effect of the complex on induced in- 
flammations in laboratory animals (ie., measurements of 
paw thickness and volume). It seemed important to assess 
the relationship between the chemistry of the copper 
complex and the pharmacological activity of aspirin. The 
first experiments undertaken involved the hydrolysis of 
the copper complex to salicylic acid and acetic acid. 

The complex was first prepared in 1962 (181, and the 
X-ray structure was published in 1966 (19). The method 
used by Manojlovic-Muir (19) yielded a product containing 
a significant amount of salicylate, so other preparations 
were sought. This report compares the hydrolysis rates for 
the complex prepared by three published methods to that 
for aspirin alone. 

EXPERIMENTAL 

Materials-The chemicals were reagent grade and were used as ob- 
tained with several exceptions. Butyl ether (practical grade) was purified 
by a literature method (20) and refrigerated in brown glass. Tetrakis- 
p-acetylsalicylato-dicopper(t1) was prepared by three methods. 

Sample B was prepared based on a statement that the complex can be 
formed in methanol (21). A solution of 25.0 g (0.129 mole) of aspirin in 
200 ml of methanol was added to a solution of 13.85 g (0.0694 mole of 
copper) of copper(I1) acetate in 1 liter of methanol. Crystallization of the 
complex occurred very slowly, and three successive crops of crystals were 
separated out (53% yield). 

Anal.-Calc.: C, 51.25; H, 3.34; Cu, 15.07; 0,30.34. Found': C, 51.04; 
H, 3.53; Cu, 14.95; 0,30.33. 

All microanalyses for carbon, hydrogen, copper, and oxygen were done by 
Galbraith Laboratories, Knoxville, TN 37921. 

Sample C was prepared by the method of Sorenson (4), which involves 
the addition of an aqueous solution of aspirin (pH adjusted to -11 with 
50% NaOH) to an aqueous solution of copper(I1) chloride (68% yield). 

Found: C, 50.94; H, 3.43; Cu, 14.94; 0,29.96. 
Sample D was prepared by the method of Manojlovic-Muir (19) in 

which stoichiometric amounta of aspirin and copper(I1) salicylate are 
heated in 50% aqueous ethanol to 50' (45% yield). 

Found: C, 51.11; H, 3.50; Cu, 15.02; 0,29.90. 
Mammalian Ringer's solutions were buffered with acetate to produce 

solutions of pH 5.8 and with tris(hydroxymethy1)aminomethane to 
produce solutions of pH 7.5 and 8.8. All solutions were prepared with 
deionized, glass-distilled water. 

Procedures-Hydrolysis was carried out with 2.775 mM solutions 
of aspirin or 0.6953 m M  solutions of tetrakis-p-acetylsalicylato-dicop- 
per(1t) in the appropriately buffered Ringer's solution at 37' (each mole 
of complex has 4 moles of acetylsalicylate). Both aspirin and the complex 
dissolved very slowly. Time zero was taken as the time at which the solid 
compound was added to the Ringer's solution. 

Analysis of salicylic acid (due to hydrolysis) was carried out with the 
following modifications of a published procedure (20). A 300-pl aliquot 
of the reaction mixture was extracted into 3.00 mi of butyl ether with 
shaking at 250 rpm for 10 min. The butyl ether contained 4.0 g of malonic 
acidbiter to facilitate separation and to prevent further hydrolysis. The 
two-phase mixture was centrifuged at 2500 rpm for 5 min, the ether layer 
was drawn off, and the UV spectrum was scanned between 330 and 275 
nm2. The salicylic acid concentration was determined from a standard 
c w e  calculated from absorbancerr at 307 nm by linear regression analysis. 
The coefficient of determination (22) for standard curves was 10.99. 
Hydrolysis rates were determined by plotting the appearance of salicylic 
acid with respect to time over a t  least 4 hr. Slopes were calculated by 
linear regression analysis. 

Samples for thermal analysis were placed in quartz or platinum cru- 
cibles and heated from 0 to 1000° over 20 hr in nitrogen or air at a flow 
rate of -1 ml/min3. 

RESULTS 

The hydrolyses of acetylsalicylate in aspirin and in the three prepa- 
rations of tetrakis-p-acetylsalicylato-dicopper(t1) in dilute solution at 
an acidic pH appear in Fig. 1 as a series of nearly parallel lines. The hy- 
drolysis rates were similar a t  a given pH (Table I), although they inter- 
ceets differ. Table I also gives comparable data for the other pH values 
a t  which the experiment was performed. 

L 

2 1.0 

5 0.8 
E 

PH 5.5 - 5.8 

HOURS 
Figure 1-Hydrolysis of 2.775 mM aspirin ( A )  and 0.6953 mM solutions 
of three preparations of tetrakis-p-acetylsalicylato-dicopper(I1) (B-D) 
at 37'. Key: 0, Sample A; 0, Sample B; A, Sample C; and 0, Sample 
D. 

* Reckman DB-G spectrophotometer, Beckman Instruments, Fullerton, CA 

Setaram thermoanalyzer G-70 and DTA-80, Marche Instruments, Waco, TX 
92634. 
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Table I-Hydrolysis Rates of 2.775 m M  Aspirin (A) and 0.6953 mM Solutions of Three Preparations of Tetrakis- 
p-acetylsalicylato-dicopper(I1) (ED) at 37" and Three pH Values 

Sample 
PH 

Range Mean f SD 

Hydrolysis Rate, 
mmoles/liter/min 

x 103 r2 a Buffer 

A 
B 
C 
D 

5.50-5.60 
5.75-5.80 
5.75-5.85 
5.65-5.75 

A 6.95-7.10 
B 6.78-6.90 
C 6.8W.95 
D 6.75-6.95 
A 8.65-8.80 

C 8.55-8.70 
D 8.55-8.70 

B 8.62-8.70 

5.56 f 0.055 1.394 
5.78 f 0.027 
5.81 f 0.042 
5.71 f 0.042 
7.01 f 0.065 

1.425 
1.155 
1.322 
1.580 

6.83 f 0.052 1.963 
6.83 f 0.067 1.803 
6.82 f 0.076 1.849 
8.69 f 0.065 2.528 
8.65 f 0.029 2.583 
8.61 f 0.055 2.373 
8.61 f 0.065 2.111 

0.9993 Acetate 
0.9956 Acetate 
0.9752 Acetate 
0.9904 Acetate 
0.9967 Ib 
0.9989 I 
0.9983 I 
0.9906 I 
0.9933 I 
0.9948 I 
0.9868 I 
0.9448 I 

!%?I I = Tris(hydroxymethy1)aminomethane ( Z X . ) 2  
a Coefficient of determination = r* = / [ 2x: - 2 1  [ 2yf - 
If the hydrolysis rates from Table I are plotted versus pH (nullifying 

the effect of any initial salicylate present), they fall on a single line, in- 
dicating that aspirin in the free form and in the copper complex hydrolyze 
a t  a rate of 3.64 X mmole/liter/min per unit of pH increase a t  37' 
(Fig. 2). The coefficient of determination (22) for all of these points was 
0.878. 

Purity assessment of synthesized compounds usually includes melt- 
ing-point data. All samples of tetrakis-p-acetylsalicylato-dicopper(I1) 
decomposed without melting. Samples B and C turned from the original 
blue to green to brown between 220 and 235'. Sample D began to turn 
green at  180'. Thermal analysis in either air or nitrogen indicated an 
endothermic reaction a t  -240' for all of the samples, which did not cor- 
respond to any weight loss. When heated in air, all samples decomposed 
in three exothermic steps between 250 and 370' to a weight corresponding 
to copper(11) oxide. Sample D slowly lost -5% of its weight prior to the 
onset of the described reactions. 

DISCUSSION 

Hydrolysis rates of free and bound acetylsalicylate are nearly identical 
a t  a given pH, but the curves in Fig. 1 are not superimposable. Extrapo- 
lation of hydrolysis curves to zero time in Fig. 1 indicates the initial 
presence of salicylic acid in Samples C and D. Melting-point and thermal 
analysis data indicate an impurity in Sample D but not in Sample C. The 
y intercepts in Fig. 1 indicate approximately twice as much salicylate in 
Sample D as in Sample C. The contamination of Samples C and D with 
salicylic acid undoubtedly is due to the preparation methods. At  the high 
pH used in the preparation of Sample C (4), hydrolysis occurs rapidly, 
causing the product to be contaminated with salicylate. Copper(I1) sa- 
licylate was used in the reaction mixture for the preparation of Sample 
D (19) and probably contaminated the product. Recrystallization was 
not mentioned in the original literature for either procedure and was not 
used in the preparations made in this study. 

The solubility of the complex is very slight in any common solvents 
(23). Thus, contamination by salicylate in the methods used for Samples 

rlopo = 3 .64XlO- 'm~,k ln /PM 

r'. 0.8782 

l . . " r " ' . I . . . . " . " '  
5 . 0  6.0 7.0 8.0 9.0 

PH 
Figure 2-Hydrolysis rate of aspirin in the free form ( A )  and in three 
preparations of tetrakis-p-acetylsalicylato-dicopper(II) (B-D) as a 
function of pH.  Key: 0 ,  Sample A; 0 ,  Sample B; A, Sample C; and 0,  
Sample D. 

C and D would be difficult if not impossible to avoid. Furthermore, 
contamination was not apparent from IR spectra or elemental analysis 
(nor was such a problem mentioned in the original literature). They in- 
tercept for Sample B in Fig. 1 coincides with that of aspirin, indicating 
that Sample B does not contain salicylate. The data presented here ap- 
pear to indicate that tetrakis-p-acetylsalicylato-dicopper(1r) should not 
be prepared in a solution of basic pH and perhaps should be prepared 
in a nonaqueous solvent such as methanol to prevent contamination with 
salicylate. This precaution is especially important in experiments con- 
cerning the pharmacological activity of the copper complex since sali- 
cylate also is pharmacologically active. 

For aspirin alone as well as for Sample B of tetrakis-p-acetylsalicyla- 
to-dicopper(II), Fig. 1 shows an induction period before the appearance 
of the hydrolysis product, salicylic acid. This induction period would not 
be present if zero time had been set when all compounds had dissolved 
(i.e.,  the vertical axis would be moved to the right by -30 min). However, 
the resulting plots would show some salicylic acid in all of the complex 
preparations and in the aspirin itself (as was the case in preliminary ex- 
periments), because hydrolysis begins as soon as any compound is present 
in solution. To show unambiguously that some salicylate contaminates 
two of the complex preparations, zero time was taken as described. Use 
of a sonicator to  speed dissolution decreased the length of this period, 
so it was assumed that the time lag before the appearance of salicylate 
represents the time required to dissolve the compound. 

As observed from Fig. 2, the hydrolysis rate of aspirin, measured by 
the appearance of salicylic acid, increases with increasing pH and is the 
same in the complex solutions as in the free form under the experimental 
conditions. Some inferences concerning the structure in solution may be 
drawn from this and other information. The crystal structure of the 
complex has binuclear units of tetrakis-p-acetylsalicylato-dicopper(I1) 
in which each of the four carboxyl groups is attached to both copper ions. 
The binuclear units are interconnected into a polymeric structure by a 
fifth copper-oxygen bond from the acetyl group of a neighboring residue. 
This bond is nearly 0.3 8, longer than the carboxyl copper-oxygen bonds 
(19). 

Bose and Pate1 (21) modified this complex, substituting dimethyl- 
formamide or dimethyl sulfoxide in the terminal positions for the bond 
from the acetyl group. They reported that the copper-ligand (dimeth- 
ylformamide or dimethyl sulfoxide ligand) bond was unusually weak for 
copper(I1) complexes of these ligands. Kato et al. (24) reported evidence 
indicating that the copper(I1) complexes of several carboxylic acids that 
are dimeric in crystalline form are monomeric in aqueous solution. lf, in 
dilute solution, a monomer exists rather than a polymerized dimer, then 
solvent molecules will occupy the terminal positions and the acetyl group 
will not be bonded to copper. Thus, hydrolysis would occur at  a rate 
similar to that in free aspirin. 

There also is the possibility that the complex is completely dissociated. 
Sorenson was critical of several experiments on the pharmacological ef- 
fectiveness of tetrakis-p-acetyIsalicylato-dicopper(II), in which the 
complex was administered orally in water solution, and suggested that 
in water the complex probably was dissociated (6,17), especially at  the 
stomach pH. It has not been possible to determine the extent of com- 
plexation under the conditions of this experiment due to the complexity 
of the solutions. 

The stability constant of a 1:l complex of copper and acetylsalicylate 
determined polarographically in phosphate buffer at  pH 7.4 was 1000 
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(25). Gaur and Palrecha (26) also determined the stability constants 
polarographically with a sodium perchlorate supporting electrolyte (no 
buffer given) and found that 1:1,1:2, and 1:3 species were formed, having 
stability constants of 80,540, and 1610, respectively. Williams et  al. (10) 
attempted to determine a stability constant potentiometrically but were 
unable to do so due to the rapid hydrolysis of acetylsalicylate. I t  is possible 
that a t  the concentrations employed and in the absence of excess 
acetylsalicylate ion, little complexed species exists. In this case, hydrolysis 
rates should not be different for solutions made from the copper complex 
than for those of aspirin. 

In summary, the pH-dependent hydrolysis of aspirin was found to  
occur a t  the same rate in the free form as in a dilute solution of the te- 
trakis-p-acetylsalicylato-dicopper(I1) complex. Preparation of this 
complex in aqueous solution, especially a basic solution, yielded a com- 
pound contaminated with significant amounts of salicylic acid. 
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Abstract 0 A sensitive and reproducible differential pulse polarographic 
method of analysis was developed for indicine-N-oxide (NSC 132319) 
in human plasma. Lyophilized plasma is extracted with methanol, and 
the extract is chromatographed over partially deactivated aluminum 
oxide and reversed-phase silica gel columns. Indicine-N-oxide is eluted 
from the silica gel column with 25% aqueous methanol and quantitated 
by differential pulse polarography by measurement of the peak current 
a t  -0.72 f 0.03 v (uersus the saturated calomel electrode). Recovery of 
indicine-N-oxide from plasma was 88 f 7% (SD)  in the 1-20-pg/ml range. 
The method was linear over the range of 0.5-10 I.cg/ml of pH 4.6 
buffer. 

Keyphrases Indicine-N-oxide-quantitation by differential pulse 
polarography, human plasma 0 Antineoplastics-indicine-N-oxide, 
quantitation by differential pulse polarography, human plasma Po- 
larography, differential pulse-indicine-N-oxide, quantitation in human 
plasma 

Indicine-N-oxide (I) (NSC 132319) is an antineoplastic 
agent (1) that recently entered clinical trials. The purpose 
of this investigation was to develop a polarographic method 
of analysis for use in clinical studies on the physiological 
disposition of the drug. Assays based on GLC (2) and 

GLC-mass spectrometry (3-5) have been reported. These 
assays required derivatization of either indicine-N-oxide 
or its reduced form to a volatile species prior to analysis. 
The method reported here for the analysis of the drug in 
biological samples does not require derivatization and is 
not subject to interference from the reduced form. 

With recent advances in instrumentation (6), differen- 
tial pulse polarography has become a rapid and inexpen- 
sive technique. A quantitative polarographic assay was 
developed in these laboratories for indicine-N-oxide in 
human plasma that combines sufficient sensitivity, re- 
producibility, and ease of operation for the potential rou- 
tine analysis of suitable clinical samples (7). 
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(25). Gaur and Palrecha (26) also determined the stability constants 
polarographically with a sodium perchlorate supporting electrolyte (no 
buffer given) and found that 1:1,1:2, and 1:3 species were formed, having 
stability constants of 80,540, and 1610, respectively. Williams et  al. (10) 
attempted to determine a stability constant potentiometrically but were 
unable to do so due to the rapid hydrolysis of acetylsalicylate. I t  is possible 
that a t  the concentrations employed and in the absence of excess 
acetylsalicylate ion, little complexed species exists. In this case, hydrolysis 
rates should not be different for solutions made from the copper complex 
than for those of aspirin. 

In summary, the pH-dependent hydrolysis of aspirin was found to  
occur a t  the same rate in the free form as in a dilute solution of the te- 
trakis-p-acetylsalicylato-dicopper(I1) complex. Preparation of this 
complex in aqueous solution, especially a basic solution, yielded a com- 
pound contaminated with significant amounts of salicylic acid. 
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Abstract 0 A sensitive and reproducible differential pulse polarographic 
method of analysis was developed for indicine-N-oxide (NSC 132319) 
in human plasma. Lyophilized plasma is extracted with methanol, and 
the extract is chromatographed over partially deactivated aluminum 
oxide and reversed-phase silica gel columns. Indicine-N-oxide is eluted 
from the silica gel column with 25% aqueous methanol and quantitated 
by differential pulse polarography by measurement of the peak current 
a t  -0.72 f 0.03 v (uersus the saturated calomel electrode). Recovery of 
indicine-N-oxide from plasma was 88 f 7% (SD)  in the 1-20-pg/ml range. 
The method was linear over the range of 0.5-10 I.cg/ml of pH 4.6 
buffer. 

Keyphrases Indicine-N-oxide-quantitation by differential pulse 
polarography, human plasma 0 Antineoplastics-indicine-N-oxide, 
quantitation by differential pulse polarography, human plasma Po- 
larography, differential pulse-indicine-N-oxide, quantitation in human 
plasma 

Indicine-N-oxide (I) (NSC 132319) is an antineoplastic 
agent (1) that recently entered clinical trials. The purpose 
of this investigation was to develop a polarographic method 
of analysis for use in clinical studies on the physiological 
disposition of the drug. Assays based on GLC (2) and 

GLC-mass spectrometry (3-5) have been reported. These 
assays required derivatization of either indicine-N-oxide 
or its reduced form to a volatile species prior to analysis. 
The method reported here for the analysis of the drug in 
biological samples does not require derivatization and is 
not subject to interference from the reduced form. 

With recent advances in instrumentation (6), differen- 
tial pulse polarography has become a rapid and inexpen- 
sive technique. A quantitative polarographic assay was 
developed in these laboratories for indicine-N-oxide in 
human plasma that combines sufficient sensitivity, re- 
producibility, and ease of operation for the potential rou- 
tine analysis of suitable clinical samples (7). 
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Figure 1-Differential pulse polarograms of indicine- N-oxide in pH 
4.63 buffer after extraction from plasma. The amounts of indicine-N- 
oxide added to 1 ml of plasma were 0 (plasma blank), 1, 3,6,9, 13, 15, 
17, and 20 pg. A scale change to 2 pamp was necessary to record the 
20-pg samples. 

EXPERIMENTAL 

Conditions fo r  Polarographic Analysis-Differential pulse polar- 
ograms were run on a polarographic analyzer' equipped with a drop timer 
and used in conjunction with a three-electrode polarographic cell com- 
prised of a dropping mercury electrode, a saturated calomel electrode, 
and a platinum wire as the auxiliary electrode. The mercury drop time 
was 0.5 sec using a mercury column 70 cm in height. The current range 
typically was 1-2 kamp for a peak response of full-scale deflection, and 
the scan rate was 5 mvhec. 

Argon, cleansed of oxygen by passage through an acidic chromium(i1) 
chloride solution, was used to deoxvgenate the sample solutions. While 
polarograms were recorded, argon was passed continually over the surface 
of the solution. Samples were scanned from -0.4 to -1.3 v uersus the 
saturated calomel electrode, and the differential pulse polarograms were 
recorded on an x-y recorder2. 

Reagents and Other  Equipment-Indi~ine-N-oxide~ and indicine3 
were used without further purification. The human plasma used con- 
tained the anticoagulant citrate dextrose. All other reagents were ana- 
lytical grade and were used without further purification. Glass-distilled 

PAR model 174A, Princeton Applied Research Corp.. Princeton, N.J. 
Hewlett-Packard model 7044A. 
Obtained from Drug Research and Development, Division of Cancer Treat- 

ment, National Cancer Institute (indicine-N-oxide was lot 76-08-12-01). 

Table I-Effect of pH on the Position and  Intensity of the 
Differential Pulse Polarographic Maxima of Indicine- N-oxide 

Intensity at Ep, 
DH E D " .  v uamoluk?/ml 

1.65b 
4.63c 
5.00d 
5.60d 
6.Wd 
7.00e 
8.00' 

-0.70 0.133 
-0.735 0.141 
-0.775 0.141 
-0.830 0.097 
-0.860 0.091 
- 1.08 0.050 
-I -0 

a Reduction peak otential. 0.05 M HCI. 0.05 M Sodium acetabacetic acid. 
0.05 M Potassium Gphthalate. 0.05 M Monobasic potassium phrmphadibasic 

potassium phosphate. No wave detected. 

methanol4 and deionized water5 were used in the extraction. Standard 
buffer solutions6 (pH 4.63, 5, 6, 7, and 8) were made with distilled 
water. 

S t anda rd  Solutions-Stock solutions for the preliminary work and 
standard curves were prepared containing indicine-N-oxide in water a t  
15.8 (5 X lob2 M )  and 0.15 (4.8 X M )  mg/ml. Aliquots of the stock 
solutions (10-200 p l )  were added to 15 ml of the appropriate buffers. Most 
quantitative work was done in the pH 4.63 buffer and with a 2-ml cell. 
Biological samples were prepared by the addition of suitable aliquots of 
drug from an aqueous stock solution containing 0.5 mg/ml. Standard 
curves were prepared by plotting the peak current, corrected for the 
blank, a t  -0.72 f 0.03 v (saturated calomel electrode) versus concen- 
tration. 

Procedure for Analysis in Human Plasma-A known concentration 
of indicine-N-oxide was added to 1 ml of human plasma contained in a 
15-ml glass-stoppered centrifuge tube, and the mixture was vortexed for 
30 sec. The glass stopper was removed, the tube was covered with a thin 
film of silanized glass wool, and the mixture was lyophilized7 overnight. 
After lyophilization, 3 ml of methanol was passed through the glass wool 
cover. The glass wool cover then was discarded, the glass stopper was 
replaced, and the mixture was vortexed for 30 sec. After centrifugation 
a t  700Xg for 10 min, the supernate was drawn off and set aside. 

Methanol (3 ml) was added to the residue, and the mixture again was 
vortexed and centrifuged as described. The resulting supernate was 
combined with that from the previous extraction and evaporated under 
a nitrogen stream to -1 ml. This 1-ml volume was loaded onto a 3.5-cm 
column of partially deactivated aluminum oxide8 (94.5% aluminum 
oxide-5.5% water, w/w) packed in methanol in a disposable Pasteur pipet. 
The column was eluted with an additional 10 ml of methanol, and the 
eluate was evaporated to dryness under a nitrogen stream. This residue 
was dissolved in 1 ml of water, and the container was washed with an 
additional 1 ml of water. 

Both samples were loaded onto a CIS bonded silica gel columng. The 
water effluent was discarded, and 10 ml of 25% aqueous methanol was 
used to elute the indicine-N-oxide from this column. The aqueous 
methanol eluate was collected and concentrated to 3 ml under a nitrogen 
stream, and the concentrate was lyophilized overnight. The residue from 
lyophilization was dissolved in 2 ml of pH 4.6 buffer containing 0.01 M 
KCI. The sample was deoxygenated for 5-10 min and analyzed by dif- 
ferential pulse polarography using the previously described conditions. 
The final concentrations of indicine-N-oxide in the plasma samples used 
to determine drug recovery were 0, 1,3,6,9,  13,15,17, and 20 pglrnl of 
plasma. 

pKa Determinations-The pKa of indicine-N-oxide was determined 
(in duplicate) by titration with 1 N HCI a t  23'. The N-oxide (120 mg) 
was dissolved in 10 ml of 0.05 M KC1 (freed of carbon dioxide by bubbling 
argon through the reagent for 15 min). Hydrochloric acid (1 N )  was added 
in 25-pI increments, and the pH was recorded with each increment. The 
pKa was determined a t  the point where half-neutralization occurred. The 
method was checked by determining the pKa of tris(hydroxymethy1)- 
aminomethane, which has a value of 8.07 a t  25' (8) (found 8.04 at 
25'). 

TLC-TLC was carried out on precoated silica gel plates'O (20 cm X 
20 cm X 0.25 mm) with chloroform-methanol-ammonium hydroxide 

Burdick & Jackson, Muskegon, Mich. 
Milli-R04 ourifiration svstem. Millioore Coro.. Bedford. Mass 1 ~~~ 

~~ 

fi Fisher Sciintific Co., Midford; Mass. ~ ~ ' ' 
Model 10-100, The Virtis Co.. Gardiner, N.Y. 
W200, neutral, supergrade 1, ICN Pharmaceuticals, Cleveland. Ohio. 
CIS Sep Pak, Waters Associates, Milford, Mass. 

lo EM Laboratories, Elmsford, N.Y. 
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Table 11-Recovery of Indicine-N-oxide from Plasma Samples 
Amount Amount 
Added, Found”, Recovery, 

Pg Pcg % 

1 0.78 f 0.04 78 
3 3.07 f 0.04 102 
6 5.33 f 0.07 89 
9 7.99 * 0.04 89 

13 
15 
17 

.. ~. 

11.7 f 0.1 
12.9 f 0.1 
15.2 f 0.1 

.. 

90 
86 
90 

20 16.1 81 
Average 88 f 7 

Average of duplicate samples. 

(109:l) as the developing solvent. Components were visualized with 
Dragendorffs spray reagent (9). 

RESULTS AND DISCUSSION 

Solutions of indicine-N-oxide in pH 4.6 buffer exhibited a differential 
pulse polarographic maximum at -0.72 f 0.03 v (saturated calomel 
electrode) (Fig. 1). The potential for this maximum was pH dependent, 
becoming more negative a t  higher pH values (Table I). Since similar re- 
duction peak potentials and pH dependencies have been observed for 
other N-oxides (10-12), these data are consistent with reduction of an 
N-oxide moiety. In support of this reduction, no wave was detected for 
indicine (NSC 136052), the reduced form of indicine-N-oxide, under 
similar polarographic conditions. The pKa of indicine-N-oxide was 4.25 
f 0.02 a t  23O. This value is consistent with values of other N-oxides, 
which are typically in the 4.3-5.4 range (10-12). The average purity of 
the drug was 95.9 f 3% based on the number of millimoles of hydrogen 
ion added at the equivalence point to the millimoles of N-oxide added 
(based on the weight). 

A pH of 4.63 was chosen for the analysis medium because the effect 
of pH on the peak potential in this region was minimal and the intensity 
of response was the greatest (Table I). A linear polarographic response 
was observed over a range of 0.5-10 pg/ml of pH 4.6 buffer. The standard 
curve parameters determined by a least-squares fit of the data indicated 
a response of 0.122 f 0.002 pamp/wg/ml and a correlation coefficient of 
0.9997. 

Extraction of indicine-N-oxide from plasma samples was possible only 
after lyophilization. Both normal aluminum oxide and reversed-phase 
(CIS bonded silica gel) chromatographic columns were needed to remove 
other chemical species that gave polarographic responses in the same 
region as the drug. Qualitative confirmation of the drug in the methanolic 

extract of the lyophilized residue, the methanolic eluate from the alu- 
minum oxide column, and the methanol-water eluate from the re- 
versed-phase silica gel column was determined by TLC (R, 0.41). Indi- 
cine-N-oxide was not retained to any significant extent by either column, 
as indicated by the recovery data. 

Analysis of plasma spiked with known concentrations of indicine- 
N-oxide gave an overall recovery of 88 f 7% ( S D )  (Table 11) over a con- 
centration range of 1-20 pglml of plasma. The plasma assay presented 
here is a reliable, sensitive method that is applicable for clinical use. The 
method is suitable for the analysis of the parent N-oxide in the presence 
of the known metabolic reduction product, indicine (2). 
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Abstract Twelve phenylurethans of 1,2-dialkyl-4-pyrazolidinols were 
synthesized and tested for anticonvulsant activity. Several compounds 
exhibited activity. 

Keyphrases Phenylurethans-synthesized from 1.2-dialkyl-4-py- 
razolidinols, evaluation as anticonvulsant agents Anticonvulsant ac- 
tivity-phenylurethans of 1,2-dialkyl-4-pyrazolidinols, synthesis and 
evaluation for activity 0 1,2-Dialkyl-4-pyrazolidinols-phenylurethan 
derivatives, synthesis and testing for anticonvulsant activity 

4-Pyrazolidinyl benzoates, ester derivatives of 1,2-di- 
alkyl-4-pyrazolidinols (I), reportedly possess local anes- 

thetic activity (1). Since lidocaine (2) and many urethans 
(3) show anticonvulsant properties, synthesis and testing 
of a series of phenylurethans (IIIa-IIII) of 1,2-dialkyl-4- 
pyrazolidinols as potential anticonvulsant agents were 
desired. 

DISCUSSION 

The necessary 1,2-dialkyl-4-pyrazolidinols (I) were obtained from the 
reaction of epichlorohydrin and 1,2-dialkylhydrazines according to a 
reported procedure (4). Hydrazinoalcohols possessing methyl (Ia), ethyl 
( I b ) ,  and n-propyl (Ic) substituents were prepared. The 1.2-dialkyl-4- 
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Table 11-Recovery of Indicine-N-oxide from Plasma Samples 
Amount Amount 
Added, Found”, Recovery, 

Pg Pcg % 
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17 
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20 16.1 81 
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Dragendorffs spray reagent (9). 
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Solutions of indicine-N-oxide in pH 4.6 buffer exhibited a differential 
pulse polarographic maximum at -0.72 f 0.03 v (saturated calomel 
electrode) (Fig. 1). The potential for this maximum was pH dependent, 
becoming more negative a t  higher pH values (Table I). Since similar re- 
duction peak potentials and pH dependencies have been observed for 
other N-oxides (10-12), these data are consistent with reduction of an 
N-oxide moiety. In support of this reduction, no wave was detected for 
indicine (NSC 136052), the reduced form of indicine-N-oxide, under 
similar polarographic conditions. The pKa of indicine-N-oxide was 4.25 
f 0.02 a t  23O. This value is consistent with values of other N-oxides, 
which are typically in the 4.3-5.4 range (10-12). The average purity of 
the drug was 95.9 f 3% based on the number of millimoles of hydrogen 
ion added at the equivalence point to the millimoles of N-oxide added 
(based on the weight). 

A pH of 4.63 was chosen for the analysis medium because the effect 
of pH on the peak potential in this region was minimal and the intensity 
of response was the greatest (Table I). A linear polarographic response 
was observed over a range of 0.5-10 pg/ml of pH 4.6 buffer. The standard 
curve parameters determined by a least-squares fit of the data indicated 
a response of 0.122 f 0.002 pamp/wg/ml and a correlation coefficient of 
0.9997. 

Extraction of indicine-N-oxide from plasma samples was possible only 
after lyophilization. Both normal aluminum oxide and reversed-phase 
(CIS bonded silica gel) chromatographic columns were needed to remove 
other chemical species that gave polarographic responses in the same 
region as the drug. Qualitative confirmation of the drug in the methanolic 

extract of the lyophilized residue, the methanolic eluate from the alu- 
minum oxide column, and the methanol-water eluate from the re- 
versed-phase silica gel column was determined by TLC (R, 0.41). Indi- 
cine-N-oxide was not retained to any significant extent by either column, 
as indicated by the recovery data. 

Analysis of plasma spiked with known concentrations of indicine- 
N-oxide gave an overall recovery of 88 f 7% ( S D )  (Table 11) over a con- 
centration range of 1-20 pglml of plasma. The plasma assay presented 
here is a reliable, sensitive method that is applicable for clinical use. The 
method is suitable for the analysis of the parent N-oxide in the presence 
of the known metabolic reduction product, indicine (2). 
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4-Pyrazolidinyl benzoates, ester derivatives of 1,2-di- 
alkyl-4-pyrazolidinols (I), reportedly possess local anes- 

thetic activity (1). Since lidocaine (2) and many urethans 
(3) show anticonvulsant properties, synthesis and testing 
of a series of phenylurethans (IIIa-IIII) of 1,2-dialkyl-4- 
pyrazolidinols as potential anticonvulsant agents were 
desired. 

DISCUSSION 

The necessary 1,2-dialkyl-4-pyrazolidinols (I) were obtained from the 
reaction of epichlorohydrin and 1,2-dialkylhydrazines according to a 
reported procedure (4). Hydrazinoalcohols possessing methyl (Ia), ethyl 
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Table I-Physical Properties of Hydrochlorides of Phenylurethans of 1,2-Dialkyl-4-pyrazolidinols 

Melting - 
Compound X R Point Yield, 70 Formula 

Analysis, 70 
Calc. Found 

IIIa 

IIIb 

IIIc 

IIId 

IIIe 

IIIf 

I I k  

IIIh 

IIIi 

IIIj 

IIIk 

1111 

208-209' 

176-179' 

226-227' 

234-235' dec 

135-1 36" 

135-137' 

212-213' 

219-220' 

157-159' 

168-171O 

157.5-160' 

143-146' 

72 

75 

75 

77 

64 

32 

66 

69 

68 

74 

74 

30 

C 54.64 
H 7.05 
N 14.70 
C 53.25 
H 7.02 
N 13.31 
C 48.76 
H 5.98 
N 13.12 
C 56.09 
H 7.40 
N 14.02 
C 56.09 
H 7.40 
N 14.02 
C 57.41 
H 7.71 
N 13.39 
C 51.73 
H 6.66 
N 12.07 
C 58.62 
H 7.99 
N 12.82 
C 53.04 
H 6.96 
N 11.60 
C 57.05 
H 7.89 
N 11.74 
C 59.72 
H 8.26 
N 12.29 
C 51.58 
H 6.37 
N 10.61 

54.67 
6.96 

14.80 
53.29 
7.02 

13.28 
49.25 
6.33 

13.24 
56.23 
7.43 

14.07 

7.48 
14.05 
57.59 
7.59 

13.48 
52.22 
6.88 

12.19 
58.66 
7.88 

12.81 
53.40 
7.36 

11.60 
57.01 
7.77 

11.64 
59.77 
8.34 

12.26 
51.41 
6.88 

10.54 

56.18 

Table  11-Anticonvulsant and  Toxic Effects 

MES Activity" sc Met Activity" Toxicity" 
Compound 0.5hr 4 h r  0.5hr -4hr 0.5hr 4 h r  

- - - - - - IIIa 
lIIb 
IIIC + + IIId 
IIIe 

- b - - - - IIIf 
111g + IIIh 
IIIi, 
IIIJ 

t IIIk 
1111 t 

- + + + 
- + + + 

- - 
- - - 
- - - 

- - - - - - 

- t + 
- + + + + 

- ++' + + + 

- - - - 
- - ++ - 
- - 
- - - - - 
- - 
- - - 

Activity and toxicity at 30,100, and 300 rng/kg are represented by +++, ++, 
No 

Rescreening gave inconsistent results; activity 
and +, respectively; - denotes no activity or toxicity observed at 300 mg/kg. 
activity observed at 100 mg/kg. 
was observed at 30 and 100 but not at 300 mg/ky: no toxicity at all three doses. 

Iu: R =  CH, 
Ib: R = CH,CH, 
Ic:  R = CHJCH,), 

H 
1110-1111 

Scheme I 

pyrazolidinols added readily to aryl substituted isocyanates (11) to give 
the adducts 1110-1111 (Scheme I). The latter compounds were isolated 
uniformly as their hydrochloride salts, and their physical properties are 
given in Table I. 

Compounds IIIa-IIII were examined in the maximal electroshock 
seizure (MES) and subcutaneous pentylenetetrazol seizure threshold (sc 
Met) tests for anticonvulsant activity and neurotoxicity in male mice' 
by reported procedures (5). Seven of the 12 compounds tested showed 
some degree of anticonvulsant activity (Table 11). The most promising 
compound, IIIh, was evaluated further. The values for MES EDm, sc Met 
EDN, and TDm (median toxic dose in the rotorod test) for IIIh were 193 
(163-218), 336 (234-4953, and 414 (353499) mgkg, respectively. Because 
of the moderate activity in this series of compounds, further work appears 
to he unwarranted. 

EXPERIMENTAL2 

A typical reaction for preparing the hydrochlorides of phenylurethans 
of 1,2-dialkyl-4-pyrazolidinols (IIla-IIII) is described using IIIk as the 
example. A mixture of 3.48 g (0.03 mole) of Ic (4), 3.99 g (0.03 mole) of 
p-tolyl isocyanate, and 45 ml of dry toluene was refluxed for 22 hr. The 
mixture was cooled and extracted twice with 50-ml portions of 2 N HCI. 
The combined acidic extract was washed with 50 ml of benzene, filtered 
through a sintered-glass funnel, and made basic with solid sodium car- 
bonate. The separated ail was extracted into methylene chloride and 
dried over magnesium sulfate. Evaporation of the solution under reduced 
pressure gave an oily residue. 

The oily free base was dissolved in absolute ethanol and acidified to 
pH -2-:3 by dropwise addition OF concentrated hydrochloric acid. Upon 
cooling, a white solid precipitated, which was filtered and washed with 
cold absolute ethanol. Drying afforded 7.59 F: (74% yield) of the hydro- 
chloride salt, mp 156-159". Recrystallization lrom absolute ethanol-ether 
gave analytically pure material, mp 157.5-160'; IR (KBr): 1720 (C==O) 
cn - l .  

I No. 1, Carworth Farms. 
melt in^ points were determined on a Thomas-Hoover apparatus and are un- 

corrected. IR spectra were taken on a Perkin-Elmer 700 spectrophotometer a? either 
liquid films or as potassium bromide pellets. Elemc.ntal anslvses were performed 
by Dr. Kurt Eder, Geneva, Switzerland. 
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Abstract 0 N-(3-Cyano-4,5-dimethyl-2-pyrrylcarbamoylmethyl)imi- 
nodiacetic acid (Ha) and N-(3-cyano-4-methyl-5-benzyl-2-pyrrylcar- 
bamoylmethy1)iminodiacetic acid (IIb) were synthesized, labeled with 
technetium 99m, and compared with 99mTc-labeled p-isopropylacet- 
anilidoiminodiacetic acid (I) for hepatobiliary activity in rats. All three 
compounds showed similar clearance of radioactivity from the blood. 
Comparison of the amount of radioactivity in various organs 1 hr after 
injection showed no significant difference between I and IIb. Compound 
IIa showed significantly less radioactivity in the GI tract and a higher 
amount in the kidneys and bladder. 

Keyphrases 0 Iminodiacetic acid--99mTc-labeled, derivatives of 2- 
aminopyrroles, evaluation as hepatobiliary imaging agents, rats Li- 
docaine, 2-aminopyrrole analogs-99mTc-labeled iminodiacetic acid 
derivatives, evaluation as hepatobiliary imaging agents, rats o Radio- 
pharmaceuticals-94”1Tc-labeled iminodiacetic acid derivatives of 2- 
aminopyrroles, evaluation as hepatobiliary imaging agents, rats 

Efforts have been made in recent years to formulate 
99mTc-labeled radiopharmaceuticals for use in hepato- 
biliary scintigraphic imaging. Many lidocaine analogs with 
an iminodiacetic acid functional group capable of forming 
a stable complex with technetium 99m have been evalu- 
ated (1). Most lidocaine derivatives were synthesized by 
altering the lipophilic substituents on the benzene ring. 
One compound, p -isopropylacetanilidoiminodiacetic acid 
(I), has shown desirable characteristics and now is available 
commercially. 

Johnson et al. (2) recently synthesized a series of 2- 
diethylaminoacetamido-3-cyano-4-methyl- 5 -substituted 

A CH,COOH 

I1 
IIa: R = CH, 
IIb: R = CH,C,H, 

pyrrole analogs of lidocaine. These compounds compared 
favorably with lidocaine in local anesthetic and antiar- 
rhythmic activities. The iminodiacetic acid derivatives of 
the methyl- (IIa) and benzyl- (IIb) substituted compounds 
were prepared. These two compounds were labeled with 
technetium 99m and compared with 99mTc-labeled I for 
hepatobiliary activity in rats. 

EXPERIMENTAL 

Chemistry’-N- (3-Cyano-4,5-dimethyl-2-pyrrylcarbamoylmethyl)- 
iminodiacetic Acid (IIa)-A modified procedure of Callery et al. (3) was 
used. A mixture of 2-chloroacetamido-3-cyano-4,5-dimethylpyrole (5.72 
g, 0.027 mole) (2), disodium iminodiacetic acid monohydrate (5.44 g, 0.027 
mole), and sodium hydroxide (1.10 g, 0.027 mole) in 100 ml of metha- 
nol-water (3:l) was refluxed for 24 hr. The methanol was removed in 
uacuo, 100 ml of water was added to the residue, the suspension was fil- 
tered, and the pH of the filtrate was adjusted to 3 by the dropwise addi- 
tion of concentrated hydrochloric acid. The precipitate was collected and 
air dried. 

The crude product (6.2 g, 76.8% yield) was washed several times with 
boiling water to yield a brown powder (homogeneous on TLC in methanol, 
Rf 0.55), mp 203-204.5O dec.; IR (KBr): 3610,3330,2210,1675,1640,1430, 
1400,1220, and 725 em-’; NMR (dimethyl sulfoxide-d& d 1.92 (s,3H, 
CH3 at  C-4), 2.03 (9, 3H, CH3 a t  C-5), 3.47 (s, 6H, CHz), 10.75 (s, lH,  
NIH), and 10.3-12.8 (broad s, 3H, NHCO, COOH, and +NH) ppm. 

Anal.-Calc. for C13Hl~N405: C, 50.64; H, 5.23; N, 18.17. Found: C, 
50.53; H,  5.23; N, 18.16. 

N- (3-Cyano-4-methyl-S-benryl -2- pyrrylcarbamoylmethy1)imino- 
diacetic Acid (I1b)-A mixture of 2-chloroacetamido-3-cyano-4- 
methyl-5-benzylpyrrole (7.77 g, 0.027 mole) (2), disodium iminodiacetic 
acid monohydrate (5.44 g, 0.027 mole), and sodium hydroxide (1.10 g, 
0.027 mole) was condensed according to the procedure described for IIa. 
A brown powder was obtained (6.5 g, 62.6% yield) (homogeneous on TLC 
in methanol, Rf 0.51), mp 190-192” dec.; IR (KBr): 3400,3330,2210,1675, 
1620,1250,1215,950, and 710 cm-’; NMR (dimethyl sdfoxide-d& 6 1.96 
(s, 3H, CH3 at  C-4), 3.79 (s, 2H, CH2 at  C-5), 4.2 (broad s, 6H, CHz), 7.07 
(s, 5H, CsHs), 11.25 (broad s, 3H, NHCO, COOH, and +NH), and 11.5 
(broad s, IH, N1H) ppm. 

Anal.-Calc. for C19HzoN405: C, 59.37; H, 5.24; N, 14.58. Found: C, 
59.23; H, 5.26; N, 14.53. 

’ 1R spectra were determined on a Beckman Acculab 4 spectrophotometer using 
the potassium bromide technique. NMR spectra were determined on a Hitachi 
Perkin-Elmer R24 high-resolution spectrometer with tetramethylsilane as the in- 
ternal reference. Melting points were obtained using a Thomas-Hoover capillary 
apparatus and are uncorrected. TLC was performed using Eastman type 6060 
chromatogram sheets (silica gel), and the sheets were developed in an iodine 
chamber. Carbon, hydrogen, and nitrogen values were obtained from analyses 
performed by Atlantic Microlabs.. Atlanta, Ga. 
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Abstract 0 N-(3-Cyano-4,5-dimethyl-2-pyrrylcarbamoylmethyl)imi- 
nodiacetic acid (Ha) and N-(3-cyano-4-methyl-5-benzyl-2-pyrrylcar- 
bamoylmethy1)iminodiacetic acid (IIb) were synthesized, labeled with 
technetium 99m, and compared with 99mTc-labeled p-isopropylacet- 
anilidoiminodiacetic acid (I) for hepatobiliary activity in rats. All three 
compounds showed similar clearance of radioactivity from the blood. 
Comparison of the amount of radioactivity in various organs 1 hr after 
injection showed no significant difference between I and IIb. Compound 
IIa showed significantly less radioactivity in the GI tract and a higher 
amount in the kidneys and bladder. 
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derivatives, evaluation as hepatobiliary imaging agents, rats o Radio- 
pharmaceuticals-94”1Tc-labeled iminodiacetic acid derivatives of 2- 
aminopyrroles, evaluation as hepatobiliary imaging agents, rats 

Efforts have been made in recent years to formulate 
99mTc-labeled radiopharmaceuticals for use in hepato- 
biliary scintigraphic imaging. Many lidocaine analogs with 
an iminodiacetic acid functional group capable of forming 
a stable complex with technetium 99m have been evalu- 
ated (1). Most lidocaine derivatives were synthesized by 
altering the lipophilic substituents on the benzene ring. 
One compound, p -isopropylacetanilidoiminodiacetic acid 
(I), has shown desirable characteristics and now is available 
commercially. 

Johnson et al. (2) recently synthesized a series of 2- 
diethylaminoacetamido-3-cyano-4-methyl- 5 -substituted 

A CH,COOH 

I1 
IIa: R = CH, 
IIb: R = CH,C,H, 

pyrrole analogs of lidocaine. These compounds compared 
favorably with lidocaine in local anesthetic and antiar- 
rhythmic activities. The iminodiacetic acid derivatives of 
the methyl- (IIa) and benzyl- (IIb) substituted compounds 
were prepared. These two compounds were labeled with 
technetium 99m and compared with 99mTc-labeled I for 
hepatobiliary activity in rats. 

EXPERIMENTAL 

Chemistry’-N- (3-Cyano-4,5-dimethyl-2-pyrrylcarbamoylmethyl)- 
iminodiacetic Acid (IIa)-A modified procedure of Callery et al. (3) was 
used. A mixture of 2-chloroacetamido-3-cyano-4,5-dimethylpyrole (5.72 
g, 0.027 mole) (2), disodium iminodiacetic acid monohydrate (5.44 g, 0.027 
mole), and sodium hydroxide (1.10 g, 0.027 mole) in 100 ml of metha- 
nol-water (3:l) was refluxed for 24 hr. The methanol was removed in 
uacuo, 100 ml of water was added to the residue, the suspension was fil- 
tered, and the pH of the filtrate was adjusted to 3 by the dropwise addi- 
tion of concentrated hydrochloric acid. The precipitate was collected and 
air dried. 

The crude product (6.2 g, 76.8% yield) was washed several times with 
boiling water to yield a brown powder (homogeneous on TLC in methanol, 
Rf 0.55), mp 203-204.5O dec.; IR (KBr): 3610,3330,2210,1675,1640,1430, 
1400,1220, and 725 em-’; NMR (dimethyl sulfoxide-d& d 1.92 (s,3H, 
CH3 at  C-4), 2.03 (9, 3H, CH3 a t  C-5), 3.47 (s, 6H, CHz), 10.75 (s, lH,  
NIH), and 10.3-12.8 (broad s, 3H, NHCO, COOH, and +NH) ppm. 

Anal.-Calc. for C13Hl~N405: C, 50.64; H, 5.23; N, 18.17. Found: C, 
50.53; H,  5.23; N, 18.16. 

N- (3-Cyano-4-methyl-S-benryl -2- pyrrylcarbamoylmethy1)imino- 
diacetic Acid (I1b)-A mixture of 2-chloroacetamido-3-cyano-4- 
methyl-5-benzylpyrrole (7.77 g, 0.027 mole) (2), disodium iminodiacetic 
acid monohydrate (5.44 g, 0.027 mole), and sodium hydroxide (1.10 g, 
0.027 mole) was condensed according to the procedure described for IIa. 
A brown powder was obtained (6.5 g, 62.6% yield) (homogeneous on TLC 
in methanol, Rf 0.51), mp 190-192” dec.; IR (KBr): 3400,3330,2210,1675, 
1620,1250,1215,950, and 710 cm-’; NMR (dimethyl sdfoxide-d& 6 1.96 
(s, 3H, CH3 at  C-4), 3.79 (s, 2H, CH2 at  C-5), 4.2 (broad s, 6H, CHz), 7.07 
(s, 5H, CsHs), 11.25 (broad s, 3H, NHCO, COOH, and +NH), and 11.5 
(broad s, IH, N1H) ppm. 

Anal.-Calc. for C19HzoN405: C, 59.37; H, 5.24; N, 14.58. Found: C, 
59.23; H, 5.26; N, 14.53. 

’ 1R spectra were determined on a Beckman Acculab 4 spectrophotometer using 
the potassium bromide technique. NMR spectra were determined on a Hitachi 
Perkin-Elmer R24 high-resolution spectrometer with tetramethylsilane as the in- 
ternal reference. Melting points were obtained using a Thomas-Hoover capillary 
apparatus and are uncorrected. TLC was performed using Eastman type 6060 
chromatogram sheets (silica gel), and the sheets were developed in an iodine 
chamber. Carbon, hydrogen, and nitrogen values were obtained from analyses 
performed by Atlantic Microlabs.. Atlanta, Ga. 
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Table I-Parameters for  t he  Blood Elimination Equation of 
Technetium 99m in Rats following Intravenous Injection of 
99mTc-Labeled I, IIa, and IIb" 

Parameter I IIa I16 

A 0.76 (0.05) 0.73 (0.04) 0.81 r n m  .- --, 
(Y 0.40 io.o6j 0.52 (0.04 0.69 (0.05) 
B 0.24 (0.03) 0.27 (0.02) 0.19 (0.01) 
B 0.030 (0.005) 0.023 (0.003) 0.027 10.002) 
R., 91.8 98.2 97.8 

~ ~ 

Standard errors are given in parentheses. 

Labeling with Technetium 99m-Technetium 99m labeling of I was 
achieved by adding 7 mCi (1.0 ml) of sodium [99mTc]pertechnetate (111) 
eluate from a molybdenum 99-technetium 99m generator2 to a vial 
containing a lyophilized preparation of 20 mg of I and 0.2 mg of stannous 
chloride?. 

Preparation of ggmTc-labeled IIa and I16 was accomplished by stan- 
nous chloride reduction of 111 in aqueous solution. Ten milligrams of pure 
compound was dissolved in 0.3 ml of 0.1 N NaOH. This solution was 
back-titrated with 0.05 N HCI to pH 7. Seven millicuries of 111 in 0.2 ml 
was added, and the resulting solution was purged with nitrogen for 5 min. 
After purging, 0.1 ml of freshly prepared stannous chloride (1 mg/ml in 
0.05 N HCI) was added, and the mixture was kept a t  room temperature 
for 20 min. The final solution then was passed through a Millipore filter 
into a sterile evacuated vial. 

The radiochemical purity of the 99mTc-labeled I was determined using 
instant TLC4 with a chloroform-acetone (7030) solvent system. The 
radiochemical purity of 99mTc-labeled IIa and I16 was determined using 
instant TLC with a methyl ethyl ketone solvent system. Examination 
of the chromatographic strips revealed the bound fraction to be 93% or 
greater for all of the radiopharmaceuticals. 
In Vivo Studies-Fasting, nonhydrated, male Sprague-DawleyS rats, 

175-240 g, were used. The left jugular vein was exposed and cannulated 
for each animal after anesthesia was achieved with pentobarbital sodium 
(30 mg/kg). The animal then was positioned over a rectilinear scanner6 
modified to record the counts arising from the cardiac pool. Following 
the injection of 0.25 mCi of the 99mTc-labeled compound into the cannula, 
sequential counts were obtained for the duration of the study. These 
counts were used to model the disappearance of the radioactivity from 
the blood. 

Each animal was killed 1 hr after injection of the radiopharmaceutical 
by overanesthesia with ether. Selected organs were removed from the 
animal and assayed for radioactivity. The results are reported as the 
percentage of the total injected radioactivity. 

RESULTS 

The disappearance of the radioactivity from the blood is described by 

CintiChem, Union Carbide Corp., Tuxedo, N.Y. 
Diagnostic Isotopes Inc., Bloomfield, N.J. 
ITLC SG, Gelman Instrument Co., Ann Arbor, Mich. 
GIBCO Animal Research Laboratories, Madison, Wis. 
Magnascanner 500. Picker Instruments, Cleveland, Ohio 

Table 11-Percent of Administered Radioactivity at 1 h r  af ter  
Intravenous Injection of 99mTc-Labeled I, 11.9, and IIb in  Rat  
Organs a 

Rat Organ I IIa I16 

GI tract 78.7 (3.3) 38.0 (2.4) 81.5 (2.4) 
Liver 2.6 (0.4) 8.0 (0.2) 6.7 (0.9) 

0.09 (0.03) 0.07 (0.05) 0.15 (0.08) Spleen 
Kidneys 2.5 (0.2) 11.1 (3.4) 2.3 (0.3) 
Lungs 0.17 (0.05) 0.30 (0.18) 0.20 (0.03) 
Heart 0.02 (0.01) 0.02 (0.01) 0.07 (0.02) 

a Standard errors are given in parentheses. 

Carcass 16.2 (3.0) 44.0 (2.8) 9.9 (0.9) 

a two-compartment open model. The computer-fitted equation7 used 
to describe the data is: 

CB = A exp (-at)  + B exp ( -Bt )  (Eq. 1) 
where C B  refers to the fraction of the dose retained in the blood (bio- 
logical) and t is time (minutes). The parameters for Eq. 1 and the corre- 
lation coefficient (R2) for each parameter are listed in Table I. Exami- 
nation of these data reveals that there was no significant difference among 
the drugs for the @-phase of the elimination equation; the half-life for the 
@-phase ranged from 20 to 30 min. 

Table I1 shows the distribution of technetium 99m in selected organs 
and tissues of the rat 1 hr after intravenous injection. The data are ex- 
pressed as the percent of the injected dose and represent the average of 
three rats for each compound. The carcass values represent the remainder 
after the removal of the other organs and include the bladder, which ac- 
counted for much of the activity. 

The organ data following injection of I or I16 are indistinguishable 
except for the liver. Excretion into the GI tract accounted for almost 80% 
of the activity for both compounds. The kidneys retained about 2% of the 
injected dose, and the carcass contained about 10%. The content of 
technetium 99m in the liver a t  necropsy was significantly higher for the 
benzyl compound as compared to I. 

The methyl derivative ( H a )  showed significantly less activity in the 
GI tract than either of the other compounds. Higher amounts of the in- 
jected activity were noted in the kidneys and remaining carcass. 
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Abstract 0 The antiproliferative properties of inhibitors of polyamine 
synthesis were evaluated in cultured neuroblastoma and glioma cells. The 
diamines (1,3-propanediamine, 1,5-pentanediamine, and 1,6-hex- 
anediamine) dramatically decreased neuroblastoma replication and in- 
hibited the rate-limiting enzyme, ornithine decarboxylase. Glioma cells 
were less sensitive to the diamines in spite of significant drug-induced 
decreases in enzyme activity. The fact that ornithine decarboxylase was 
inhibited in both cell lines with different effects on proliferation suggests 
that the activity of other enzymes in polyamine biosynthesis may be al- 
tered selectively by these inhibitors. 

Keyphrases Polyamines-inhibition of synthesis, effects of inhibitors 
on tumor cell growth, in uitro testing 0 Ornithine carboxylase activ- 
ity-inhibition of polyamine synthesis, effects of inhibitors on tumor cell 
growth, in uitro testing Antitumor activity-inhibition of polyamine 
synthesis, in uitro testing of ornithine carboxylase activity 

Many chemotherapeutic agents that are effective in 
tumor treatment have had limited success in the treatment 
of malignant gliomas and neuroblastomas (1-4). Results 
have not been satisfactory due to drug toxicity, low tumor 
remission rates, and short durations of drug effective- 
ness. 

Data have been obtained showing the presence of high 
levels of ornithine decarboxylase activity in tumor cells of 
neural origin (5-8). This enzyme catalyzes the rate-limiting 
reaction in the synthesis of putrescine, spermidine, and 
spermine (9); its basal activity is the lowest of the enzymes 
engaged in the synthesis of these polyamines (9,101. 

BACKGROUND 

Several studies suggested that polyamine synthesis may be obligatory 
for tumor proliferation. Heby et al. (8) found a positive correlation be- 
tween the growth rate of a rat brain tumor cell line and ornithine decar- 
boxylase activity; the pattern of fluctuation in spermidine content cor- 
related in a likewise manner (11). In cell-free systems, polyamines in- 
fluence nearly every aspect of the formation and turnover of DNA, RNA, 
and protein (12-14). The relationship of polyamine synthesis to rapid 
growth has been reviewed extensively (10,15-18). 

Since ornithine decarboxylase activity is associated with rapid growth 
(16), ornithine decarboxylase inhibitors may find application as an- 
tiproliferative agents. Results obtained in these laboratories show that 
the cytolytic effects of bromoacetylcholine and bromoacetate in neuro- 
blastoma are associated with decreased ornithine decarboxylase activity 
(5). However, recent studies suggested that a similar relationship may 
not be true in gliomas (20). Bromoacetylcholine and bromoacetate are 
potent antiproliferative agents in cultured cells of both experimental 
tumors (19), but ornithine decarboxylase is not inhibited in glioma cells 
by these agents (20). Although neuroblastoma and glioma have a common 
embryonic origin, these results suggest that differences may exist in the 
control mechanisms of polyamine synthesis. 

Neuroblastoma cells are sensitive to numerous analogs of the substrate, 
ornithine, and of the product, putrescine (20). In this cell line, a corre- 
lation exists between the antiproliferative effects of these agents and their 
ability to decrease the activity of ornithine decarboxylase (20). To define 
further the relationship between polyamine deficiency and decreases in 
neuronal tumor growth rates, the effects of selective inhibitors of orni- 
thine decarboxylase in cultured neuroblastoma and glioma cells were 
compared. 

EXPERIMENTAL 

Tumor Maintenance-Mouse neuroblastoma cells' were grown as 
described previously (5). Rat glioma cells2 were cultivated in Ham's F-10 
nutrient medium3 supplemented with 50 units of penicillin/ml, 50 mEq 
of streptomycin/ml, 0.125 pg of amphotericin B/ml, 2% fetal calf serum, 
and 18% horse serum. Incubation was maintained at  37' with 10% COY 
90% air and 100% humidity. 

Drug Treatment-1,3-Propanediamine dihydrochloride', 1,6-hex- 
anediamine', 1,5-pentanediamine', and a-methyl~rnithine~ were dis- 
solved in glass-distilled water, neutralized, filter sterilized, and added 
in 50-pl quantities to 10 ml of the medium at  time zero. For assays of 
ornithine decarboxylase activity, 1 X 106 cells were seeded in 100-mm 
tissue culture dishes; for cell counting experiments, 5 X lo4 cells were 
seeded in 35-mm tissue culture dishes. Cells were grown for 24 hr after 
seeding, a t  which time drugs and fresh medium were added (time zero). 
Tumor growth was measured by counting the cells in a hemocytometer; 
viability was determined by trypan blue exclusion. 

Ornithine Decarboxylase Assay-Enzyme assays were performed 
as described previously (5). After the growth medium was removed from 
the cells, the cells were washed with ice-cold phosphate-saline buffer 
(0.8% NaCl, 0.02% KCl, 0.115% Na2HP04, and 0.05% KHzPO4 at pH 7.2) 
and suspended in 1.0 ml of assay buffer (0.05 M sodium phosphate- 
potassium phosphate a t  pH 7.2 containing 1 mM 1,4-dithiothreitol, 0.25 
mM ethylenediaminetetraacetic acid, and 3 /.LM pyridoxal5-phosphate). 
Cells then were scraped off the plate with a rubber policeman and ho- 
mogenized (20 strokes) with a glass homogenizer. After centrifugation 
a t  4500Xg, 0.2-ml portions of the supernatant fractions were incubated 
for 15 min in 15 X 85-mm centrifuge tubes equipped with rubber stoppers 
that supported polyethylene center wells6. Supernatant fractions that 
were heated at  65O for 10 min before incubation served as controls. 

The reaction was initiated when 0.05 ml of 9.5 mM [l-14C]~-ornithine7 
(10 Ci/mole) was added. After incubation a t  37O for 30 min, 0.2 ml of 
benzetronium8 hydroxide was injected into each center well and the re- 
action was continued for 30 min. To stop the reaction, 1 M citric acid (0.3 
ml) was injected into the incubation mixture. To release the dissolved 
carbon dioxide, the tubes were agitated for another 30 min. The center 
wells then were removed from the tubes and placed into scintillation vials, 
and the radioactivity was determined with a scintillation counter. Protein 
was determined with an assay kitg. 

RESULTS 

The antiproliferative effects of the ornithine decarboxylase inhibitors 
are shown in Fig. 1. Neuroblastoma cell growth appeared to be more 
sensitive than glioma cell growth to all of the agents over the period 
studied. The diamine inhibitors (1,3-propanediamine, 1,5-pentanedi- 
amine, and 1,6-hexanediamine) markedly inhibited neuroblastoma 
replication; 1,5-pentanediamine and 1,3-propanediamine were effective 
as early as 24 hr after their addition. These cells were less sensitive to the 
competitive inhibitor a-methylornithine; a delay of one generation was 
required before a decrease in cell proliferation was observed using this 
agent. 

In contrast to the neuroblastoma results, normal growth was observed 
in cultured glioma cells over a 48-hr period in the presence of the inhib- 
itors. After a lag of at least two generations, a notable decrease in tumor 

C1300, American Type Culture Collection. 
2 Clone C6, American Type Culture Collection. 
3 Grand Island Biological Co., Grand Island, NY 14072. 

Aldrich Chemical Co., Milwaukee, WI 53233. 
5 Calbiochem-Behring Corp., San Diego, CA 92112. 

Kontes Glass Co., Vineland, NJ 08360. 
7 New England Nuclear, Boston, MA 02118. 
8 Hyamine. 
9 Bio-Rad Laboratories, Rockville Centre, NY 11570. 
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NEUROBLASTOMA ’4 GLIOMA / 

DAYS 
Figure 1-Effects of ornithine decarboxylase inhibitors on neuro- 
blastoma and glioma cell division. Key: 0, control; n, 5 mM a-meth- 
ylornithine; 0, 5 mM 1,3-propanediamine; A, 5 mM 1,5-pentanedi- 
amine; a n d  D, 5 mM I,6-hexanediamine. Results are expressed as the 
ratio N/No, where N = number of viable cells per dish a t  Day I, 2, or 3 
and No = number of viable cells a t  time zero. Bars represent standard 
errors of the mean of six t o  10 values. 

growth was apparent. At this time, a-methylornithine appeared to be 
slightly more effective than the diamines. 

In experiments in which ornithine decarboxylase activity was mea- 
sured, the antiproliferative effects of the diamines in neuroblastoma 
correlated with the decrease in enzyme activity (Fig. 2). Similarly, 1,3- 
propanediamine had no effect on glioma cell proliferation or on inhibition 
of ornithine decarboxylase activity. There were two exceptions to these 
parallel relationships: 

1. Tumor growth was inhibited by a-methylornithine, but increases 
in enzyme activity were observed in both cell lines. 

2. 1,5-Pentanediamine and 1,6-hexanediamine notably inhibited or- 
nithine decarboxylase activity in glioma cells at a time when normal cell 
growth was observed. 

DISCUSSION 

An extensive amount of evidence has led to the concept that continuous 
polyamine synthesis is required to maintain maximum cell proliferation 
rates. An increase in ornithine decarboxylase activity is one of the earliest 
events to occur when cells are transformed from the resting to the growing 
state (5-7). It still is uncertain whether increases in polyamine synthesis 
are the cause or the consequence of rapid growth. However, a causal re- 
lationship between polyamine depletion and the inhibition of DNA 
synthesis has been suggested by results showing that exogenous ornithine 

NE U ROBLASTOMA ~ GLIOMA 

1 
0 1 2 

DAYS 
Figure  2-Effects of ornithine decarboxylase inhibitors on neuro- 
blastoma and glioma ornithine decarboxylase actiuity. Key: 0, control; 
A, 0.5 mM a-methylornithine; A, 0.5 mM 1,3-propanediamine; 0,0.5 
mM 1,5-pentanediamine; and 0,  0.5 mM 1.6-hexanediamine. Bars 
represent standard errors of the mean of four to six values. 

or polyamines reversed the inhibition of DNA synthesis in tumor cells 
(2 1-24). 

Most experimental efforts to deplete cellular polyamines have focused 
on the development of inhibitors of the rate-limiting enzyme, ornithine 
decarboxylase. Among these are competitive inhibitors such as 
a-methylornithine (22,25,26) and diamines such as 1,3-propanediamine, 
1,5-pentanediamine, and l,6-hexanediamine. The diamines have been 
shown to act by inducing the formation of macromolecular inhibitors of 
ornithine decarboxylase (27,28) and by repressing the induction of the 
enzyme (28-32). The repression of enzyme synthesis has a relatively se- 
lective effect on ornithine decarboxylase; however, S-adenosylmethionine 
decarboxylase activity is inhibited slightly (33). A nonspecific inhibition 
of protein synthesis or a repression of other enzymes with short half-lives 
(e.g., tyrosine aminotransferase) has not been demonstrated (33). The 
diamines are not inhibitory when added to cell-free assays (27-33). 

In neuroblastoma, the diamines produced a dramatic decrease in both 
tumor growth and ornithine decarboxylase activity. In contrast, glioma 
cells continued to proliferate in the presence of the diamines. Differences 
in sensitivity probably are not due to drug accessibility since the enzyme 
was inhibited in both cell lines. These results may be explained by the 
interactions of the diamines with other enzymes in the polyamine bio- 
synthetic pathway. Recent work with rat ventral prostate extracts (34) 
and Ehrlich ascites carcinoma cells (29) showed that diamines exert 
different inhibitory effects on the spermidine and spermine synthetases, 
regardless of their action on ornithine decarboxylase. Since a functional 
relationship between spermidine levels and growth rates has been con- 
firmed in some cell lines (8,111, these higher polyamines may be required 
for the expression of ornithine decarboxylase activity in proliferation 
(35). 

In glioma cells, spermidine and spermine synthetases may be less 
sensitive to the diamine inhibitors and/or the half-life of endogenous 
spermidine may be quite long. In the latter case, the delay before the 
antiproliferative effects may correspond to the greater time required for 
spermidine depletion in this cell line. It also is possible that in glioma cells, 
these nonphysiological amines may be utilized to take over many of the 
metabolic functions of spermidine or spermine. The requirements for 
specific polyamines during rapid growth are being investigated. 

In the present work, ornithine decarboxylase activity was increased 
in both neuroblastoma and glioma after treatment with a-methylorni- 
thine; competitive inhibition was observed only when the drug was added 
to cell-free assays (results not shown). This rise in the activity of the target 
enzyme in intact cells was reported for other cell lines (35) and may result 
either from a drug-induced increase in the apparent half-life of the en- 
zyme (26,36) or from a reversal of end-product inhibition of ornithine 
decarboxylase (24). Theoretically, an increased half-life could result from 
the ability of a-methylornithine to bind to the enzyme and protect it from 
degradation (37). However, in rat hepatoma cells, a-methylornithine 
increased the activities of ornithine decarboxylase as well as S-adeno- 
sylmethionine decarboxylase (24). This increase in an enzyme for which 
a-methylornithine is not a substrate is of concern. Reports that  com- 
petitive ornithine decarboxylase inhibitors cause decreases in putrescine 
and spermidine levels (22) and that polyamines exert multiple negative 
feedback controls over both ornithine decarboxylase and S-adenosyl- 
methionine decarboxylase (35) collectively favor the interpretation that 
increases in enzyme activity observed in vivo result from a reversal of 
end-product inhibition. 

In summary, antiproliferative effects are achievable in tumors of neural 
origin using ornithine decarboxylase inhibitors. Some problems with this 
approach may be overcome by the design of more specific inhibitors of 
spermidine and spermine synthetases. The fact that ornithine decar- 
boxylase was inhibited in both cell lines with vastly different effects on 
proliferation suggests that neuroblastoma and glioma cells may provide 
interesting model systems for drug development. 
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Abstract 0 Extracts of 107 marine alga specimens from Pacific islands 
were tested for P-388 lymphocytic leukemia and Ehrlich ascites tumor 
in mice. Several specimens showed high antitumor activity in both sys- 
tems, with some featuring a notable lack of toxicity. 
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marine algae from Pacific islands, testing against P-388 lymphocytic 
leukemia and Ehrlich ascites tumor 

There have been numerous reports of antitumor sub- 
stances obtained from terrestrial plants, but no informa- 
tion on antitumor agents from marine plants was published 
prior to 1977 when Mynderse et al. (1) reported that 
chloroform extracts of some marine blue-green algae 
showed activity against P-388 lymphocytic leukemia in 
mice. A P-388 active compound was isolated from one alga, 
Lyngbya majuscula Gomont, and shown to be debro- 
moaplysiatoxin. This finding prompted screening of other 
marine algae from the Pacific basin for activity against 
P-388 lymphocytic leukemia and Ehrlich ascites tumor in 
mice. 

The 107 alga specimens were collected from Palau 
(Western Caroline Islands), Fanning Island (Line Islands), 

Accepted for publication January 24,1980. 

Enewetak Atoll (Marshall Islands), Johnston Island, and 
the Hawaiian Islands. Voucher samples were retained for 
most specimens, and the collection site of each sample was 
recorded carefully. 

This paper is a preliminary report of the antitumor ac- 
tivity of crude extracts and some partially purified frac- 
tions from these algae. 

EXPERIMENTAL 

Most algal samples were refrigerated or frozen soon after collection. 
When refrigerator or freezer facilities were not available, the samples were 
air dried. The frozen samples were freed from extraneous matter and 
freeze dried before extraction. The dried samples were powdered in a 
mortar or blender’. . 

There were two general extraction procedures. In Method I, the dried 
alga was extracted initially with a succession of organic solvents of in- 
creasing polarity followed by a final extraction with water. In Method 
11, the sample was subjected to extraction with 30% ethanol followed by 
extractions (liquid-liquid) with a succession of organic solvents of the 
aqueous concentrate. 

In Method I, the sample was homogenized in a blender’ for 5 min with 
a volume of organic solvent weighing five to 10 times the sample weight. 
The mixture then was allowed to stand for 24 hr or was stirred for 4-5 hr. 
The resultant homogenate was centrifuged, and the supernate was 
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There have been numerous reports of antitumor sub- 
stances obtained from terrestrial plants, but no informa- 
tion on antitumor agents from marine plants was published 
prior to 1977 when Mynderse et al. (1) reported that 
chloroform extracts of some marine blue-green algae 
showed activity against P-388 lymphocytic leukemia in 
mice. A P-388 active compound was isolated from one alga, 
Lyngbya majuscula Gomont, and shown to be debro- 
moaplysiatoxin. This finding prompted screening of other 
marine algae from the Pacific basin for activity against 
P-388 lymphocytic leukemia and Ehrlich ascites tumor in 
mice. 

The 107 alga specimens were collected from Palau 
(Western Caroline Islands), Fanning Island (Line Islands), 
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Enewetak Atoll (Marshall Islands), Johnston Island, and 
the Hawaiian Islands. Voucher samples were retained for 
most specimens, and the collection site of each sample was 
recorded carefully. 

This paper is a preliminary report of the antitumor ac- 
tivity of crude extracts and some partially purified frac- 
tions from these algae. 

EXPERIMENTAL 

Most algal samples were refrigerated or frozen soon after collection. 
When refrigerator or freezer facilities were not available, the samples were 
air dried. The frozen samples were freed from extraneous matter and 
freeze dried before extraction. The dried samples were powdered in a 
mortar or blender’. . 

There were two general extraction procedures. In Method I, the dried 
alga was extracted initially with a succession of organic solvents of in- 
creasing polarity followed by a final extraction with water. In Method 
11, the sample was subjected to extraction with 30% ethanol followed by 
extractions (liquid-liquid) with a succession of organic solvents of the 
aqueous concentrate. 

In Method I, the sample was homogenized in a blender’ for 5 min with 
a volume of organic solvent weighing five to 10 times the sample weight. 
The mixture then was allowed to stand for 24 hr or was stirred for 4-5 hr. 
The resultant homogenate was centrifuged, and the supernate was 
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Table I-Active Materials 

Extracting 
Solvent and 

Purity of 
Fraction a 

Ehrlich AscitesC 
Survivors a t  30 Days 

Dose. Percent 
P-388 Lymphocytic Leukemia6 

bose,  Percent Number of Toxicity, 
mdkg  Activityd Mice deaths' Aka  SamDle Location mg/kg Alive Nonascitic 

Palau 

Aphanococcus 
biformis A. Br., 
30% 

(Kutz.) Nag., 30% 
Oscillatoria foreaui 

Fremy, 30% 
Bangia sp. 

n-Butanol. I 29.0 125 5 0 23.2 0 0 

30% ethanol, I 
30% ethanol, I1 
30% ethanol, I1 
30% ethanol, I11 
30% ethanol, I 
30% ethanol, I1 
30% ethanol, I11 
Ethyl acetate, I 
Ethyl acetate, I 
Water, I11 
30% ethanol, I 

Methylene chloride, I 
Methylene chloride, I 
Methylene chloride, I 
Ethyl acetate, I 

17.5 
21.8 
12.4 
<0.5 
50.0 
- 

230 
224 
196 
186 
151 
- 

0 
0 
0 
0 
2 
- 

14.0 
12.4 
11.9 
<0.5 
40.0 

1.3 
0.8 
6.0 

14.0 

80.0 
- 

122 
212 
68 
20 

100 
80 

100 
100 
100 
100 
80 
50 
80 

0 

0 
0 

80 
0 

- 

100 
80 

100 
100 
80 
80 
80 
50 
80 

0 

0 
0 

80 
0 

- 

Caulerpa racemosa Palau 
var. peltata Lam. 

Crinalium sp. Fanning 
Island 

Cryptonemia Palau 

Dictyota crenulata Oahu, 
crenulata J. Ag. 

J. Ag. Hawaii 

Ectocarpus Fanning 
breuiarticula tus Island 
J. Ag. 

(C. Ag.) Dawson 
Gracilaria salicornia Palau 

Halimeda sp. Palau 

Herposiphonia Fanning 
arcuata Hollenberg Island 

Lobophora uariegata Palau 
(Lamx.) Wom. 

Lyngbya conueruoides Palau 

Lyngbya majuscula Palau 
C. Ag. 

Gomont 

Oahu, 
Hawaii 

Hawaii 
Lyngbya sp. Hawaii, 

Oscillatoria annae Palau 

Oscillatoria sp. Palau 

Phormidiurn Johnston 
crosbyanurn Tilden Island 

Phormidiurn sp. Molokai, 
Hawaii 

Sargassum Palau 
polycystum C. Ag. 

Schizothrix Fanning 
calcicola (Ag.) Island 
Gomont 

(J. Ag.) Dr. + Dail. 

(Kutz.) Dr. + Dail. 

Rivularia atra 
Born. + Fla. 

Entophysalis deusta 

Anacystis dimidata 

Schizothrix sp. 
Spyridia filamentosa Oahu, 

Tolypothrix 

van Goor 

Enewetak 

Enewetak 

Hawaii 
Fanning 

Island 

1 
(Wulfen) Harvey 

conglutinata 
var. clorata 
Ghose 

- 

17.5 
0.5 

100 

- 
178 
210 
129 

129 
135 

170 
- 

- 
6 
4 
4 

- 
1 
0 
0 

153 
265 

4 
4 

5 
- 

0 
0 

- 
25 

- 
1 

30% ethanol, I 

Butanol, I 
Hexane, I 
30% ethanol, I 
30% ethanol, I1 
Butanol, I 
Hexane, I 
Chloroform, I 
30% ethanol, I 

Water, I 
Water, I1 
Water, I11 
Chloroform, I 
Chloroform, I 
Methanol, I 
Methanol, I1 
Methanol, 111 
30% ethanol, I 

30% ethanol, I 
30% ethanol, 111 
Methylene chloride, I 

Methanol, I 

30% ethanol, I 

Ethyl acetate, I 
Water, I1 . 

0.5 137 3 0 0.4 0 0 

21.5 
26.0 

154 
131 

4 
4 

0 
0 

17.2 
20.8 

120 
10 
17.2 
8.0 
8.8 

20 

0 0 
0 0 

100 100 
80 60 
0 0 
0 0 
0 0 

100 100 

- 

21.5 
10.0 
11.0 

- 
127 
127 
144 

- 
4 
5 
5 

- 
0 
0 
0 

25.0 
10.0 
<0.5 

4.2 
0.5 
- 

150 

415 
- 

5.0 

7.5 

12.5 

- 

166 
164 
166 
134 
144 

182 

125 

205 

134 

210 

- 

- 

- 

5 
5 
5 
5 
5 

5 

5 

5 

5 

5 

- 

- 

- 

1 
0 
0 
1 
0 

0 

3 

0 

3 

0 

0 

- 

- 

- 

8 60 40 
<0.4 100 100 

3.2 20 20 
0.4 0 0 

27.2 100 100 

1.6 100 100 
332 0 0 

4.0 100 100 
0.4 100 100 
6.0 0 0 

10 100 100 

- - - 

250 129 4 200 0 0 

25 
2.5 

255 
209 

5 
5 

3 
1 

2.5 100 100 
3.6 100 80 

Methanol, I 22 125 5 1 

Methanol, I 
Methylene chloride, I 

Ethyl acetate, I 

8.0 40 40 
- - - 

- - - - 
90 128 5 1 

13.5 233 5 3 10.8 0 0 
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Table I-Continued 

Extracting Ehrlich Ascites' 
Solvent and P-388 Lymphocytic Leukemiab Survivors a t  30 Days 

Purity o f  Dose, Percent Number of Toxicity, Dose, Percent 
Alga Sample Location Fraction mg/kg Activityd Mice deaths' mg/kg Alive Nonascitic 

Tydemannia Palau 30% ethanol, I 250 130 4 0 200 0 0 
expeditionis Enewetak Chloroform, I 19 156 5 3 15.2 0 0 

Udotea geppii Enewetak Methylene chloride, I - - - - 47.6 100 100 
Weber van Bosse 

Yamada 

I = crude; I1 = fraction chromatographed through Sephadex (2-25; and 111 = fraction chromatographed through CM Sephadex C-25. * Standard screening procedure 
Number used in this laboratory (2). 

of mice that died within 7 days after tumor cell inoculation. 
Procedure used in this laboratory described by Tabrah et al. (3). Mean survival time as percent of untreated, diseased controls. 

Table  11-Nonactive Samples 

Sample Location Sample Location 
Halouhila ovata Gaud. Palau Amphiroa fragilissima (L.) Lamour. 

Aphanocapsa biformis A. Br. 
Asparagopsis taxiformis (Del.) Coll. + Herr. 
Boodlea composita (Harv.) Brand. 
Bornetella nitida (Harv.) Mun. 
Rryopsis sp. 

Calothrix crustacea Born. + Fla. 
Caulerpa racemosa var. laetevirens (Mont.) Weber 

Caulerpa racemosa var. occidentalis (J. Ag.) Boerg. 
Caulerpa racemosa var. peltata Lam. 
Caulerpa uruilliana Mont. 

Centroceras clavulatum (C. Ag.) Mont. 

Centroceras minimum Yamada 
Chlorodesmis hildebrandtii Gepp et  Gepp 
Chondrococcus hornemanni (Lyng.) Kutz. 
Codium geppei Schmidt 
Crinalium sp. 
Dactylococcopsis raphidioides Hansg. 

Derbesia sp. 
Dictyopteris repens (Okamura) Boerg. 
Dictyosphaeria sp. 
Dictyota acutiloba J. Ag. 
Dictyota divariacata Lamour. 
Dictyota jriabilis Setchell 

Dictyota patens J. Ag. 
Enteromorpha sp. 
Eucheuma striatum Schmidt 
Falkenbergia rufanolosa Harvey 
Cloeocapsa decorticans (A. Br.) Richter 

Gracilaria salicornia (C. Ag.) Dawson 
Halimeda cylindracea Decaisne 
Halimeda discoidea Decaisne 
Halimeda macroph sa Barton 
Halimeda monile (sbl.) Lamour. 
Halimeda opuntia (L.) Lamx. 

van Bosse 

Palau 
Palau 
Enewetak 
Palau 
Palau 
Fanning 

Island 
Enewetak 
Palau 

Palau 
Palau 
Fanning 

island 
Fanning 

Island 
Enewetak 
Palau 
Palau 
Enewetak 
Palau 
Fanning 

Island 
Palau 
Palau 
Oahu, Hawaii 
Oahu, Hawaii 
Enewetak 
Fanning 

Island 
Palau 
Oahu, Hawaii 
Oahu, Hawaii 
Enewetak 
Fanning 

Island 
Palau 
Palau 
Palau 
Enewetak 
Enewetak 
Palau 

Halimenia maculata J. Ag. 
Herposiphonia arcuata Hollenberg 

Hyella caespitosa Born. e t  Flah. 

Hypnea nidifica J. Ag. 
Hypnea pannosa J. Ag. 
Liagora farinosa Lamour. 
Liagora maxima Butters 
Lobophora sp. 
Lobophora uariegata (Lamx.) Wom. 
Lynghya conuervoides C. Ag. 
Lyngbya majuscula Gomont 
Lyngbya porphyrosiphonis Fremy 
Lynghya semiplena (C. Ag.) J. Ag. 
Martensia fragilis Harvey 
Microcoleus acutissimus Gardner 

Microcoleus sp. 

Microcoleus tenerrimus Gomont 
Microcoleus uaginatus (Vaucher) Gomont 
Nostoc calcicola Born. e t  Flah. 
Oscillatoria hamelii Fremy 
Oscillatoria nigrouiridis Gomont 
Oscillatoria sp. 

Padina commersonii Bory 
Polysiphonia quadrata Hollenberg 

Pterocladia sp. 
Rhipilia orientalis A. + E. Gepp 
Scytonema pascheri Bharaduaja 

Spyridia filamentosa (Wulfen) Harvey 
Symploca hydnoides Kutz. 
Symploca sp. 
Turbinaria ornata (Turn.) J. Ag. 
Tydemannia expeditionis Weber van Bosse 
Valonia aegagropila C. Ag. 

Valonia ventricosa J. An. 

Palau 
Fanning 

Island 
Fanning 

Island 
Palau 
Palau 
Enewetak 
Oahu, Hawaii 
Enewetak 
Palau 
Palau 
Palau 
Palau 
Palau 
Oahu, Hawaii 
Fanning Island 

Fanning 
Island 

Enewetak 
Palau 
Palau 
Palau 
Enewetak 
Fanning 

island 
Palau 
Fanning 

Island 
Oahu, Hawaii 
Enewetak 
Fanning 

Island 
Oahu, Hawaii 
Palau 
Palau 
Palau 
Palau 
Fanning 

island 
Palau 

evaporated in uacuo to yield the crude lipophilic extract. The marc was 
dried and then soaked in a volume of water weighing five to 10 times the 
marc weight for 4-5 hr with stirring and for an additional 24 hr or more 
without stirring. After centrifugation, the supernate was freeze dried to 
give the water-soluble extract. For initial fractionation, the water-soluble 
extract was subjected to gel filtration* with 0.1 M ammonium bicarbonate 
as the eluent. This procedure was followed by cation-exchange chroma- 
t o g r a p h ~ ~  with a gradient elution of the active compound with 0.03-3.0 
M ammonium acetate. All column separations were monitored by UV 
spectroscopy at 280 nm4. 

In Method 11, a sample was extracted initially with 30% ethanol in the 
same manner as described for Method I for the extraction of water-soluble 
constituents from the marc. After the ethanol was eliminated from the 

* Sephadex G-25, Pharmacia Fine Chemicals, Piscataway, NJ 08854. 

' Model UA-5 absorbance monitor, Instrument Specialties Co., Lincoln, NE 
CM Sephadex C-25, Pharmacia Fine Chemicals, Piscataway, NJ 08854. 

68505. 

supernate by flash evaporation, this crude extract was extracted further 
with either n-butanol or chloroform to remove lipophilic constituents. 
The water-soluble fraction then was purified by procedures similar to 
those described for Method I for the water-soluble crude extract. 

The isolation of the purified lipophilic antitumor agents will be re- 
ported later. 

RESULTS AND DISCUSSION 

The results of the screening tests are listed in Tables I and 11. Table 
I shows that eight marine algal extracts had T/C (test/control) values of 
2170% in the P-388 lymphocytic leukemia test. Of these extracts, six 
species showed T/C activity of >2000/0, In the Ehrlich ascites tumor sys- 
tem, nine species of algae showed a 100% survival rate at 30 days with no 
ascitic condition. Several of the groups of mice that survived for 30 days 
with a nonascitic condition were kept alive for an additional 30 days with 
no tumor recurrence at the end of the 60-day period. 
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Some of the algal extracts active against both P-388 leukemia and 
Ehrlich ascites tumor were subjected to preliminary isolation work (Table 
I). The finding that some of these crude extracts as well as partially pu- 
rified fractions showed excellent activity a t  relatively low dosages with 
no evidence of toxicity is most encouraging. 

Table I1 lists the marine algae that showed a T/C activity of <125% 
against P-388 lymphocytic leukemia and <20% survivors a t  30 days in 
the Ehrlich ascites tumor system. 
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Ocular Absorption of Propranolol in Rabbits 

Keyphrascs 0 Propranolol--ocular absorption in rabbits B-Adren- 
ergic blocking agents-propranolol, ocular ahsorption in rabbits Ab- 
sorption. ocular-propranolol in rabbits 

To the Editor: 
The topical application of fi-adrenergic blocking agents 

to the eye has been found to be effective in the control-of 
glaucoma (I). However, the precise rate and extent of 
disposition of these compounds in the various ocular 
tissues have not been fully established. The purpose of this 
report is to compare and contrast the ocular absorption of 
a model P-blocking agent, propranolol, to what is known 
about the widely used miotic pilocarpine. 

Male New Zealand albino rabbits, 3.0-3.6 kg, were 
minimally restrained in wooden boxes; topical and local an- 
esthetics were not used. A 5O-gl dose of 0.5% propranolol 
hydrochloride in isotonic buffer (pH 7.4) was instilled onto 
the cornea and allowed to distribute normally within the 
cul-de-sac. All tissue sampling procedures were performed 
as outlined previously (2, 3). The tissue samples collected 
were the whole intact cornea, aqueous humor, iris, and lens. 
The amount and concentration of propranolol in these 
tissues were determined spectrophotofluorometrically (4). 
The minimum detection limit for the drug was -5 ng. 

Figure 1 shows the propranolol concentration in ocular 
tissues as a function of time. The data indicate that pro- 
pranolol reached a peak concentration in the aqueous 
humor at  -30 min. This result corresponds well with 
previous data for pilocarpine, which has a peak time of 
20-30 min. This peak time was anticipated in the current 
studies since it was shown previously that the apparent 
ocular pharmacokinetic parameters are largely determined 
by the parallel first-order loss process in the precorneal 
area, so that most drugs show similar peak times in the 
aqueous humor (2, 5 ) .  The elimination characteristics of 
propranolol also are very similar to pilocarpine and suggest 
that both drugs are lost from the eye uia the same mech- 
anism, namely, aqueous humor turnover. The rate con- 
stant associated with this process for pilocarpine in rabbits 
is 0.017 min-' (2), and this value is nearly identical to the 
elimination rate of propranolol from the aqueous humor 
in the present studies (0.019 min-'). 
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Figure 1-Concentration of propranolol in various ocular tissues after 
topical application of propranolol solution. Key: 0, cornea; 0, iris; m, 
aqueous humor; and 0, lens. 

Concentration-time profiles such as those depicted in 
Fig. 1 can be somewhat misleading in ocular studies of this 
type which deal with tissues of greatly different distribu- 
tion volumes. For this reason, it often is useful to consider 
the amount of drug represented by the peak drug con- 
centration for each tissue. These data are presented in 
Table I. The rank order for tissue concentration was cornea 
> iris > aqueous humor > lens, whereas the rank order for 
tissue amounts was cornea > aqueous humor > iris > lens. 
The change in rank order for the iris and aqueous humor 
was due to the 12-fold difference in the wet weights of these 
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Some of the algal extracts active against both P-388 leukemia and 
Ehrlich ascites tumor were subjected to preliminary isolation work (Table 
I). The finding that some of these crude extracts as well as partially pu- 
rified fractions showed excellent activity a t  relatively low dosages with 
no evidence of toxicity is most encouraging. 

Table I1 lists the marine algae that showed a T/C activity of <125% 
against P-388 lymphocytic leukemia and <20% survivors a t  30 days in 
the Ehrlich ascites tumor system. 
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ergic blocking agents-propranolol, ocular ahsorption in rabbits Ab- 
sorption. ocular-propranolol in rabbits 

To the Editor: 
The topical application of fi-adrenergic blocking agents 

to the eye has been found to be effective in the control-of 
glaucoma (I). However, the precise rate and extent of 
disposition of these compounds in the various ocular 
tissues have not been fully established. The purpose of this 
report is to compare and contrast the ocular absorption of 
a model P-blocking agent, propranolol, to what is known 
about the widely used miotic pilocarpine. 

Male New Zealand albino rabbits, 3.0-3.6 kg, were 
minimally restrained in wooden boxes; topical and local an- 
esthetics were not used. A 5O-gl dose of 0.5% propranolol 
hydrochloride in isotonic buffer (pH 7.4) was instilled onto 
the cornea and allowed to distribute normally within the 
cul-de-sac. All tissue sampling procedures were performed 
as outlined previously (2, 3). The tissue samples collected 
were the whole intact cornea, aqueous humor, iris, and lens. 
The amount and concentration of propranolol in these 
tissues were determined spectrophotofluorometrically (4). 
The minimum detection limit for the drug was -5 ng. 

Figure 1 shows the propranolol concentration in ocular 
tissues as a function of time. The data indicate that pro- 
pranolol reached a peak concentration in the aqueous 
humor at  -30 min. This result corresponds well with 
previous data for pilocarpine, which has a peak time of 
20-30 min. This peak time was anticipated in the current 
studies since it was shown previously that the apparent 
ocular pharmacokinetic parameters are largely determined 
by the parallel first-order loss process in the precorneal 
area, so that most drugs show similar peak times in the 
aqueous humor (2, 5 ) .  The elimination characteristics of 
propranolol also are very similar to pilocarpine and suggest 
that both drugs are lost from the eye uia the same mech- 
anism, namely, aqueous humor turnover. The rate con- 
stant associated with this process for pilocarpine in rabbits 
is 0.017 min-' (2), and this value is nearly identical to the 
elimination rate of propranolol from the aqueous humor 
in the present studies (0.019 min-'). 
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Figure 1-Concentration of propranolol in various ocular tissues after 
topical application of propranolol solution. Key: 0, cornea; 0, iris; m, 
aqueous humor; and 0, lens. 

Concentration-time profiles such as those depicted in 
Fig. 1 can be somewhat misleading in ocular studies of this 
type which deal with tissues of greatly different distribu- 
tion volumes. For this reason, it often is useful to consider 
the amount of drug represented by the peak drug con- 
centration for each tissue. These data are presented in 
Table I. The rank order for tissue concentration was cornea 
> iris > aqueous humor > lens, whereas the rank order for 
tissue amounts was cornea > aqueous humor > iris > lens. 
The change in rank order for the iris and aqueous humor 
was due to the 12-fold difference in the wet weights of these 
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Table I-Amount of Propranolol Represented by the Peak 
Concentration in Various Ocular  Tissuess 

Tissue 

Peak Amount of 
Concentration, Drug Present 
PPk  or p d m l  in Tissue, pg 

Cornea 
Aqueous humor 
Iris 
Lens 

45.90 
2.02 

12.32 
0.21 

3.21 
0.61 
0.31 
0.06 

(I The weights of  the tissues are given in the text 

tissues. The approximate wet weight averages for the 
cornea, iris, aqueous humor, and lens in the current studies 
were 70,25,300, and 300 mg, respectively. 

The relative disposition of propranolol in the various 
ocular tissues also was different than that of pilocarpine. 
There was a sixfold difference in peak concentration be- 
tween the iris and the aqueous humor for propranolol, 
whereas the two tissues were virtually identical with pi- 
locarpine (3). Furthermore, the penetration into the lens 
relative to other ocular tissues was greater for propranolol 
than for pilocarpine. Propranolol is known to act as a local 
anesthetic and as such may influence membrane perme- 
ability. It is unclear whether the differences in tissue dis- 
tribution for propranolol and pilocarpine can be ascribed 
wholly, or in part, to this effect. 

Arch. Ophthalmol., 96,1003 (1978). 
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Comparative In Vitro and In Vivo 
Antifungal Activity of 
Tolnaftate and  Various Undecylenates 

~ ~~~~ ~ 

Keyphrases 0 Antifungal activity-blnaftate and various undecyl- 
enates, comparison in uitro and in uiuo 0 Tolnaftate-antifungal activity 
in uitro and in uiuo, comparison with various undecylenates 0 Unde- 
cylenates-antifungal activity in uitro and in uiuo, comparison with 
tolnaftate 

To the Editor: 

Amsel et al. (1) compared the in uitro antifungal activity 
of undecylenic acid and tolnaftate and drew several con- 
clusions. Among these conclusions were: ( a )  the unde- 
cylenate product killed the test organisms more rapidly 
than the tolnaftate-containing product; (b) undecylenates 
possibly are more effective in in uitro killing time than 
tolnaftate alone, and this finding probably applies to the 
commercial powders; and (c) although the concentrations 

Table I-Agar Diffusion Study of Commercial Solutions T and 
Ds  against Three Dermatophytes 

Organism 
Zone Size, mmc 

Contact Time * T D 

T. mentagrophytes 1 min 30 0 
5 min 33 10 

15 rnin 31 11 
30 rnin 33 11 
1 hr 30 12 
4 hr 33 22 

5 min 20 f 
15 rnin 35 f 
30 min 41 f 
1 hr 37 f 
4 hr 38 17 

E. floccosum 1 min 48 0 
5 min 50 0 

15 rnin 46 0 
30 min 50 5 
1 hr 47 10 
4 hr 45 1 0  

T. rubrum 1 min 42 f d 

a Commercial solution T contains 1% tolnaftate; commercial solution D contains 
10% undecylenic acid. * Values between com ounds were statistically significant 
( p  < 0.OOOl) at all time points. Using 6-mm Isk.  These areas showed decreased 
mycelial growth but were not completely free of growth. 

Table 11-Agar Diffusion Study of Tolnaftate, Undecylenic Acid, 
and Zinc Undecylenate against Three Dermatophytes 

~ ~~ 

Zone Size after Incubation 
for 96 hr, mma 

Undecvl- Zinc 
enic Undecyl- 

Tolnaftate AcidC enateC 

Organism Timeb (0.1%) (0.1%) (0.1%) 
Contact Solution Solution Suspension 

T. mentagrophytes 1 min 29 . i d  3 
5 min 34 f 8 

30 rnin 39 13 11 
1 hr 39 18 9 
3 hr 39 27 16 
6 hr 39 30 20 

T.  rubrum 1 min 43 f f 
5 rnin 43 f 9 

30 rnin 44 18 9 
1 hr 47 25 15 
3 hr 47 33 26 
6 hr 47 >35' 28 

M. gypseum 1 min 28 0 0 
5 min 30 f f 

30 min 37 f 6 
1 hr 38 14 f 
3 hr 39 23 17 
6 hr 39 25 20 

a Using 6-mm disk. 

Too near edge of plate. 

Values between tolnaftate and undecylenates were statis- 
tically significant (p < 0.OOOl) at each time point. Average of two disks. These 
areas showed decreased mycelial growth but were not completely free of growth. 

of active ingredients varied in the commercial products 
tested, the undecylenates probably are more effective (as 
determined by killing time) than tolnaftate. 

These conclusions were based on the methods, materials, 
and results of experiments presented in their paper. We 
have several concerns regarding their unusual methodol- 
ogy, and we therefore question their results and conclu- 
sions. We also wish to present in vitro and in uivo data 
using standard methods, which show, in contrast to the 
Amsel et al. (1) report, that tolnaftate is superior to the 
undecylenates. All data were submitted for statistical 
analysis using an appropriate analysis of variance, Dun- 
can's multiple statistic test, and Fisher's exact test (2). 

Our criticisms of the Amsel et al. (1) report are as fol- 
lows: 

0022-3549/80/ 0600-0739$0 1.OOf 0 
@ 1980. American Pharmaceutical Association 
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Table I-Amount of Propranolol Represented by the Peak 
Concentration in Various Ocular  Tissuess 

Tissue 

Peak Amount of 
Concentration, Drug Present 
PPk  or p d m l  in Tissue, pg 

Cornea 
Aqueous humor 
Iris 
Lens 

45.90 
2.02 

12.32 
0.21 

3.21 
0.61 
0.31 
0.06 

(I The weights of  the tissues are given in the text 

tissues. The approximate wet weight averages for the 
cornea, iris, aqueous humor, and lens in the current studies 
were 70,25,300, and 300 mg, respectively. 

The relative disposition of propranolol in the various 
ocular tissues also was different than that of pilocarpine. 
There was a sixfold difference in peak concentration be- 
tween the iris and the aqueous humor for propranolol, 
whereas the two tissues were virtually identical with pi- 
locarpine (3). Furthermore, the penetration into the lens 
relative to other ocular tissues was greater for propranolol 
than for pilocarpine. Propranolol is known to act as a local 
anesthetic and as such may influence membrane perme- 
ability. It is unclear whether the differences in tissue dis- 
tribution for propranolol and pilocarpine can be ascribed 
wholly, or in part, to this effect. 

Arch. Ophthalmol., 96,1003 (1978). 
(1) R. L. Radius, G. R. Diamond, I. P. Pollack, and M. E. Langham, 

(2) J .  W. Sieg and J. R. Robinson, J .  Pharrn. Sci., 65,1816 (1976). 
(3) M. C. Makoid and J. R. Robinson, ibid., 68,435 (1979). 
(4) D. G. Shand, E. M. Nuckolls, and J. A. Oates, Clin. Pharmacol. 

(5) J. W. Sieg, M. C. Makoid, and J. R. Robinson, J. Pharm. Sci., 65, 
Ther., 11,112 (1970). 
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Comparative In Vitro and In Vivo 
Antifungal Activity of 
Tolnaftate and  Various Undecylenates 

~ ~~~~ ~ 
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enates, comparison in uitro and in uiuo 0 Tolnaftate-antifungal activity 
in uitro and in uiuo, comparison with various undecylenates 0 Unde- 
cylenates-antifungal activity in uitro and in uiuo, comparison with 
tolnaftate 

To the Editor: 

Amsel et al. (1) compared the in uitro antifungal activity 
of undecylenic acid and tolnaftate and drew several con- 
clusions. Among these conclusions were: ( a )  the unde- 
cylenate product killed the test organisms more rapidly 
than the tolnaftate-containing product; (b) undecylenates 
possibly are more effective in in uitro killing time than 
tolnaftate alone, and this finding probably applies to the 
commercial powders; and (c) although the concentrations 

Table I-Agar Diffusion Study of Commercial Solutions T and 
Ds  against Three Dermatophytes 

Organism 
Zone Size, mmc 

Contact Time * T D 

T. mentagrophytes 1 min 30 0 
5 min 33 10 

15 rnin 31 11 
30 rnin 33 11 
1 hr 30 12 
4 hr 33 22 

5 min 20 f 
15 rnin 35 f 
30 min 41 f 
1 hr 37 f 
4 hr 38 17 

E. floccosum 1 min 48 0 
5 min 50 0 

15 rnin 46 0 
30 min 50 5 
1 hr 47 10 
4 hr 45 1 0  

T. rubrum 1 min 42 f d 

a Commercial solution T contains 1% tolnaftate; commercial solution D contains 
10% undecylenic acid. * Values between com ounds were statistically significant 
( p  < 0.OOOl) at all time points. Using 6-mm Isk.  These areas showed decreased 
mycelial growth but were not completely free of growth. 

Table 11-Agar Diffusion Study of Tolnaftate, Undecylenic Acid, 
and Zinc Undecylenate against Three Dermatophytes 

~ ~~ 

Zone Size after Incubation 
for 96 hr, mma 

Undecvl- Zinc 
enic Undecyl- 

Tolnaftate AcidC enateC 

Organism Timeb (0.1%) (0.1%) (0.1%) 
Contact Solution Solution Suspension 

T. mentagrophytes 1 min 29 . i d  3 
5 min 34 f 8 

30 rnin 39 13 11 
1 hr 39 18 9 
3 hr 39 27 16 
6 hr 39 30 20 

T.  rubrum 1 min 43 f f 
5 rnin 43 f 9 

30 rnin 44 18 9 
1 hr 47 25 15 
3 hr 47 33 26 
6 hr 47 >35' 28 

M. gypseum 1 min 28 0 0 
5 min 30 f f 

30 min 37 f 6 
1 hr 38 14 f 
3 hr 39 23 17 
6 hr 39 25 20 

a Using 6-mm disk. 

Too near edge of plate. 

Values between tolnaftate and undecylenates were statis- 
tically significant (p < 0.OOOl) at each time point. Average of two disks. These 
areas showed decreased mycelial growth but were not completely free of growth. 

of active ingredients varied in the commercial products 
tested, the undecylenates probably are more effective (as 
determined by killing time) than tolnaftate. 

These conclusions were based on the methods, materials, 
and results of experiments presented in their paper. We 
have several concerns regarding their unusual methodol- 
ogy, and we therefore question their results and conclu- 
sions. We also wish to present in vitro and in uivo data 
using standard methods, which show, in contrast to the 
Amsel et al. (1) report, that tolnaftate is superior to the 
undecylenates. All data were submitted for statistical 
analysis using an appropriate analysis of variance, Dun- 
can's multiple statistic test, and Fisher's exact test (2). 

Our criticisms of the Amsel et al. (1) report are as fol- 
lows: 

0022-3549/80/ 0600-0739$0 1.OOf 0 
@ 1980. American Pharmaceutical Association 

Journal of Pharmaceutical Sciences f 739 
Vol. 69, No. 6, June 1980 



Table 111-In Vitro Activity of Tolnaftate, Undecylenic Acid, and Zinc Undecylenate against Six Fungi in Sabouraud Dextrose Broth 

Organism 

Minimal Inhibitory Concentration, pg/ml 
Tolnaftate Undecylenic Acidb Zinc Undecylenaten 

48 hr" 12 hrc 48 hr 72 hr 48 hr 12 hr .- ... ~~ ~~~ 

M .  canis 0.055 0.3 7.5 7.5 7.5 7.5 
M. gypseurn 0.055 0.055 7.5 7.5 1.5 > 1 0 e  

T mentagrophytes <1.0d <1.0 8.5 8.5 - - 
E. floccosurn <1.0 <1.0 8.5 8.5 - - 
A. niger 0.055 0.3 >10 >10 >10 >10 

T. rubrum 0.055 0.055 3.75 7.5 3.15 1.5 

Suspension in ethanol. Solution in ethanol. Values between tolnaftate and undecylenates were statistically significant ( p  < 0.0001) at 48 and 72 hr. d Lower levels 
not tested. Higher levels not tested. 

Table IV-Effect of Commercial Powders A * and C * against Topical T. mentagrophytes Infection in Guinea Pigs * 
Percentage of Average Average Time until 

Cultures Negative Lesion Score Animals Became Negative 
Number During After During After Number 

of Treatment Treatment Treatment Treatment of 
Compound Animals (10 days) (7 days) (10 days) (7 days) Animals DayC 

Commercial powder A 7 lOOd 1OOe 16.41 3.98 7 2 h  
Commercial powder C 7 0 33 18.2 6.1 4 15.5 

3 >17 
Commercial talc 7 0 29 19.1 7.9 4 16 

3 >17 
Untreated 5 0 7 18.1 7.0 1 17 

4 >17 
~ ~ ~ ~ ~ ~~ ~ ~ ~ ~~~ 

Commercial powder A contains 1% tolnaftate; commercial powder C contains 10% calcium undecylenate. Treatment twice dail for 10 days. First day of culture 
was Day 2. Statistically significant (p < 0.002). Statistically significant until Day 15 (p < 0.05). f Not statistically different. g &atistically significant (p  < 0.05). 
h Statistically significant ( p  < 0.002). 

1. Standard procedures for determination of the mini- 
mum fungicidal concentration in broth or agar were not 
used. In addition, the minimum inhibitory concentration 
for the various preparations used was not given for the test 
organisms, and the killing time results showed tremendous 
variation (up to 50%). If this new method is more repro- 
ducible than standard ones, all replicates should be the 
same since death was used as the end-point. 

2. Tolnaftate was used as a suspension even though it 
is readily soluble (polyethylene glycol 400 or acetone) and 
solutions give more reproducible results than suspensions. 
In addition, the use of commercial powder A' as an aque- 
ous suspension clearly is a weakly active mode of applica- 
tion that was never intended. 

3. Polysorbate 20 is a surfactant used for emulsification, 
dispersion, and solubilization of lipids. Therefore, use of 
this substance makes the undecylenates more bioavailable 
since they are fatty acids, but it certainly is not useful for 
tolnaftate. 

4. No evidence is presented that the complex rinsing 
solution and the washing procedure (only three washes) 
used for 2% undecylenic acid and 1% tolnaftate (where no 
differences were seen between the two drugs) were suffi- 
cient to wash out both the 20% zinc undecylenate and 2% 
undecylenic acid in commercial powder D2 (in contrast to 
the 1% tolnaftate in commercial powder A) to bring the 
concentration below the minimum inhibitory concentra- 
tion. 

5. The mycelium remained in the first wash for 1 hr, 
thereby increasing contact time with the drugs. This sit- 
uation gives an advantage to the less potent drug. 

6. In their Table IV, where clinical isolates were used, 
differences were significant only one of 15 times. In Table 

11, seven of 15 contacts were significant. Nevertheless, the 
authors claimed that the results again were essentially 
equivalent. Furthermore, Amsel et al. made their con- 
clusion on a "global basis" based on six organisms tested 
in uitro. 

We compared commercial solution D (Lot 18048, May 
1980) with commercial solution T3 (Lot 7AKU2, April 
1982) in a conventional agar diffusion study (3). In our 
studies, 5 p1 of each solution was pipetted onto disks that 
had been placed on 23 X 23-cm plastic plates containing 
Sabouraud dextrose agar seeded with Trichophyton ru- 
brum, T. mentagrophytes, and Epidermophyton flocco- 
sum (clinical isolates). Fungi were grown in Sabouraud 
dextrose broth on a rotary shaker a t  28". After 72 hr, the 
mycelia were ground into a homogeneous suspension4. 
Four milliliters of the suspension was added to 200 ml of 
agar and shaken, and the agar was poured and allowed to 
harden. Disks were removed after 1,5,15, and 30 min and 
1 and 4 hr, and the plates were incubated a t  28". Activity 
(measured as zone sizes of inhibition in millimeters) 
against T. mentagrophytes was measured after 72 hr; 
against T. rubrum and E. floccosum, it was measured after 
6 days. With all three organisms and a t  all times, the T 
solution gave much larger zones of inhibition than the D 
solution, even after only 1 min of contact (Table I). These 
differences all were highly significant. 

We also compared tolnaftate (USP M.I. No. P-03411) 
to undecylenic acid (M.I. No. P-07413) and zinc unde- 
cylenate5 (Lot 473343) in minimum inhibitory concen- 
tration and agar diffusion test systems against Micro- 
sporum canis, M.  gypseum, T. rubrum, T. mentagro- 
phytes,  E.  floccosum, and Aspergillus niger (clinical iso- 
lates). Methods for the agar diffusion tests were as already 

1 Aftate (contains 1% tolnaftate), Plough Corp., Memphis, Tenn. 
Desenex (contains 10% undecylenic acid), Pharmacraft, Pennwalt Corp.. 

Rochester, N.Y. 

Tinactin (contains 1% tolnaftate), Schering Corp., Kenilworth, N.J. 
A Brinkmann Polytron was used. 

5 City Chemical Corp., New York, N.Y. 
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described with several exceptions. The compounds were 
solubilized or suspended in acetone (0.1%). Paper disks 
were dipped into the acetone solution or suspensions, al- 
lowed to dry, and then placed on the agar. Disks were re- 
moved after 1,5, and 30 min and 1,3, and 6 hr, and zone 
sizes were measured after incubation for 96 hr. As in the 
previous experiment, tolnaftate gave larger zones of inhi- 
bition than undecylenic acid and zinc undecylenate, even 
after only 1 min of contact (Table 11). These differences 
again were highly significant, with the greatest differences 
occurring at the early time points. 

The minimum inhibitory concentration was obtained 
in the conventional manner (2) using Sabouraud dextrose 
broth (Table 111). Tolnaftate again was far more active 
than the two undecylenates in this second model of in vitro 
testing. The minimum inhibitory concentration values for 
tolnaftate all were <1.0 pg/ml, while the values for the 
undecylenates ranged from 7.5 to >10 pg/ml after 72 hr of 
incubation. These differences again were highly signifi- 
cant. 

Since our data indicated in vitro superiority for tol- 
naftate over undecylenates and since efficacy in vivo cer- 
tainly is more meaningful, it  was of interest to determine 
if this superiority would be seen with formulated material. 
Results of a double-blind study comparing commercial 
powder A (Lot 7A503), commercial powder C6 (Lot 14765), 
and commercial talc (USP M.I. No. N-03294) against a 
topical T. mentagrophytes infection in guinea pigs are 
shown in Table IV. Treatment was topical (powder liber- 
ally sprinkled on infected area) twice daily for 10 days. 
Hair and scales were removed from the infection site and 
plated onto Mycosel agar every other day. In addition, 
animals were scored for lesion appearance every day. 

Procedures for establishing, culturing, and scoring the 
infection were described previously (4). All animals treated 
with commercial powder A were negative (as measured by 
lack of growth of the infecting organisms) throughout the 
treatment period (first culture taken after 2 days of 
treatment), and all remained negative up to 7 days post- 
treatment, a t  which time the experiment was terminated. 
These results were highly significant when compared with 
commercial powder C. Culture results seen with com- 
mercial powder C were similar to those seen with the talc 
controls. During treatment, all animals treated with 
commercial powder C remained positive; after treatment, 
33% of the cultures obtained from animals treated with 
commercial powder C and 29% from animals treated with 
talc were negative. In both groups, no negative cultures 
were obtained until 15 days after treatment began. In ad- 
dition, the average lesion scores both during and after 
treatment were lower with commercial powder A than with 
commercial powder C, and there was no statistical differ- 
ence between commercial powder C and untreated con- 
trols. 

Our results with this guinea pig model are similar to 
those reported by other investigators using similar pro- 
cedures (5). In those experiments, 1% tolnaftate powder 
was compared to commercial powder D to determine the 
activity of both substances as prophylactic agents. The 
results showed that 1% tolnaftate powder was far more 
effective than commercial powder D. 

Cruex (contains lo?& calcium undecylenate), Pharmacraft, Pennwalt Corp., 
Rochester, N.Y. 

In the 15 years since the guinea pig model was described, 
the relationship between this model and clinical effec- 
tiveness has been demonstrated for many antifungal 
agents. Tolnaftate (4), clotrimazole (6), and miconazole 
(7) all were very active in the guinea pig model, and all are 
presently recommended for clinical use against dermato- 
phytes (8). 

Our in vitro and in vivo data obtained following con- 
ventional testing methodology clearly indicate that tol- 
naftate, commercial solution T,  and commercial powder 
A are far more active than undecylenic acid, zinc unde- 
cylenate, commercial powder C, and commercial solution 
D. 

(1) L. P. Amsel, L. Cravitz, R. VanderWyk, and S. Zahry, J. Pharrn. 

(2) B. J. Winer, “Statistical Principles in Experimental Design,” 

(3) A. I. Barry, in “Infectious Diseases,” 2nd ed., P. D. Hoeprich, Ed., 

(4) M. J. Weinstein, E. M. Oden, and E. L. Moss, Jr., Antirnicrob. 

(5) J. A. Waitz and E. L. Moss, Jr., Chemotherapy, 14,170 (1969). 
(6) J. A. Waitz, E. L. Moss, Jr., and M. J. Weinstein, Appl .  Microbiol., 

(7) J. M. VanCutsem and D. Thienpoint, chemotherapy, 17, 392 

(8) Med. Lett., 18, 101 (1976). 

Sci., 68,384 (1979). 

McGraw-Hill, New York, N.Y., 1962. 

Harper & Row, New York, N.Y., 1977. 

Agents Chemother., 1964,595 (1965). 

22,891 (1971). 

(1972). 
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To the Editor: 

When different groups of scientists perform studies 
using differing techniques, one may expect somewhat 
different results, as evidenced by the work of Amsel et al. 
(1) and Loebenberg et al. ( 2 ) .  A rebuttal to the Loebenberg 
et al. communication ( 2 )  is clearly in order. The stress of 
Loebenberg et al. on our “unusual” methodology seems 
to hint that the use of a new or nonstandard method may 
be unacceptable. Our method (1) was reproducible by 
different investigators, rapid, and equivalent to older 
“standard” methods. 

The following comments are presented in reply to the 
criticisms of Loebenberg et al. (2). 

1 .  Their comment that minimum fungicidal concen- 
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described with several exceptions. The compounds were 
solubilized or suspended in acetone (0.1%). Paper disks 
were dipped into the acetone solution or suspensions, al- 
lowed to dry, and then placed on the agar. Disks were re- 
moved after 1,5, and 30 min and 1,3, and 6 hr, and zone 
sizes were measured after incubation for 96 hr. As in the 
previous experiment, tolnaftate gave larger zones of inhi- 
bition than undecylenic acid and zinc undecylenate, even 
after only 1 min of contact (Table 11). These differences 
again were highly significant, with the greatest differences 
occurring at the early time points. 

The minimum inhibitory concentration was obtained 
in the conventional manner (2) using Sabouraud dextrose 
broth (Table 111). Tolnaftate again was far more active 
than the two undecylenates in this second model of in vitro 
testing. The minimum inhibitory concentration values for 
tolnaftate all were <1.0 pg/ml, while the values for the 
undecylenates ranged from 7.5 to >10 pg/ml after 72 hr of 
incubation. These differences again were highly signifi- 
cant. 

Since our data indicated in vitro superiority for tol- 
naftate over undecylenates and since efficacy in vivo cer- 
tainly is more meaningful, it  was of interest to determine 
if this superiority would be seen with formulated material. 
Results of a double-blind study comparing commercial 
powder A (Lot 7A503), commercial powder C6 (Lot 14765), 
and commercial talc (USP M.I. No. N-03294) against a 
topical T. mentagrophytes infection in guinea pigs are 
shown in Table IV. Treatment was topical (powder liber- 
ally sprinkled on infected area) twice daily for 10 days. 
Hair and scales were removed from the infection site and 
plated onto Mycosel agar every other day. In addition, 
animals were scored for lesion appearance every day. 

Procedures for establishing, culturing, and scoring the 
infection were described previously (4). All animals treated 
with commercial powder A were negative (as measured by 
lack of growth of the infecting organisms) throughout the 
treatment period (first culture taken after 2 days of 
treatment), and all remained negative up to 7 days post- 
treatment, a t  which time the experiment was terminated. 
These results were highly significant when compared with 
commercial powder C. Culture results seen with com- 
mercial powder C were similar to those seen with the talc 
controls. During treatment, all animals treated with 
commercial powder C remained positive; after treatment, 
33% of the cultures obtained from animals treated with 
commercial powder C and 29% from animals treated with 
talc were negative. In both groups, no negative cultures 
were obtained until 15 days after treatment began. In ad- 
dition, the average lesion scores both during and after 
treatment were lower with commercial powder A than with 
commercial powder C, and there was no statistical differ- 
ence between commercial powder C and untreated con- 
trols. 

Our results with this guinea pig model are similar to 
those reported by other investigators using similar pro- 
cedures (5). In those experiments, 1% tolnaftate powder 
was compared to commercial powder D to determine the 
activity of both substances as prophylactic agents. The 
results showed that 1% tolnaftate powder was far more 
effective than commercial powder D. 

Cruex (contains lo?& calcium undecylenate), Pharmacraft, Pennwalt Corp., 
Rochester, N.Y. 

In the 15 years since the guinea pig model was described, 
the relationship between this model and clinical effec- 
tiveness has been demonstrated for many antifungal 
agents. Tolnaftate (4), clotrimazole (6), and miconazole 
(7) all were very active in the guinea pig model, and all are 
presently recommended for clinical use against dermato- 
phytes (8). 

Our in vitro and in vivo data obtained following con- 
ventional testing methodology clearly indicate that tol- 
naftate, commercial solution T,  and commercial powder 
A are far more active than undecylenic acid, zinc unde- 
cylenate, commercial powder C, and commercial solution 
D. 
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To the Editor: 

When different groups of scientists perform studies 
using differing techniques, one may expect somewhat 
different results, as evidenced by the work of Amsel et al. 
(1) and Loebenberg et al. ( 2 ) .  A rebuttal to the Loebenberg 
et al. communication ( 2 )  is clearly in order. The stress of 
Loebenberg et al. on our “unusual” methodology seems 
to hint that the use of a new or nonstandard method may 
be unacceptable. Our method (1) was reproducible by 
different investigators, rapid, and equivalent to older 
“standard” methods. 

The following comments are presented in reply to the 
criticisms of Loebenberg et al. (2). 

1 .  Their comment that minimum fungicidal concen- 
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trations as well as minimum inhibitory concentrations for 
products used were not presented is irrelevant. Our pur- 
pose was not to compare the potency of undecylenic acid 
and tolnaftate (studied at  20-21O) but rather to show dif- 
ferences in their activity (i.e., killing time). 

2. Loebenberg et al. (2) questioned the use of suspen- 
sions uersus solutions. Suspensions of active ingredients 
as well as finished products were used to eliminate, as 
much as possible, problems that frequently occur in in 
uitro testing (e.g. ,  differences in diffusion due to different 
vehicles). Thus, the use of polyethylene glycol 400 as a 
solvent for tolnaftate and of ethanol for undecylenic acid 
(both would be in solution) was, in our opinion, less justi- 
fied and might have introduced more error into the results 
than the use of an aqueous suspension for both. Diffusional 
differences due to the solvent could well overshadow any 
antifungal action. Also, an “in-use” condition would be 
mimicked most closely by having the products in aqueous 
suspension (as might be expected in the humid cutaneous 
environment). 

3. Certainly no claim for “more bioavailability” of un- 
decylenic acid over tolnaftate was made based on an in 
uitro study (l), as suggested by Loebenberg et  al. (2). We 
are unaware of any selectivity of polysorbate in aiding 
dispersion or wetting of any particular product. 

4. Preliminary experimentation indicated that rinsing 
in simple peptone solution did not remove all active drug 
from the cultures. To ensure complete removal of the ac- 
tive ingredients, the rinsing solutions and procedures de- 
scribed (1) were utilized. 

5. I t  appears to us that if the contact time between the 
drug and organism were increased, any benefit would be 
reaped by both compounds and not by one exclusively. The 
longest contact time was 240 min. 

6. Loebenberg et al. (2) noted wide variation in our re- 
sults (1). Although the differences in Table IV are less 
often significant, the trend is in the same direction as in 
Table 11. Statistical procedures were employed and pre- 
sented to substantiate the conclusions. 

While Loebenberg et al. (2) criticized our use of sus- 
pensions of commercial powders1>2, they did not present 
data on these commercial powders to refute our i n  uitro 
results. Instead, they compared  solution^^.^ in uitro. The 
vehicles of these products differ markedly (propanol and 
polyethylene glycol 400, respectively). Therefore, we used 
an‘aqueous powder suspension to eliminate vehicle dif- 
ferences and, hence, possible differences in diffusion. Even 
though lower minimum inhibitory concentrations were 
noted for tolnaftate, concentration obviously is not the sole 
criterion of an effective drug. 

The introduction by Loebenberg et al. (2) of a guinea 
pig study into a discussion of in uitro results is perplexing; 
here, also, different commercial products were com- 
~ a r e d ~ . ~ .  Loebenberg et  nl. (2) noted that the average lesion 
score for one product2 (16.4) was lower than that for the 
other4 (18.2). Whether a difference in scores of 1.8 is sig- 
nificant or of clinical importance is doubtful. Moreover, 
the guinea pig test system referred to (3) is of limited use. 
Weinstein et al. (3) noted that the system “can have sug- 

’ Desenex. 
Aftate. 
Tinactin. 
Cruex. 

gestive value only” and that: “The absolute relationship 
between guinea pig efficacy and clinical utility in acute and 
particularly chronic human infections has not been es- 
tablished.” These investigators (3) also noted that the in 
uiuo test can act only as a guide to suggest possible clinical 
usefulness. 

(1) L. P. Amsel, L. Cravitz, R. VanderWyk, and S. Zahry, J .  Pharrn. 
Sci., 68,384 (1979). 

(2) D. Loebenberg, R. Parmegiani, M. Hanks, and J. A. Waitz, ibid., 
69,739 (1980). 

(3) M. J. Weinstein, E. M. Oden, and E. L. Moss, Antirnicrob. Agents 
Chernother., 1964,595 (1965). 
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To the Editor: 

The general problem of hygroscopicity of soluble com- 
pounds has been defined (1,2) and was reviewed recently 
(3). However, the hygroscopicity of poorly soluble com- 
pounds has attracted little attention. El-Sabaawi and Pei 
(4) showed that a correlation exists between pore structure 
and equilibrium moisture content for insoluble substances. 
This report extends this principle to insoluble substances 
with log-normally distributed pore spaces and shows that 
the equilibrium moisture curves obtained are of a tradi- 
tional contour. It is presumed that this principle also ex- 
tends to poorly soluble substances, as defined in the 
USP. 

A liquid with zero contact angle exerts a vapor pressure 
when confined in a capillary pore of diameter d which is 
given by the modified Kelvin equation (5 ) :  

In(P/P*) = -4yV/[RT(d - t ) ]  (Eq. 1) 

where P is the vapor pressure over the liquid in the pore, 
P* is the vapor pressure of pure water at  the given tem- 
perature T ,  y is the interfacial tension between the solid 
and liquid (water), V is the molar volume of the liquid 
(water), R is the gas constant, and t is the correction factor 
for the sorbed layer in the pore. 

For the purpose of the example and for simplicity, t is 
neglected in the following equation, so Eq. 1 becomes: 

ln(P/P)  = -4yVfRTd (Eq. 2) 

The hygroscopicity of a compound or powder mixture 
often is studied by means of equilibrium moisture curves. 
To obtain these curves, a given amount ( Wo, expressed in 
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trations as well as minimum inhibitory concentrations for 
products used were not presented is irrelevant. Our pur- 
pose was not to compare the potency of undecylenic acid 
and tolnaftate (studied at  20-21O) but rather to show dif- 
ferences in their activity (i.e., killing time). 

2. Loebenberg et al. (2) questioned the use of suspen- 
sions uersus solutions. Suspensions of active ingredients 
as well as finished products were used to eliminate, as 
much as possible, problems that frequently occur in in 
uitro testing (e.g. ,  differences in diffusion due to different 
vehicles). Thus, the use of polyethylene glycol 400 as a 
solvent for tolnaftate and of ethanol for undecylenic acid 
(both would be in solution) was, in our opinion, less justi- 
fied and might have introduced more error into the results 
than the use of an aqueous suspension for both. Diffusional 
differences due to the solvent could well overshadow any 
antifungal action. Also, an “in-use” condition would be 
mimicked most closely by having the products in aqueous 
suspension (as might be expected in the humid cutaneous 
environment). 

3. Certainly no claim for “more bioavailability” of un- 
decylenic acid over tolnaftate was made based on an in 
uitro study (l), as suggested by Loebenberg et  al. (2). We 
are unaware of any selectivity of polysorbate in aiding 
dispersion or wetting of any particular product. 

4. Preliminary experimentation indicated that rinsing 
in simple peptone solution did not remove all active drug 
from the cultures. To ensure complete removal of the ac- 
tive ingredients, the rinsing solutions and procedures de- 
scribed (1) were utilized. 

5. I t  appears to us that if the contact time between the 
drug and organism were increased, any benefit would be 
reaped by both compounds and not by one exclusively. The 
longest contact time was 240 min. 

6. Loebenberg et al. (2) noted wide variation in our re- 
sults (1). Although the differences in Table IV are less 
often significant, the trend is in the same direction as in 
Table 11. Statistical procedures were employed and pre- 
sented to substantiate the conclusions. 

While Loebenberg et al. (2) criticized our use of sus- 
pensions of commercial powders1>2, they did not present 
data on these commercial powders to refute our i n  uitro 
results. Instead, they compared  solution^^.^ in uitro. The 
vehicles of these products differ markedly (propanol and 
polyethylene glycol 400, respectively). Therefore, we used 
an‘aqueous powder suspension to eliminate vehicle dif- 
ferences and, hence, possible differences in diffusion. Even 
though lower minimum inhibitory concentrations were 
noted for tolnaftate, concentration obviously is not the sole 
criterion of an effective drug. 

The introduction by Loebenberg et al. (2) of a guinea 
pig study into a discussion of in uitro results is perplexing; 
here, also, different commercial products were com- 
~ a r e d ~ . ~ .  Loebenberg et  nl. (2) noted that the average lesion 
score for one product2 (16.4) was lower than that for the 
other4 (18.2). Whether a difference in scores of 1.8 is sig- 
nificant or of clinical importance is doubtful. Moreover, 
the guinea pig test system referred to (3) is of limited use. 
Weinstein et al. (3) noted that the system “can have sug- 

’ Desenex. 
Aftate. 
Tinactin. 
Cruex. 

gestive value only” and that: “The absolute relationship 
between guinea pig efficacy and clinical utility in acute and 
particularly chronic human infections has not been es- 
tablished.” These investigators (3) also noted that the in 
uiuo test can act only as a guide to suggest possible clinical 
usefulness. 
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To the Editor: 

The general problem of hygroscopicity of soluble com- 
pounds has been defined (1,2) and was reviewed recently 
(3). However, the hygroscopicity of poorly soluble com- 
pounds has attracted little attention. El-Sabaawi and Pei 
(4) showed that a correlation exists between pore structure 
and equilibrium moisture content for insoluble substances. 
This report extends this principle to insoluble substances 
with log-normally distributed pore spaces and shows that 
the equilibrium moisture curves obtained are of a tradi- 
tional contour. It is presumed that this principle also ex- 
tends to poorly soluble substances, as defined in the 
USP. 

A liquid with zero contact angle exerts a vapor pressure 
when confined in a capillary pore of diameter d which is 
given by the modified Kelvin equation (5 ) :  

In(P/P*) = -4yV/[RT(d - t ) ]  (Eq. 1) 

where P is the vapor pressure over the liquid in the pore, 
P* is the vapor pressure of pure water at  the given tem- 
perature T ,  y is the interfacial tension between the solid 
and liquid (water), V is the molar volume of the liquid 
(water), R is the gas constant, and t is the correction factor 
for the sorbed layer in the pore. 

For the purpose of the example and for simplicity, t is 
neglected in the following equation, so Eq. 1 becomes: 

ln(P/P)  = -4yVfRTd (Eq. 2) 

The hygroscopicity of a compound or powder mixture 
often is studied by means of equilibrium moisture curves. 
To obtain these curves, a given amount ( Wo, expressed in 
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Figure 1-Example of  a log-normal pore-size distribution as used in 
Table I .  

grams) of a solid substance is exposed in a desiccator to the 
atmosphere of a saturated salt solution. The relative hu- 
midity of the atmosphere is a function of the particular salt 
used. The experiment is carried out until no more moisture 
is taken up by the solid, i.e., until its weight, Wf, is con- 
stant. The amount x = (Wf - Wo)lOO/Wf is the moisture 
content of the solid corresponding to the relative humidity, 
H ,  in question. The plot of x versus H or of H versus x is 
denoted as the equilibrium moisture curve. An excellent 
example of this type of experiment that allows interpre- 
tation is the work of Sangekar et al. (6). However, usually 
only the apparent kinetics of moisture adsorption are 
studied and only at  one relative humidity (RH). 

For an insoluble substance with known pore-size dis- 
tribution, the equilibrium moisture curve can be deduced 
from this distribution. This distribution gives the volume 
fraction of pores with diameters below a certain size. These 
pores will not allow evaporation of water a t  pressures above 
a P value given by Eq. 2. The volume percent of pores 
(based on the pore volume) can be converted to the volume 
percent of solids since the total pore volume is known. The 
pressure, P ,  can be converted to relative humidity by 
multiplication by lOO/P*. 

This determination is best illustrated by example. Fig- 
ure 1 gives an example of a log-normal pore-size distribu- 
tion with 2% of the pore volume being of diameters below 
0.01 pm and 98% being below 10 pm. If the vapor pressure 
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Figure 2-Equilibrium moisture curve from calculations based on Fig. 
1 and Eq. 3 as shown in Table I .  The upper curve (0) is based on a solids 
density of l.0gfcm3, and the lower curve (0) is based on a solids density 
of 1.25 gIcm3. 

Table I-Calculation of Critical Vapor Pressures from Pore- 
Size Distribution a 

Volume Pore Pore Moisture 
Percent Diameter, P ,  Volumeb, Contentc, 
of Pores Clm torr % % 

2 <0.01 0.0002 0.4 0.62 
11 <0.04 1.24 
16.5 <0.063 3.78 
24 <0.1 7.62 

2.2 3.32 
3.3 4.90 
4.8 6.98 

45 <0.25 15.6 9 12.3 
75 < L O  22.4 15 19.0 

~ ~~ ~ ~ ~ 

n Calculated from Fig. 1 and Q. 3. * Assuming 1 cm3 of pored5 cm3 of solid. 
C Using a true solids density of 1.25 ghm3 and unit density for water. 

above a pore of diameter 10 pm is 25 torr and the vapor 
pressure of water a t  the temperature in question is 25.3 
torr, then it follows from Eq. 2 that: 

ln(P/25.3) = -0.12/d (Eq. 3)  

where P is expressed in torr and d is expressed in mi- 
crometers. 

A selected number of diameters calculated according to 
Eq. 3 are shown in Table 1. The first column gives the 
volume percent of pores below the diameter shown in the 
second column. The vapor pressure corresponding to this 
diameter is calculated according to Eq. 3 and is shown in 
the third column. If the overall porosity is 2076, i.e., if there 
is 1 cm3 of pore space in 5 cm3 of solid volume (i.e., 4 cm3 
of actual solid), then the percent of pore volume is as shown 
in the fourth column. This value is converted to percent 
moisture content as follows. If, as shown in line 2 of Table 
I, there is 2.2% of pore volume below 1.24 torr and if the 
solid has a true density of p, then the amount of solid (4 
cm3) is (4 /p )  g and the amount of water is 11% of 1 cm3 (1 
g), i e . ,  0.11 g. Hence, the percent of moisture is 11/[(4/p) 

Figures calculated €or a value of p = 1.25 g/cm3 are 
shown in the fifth column of Table I and in Fig. 2. Figure 
3 is an example taken from the literature (6). The slightly 
sigmoid nature of the curve in Fig. 2 may not be present in 
data reported in the literature since, in most cases, the 
equilibrium moisture curves are not precise below -35% 
RH. Furthermore, for the example in Fig. 2, if the solid in 
a somewhat moist state was prepared for the experiment 

+ 0.111. 

>- be 80 I/// 
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Figure 3-Curues from Ref. 6 for EIBDl (0) (dibasic calcium phosphate 
dihydrate), E&D3 (01, and E 5 D z  (a). 
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by drying at  26’ at a pressure of >3 torr (13% RH) or the 
equivalent at a higher temperature, then only the last five 
points would be involved and the shape would lose the 
initial sigmoid nature. 

These comments are confined to situations where no 
gross swelling or pore-size distortion occurs during mois- 
ture uptake (7, 8). Furthermore, the solubility must be 
sufficiently low so that no significant volume changes or 
vapor pressure changes can result from dissolution. 

(1) J. T. Carstensen, “Pharmaceutics of Solids and Solid Dosage 
Forms,” Wiley, New York, N.Y., 1977, p. 15. 
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To the Editor: 

Rectal drug administration has the potential of over- 
coming some limitations encountered with other dosage 
forms. In this communication, we report that the rectal 
absorption of many drugs is facilitated markedly in the 
presence of certain adjuvants. 

Although specific su.rfactants were shown to promote 
drug absorption from the rectum (l), their use seems to 
damage the rectal mucosa, reducing their suitability as 
absorption promoters. The adjuvants described in this 
report appear to function differently. 

These observations were made using an in situ perfusion 
method of the rectum similar to that reported by Crom- 
melin et al. (2). Six milliliters of drug solution was circu- 
lated at a rate of 2 ml/min at 38’ through an -2-cm section 
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Figure 1-Percent loss of salicylate or its acidic form (--0--) and 
theophylline (-0- and -A-) after 1 hr from the perfusate in the 
rat rectum. Initial concentrations were 0.5% sodium salicylate (-- @-), 
0.5% sodium salicylate and 200 pg of theophyllinehl (--O--), and 200 
pg of theophyllinelml ( - - - ) .  

of the rectum of male Sprague-Dawley rats weighing 
275-300 g. The amount of drug remaining in the perfusate 
was analyzed by high-pressure liquid chromatography as 
a function of time. Blood levels also were measured in 
blood samples taken from a vein in the leg of a rat. 

Figure 1 shows the effect of salicylate a t  various pH 
values on the disappearance of theophylline from the 
perfusate in the rat rectum after 60 min of perfusion. The 
loss of theophylline from the perfusate in the absence of 
salicylic acid or salicylate was small a t  all pH values. 
However, in the presence of 0.5% salicylate a t  various pH 
values, the disappearance of theophylline was enhanced 
greatly, especially below pH 5 and above pH 7.4. 

As shown in Fig. 1, the loss of theophylline paralleled the 
loss of salicylate from the perfusing solution; the greater 
the disappearance of salicylate from the perfusate, the 
greater was the loss of theophylline. Furthermore, contrary 
to the situation with some surfactants, the promotive effect 
of salicylate did not reflect a permanent change in the 
rectal membrane, because the effect of salicylate was 
eliminated by washing the rectum with buffer for 5 min at 
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Figure 2-Effect of p H  and salicylate on the disappearance of lidocaine 
hydrochloride from a perfusate in the rat rectum after 1 hr. The initial 
lidocaine hydrochloride concentration was 500 p g l m l ( 0  and O),  and 
the sodium salicylate concentration was 0.5% (0). 
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by drying at  26’ at a pressure of >3 torr (13% RH) or the 
equivalent at a higher temperature, then only the last five 
points would be involved and the shape would lose the 
initial sigmoid nature. 

These comments are confined to situations where no 
gross swelling or pore-size distortion occurs during mois- 
ture uptake (7, 8). Furthermore, the solubility must be 
sufficiently low so that no significant volume changes or 
vapor pressure changes can result from dissolution. 
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To the Editor: 

Rectal drug administration has the potential of over- 
coming some limitations encountered with other dosage 
forms. In this communication, we report that the rectal 
absorption of many drugs is facilitated markedly in the 
presence of certain adjuvants. 

Although specific su.rfactants were shown to promote 
drug absorption from the rectum (l), their use seems to 
damage the rectal mucosa, reducing their suitability as 
absorption promoters. The adjuvants described in this 
report appear to function differently. 

These observations were made using an in situ perfusion 
method of the rectum similar to that reported by Crom- 
melin et al. (2). Six milliliters of drug solution was circu- 
lated at a rate of 2 ml/min at 38’ through an -2-cm section 
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Figure 1-Percent loss of salicylate or its acidic form (--0--) and 
theophylline (-0- and -A-) after 1 hr from the perfusate in the 
rat rectum. Initial concentrations were 0.5% sodium salicylate (-- @-), 
0.5% sodium salicylate and 200 pg of theophyllinehl (--O--), and 200 
pg of theophyllinelml ( - - - ) .  

of the rectum of male Sprague-Dawley rats weighing 
275-300 g. The amount of drug remaining in the perfusate 
was analyzed by high-pressure liquid chromatography as 
a function of time. Blood levels also were measured in 
blood samples taken from a vein in the leg of a rat. 

Figure 1 shows the effect of salicylate a t  various pH 
values on the disappearance of theophylline from the 
perfusate in the rat rectum after 60 min of perfusion. The 
loss of theophylline from the perfusate in the absence of 
salicylic acid or salicylate was small a t  all pH values. 
However, in the presence of 0.5% salicylate a t  various pH 
values, the disappearance of theophylline was enhanced 
greatly, especially below pH 5 and above pH 7.4. 

As shown in Fig. 1, the loss of theophylline paralleled the 
loss of salicylate from the perfusing solution; the greater 
the disappearance of salicylate from the perfusate, the 
greater was the loss of theophylline. Furthermore, contrary 
to the situation with some surfactants, the promotive effect 
of salicylate did not reflect a permanent change in the 
rectal membrane, because the effect of salicylate was 
eliminated by washing the rectum with buffer for 5 min at 
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Figure 2-Effect of p H  and salicylate on the disappearance of lidocaine 
hydrochloride from a perfusate in the rat rectum after 1 hr. The initial 
lidocaine hydrochloride concentration was 500 p g l m l ( 0  and O),  and 
the sodium salicylate concentration was 0.5% (0). 
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a rate of 2 ml/min after pretreatment with salicylate; the 
effect of pretreatment with sodium lauryl sulfate was not 
eliminated by washing. 

After rectal administration of 0.3 ml of theophylline 
solution (pH 7.4, 15 mg/ml) in the presence of salicylate 
(15 mg/ml), the blood levels of theophylline and salicylate 
increased rapidly and simultaneously, reaching maximum 
levels (41.2 & 15.9 pg/ml for theophylline and 41.1 f 14.3 
pg/ml for salicylate; n = 6) 30 min after administration. 
The amounts of theophylline and salicylate remaining in 
the solution were 25.6 f 4.7 and 30.3 f 7.2%, respectively. 
Without salicylate, maximum blood levels of theophylline 
were <5 pg/ml ( n  = 6). 

The presence of salicylate in the perfusate (pH 4.5 or 5.0) 
also enhanced the disappearance of lidocaine, which is a 
basic drug and is not absorbed below pH 6.0, from the 
perfusate in the rat rectum. The effects of salicylate on the 
disappearance of lidocaine at various pH values are pre- 
sented in Fig. 2. Thirty minutes after rectal administration 
of 0.3 ml of lidocaine solution (pH 4.5, 15 mg/ml) in the 
presence of salicylate (15 mg/ml), lidocaine and salicylate 
reached maximum levels in the blood (43.3 f 4.7 pg/ml for 
lidocaine and 48.5 f 6.9 pg/ml for salicylate; n = 6). 

These results indicate that salicylate and/or its acidic 
form markedly enhance the absorption of various com- 
pounds from the rectum. This effect appears to be general 
for other drugs including cefmetazole and levodopa. Fur- 
thermore, three isomers of sodium dihydroxybenzoate 
(3,4-, 2,5-, and 3,5-dihydroxybenzoates) and homovanillic 
acid were studied as adjuvants and found to enhance the 
rectal absorption of both theophylline and lidocaine. These 
and similar compounds have significant potential as ad- 
juvants for enhancing rectal drug absorption. Studies are 
continuing on the mechanism of their action, 

(1) Y. Nishioka and T. Kawamura, Yakuzaigaku, 37,88 (1977). 
( 2 )  D. J. A. Crommelin, J. Modderkolk, and C. J. deBlaey, Int. J .  
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Kinetic Characterization of Liposomes 

benzoate in liposomal suspensions and compared it with 
spontaneous hydrolysis in aqueous bulk solutions (3,4). 
The base-catalyzed hydrolysis of procaine was retarded 
by liposomes; with 2-diethylaminoethyl p-nitrobenzoate, 
both retardation and enhancement were observed, de- 
pending on the pH of the dispersed medium. 

These ester degradations followed first-order kinetics 
in the liposomal suspension as well as in the corresponding 
aqueous bulk solution, regardless of whether retardation 
or enhancement was observed. This finding indicates that 
the substrates added in the liposomal medium partitioned 
into the lipid phase at  so fast a rate that it was undetect- 
able, and this partitioning was followed by quasi-first- 
order degradation, which can be represented by the first- 
order rate constants defined in the aqueous bulk and lipid 
phases. Consequently, the partition model was applicable . 
for degradation of these esters. 

This communication discusses the base-catalyzed hy- 
drolysis of p -nitrophenyl acetate in liposomal suspensions. 
This compound frequently is used as a substrate in studies 
of micellar catalysis (5,6) and of esterase activity of bovine 
serum albumin and human serum albumin (7,8). 

Figure 1 indicates that the reaction followed first-order 
kinetics with the ester remaining in the aqueous solution. 
The reaction clearly was not a continuous process in lipo- 
soma1 suspensions. I t  was enhanced in the early stage and 
proceeded in a manner parallel to the spontaneous deg- 
radation. The degradation rate was dependent on the 
lecithin concentration; the more lecithin that was present, 
the faster was the hydrolysis. Furthermore, enhancement 
was accelerated more in the unilamellar dispersion system 
than in the multilamellar one when the lecithin content in 
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To the Editor: 

MINUTES 

Figure 1-First-order plots for hydrolysis of p-nitrophenyl acetate in 
aqueous solution and in liposomal suspensions. Tris(hydroxymethy1)- 
aminomethane buffer at  pH 8.0 was used ( p  = 0.3,25'). The initial p- 
nitrophenyl acetate concentration was 5.92 X M. The lecithin 

Liposomes have been investigated extensively for concentraiions were 2.40 X M (0 and A )  and 8.67 X ZO-3 M (0  
and A). K e y : .  . . ,spontaneous degradation in water; 0 and 0, multi- 
lamellar liposome system;and A and A, unilamellar liposome system. 
Liposomes were prepared from egg yolk lecithin as described previously 

use drug carriers for therapeutic purposes 
(1, 2)- From a drug stability viewpoint, we studied the 
hydrolysis of procaine and 2-diethylaminoethyl p-nitro- (3 ) .  
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a rate of 2 ml/min after pretreatment with salicylate; the 
effect of pretreatment with sodium lauryl sulfate was not 
eliminated by washing. 

After rectal administration of 0.3 ml of theophylline 
solution (pH 7.4, 15 mg/ml) in the presence of salicylate 
(15 mg/ml), the blood levels of theophylline and salicylate 
increased rapidly and simultaneously, reaching maximum 
levels (41.2 & 15.9 pg/ml for theophylline and 41.1 f 14.3 
pg/ml for salicylate; n = 6) 30 min after administration. 
The amounts of theophylline and salicylate remaining in 
the solution were 25.6 f 4.7 and 30.3 f 7.2%, respectively. 
Without salicylate, maximum blood levels of theophylline 
were <5 pg/ml ( n  = 6). 

The presence of salicylate in the perfusate (pH 4.5 or 5.0) 
also enhanced the disappearance of lidocaine, which is a 
basic drug and is not absorbed below pH 6.0, from the 
perfusate in the rat rectum. The effects of salicylate on the 
disappearance of lidocaine at various pH values are pre- 
sented in Fig. 2. Thirty minutes after rectal administration 
of 0.3 ml of lidocaine solution (pH 4.5, 15 mg/ml) in the 
presence of salicylate (15 mg/ml), lidocaine and salicylate 
reached maximum levels in the blood (43.3 f 4.7 pg/ml for 
lidocaine and 48.5 f 6.9 pg/ml for salicylate; n = 6). 

These results indicate that salicylate and/or its acidic 
form markedly enhance the absorption of various com- 
pounds from the rectum. This effect appears to be general 
for other drugs including cefmetazole and levodopa. Fur- 
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(3,4-, 2,5-, and 3,5-dihydroxybenzoates) and homovanillic 
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continuing on the mechanism of their action, 
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Kinetic Characterization of Liposomes 

benzoate in liposomal suspensions and compared it with 
spontaneous hydrolysis in aqueous bulk solutions (3,4). 
The base-catalyzed hydrolysis of procaine was retarded 
by liposomes; with 2-diethylaminoethyl p-nitrobenzoate, 
both retardation and enhancement were observed, de- 
pending on the pH of the dispersed medium. 

These ester degradations followed first-order kinetics 
in the liposomal suspension as well as in the corresponding 
aqueous bulk solution, regardless of whether retardation 
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into the lipid phase at  so fast a rate that it was undetect- 
able, and this partitioning was followed by quasi-first- 
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order rate constants defined in the aqueous bulk and lipid 
phases. Consequently, the partition model was applicable . 
for degradation of these esters. 
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serum albumin and human serum albumin (7,8). 
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The reaction clearly was not a continuous process in lipo- 
soma1 suspensions. I t  was enhanced in the early stage and 
proceeded in a manner parallel to the spontaneous deg- 
radation. The degradation rate was dependent on the 
lecithin concentration; the more lecithin that was present, 
the faster was the hydrolysis. Furthermore, enhancement 
was accelerated more in the unilamellar dispersion system 
than in the multilamellar one when the lecithin content in 
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aminomethane buffer at  pH 8.0 was used ( p  = 0.3,25'). The initial p- 
nitrophenyl acetate concentration was 5.92 X M. The lecithin 
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and A). K e y : .  . . ,spontaneous degradation in water; 0 and 0, multi- 
lamellar liposome system;and A and A, unilamellar liposome system. 
Liposomes were prepared from egg yolk lecithin as described previously 
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the medium was equal in both cases. 
These results suggest that partition theory, which was 

applied to procaine and 2-diethylaminoethyl p-nitro- 
benzoate and for the evaluation of drug entrapment in li- 
posomes, may not apply to the present case because the 
liposomes appear to be exhausted by the degradation of 
p-nitrophenyl acetate. The exhaustion may be due to 
acetylation of the phosphate group of the lecithin molecule, 
which prevents further orientation of the substrate on the 
surface of the vesicles from being favorable for the hy- 
droxide-ion attack. Furthermore, as seen in the difference 
between the rates for u nilamellar and multilamellar lipo- 
somes, the effective surface area of the vesicles plays a key 
role, and the reaction occurring on the surface is much 
more predominant than that in the interior lipid phase. 

Binding of p-nitrophenyl acetate by liposomes appears 
to be important at  the first stage of the reaction to facilitate 
hydrolysis. The whole reaction can be treated in a manner 
analogous to that used for enzymatic catalysis: 

NPA + lecithin + N P A .  lecithin - NP + acetyl lecithin 
K, h z  1 ’: 

NP 
+ 

acid 

Scheme I 

where NPA and NP are D-nitror>henvl acetate and the 
product, p -nitrophenol, respectively; NPA - lecithin is the 
substrate-lecithin complex; k l  and k2  are the rate con- 
stants for the spontaneous and facilitated reactions, re- 
spectively; and K,9 is the dissociation constant of the 
complex. 

According to Scheme I, the apparent first-order rate 
constant, k&s, for the appearance of NP can be expressed 
under the condition of an excess lecithin concentration: 

klK, + kz [lecithin] 
K ,  + [lecithin] kabs = (Eq. 1 )  

By converting Eq. 1 to the double-reciprocal form, a 
Lineweaver-Burk plot makes it possible to determine K ,  
and k2 values. However, since lecithin does not exist as a 
molecular form in water, k& does not depend on the 
practical lecithin concentration but instead on the effective 
surface area of the vesicles formed, which could be con- 
verted to the effective concentration of the lipid based on 
the ratio of the k&s values of unilamellar and multilamellar 
liposomes prepared under various conditions with an equal 
lecithin content. 

When the lecithin concentration is moderate, kobs is no 
longer a constant but becomes a function of the effective 
concentration of the lipid changing with time. Therefore, 
the effective concentration is an adjustable parameter that 
is fitted best by a nonlinear optimization procedure in 
addition to the k z  value. 

Thus, the surface properties of liposomes, if they are 
prepared under the same conditions except for size re- 
duction procedures, may greatly affect the stability of a 
drug, especially when the enhancement of degradation is 
involved. 
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Quantitative Change in Metabolic Fate of 
Drug Related to Serum Protein Binding 

Keyphrases Protein binding, serum-effect on drug metabolism 
Drug metabolism- effect of serum protein binding Biotransforma- 
tion-effect of serum protein binding on drug metabolism 

To  the Editor: 
If a drug is eliminated by renal excretion and by bio- 

transformation, then the fraction of the dose that is me- 
tabolized, F,,,, is equal to the ratio of the metabolic for- 
mation clearance to the total clearance. Thus: 

F,  = c1, /Cl~ (Eq. 1) 

If clearance is not limited or affected by the organ blood 
perfusion rate and the rates of the clearance processes are 
proportional to the concentration of free (unbound) drug 
in serum: 

fclm intrinsic 

f c l ~  intrinsic 
F ,  = (Eq. 2) 

where f is the free fraction of drug in serum and the 
clearance terms represent intrinsic clearances of free drug 
(1-3). Since f cancels out, Fm is independent of serum 
protein binding under the stated conditions. 

If the renal clearance of a drug involves glomerular fil- 
tration (the rate of which usually is proportional to the 
concentration of free drug in serum) as well as renal tu- 
bular secretion and if the rate of tubular secretion is pro- 
portional to the concentration of total (free plus bound) 
drug in serum (3), then F ,  is affected by f. Specifically: 

renal clearance = fka(l - F )  + k:(l - F) (Eq. 3) 

where k, is the glomerular filtration clearance referenced 
to the free drug concentration, k :  is the apparent renal 
secretion clearance referenced to the total drug concen- 
tration, and F is a dimensionless constant representing the 
fraction of filtered and secreted drug that is reabsorbed (3). 
Proportionality between the renal tubular secretion rate 
and the total rather than free drug concentration in plasma 
or serum may occur if the true renal secretion clearance is 
much higher than the effective renal blood flow (4). 

Since total clearance is the sum of the renal and meta- 
bolic clearances for drugs eliminated entirely by those two 
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the medium was equal in both cases. 
These results suggest that partition theory, which was 

applied to procaine and 2-diethylaminoethyl p-nitro- 
benzoate and for the evaluation of drug entrapment in li- 
posomes, may not apply to the present case because the 
liposomes appear to be exhausted by the degradation of 
p-nitrophenyl acetate. The exhaustion may be due to 
acetylation of the phosphate group of the lecithin molecule, 
which prevents further orientation of the substrate on the 
surface of the vesicles from being favorable for the hy- 
droxide-ion attack. Furthermore, as seen in the difference 
between the rates for u nilamellar and multilamellar lipo- 
somes, the effective surface area of the vesicles plays a key 
role, and the reaction occurring on the surface is much 
more predominant than that in the interior lipid phase. 

Binding of p-nitrophenyl acetate by liposomes appears 
to be important at  the first stage of the reaction to facilitate 
hydrolysis. The whole reaction can be treated in a manner 
analogous to that used for enzymatic catalysis: 

NPA + lecithin + N P A .  lecithin - NP + acetyl lecithin 
K, h z  1 ’: 
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acid 

Scheme I 

where NPA and NP are D-nitror>henvl acetate and the 
product, p -nitrophenol, respectively; NPA - lecithin is the 
substrate-lecithin complex; k l  and k2  are the rate con- 
stants for the spontaneous and facilitated reactions, re- 
spectively; and K,9 is the dissociation constant of the 
complex. 

According to Scheme I, the apparent first-order rate 
constant, k&s, for the appearance of NP can be expressed 
under the condition of an excess lecithin concentration: 

klK, + kz [lecithin] 
K ,  + [lecithin] kabs = (Eq. 1 )  

By converting Eq. 1 to the double-reciprocal form, a 
Lineweaver-Burk plot makes it possible to determine K ,  
and k2 values. However, since lecithin does not exist as a 
molecular form in water, k& does not depend on the 
practical lecithin concentration but instead on the effective 
surface area of the vesicles formed, which could be con- 
verted to the effective concentration of the lipid based on 
the ratio of the k&s values of unilamellar and multilamellar 
liposomes prepared under various conditions with an equal 
lecithin content. 

When the lecithin concentration is moderate, kobs is no 
longer a constant but becomes a function of the effective 
concentration of the lipid changing with time. Therefore, 
the effective concentration is an adjustable parameter that 
is fitted best by a nonlinear optimization procedure in 
addition to the k z  value. 

Thus, the surface properties of liposomes, if they are 
prepared under the same conditions except for size re- 
duction procedures, may greatly affect the stability of a 
drug, especially when the enhancement of degradation is 
involved. 

( 1 )  B. €3. Ryman, in “Proceedings of the Sixth International Congress 
of Pharmacology,” vol. 5, J. ‘I’uomisto and M. K. Paasonen, Eds., Helsinki, 
Finland, 1975, p. 91. 

(2) G. Gregoriadis, Ann. N.Y .  Acad Sci., 308.343 (1978). 
(3) T. Yotsuyanagi, T. Hamada, H. Tomida, and K. Ikeda, Acta 

Pharm. Suec., 16,271 (1979). 
(4) Ibid., 16,325 (1979). 
(5) V. Gani and C. Lapinte, Tetrahedron Lett., 1973,2775. 
(6) F. M. Menger and M. J. McCreery, J .  Am. Chem. Soc., 96, 121 

(7) J. T. Tildon and J. W. Ogilvie, J. R i d .  Chem., 247,1265 (1972). 
(8) K. Ikeda, Y. Kurono, Y. Ozeki, and T. Yotsuyanagi, Chem. Pharm. 

(1974). 

Bull., 27,80 (1979). 

Toshihisa Yotsuyanagi 
Ken Ikeda 
Faculty of Pharmaceutical Sciences 
Nagoya City University 
Nagoya 467, Japan 

Received January 15,1980. 
Accepted for publication March 24,1980. 

Quantitative Change in Metabolic Fate of 
Drug Related to Serum Protein Binding 
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tion-effect of serum protein binding on drug metabolism 

To  the Editor: 
If a drug is eliminated by renal excretion and by bio- 

transformation, then the fraction of the dose that is me- 
tabolized, F,,,, is equal to the ratio of the metabolic for- 
mation clearance to the total clearance. Thus: 

F,  = c1, /Cl~ (Eq. 1) 

If clearance is not limited or affected by the organ blood 
perfusion rate and the rates of the clearance processes are 
proportional to the concentration of free (unbound) drug 
in serum: 

fclm intrinsic 

f c l ~  intrinsic 
F ,  = (Eq. 2) 

where f is the free fraction of drug in serum and the 
clearance terms represent intrinsic clearances of free drug 
(1-3). Since f cancels out, Fm is independent of serum 
protein binding under the stated conditions. 

If the renal clearance of a drug involves glomerular fil- 
tration (the rate of which usually is proportional to the 
concentration of free drug in serum) as well as renal tu- 
bular secretion and if the rate of tubular secretion is pro- 
portional to the concentration of total (free plus bound) 
drug in serum (3), then F ,  is affected by f. Specifically: 

renal clearance = fka(l - F )  + k:(l - F) (Eq. 3) 

where k, is the glomerular filtration clearance referenced 
to the free drug concentration, k :  is the apparent renal 
secretion clearance referenced to the total drug concen- 
tration, and F is a dimensionless constant representing the 
fraction of filtered and secreted drug that is reabsorbed (3). 
Proportionality between the renal tubular secretion rate 
and the total rather than free drug concentration in plasma 
or serum may occur if the true renal secretion clearance is 
much higher than the effective renal blood flow (4). 

Since total clearance is the sum of the renal and meta- 
bolic clearances for drugs eliminated entirely by those two 
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FREE FRACTION IN SERUM 

Figure 1-Relationship between the fraction of a 20-mglkg iu  dose of 
sulfisoxazole excreted in the urine as metabolites and the free fraction 
of sulfisoxazole in serum. Data were obtained from 13 rats (6). The 
correlation coefficient is 0.68; p < 0.02. 

types of processes: 

C ~ T  = fkg(1 - F )  + k:(1 - F )  + fClm intrinsic (Eq. 4) 

and the fraction of a dose metabolized is equal to 
f c l m  intrinsic divided by all of the terms on the right side of 
Eq. 4. Dividing the numerator and denominator of that 
ratio by f yields: 

0%. 5) C1m intrinsic 

k’(1 - F )  
kg(1 - F )  + C l m  intrinsic + - 

F,,, = 

f 
Examination of Eq. 5 reveals that as f increases, F,,, also 
increases. Thus, the fraction of a dose of drug converted 
to metabolite(s) increases if the serum protein binding of 
that drug is decreased in blood flowing through the elim- 
inating organs (5)l. This conclusion applies only to drugs 
that are excreted in part by a process whose rate is pro- 
portional to the total rather than the free drug concen- 
tration in plasma or serum while the rates of other, parallel 
elimination processes are proportional to the free drug 
concentration. Sulfisoxazole appears to exhibit such 
characteristics in rats (6). 

In 13 male Sprague-Dawley rats receiving a single in- 
travenous injection of 20 mg of sulfisoxazolekg, the frac- 
tion of the dose recovered in the urine as metabolites 
ranged from 0.042 to 0.152 and f ranged from 0.0518 to 
0.235 (6). Drug concentrations in serum declined biexpo- 
nentially with no downward curvature, which would occur 
if renal excretion, the major pathway of elimination, were 
saturable in the concentration range studied. Reexami- 
nation of the experimental data revealed a significant 
positive correlation between F,  and f (Fig. l), as predicted 
by Eq. 5. 

One important implication of these findings relates to 
the mechanism of certain drug interactions. Increased 
conversion of a drug (A) to its metabolite(s) caused by prior 
or concomitant administration of another drug (B) usually 

will be interpreted as resulting from either induction of 
biotransformation or inhibition of the renal clearance of 
A. However, if Drug B displaces Drug A from plasma 
protein binding sites, then the increased biotransformation 
of Drug A also could occur by the mechanism described in 
this communication. Another implication concerns the 
effect of the dose or dosing rate on the metabolic fate of a 
drug. For drugs that exhibit significant concentration 
dependence of plasma protein binding ( f  increases with 
increasing drug concentration), F, may increase with in- 
creasing dose or dosing rate due to decreased protein 
binding. 
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Polyethylene Glycols as Solvents in 
Implantable Osmotic Pumps 

Keyphrases Polyethylene glycols-use as solvents in implantable 
osmotic pumps 0 Solvents-polyethylene glycols, use in implantable 
osmotic pumps 0 Drug delivery systems-implantable osmotic pumps, 
use of polyethylene glycols as solvents 

To t h e  Editor: 
Implantable osmotic pumps1 are useful for short-term 

delivery of water-soluble drugs and hormones (1-4). 
However, many compounds such as steroids are too in- 
soluble in water to be administered as aqueous solutions 
(5). Although 5% ethanol and 5% dimethyl sulfoxide in- 
crease the concentration range over which lipophilic 
molecules can be delivered (6), the maximum dose still is 
quite low. Polyethylene glycols 400 and 600 are excellent 
solvents for many steroids (Table I) (1,5) and also are 
useful in uiuo since they have very low toxicities (7). The 
objective of these experiments was to evaluate the suit- 
ability of polyethylene glycols as solvents with implantable 
pumps in uiuo. Since the polyethylene glycols are known 
to influence fluid balance in uiuo, the potential effects of 
the solvents and the pumps also were examined. 

The ability of the pumps to function in viuo with poly- 
ethylene glycols as solvents was evaluated in two ways. 
Mineralocorticoids are known to induce the amiloride- 

’ The opposite would occur if biotransformation is blood flow rate limited while 
the renal excretion rate is proportional to the free drug concentration in plasma. Model 1701, Aha Corp., Palo Alto, CA 94304. 
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Figure 1-Relationship between the fraction of a 20-mglkg iu  dose of 
sulfisoxazole excreted in the urine as metabolites and the free fraction 
of sulfisoxazole in serum. Data were obtained from 13 rats (6). The 
correlation coefficient is 0.68; p < 0.02. 

types of processes: 

C ~ T  = fkg(1 - F )  + k:(1 - F )  + fClm intrinsic (Eq. 4) 

and the fraction of a dose metabolized is equal to 
f c l m  intrinsic divided by all of the terms on the right side of 
Eq. 4. Dividing the numerator and denominator of that 
ratio by f yields: 

0%. 5) C1m intrinsic 

k’(1 - F )  
kg(1 - F )  + C l m  intrinsic + - 

F,,, = 

f 
Examination of Eq. 5 reveals that as f increases, F,,, also 
increases. Thus, the fraction of a dose of drug converted 
to metabolite(s) increases if the serum protein binding of 
that drug is decreased in blood flowing through the elim- 
inating organs (5)l. This conclusion applies only to drugs 
that are excreted in part by a process whose rate is pro- 
portional to the total rather than the free drug concen- 
tration in plasma or serum while the rates of other, parallel 
elimination processes are proportional to the free drug 
concentration. Sulfisoxazole appears to exhibit such 
characteristics in rats (6). 

In 13 male Sprague-Dawley rats receiving a single in- 
travenous injection of 20 mg of sulfisoxazolekg, the frac- 
tion of the dose recovered in the urine as metabolites 
ranged from 0.042 to 0.152 and f ranged from 0.0518 to 
0.235 (6). Drug concentrations in serum declined biexpo- 
nentially with no downward curvature, which would occur 
if renal excretion, the major pathway of elimination, were 
saturable in the concentration range studied. Reexami- 
nation of the experimental data revealed a significant 
positive correlation between F,  and f (Fig. l), as predicted 
by Eq. 5. 

One important implication of these findings relates to 
the mechanism of certain drug interactions. Increased 
conversion of a drug (A) to its metabolite(s) caused by prior 
or concomitant administration of another drug (B) usually 

will be interpreted as resulting from either induction of 
biotransformation or inhibition of the renal clearance of 
A. However, if Drug B displaces Drug A from plasma 
protein binding sites, then the increased biotransformation 
of Drug A also could occur by the mechanism described in 
this communication. Another implication concerns the 
effect of the dose or dosing rate on the metabolic fate of a 
drug. For drugs that exhibit significant concentration 
dependence of plasma protein binding ( f  increases with 
increasing drug concentration), F, may increase with in- 
creasing dose or dosing rate due to decreased protein 
binding. 

(1) G. Levy and A. Yacobi, J.  Pharm. Sci., 63,805 (1974). 
(2) G. Levy, in “The Effect of Disease States on Drug Pharmacoki- 

netics,” L. Z. Benet, Ed., American Pharmaceutical Association, Wash- 
ington, D.C., 1976, chap. 9. 

(3) G. Levy, J.  Pharm. Sci., 69,482 (1980). 
(4) I. M. Weiner, in “Handbook of Physiology, Renal Physiology 

Section,” J. Orloff and R. W. Berliner, Eds., American Physiological 
Society, Washington, D.C., 1973, pp. 521-554. 

(5) U. W. Wiegand and G. Levy, J. Pharm. Sci., 69,480 (1980). 
(6) A. Yacobi and G. Levy, ibid., 68,742 (1979). 

Gerhard Levy 
Department of Pharmaceutics 
School of Pharmacy 
State University of New York at  Buffalo 
Amherst, NY 14260 

Received January 14, 1980. 
Accepted for publication March 21,1980. 
Supported in part by Grant GM 20852 from the National Institute of 

General Medical Sciences, National Institutes of Health. 

Polyethylene Glycols as Solvents in 
Implantable Osmotic Pumps 

Keyphrases Polyethylene glycols-use as solvents in implantable 
osmotic pumps 0 Solvents-polyethylene glycols, use in implantable 
osmotic pumps 0 Drug delivery systems-implantable osmotic pumps, 
use of polyethylene glycols as solvents 

To t h e  Editor: 
Implantable osmotic pumps1 are useful for short-term 

delivery of water-soluble drugs and hormones (1-4). 
However, many compounds such as steroids are too in- 
soluble in water to be administered as aqueous solutions 
(5). Although 5% ethanol and 5% dimethyl sulfoxide in- 
crease the concentration range over which lipophilic 
molecules can be delivered (6), the maximum dose still is 
quite low. Polyethylene glycols 400 and 600 are excellent 
solvents for many steroids (Table I) (1,5) and also are 
useful in uiuo since they have very low toxicities (7). The 
objective of these experiments was to evaluate the suit- 
ability of polyethylene glycols as solvents with implantable 
pumps in uiuo. Since the polyethylene glycols are known 
to influence fluid balance in uiuo, the potential effects of 
the solvents and the pumps also were examined. 

The ability of the pumps to function in viuo with poly- 
ethylene glycols as solvents was evaluated in two ways. 
Mineralocorticoids are known to induce the amiloride- 

’ The opposite would occur if biotransformation is blood flow rate limited while 
the renal excretion rate is proportional to the free drug concentration in plasma. Model 1701, Aha Corp., Palo Alto, CA 94304. 
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Compound 

Solubility at 37', gAiter 
Polyethylene Polyethylene - -  - -  

Glycol Glycol Soybean 
400 600 Oil 

Aldosterone 
Corticosterone 
Desoxycorticosterone acetate 
Dexamethasone acetate 
178-Estradiol 
Hydrocortisone 
Progesterone 
Spironolactone 
Testosterone 

~ ~ ~~~~ 

83 f 4 (2) 
26 f 2 (3) 
24 f 2 (3) 
45 f 2 (4) 

116 f 4 (3) 
15 f 2 (3) 
27 f 2 (3)  
46 f 3 (4) 
39 f 2 (4)  

NI>* 
26 f 2 (3) 
28 f 2 ( 3 )  
42 f 2 (3) 
97 f 4 (3) 
24 f 2 (3) 
32 f 2 (4) 
44 f 2 ( 3 )  
42 f 2 (3) 

ND 
3.0 

14 
1.4 
1.6 
0.9 

19 
8 

10 

Table 11-Ability of Polyethylene Glycol-Solubilized Steroids to 
Induce Amiloride-Sensitive Sodium Transport in the Rat Colon a 

Amiloride- 
Sensitive 

Average Sodium 
Dose, Transport, 

Animals Treatment MunJkahr 70 total 

Control Untreated 
Control Glass rod 
Control Pumps with solvent 
Control Aldosterone 
Control Aldosterone + 
Control Spironolactone 
ADX Untreated 
ADX Glass rod 
ADX Pumps with solvent 
ADX 

spironolactone 

A 1 do s t e r o n e 

5.7 
6.0 + 193 

164 
- 
- 
- 

4.3 

9.0 f 2.8 (8) 
7.2 f 1.3 (3) 

22.6 f 5.8 (5) 
76.6 f 6.4 (4) 
36.3 f 15.8 (3) 

15.3 f 6.6 (3) 
1.9 f 1.9 (5) 
2.6 f 0.8 (5) 
3.6 f 0.7 (4) 

74.1 f 15.4 (3) 

sensitive sodium transport system in the luminal mem- 
brane of the rat colon (8-10). The ability of aldosterone 
administered by the osmotic pumps to induce the amilo- 
ride-sensitive sodium transport system was examined 
initially. Sodium transport was estimated in uitro as the 
short-circuit current, and amiloride sensitivity was judged 
by the ability of 25 p M  amiloride2 to inhibit the observed 
short-circuit current when added to the mucosal side of the 
tissue (10). 

After 3-7 days of aldosterone3 infusion (Table II), 77% 
of the short-circuit current was inhibited by amiloride 
while only 7% of the short-circuit current was sensitive to 
amiloride in the untreated animals. This effect was due to 
aldosterone since it could be suppressed by the aldosterone 
antagonist spironolactone. Since the half-time of the a- 
miloride-sensitive sodium transport system in the absence 
of aldosterone is -12 hr (lo), aldosterone must have been 
released from the pumps for the entire infusion period (up 
to 7 days). 

The effectiveness of the pumps also was tested by 
measuring the weight change of male rats during the ad- 
ministration of 170-estradioP. Estrogens are known to 
cause a weight reduction in male rats (11-13). Adrenalec- 
tomized (ADX) rats4 treated for 6 days with pumps con- 
taining only polyethylene glycol gained 32.2 f 6.6 g (mean 
f SEM, n = 3); the adrenalectomized rats treated with 145 
pg of 17P-estradiol/kg/hr lost 22.3 f 5.8 g ( n  = 3). 

These results indicate that polyethylene glycols are ef- 
fective solvents for use with osmotic pumps in uiuo. 

Although relatively large volumes of polyethylene glycol 
(-3 ml/kg) may perturb the fluid balance when injected 
into the peritoneal cavity (14, 15), the quantity of poly- 
ethylene glycol delivered by the pumps (5-10 pllkglhr) (1) 
probably is too low for this problem to be significant. The 
slight elevation of amiloride-sensitive sodium transport 
observed with control animals4 with intact adrenal glands 

when compared to control animals with sham pumps (glass 
rods) (Table 11) is due to effects of the pumps. The pumps 
probably act as fluid sinks, reducing the extracellular 
volume, stimulating the renin-angiotensin system, and 
causing a slight elevation of the endogenous aldosterone 
levels. This increase in the circulating aldosterone con- 
centration causes the amiloride sensitivity of the colon to 
be elevated over that of the sham pump-treated controls 
(23 uersw 7%). The renin-angiotensin-aldosterone system 
probably is responsible for this effect since it was reduced 
by treatment with spironolactone (Table 11) and was 
abolished in the adrenalectomized animals. Although the 
pump-mediated increase in the activity of the renin- 
angiotensin-aldosterone system is small, these results 
serve to advise potential users of osmotic pumps that 
sufficient controls are important. 

Osmotic pumps are useful for studies of drug efficacy 
in uiuo where the actual rate of drug treatment must be 
maintained over a relatively long period to compare the 
potency of different compounds adequately. When utilized 
with appropriate controls, polyethylene glycols greatly 
expand the usefulness of these pumps to otherwise insol- 
uble lipophilic compounds. 
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Disintegration Test for 
Hard Gelatin Capsules 

Keyphrases Disintegration-hard gelatin capsules, modification of 
USP and NF tests for tablet disintegration 0 Dosage forms-hard gelatin 
capsules, disintegration test, modification of USP and NF tests for tablet 
disintegration 

To the Editor: 

A proposed disintegration test procedure for capsules 
was published in the USP XX Comment Proof (Vol. 3, No. 
56) dated August 14,1978. This procedure was based on 
a series of collaborative studies conducted by the Disin- 
tegration Test Review Committee of the Pharmaceutical 
Manufacturers Association (PMA) Quality Control Sec- 
tion. Highlights of these studies are presented in this 
communication. 

The USP and NF describe disintegration tests for five 
tablet categories. The PMA project was aimed at  devel- 
oping a similar test for hard gelatin capsule produds using 
the apparatus and methodology for tablet disintegration 
with as few changes as necessary. Three test samples (No. 
2 hard gelatin capsules containing 0.5,1.0, and 1.5% mag- 
nesium stearate in lactose) were used in the studies to 
evaluate procedure variables. Comments on each variable 
follow. 

A cross section of disintegration baskets used in industry 
was examined. The baskets generally fell into two cate- 
gories: those with notched shafts and those having shafts 
equipped with hooks. The former type provides a rigid 
mounting to the motorized device, and the motion is pri- 
marily vertical; the latter basket type provides a nonrigid 
attachment where the motion is both vertical and rota- 
tional. Studies showed that the mounting mode had no 
influence on the test results. Disintegration times were 
identical, within normal variation, regardless of the type 
of mounting used. 

The disintegration time of the three test samples could 

not be differentiated when the plastic disks described in 
the USP and NF were placed into the basket-rack assem- 
bly. The disintegration time for each sample was -3 min. 
By eliminating the disks and placing a 10-mesh wire screen 
on top of the baskets to retain the capsules within the 
tubes, the disintegration times for the 0.5, 1.0, and 1.5% 
samples were 12,25, and 39 min, respectively. 

The compendia are not specific about the disintegration 
test vessel. Committee members reported that both the 
size of the vessel and the volume of the test vehicle affected 
the hydrodynamics of the system, thereby influencing the 
disintegration rate. A 1000-ml, low-form beaker containing 
-900 ml of medium was the most convenient and com- 
patible with the dimensions of the basket-rack as- 
sembly. 

Purified water was a satisfactory test vehicle for the 
three samples. Reproducibility in disintegration time was 
improved by the addition of 0.1% benzalkonium chloride. 
The use of simulated gastric fluid was investigated, but it 
was reported that hydrogen chloride vapors emanating 
from the fluid slowly corrode the equipment. Because of 
variation in the composition of compendia1 capsule prod- 
ucts, collaborators recommended that both the test me- 
dium and the disintegration time limit be specified in the 
individual monographs. 

The Committee observed that the longer the path 
through which the basket travels in its vertical motion, the 
more rapid is the disintegration time. The USP and NF 
specify a stroke length of 5-6 cm. In a study involving one 
test specimen (1.0% magnesium stearate in lactose with an 
average disintegration time of 25 min), the disintegration 
time decreased by almost 6 min when the stroke was ad- 
justed from the lower limit, 5 cm, to the upper limit, 6 cm. 
Therefore, a stroke length of 5.3-5.7 cm was recom- 
mended. 

The final procedure was submitted to the USP after it 
was found to be workable in the laboratories of 13 PMA- 
member companies. 

Jerry Polesuk, Chairman 
Disintegration Test Review Committee 
PMA Quality Control Section 
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Effect of Smoking on Binding of 
Lidocaine to Human Serum Proteins 

Keyphrases 0 Lidocaine-effect of smoking on binding to human serum 
proteins Protein binding-lidocaine, effect of smoking, human serum 
0 Smoking-effect on binding of lidocaine to human serum proteins 

To the Editor: 

Cigarette smoking can have striking effects on the dis- 
position of theophylline (1,2), propranolol(3), and other 
drugs (4,5). These changes generally have been ascribed 
to increased intrinsic hepatic clearance secondary to en- 
zyme induction. However, other mechanisms may be op- 
erative. This communication describes the apparent effect 
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Hard Gelatin Capsules 

Keyphrases Disintegration-hard gelatin capsules, modification of 
USP and NF tests for tablet disintegration 0 Dosage forms-hard gelatin 
capsules, disintegration test, modification of USP and NF tests for tablet 
disintegration 

To the Editor: 

A proposed disintegration test procedure for capsules 
was published in the USP XX Comment Proof (Vol. 3, No. 
56) dated August 14,1978. This procedure was based on 
a series of collaborative studies conducted by the Disin- 
tegration Test Review Committee of the Pharmaceutical 
Manufacturers Association (PMA) Quality Control Sec- 
tion. Highlights of these studies are presented in this 
communication. 

The USP and NF describe disintegration tests for five 
tablet categories. The PMA project was aimed at  devel- 
oping a similar test for hard gelatin capsule produds using 
the apparatus and methodology for tablet disintegration 
with as few changes as necessary. Three test samples (No. 
2 hard gelatin capsules containing 0.5,1.0, and 1.5% mag- 
nesium stearate in lactose) were used in the studies to 
evaluate procedure variables. Comments on each variable 
follow. 

A cross section of disintegration baskets used in industry 
was examined. The baskets generally fell into two cate- 
gories: those with notched shafts and those having shafts 
equipped with hooks. The former type provides a rigid 
mounting to the motorized device, and the motion is pri- 
marily vertical; the latter basket type provides a nonrigid 
attachment where the motion is both vertical and rota- 
tional. Studies showed that the mounting mode had no 
influence on the test results. Disintegration times were 
identical, within normal variation, regardless of the type 
of mounting used. 

The disintegration time of the three test samples could 

not be differentiated when the plastic disks described in 
the USP and NF were placed into the basket-rack assem- 
bly. The disintegration time for each sample was -3 min. 
By eliminating the disks and placing a 10-mesh wire screen 
on top of the baskets to retain the capsules within the 
tubes, the disintegration times for the 0.5, 1.0, and 1.5% 
samples were 12,25, and 39 min, respectively. 

The compendia are not specific about the disintegration 
test vessel. Committee members reported that both the 
size of the vessel and the volume of the test vehicle affected 
the hydrodynamics of the system, thereby influencing the 
disintegration rate. A 1000-ml, low-form beaker containing 
-900 ml of medium was the most convenient and com- 
patible with the dimensions of the basket-rack as- 
sembly. 

Purified water was a satisfactory test vehicle for the 
three samples. Reproducibility in disintegration time was 
improved by the addition of 0.1% benzalkonium chloride. 
The use of simulated gastric fluid was investigated, but it 
was reported that hydrogen chloride vapors emanating 
from the fluid slowly corrode the equipment. Because of 
variation in the composition of compendia1 capsule prod- 
ucts, collaborators recommended that both the test me- 
dium and the disintegration time limit be specified in the 
individual monographs. 

The Committee observed that the longer the path 
through which the basket travels in its vertical motion, the 
more rapid is the disintegration time. The USP and NF 
specify a stroke length of 5-6 cm. In a study involving one 
test specimen (1.0% magnesium stearate in lactose with an 
average disintegration time of 25 min), the disintegration 
time decreased by almost 6 min when the stroke was ad- 
justed from the lower limit, 5 cm, to the upper limit, 6 cm. 
Therefore, a stroke length of 5.3-5.7 cm was recom- 
mended. 

The final procedure was submitted to the USP after it 
was found to be workable in the laboratories of 13 PMA- 
member companies. 

Jerry Polesuk, Chairman 
Disintegration Test Review Committee 
PMA Quality Control Section 
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To the Editor: 

Cigarette smoking can have striking effects on the dis- 
position of theophylline (1,2), propranolol(3), and other 
drugs (4,5). These changes generally have been ascribed 
to increased intrinsic hepatic clearance secondary to en- 
zyme induction. However, other mechanisms may be op- 
erative. This communication describes the apparent effect 
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Disintegration Test for 
Hard Gelatin Capsules 

Keyphrases Disintegration-hard gelatin capsules, modification of 
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disintegration 

To the Editor: 

A proposed disintegration test procedure for capsules 
was published in the USP XX Comment Proof (Vol. 3, No. 
56) dated August 14,1978. This procedure was based on 
a series of collaborative studies conducted by the Disin- 
tegration Test Review Committee of the Pharmaceutical 
Manufacturers Association (PMA) Quality Control Sec- 
tion. Highlights of these studies are presented in this 
communication. 

The USP and NF describe disintegration tests for five 
tablet categories. The PMA project was aimed at  devel- 
oping a similar test for hard gelatin capsule produds using 
the apparatus and methodology for tablet disintegration 
with as few changes as necessary. Three test samples (No. 
2 hard gelatin capsules containing 0.5,1.0, and 1.5% mag- 
nesium stearate in lactose) were used in the studies to 
evaluate procedure variables. Comments on each variable 
follow. 

A cross section of disintegration baskets used in industry 
was examined. The baskets generally fell into two cate- 
gories: those with notched shafts and those having shafts 
equipped with hooks. The former type provides a rigid 
mounting to the motorized device, and the motion is pri- 
marily vertical; the latter basket type provides a nonrigid 
attachment where the motion is both vertical and rota- 
tional. Studies showed that the mounting mode had no 
influence on the test results. Disintegration times were 
identical, within normal variation, regardless of the type 
of mounting used. 

The disintegration time of the three test samples could 

not be differentiated when the plastic disks described in 
the USP and NF were placed into the basket-rack assem- 
bly. The disintegration time for each sample was -3 min. 
By eliminating the disks and placing a 10-mesh wire screen 
on top of the baskets to retain the capsules within the 
tubes, the disintegration times for the 0.5, 1.0, and 1.5% 
samples were 12,25, and 39 min, respectively. 

The compendia are not specific about the disintegration 
test vessel. Committee members reported that both the 
size of the vessel and the volume of the test vehicle affected 
the hydrodynamics of the system, thereby influencing the 
disintegration rate. A 1000-ml, low-form beaker containing 
-900 ml of medium was the most convenient and com- 
patible with the dimensions of the basket-rack as- 
sembly. 

Purified water was a satisfactory test vehicle for the 
three samples. Reproducibility in disintegration time was 
improved by the addition of 0.1% benzalkonium chloride. 
The use of simulated gastric fluid was investigated, but it 
was reported that hydrogen chloride vapors emanating 
from the fluid slowly corrode the equipment. Because of 
variation in the composition of compendia1 capsule prod- 
ucts, collaborators recommended that both the test me- 
dium and the disintegration time limit be specified in the 
individual monographs. 

The Committee observed that the longer the path 
through which the basket travels in its vertical motion, the 
more rapid is the disintegration time. The USP and NF 
specify a stroke length of 5-6 cm. In a study involving one 
test specimen (1.0% magnesium stearate in lactose with an 
average disintegration time of 25 min), the disintegration 
time decreased by almost 6 min when the stroke was ad- 
justed from the lower limit, 5 cm, to the upper limit, 6 cm. 
Therefore, a stroke length of 5.3-5.7 cm was recom- 
mended. 

The final procedure was submitted to the USP after it 
was found to be workable in the laboratories of 13 PMA- 
member companies. 

Jerry Polesuk, Chairman 
Disintegration Test Review Committee 
PMA Quality Control Section 
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Effect of Smoking on Binding of 
Lidocaine to Human Serum Proteins 
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To the Editor: 

Cigarette smoking can have striking effects on the dis- 
position of theophylline (1,2), propranolol(3), and other 
drugs (4,5). These changes generally have been ascribed 
to increased intrinsic hepatic clearance secondary to en- 
zyme induction. However, other mechanisms may be op- 
erative. This communication describes the apparent effect 
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of tobacco smoking on the binding of lidocaine to human 
serum proteins. Furthermore, we report a significant in- 
crease in the lidocaine free fraction as the concentration 
was increased through the range usually observed in the 
treatment of ventricular arrhythmias. This observation 
is consistent with the data reported by Tucker et al. (6) 
and is inconsistent with other reports (7,8). 

Serum samples were obtained from 16 volunteers, eight 
smokers and eight nonsmokers. Seven of the eight smokers 
stated that they smoked between 0.88 and 1.25 packdday, 
while the other subject smoked either one cigar or one 
pipeful of tobaccolday (the data from this individual are 
specifically identified in Fig. 1). The nonsmoking and 
smoking groups were well matched with respect to sex (six 
males and two females in each group), age (45 f 20 uersus 
42 f 12 years, mean f SD), concurrent medication (none 
except diuretic therapy for hypertension), serum albumin 
concentration (4.9 f 0.5 uersus 4.7 f 0.3 g/100 ml), and 
total serum protein concentration (7.5 f 0.3 uersus 7.2 f 
0.4 g1100 ml). All subjects had normal renal and liver 
function as assessed by an automatic analyzer1, and all 
were apparently free of malignant or inflammatory dis- 
ease. 

Venous blood collected into glass syringes after an 
overnight fast was allowed to clot at room temperature for 
-2 hr and then was centrifuged for -20 min at  1OOOXg. 
The serum was removed and stored a t  -20". The protein 
binding of lidocaine was determined by equilibrium dial- 
ysis using a dialysis membrane2 in Plexiglas cells. Lido- 
caine was added to the buffer solution (0.134 M phosphate 
buffer at pH 7.4) to achieve concentrations of 2.0 and 14.0 
pg/ml. A trace amount of radiolabeled drug (30 mCi of 
[carbonyl- 14C]lidocaine3 hydrochloride/mmole obtained 
commercially with >98% radiochemical purity) also was 
added to the buffer. Serum aliquots were dialyzed in du- 
plicate against an equal volume of buffer for 5 hr a t  37". 
Final (postdialysis) lidocaine concentrations in all samples 
were quantitated by liquid scintillation counting. 

Substantial intersubject variability of lidocaine free 
fraction values was observed; at a final concentration of 
1.4 pglml, the free fraction ranged from 0.208 to 0.342 
(mean of 0.280). Little of the variability can be explained 
by the reproducibility of the method since the relative 
standard deviation of the determination of the free fraction 
was 5.6% ( n  = 22). However, part of this variability ap- 
peared to be related to the smoking status of the subjects. 
The data in Fig. 1 show that at a final lidocaine concen- 
tration of 1.4 pgIml (left panel), smokers had a significantly 
lower free fraction than nonsmokers (0.258 f 0.039 uersus 
0.307 f 0.030; p < 0.02). Although there was a trend toward 
a lower free fraction at a final concentration of 9.0 pglml 
(right panel), the difference between serum binding in 
smokers and nonsmokers was not statistically significant 
( p  > 0.15). 

There are several possible explanations for the increased 
protein binding of lidocaine in the serum of smokers. An 
exogenous substance contained in tobacco smoke could 
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To the Editor: 

The binding of drugs to plasma proteins and extravas- 
cular tissues affects their distribution, elimination, and 
overall pharmacological activity. If the extent of such 
binding is altered by the presence of other drugs or the 
accumulation of certain endogenous compounds in various 
disease states, subsequent changes in the pharmacokinetic 
characteristics of the drug may be anticipated. Gibaldi et 
al. (1) suggested that the biological half-life of a drug 
bound to plasma proteins and tissues in a drug concen- 
tration-independent manner is a function largely of tissue 
binding but is independent of changes in binding to plasma 
proteins. However, they pointed out that this phenomenon 
generally is true only for drugs with apparent distribution 
volumes substantially larger than the plasma space. These 
drugs include those that distribute throughout the total 
body water and, more commonly, those that demonstrate 
extensive tissue binding as well. 

The present discussion focuses on situations where the 
drug is bound to plasma proteins and the unbound drug 
is excluded from intracellular fluids. While these condi- 
tions may apply to only a few drugs, they can be important. 
A good example is the antibacterial agent sulfisoxazole. 
This compound is -86% bound to plasma proteins after 
therapeutic doses (2) and is distributed only in extracel- 
lular fluids (3,4). Since the drug does not enter the cells, 

it exhibits a slightly diminished toxicity while producing 
higher blood levels at lower doses as compared with sul- 
fanilamide and sulfadiazine, both of which distribute 
throughout body water. Another example is streptomycin, 
which is distributed in the extracellular fluids and also is 
bound to plasma proteins, although to a lesser extent than 
sulfisoxazole (5 ) .  

Based on the physiological approach to drug distribution 
originally developed by Gillette (6), Oie and Tozer (7) re- 
cently proposed the following expression for the apparent 
volume of distribution, V: 

v = vp(1  + R E / I )  + f p v p ( v E / v p  - R E / I )  + vTfp (&. 1 )  
fT 

where V p  is the plasma volume; V,q is the extracellular 
space minus the plasma volume; VT is the physical volume 
into which the drug distributes minus the extracellular 
space; REjI  is the ratio of the amount of protein to which 
the drug binds in extracellular fluids outside the plasma 
to that in the plasma; and f p  and f~ are the drug fractions 
unbound in the spaces V p  and VT, respectively. Further- 
more, by assuming the extracellular fluid volume outside 
the plasma to be 12 liters and the plasma volume to be 3 
liters and by assuming that the total extracellular drug- 
binding protein is distributed so that REII is -1.4, Eq. 1 can 
be approximated as: 

v = 7 + 8 f p + v T -  (Eq. 2 )  

It then was pointed out (7) that if the distribution of a drug 
is restricted to the extracellular fluid, its apparent volume 
of distribution becomes: 

V = 7 + 8fp (Eq. 3)  

It has been shown (8) that the total clearance, CI, of a 
drug whose elimination is linear and not perfusion rate 
limited in the organ of elimination is directly proportional 
to its free fraction in plasma, i.e.: 

c1= fpCl' (Eq. 4)  

where C1* represents the intrinsic clearance. Moreover, 
since: 

k) 

Cl = VP 
it follows that: 

(Eq. 5) 

(Eq. 6) 

where, for a drug obeying two-compartment model ki- 
netics, V is V,,, and p equals ln 2 divided by the terminal 
half-life, t l j 2 .  Substituting Eq. 3 into Eq. 6 gives: 

or: 
In 2(7 + 8fp) 

fPC1* 
t l f 2  = (Eq. 76) 

Equation 7 b  describes the effect of plasma protein binding 
on drug biological half-lives. When the fraction of drug 
unbound in plasma is changed to f 'p and the new 0 and t 112 
are designated as p' and respectively, then: 

or: 
-- 8'- 7fP + BfPfb 
P 7fP + 8fPfP 

(Eq. 8)  

(Eq. 9) 
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Figure 1-Relationship between B’lp and fplfp for drugs with varying 
degrees of plasma protein binding. 

For the case where the binding of a drug is decreased 
( i e . ,  f b  > f p ) ,  it is clear from Eq. 9 that pI/p (or t 1 / 2 / t ; / 2 )  
is smaller than f p / f p  but approaches f k / f p  as f p  approaches 
zero or as f “  approaches f p .  These latter conditions apply 
to drugs that normally are bound to a large extent or to 
situations where the decrease in binding is slight. 

To illustrate the relationship between relative changes 
in the drug half-life and plasma protein binding, Fig. 1 was 
constructed based on Eq. 9 using different f p  values. 

From Fig. 1, it is obvious that the relationship between 
p’/p and f b / f p  is almost linear, especially when the change 
in f p  is relatively small. For drugs that are predominantly 
plasma protein bound (e.g., f p  = 0.01), the slope of the plot 
is approximately one, indicating that t 112 is inversely 
proportional to f p .  Although this simple, inverse propor- 
tionality vanishes with less extensively bound drugs, the 

BOOKS 

almost linear relationship between p’/p and f p / f p  offers 
a means of rapid estimation of half-life changes as a result 
of altered plasma protein binding. 

When the percentage change in f p  is relatively large, a 
more rapid loss of linearity in the curves is observed with 
increasing f p .  Fortunately, for drugs that initially are 
predominantly unbound, such large percentage increases 
in f p  are not possible. Furthermore, the p or half-life values 
of these drugs are relatively insensitive to changes in 
binding (Fig. l), and adjustments in the dosage regimen 
to correct for binding changes may not be necessary. 
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REVIEWS 

Foundations of Molecular Pharmacology, Vol. 1: Medicinal and  
Pharmaceutical  Chemistry. By J. B. STENLAKE. The Athlone 
Press, University of London, Four Gower St., London WC1, England. 
1979.936 pp. 15 X 23 cm. Price $90.00. 
It is easy to be enthusiastic about this well-crafted and scholarly book. 

The author skillfully leads us through a treatment of principles of organic 
chemistry applied to pharmawutical agents. The organizational approach 
and its careful implementation consistently afford interesting reading. 

The hook is organized similar to an organic chemistry text. The me- 
dicinal agents are organized into 23 chapters by their organic chemical 
class; such groups as the alkanes, alkenes, benzenoid aromatic hydro- 
carbons, alkynes, and rnonohydric alcohols are included. Each chapter 
discusses the organic chemistry of the particular chemical class. The 
discussions generally are clear and succinct. The immediate pharma- 
ceutical significance of the particular chemical property is illustrated by 
one or more examples from the pharmaceutical sciences. For example, 
following an explanation for the acidic nature of the acetylenic hydrogen 
atom, it is noted that the formation of a silver acetylide by the addition 
of silver nitrate is used as a test for identity and is the basis for the assay 
of some acetylenic pharmaceutical products such as ethclorvynol. Also, 
after a discussion of hydride reduction of aldehydes and ketones by 
lithium aluminum hydride and sodium borohydride, there ensues an 
account of the enzymatic reduction of these functional groups involving 
hydride donation from NADPH. 

Almost all of the transitions from the general organic chemical dis- 
cussion to the pharmaceutical application are made easily. Additionally, 
the particular pharmaceutical example usually is appropriate. One effect 
of this approach is to make the point repeatedly, without ever explicitly 
stating so, that knowledge of fundamental chemical properties is man- 

datory for an understanding of pharmaceutical procedures and phar- 
macological activities. 

This reviewer has two minor criticisms relative to the author’s phar- 
maceutical examples. There are several occasions when more appropriate 
pharmaceutical examples could have been presented. Also, the examples 
chosen could have been treated more in proportion to their importance. 
The following are instances in which these criticisms apply. 

1. The decarboxylation of salicylic acid on bromination is discussed, 
but the decarboxylation of p-aminosalicylic acid in an acidic aqueous 
medium is not mentioned. 

2. The structures of the amino acids GARA and taurine are given, but 
only GABA is cited as being an important transmitter. 

3. Carbonic anhydrase-inhibiting sulfonamides are treated in detail, 
but benzothiazides are treated briefly. 

4. The importance of ylids in synthesis is not developed. 
However, these criticisms are minor, especially considering the great 

range of the book and the usually impressive appropriateness of the ex- 
amples. 

Medicinal and pharmaceutical chemists and many others in the 
pharmaceutical sciences should find this book to be an interesting and 
thought-provoking source of information. Additionally, teachers of me- 
dicinal and pharmaceutical chemistry may find that the volume is useful 
as a supplemental reference for both graduate and undergraduate stu- 
dents. Where the curriculum allows room for a course based on a format 
similar to that of the book (chemical class - chemical properties - 
pharmaceutical application), the bbok can serve as a textbook, although 
the cost is high. 
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College of Pharmacy 
Idaho State  University 
Pocatello. ID 83209 
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Chlorophyll Organization and Energy Transfer in Photosynthesis. 
(Ciba Foundation Symposium 61.) Elsevier/North-Holland Inc., 52 
Vanderbilt Ave., New York, NY 10017. 1979.374 pp. 16 X 24 cm. 
This symposium on chlorophyll organization and energy transfer in 

photosynthesis is a timely update of the basic processes through which 
plants and microorganisms contribute to the supply of nutritious food, 
high-quality feed, and fiber. This subject is especially important when 
one considers that the world population in 1930 reached 3 billion people 
and that by the year 2000, there will be about 7 billion people in the world. 
The projected increase underscores the need for a detailed understanding 
of the conversion of sun energy for sustaining the population growth. 

On a more basic level, this symposium covers an important developing 
area of multidisciplinary science, yielding an updated concept of pho- 
tosynthetic chemistry and mechanisms. Although many gaps remain in 
the isolation and characterization of chlorophyll-protein complexes, the 
symposium addresses itself to the more recent advances in this field. 

The topics of the symposium include structure and function in pho- 
toreaction-center chlorophyll, properties of chlorophyll on plasticized 
polyethylene particles, the preparation and characterization of different 
types of light-harvesting pigment-protein complexes from certain purple 
bacteria, chlorophyll-protein complexes of brown algae, P700 reaction 
center and light-harvesting complexes, resonance Raman spectroscopy 
of chlorophyll-protein complexes, possible structures for chlorophyll, 
a diamer in Photosystem I of green plants delineated by polarized pho- 
tochemistry, effects of ions and gravitational forces on the supramolecular 
organization and excitation energy distribution in chloroplast mem- 
branes, fluorescence of light-harvesting chlorophyll ah-protein com- 
plexes, implications for the photosynthetic unit, energy transfer in a 
model of the photosynthetic unit, dynamics of excitons created by a single 
picosecond pulse, chlorophyll orientation and exciton migration in the 
photosynthetic membrane, tripartite and bipartite models of the pho- 
tochemical apparatus of photosynthesis, picosecond fluorescence from 
photosynthetic systems in vivo, energy transfer and its dependence on 
membrane properties, quenching of chlorophyll fluorescence and pho- 
tochemical activity of chloroplasts a t  low temperature, and transfer and 
trapping of excitation energy in Photosystem 11. 

Each topic is followed by an in-depth discussion by the participants, 
and the symposium is concluded with a general discussion which includes 
manganese and the evolution of oxygen; the state of chlorophyll in 
Photosystem I, Photosystem 11, and the light-harvesting unit; the Grosser 
structure of chlorophyll-protein complexes; and comparison of the 
Paillotin-Swenberg kinetic theory and the Searle-Treswell empirical 
treatment. 

For the most part, the chapters are well balanced and contain a wealth 
of information. I recommend this book for serious professionals concerned 
with basic aspects of chlorophyll organization and energy transfer in 
photosynthesis. 

Reviewed by P. G. Vincent 
Agricultural Environmental Quality 

Agricultural Research 
Science and Education Administration 
U.S. Department of Agriculture 
Beltsville, MD 20705 

Institute 

Drug Toxicity. Edited by J. W. GORROD. Taylor and Francis Ltd., 
10-14 Macklin St., London WC2B 5WF, England. 1979.326 pp. 15 X 
23 cm. 
This volume was compiled from lectures presented at the Aspects of 

Drug Toxicity Session of the Pharmaceutical Society of Great Britain’s 
Easter School in April 1978. The book is a broad-based basic text in 
toxicology and is a companion volume to another text, Drug Metabolism 
in Man. 

The opening chapter covers the production of toxic substances from 
the metabolic conversion of drugs and other foreign substances. This 
discussion is followed by three chapters indicating how these metabolic 
processes can be modified by physiological and pharmacological factors. 
Among the topics discussed are age- and species-specific developmental 
factors, genetics, and dietary factors, with emphasis placed on phar- 
macokinetic and metabolic considerations. 

The theme of proprietary drug toxicity is introduced with a chapter 
on the influence of formulations on drug-induced side effects and po- 
tential toxic manifestations. This discussion is followed by a consideration 

of generalized toxicological consequences resulting from drug-induced 
enzyme induction and enzyme inhibition. Another generalized topic is 
found in a survey of possible neoplasia induction occurring as a conse- 
quence of drug therapy. 

These organism-directed discussions are complemented by a series 
of papers dealing with the effects of drugs and other biologically active 
substances on specific organs and organ systems. The systems covered 
include the liver, the lungs, blood and blood-forming organs, the nervous 
system, the fetus, the optic system, and the skin. Two final chapters cover 
the development of potentially useful drugs from chemicals toxic to 
connective tissue and the development of untoward effects during 
treatment with radiopharmaceuticals. 

This text is a balanced blend of the theoretical and practical aspects 
of drug toxicity. Each chapter is adequately referenced to provide in- 
tereated individuals with sources of more detailed information. This book 
provides a well-organized introductory approach for newcomers to the 
field of toxicology and points them in the direction in which this field is 
moving. 

Reviewed by Anthony T. Dren 
Medical Division 
Burroughs Wellcome Co. 
Research Triangle Park, NC 27709 

Comprehensive Organic Chemistry. (A series of six volumes.) Edited 
by Sir D. BARTON and W. D. OLLIS. Pergamon, Oxford, England. 
1979.18.5 X 27.5 cm. Price $1250. Vol. 1: edited by J. F. STODDART, 
xiii + 1227 pp. Vol. 2: edited by I. 0. SUTHERLAND, xiii + 1329 pp. 
Vol. 3: edited by D. N. JONES, xv + 1323 pp. Vol. 4: edited by P. G. 
SAMMES, xiii + 1228 pp. Vol. 5 edited by E. HASLAM, xv + 1205 
pp. Vo16 edited by C. J. DRAYTON, xv + 1628 pp. 
The intent for publishing a work of this magnitude, encompassing over 

8OOO pages, was to provide a comprehensive and readable “work reflecting 
the current rapid development of modern organic chemistry.” The result 
was perhaps not so much a comprehensive treatment of organic chem- 
istry, as one would find in an encyclopedic series, as it is a comprehensible 
one, as hopefully stated by the volume editors. In addition to the antici- 
pated treatment of the synthesis and reactions of organic compounds, 
the series attempts to relate the present development of organic chemistry 
to such developing subjects as biochemistry, inorganic chemistry, mo- 
lecular biology, medicinal chemistry, and pharmacology. In this regard, 
the series was intended to be useful to those who employ the methods of 
organic chemistry in the study of both natural and synthetic compounds 
and their function in biological reactions. However, the presentation of 
organic chemistry as an intrinsic science also has been accomplished, and 
those facets of the subject that are essential to its present level of devel- 
opment are emphasized and adequately covered. E. Haslam states that 
the strength of organic chemistry does not lie in its naivete but in its rich 
diversity; this aspect of the science certainly is evident from the scope 
of topics selected for treatment. 

An enumeration of the contents of the series should be of value to 
specialists and generalists alike. The treatment is based primarily on 
functional group chemistry but is presented throughout with the 
underlying mechanistic considerations. No separate section is devoted 
to theory, which the editors feel will “age” perhaps more quickly than 
the facts. The topics covered are arranged in 30 parts. Volume 1 includes 
a brief treatment of nomenclature and stereochemistry, followed by de- 
tailed discussions of hydrocarbons, halogen compounds, alcohols, phenols, 
ethers and related compounds, and aldehydes and ketones. The second 
volume is concerned with nitrogen-containing compounds, carboxylic 
acids and derivatives, and phosphorus compounds. Volume 3 treats or- 
ganic compounds of sulfur, selenium, tellurium, silicon, and boron and 
organometallics. 

Volume 4 involves heterocyclic compounds and gives a well-selected 
coverage of both common and uncommon heterocycles. Volume 5 is 
concerned mainly with compounds of biological importance: nucleic acids, 
amino acids, proteins, P-lactam antibiotics, enzyme catalysis, lipids, 
carbohydrates, synthesis of macromolecules, bioorganic chemistry in- 
cluding photosynthesis, and biosynthetic pathways. Volume 6 consists 
of formula, subject, author, reaction, and reagent indexes. This volume 
includes additional references, not specified in the text, for some of the 
subjects. About 20,000 references are cited in Volumes 1-5, and the lit- 
erature up to mid 1978 generally is covered. 

For a contemporary coverage of the entire subject of organic chemistry 
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Chlorophyll Organization and Energy Transfer in Photosynthesis. 
(Ciba Foundation Symposium 61.) Elsevier/North-Holland Inc., 52 
Vanderbilt Ave., New York, NY 10017. 1979.374 pp. 16 X 24 cm. 
This symposium on chlorophyll organization and energy transfer in 

photosynthesis is a timely update of the basic processes through which 
plants and microorganisms contribute to the supply of nutritious food, 
high-quality feed, and fiber. This subject is especially important when 
one considers that the world population in 1930 reached 3 billion people 
and that by the year 2000, there will be about 7 billion people in the world. 
The projected increase underscores the need for a detailed understanding 
of the conversion of sun energy for sustaining the population growth. 
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a diamer in Photosystem I of green plants delineated by polarized pho- 
tochemistry, effects of ions and gravitational forces on the supramolecular 
organization and excitation energy distribution in chloroplast mem- 
branes, fluorescence of light-harvesting chlorophyll ah-protein com- 
plexes, implications for the photosynthetic unit, energy transfer in a 
model of the photosynthetic unit, dynamics of excitons created by a single 
picosecond pulse, chlorophyll orientation and exciton migration in the 
photosynthetic membrane, tripartite and bipartite models of the pho- 
tochemical apparatus of photosynthesis, picosecond fluorescence from 
photosynthetic systems in vivo, energy transfer and its dependence on 
membrane properties, quenching of chlorophyll fluorescence and pho- 
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and its interrelations with biochemistry, this series perhaps should be 
the first source consulted. Further detail may be located in monographs 
on specific topics; but for a comprehensive view of any general topic in 
organic chemistry, this series should be quite useful. Although the authors 
were faced with a formidable problem of selecting the most important 
topics, the series overall has a sufficient balance of new and old infor- 
mation to be of value for some time. For a relatively complete treatment 
of developments during the past two decades, this series probably is 
unchallenged by any single work; it represents a reasonable compromise 
between specialization and encyclopedism. 

To the medicinal chemist, the extensive treatment of the newer 
methods of organic synthesis will be of great interest. Volume 5, which 
comprises naturally occurring compounds, enzyme catalysis, and bio- 
synthetic pathways, should be of interest to all pharmaceutical scientists. 
Although relatively few examples of detailed mechanisms of enzyme 
catalysis are included, or known, the present understanding of the 
underlying facton is discussed well. The coverage of sulfur chemistry (vol. 
3), usually deficient in most general texts on organic chemistry, is re- 
markably complete. The nitrogen heterocycles (vol. 4) also are given a 
more extensive treatment than some topics. 

This series can be recommended for libraries in pharmacy colleges and 
in the pharmaceutical industry; the cost of the volumes, of course, would 
deter the individual purchaser. It is hoped that revisions of this series will 
be made, retaining the stated goal of keeping the science of organic 
chemistry comprehensible to those who use it. 

Reviewed by William 0. Foye 
Massachusetts College of Pharmacy 

and Allied Health Sciences 
Boston, MA 02115 

Computer Assisted Studies of Chemical Structure and Biological 
Function. By A. J. STUPER, W. E. BRUGGER, and P. C. JURS. 
Wiley, One Wiley Drive, Somerset, NJ 08873.1979. xi + 220 pp. 16 X 
23 cm. Price $23.50. 
This book provides a convenient introduction to pattern recognition 

techniques. It is very well written and sufficiently referenced to allow 
interested persons access to pertinent literature for more in-depth studies. 
Preprocessing and classification methods are summarized. Various means 
of generating molecular descriptions also are described. The methods 
are applied to tranquilizers and sedatives and to musk and trigeminally 
active odorants. 

This book describes some of the methods used in pattern recognition 
studies. However, it is inappropriate to view the book as a “how-to-do-it” 
introduction to pattern recognition. While the algorithms are available, 
the most appropriate application of these algorithms to biological data 
still is a developing area. This book should stimulate additional research 
in this regard. 

Reviewed by Arthur Cammarata 
School of Pharmacy 
Temple University 
Philadelphia, PA 19140 

Antibiotics: Isolation, Separation, and Purification. Edited by 
MARVIN J. WEINSTEIN and GERALD H. WAGMAN. (Journal of 
Chromatography Library, Vol. 15.) Elsevierhlorth-Holland Inc., 52 
Vanderbilt Ave., New York, NY 10017.1978.769 pp. 16 X 24 cm. Price 
$84.75. 
A t  first glance, this 15th volume of the Journal of Chromatography 

Library appears to be an ambitious attempt to describe the isolation, 
separation, and purification of most of the known antibiotics. The pub- 
lication contains 17 chapters, each of which is devoted to a group of 
chemically related antibiotics. Each chapter was written by a different 
contributor. The editors selected the authors for their competence and 
knowledge in their respective areas. 

The book covers therapeutically useful drugs such as the penicillins, 
cephalosporins, griseofulvins, lincomycins, macrolide antibiotics, peptide 
antibiotics, tet.racyclines, 2-deoxystreptamine-containing antibiotics, 
and actinomycins, as well as groups of less well-known antibiotics such 
as the ansamycins, siderchromes, streptothricins, polyethers, and marine 
and plant-derived antibiotics. 

The contribution by scientists who are knowledgeable in their re- 
spective fields is the strength of this publication. However, multiple 
authorship often leads to variations in the format of the chapters and to 
unevenness in the depth of the discussions of the antibiotic groups. All 
of the authors cover in one form or another the subject matter of this 
volume; in many cases, useful additional information concerning the 
chemistry, physical characteristics, and therapeutic uses of the antibiotics 
is included. 

The book is not encyclopedic in its coverage; although the naturally 
occurring penicillins are described, the semisynthetic penicillins are not 
included. The antitumor drugs, which are considered to be antibiotics 
in this country, also are not included. Discussions of polymyxin and 
bacitracin are not among the polypeptide antibiotics. Coverage in some 
areas appears to be sparse. The contributor for the tetracycline antibiotics 
included only 52 references for this important class of antibiotics, whereas 
the author of the streptothricins chapter made reference to 225 publi- 
cations. 

Overall, the publication brings together a lot of useful information, 
especially in the areas of the less well-known antibiotic groups. 

Reviewed by George B. Selzer 
National Center /or Antibiotics 

Rureau of Drugs 
Food and Drug Administration 
Washington, DC 20204 

Analysis 

The price indicated in the April 1980 issue for Catecholamines: Basic 
and Clinical Frontiers, Vols. I and I1 (Pergamon Press) was $200.00 per 
volume. It should have been $200.00 per two-volume set. 
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deter the individual purchaser. It is hoped that revisions of this series will 
be made, retaining the stated goal of keeping the science of organic 
chemistry comprehensible to those who use it. 

Reviewed by William 0. Foye 
Massachusetts College of Pharmacy 

and Allied Health Sciences 
Boston, MA 02115 

Computer Assisted Studies of Chemical Structure and Biological 
Function. By A. J. STUPER, W. E. BRUGGER, and P. C. JURS. 
Wiley, One Wiley Drive, Somerset, NJ 08873.1979. xi + 220 pp. 16 X 
23 cm. Price $23.50. 
This book provides a convenient introduction to pattern recognition 

techniques. It is very well written and sufficiently referenced to allow 
interested persons access to pertinent literature for more in-depth studies. 
Preprocessing and classification methods are summarized. Various means 
of generating molecular descriptions also are described. The methods 
are applied to tranquilizers and sedatives and to musk and trigeminally 
active odorants. 

This book describes some of the methods used in pattern recognition 
studies. However, it is inappropriate to view the book as a “how-to-do-it” 
introduction to pattern recognition. While the algorithms are available, 
the most appropriate application of these algorithms to biological data 
still is a developing area. This book should stimulate additional research 
in this regard. 

Reviewed by Arthur Cammarata 
School of Pharmacy 
Temple University 
Philadelphia, PA 19140 

Antibiotics: Isolation, Separation, and Purification. Edited by 
MARVIN J. WEINSTEIN and GERALD H. WAGMAN. (Journal of 
Chromatography Library, Vol. 15.) Elsevierhlorth-Holland Inc., 52 
Vanderbilt Ave., New York, NY 10017.1978.769 pp. 16 X 24 cm. Price 
$84.75. 
A t  first glance, this 15th volume of the Journal of Chromatography 

Library appears to be an ambitious attempt to describe the isolation, 
separation, and purification of most of the known antibiotics. The pub- 
lication contains 17 chapters, each of which is devoted to a group of 
chemically related antibiotics. Each chapter was written by a different 
contributor. The editors selected the authors for their competence and 
knowledge in their respective areas. 

The book covers therapeutically useful drugs such as the penicillins, 
cephalosporins, griseofulvins, lincomycins, macrolide antibiotics, peptide 
antibiotics, tet.racyclines, 2-deoxystreptamine-containing antibiotics, 
and actinomycins, as well as groups of less well-known antibiotics such 
as the ansamycins, siderchromes, streptothricins, polyethers, and marine 
and plant-derived antibiotics. 

The contribution by scientists who are knowledgeable in their re- 
spective fields is the strength of this publication. However, multiple 
authorship often leads to variations in the format of the chapters and to 
unevenness in the depth of the discussions of the antibiotic groups. All 
of the authors cover in one form or another the subject matter of this 
volume; in many cases, useful additional information concerning the 
chemistry, physical characteristics, and therapeutic uses of the antibiotics 
is included. 

The book is not encyclopedic in its coverage; although the naturally 
occurring penicillins are described, the semisynthetic penicillins are not 
included. The antitumor drugs, which are considered to be antibiotics 
in this country, also are not included. Discussions of polymyxin and 
bacitracin are not among the polypeptide antibiotics. Coverage in some 
areas appears to be sparse. The contributor for the tetracycline antibiotics 
included only 52 references for this important class of antibiotics, whereas 
the author of the streptothricins chapter made reference to 225 publi- 
cations. 

Overall, the publication brings together a lot of useful information, 
especially in the areas of the less well-known antibiotic groups. 

Reviewed by George B. Selzer 
National Center /or Antibiotics 

Rureau of Drugs 
Food and Drug Administration 
Washington, DC 20204 

Analysis 

The price indicated in the April 1980 issue for Catecholamines: Basic 
and Clinical Frontiers, Vols. I and I1 (Pergamon Press) was $200.00 per 
volume. It should have been $200.00 per two-volume set. 
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AN EFFORT TO CREATE NEW 
UNDERSTANDINGS 

This month, from July 20-24, many of our pharmacy school educators 
will be gathering in Boston, Massachusetts, to attend and to participate 
in the annual meeting of the American Association of Colleges of Phar- 
macy. 

What makes this meeting noteworthy, in our opinion, is the theme topic 
that will be featured at this year’s conference. The AACP utilizes a 
three-year sequence in issues for policy consideration. This process entails, 
in turn, (a )  introducing for review, ( b )  subjecting to study, and ( c )  adopting 
a position or making a decision regarding each particular issue. 

The theme topic for intensive consideration at  this 1980 session is en- 
titled “Bridging the Gap Between the Basic Sciences and Clinical Practice: 
Teaching, Research, and Service.” Because of the interest of our reader- 
ship-as well as our own personal interest-in the basic sciences, we are 
gratified that the AACP has chosen this theme for current intensive review 
and study. 

Over the years, the respective educational elements of teaching, research, 
and service have been accorded varying degrees of emphasis in pharmacy 
academic circles. Indeed, this has happened to the extent that one or the 
other of the three elements has been given short-shrift in the process, while 
one of the other two elements has been lavished with attention, funds, and 
other scarce resources. 

Such imbalance has prompted the more observant and concerned 
pharmacy leaders to voice some alarm and to suggest that, as in the case 
of a tripod or a three-legged stool, it is critical that all three supporting legs 
are of relatively equivalent strength if the load is to be properly held in 
place. 

But despite recognizing this need, and despite apparent attempts to 
provide the desired equilibrium of support, a decided gap has developed 
between the basic sciences educators and clinical practice educators. The 
gap seems to have begun to form many years ago when some pharmacy 
schools began offering advanced degrees; in the process, a t  least a number 
of them began to neglect their first mission of undergraduate education. 
An attitude of disdain even became evident on the part of some faculty 
members-they wished to have as little as possible to do with the teaching 
of undergraduate students. In turn, this attitude seemed to evolve into 
a somewhat comparable but broader disdain for pharmacy practitioners 
and pharmacy practice, because these were equated with undergrad- 
uate-rather than graduate-training and education. 

However, about 15 years ago, the pendulum began to swing back as 
clinical pharmacy first made its appearance in our pharmacy schools and 
as it subsequently proceeded to spread nationally within just a few short 
years. 

Depending upon the particular pharmacy school, and depending upon 
the views of the particular people involved, one now hears that in many 
cases the basic sciences have been drastically downgraded to the point that 
students at  those schools are receiving very inferior training in the sciences. 
And conversely, others will describe the reverse situation, claiming that 
too much emphasis is still being accorded the basic sciences and not suf- 
ficient attention is devoted to the clinical aspects. 

In the competition for resources and the jockeying for position that have 
ensued, a very unfortunate further development has occurred within many 
pharmacy school faculties. Basically, a virtual schism has been created 
between the respective groups of faculty personnel. This split goes beyond 
the traditional fierce but good-natured rivalry. It appears to be a growing 
and deeply felt resentment of each group for the other. Moreover, it shows 
signs of increasing rather than diminishing in its intensity. 

Perhaps for this reason, the fact that the AACP meeting in Boston will 
focus on bridging the science-practice gap becomes all the more important. 
If open study, debate, and discussion can be successful in bridging this 
professional strife among our faculty people, such will be a most significant 
accomplishment. Otherwise, if this schism-with its associated jealousy, 
back-biting, and squabbling-continues and escalates, we are faced with 
the eventual prospect that our educational system will literally tear itself 
apart. Needless to say, that would be tragic for the future of pharmacy in 
America. -EGF 
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Abstract 0 The clearance of 1We-labeled polystyrene divinylbenzene 
microspheres in the 3-12-pm diameter size range following intravascular 
administration was found to be size dependent, with the larger spheres 
clearing the circulation most rapidly. With spheres of high specific ac- 
tivity, dynamic distribution in various organs was determined by con- 
tinuous whole-body scanning for the 1st hr after administration and by 
static imaging at  selected times thereafter up to 4 weeks. The 7- and 
12-pm spheres were filtered mechanically and retained for prolonged 
periods in the lungs, while the 3- and 5-pm spheres localized and were 
retained in the liver and spleen. Localization of these smaller spheres 
appeared to be due to phagocytosis by cells of the reticuloendothelial 
system; with the 12-pm spheres, there was no evidence of phagocytosis 
by the pulmonary macrophages of the reticuloendothelial system within 
4 weeks postadministration. Intraarterially administered larger micro- 
spheres did not show any significantly different distribution patterns 
from those administered intravenously. Histological examination re- 
vealed occasional vascular engorgement about the site of multiple-sphere 
lodgment, but no destructive tissue phenomenon was apparent in relation 
to the lodgment of the microspheres. 

Keyphrases 0 Microspheres-cerium 141 labeled, clearance from blood 
and distribution in specific organs following intravenous and intraarterial 
administration, dogs CIearan~e-~~~Ce-labeled microspheres, clearance 
from blood following intravenous and intraarterial administration, dogs 
0 Di~tribution-~~~Ce-labeled microspheres, distribution in specific 
organs following intravenous and intraarterial administration, dogs 

Particulate matter found in injectable fluids and drugs 
has been a cause of concern to both the pharmaceutical 
industry and the medical practitioner (1-9). Until recently, 
most research efforts were directed at  the amounts, origins, 
and physical properties of the particulates in parenteral 
drugs (10-15). Removal of these contaminants with final 
filters significantly reduces the incidence of infusion 
phlebitis, a local inflammatory process associated with 
intravenous fluid administration (16-20). Although some 
reports suggested that foreign particulates in parenteral 

fluids may be hazardous, relatively little is known about 
distribution, relocation, and tissue effects of particulates 
entering the vascular system. 

The possible effects and fate of injected model partic- 
ulate matter recently were evaluated methodically as a 
function of the size and number administered intrave- 
nously to beagle dogs (21,22). Of the size ranges chosen for 
these studies (microspheres of 3,8,  15, and 25 pm in di- 
ameter), only the 3-pm model particles appeared to clear 
the lung capillary bed after an initial retention period and 
eventually relocated in the liver and spleen where they 
remained indefinitely. Although the studies yielded useful 
information about the ultimate fate of the microspheres, 
no definitive information concerning the dynamics of this 
relocation was obtained. 

Since the previous study showed that relocation was 
limited to the smaller spheres, the purpose of this inves- 
tigation was to obtain a clearer understanding of the time 
dependency of the observed relocation of a narrower range 
of microspheres injected intravenously and intraarterially. 
Four microsphere sizes in the 3-12-pm range were selected 
and were of higher specific activity than the ones used 
previously. Additionally, a more intensive histological 
examination was conducted on specific tissues a t  various 
intervals to assess the location of spheres, tissue loads, and 
possible tissue damage. 

EXPERIMENTAL 

Microspheres-Polystyrene divinylbenzene microspheres' labeled 
with cerium 141 were obtained as suspensions in normal saline. These 

1 Nuclear Products Division, 3M Co., St. Paul, Minn. 
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Figure 1-Scanning electron micrographs of polyntvrene diuinylbenzene microspheres labeled with cerium 141 a t  20 ku (2400X magnification). 

microspheres are shown in the scanning electron microscope photomi- 
crographs in Fig. 1. The specific activity was -50 mCi/g, five times higher 
than that used previously (21) to allow for more frequent scanning as well 
as blood level determinations using small blood samples. The size and 
number of spheres were controlled using an electronic particle counter2 
and microscopic3 monitoring. 

The permanency of the radioactive tag was checked by filtration of a 
sample using a 0.45-pm filter and monit,oring of the filtrate for activity. 
Additionally, urine and feces excreted from the first dog of each 
sphere-size group were collected during the 1st day and analyzed for ra- 
dioactivity. Analysis 0 1  the filtrate and excreta confirmed the permanency 
of the radioactive tag. 

Dose Preparation-Following ultrasonic treatment. of the spheres 
for at  least 5 min as well as occasional agitation by hand, doses were drawn 
into a syringe; the radioactivity was checked with a radioisotope cali- 
brator4 prior to administration. 

Preparation of Experimental  Animals-The beagle dogs were 
2-3-year-old purebred females weighing 8.1-12.5 kg. The dogs were 
anesthetized with pentobarbital sodium a t  a dose of 30 mg/kg iv, and a 
20-gauge needle equipped with a three-way stopcock was inserted into 
the radial veins of the left and right forelegs for intravenous dosing and 

2 Coulter counter model TAII, Coulter Electronics, Hialeah, Fla. 
Zetopan Universal Research Microscope, Riechert. Austria. 
Model CRC-GA. E. K. Squihh & Sons, East Hrunswick, N.J. 

blood sampling, respectively. For intraarterial administration, a cannula 
was threaded from the common carotid artery into the left ventricle. The 
placement of the cannula was verified by demonstration of a left ven- 
tricular pressure curve via a transducer-recorder hookup. 

Each dog was restrained in a supine position on a hard board, placed 
under a scintillation camera5, and positioned to align the chest and 
abdomen for imaging. After completion of imaging, the dogs that had a 
cannula inserted were given antibiotic prophylaxis with penicillin G 
procaine at  400.000-1,000,000 units/day im for 1-3 days. 

Dose Administration-The size and number of microspheres ad- 
ministered to the beagle dogs are listed in Table I. The prepared dose of 
microspheres was administered directly from the syringe through the 
stopcock over 2 min. The syringe and cannula were flushed with 20 ml 
of sterile water for injection through the stopcock, completing the in- 
jection. 

Animals were sacrificed a t  20 min, 1 hr, 24 hr, or 4 weeks after admin- 
istration. 

Mode of Imaging-For whole-body scanning, the scintillation camera 
was interfaced to a digital computer6. Immediately following dosing, serial 
images of the chest and abdomen were recorded a t  the rate of 12 
frames/min for the first 2 min followed by 2 frames/min for the next 58 
min. Delayed static images were recorded a t  2 and 24 hr and 1,2,  and 4 

5 Pho/Gamma LFOV, Searle Radiographics. Des Plaines, Il l .  
PDP-I 140, Digital Equipment Corp., Maynard, Mass. 
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Table I-Size of Microspheres Administered and Dosage Range Table 11-Tissues for Histological Study 

Sphere Dosage Range 
Number Size, Radioactivity, Number of 
of Dogs prn pCi Spheresa, X lo6 

~~ ~~ 

9 3.4 f 0.7 244-838 253-890 
8 5.4 f 0.5 505-806 73-101 
5 1.4 f 0.5 571-1192 46-93 
5 11.6 f 0.5 409-538 8.6-10 

0 Number of spheres per milligram = (1.55 X lP)/Da, where D is the mean sphere 
diameter in microns. 

weeks following microsphere administration. All data were stored on 
magnetic tapes for review and analysis. 

Determination of Distribution-Microsphere distributions were 
determined externally by flagging individual organs using computer- 
generated images and integrating the counts within each flagged area. 

Specific intact organs, including the lungs, liver, spleen, heart, kidneys, 
brain, and tongue, were removed following sacrifice and scanned indi- 
vidually with the scintillation camera to quantitate the distribution a t  
specific times. Efficiency values with units of counts per minute per mi- 
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10 
0 

O 
m 

w 

I 

a 

ri l o  
3 
8 

10 

10 

10 

10 

I 
I 

5ym and 7ym spheres 

I 
I 
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MINUTES 

Figure 2-Distribution patterns of microspheres obtained by rapid 
frame sequential scanning during the first 60 min following adminis- 
tration. Count rates were corrected for differences in administered ac- 
tivity. Key: -, liver; - -, lung; a n d .  - a, spleen. 

Orean Suecific Tissue 

Heart 
Lungs 

Liver 
Spleen 
Kidneys 

Bone marrow 
Brain 
Peripheral blood 

Right ventricle, left ventricle 
Ri ht middle lobe, right lower lobe, left lower 

Right lobe, left lobe 
Including capsule 
Right including capsule and pelvis, left including 

Squeezing of one rib for marrow sample 
Left cortex 
Direct blood smear immediately after injection, 

direct blood smear immediately before sacrifice, 
buffy coat imm6diately after injection, buffy 
coat immediatelv before sacrifice 

kobe, left upper lobe 

capsule and pelvix 

Tonme 

crocurie were determined for each organ by adding a known amount of 
radioactivity to a plastic bag filled with an amount of water equivalent 
to the mass of the organ. The bag was shaped to simulate the shape of the 
organ and scanned in the same geometry as the excised organ. 

Following the intact organ scanning, small specimens were removed 
from each organ for histological examination, and the remainder of the 
organ then was homogenized with a known amount of distilled water in 
a blender7. A 5-ml rubber-top container8 was 70% filled with an aliquot 
of the homogenized sample and weighed. One to five samples were pre- 
pared for each organ and analyzed using a well-type y-countere. The 
counter efficiency was determined beforehand utilizing a known amount 
of radioactivity. 

Blood Level Determination-Approximately 1-2 ml of venous blood 
was removed immediately after dose administration and at  frequent 
intervals during the initial stage of each run. Total emissions of a weighed 

1 -  

weeks 
TIME 

Figure 3-Relative retention and average time dependence of micro- 
spheres in beagle dog lungs obtained by external scanning following 
intravenous administration based on a 500-pCi dose. Key: 0, 3-pm 
spheres; A, 5-pm spheres; 0, 7-pm spheres; and 0 , 1 2 - p m  spheres. 

I '  ' .I- 

2 1 , , ,  

0 1 hr 2hr 24  hr 1 week 2 weeks 4 w w k q  
= 10 
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Figure 4-Relative retention and average time dependence of micro- 
spheres in beagle dog liver obtained by external imaging following in- 
travenous administration based on a 500-pCi dose. Key: 0, 3-pm 
spheres; A, 5 - p m  spheres; and 0, 7-pm spheres. 

Waring model 5011. 

Model 4 spectroscaler, Picker Nuclear Corp.. Northford, Conn. 
8 Vacutainer. 
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Table 111-Quantitative Recovery of Radioactivity (Percent)  in Individually Scanned Intact  Organs following Intravenous (IV) and  
Intraar ter ia l  (IA) Administration 

3-pm Spheres 5-pm Spheres 7-wm Spheres 12-pm Spheres 
Organ IV I A  IV IA IV IA 1v IA 

Heart 
Lungs 
Liver 
Spleen 
Kidneys 
Brain 
Total recovery 

Heart 
Lungs 
Liver 
Spleen 
Kidneys 
Brain 
Total recovery 

Heart 
IAungs 
Liver 
Spleen 
Kidneys 
Brain 
Tongue 
Total recovery 

Heart 
Lungs 
Liver 
Spleen 
Kidneys 
Brain 
Tongue 
Total recoverv 

0 
23.7 
54.6 
14.3 
0 
0 

92.6 

0.3 
21.1 
60.1 
8.2 
0.2 
0.1 

90.0 

0 
1.4 

70.5 
7.4 
0 
0 

79.3 

0 
5.0 

69.2 
13.6 
0 
0 

87.8 

0.1 
22.7 
49.2 
9.3 
1.9 
0.1 

83.3 

0.3 
9.4 

69.7 
7.0 
1.7 
0.1 

88.2 

2.6" 
4.2 

72.7 
8.3 
0.3 
0.4 

88.5 

0.1 
1.1 

74.8 
8.4 
0 
0 

84.4 

Sacrificed 20 min after Administration 
0.6 

49.4 
7.8 
1.6 
0.6 
0.1 

60.1 
Sacrificed 1 hr after Administration 

4 2  *::; 
21.9 25.9 
4.7 4.3 
0.6 1.5 
0.1 0.4 

75.8 76.0 
Sacrificed 24 hr after Administration 

1.0 

55.4 60.6 7.0 
5.0 6.8 0.9 
0.1 0.2 0.2 
0 0.2 0 

1::; ;:; 55.7 

75.4 70.5 64.8 

0.4 0.8 
Sacrificed 4 Weeks after Administration 

0.6 36.9 
81.4 28.3 

8.3 1.6 
0.2 0.1 
0.3 0.1 

91.2 67.8 

0.6 
26.2 
32.1 
3.1 
1.4 
0.7 

64.1 

5.7 
10.3 
27.7 
2.3 
0.2 
0.1 

46.3 

0 
98.3 
0.1 
0 
0 
0 
0.1 

98.5 

0 
106.4 

0 
0 
0 
0 

106.4 

0 
51.6 
0 
0 
0 
6.9 
0.8 

59.3 

0.5 
56.4 
0.6 
0.6 
0.6 
2.2 
3.1 

64.0 

a Obtained at  14 hr. 

blood sample were counted by a well-type y-counter for 10 min. 
Histological Evaluation-Specific tissue specimens, -10 X 20 X 3 

mm, were cut from the organs listed in Table 11. The tissues were pro- 
cessed through formaldehyde fixation, paraffin embedding, and staining 

Table IV-Quantitative Recovery of Radioactivity (Percent) in Homogenized Organs following Intravenous (IV) and Intraarterial 
(IA) Administration 

with hematoxylin and eosin. Slide preparations 5-14 p m  thick were 
prepared, depending on the size of the microspheres. Direct blood smears 
and buffy coat smears were prepared with blood samples obtained im- 
mediately after dose administration and immediately before sacrifice. 

~I 

3-pm Spheres 5-wm Spheres 7-pm Spheres 12-pm Spheres 
Organ IV IA IV IA IV IA IV IA 

Heart 
Lungs 
Liver 
Spleen 
Kidneys 
Total recovery 

Sacrificed 20 min after Administration 
0.3 0.1 0.5 

15.9 19.3 
41.6 38.0 
10.8 6.6 
0.1 1.5 

68.7 65.5 

42.5 
8.6 
1.4 
0.6 

53.6 
Sacrificed 1 hr after Administration 

Heart 0.2 0.2 0.7 0.4 
Lungs 15.j 9.5 32.9 28.9 
Liver 49.0 61.6 23.0 19.8 
Spleen 7.3 7.1 3.7 2.9 

Total recoverv 72.1 79.0 60.9 53.1 
Kidneys 0.1 0.6 0.6 1.1 

Heart 
Lungs 
Liver 
Spleen 
Kidneys 
Total recovery 

0.1 
1.2 

62.!i 
6.0 
0 

69.8 

1.8O 
3.5 

52.9 
5.4 
0.2 

63.8 

Sacrificed 24 hr after Administration 
0.6 0.5 0.9 

12.4 1.6 42.8 
50.9 54.8 6.5 
4.9 6.7 0.8 
0.1 0.2 0.3 

68.9 63.8 51.3 

0.4 
15.9 
28.8 
2.6 
1.1 

48.8 

0 
58.5 
0 
0.1 
0 

58.6 

0 
37.6 
0 
0 
0 

37.6 
Sacrificed 4 Weeks after Administration 

Heart 0 0.1 0.1 0.6 5.2 0 0 

Liver 52.1. 68.0 79.5 20.1 34.9 0 0 
Spleen 10.5 7.4 7.3 1.5 1.9 0 0 
Kidneys 0 0.6 0 0.1 0.1 0 0 

Lungs 4.4 0.9 -0.2 26.3 8.1 15.7 54.0 

Total recovery 67.0 77.0 87.1 48.6 50.2 75.7 54.0 

Obtained at  14 hr. 
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Figure $-Relative retention and average t ime dependence of micro- 
spheres i n  beagle dog lungs obtained by external scanning following 
intraarterial administration based O n  a 500-~ci dose. Key: 0, 3-pm 
spheres; A, 5 - p m  spheres; 0, 7-pm spheres; and 0 , l Z - p m  spheres. 

Figure 6-Relative retention and average t ime dependence of macro- 
spheres i n  beagle dog liver obtained by external scanningfollowing in- 
traarterial administration based on a 500-pCi dose. Key: 0, 3-pm 
spheres; A, 5 - p m  spheres; and 0, 7-pm spheres. 

high concentrations in the lungs, liver, and spleen. A set of typical tem- 
poral distribution curves for these three organs obtained from rapid frame 
sequential scanning for the first 60 min is shown in Fig. 2. Although the 
curves were corrected for differences in administered activity, due to the 

RESULTS 
Distribution Patterns-Whole-body scanning showed that almost 

all of the radioactivity was localized in the central region, with especially 
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Figure 7-Quantitatiue recovery of microspheres in individually scanned intact organs. Key: A, A, liver; 0,  0, lungs; and ., 0, spleen; closed 
symbols represent intravenous administration, and open symbols represent intraarterial administration. 
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Figure 8-Ratio of the number of spheres per gram of blood to that 
administered as a function of time. Key: a, 0 , 3 - p m  spheres; A, A, 5-pm 
spheres; B, 0, 7-pm spheres; and a, 0, 12-pm spheres; closed figures 
and solid lines represent intrauenous administration, and open figures 
and broken lines represent intraarterial administration. 

difficulty in isolating entire organ profiles resulting from organ overlap, 
only relative counts and not absolute uptake values are shown. However, 
the curves demonstrate the general distribution over the first 60 min. 

No clearcut difference in distribution patterns was observed between 
intravenous and intraarterial administration of microspheres. With the 
3-pm microspheres injected in nine dogs, there was an initial distribution 
to the lungs followed by rapid clearance from the lungs and localization 
in the liver and spleen. Six of eight dogs injected with 5-pm spheres ex- 
hibited similar lung patterns. With the 7-pm microspheres, retention in 
the lungs was greater and clearance was more gradual in all five dogs in- 
jected. On the other hand, all of the 12-pm microspheres were retained 
in the lungs. 

Following the dynamic imaging for the initial 60 min, static images were 
recorded from the live animal at 2 and 24 hr and 1,2, and 4 weeks after 
dose administration. The relative retention curves for the lungs and liver 
following either intravenous or intraarterial administration obtained by 
such external imaging are shown in Figs. 3-6. The 12-pm microspheres 
distributed only to the lungs regardless of the administration route and 
were retained in the lung area even at  4 weeks after administration. 

Quantitative Determination of Distribution-Following sacrifice, 
specific organs including the lungs, liver, spleen, heart, kidneys, brain, 
and tongue were removed and scanned by the scintillation camera. The 
results are listed in Table 111 and plotted in Fig. 7. The analyzed data of 
uniformly homogenized organs are listed in Table IV. 

The 3-pm spheres were cleared from the lungs and localized in the liver 
much more readily than the 5-pm spheres. Within 24 hr, >95% of the 3- 
and 5-pm spheres appeared to have passed from the lungs of all dogs 

except one of the 5-pm group, where 12-1470 of the microsphere dose was 
retained in the lungs. Clearance of the 7-pm spheres from the lungs fol- 
lowing intravenous administration was much slower than that with the 
smaller sizes. After 24 hr, over 43% of the dose was still in the lungs and 
only 7% had localized in the liver. However, after 4 weeks, only 26-37% 
of the microspheres administered intravenously remained in the lungs, 
and the level in the liver increased to 20-28%. The 12-pm spheres were 
not detected outside of the lungs after 24 hr following intravenous ad- 
ministration in dogs that were followed for up to 4 weeks. 

There were no significant differences in distribution of the 3- and 5-pm 
spheres between intravenous and intraarterial administration, but some 
differences were observed with larger spheres. The 12-pm spheres ad- 
ministered intraarterially were retained in the lungs for a t  least 4 weeks. 
A major difference between the intravenous and intraarterial adminis- 
tration with the 12-pm size was that some spheres were detected in the 
brain and tongue after intraarterial administration. 

The results obtained from the two quantitative recovery methods were 
reasonably close to each other. Therefore, the quantitative determination 
by imaging the intact organs was chosen as being easier and quicker than 
the homogenized method. 

Blood Levels-Figure 8 shows the typical blood levels of the micro- 
spheres over a 2-hr period following intravenous or intraarterial ad- 
ministration. Elimination of spheres from the circulating blood pool 
appeared to be size dependent and more rapid with larger sizes. The blood 
levels of 12-pm spheres were essentially the same as background levels 
within 2 hr after administration, while the 3-pm spheres recirculated 
longer and maintained higher blood levels than did the larger sizes. The 
number of spheres administered within the size and volume ranges tested 
appeared to have no effect on the elimination rate from the blood. 

Most curves in Fig. 8 show an increase in blood activity between 10 and 
30 min after administration. This phenomenon is not explained easily, 
and more frequent blood sampling is required to define this portion of 
the curves. 

Histology Data-A histological study of representative tissue samples 
from multiple organs was undertaken (Table 11). Identification of mi- 
crospheres was facilitated by examination under green and red filtered 
light. Under these conditions (Fig. 9), the microspheres appear as dense 
black spheres of smooth regular outline. Therefore, the spheres may be 
distinguished from cell nuclei, even when samples containing smaller 
spheres of approximately the same diameter as cell nuclei are evalu- 
ated. 

Individual 3- and 5-pm microspheres were found consistently in vas- 
cular channels, Kupffer cells, and the sinusoids of the liver, spleen, and 
bone marrow within phagocytizing cells. The cells were vascular endo- 
thelium, monocytoid phagocytes, or cells of the reticuloendothelial sys- 
tem. There was moderate engorgement of the sinusoids, which were 
slightly distended and congested. No multinucleated giant cells appeared 
to participate in the phagocytic activity. 

Larger microspheres and clusters of smaller spheres generally lay free 
in vascular and sinusoidal channels. A few 7-pm microspheres were 
phagocytized, but these microspheres represented <lo% of the total tiseue 
&ds. Figure 9c shows three single spheres within slightly distended 
Kupffer cells. The histology of the liver is inconspicuous except for mild' 
congestion. Figure 9d shows a single 12-pm sphere lodged in the pul- 
monary capillary, and slight engorgement of pulmonary vasculature is 
evident. The buffy coat smears were all negative, with two exceptions: 

, one dog administered 3-pm spheres and one administered 5-pm spheres 
showed one and two spheres, respectively, in their buffy coats obtained 
immediately after injection. While this finding attests to the validity of 
the procedure, it does not provide information on the subsequent dis- 
tribution characteristics. 

Although occasional vascular engorgement was present around the site 
of multiple-sphere lodgment and may represent a local hemodynamic 
response to partial blockage of the vascular channels, destructive tissue 
phenomena were not seen in relation to the lodgment of the micro- 
spheres. 

DISCUSSION 

These studies confirm that clearance of microspheres from the blood 
following intravascular injection is size dependent, with the larger di- 
ameter spheres clearing most rapidly (Fig. 8). The initial clearance ap- 
pears to be due to a simple filter effect of the pulmonary capillary beds, 
although vascular constriction and venous sphincters may play some role 
in the trapping process. Spheres of 7-pm diameter and larger initially 
were retained in the lungs, while large numbers of the 3- and 5-pm spheres 
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a, DOG 3, LIVER, 3.4 urn b ,  DOG 15, LIVER, 5.4 p m  

c, DOG 11, LIVER, 7.4 pm d ,  DOG 23, LUNG, 11.6 pm 
Figure 9-Photomicrographs of tissue samples, Key: a, 3-pm spheres in liver; b, 5-pm spheres in liver; c, 7-pm spheres in liver; and d, 12-pm spheres 
in lungs. Obtained with hernatoxylin and eosin stain f160X). 

passed through, implying a critical circulation diameter for nondefor- 
mable particles reaching the pulmonary vascular bed. 

The increase in blood activity seen between 10 and 30 min following 
administration of the spheres may be due to washout within the lungs 
so that spheres initially trapped are washed through opening arteriove- 
nous shunts to recirculate in the bloodstream (Fig. 8). Although 9&99% 
of the spheres were cleared from the circulation in 10-30 min, blood 
sampling over the first 2 hr following administration revealed concen- 
trations of lo4 3-pm spheres, 100-1000 5-pm spheres, 10-100 7-pm 
spheres, and less than one 12-pm sphere/g of blood. The possible asso- 
ciation of the spheres with circulating blood cells warrants further at- 
tention and will be undertaken with more sophisticated scanning electron 
microscopic procedures. 

Distribution patterns varied with the sphere size studied and became 
complex over time. With the 3-pm spheres and in six of eight dogs with 
the 5-pm spheres, there was initial distribution to the lungs followed by 
rapid clearance, with localization and retention in the liver and spleen 
peaking within 20 min of administration for the 3-pm spheres and within 
24 hr for the 5-pm spheres (Tables I11 and IV). This retention is explained 
by the histological observation of phagocytosis of the 3- and 5-pm spheres 
by the Kupffer cells of the liver and the sinusoidal lining of the spleen 
(23.24). 

Clearance of the 7-pm spheres from the lungs to the liver and spleen 
occurred much more slowly, with 26-3790 remaining in the lungs a t  4 
weeks. This slow migration may be due to retention in the lungs with 
phagocytosis by pulmonary macrophages and subsequent migration to 
the reticuloendothelial system. The 12-pm spheres were retained in the 
lungs from the initial injection throughout the study. Failure of the 12-pm 
spheres to undergo phagocytosis and relocation may indicate a size limit 
for phagocytosis of inert particles (25). 

No clearcut differences in the clearance or distribution of the 3- and 
5-pm spheres were observed between intraarterial and intravenous ad- 
ministration (Fig. 8 and Tables I11 and IV). For reasons that are not clear, 
these spheres either passed through or did not enter muscular or visceral 

Figure 10-Scanning electron photomicrograph of 3-pm microspheres 
from a uenous blood sample I hr following administration at 20 k u  
(5000X magnification). 
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beds following intraarterial administration and recirculated as if they 
had been injected into the venous system. Minimal differences were seen 
between intravenous and intraarterial administration of the larger 
spheres, but 12-pm spheres were detected in the brain and tongue fol- 
lowing intraarterial administration. These observations were contrary 
to expectations and suggest that the flow characteristics of the spheres 
are such that distribution to peripheral and visceral capillary beds is 
limited. 

In many cases, the 3-pm spheres were seen microscopically to lodge 
in the studied tissues as agglomerated masses of three to 10 spheres. This 
property was observed less frequently with the 5-pm spheres and not at  
all with the 7- and 12-pm spheres. The light microscopy observations did 
not indicate any significant damage of cells containing the spheres a t  the 
substructural or functional levels. Progress in answering these questions 
will depend on enzyme biochemistry and electron microscopy studies. 

Figure 10 shows a cluster of 3-pm microspheres from a venous blood 
sample obtained 1 hr after administration. Although further investigation 
is required to clarify this clustering phenomenon, the microspheres may 
become coated with blood proteins with sticky characteristics and may 
adsorb platelets on their surface (26-28)'". Clustering by surface to sur- 
face protein adhesion would be facilitated by slow flow through the 
capillary and sinusoidal beds and by the high surface to mass ratio of the 
smaller spheres. Contact among larger spheres may be limited by the 
diameter of the vascular channels, while the smaller surface to mass ratio 
may limit the mutual adherence potential exhibited by the 3- and 5-jim 
spheres. 

CONCLUSIONS 
1. Elimination of microspheres from the circulation following intra- 

vascular administration is size dependent, with the larger diameter 
spheres clearing most rapidly. 

2. Mechanical filtration and prolonged retention of 7-pm and larger 
spheres in the lungs imply a critical size for passage through the pulmo- 
nary vascular bed. 

3. Retention of small microspheres (3 and 5 pm) in the liver and spleen 
for prolonged periods appears to  be due to phagacytosis of the spheres 
by cells of the reticuloendothelial system. 

4. Small microspheres (3 pm) tend to agglomerate when administered 
intravascularly, presumably due to protein adherence and a large surface 
to mass ratio. 

5. Intraarterially administered larger microspheres do not distribute 
to peripheral and visceral beds differently from the intravenous admin- 
istration, presumably because of flow characteristics inhibiting peripheral 
distribution. 

6. Large microspheres (12 pm) are not phagocytized by pulmonary 
macrophages or the reticuloendothelial system within 4 weeks of intra- 
vascular administration as are smaller sphere sizes, implying a size limit 
for phagocytosis of inert particles. 
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Abstract 0 A sensitive and specific high-performance liquid chroma- 
tographic method was developed for the determination of ketoprofen 
[2-(3-benzoylphenyl)propionic acid] in plasma and urine. 'The method 
includes an extraction of the drug and the internal standard [2-(4-ben- 
zoylpheny1)butyric acid] into ether from acidified plasma. The organic 
phase is evaporated, and the residue is dissolved in the mobile phase 
(acetonitrile-0.02 M phosphate buffer, pH 3) (45:55). A 20-4 aliquot 
is analyzed on a reversed-phase column. The accuracy is within 1.5% for 
therapeutic concentrations, and the coefficients of variation are 5.5 and 
3.4% for 2 and 10 pglml, respectively. For the urine assay, the accuracy 
is within 3%, and the coefficients of variation are 1.9 and 1.7% for 3 and 
50 pg/ml, respectively. This method was applied successfully to the de- 
termination of ketoprofen in humans for pharmacokinetic studies. 

Keyphrases Ketoprofen-high-performance liquid chromatographic 
analysis, human plasma and urine 0 Anti-inflammatory agenta-keto- 
profen, high-performance liquid chromatographic analysis, human 
plasma and urine 0 High-performance liquid chromatography-analysis, 
ketoprofen, human plasma and urine 

Ketoprofen [2-(3-benzoylphenyl)propionic acid, I] is a 
benzophenone derivative with anti-inflammatory activity 
(1). Clinical proof of its therapeutic efficacy (2) has re- 
sulted in its wide use in rheumatology, leiding to numerous 
clinical (3-5) and pharmacokinetic (6-9) studies. 

Several methods for the determination of ketoprofen in 
biological fluids have been reported. Colorimetry and 
polarography (10) are simple but cannot be applied easily 
to plasma or serum. TLC (11) is rapid but lacks sensitivity. 
Methyl (10) and trimethylsilyl esters of ketoprofen (12) 
can be separated using GLC, and this method can be 
considered as a reference due to its sensitivity. However, 
the technique is relatively complex and time consuming, 
and the resulting precision is only -10%. 

A new rapid and accurate analytical method for keto- 
profen was described recently, which involves the deter- 
mination of its methyl ester by high-performance liquid 
chromatography (HPLC) (13). This report describes the 
development of a precise and rapid HPLC assay for de- 
termining ketoprofen in biological fluids without deriva- 
tization. 

EXPERIMENTAL 

Reagents and Solvents-Acetonitrile', phosphoric acid', monobasic 
potassium phosphate2, sodium hydroxide2, acetone2, sodium sulfate2 
(anhydrous), hydrochloric acid2, sodium nitrate', and ether2 were ana- 
lytical grade and were used without further purification. Water was 
deionized. Ketoprofen and the internal standard [2-(4-benzoylphenyl)- 
butyric acid, II] were synthesized3. 

HPLC mobile phases of pH 3,4,5,6, and 7 were made from phosphoric 
acid-monobasic potassium phosphate or monobasic potassium phos- 
phate-dibasic sodium phosphate aqueous buffer solutions diluted with 

Prolabo, Paris, France. 

Specia, Paris, France. 
* E. Merck, Darmstadt, West Germany. 

0 
II CH3 

0 

CHCOOH I acay 
CHCOOH 

I I1 

various volumes of acetonitrile (30-70%). The pH of the resulting solu- 
tions was adjusted with either 10% NaOH or 10% phosphoric acid. The 
final phosphate-ion concentration was 0.02 M. 

Apparatus-The liquid chromatograph4, equipped with a 254-nm UV 
detector5, was operated at  ambient temperature. The output of the de- 
tector was displayed on a recorder6 having 10-mv full-scale deflection. 
The output signal also was fed to an electronic integrator? for quantifi- 
cation. 

The 10-cm X 4.6-mm i.d. stainless steel columns were packed with 
Lichrosorb RP 182 (5 pm) or RP 82 (5 pm) by a balanced-density slurry 
technique (14). A 20-4 loop injection valve* was used to introduce sam- 
ples into the chromatographic system. The efficiency of newly made 
columns was tested with a standard mixture using sodium nitrate as an 
unretained marker. The solvent system was methanol-water (8020). 
Under these conditions, the column efficiency was 24,000 theoretical 
plates for benzene and 21,000 for anthracene. 

Stock Solutions-The ketoprofen stock solution (10 mg/100 ml) was 
prepared by dissolving I in acetone. The internal standard stock solution 
(10 mg/100 ml) was prepared by dissolving I1 in acetone. A 10-fold dilu- 
tion of these two solutions was made before use. 

Calculationg-The plasma and urine concentrations were calculated 
using the internal standard method. 

Chromatographic Conditions-Columns were preconditioned with 
the mobile phase until a stable recorder baseline was obtained. The flow 
rate then was adjusted to 1 ml/min, generating a pressure of nearly 1000 

I 
3 4 5 6 7 

PH 
Figure 1-Effect of variation of the solvent pH on the capacity factors, 
k', of ketoprofen ( I )  and the internal standard (11) on a Lichrosorb RP 
18 column; the mobile phase was acetonitrile-O).020 M phosphate buffer 
(40:60). 
~~ 

Chromatem 38, Touzsrt and Matignon, Paris, France. 
Model 153, Altex, Berkeley, Calif. 
Model PE 1286, Sefram, Paris, France. 
Model 3385 A, Hewlett-Packard, Orsay, France. 
Model 70-10, Rheodyne, Berkeley, Calif. 
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Table Ill-Urine Assay Precision Da tae  Table  I-Chromatographic Parameters of I and  I1 on Lichrosorb 
R P  18 and Lichrosorb R P  8 

Compound 
Lichrosorb RP  18 Lichrosorb RP  8 

I I1 I I1 
-~ 

Retention time ( T R )  5.2 7 4.2 5.65 
Capacity factorh (k') 3.3 4.83 3.2 4.65 
Theoretical platesb ( N )  1260 1380 2940 3200 
Resolution* ( R )  2.42 3.72 
Selectivity* (0) 1.46 1.45 

0 Chromatographic conditions included a mobile phase of 45% acetonitrile-55% 
Rho5phate huffer (0.02 M, pH 3), a flow rate of 1 ml/min, and a pressure of 1100 psi. 

For calculations, see C. F. Simpson, "Practical High Performance Liquid Chro- 
matography," Heyden & Son, Philadelphia, Pa., 1976, pp. 7-12. 

Table 11-Reproducibility and Accuracy for the Plasma 
Assay 

1 Added, I Measured, Relative Error, 
P d m l  pg/mI Mean Error % cv, % 

2 1.98 f 0.11 0.02 1.01 5.5 
5 5.13 f 0.21 0.13 2.60 4.2 

10 10.15 f 0.34 0.15 1.50 3.4 

For Chromatographic conditions, see Table I. n = 10. 

psi. The mobile phase solutions were prepared daily and degassed by 
sonification. 

Plasma Extraction-One milliliter of plasma, 1 ml of diluted internal 
standard, and 1 ml of 1 N HCI were transferred to a 35-1111 screw-capped 
centrifuge tube and extracted by shaking with 25 ml of ether for 5 
min. 

The organic and aqueous phases were separated by centrifugation for 
3 min a t  2000 rpm. The ether layer was then pipetted carefully into a 
35-ml conical centrifuge tube, dried over anhydrous sodium sulfate, and 
evaporated to dryness under a nitrogen stream a t  40'. The sample residue 
was reconstituted with various volumes of the mobile phase (200-500 pl), 
depending on the drug concentration. Aliquots of 20 pl then were injected 
onto the column. 

Urine Extraction-To determine the total ketoprofen excreted in 
urine, any conjugated drug first was hydrolyzed in an alkaline medium 
(12). Then, 0.1-0.5'ml of urine, 1 ml of 1 N NaOH, 1 ml of the internal 
standard stock solution (10 mg/100 ml), and 25 ml of ether were trans- 
ferred to a 35-ml screw-capped centrifuge tube. The sample was agitated 
for 5 min, and the organic phase was discarded. The aqueous phase, after 
acidification with 2 ml of 1 N HCI, was treated similarly to the plasma. 
The sample residue then was reconstituted with 1-2 ml of the mobile 
phase, and 20-pl aliquots were injected into the chromatograph. 

14 

12 

10 

* a  

6 

4 

2 

I Added, I Measured, Relative Error, 
pg/ml n pg/ml MeanError 9i cv, % 

3 5 3.09 + 0.06 0.09 3 1.94 - -. - - - . . . - . .. 

9 6 8.87 f 0.31 0.13 
30 5 29.03 f0 .72  0.97 

2.6 3.49 
3.23 2.48 

50 5 48.99 f 0.85 1 .00 2.00 1.79 

a For chromatographic conditions, see Table 1. 

Tab le  IV-Retention Times and Column Efficiency of I. 11, and  
Selected Drugs'  

Aspirin 
I 
I1 
Fenoprofen 
Metiazinic acid 
Indomethacin 
Niflumic acid 
Ibuprofen 
Protizinic acid 
Mefenamic acidC 
Flufenamic acid' 

2.5 
4.2 
5.6 
7.6 
8.6 
9.1 
9.4 (tailing) 

10.7 
11.2 
15.8 (tailing) 
18.30 

1860 
2940 
3200 
2770 
2340 
3180 
1640 
2800 
2510 
1790 
2010 

I 'i 
u1 
v) 
2 

v) 
u1 
U 

g 

1 

a For chromatographic conditions, see Table I. Theoretical plates. c The de- 
tection wavelength was 280 nm. 

RESULTS AND DISCUSSION 

Reversed-phase chromatography on modified silica (CIS or Cg) has 
replaced ion-exchange chromatography for the separation of many polar 
ionogenic compounds. The technique, called solvophobic chromatogra- 
phy, was developed by Horvlth et al. (15.16). Ketoprofen, a drug with 
a polar carboxylic functional group, can be determined by such a 
method. 

The internal standard for this determination was proposed by Popu- 
laire et al. (10). Its structure is very close to that of I, and its physico- 
chemical properties also are similar. Preliminary studies showed that 
separation of I and I1 in biological fluids was possible with a mixture of 
methanol-acetonitrile-0.025 M phosphate buffer (3015:45) at pH 3 on 
a 5-pm Lichrosorb R P  18 column. However, under such conditions, re- 
tention times were long (8 and 12.8 min, respectively), and the peaks were 
unacceptably broad. 

To determine the optimum chromatographic conditions, variation of 
the capacity factor, k', with pH was measured on 5-pm Lichrosorb RP  

30 40 50 60 70  
ACETONITRILE, % 

Figure 2-Effect of the acetonitrile content at pH 3 upon the capacity 
factors, k', of ketoprofen ( I )  and the internal standard (II) on a Li- 
chrosorb R P  18 column. 

Compound Retention Time, min Nb 

A 

i 
L 

0 2 4 6 8 1 0 1 2  0 2 4 6 8 1 0 1 2  
M IN UTES 

Figure 3-Chromatograms of ketoprofen in plasma. Key:  A, blank 
plasma sample (arrow indicates ketoprofen elution position); and B,  
plasma sample with 8.53 pg of ketoprofen/ml (peak 1 )  and 5 pg of the 
internal standardlml (peak 2) .  
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0.02 A IJ I 

O 2 4 6 0 10 

Figure I-Chromatogram of ketoprofen in urine for the 0-6-hr collec- 
tion. The ketoprofen (peak 1) Concentration was 189 pg/ml, and the 
internal standard (peak 2 )  concentration was 250 pglml. 

MINUTES 

18 columns with an acetonitrile-phosphate buffer mobile phase. Figure 
1 shows that the best separation was obtained at  pH 3 (k ,  = 3.89, k ; l =  
6.10, Rs = 3.03, and a = 1.57). At pH 3, I and I1 were not ionized and thus 
showed a maximum affinity for the stationary phase. Moreover, 
Twitchett and Moffat (17) demonstrated that k’ is influenced strongly 
by liposolubility. Figure 2 shows that an increase in the proportion of 
acetonitrile in the mobile phase decreases k’. 

Results for the determination of I on Lichrosorb RP 18 under these 
conditions are summarized in Table I. Optimization of pH and liposol- 
ubility led to a shorter analysis time and better resolution. However, the 
efficiency of this column still was not sufficient and the peaks remained 
rather broad. A better separation subsequently was obtained using a 5-pm 
Lichrosorb RP 8 column. The right side of Table I shows that the chro- 
matographic parameters for I and I1 were nearly the same for the two 
stationary phases, but resolution and efficiency were increased because 
of peak sharpness. Consequently, 5-pm Lichrosorb RP 8 was chosen as 
the stationary phase for the final determination. 

Ether extracts of control plasma were free of endogenous UV (254-nm) 
absorbing peaks liable to interfere with the assay (Fig. 3). Figure 4, rep- 
resenting the chromatogram of a urine extract under these conditions, 
shows that ketoprofen and the internal standard were well resolved. 

To verify the linearity of the chromatographic response, a plasma 
calibration curve was run in which the concentration of I1 was maintained 
at  5 pg/ml while that of I was varied from 1 to 10 pg/ml. A linear regression 
analysis of the data resulted in a good linear fit ( r2  = 0.998, intercept = 
0.027, and slope = 0.200). For the calibration for urine, the concentration 
of I was varied from 10 to 150 pg/ml. Good linearity was observed ( r2  = 
0.999, intercept = 0.04, and slope = 0.097). 

Reproducibility and Accuracy-Reproducibility and accuracy of 
the HPLC method were studied by measuring the concentration of I in 
plasma samples spiked at  2,5, and 10 pg/ml. The results (Table 11) show 
that accuracy was within 4%. The assay precision for urine was deter- 
mined for various ketoprofen concentrations (Table 111). The lower limit 
of sensitivity was 0.04 pglml for plasma samples and 0.05 pg/ml for urine 
samples, both measured at  a signal-to-noise ratio of 3:l. 

Potential Interfering Substances-Retention times for several 
compounds that might potentially interfere with ketoprofen are shown 
in Table IV. The chromatographic system provided good specificity, and 
the column efficiency for these compounds was good. Moreover, no in- 
terference was found between ketoprofen and its hydroxylated metab- 
olites since they were not extracted in the acidic medium. 

Clinical Study-Figure 5 shows the plasma level in a human subject 

21 2 1  ~ ; ; \ :  

8 
1 2  3 4 5 6 7 8 9 1 0 1 1 1 2  

HOURS 

Figure 5-Plasma decay for ketoprofen after a single oral dose of 100 
mg (K, = 0.354 hr-‘ and K. = 1.54 hr-l) .  

following a single oral dose of 100 mg of I in tablet form. Blood samples 
were collected before medication and after 30 min and 1,1.5,2,4,6,  10, 
and 12 hr. The plasma levels of I were measured as described. 

In this subject, a peak plasma level of 5.8 pg/ml was reached at 1 hr. 
The decrease in the plasma level followed a monoexponential decline with 
an elimination rate constant of 0.354 hr-1 and a half-life of 1.97 hr. 

The urinary excretion levels of ketoprofen also were determined for 
the same subject. Urine was collected at intervals of 0-6,612, and 12-24 
hr during the first 24 hr following oral administration. A total of 61.2 f 
5.8% of the dose was excreted in 24 hr. These results agree closely with 
the data reported previously (5,6,18) and indicate that the method is 
well suited for the determination of plasma and urine levels of I in bio- 
availability and pharmacokinetic studies. 
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Abstract 0 The new glucocorticoid budesonide, a 1:l mixture of two 
epimers, was evaluated analytically with respect to drug content, im- 
purities, and epimer distribution in the drug substance. Reversed-phase 
high-performance liquid chromatographic (HPLC) systems using octa- 
decylsilane columns with different ethanol-water mixtures as eluents 
were used. Budesonide and i t  epimers were determined with recoveries 
of 100.3% (f0.16 SD) and 99.7% (f0.27 SD), respectively. Individual 
foreign steroids in the ranges of 0.05-0.2 and 0.2-2% were determined 
with mean recoveries of 93%’(f7.6 SD) and 97% (f2.5 SD), respectively. 
Analysis of eight small-scale production batches of budesonide gave a 
recovery of 99.9% (f0.39 SD) for the sum of budesonide and impurities. 
Analytical data and the procedure for preparation of a budesonide pri- 
mary standard are given. The proposed HPLC procedure is faster, more 
accurate, more precise, and more selective than the usual pharmacopeial 
methods for corticosteroids. 

Keyphrases 0 Budesonide-high-performance liquid chromatographic 
analysis of drug content, impurities, and epimer distribution, preparation 
of primary standard 0 Anti-inflammatory agents-budesonide, high- 
performance liquid chromatographic analysis of drug content, impurities, 
and epimer distribution, preparation of primary standard High-per- 
formance liquid chromatography-analysis, budesonide, determination 
of drug content, impurities, and epimer distribution 

The new nonhalogenated glucocorticoid budesonide 
with high anti-inflammatory activity was synthesized by 
ThalCn and coworkers (1-3). Evidence was given for the 
formation of two epimers in a 5050 ratio. The epimers were 
isolated by chromatography on Sephadex LH-20 and 
studied by NMR spectroscopy and mass spectrometry (2, 
3). An X-ray study of the molecular structures of the two 
epimers also was reported (4,5).  

The high-performance liquid chromatographic (HPLC) 
properties of budesonide and homologous corticosteroids 
were studied using both normal-phase (6) and reversed- 
phase (6,7) systems. Optimal resolution of the budesonide 
epimers was obtained with octadecylsilane as the support 
and ethanol in the aqueous mobile phase. 

For the assay of several steroid drugs, the USP proposes 
the separation of the drug substance from impurities by 
TLC and the final determination of the drug content by 
the blue tetrazolium method (8). Preliminary work indi- 
cated that this procedure was too laborious, time con- 
suming, and not selective enough for accurate evaluation 
of budesonide batches with respect to drug content and 
impurities. Furthermore, the epimer distribution could not 
be determined by this method. The purpose of the present 
work was to develop HPLC methods for the quantitative 
evaluation of all of these parameters. This report also deals 
with the problem of preparing a reliable primary standard 
substance since an absolute assay for steroids is not 
available. 

EXPERIMENTAL 

Chemicals and Solvents--Budesonide Drug Substance-Budeso- 

“CH20H 

mc=o I 

I 

nide (I) is a mixture of two epimers, 16a,17a-(22S)- and 16aJ7a- 
(22R) - propylmethylenedioxypregna -1,4- diene-ll~,21-diol-3,20-dione 
(A and B, respectively). The different solubilities of the epimers result 
in more Epimer B during purification of the crude substance, which is 
considered by specifying the limits for the epimer ratio of the drug sub- 
stance. 

Flucloronide ‘--Flucloronide was used as the internal standard in the 
assay of budesonide. The HPLC purity was >99.8%. 

Impurity I-Impurity 1 was 16a-hydroxyprednisolone, the starting 
material in the synthesis of budesonide. The HPLC purity (254 nm) of 
the substance2 was >98%. 16a-Hydroxyprednisolone appeared only in 
a few budesonide hatches. 

Impurity 2-Impurity 2 was a 1:l mixture of two epimers, 16aJ7a- 
(22s)- and 16a,17a-(22R)-methylmethylenedioxypregna-l,4-diene- 
ll~,21-diol-3,20-dione (the propyl group of budesonide is replaced by 
a methyl group). The epimers were isolated by column chromatography 
and identified by NMR spectroscopy and mass spectrometry. Their 
HPLC purity was >99%. 

Impurities 3 and 4-Impurities 3 and 4 were isolated by column 
chromatography. Work is now in progress3 to identify them. Their HPLC 
purity was >99%. 

Epimers A and B of Budesonide-Epimers A and B were isolated by 
column chromatography (2,3), and the HPLC purity was >99.8%. 

Solvents-Analytical or spectroscopic (for ethanol) grade solvents were 
used. 

Apparatus-The liquid chromatograph was equipped with a pump‘, 
a high-pressure injector6, and a 254-nm detector6. Peak areas were de- 
termined with an electronic digital integrator’. 

The columns (3.9 mm i.d. and 300 mm long) were prepacked with po- 
rous siliceous microbeads to which stationary phases of octadecylsilane 
or aminopropylsilane were chemically bonded8. 

Preparation of Budesonide Primary Standard-Budesonide was 
synthesized according to the method described previously (1,3). Its pu- 
rification was divided into seven steps. 

The crude product was recrystallized three times from methanol-water 
(Steps 1-3). Since the repeated recrystallizations led to a significant 
change in the epimeric distribution, the product was partially resolved 
by chromatography on Sephadex LH-20, using chloroform as the eluent. 
Two fractions with different epimeric ratios were collected and evapo- 
rated to dryness, dissolved in methylene chloride, and precipitated with 
petroleum ether. Calculated amounts of the two precipitates were mixed 
to give budesonide with an epimeric ratio near 5050 (Step 4). This 

1 Astra Syntex. * Lark, Italy. . 
A. ThalBn. unpublished data. 
Model M 6000 solvent delivery system, Waters Associates. 
Model CV-6-UHPa-NG0, Valco. 
Model M 440 UV detector, Waters Associates. 

1 Autolab System IV computing integrator, Spectra-Physics. 
8 pBondapak CIS and pBondapak NH2, Waters Associates. 
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Table I-Analytical Data of the Budesonide Primary 
Standard 

Test for 

Epimer A of budesonide 
Epimer B of budesonide 
Impurities 
Impurities" 
Methylene chloride 
Petroleum ether 
Methanol 
Water 

Analytical 
Method Content, % 

~~ 

HPLC (reversed phase) 46.8 
HPLC (reversed phase) 53.0 
HPLC (reversed phase) 0.1 
HPLC (normal phase) 0.1 
GLC <0.05 
GLC <0.02 
GLC 0.01 
Coulometric 0.05 
Karl Fischer titration 

~~ 

The impurities obtained by normal-phase HPLC were identical to those de- 
tected by reversed-phase HPLC. 

product was purified further by repeated recrystallizations from meth- 
anol-water (Step 5) ,  ethanol-water (Step 6), and methanol-water (Step 
7). A portion of the substance was dried in U ~ C U O  to constant weight and 
then was used for an assay of budesonide. The product was analyzed for 
foreign steroids and epimeric distribution by HPLC (System 2). 

Analytical Procedures-HPLC Conditions-The mobile phase for 
reversed-phase chromatography (on pBondapak CIS) was ethanol-water 
in a 4852 ratio (v/v) in the assay of budesonide (System 1) or in a 43:57 
ratio (v/v) for determination of the epimer ratio and foreign steroids 
(System 2). Five microliters of the sample or of the standards was in- 
jected. 

The mobile phase for normal-phase chromatography (on pBondapak 
NH2) was heptane-ethanol (91:9 v/v). Five microliters of the samples 
dissolved in ethanol was injected. 

HPLC Assay of Budesonide-For the assay of budesonide drug sub- 
stance, samples of 14.00-16.00 mg were weighed into 25-ml volumetric 
flasks. The samples were dissolved and diluted to volume with a fluclo- 
ronide internal standard solution. The latter was prepared by dissolving 
35 mg of flucloronide in 100 ml of ethanol. 

The samples were compared with a budesonide primary standard, from 
which solutions were prepared as for the samples. 

Standard Addition Experiments-About 0.2 mg of each of the four 
impurities was weighed with a precision of 0.2% and dissolved together 
in 25.00 ml of ethanol. A second stock solution was prepared in the same 
way with 2 mg of the impurities. Aliquots of these solutions were trans- 
ferred into flasks containing 14.00-16.00 mg of the budesonide primary 
standard substance. In this way, seven samples with known contents were 
prepared. They contained impurities in the range of 0.2-7.5%; i.e., the 
budesonide content was 92.5-99.8%. 

The samples were analyzed for their content of budesonide and im- 
purities by reversed-phase HPLC. 

l o l  t 

97 
3 4 5 6 7 

NUMBER OF PURIFICATION STEP 

Figure 1-Content versus number of purification step for preparation 
of budesonide primary standard. Purification step numbers correspond 
to the steps described in the text. 

Table 11-Molar Absorptivities (254 nm), Absorbance (A)  ( l % ,  I 
cm) Values (254 nm), and Detector Response Factors for 
Epimers and Impurities of Budesonide 

Compound 

Budesonide 
primary 
standard 

Epimer A of 
budesonide 

Epimer B of 
budesonide 

Impurity 1 
Impurity 2 
Impurity 3 
Impurity 4 

Molar 
Absorptiv- 

ity 

1.26 x 104 

1.26 x 104 

1.26 x 104 

1.26 x 104 
1.22 x 104 
1.21 x 104 
1.18 x 104 

A 

292 

292 

292 

334 
303 
282 
275 

A (Rela- 
tive)O 

1.00 

1.00 

1.00 

1.14 
1.04 
0.97 
0.94 

Response Factor 
( R ) b  Determined 

by HPLC 

1.00 

0.99 

0.99 

1.14 
1.07 

0.92 
- 

a Ratio of A (compound) to A (budesonide). * See text for definition. 

Ethanolic solutions of Epimer A (0.103 mg/ml) and Epimer B (0.104 
mg/ml) also were prepared. Aliquots of the two solutions were mixed to 
obtain samples with known epimeric distributions. These samples were 
used to evaluate the accuracy of the HPLC determination of the epimer 
distribution. 

Detector Response Experiments-Four ethanolic solutions of bu- 
desonide were prepared. Each solution contained a known content of 
Impurity 1, 2, 3, or 4. Five microliters was injected in reversed-phase 
HPLC System 2. The peak areas of the impurity and of budesonide were 
determined for each sample. The relative detector response, R, was cal- 
culated according to: 

R =  X (Eq. 1) 

From spectrophotometric measurements, absorbance (A) (1%, 1 cm) 
values and molar absorptivities were calculated for budesonide, Epimers 
A and B, and the four impurities. 

Analysis of Soluent Residues-The water content of budesonide was 
analyzed by the coulometric Karl Fischer titration method (9). Organic 
solvent residues in budesonide originating from the synthesis were ana- 
lyzed by GLC. The gas-liquid chromatographg was equipped with a 
flame-ionization detector and a 1.5-m X 1.3-mm Porapak Q glass column. 
Nitrogen was the carrier gas at a flow rate of 20 ml/min. The injector 
temperature was 220°, and the oven temperature was 150'. 

Two samples were prepared by dissolving 20.0-30.0 mg of budesonide 
bulk substance in 1.0 ml of absolute methanol and 1.0 ml of ethanol, re- 
spectively; 0.02% methanolic solutions of methylene chloride and pe- 
troleum ether and 0.02% ethanolic solutions of methanol were prepared 
and used as standards. One microliter of the samples and standards was 
injected. Solvent residues of >0.01% could be detected. Corrections for 
trace impurities in methanol and ethanol were made. 

peak area of impurity 
concentration of impurity 

concentration of budesonide 
peak area of budesonide 

RESULTS AND DISCUSSION 

Like other diastereoisomers, Epimers A and B of budesonide differ in 
solubility. This fact had to be considered in the preparation of the pri- 
mary standard. During the recrystallizations (Steps 1-3), the ratio of 
Epimer A to B changed from about 50:50 to about 4060. In purification 
Step 4, the epimeric distribution was adjusted back to 49.950.1. The final 
recrystallizations (Steps 5-7) resulted in 46.9% Epimer A and 53.1% 
Epimer B. The changes in epimeric distribution with the number of re- 
crystallizations limit the purification procedure if the requirements for 
the epimer ratio in the drug substance specifications are to be ful- 
filled. 

Figure 1 shows a plot of the budesonide content relative to a budesonide 
working standard uersus the number of purification step. The content 
increased with purification to a constant value. The substance obtained 
in the ethanol-water recrystallization (Step 6) could not be purified 
further and, therefore, was defined as the primary standard. Reversed- 
phase HPLC with System 2 revealed a few traces of foreign steroids, and 
no further impurities were detected by normal-phase HPLC. Traces of 
methanol and water were detected by GLC and coulometric Karl Fischer 
titration, but no other chemicals used in purification could be traced. 
Theae results are summarized in Table I. 

9 Model 1400, Varian. 
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Table 111-Recovery for Budesonide and  Impurit ies in HPLC Analysis 

Budesonide, Impurity 1, Impurity 2, Impurity 3, Impurity 4. Sum of Detected Total Sum, 
% 

ded%Found Added F ound Sample Added F ound Added Found Added Found Add ed Found Ad 
% % % % 

1 99.78 99.89 0.06 0.05 0.05 0.05 0.05 0.04 0.05 - 0.16 0.14 99.99 100.05 
2 99.60 100.06 0.11 0.10 0 11 0 10 0.10 0.07 0.10 - 0.32 0.27 100.02 100.33 
3 99.18 99.45 0.21 0.20 0.21 0.19 0.20 0.17 0.20 - 0.62 0.56 100.00 100.01 

Recovery, % 101.7 100.2 78.3 - 92.8 
SD 7.55 9.75 7.64 - 5.39 

4 99.01 99.07 0.25 0.25 0.23 0.21 0.26 0.26 0.25 - 0.74 0.72 i00.00 99.79 
5 97.93 98.26 0.53 0.51 0.48 0.45 0.54 0.55 0.52 0.52 2.07 2.03 160.00 100.29 
6 96.03 96.50 1.02 0.96 0.92 0.85 1.04 1.08 0.98 0.89 3.96 3.78 99.99 100.28 
7 92.42 92.70 1.95 1.86 1.77 1.62 1.98 2.04 1.88 1.78 7.58 7.30 100.00 100.00 

Recovery, % 
SD 

96.4 92.3 102.2 95.2 96.8 
2.54 1.14 1.65 4.62 1.14 

Recovery, % 100.29 100.11 
SD 0.162 0.197 

Known detector response factors are necessary for a correct evaluation 
of foreign steroids and epimer distribution. Such factors are listed in 
Table XI. They were used for all of the reported content determinations 
of the four impurities and the two epimers. These factors are close to one 
since the molar absorptivities of the impurities and of Epimers A and B 
are similar to that of budesonide. This result is due to  the fact that  the 
UV absorption originates from ring A in the steroid nucleus. This 
structure probably is common to each of the four impurities. 

The HPLC assay for budesonide using System 1 was tested by a 
standard addition procedure (Table 111). Known samples containing 
92-100% of the budesonide primary standard were assayed with a mean 
recovery of 100.3% and a standard deviation of 0.16. In the same experi- 
ment, the four impurities were evaluated analytically (Table 111). In the 
range of 0.05-0.2% of individual foreign steroids, recoveries of 78-102% 
were obtained. The corresponding standard deviations were 7.69.8. For 
samples with individual impurities between 0.2 and 2%, the recoveries 
were 92-10270 with standard deviations of 1.1-4.6. 

Even in the low impurity range (0.0542%). quantification gives fairly 
good accuracy and precision. This result is possible since the detection 
limit, 0.005%, is below this range and since the chromatographic system 
works linearly and is stable down to the highest sensitivity, i.e., 0.005 
absorbance unit full scale. For Impurity 4, the analytical evaluation de- 
pends on i t s  concentration; in the range of 0.05-0.25%, the impurity could 
not be separated chromatographically from the budesonide Epimer B. 
Therefore, the impurity peak is added to the budesonide peaks. This 
addition results in a slightly higher recovery for budesonide. However, 
if Impurity 4 has to be determined in the range of 0.05-0.25%, System 
2 can be used since it results in larger retention times and, thus, in higher 
separation efficiency. 

Mixtures with a known content of Epimers A and B were investigated 
with ethanol-water in ratios of 43:57 (v/v) (System 2) and 4852 (v/v) 
(System 1) as the mobile phases. For the control of the epimer distribu- 
tion of budesonide batches, System 2 was used since it was optimal with 
respect to the epimer separation. The effect of increasing the water 
content in the mobile phase to improve the epimer separation was 
due to increased retention and to an increase in the separation factor 
(7). 

Figures 2 and 3 show chromatographic separations of the impurities 
and the epimers of budesonide using Systems 1 and 2. The resolution was 

Table IV-Recovery for Individual Epimers of Budesonide in  
HPLC Analysis 

Percent of Epimer A in Standard Mixtures 
of Epimers A and Ba 

Sample Added Found * Found' 

62.41 62.16 .~ ~. 

55.46 
49.90 

.~ _. 

55.30 
49.62 

44.34 44.20 
37.50 37.56 

62.41 
55.72 
49.95 
44.58 
37.75 

Recovery, % 99.7 100.3 
SD 0.27 0.29 

Since the standard mixtures contained only Epimers A and B, the percentage 
of Epimer B was obtained from 100% - %of Epimer A. Mobile Phase System 1 
was ethanol-water in a ratio of 4852 (v/v). Mobile Phase System 2 was ethanol- 
water in a ratio of 4357 (v/v). 

improved significantly by increasing the mobile phase water content from 
52 to 5vo. This change in resolution had little effect on the quantification 
of the epimers. Although no baseline separation was obtained, System 

Epimer B 
I 

Internal 
standard 

ierA 

w 
v) 
2 

v) 
w 
2 
a 

II 

1 

2 

I I I 1 
0 5 10 16 

MINUTES 
Figure 2-Chromatogram showing the separation of a synthetic mix- 
ture of impurities and epimers of budesonide using System 1. The 
support was FBondapak CIS, the mobile phase was ethanol-water (4852 
u h ) ,  and the flow rate was 1.0 mllmin. Key: 1,  Impurity 1 (16a-hy- 
droxypredntsolone); 2, Impurity 2 (homolog of budesonide; see text);  
3, Impurity 3 (unknown); 4,  Impurity 4 (unknown); 5 ,  Epimer B of bu- 
desonide; and 6, Epimer A of budesonide. 
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Table V-Analytical Data of Budesonide Batches 

Batch 
372-40 2/76 22/77 23/77 24/77 33/77 34/77 35/77 

Budesonide, '36 97.6 
Epimer A of budesonide, '36 49.3 
Impurities by HPLC (reversed phase), % 0.9 
Impurities by HPLC (normal phase), % 0.0 
Methylene chloride by GLC, % 0.6 
Petroleum ether by GLC, 70 0.1 
Loss on drying, % . 0.1 
Total sum", '36 99.3 

98.6 99.2 98.7 98.6 98.5 98.4 98.7 
48.4 46.4 46.5 46.7 47.2 47.0 47.4 
0.9 0.8 0.7 0.7 0.9 0.9 0.7 
0.1 0.4 0.4 0.3 0.4 0.3 0.3 
0.0 0.0 
0.0 0.0 
0.2 0.3 0.2 0.4 0.2 0.3 0.1 

99.8 100.7 100.0 100.0 100.0 99.9 99.8 

- - - - - 
- - - - - 

Mean of total sum is 99.9%. Standard deviation of total sum is 0.39. 

1 gave similar accuracy in the epimer distribution determination to that 
of System 2 (Table IV). This result must be a consequence of the ideal 
behavior of the chromatographic system; i.e., symmetrical peaks were 
obtained. As for the epimeric resolution, the separation of impurities was 
improved by changing from System 1 to System 2. Several tests showed 
that even the quantification of individual foreign steroids was not sig- 
nificantly affected by the differences in resolution. 

The ratio between the peak area of budesonide and the peak area of 
the flucloronide internal standard was plotted uersus the concentration 
of budesonide between 0 and 0.6 mg/ml. The result was a straight line 
with an intercept of 0.096, a slope of 6.01 ml/mg, and a correlation coef- 
ficient of 0.999989. The data indicate that the chromatographic system 
behaves properly and that the detector responds with high linearity. The 
use of an internal standard is necessary to minimize the injection error. 
Repeated injections gave a relative standard deviation of 4 . 1 %  for the 
peak area ratio. Furthermore, the internal standard must not interfere 
with budesonide or impurity peaks. This condition is satisfied by flu- 
cloronide (Fig. 2). 

In all budesonide batches analyzed, Impurities 1-4 represented -75% 
of the total foreign steroids found by reversed-phase liquid chromatog- 
raphy. The remaining content ( i e . ,  traces of other impurities in budes- 
onide) was quantified by calculation of the area under the chromato- 
graphic peaks since the detector response factors are unknown. The same 
procedure was used for traces of several nonpolar impurities, which could 
not be eluted by reversed-phase chromatography but were eluted and 
detected by normal-phase chromatography on pBondapak NH2. In 
general, impurities that eluted before budesonide in the reversed-phase 
system eluted after the drug substance in the normal-phase system, as 
illustrated for the four impurities in Fig. 4. Figure 4 also shows the sep- 
aration of the two epimers of Impurity 2, in contrast to the reversed-phase 
systems where they were not separated (Figs. 2 and 3). 

Analytical results from eight small-scale production batches of bu- 
desonide (Table V) gave a mean for the sum of budesonide and impurities 
of 99.9% with a standard deviation of 0.39. This result suggests that  the 

EpimerB 
5 

I I I I I 1 
0 5 10 15 20 25 

MINUTES 

Figure 3-Chromatogram showing the separation of a synthetic mix- 
ture of impurities and epimers of budesonide using System 2. The mobile 
phase was ethanol-water (43:57 u h ) .  The other conditions were the 
same as those described for  Fig. 2. 

detector response factors are similar for budesonide and for all unknown 
impurities. 

The results show that the necessary prerequisites for an accurate 
evaluation of budesonide substance by HPLC are fullfilled. The proposed 
analysis method is highly selective, linear, precise, and sensitive. Another 
advantage of the method is its high analytical capacity. The budesonide 
content, the impurity content, and the epimer distribution can be eval- 
uated accurately by one chromatographic system. Comparison of re- 
tention times in sample and standard chromatograms may serve as an 
identity test for budesonide. The proposed HPLC method meets the main 
points in monographs for steroid substances and seems analytically su- 
perior to the usual procedures suggested in pharmacopeias. 

I - 4  

I I I 1 
10 16 20 25 

MINUTES 
Figure 4-Chromatogram showing the separation of a synthetic mix- 
ture of impurities and epimers of budesonide using a normal-phase 
system. The support was pRondapak NH2, the mobile phase was hep- 
tane-ethanol (91:9 u/u), and the flow rate was 1.0 mllmin. The peak 
designations are the same as in Fig. 2. Impurity 2 (a  mixture of two 
epimers; see tent) appeared in this system as two peaks. Impurity I was 
not eluted. 
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Abstract  0 The permeation behavior of 3H-vidarabine (3H-9-P-D-ara- 
binofuranosyladenine) and 14C-n-pentanol through different strata of 
hairless mouse skin was studied using a diffusion cell at 37O under 
steady-state conditions. Partition coefficients for the skin components 
versus 0.9% aqueous NaCl solution also were obtained. Various skin 
preparations including full-thickness skin, cellophane-stripped skin, and 
dermis membranes of different thicknesses were employed. The dermis 
membranes were considered to be diffusionally homogeneous, and the 
product of the permeability coefficient and the thickness was taken as 
the apparent diffusivity. The apparent diffusivities for both compounds 
investigated were independent of thickness. Therefore, it was concluded 
that the molecular diffusivity is constant throughout the dermis. Com- 
parisons of permeability coefficients in various strata of the skin revealed 
that, while the stratum corneum is the major diffusional barrier, the 
epidermis appears to be significantly less permeable than the dermis. 

Keyphrases 0 Vidarabine valerate prodrug-topical dosage forms, 
permeability differences through various mouse skin strata 0 Prodrugs, 
topical-based on simultaneous transport and bioconversion of vidara- 
bine, permeability differences in various components of mouse skin 
Diffusivity-vidarabine and n-pentanol, effect of skin strata and 
thickness on diffusivity 0 Models, physical-based on simultaneous 
transport and bioconversion, effect of homogeneous distribution on 
prodrug evaluation 

The basic experimental methods for determining key 
parameters and evaluating the transport and metabolism 
of a prodrug of vidarabine (9-(3-D-arabinofuranosylade- 
nine, I) in hairless mouse skin were discussed previously (1). 
Among the parameters needed for the mechanistic quan- 
tification of the problem are the transport parameters, the 
permeability coefficients, and the diffusivities in the var- 
ious components of the skin. These parameters and the 
metabolizing enzyme constants, kl and k2, permit a 
quantitative analysis of the prodrug delivery behavior in 
the skin. 

The barrier nature of the various skin components is not 
fully understood. Several studies concerned the possible 
differences between the diffusional resistances of the ep- 
idermis and the dermis (2,3). The purposes of this inves- 
tigation were to study mechanistically the barrier nature 
of the various components of the hairless mouse skin using 
membrane preparations of different strata of the skin and 
to investigate the possible variations in the diffusivity with 
respect to position in the dermis component. 

Studies were conducted on the permeabilities of I in 
various membrane preparations of the hairless mouse skin 

X 

a 

MINUTES 

Figure 1-Permeation of I and n-pentanol across the stripped skin. 
Key: 0 ,  3H-2-I; and 0, ‘‘C-n-pentanol. Both permeants were run 
concurrently, and the AC values were 6.68 X lo5 and 2.55 X 105 cpml50 
p1 for I and n-pentanol, respectively. The fluxes may be calculated ac- 
cording to flux = (slope) (oolumelarea), where the volume is 3.0 ml and 
the area is 1.767cm2. 
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hairless mouse skin was studied using a diffusion cell at 37O under 
steady-state conditions. Partition coefficients for the skin components 
versus 0.9% aqueous NaCl solution also were obtained. Various skin 
preparations including full-thickness skin, cellophane-stripped skin, and 
dermis membranes of different thicknesses were employed. The dermis 
membranes were considered to be diffusionally homogeneous, and the 
product of the permeability coefficient and the thickness was taken as 
the apparent diffusivity. The apparent diffusivities for both compounds 
investigated were independent of thickness. Therefore, it was concluded 
that the molecular diffusivity is constant throughout the dermis. Com- 
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The basic experimental methods for determining key 
parameters and evaluating the transport and metabolism 
of a prodrug of vidarabine (9-(3-D-arabinofuranosylade- 
nine, I) in hairless mouse skin were discussed previously (1). 
Among the parameters needed for the mechanistic quan- 
tification of the problem are the transport parameters, the 
permeability coefficients, and the diffusivities in the var- 
ious components of the skin. These parameters and the 
metabolizing enzyme constants, kl and k2, permit a 
quantitative analysis of the prodrug delivery behavior in 
the skin. 

The barrier nature of the various skin components is not 
fully understood. Several studies concerned the possible 
differences between the diffusional resistances of the ep- 
idermis and the dermis (2,3). The purposes of this inves- 
tigation were to study mechanistically the barrier nature 
of the various components of the hairless mouse skin using 
membrane preparations of different strata of the skin and 
to investigate the possible variations in the diffusivity with 
respect to position in the dermis component. 

Studies were conducted on the permeabilities of I in 
various membrane preparations of the hairless mouse skin 
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Figure 1-Permeation of I and n-pentanol across the stripped skin. 
Key: 0 ,  3H-2-I; and 0, ‘‘C-n-pentanol. Both permeants were run 
concurrently, and the AC values were 6.68 X lo5 and 2.55 X 105 cpml50 
p1 for I and n-pentanol, respectively. The fluxes may be calculated ac- 
cording to flux = (slope) (oolumelarea), where the volume is 3.0 ml and 
the area is 1.767cm2. 
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Table I-Permeability Coefficients of I and n-Pentanol for  Full- 
Thickness Skin 

Table 111-Permeation Data for I with Dermis Membranes of 
Different Thicknesses 

~ ~~ 

Permeability Coefficients, x 108 cm/sec 
Mouse I n-Pentanol 

A 
B 
C 
D 
E - 

1.87 
2.33 
2.96 
4.76 - 331 

315 
408a 

From Ref. 2. 

Table 11-Permeability Coefficients of I and n-Pentanol for 
Stripped Skin 

Permeability Coefficients, X 106 cm/see 
Mouse I n-Pentanol 

F 
G 
H 
- 

2.12 
4.72 
4.37 
- 

22.6 
19.8 
17.4 
40.1 

From Ref. 3. 

from which the permeability coefficients for the stratum 
corneum, the epidermis, and the dermis were calculated. 
Experiments with n-pentanol were included to determine 
any possible effects of molecular size. 

EXPERIMENTAL 

The experimental procedures for the permeation studies were de- 
scribed previously (1). The materials were the same as those used pre- 
viously (l), except 14C-n-pentano11 was diluted with saline to give a 1- 
pCi/pl solution. As described previously (l) ,  full-thickness skin, cello- 
phane*-stripped skin, and dermatome-planed dermis preparations were 
the membranes used. 

RESULTS AND DISCUSSION 

Figure 1 shows raw data obtained from a typical permeation experi- 
ment. The accumulation of I or n-pentanol in the receiver chamber in- 
creased linearly after a short lag time. The slopes gave the fluxes, F, for 
the permeants. The permeability coefficients, P, then were calculated 
from the slope and the concentration differential, AC, for each species 
from: 

(Eq. 1 )  

where V is the volume of the receiver solution and A is the diffusional 
area of the membrane. The permeability coefficients of I and n-pentanol 
for the full-thickness skin, stripped skin, and dermis membranes are 
shown in Tables I-IV. The apparent diffusivit?, D, which is determined 
from the lag time, also is listed in Tables 111 and IV. Experimental re- 
producibility was satisfactory and consistent with previous experiments 
(1). Repeated permeation experiments showed an animal-to-animal 
variation of approximately a factor of two. Also, the stabilities of the 
various membrane preparations were satisfactory up to -2-3 days. 

Comparison of the permeability coefficients of I in the various mem- 
brane preparations (Table V) revealed that stripped skin was -100 times 
more permeable than full-thickness skin, while the dermis was > loo0 
times more permeable. A similar relationship also existed for the per- 
meation of n-pentanol, but the permeability differences were much 
smaller (Table V). This evidence suggests that, while the stratum cor- 
neum is the major diffusional barrier, the epidermis may be significantly 
less permeable than the dermis. 

It was noted previously that the epidermis may be significantly less 

California Bionuclear Co., Sun Valley, CA 91352. 
Scotch tape, Commercial Tape Division, 3M Corp., St. Paul, MN 55101. 

3 By definition, Dspp .= P X h; therefore, it also can be related to D and the 
membrane-water partition coefficient, K,,,lur, by Dapp = D X Kmlw since P = ( D /  
h ) K m / w .  

P, x 105 ~ ~ ~ ~ a ,  x 106 D b ,  X 106 
Mouse h,pm cm/sec cm2/sec ti ,  min cm2/sec 

I 277 5.28 1.46 1.47 1.45 
J 292 4.34 1.27 2.87 0.83 
K 320 4.43 1.42 2.74 1.04 
L 336 2.90 0.97 4.73 0.66 
M 341 2.79 0.95 6.27 0.52 
N 351 4.60 1.61 2.82 1.21 

371 4.40 1.63 4.17 0.92 0 
P 400 2.59 1.42 - - 

Average - - 1.34 - 0.95 

Dapp = P X h. D = h2/6tl .  

Table IV-Permeation Data for n-Pentanol with Dermis 
Membranes of Different Thicknesses 

P, x 105 x 106 D b ,  X lo6 
Mouse h,pm cm/sec cm2/sec tr, min cm2/sec 

J 292 10.26 3.00 1.57 1.51 
312 6.61 2.06 3.61 0.75 
336 6.92 2.33 2.86 1.10 

N 351 8.91 3.13 2.21 1.55 
Average - - 2.63 - 1.23 

' DaPp = P X h.  D = h2/6tl .  

Table V-Permeability Differences of I and n-Pentanol in  
Various ComDonents of Hairless Mouse Skin 

Average Permeability 
Coefficients, cm/sec Ratio" 

Membrane I n-Pentanol I n-Pentanol 

Full-thickness 2.98 X 3.23 X 1 .o 1 .o 
Stripped skin 3.74 X 1.99 X 125.5 6.2 
Dermisb 3.83 X 7.51 X 1285.2 23.3 

skin 

0 The ratios were referred to a unity full-thickness permeability coefficient. 
Average permeability coefficients in the dermis were calculated from,P = D.,,Jh, 

with the assumption that the average thickness of the intact dermis IS 350 pm. 

Table VI-Permeability Coefficients of I and n-Pentanol in 
Various ComDonents of Hairless Mouse Skin 

Stratum 
Permeability Coefficients, cm/sec 

n-Pentanol I 
~~~ 

St,mt,um corneuma 3.00 x 10-8 3.85 X - . ~  

Epidermis* 
Dermis 

4.14 X 
3.83 x 10-5 

2.71 x 10-5 
7.51 x 10-5 

a Calculated from the data in Table V using Eq. 2. Calculated from the data 
in Table V using Eq. 3. 

permeable than the dermis and that it may be a biopharmaceutically 
important barrier. Feldmann and Maibach (2) reported that both the 
stratum corneum and the Malpighian-basal layers serve as skin barriers 
for the penetration of hydrocortisone through normal human skin. The 
anatomy of the skin reveals a significant structural difference between 
the epidermis4 and the dermis: the former consists of highly packed, 
well-aligned epithelial cells, whereas the latter is composed of cells loosely 
scattered throughout a gel-like interstitial matter. Therefore, epidermis 
may be less permeable than the dermis for some molecules having low 
overall skin permeabilities such as those that are simultaneously large 
and polar. 

The diffusivities (both Dapp and D )  of I and n-pentanol were relatively 
constant with respect to position in the dermis membrane. The perme- 
ation data on the dermis membranes of different thicknesses (Tables 111 
and IV) show a random scattering around a constant value when Dapp 
is plotted uersus the membrane thickness (Fig. 2). 

Table VI presents the calculated permeability coefficients for the 
stratum corneum and the epidermis. The permeability coefficients for 

The epidermis includes the stratum granulosa and the basal layer, Le., the ep- 
idermal layer excluding the stratum corneum. 
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Figure 2-Plot of the apparent diffusiuities versus the thickness of the 
dermis. Key: see Fig. I .  

the stratum corneum were calculated from the permeation data on whole 
skin and stripped skin from: 

(Eq. 2) 

where Ps,, P,.,. and P,, are the permeability coefficients for the stratum 
corneum, the whole skin, and the stripped skin, respectively. Similarly, 
the permeability coefficients for the epidermis may he calculated 
from: 

(Eq. 3) 

where P, and pd are the permeability coefficients for the epidermis and 
dermis, respectively. 
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Abstract A semiquantitative assessment of esterase and deaminase 
distributions in hairless mouse skin was performed in uitro. The enzyme 
activities were quantified using 3H-vidarabine and its 5’-valerate as the 
substrates. Full-thickness skin of the hairless mouse was cut into two 
halves, and each half was homogenized in pH 7.4 buffer. Both the su- 
pernate and the residue of the homogenate were assayed for esterase and 
deaminase activities. Results show that the outer half-thickness of the 
skin contained more esterase but slightly less deaminase than the other 
half. The characteristics of the esterase and the deaminase reactions also 
were studied employing the crude enzyme extract; these reactions were 
essentially irreversible. The deaminase reaction was in the linear region 
of Michaelis-Menten kinetics for substrate concentrations up to 4.5 X 

Keyphrases 0 Vidarabine valerate prodrug-topical dosage forms, 
distribution of adenosine deaminase and esterase enzymes in various 
mouse skin strata 0 Prodrugs, topical-simultaneous transport and 
bioconversion of vidarabine, distribution of adenosine deaminase and 
esterase enzymes in mouse skin, pharmacokinetics 0 Enzyme distribution 
studies-location and nature of adenosine deaminase and esterase in 
mouse skin, pharmacokinetic parameters of deaminase and esterase 0 
Models, physical-based on simultaneous transport and metabolism, 
effect of nonhomogeneous distribution on prodrug evaluation 

M. 

A physical model for the evaluation of a topical prodrug 
of vidarabine (9-/3-D-arabinofuranosyladenine, I) was 
presented previously (1). The activity of the esterase that 

converts vidarabine-!Y-valerate (111) to I and the activity 
of the deaminase that converts I to 9-0-D-arabinofurano- 
sylhypoxanthine (11) were potentially capable bf in- 
fluencing the efficacy of the prodrug according to the 
model. For mathematical simplicity, the model assumed 
that the enzyme reactions were irreversible and within the 
linear range of Michaelis-Menten kinetics and that the 
distributions of both enzymes were homogeneous 
throughout the viable cutaneous tissue. 

Subsequent experiments and data analysis using the 
model revealed some inconsistencies. Experiments con- 
ducted under two different boundary conditions yielded 
significantly different in situ enzyme rate constants. This 
result raised questions concerning the validity of the ho- 
mogeneous enzyme distribution assumption employed in 
the calculations and the need for a more detailed study of 
the enzyme distribution in the membrane. Thus, the 
purpose of the present investigation was to study the dis- 
tributions of the two enzymes in hairless mouse skin as well 
as the nature of the enzyme reactions. 

EXPERIMENTAL 

Materials-All materials used were described previously (21, except 
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the stratum corneum were calculated from the permeation data on whole 
skin and stripped skin from: 

(Eq. 2) 

where Ps,, P,.,. and P,, are the permeability coefficients for the stratum 
corneum, the whole skin, and the stripped skin, respectively. Similarly, 
the permeability coefficients for the epidermis may he calculated 
from: 

(Eq. 3) 

where P, and pd are the permeability coefficients for the epidermis and 
dermis, respectively. 
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Abstract A semiquantitative assessment of esterase and deaminase 
distributions in hairless mouse skin was performed in uitro. The enzyme 
activities were quantified using 3H-vidarabine and its 5’-valerate as the 
substrates. Full-thickness skin of the hairless mouse was cut into two 
halves, and each half was homogenized in pH 7.4 buffer. Both the su- 
pernate and the residue of the homogenate were assayed for esterase and 
deaminase activities. Results show that the outer half-thickness of the 
skin contained more esterase but slightly less deaminase than the other 
half. The characteristics of the esterase and the deaminase reactions also 
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M. 

A physical model for the evaluation of a topical prodrug 
of vidarabine (9-/3-D-arabinofuranosyladenine, I) was 
presented previously (1). The activity of the esterase that 

converts vidarabine-!Y-valerate (111) to I and the activity 
of the deaminase that converts I to 9-0-D-arabinofurano- 
sylhypoxanthine (11) were potentially capable bf in- 
fluencing the efficacy of the prodrug according to the 
model. For mathematical simplicity, the model assumed 
that the enzyme reactions were irreversible and within the 
linear range of Michaelis-Menten kinetics and that the 
distributions of both enzymes were homogeneous 
throughout the viable cutaneous tissue. 

Subsequent experiments and data analysis using the 
model revealed some inconsistencies. Experiments con- 
ducted under two different boundary conditions yielded 
significantly different in situ enzyme rate constants. This 
result raised questions concerning the validity of the ho- 
mogeneous enzyme distribution assumption employed in 
the calculations and the need for a more detailed study of 
the enzyme distribution in the membrane. Thus, the 
purpose of the present investigation was to study the dis- 
tributions of the two enzymes in hairless mouse skin as well 
as the nature of the enzyme reactions. 
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Materials-All materials used were described previously (21, except 
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Table I-Distributions of the Esterase and the Deaminase in 
Hairless Mouse Skin 

I 
I 

z 
W 60- 
V z 8 50- 

l a (  s' I 
I 1  I 

removed mted 
lSyG (remaining drrmii  

/ h o m a y n t l o n  

Enzyme Extract Residue Extract Residue 

Deaminase 1.95 X 0.10 X 3.59 X 0.18 X 
EsLerased 21.7 X 7.93 X 6.46 X 0 

a Values are in reciprocal seconds. b S is the stratum corneum. M is the cuta- 
neous tissue. d Raw data are shown in Figs. 1 and 2. 

for a 0.01 M 4-(2-hydroxyethyl)-l-piperazineethanesdfonic acid' buffer 
solution (adjusted with 10 N NaOH to pH 7.4). 

Enzyme Distribution StudiegAlthough extraction of enzymes from 
tissue homogenates may not reach loo%, useful data for comparing the 
relative enzyme content of tissue of the same mass may be obtained. 
Full-thickness skin may be planed into two halves, and each half may be 
'extracted for its enzyme content. A comparison of enzyme activities in 
the extracts then may provide some measure of the relative enzyme dis- 
tribution, in the whole skin. 

Hairless mice were sacrificed by snapping the neck. After sacrifice, the 
abdominal skin was planed with a dermatome* to remove a top layer 
(including the stratum corneum, the epidermis, and part of the dermis) 
about 150-200 pm thick. The remaining dermis then was excised from 
the animal. The two pieces, after weighing, were homogenized separately 
in a centrifuge-type tissue grindeI3 with 1 ml each of the buffer. The tissue 
grinder was immersed in an ice-water mixture during the grinding. 

b 

0 5 10 15 20 
MINUTES 

Figure 1-Esterase activities in the supernates of the homogenates. 
Key: 0, supernate of the remaining dermis; and A, supernate of the 
dermatomed outer layer of the skin. 

100 % 
a a - - 

0, 50 6ol 
- b  

i 

0 5 10 15 20 
MINUTES 

Figure 2-Esterase activities in the residues of the tissue homogenate. 
Key: 0,  residue of the remaining dermis; and A, residue of the derma- 
tomed outer layer of the skin. 

1 Calbiochem, San Diego, Calif. 

3 Bellco Glass Inc., Vineland, NJ 08360. 

Castroviejo, a small electrical dermatome, Storz Instrument Co., St. Louis, MO 
63110. 

Table 11-Esterase and Deaminase Activities in  Tissue 
Homogenate of Hairless Mouse Skin. 

~ ~~ 

Enzyme Extract Residue 

Deaminase 2.28 X 0.15 X 
Esterase 5.78 x 10-3 1.9 x 10-3 

0 Values are in reciprocal seconds. b S is the stratum corneum. M is the cuta- 
neous tissue. 

For each homogenate, the supernate was separated from the residue 
by centrifugation at  3000 rpm for 5 min. A 0.5-ml aliquot of the supemate 
then was divided into two aliquots. One aliquot was incubated with 5 pCi 
(specific activity of 41.7 pCi/pg) of 3H-2-I and the other with 3H-2-III 
a t  37'. The residues were redispersed in 1 ml of buffer after washing 
several times by redispersion and centrifugation. The redispersed residues 
were divided into aliquots and incubated with 3H-2-I and 3H-2-III, as 
were the supernates. Samples were analyzed by TLC and scintillation 
counting as described previously (2). The initial rates were obtained from 
the substrate concentration-time curve. 

Studies of Irreversible Nature of Enzyme Reactions-Two 
methods were employed to study the irreversibility of the esterase and 
deaminase enzyme reactions. One method involved the crude extracts; 
the other was based on the in-and-out method with intact full-thickness 
skin. The procedure for the in-and-out experiments was described pre- 
viously (2), and the homogenization procedure for obtaining the enzyme 
extracts was the same as that given under Enzyme Distribution Studies, 
except that full-thickness abdominal skin (0.334 g) was homogenized 
without dermatome planing. 

Determination of Linear Region of Enzyme Reaction-The 
spectrophotometric assay of Kalckar (3-5) for adenosine deaminase was 
employed. The skin homogenate (1.6 g from three mice of the same age 
in 5 ml of buffer) was obtained as described. After centrifugation, 0.05 
ml of the supernate was diluted to 20 ml with buffer. A different enzyme 
concentration was prepared by diluting 0.5 ml of the supernate to 40 ml 
with the buffer. 

To determine the reaction rate for a given substrate concentration, 2 
ml of one enzyme solution was transferred into a cell of which 50 pl then 
was replaced with the appropriate solution of I a t  zero time. The change 
in absorbance at  265 pm ( h A 2 6 5 )  was measured with a spectrophotome- 
ter4 for 1 hr a t  5-min intervals. A background reading was taken before 

Figure 3-Conuersion of I (0 )  to II (*) by the dearninase in the su- 
pernate of  a skin homogenate, showing that the equilibrium highly fa -  
uors the formation of II .  

4 Beckman DB, Beckman Instruments, Fullerton, Calif. 
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2 4 6 8 
HOURS 

Figure 4-Deamination of I by the deaminase in a n  in-and-out ex- 
periment, showing that the equilibrium highly fauors the  formation of 
[ I .  Corresponding nucleotides formed f rom I and I1 are assayed as  total 
phosphates. 

' O O t  

2 4 6 8 
HOURS 

Figure 5-Bioconversions of I I I  to I and further to I I  by the esterase 
and the deaminase in an  in-and-out experiment, showing that the 
equilibria highly favor formation of the products. 

introduction of the substrate, and the zero-time reading was taken 20 sec 
after the substrate was mixed well with enzyme solution in the cell. 

RESULTS AND DISCUSSION 

Esterase and  Deaminase Distributions in Hairless Mouse 
Skin-Figures 1 and 2 show the esterase activities in the supernate and 
the residues of the homogenates prepared from the outer layer of skin 
and from the remaining dermis. The initial rates of the esterase and 
deaminase reactions obtained from these substrate concentration-time 
curves are tabulated in Table I. The esterase activity was much higher 
in the outer layer half than in the other half of the skin, whereas the 
deaminase distribution was in the reverse order but with less difference 
between the two halves. Table I1 shows the results of similar studies with 
a whole skin sample. These results have significant consequences in the 
physical model analysis of the transport and metabolism problem. 

Because of the nonhomogeneous distribution of these enzymes, the 
analytical solutions describing the simultaneous diffusion and metabo- 
lism (1) based on the homogeneous enzyme distribution assumption may 
serve only as a first approximation in the evaluation of a prodrug. A more 
rigorous analysis that  considers the effects of nonhomogeaeous enzyme 
distributions may be carried out with a numerical computational pro- 
cedure. A computer program for handling any possible enzyme distri- 

7 -4. 

X 
n 

-8 

-1oL I 1 

0 10 20 30 40 50 60 
MINUTES 

Figure 6-Time curues showing the decrease in  absorbance (AA& 
resulting from incubation of various concentrations of I with a crude 
extract of skin deaminase. Key: A, 3.1 fig/ml; +, 6.5 figlml; and e, 12.0 
pglml. 

'61 

E 12  . 
n 

/ 

J 

4 1 d 2 z c  0 2 4 6 8 10 12 14 16 

CONCENTRATION OF I ,  Mg/rnl 
Figure 7-Linear range o f  the deaminase actioity, shouiing that the 
first-order enzyme kinetics hold u p  tCJ a substrate concentration of 12 
pglml (or 4.5 X M). Key: e, high enzyme concentration; and *, 
low enzyme concentration. 

bution was developed by Fox et al. (6). and the rigorous evaluation of I11 
as a potential prodrug using this approach will be presented later. 

Irreversibility of Enzyme Reactions-Figure 3 shows the conversion 
of I to I1 by the deaminase in the supernate of a skin homogenate. The 
reaction is essentially complete in 20 min. Thus, the reaction is essentially 
irreversible from a practical standpoint. Similar results were obtained 
for the deaminase reaction in the intact skin with the in-and-out exper- 
iment. Figure 4 shows that the conversion of I to I1 by the deaminase in 
the intact skin experiment was almost complete in 6 hr.1n the in-and-out 
experiment involving an intact skin incubated with 3H-2-III, a typical 
A - B - C reaction pattern was observed (Fig. 5). 

Linear  Region of Michaelis-Menten Kinetics for  Deaminase 
Reaction-Figure 6 shows the AA265 versus time curve for three dif- 
ferent concentrations of I incubated a t  room temperature with the en- 
zyme solution. The initial rates obtained from the slopes were plotted 
uersus the substrate concentration (Fig. 7). Results of similar experiments 
with a different enzyme concentration also were plotted (Fig. 7). The 
deaminase enzyme reaction was in the linear region of MichaelisMenten 
kinetics for substrate concentrations up to 12 pglml or 4.5 x 10-5 M for 
I. This result is in good agreement with reported K ,  values (7-9) for 
purified adenosine deaminase (using I as the substrate) obtained from 
calf intestine mucosa, which range from 7 to 14 x M .  
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Abstract 0 The mathematical problem of simultaneous transport and 
metabolism in the case of nonuniform enzyme distributions in the skin 
was solved, and the solutions were used for analyzing experimental data. 
Experimental data were obtained from permeation experiments with 
3H-vidarabine and its 5’-valerate using cellophane tape-stripped hairless 
mouse skin. Results of the analyses revealed that the esterase activity 
was four to nine times higher in the epidermis than in the dermis, whereas 
the deaminase activity was about the same in the two strata. These results 
were in good agreement with independent experiments using tissue ho- 
mogenates. The enzyme distributions and the previously reported dif- 
fusivities were employed in generating concentration profiles for the 
prodrug and the drug in the skin. These results may be used in predicting 
the possible therapeutic effect of the prodrug when it is topically ap- 
plied. 

Keyphrases Vidarabine valerate prodrug-topical dosage forms, 
physical models employing homogeneous and nonhomogeneous enzyme 
distributions, various mouse skin strata, mathematical analysis 0 Pro- 
drugs, topical-simultaneous transport and bioconversion of vidarabine 
valerate, effect of enzyme distribution and diffusivities on bioavailability, 
various mouse skin strata, mathematical analysis 0 Models, physical- 
homogeneous and nonhomogeneous enzyme distributions, various mouse 
skin strata, vidarabine valerate prodrug, topical dosage forms, mathe- 
matical analysis 

A physicochemical method was developed to determine 
the in situ enzyme rate constants in hairless mouse skin 
(1,2). Because of the lack of specific information, prelim- 
inary analyses of the experimental data were conducted 
based on the assumptions of uniform enzyme distribution 
and constant membrane diffusivities for the substrate and 
metabolite. It was believed then that when appropriate 
data became available, a more comprehensive analysis 
should be conducted based on the possible nonuniform 
enzyme distributions and the possible variations in dif- 
fusivity with respect to position in the membrane. 

Subsequent studies were conducted to assess the pos- 
sible variations in diffusivities and enzyme rate constants. 

Permeability coefficients of vidarabine (9-P-D-arabino- 
furanosyladenine, I) in various components of hairless 
mouse skin were factored out, and the dermis permeability 
of I was found to be constant throughout the whole stratum 
(3). Experiments using tissue homogenates revealed (4) 
that the outer half-thickness of the skin ( i e . ,  the stratum 
corneum, the epidermis, and part of the dermis) contained 
more esterase but slightly less deaminase than the re- 
mainder of the skin. These data now form the basis for a 
more comprehensive analysis. 

The purposes of the present study were to solve the 
mathematical problem involved in the simultaneous dif- 
fusion and metabolism in the case of the nonuniform en- 
zyme distributions and to analyze the experimental data 
using these mathematical solutions. The enzyme distri- 
butions together with the diffusivities then were employed 
to generate concentration profiles for the prodrug and the 
drug in the skin from which the behavior, including the 
efficacy, of the prodrug may be predicted. 

St St 

xN-l ‘N xo x1 ....... 
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stirrer. 

0022-35491 801 0700-0775$0 1.001 0 
@ 1980, American Pharmaceutical Association 

Journal of Pharmaceutical Sciences I 775 
Vol. 69, No. 7, July 1980 



(2) Ibid., 68,1347 (1979). 
(3) H. M. Kalckar, J.  Biol. Chem., 167,429 (1947). 
(4) Ibid., 167,445 (1947). 
(5) Ibid., 167,461 (1947). 
(6) J. L. Fox, C. D. Yu, W. I. Higuchi, and N. F. H. Ho, Int. J. Pharm., 

(7) S. Frederiksen, Arch. Biochern. Biophys., 113,383 (1966). 
(8) R. A. Lipper, S. M. Machkovech, J. C. Drach, and W. I. Higuchi, 

(9) J. L. York and G. A. LePage, Can. J. Biochern., 44,331 (1966). 

2.41 (1979). 

Mol. Pharrnacol., 14,366 (1978). 

ACKNOWLEDGMENTS 

Abstracted in part from a thesis submitted by C. D. Yu to the Uni- 
versity of Michigan in partial fulfillment of the Doctor of Philosophy 
degree requirements. 

Supported by National Institutes of Health Research Grant A114987 
and Training Grant DE00204. 

The authors thank Dr. D. C. Baker, University of Alabama, and Dr. 
A. J. Glazko and Dr. T. H. Haskell, Warner-LambertParke-Davis, for 
supplying 3H-labeled and nonlabeled vidarabine-5’-valerate ester. 

Physical Model Evaluation of Topical Prodrug 
Delivery-Simultaneous Transport and Bioconversion of 
Vidarabine3-valerate V: Mechanistic Analysis of 
Influence of Nonhomogeneous Enzyme Distributions in 
Hairless Mouse Skin 

CHENG DER YU*, NEAL A. GORDON, JEFFREY L. FOX, 
WILLIAM I. HIGUCHIX, and NORMAN F. H. HO 
Received August 2,1979, from the College of Pharmacy, University of Michigan, Ann Arbor, MI 48109. 
13,1979. 

Accepted for publication December 
*Present address: Syntex Research, Stanford Industrial Park, Palo Alto, CA 94304. 

Abstract 0 The mathematical problem of simultaneous transport and 
metabolism in the case of nonuniform enzyme distributions in the skin 
was solved, and the solutions were used for analyzing experimental data. 
Experimental data were obtained from permeation experiments with 
3H-vidarabine and its 5’-valerate using cellophane tape-stripped hairless 
mouse skin. Results of the analyses revealed that the esterase activity 
was four to nine times higher in the epidermis than in the dermis, whereas 
the deaminase activity was about the same in the two strata. These results 
were in good agreement with independent experiments using tissue ho- 
mogenates. The enzyme distributions and the previously reported dif- 
fusivities were employed in generating concentration profiles for the 
prodrug and the drug in the skin. These results may be used in predicting 
the possible therapeutic effect of the prodrug when it is topically ap- 
plied. 

Keyphrases Vidarabine valerate prodrug-topical dosage forms, 
physical models employing homogeneous and nonhomogeneous enzyme 
distributions, various mouse skin strata, mathematical analysis 0 Pro- 
drugs, topical-simultaneous transport and bioconversion of vidarabine 
valerate, effect of enzyme distribution and diffusivities on bioavailability, 
various mouse skin strata, mathematical analysis 0 Models, physical- 
homogeneous and nonhomogeneous enzyme distributions, various mouse 
skin strata, vidarabine valerate prodrug, topical dosage forms, mathe- 
matical analysis 

A physicochemical method was developed to determine 
the in situ enzyme rate constants in hairless mouse skin 
(1,2). Because of the lack of specific information, prelim- 
inary analyses of the experimental data were conducted 
based on the assumptions of uniform enzyme distribution 
and constant membrane diffusivities for the substrate and 
metabolite. It was believed then that when appropriate 
data became available, a more comprehensive analysis 
should be conducted based on the possible nonuniform 
enzyme distributions and the possible variations in dif- 
fusivity with respect to position in the membrane. 

Subsequent studies were conducted to assess the pos- 
sible variations in diffusivities and enzyme rate constants. 

Permeability coefficients of vidarabine (9-P-D-arabino- 
furanosyladenine, I) in various components of hairless 
mouse skin were factored out, and the dermis permeability 
of I was found to be constant throughout the whole stratum 
(3). Experiments using tissue homogenates revealed (4) 
that the outer half-thickness of the skin ( i e . ,  the stratum 
corneum, the epidermis, and part of the dermis) contained 
more esterase but slightly less deaminase than the re- 
mainder of the skin. These data now form the basis for a 
more comprehensive analysis. 

The purposes of the present study were to solve the 
mathematical problem involved in the simultaneous dif- 
fusion and metabolism in the case of the nonuniform en- 
zyme distributions and to analyze the experimental data 
using these mathematical solutions. The enzyme distri- 
butions together with the diffusivities then were employed 
to generate concentration profiles for the prodrug and the 
drug in the skin from which the behavior, including the 
efficacy, of the prodrug may be predicted. 
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xN-l ‘N xo x1 ....... 
Figure 1 -Multilayer model for simultaneous diffusion and metabo- 
lism. Key: M, cutaneous membrane that consists of N layers; and S t ,  
stirrer. 
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Table I-Effect of Enzyme Leaching on Observed Fluxes in In- 
and-Out Experiments with 111 

Table 111-Observed Fluxes in Go-Through Experiments with 
111 Using a Stripped Skin 

Fluxhnitial Donor Concentration, 
x 106 cm/sec 

Running Donor Receiver 
Orderb Directionc 111 I n 
First Dermis - epidermis - 44.6 0.60 0.80 
Second Epidermis - dermis - 2.59 1.01 1.06 

Fluxhitial 

Mouse of Skin Preparation x 106 cm/sec 
Pretreatment Donor Concentration, 

A No pretreatment 57.17 
B No retreatment 66.17 
C SoaIing and rinsing for 80 min 29.33 
D Soaking and rinsing for 3 hr 33.67 
E Soakine and rinsing for 3 hr 29.50 0 From a 5-week-old mouse (G). Indicates the first run or the second run with 

the given skin preparation. C Indicates the permeation direction, i.e., from the donor 
side to the receiver side. 

Table IV-Observed Fluxes in Go-Through Experiments with 
111 Using a Stripped Skin. 

Table 11-Observed Fluxes in Go-Through Experiments with I11 
Using a Stripped Skin 

Flux/Initial Donor Concentration, 
Fluxhnitial Donor Concentration, x 106 cm/sec 

Running Donor Receiver 
Orderb DirectionC 111 I I11 I 

x 106 cm/sec 
Running Donor ~ Receiver 
Orderb Direction" 111 I I11 I Second Dermis - epidermis - 17.2 1.20 2.53 

First Epidermis - dermis - 10.5 1.02 3.01 

From a 5-week-old mouse (F). Indicates the first run or the second run with 
the given skin preparation. Indicates the permeation direction, i.e., from the donor 
side to the receiver side. 

THEORY 
General Multilayer Model for Analysis of Simultaneous Diffusion 

and Metabolism of a Compound-A physical model derived previously 
(Fig. 2 in Ref. 1) was modified to involve a membrane consisting of N 
layers (Fig. 1) in which the ith layer has the following properties: 

1. Thickness is given by h, = xi  - x i - 1 .  
2.  A first-order reaction occurs in this layer, which converts A to B with 

3. Diffusivities of A and B are given by D A , ~  and DR,,. 
4. Partition coefficients of A and B are KA,, and KR,, .  
For generality, aqueous diffusional layers will be considered in a 

manner similar to the other layers. 
Mathematical Solution to Simultaneous Diffusion and Metabo- 

lism Problem of Multiple-Layer Model-The differential equations 
for the steady-state concentrations of A and El in the ith layer are: 

a rate constant, ki. 

First Dermis - epidermis - 41.7 1.64 2.73 
Second Dermis - epidermis - 18.9 1.82 2.43 
Third Epidermis - dermis - 2.68 1.50 2.30 

0 From a 5-week-old mouse (HI. (I Indicates the sequence of the runs with the 
Indicates the permeation direction, i.e., from the donor given skin preparation. 

side to the receiver side. 

Note that if ai = 0, then: 

(Eq. 12) 
sinhai Ax - Ax - -- - 

PA,iai p A . i  
and: 

(Eq. 13) 
sinh ai Ax - a, Ax = O  

PA,tai 
Evaluation of the other terms is straightforward. 

Since at x = x i ,  Ax = hi, by denoting the matrix evaluated for Ax = hi 
by Mi and U A  ( x i )  by UA,,  and likewise for the other variables, the fol- 
lowing is obtained: 

(Eq. 2) -, 

By applying this relationship repeatedly for i = 1, . . ., N ,  it follows 
that: Some new variables may be defined: 

where the matrix, MN - - M I ,  can be shown to have the form: 
rmll  m1z 0 0 1 

where F A ( x )  and F B ( x )  are the fluxes of A and I3 at  x. 
Some new constants may be defined: 

The solution now is straightforward. From the parameters for each 
layer, the matrixes, Mi, are evaluated and their product, m, is formed. 
This matrix then gives the relationship between the steady-state con- 
centrations and fluxes at the two faces of the composite membrane. De- 
termination of fluxes for the go-through and in-and-out experimental 
conditions is quite simple. 

For the go-through experiment where UA,O, UA,N,  UB,O, and UB,N are 
given, it follows from Eqs. 15 and 16 that: 

Pn,, = ( K R , , ) ( D B , , )  (Eq. 9) 

AX = X, - X,-I (Eq. 10) 
where  PA,^ and PR,, are the permeability coefficients of A and B, re- 
spectively. 

The solution of the system in terms of these new variables in the ith 
layer can be written in matrix form as: - 

0 0  -sinh ai Ax 
PA,iai 

- P a p i  sinh ai Ax cosh ai Ax 0 0  

sinh a,x - a; Ax -Ax %(l-cosha iAx)  1 -  
pB,i PB.iaz p B . i  

 PA,,^, sinha, Ax 1 - cosh a, Ax 0 1 - 
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Table V-Least-Squares Fit of Calculated Fluxes to  Experimental Data fo r  Determination of Esterase Rate  Constants in the  
Epidermis and  the Dermie 

-- 100- 

LL 98- 
0 
Z 96. 

- - 

0 2 94- 

yj 90. 

F 92. 
Z 

z 

Experimentally Homogeneous Nonhomogeneous 
Determined" Two Layer Three Layer Two Layer Three Layer 

;: 

Iteration parameters* 
kle, X lo3 sec-' - 3.35 3.39 9.02 9.27 
kid, X lo3 sec-' - 3.35 3.39 1.09 1.06 
Depi, x lo9 cm2/sec - 4.55 4.15 4.23 4.40 
P,,, x 103 cm/sec - - 1.28 - 1 .so 
cm/sec 
Dermis - epidermis I (D), 18.9 45.4 45.9 19.2 18.9 

2.43 . 2.43 2.18 2.38 2.36 
I11 (R) 1.82 1.82 1.70 1.62 1.65 

I 

Epidermis - dermis I (D) 2.68 1.17 1.16 2.77 2.68 
2.30 2.43 2.18 2.38 2.36 
1.50 1.82 1.70 1.62 1.65 

1 (R) 
I11 (R) 

2 dev.* - 2.24 2.23 0.03 0.03 

coefficient is 1.08 X lO-3cm/sec; and the partition coefficient is 1.0. CD is the donor chamber and R is the receiver chamber. 
from Fig. 2. 

(Fluxhnitial donor concentration), X lo6 

Reflection boundary experiment 19.4d 48.5 48.9 22.4 22.1 

From Table IV. b The dermis diffusivity is 1.34 X 10" cm2/sec; the thicknesses of the epidermis and the dermis are 10 and 190 pm, respectively; the aqueous permeability 
Average value of the second and third runs 

(Eq. 17) 

FA.N = mZluA,O + ~ Z Z F A , O  

FB.O = 

FB,N = m41UA.O + m a . F ~ . o  -k m s s u ~ , o  + m.&B,o 

(Eq. 18) 

(Eq. 19) u B . N  - m3lUA.O - WZFA.O - m33uB.O 

m 
(Eq. 20) 

For the in-and-out experiment where UA,O, UB,O, FA,N, and FB,N are 

(Eq. 21) 

(Eq. 22) 

(Eq. 23) 

given, it follows from Eqs. 15 and 16 that: 
FA,N - m2lUA.O FA,O = 

UA,N = mlluA,O -k mnlF~,o 

FB.O = 

m22 

FB,N - m r i u ~ , o  - m4nFa.o - m43U~,o 
m44 

UB,N = m31 UA.0 + mszF~ ,o  -k mmue,o + m3fle.o (Eq. 24) 
In both the go-through and in-and-out experiments, the boundary 

conditions require that several of the given quantities equal zero so that 
the equations are somewhat simpler. The matrixes, m, for the two sit- 
uations are not identical because the go-through experiment has an 
aqueous diffusional layer on both sides as opposed to only one such layer 
for the in-and-out experiment. 

EXPERIMENTAL 

Stripped skin membranes were used for the go-through experiments, 
and full-thickness skin membranes were used for the in-and-out exper- 

- 
MINUTES 

Figure %-Consecutive runs of the reflection boundary experiment with 
III  using the same piece of full-thickness skin. The  solid symbols are 
data from Mouse I ;  the opensymbols are data from Mouse J .  Lines are 
the  linear regression of data of solid marks. Key: ., 0, the first run, 
which started immediately after preparation, where the arrow indicates 
the  time when the bulk solution was separated from the skin; *, Q, the 
second run, which started 2 hr after the zero time of the first run; and 
0,  0, the third run, which started I hr after the zero time of the second 
run. The  system was soaked and rinsed thoroughly with saline between 
runs. 

iments. Procedures for preparing these skin specimens were described 
previously (2). The experimental arrangement and procedures for the 
go-through studies also were described previously (2). The materials were 
the same as those used previously. 2'-Deoxycoformycin (covidarabine) 
was used to inhibit the conversion of I to  9-P-D-arabinofuranosylhy- 
poxanthine (11) by adenosine dearninase during the study of esterase 
activity. 

RESULTS AND DISCUSSION 

Since preliminary data (2) indicated that esterase leaches out from the 
dermis side of skin, i t  was desirable to determine if there is a steady level 
of remaining esterase activity. Therefore, consecutive runs of the re- 
flection boundary experiment with vidarabine-5'-valerate (111) were 
carried out using a single piece of full-thickness skin (Fig. 2). After 2 hr 
of leaching, the remaining esterase activity reduced to about one-half of 
the activity of nonleached skin. An additional hour of leaching did not 
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Figure 3-Determination of fluxes in  the donor and receiver corn- 
partments of go-through experiments (Mouse F )  with 111. Key: ., 0, 
I ;  and ., 0 , l I I .  Flux = slope (volume per area), where volume = 1.5 rnl 
and area = 0.713 cm2. The  solid symbols are data of the epidermis * 
dermis run; the open symbols are data of  the dermis - epidermis run. 
The  system was soaked and rinsed thoroughly with saline between runs. 
Lines are the linear regression of data points. 
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Table VI-Least-Squares Fit of Calculated Fluxes to  Experimental  Data for  Determination of Esterase Rate  Constants in the 
Epidermis and the Dermis 

Experimentally Homogeneous Nonhomogeneous 
Determined" Two Layer Three Layer Two Layer Three Layer 

Iteration parametersb 
kl,, X lo3 sec-' - 
kid, x lo3 sec-' - 
Dep,, X loy cm2/sec - 
P,,, x 103 cm/sec - 

cm/sec 
Dermis - epidermis (DIG 21.2 

(Fluxhnitial donor concentration), X lo6 

[ (R)' 1.56 
111 (R) 0.87 

Epidermis - dermis I (D) 1.41 
[ (R) 1.66 

I11 (R) 0.49 
Reflection 
T: rlP" 2 

boundary experiment 19.4d 
- 

2.07 
2.07 
2.36 
- 

31.6 
1.48 
0.80 
0.68 
1.48 
0.80 

2.07 
2.07 
2.22 

3330 

31.8 
1.38 
0.76 
0.68 
1.38 
0.76 

33.2 33.2 
1-19 1.21 

3.57 
1.06 
2.37 
- 

18.3 
1.52 
0.76 
1.12 
1.52 
0.76 

3.56 
1.11 
2.36 

23.7 

19.0 
1.50 
0.77 
1.11 
1.50 
0.77 

19.9 20.6 
0.30 0.30 - 

Raw data are shown in Fig. 5. * The dermis diffusivity is 1.34 X 10-6 cmZ/sec; the thicknesses of the epidermis and the dermis are 10 and 190 Fm respective1 the 
aqueous permeability coefficient is 1.08 X 10-3 cm/sec; and the partition coefficient is 1.0. D is the donor chamber and R is the receiver chamber. d Average vayje of 
the second and third runs from Fig. 2. 

further reduce the remaining esterase activity. Moreover, as indicated 
in Fig. 2, the bulk solution after separation from the skin continued to 
show esterase activity. All of these observations strongly indicate that 
the leaching of esterase is essentially completed within the first 2 hr. The 
viability of the skin esterase essentially remains the same for a t  least 3 
hr. Additional data from in-and-out experiments using skin preparations 
from different mice of the same age gave similar results (Table I). 

The leaching effect also was clearly seen in the go-through experiment 
with nonleached stripped skin. Figure 3 shows the results of two go- 
through experimental runs carried out consecutively using a single 
stripped skin preparation (Mouse F). In the first run, the epidermis was 
in contact with the donor chamber; in the second run, after the system 
was rinsed thoroughly with saline, the donor and the receiver compart- 
ments were reversed so that the dermis side was in contact with the donor 
chamber. The fluxes' for these experiments are given in Table 11. Similar . 
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Figure 4-Determination c,f fluxes in the donor and receiver com- 
partments of go-through experiments (Mouse G )  with I l l .  Key: 0 ,  0, 
I ;  and W ,  0, Ill. Flux = slopt. (volume per area),  where uolume = 1.5 ml 
and area = 0.713 em2. The solid symbols are data of the dermis - epi- 
dermis run; the open symbols are data of the epidermis - dermis run. 
The system was soaked and rinsed thoroughly with saline between rum. 
Lines are the linear regressions of data points. 

' All fluxes discussed in this paper are normalized fluxes, k., the ratios of fluxes 
to the initial donor concentration 

experiments with reversed running order (i.e., first run, dermis - epi- 
dermis; second run, epidermis -dermis) used stripped skin from another 
mouse (Mouse G) (Fig. 4 and Table 111). 

Comparison of Tables I1 and I11 reveals that  the back-diffusion flux 
of I was larger when it was obtained from the first run than when it was 
obtained from the second run, especially for the dermis - epidermis case. 
The phenomenon was quite reproducible, as was observed in repeat ex- 
periments (5). T o  demonstrate the effect of leaching on the flux deter- 
mination in a go-through experiment in another manner, a fresh piece 
of skin (Mouse H) was used for the go-through experiment, as usual, and 
then, after the system was rinsed thoroughly with saline, the same piece 
of skin was used for a repeat run (Table IV). Again, there was a twofold 
difference in the backflow fluxes before and after leaching. 

Because of the profound effect of the esterase leaching on the deter- 
mination of the fluxes, only experimental runs using a preleached skin 
may give meaningful data for esterase activity determination. Figures 
5 and 6 show the results of duplicate runs with preleached skin prepa- 
rations from the same mouse (Mouse K )  conducted by two persons a t  the 
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Figure 5-Determination of fluxes in the donor and receiuer com- 
partments of go-through experiments with 111 (Mouse K ;  the skin was 
soaked and rinsed for 3 h r ) .  Key: ., 0 ,  I l l ;  and 0 ,  0, I .  Flux = slope 
(volume per area),  where volume = 2.5 ml and area = 0.713 cm2. The 
solid symbols are data of the epidermis - dermis run; the open symbols 
are data of the dermis - epidermis run. The epidermis - dermis run 
preceded the dermis + epidermis run. The system was soaked and 
rinsed thoroughly between runs. Lines are the linear regressions of data 
points. 
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Table VII-Least-Squares Fit of Calculated Fluxes to Experimental Data for Determination of Esterase Rate Constants in the  
Epidermis and the Dermis 

Experimentally Homogeneous Nonhomogeneous 
Determineda Two Layer Three Layer Two Layer Three Layer 

Iteration parameters* 
kl,, X lo3 sec-' - 2.14 2.12 4.04 3.92 

Depi, X lo9 cm2/sec - 2.24 2.13 2.24 2.23 
kid, X lo3 8ec-l - 2.14 2.12 0.97 1.02 

P,,, x 103 cm/sec - - 0.59 - 31.8 
(Flux/initial donor concentration), X 106 

cm/sec 
Dermis + epidermis I (D)' 

I 
I11 IR) 

Epidermis - dermis I (Dj 
I (R) 

111 (R) 

21.2 
1.56d 
0.87d 
i 90 

0.38 
1.60 

32.7 32.5 
1.37 1.30 
0.79 0.76 
0.70 0.68 
1.37 
0.79 

1.30 
0.76 

17.0 17.8 
1.39 1.39 
0.77 0.76 
1.24 1.20 
1.39 
0.77 

1.39 
0.76 

Reflection boundary experiment 19.4e 34.2 33.9 18.6 19.3 
2 dev.2 - 2.04 2.06 0.78 0.78 

Raw data are shown in Fig. 6. The dermis diffusivity is 1.34 X cm2/sec;.the thicknesses of the epidermis and the dermis are 10 and 190 pm, respectively; the 
From Table VI instead aqueous permeability coefficient is 1.08 X 10-3 cmlsec; and the partition coefficient 1s 1.0. D is the donor chamber and R is the receiver chamber. 

of Table VIII because of the unreasonably small permeability in that particular experimental run. Average value of the second and third runs from Fig. 2. 

same time. One person conducted experiments in which the epidermis - dermis permeation was run first (Fig. 5), and the other person ran the 
experiments with dermis + epidermis permeation first (Fig. 6). 

The results of the go-through experiments with I using preleached skin 
(Mouse L) in the deaminase activity determination are shown in Fig. 7. 
Of the two experiments, the epidermis - dermis permeation preceded 
the dermis - epidermis permeation. 

The following conclusions may be reached from the results using pre- 
leached skin: 

1. The total fluxes as well as the flux ratio of the two species entering 
the receiver compartment are independent of direction (i.e., from epi- 
dermis side to dermis side or from dermis side to epidermis side). 

2. The backflow of metabolite into the donor compartment in the 
epidermis - dermis run is smaller than that in the reversed direction 
run. 

3. The percentage rates of change in the donor concentrations of I11 
are small. Consequently, these data were not used in the analysis. 

Table V lists the results of computer iterations using Eqs. 17-20 to fit 
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Figure 6-Determination of fluxes in the donor and receiver com- 
partments of go-through experiments with III (a second piece of ab- 
dominal skin from Mouse K;  the skin was soaked and rinsed for 3 hr).  
Key: ., 0, III; and 0, 0, I .  Flux = slope (volume per area), where uol- 
ume = 1.5 ml and area = 0.713 em2. The solid symbols are data of the 
epidermis - dermis run; the open symbols are data of the dermis - 
epidermis run. The dermis - epidermis run preceded the epidermis - dermis run. The system was soaked and rinsed thoroughly between 
runs. Lines are the linear regressions of data points. 

the calculated fluxes to the experimental data shown in Table IV. Non- 
linear least-squares regression was employed for the best-fit procedure. 
The analyses were conducted for the nonhomogeneous case in which an 
epidermis layer was distinguishable from the dermis layer (from the 
standpoint of diffusivity and esterase activity), in contrast to the ho- 
mogeneous case in which the two layers were different only in diffusivity 
and not in esterase activity. In addition to the two-layer model, a three- 
layer model, taking into account the possible presence of the residual 
stratum corneum due to incomplete stripping, also was considered. 

Three adjustable parameters were involved in the fitting: the epidermis 
diffusivity, Depi, and the esterase rate constants in the epidermis and the 
dermis, k l ,  and k l d ,  respectively. In the three-layer model, the residual 
(i.e., if the skin was incompletely stripped) stratum corneum perme- 
ability, P,,, is an additional adjustable parameter. The rest of the pa- 
rameters required for the calculation of fluxes were predetermined ex- 
perimentally, except for the thickness of the epidermis that was ap- 
proximated anatomically to be 10 pm. 

As seen in Table V, the best-fit iteration parameters under the non- 
homogeneous column give calculated fluxes much closer to the experi- 
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Figure 7-Determination of fluxes in the donor and receiver eom- 
partments of go-through experiments (Mouse L )  with I .  Key: *, *, II; 
and O,O, I .  Flux = slope (volume per area), where volume = 1.5 ml and 
area = 0.713 cm2. The solid symbols are data of the dermis + epidermis 
run; the open symbols are the data of the  epidermis - dermis run. The 
system was soaked and rinsed thoroughly between runs. Lines are the 
linear regression of data points. 
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Table VIII-Least-Squares Fi t  of Calculated Fluxes to Experimental  Data fo r  Determination of Deaminase Ra te  Constants in the 
Epidermis and the Dermis 

Experimentally Homogeneous Nnnknmnn~non~~a 

DeterminedD Two Laver Three 1 
- I ."L..."'.."~G'.,C""U 

>aver TWO Layer Three Layer 
Iteration parametersD 

kl,, X lo3 sec-' 

Depi, x lo9 cmZ/sec 
P,,, x lo3 cm/sec 

cmlsec 
Dermis - epidermis I1 (DIc 

I (RIc 
11 (R) 

Epidermis - dermis I1 (D) 
I (R) 

11 (R) 

kid, X lo3 sec-l 

(Flux/initial donor concentration), X 106 

Reflection boundary experiment 
Z dev.2 

2.22 
1.10 
2.30 

1.17 
2.42 

114d 

81.2 

- 

7.14 - 
7.14 - 
3.00 - 

- - 

2.22 
1.13 
2.40 

1.13 
2.40 

1.16 

77.7 

90. 1 

7.14 - 
7.14 - 
3.00 - 

- - 

2.19 
1.12 
2.40 

1.12 
2.40 

1 1 7  

78.2 

90.5 
-.-, 

a Raw data are shown in Fig. 7. The dermis diffusivity is 1.34 X cm2/sec; the thicknesses of the epidermis and the dermis are 10 and 190 Mm respectively; the 
aqueous permeability coefficient is 1.08 X cm/sec; and the partition coefficient is 1.0. D is the donor chamber and R is the receiver chamber. d Prom Ref. 2. 

mental values than do those under the homogeneous column. Thus, the 
nonhomogeneous model clearly is superior to the homogeneous model. 
The resultant esterase rate constants, k l ,  and kid.  reveal an esterase 
activity that is nine times higher in the epidermis than in the dermis. This 
result is in good agreement with the previous observation from tissue 
homogenates (4). 

Table V also reveals that the best-fit parameters and calculated fluxes 
are only slightly different between the two-layer and the three-layer 
models for both the homogeneous and nonhomogeneous cases. The ad- 
ditional freedom for interaction contributes very little to the goodness 
of fit as seen from the statistics ( 2  dev.2). Moreover, the best-fit values 
of P,, are on the order of cm/sec, which is negligible compared to 
the overall permeability. In other words, the three-layer model essentially 
regresses to the two-layer model when applied to the present data. The 
effect of residual stratum corneum is negligible. 

Similar analyses for the data shown in Figs. 5 and 6 are given in Tables 
VI and VII. These analyses lead to the same conclusion. 

Results of the deaminase analyses are shown in Table VIII. The 

Epidermis Dermis o.90,g 
O n 8 0 t  I : I I- 

l l  

I- 
w 

2 0.20 
8 

o. io t1  V H A 

0.00 
Figure 8-Concentration-distance profiles of the prodrug ( V ) ,  the 
parent ( A ) ,  and the drug metabolite ( H ) .  The plot was generated ac- 
cording t o  the model using tht. following parameters: dose on the stratum 
corneum side of the skin was 1.0 M; diffusivities in the stratum corneum, 
the epidermis, and the dermis were 1.2 X 10-lo, 2.24 X and 1.34 
X cm'/sec, respectively. and thicknesses of the stratum corneum, 
the epidermis, and the dermis were 40,lO, and 200 pm, respectively. The 
enzyme rate constants used were described in the text.  

analysis based on nonhomogeneous deaminase distribution gave essen- 
tially the same results as those based on homogeneous deaminase dis- 
tribution. The best-fit fluxes gave k~~ = kM = 7.14 X sec-l, which 
is in good agreement with previous observations (4). 

The enzyme rate constants thus obtained, together with the transport 
parameters determined previously (31, give, according to the proposed 
physical model, the detailed description of concentration profiles of all 
three species in the viable cutaneous tissue. Figure 8 shows such plots 
generated from the computer simulation using kl ,  = 4.04 X sec-', 
kld = 0.97 X 10-3sec-*, kze = k w  = 7.14 X 10-3sec-1, and the other re- 
quired parameters as specified in the legend. 

The bioavailability of the topically applied prodrug may be readily 
assessed quantitatively based on the concentration profiles. The area 
under the curve of the active parent drug species is -25% of that of the 
prodrug species (Fig. 8) in the epidermis where the herpes virus is believed 
to proliferate. The somewhat low availability of the parent drug in this 
investigation is primarily due to the relatively slow conversion rate of the 
prodrug by the esterase. In a theoretical study reported previously (l), 
the parent drug was -10 times more abundant than its prodrug when the 
esterase rate constant was nine times the value of the deaminase rate 
constant. A high esterase activity becomes a prerequisite in the search 
for promising prodrug candidates. 

Recent studies (6) in this laboratory revealed that the esterase rate 
constant for the 5-monoesters of 1 with different chain lengths varies 
significantly in cultured KB cell suspension systems. The relative rate 
constants in that study were 22:3:1 for octanoate, valerate, and acetate, 
respectively. The chain length effect of these esters on the esterase ac- 
tivity of the hairless mouse skin is under investigation. 
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Abstract 0 The permeation of intact hairless mouse skin by alkanols 
was studied. The method is described, and data for the quasi-steady-state 
and nonstationary-state aspects of mans transfer are given. Partitioning 
data also are presented. The permeability coefficients increased expo- 
nentially up to a carbon chain length of about eight (octanol). There was 
a marked temperature dependency (E, N 19 kcal for the series), and the 
partitioning was biphasic, increasing exponentially for alkanols larger 
than butanol. These data are compared with literature data on human 
skin tissues, and great similarity in all facets of behavior is noted. 

Keyphrases 0 Permeation-n-alkanols through intact hairless mouse 
skin and human skin, effect of temperature and carbon chain length, 
biphasic partitioning 0 Partition coefficients-n-alkanols in intact 
hairless mouse skin and human skin, effect of temperature and carbon 
chain length, biphasic partitioning Alcohols, normal-permeability 
coefficients in hairless mouse skin and human skin, effect of temperature 
and carbon chain length, biphasic partitioning 

The present studies were initiated to answer questions 
about the usefulness of the hairless mouse for developing 
clinically relevant insights into percutaneous absorption 
and for evaluating topical products intended for humans. 
Scattered reports allude to a barrier property similarity 
between hairless animal skins, particularly porcine and 
mouse, and the human integument. However, a high degree 
of sameness in permeability with respect to human skin 
has yet to be substantiated for any animal skin, although 
close parallelism in the permeation of select drugs between 
human and hairless mouse skin has been reported (1). 
More data are needed to generalize such unrelated obser- 
vations into a broad conclusion. 

A second, narrower basis for this work was the estab- 
lishment of permeation baselines for the hairless mouse 
in preparation for the evaluation of the general conse- 
quences of burning and other traumatizing treatments on 
the permeation of skin tissue. Therefore+ the present 
studies represent the development of analytical procedures 
suitable for studying mass transport through mechanically, 
chemically, and physically processed skins aimed at  the 
quantitative definition of the effects of injury on percu- 
taneous absorption. The permeation of select homologous 
n-alkanols (methanol through octanol) through intact 
hairless mouse skin is reported since these results can be 
compared with literature data on human epidermal per- 
meation of the same compounds (2-6). 

EXPERIMENTAL 

Chemicals-The following homologous n-alkanols were used: [l4CC]- 
methanol', [3H]ethano11, [ 14C]n-propanol*, 13H]n -butanol', [ 14C]n- 
pentano12, [ 14C]n -hexanol*, [ 14C]n -heptanol*, [ ''C]n-octano11, [I4C]n- 
nonano12, and ['4C]n-decanol'. 

International Chemical and Nuclear Corp., Irvine, CA 92664 * California Bionuclear Corp.. Sun Valley, CA 91352. 

The alkanols were diluted in 0.9% NaCl for irrigation3, henceforth 
referred to as normal saline, and the actual permeation solutions were 
prepared from these stock solutions. The preparation of a stock solution 
was individualized to each alkanol since each compound was received with 
a different radioactivity. In every case, the stock solution was brought 
to -50 pCi/ml. The alcohol concentrations were 110-4 M, precluding 
any direct effect of the alcohols on the membrane. 

Diffusion-Small diffusion cells were machined from a polycarbonate 
plastic or were prepared from tempered glass in local shops. These cells 
were in the form of two cylindrical half-cells that had an inside diameter 
of -1.0 cm and were -2.5 cm deep, yielding a half-cell volume of -1.5 ml. 
Each half-cell was equipped with two ports; one, -2.5 cm long, was to 
accommodate the shaft of the stirring device; and the other, 1 cm long, 
was used for sampling and filling of the compartments. One half-cell 
contained a solid plastic or glass cylindrical extension of -2.5'cm, which 
allowed it to be clamped rigidly in place in the constant-temperature bath. 
Each half-cell also was fitted with a flange at the open end to allow tight 
sealing of the membrane (Fig. la). 

The cell halves were assembled, with the full-thickness, freshly excised, 
abdominal mouse skin between the half-cells, using a No. 18 ball-joint 
clamp (Fig. lb) .  The assembled cell then was immersed in a constant- 
temperature bath, with the cell ports being the only components above 
the surface. The cell contents were stirred by motors mounted above the 
cell system4. The stirrers were small propellers placed in close proximity 
to the membrane surface. The stirring propeller was mounted on the end 
of the stirring shaft prior to clamping the half-cells since the propeller 
diameter was larger than the porthole. The stirrer shaft was attached to 
the motor by tightly fitting pieces of polymeric tubing. Care was taken 
to center the stirrer exactly in the cell to keep it from contact with the 
walls. The stirring speed of 150 rpm was checked after each assembly. 
By using a drop of dye solution, it was found that the mixing was gentle 
but adequate to distribute the color homogeneously in <2 min. 

The diffusion cell was designed to have a large membrane surface area 
to half-cell volume ratio ( 4 . 5 )  and also to have a small half-cell volume 
so that a minimal amount of radiolabeled compound was needed for each 
experiment. Construction materials were selected that had little tendency 
to adsorb the alkanol permeants but that also would allow viewing of the 
events inside the cell compartments. The cells were tested for tightness 
of the seal around the membranes, and no leakage was observed. 

Membrane-The membranes were full-thickness skin taken from the 
abdominal surface of the hairless mouse, HRS/J strain5. Hairless mice 
(males), 4-6 weeks old, were sacrificed by snapping the spinal cord at  the 
neck. A rectangular section of abdominal skin, several centimeters in each 
dimension (Fig. 2), was excised from the animal with surgical scissors. 
Since the skin was not firmly attached to the viscera, it was lifted easily 
from the animal after the incision was made. Adhering fat and other 
visceral debris were removed carefully from the undersurface with 
tweezers. 

Prior to skin removal, a uniform circle was made on the abdomen 
marking the precise skin section to be positioned between the half-cells. 
After the excised skin was trimmed into an oversized, rough circle, it was 
mounted between the half-cells with the marked section centered. 
Stretching of the skin, as evidenced by distortion or expansion of the 
circular outline, was corrected, and the cell halves were held fast by a 
spring clamp. The dotted circular section in Fig. 2 indicates the area of 
skin used. The cell compartments then were filled with normal saline to 
keep the membrane moist. The areas available for diffusion between 

3 Abbott Laboratories, North Chicago, IL 60064. 
Model CAI 15V constant-speed motor (150 rprn), Hurst Manufacturing Co., 

Princeton, Ind. 
5 Jackson Laboratories. Bar Harbor, ME 04609. 
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Figure 1-Sketches of the unassembled and assembled diffusion cell 
showing the stirring ports, sampling ports, and other essential de- 
tails. 

compartments were 0.713 cm2 for the plastic cell and 1.094 cm2 for the 
glass cell. 

Permeation-The assembled saline-filled cell was immersed in a 
constant-temperature bath, the stirrer shafts were attached to the motor, 
and stirring was commenced. The contents were mixed for 30 min, a t  
which time the compartments were evacuated with a syringe and refilled 
with fresh saline. Then the compartments were evacuated a second time, 
refilled, evacuated a third time, and finally refilled with normal saline 
preequilibrated to the experimental temperature. After mixing for 2 min, 
a sample of saline was withdrawn from the receptor compartment and 
counted to ensure that there was no residual activity from previous 
runs. 

At this point, the donor compartment was charged with radioactive 
alkanol or alkanols (dual-absorption procedure), and the runs were 
commenced. Fifty microliters of concentrated solutions of the labeled 
alkanols in normal saline constituted the charge. The cell contents were 
stirred and, at predetermined times, samples were withdrawn from the 
respective compartments and transferred immediately using disposable 
EppendorffG pipets to vials containing 10 ml of scintillation cocktail7 for 
radiochemical assay8. 

In one set of experiments, aimed a t  determining the influence of pH 
on the permeation rate, isotonic buffers were used instead of normal sa- 
line (Table I). In the pH dependency experiments, the half-cells were 
rinsed with buffer in the final two rinses and filled with buffer prior to 
charging the donor Compartment and initiating a run. 

The moment of charging the donor half-cell marked the beginning of 
the diffusion run, and the receptor samples were referenced to this time. 
However, to allow for mixing to a uniform concentration, a minimum of 
2 min was allowed to elapse before the initial donor sample was with- 
drawn. This sample was used as a close estimate of the initial donor cell 
concentration. 

The overall procedure was designed surh that depletion of the donor 
phase concentration was never an appreciable fraction of the donor 
concentration. There was no problem meeting this condition for water 
or the alkanols up to a chain length of seven. However, because parti- 
tioning from the aqueous medium into the lipoid phase of the tissue grows 
exponentially, a point is reached for longer chain length alkanols where 
the amount of alkanol retained in the membrane is a significant fraction 
of the total amount that  has entered the membrane during the entire 
experiment. This problem is more acute when small donor and receiver 
volumes are involved, as is the case here, and a necessary condition for 
"stripping" the permeability coefficient from pseudo-steady-state slopes 
is violated. 

The problem began with octanol in these studies, but the error induced 
was estimated not to be large enough to warrant discarding octanol results 
from the overall trendg. However, under the specified appropriate cir- 

f Brinkmann Instruments, Westbury, NY 11590. 
' Aquasol, New England Nuclear, Boston, MA 02118. * Model LS 200 liquid scintillation counter, Beckman Instruments, Fullerton, 

Calif. 
9 Techniques were used to chrck the validity of this procedure and will be reported 

later. I t  was found that for octanol and above, the pseudo-steady-state procedure 
introduced an error, but this error was <15% with octanol, so these data are reported. 
The influence of memhrane retention will he discussed quantitatively and theo- 
retically in future reports. 

Table I-Buffer Compositions a 

pH 
Buffer Component 3 6 8 

NaH2POd-HzO 13.8 g 13.8 g 0.7 g 
1.0 N HCl 11.7 ml - - 
1.0 N NaOH - 16.0 ml - 
NaCl 2.9 g 3.2 g 2.0 g 
NapHPOd - - 13.5 g 

~ 

0 All buffers were brought to a volume of loo0 ml with water. 

cumstances, the permeation enters a pseudo-steady state from which the 
permeability coefficient of each alkanol can be ascertained readily. If the 
concentration in the donor compartment changed significantly during 
the 2-hr run, as occurred for alkanols above a chain length of six, the donor 
compartment contents were replaced totally with fresh permeant solution 
periodically, as necessary, to maintain the concentration as essentially 
invariant. 

In the initial experiments, the permeability of a membrane remained 
essentially unchanged for up to 12 hr using the lower molecular weight 
alkanols ( i e . ,  methanol and ethanol). Therefore, as many as four or five 
runs could be accomplished on a given piece of skin as long as the residual 
radioactive species from previous runs were fully washed out. Between 
runs on a given piece of skin, the cell volume was exchanged 12 times on 
each side with fresh saline. The skin, still mounted in the diffusion cell, 
was kept in contact with fresh saline for 45 min and then rinsed twice 
more with saline solution. The entire cleanup operation involved 14 rinses 
with an intermittent 45-min period of equilibration. The compartments 
then were refilled, the donor compartment was recharged, and a new run 
was commenced. 

In subsequent extensive work (to be reported later), it was observed 
that invariant permeability as a function of the duration of skin immer- 
sion in the saline medium was strictly true only for water and the most 
polar alkanols, methanol and ethanol. For the higher homologs, there was 
up  to a twofold change in the permeability coefficients over the initial 
10 hr of skin hydration. Invariance wad seen for all compounds after 10 
hr of immersion. Partly because of the order of sequencing runs (lower 
alkanols preceding higher) and because of the small magnitude of change 
within compounds as compared to between compounds, these hydra- 
tion-induced permeability alterations had no significant effect on the 
actual values or on the conclusions presented in this paper. 

In the present studies, the permeation rates were assessed for selected 
n-alkanols through octanol a t  20,25, and 37". The 20 and 25' data rep- 
resent individual runs on each even-numbered alkanol. The 37" data 
represent averages of multiple runs for each alkanol on the uninterrupted 
homologous series from C1 to Cg. The permeability data were plotted as 
counts (amount of permeant) collected in the receptor compartment as 

Skin to  be excised 

Skin to  be used i n  
'- d i f f u s i o n  experiments 

Figure 2-Sketch of the hairless mouse indicating the exact section of 
skin excised for the diffusion cell studies. 
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Table 11-Partitioning of the n-Alkanols into Full-Thickness 
Hairless Mouse Skin and Human Stratum Corneum 

Partition Coefficient, cmVg 
Hairless Mousea, Human Stratum 

Alkanol 37" Corneum*, 25" 

Methanol 5.5 0.6 
Ethanol 5.4 0.9 
n-Propanol 6.0 1.1 
n-Butanol 6.6 2.5 
n-Pentanol 7.7 5.0 
n-Hexanol 10.7 10 0 
n-Heptanol 24.0 30.0 
n-Octanol 40.8 50.0 
n-Nonanol 86.7 - 

a Based on the weight of the full-thickness tissue and distribution from normal 
saline. Obtained from Ref. 2. These data are for human stratum corneum and were 
obtained using dilute aqueous solutions rather than dilute saline solutions of the 
alkanols. 

a function of time. Correction was made for sampling, which was done 
by replacement using normal saline. The permeability coefficient for a 
given run was calculated from: 

JT = PA AC (Eq. 1) 

where JT is the total flux and also the slope of plots of the amount pen- 
etrated uersus time (counts per minute); P is the permeability coefficient 
(centimeters per hour); A is the diffusional area (square centimeters); 
and AC is the concentration differential across the membrane, which was 
taken to be equal to the donor phase concentration (counts per cubic 
centimeter). 

The concentrations were expressed in terms of counts from a 50-pl 
sample. Thus, the permeability coefficient is calculated from: 

p = -  JT 
A AC 

and since J T  = dM/dt = V(dC/dt): 

A A C  

(Eq. 2) 

(Eq. 3) 

where V is the half-cell volume and the volume of the receptor com- 
partment (cubic centimeters) and dC/dt is the steady-state slope in 
counts per minute per cubic centimeter. The computed permeability 
coefficients were converted to centimeters per hour by multiplying by 
60. 

Skin Partitioning-The skin-water partition coefficients of the al- 
kanols also were assessed. These values were evaluated crudely by 
equilibrating the alkanol solutions with a known mass of skin, 20-50 mg, 
weighed immediately after removal from the animal. These skin pieces 
were immersed in 2 ml of normal saline containing the radiolabeled al- 
kanol. The samples were equilibrated in a shaker bath at  37" overnight, 
which was sufficient to attain equilibrium. 

Distribution of the alkanols between the aqueous phase of the tissue 
was estimated by the method of Scheuplein (2) as the difference between 
the initial aqueous phase concentration and the aqueous phase concen- 
tration at  equilibrium. The relationship used was: 

where CO is the initial alkanol solution concentration, C, is the solution 
concentration at  equilibrium, WT is the tissue weight in grams, and V., 
is the solution phase volume (2 ml) in milliliters. Therefore, the partition 
coefficients are in cubic centimeters per gram. Given the obvious heter- 
ogeneity (multiphasic nature) of the tissue, no attempt was made to factor 
in density to obtain unitless values. 

RESULTS 

The data for the partitioning of the n-alkanols at 37" between full- 
thickness hairless mouse skin and saline are tabulated in Table 11, The 
partition coefficients appeared to increase only slightly up to a chain 
length of five but then increased exponentially from pentanol to nonanol. 
The slope of the plot in the exponential growth region was 4 . 2 8 5 ,  cor- 
responding to an increase in the partition coefficient by an average factor 
of 1.9 per chain unit (per methylene unit) past an alkyl chain length of 

Table 111-Permeability Coefficients of Full-Thickness Hairless 
Mouse Skin at 20,25, and 37" and Human Epidermis at 25" 

P x 103, cm/hr 
Hairless Mouse Skin Human Epidermisb, 

Alkanol 20" 37" 25"" 25" 

Methanol 0.41 2.6 (0.46)c 0.93 0.5 
Ethanol 0.72 4.8 (0.43) 1.23 0.8 

n-Butanol 2.9 14.6 (0.81) 4.4 2.5 
n-Propanol - 5.4 - 1.2 

Butanol, pH 3 - 10.23 - - 
Butanol,pH6 - 10.66 - - 
Butanol,pH8 - 11.75 - - 
n-Pentanol - 22.0 - 6.0 
n-Hexanol 5.25 48.0 (1.2) 8.6 13.0 
n-Heptanol - 92.9 - 32.0 
n-Octanol 18.9 97.2 (2.4) 31.5 52.0 

- - 60.0 n-Nonanol - 
- - 80.0 n-Decanol - 

The 25' data were placed side by side for com arison The hairless mouse 
ermeation solutions were made in normal saline. gbtaineh from Refs. 2 and 4. 

!'hew data were obtained wing dilute aqueous solutions. Standard deviations 
of multiple runs. 

five. Straightforward attempts to obtain a partition coefficient for decanol 
were unsuccessful since the small skin pieces absorbed essentially all of 
the Clo compound, making the estimate unreliable. The exponential trend 
was presumed to continue to Clo, and the experimental procedure was 
not adjusted to obtain a firm value for this compound. 
Raw permeation profiles of the receptor phase concentration in moles 

per liter as a function of time for n-butanol are displayed in Fig. 3 for runs 
carried out a t  20,25, and 37'. Similar data were collected at  20 and 25" 
for select, mostly even homologs through n-octanol and at  37" for the 
uninterrupted homologous series from C1 to C& Permeability coefficients 
were calculated from the terminal slopes of such plots, and lag times also 
were estimated graphically. The estimated permeability coefficients at 
each temperature are summarized in Table 111, which also includes n- 
butanol data a t  37" obtained using isotonic buffers a t  pH 3,6, and 8. 

4, where log P is plotted uersus the reciprocal of temperature. In Fig. 5, 
the permeability data are plotted as log P versus alcohol chain length. 
Several significant trends are immediately evident from these data. There 
was a dramatic temperature dependency for the permeation process. 
Within the accuracy of the data, the apparent activation energy did not 
appear to vary among the homologs and was -19 kcal/mole based on the 
slopes of statistically fitted lines through the data in Fig. 4. In both Figs. 

An Arrhenius-like plot of the permeability coefficients is given in Fig., 

6 -  
U 
I- 

' 2  

20 40 60 8 0 '  100 120 
MINUTES 

Figure 3-Raw data /or the permeation of n-butanol through hairless 
mouse skin at  20 (O) ,  25 (A), and 37" (m), beginning with donor solu- 
tions at -lo+' M. Changes in diffusiuity through the tissue as a function 
of temperature are indicated by shortened lag times (dotted extrapo- 
lations t o  the time a x i s )  and increased slopes with increased tempera- 
ture. 
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3.23 (37') 3.36 (26') 3.41 (20') 
1ITX 10' 

Figure 4-Arrhenius plot of permeability coefficients for select (mostly 
euen) alkanols. These data indicate an activation energy for the per- 
meation process on the order of 19 kcallmole. Key: ., methanol; A, 
ethanol; B, butanol; 0 ,  henanol; and A, octanol. 

3 and 6, the lag times appear to shorten with increasing temperature, 
which is consistent with increasing diffusivity in the tissues. The lag times 
are considered as rough estimates since they are sensitive to placement 
of the steady-state line through the data. Nevertheless, the expectation 
that the lag times will be shorter at higher temperatures is supported by 
the data, even with this uncertainty. I t  also appears that  the lag times 
tend to increase with increasing length of the alkyl chain (Fig. 6). 

DISCUSSION 

A nonhuman skin membrane that is sufficiently similar to the human 
integument is needed so that it can be substituted for human skin in in 
uitro percutaneous absorption and topical bioavailability studies. The 
human membrane is not procured as easily as an animal membrane, and 
its properties vary from sample to sample due to differences in the age, 
sex, race, and health of its donor (generally a cadaver) even if it is removed 
from the same anatomical site (7). It is not available on demand and must 
be stored frozen for variable periods (2), a condition that probably induces 
some physicochemical alteration. Furthermore, preparation of the excised 
human membrane for permeability studies is relatively complicated, 
requiring special equipment and demanding skill because the prepared 
membrane must be of uniform thickness and free of holes and other de- 
fects (2 ,8 ,9) .  These are surmountable but difficult experimental prob- 
lems. 

Alternatives to using excised human skin for percutaneous absorption 
assessment are in uiuo studies in humans, such as the vasoconstriction 
assay for steroids, and the use of excised animal skins in in uitro dif- 
fusional systems. Studies on living human subjects are costly and time 
consuming due to the necessary safeguards, including approved clinical 
protocols that  must be processed through local human use committees 
and the Food and Drug Administration. Thus, an animal membrane that 
behaves like human skin and is easily obtainable and relatively invariant 
from animal to animal could simplify the process of screening topical 
drugs. The development of critical structure-permeation relationships 
and of operationally superior drug delivery systems would be for- 
warded. 

Montagna (10) pointed out that no animal skins sufficiently resemble 
human skin to serve as a general model. Instead, the skins of animals 
exhibit extraordinary variation and specialization. However, certain 
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Figure 5-Semilogarithmic plot of hairless mouse skin permeability 
coefficients against alkyl chain length for the alkanols at 20 (B), 25 (A), 
and 3 7 O  (0 )  and human epidermis permeability coefficients ( 2 , 4 )  at 
2 5 O  (0). Ageneral exponential increase in the permeation rate is evident 
from C1 to Cs in both hairless mice and humans, and the 25" data for 
the two species are in surprisingly close agreement. 

animal skins may be likened to human skin in one specific property or 
another, and an animal may prove suitable for a particular type of study. 
In terms of anatomical features that contribute to the unique chemical 
barrier properties of human skin, such as sparse hair distribution and 
a thickened epidermis with a highly cornified outer layer, the skins of 
essentially nude mammalian species have been suggested as suitable 
approximations. The pig, minipig, and hairless mouse are among the 
useful species; of these, only the latter is sufficien'tly small and inex- 
pensive to make animal sacrifice for individual experiments practical. 

The hairless mouse has another important and experimentally ex- 
ploitable feature. The skin over both the dorsal and abdominal surfaces 
is loose and nonadhering to the viscera, making it possible to remove skin 
membranes of uniform thickness (several square centimeters in area) 
without recourse to  microtomy. Thus, the hairless mouse has distinct 
advantages as an experimental animal for skin permeation studies in 
uitro. However, to be useful in research and development, it must behave 
at least qualitatively and, ideally, quantitatively like human skin as a 
chemical barrier. 

The present studies deal with the question of similarity by comparing 
the permeabilities of hairless mouse skin and human skin to a homologous 
series of compounds, the n-alkanols, between 20 and 37". These com- 
pounds were studied previously over a similar temperature span in human 
skin (2-6). The extent of barrier parallelism should be evident in per- 
meability cdefficients at  a given temperature, in temperature dependency, 
and in partitioning. 

Partitioning-In Table 11, the partitioning of the alkanols into full- 
thickness hairless mouse skin is compared with the most recent literature 
values for humans ( 5 ) .  The comparison is made between the 37' distri- 
bution coefficients in mouse skin and the 25" distribution coefficients 
in human stratum corneum free of epidermal cells. Thus, the tissues are 
substantially different, with the mouse skin containing a significant living 
volume fraction (the living epidermis, the full dermis, and a subdermal 
basement membrane). Also, the literature values were obtained with 
water as the bathing medium, while the present data were obtained using 
normal saline. Nevertheless, the comparison is useful, particularly when 
considered along with permeation data. 
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Figure B-Plot of lag times against alkyl chain length for data obtained 
at 20 (m), 25 (A), and 37O (a). Both temperature and molecular size 
(alkyl chain length) effects are apparent. Lines through the data serue 
only to draw attention to the temperature groups and do not represent 
a best fit. 

In each case, the lower alkanols, methanol through propanol or butanol, 
did not exhibit a marked chain length sensitivity in phase distribution, 
with a value of slightly less than 1 for the human stratum corneum and 
a value of somewhat less than 6 for the hairless mouse tissue. The in- 
sensitivity suggests that the lower alkanols distribute into a polar phase 
in the tissue. One might speculate that this phase is imbibed water in 
human callus, which hydrates and swells up to 30% when immersed, and 
imbibed, cellular, intercellular, and interstitial water in the hairless mouse 
skin. Values greater than unity in the hairless mouse indicate that the 
tissue fluids or other tissue components have a greater affinity for the 
alkanols than the bathing saline phase. Whether the increased affinity 
is due to an actual solubility difference, adsorptive tissue binding, or 
another manner of tissue incorporation is unclear. What is clear is that 
the phenomenon responsible is not energetically dependent on hydro- 
phobic factors since there is no chain-length effect (11,12). 

Partition coefficients above C d  tended to increase rapidly; for the n- 
hexanol through n-nonanol homologs, the increase was exponential. 
Table I1 indicates that human data for the stratum corneum behave 
similarly; in each tissue, an approximately twofold increase in the par- 
tition coefficient per methylene group was experienced in the exponential 
region. The overall pattern of behavior (little or no chain-length effect 
for short homologs and an exponential growth with chain length for long 
homologs) is characteristic of a bi- or multiphasic tissue, with one phase 
(or collection of phases) polar and essentially aqueous and the other phase 
(or collection of phases) hydrophobic. In the intact hairless mouse skin, 
the hydrophobic phases would include the nonpolar elements of the 
stratum corneum and the Malpighian layer cell membranes, nonpolar 
elements of the de*rmis, fatty subdermal deposits, and, possibly, elements 
of the basement membrane. 

Not only are the overall data trends for partitioning similar between 
human stratum corneum and full-thickness hairless mouse skin, but there 
also is an order of magnitude agreement in the values, despite the obvious 
differences in the tissues. In fact, at middle to long chain lengths, the 
agreement between the tissues is surprisingly close. Thus, the physico- 
chemical natures of the tissue components apparently are similar. 

Steady-State Permeability-The partitioning data suggest some 
gross physicochemical parallel between human stratum corneum and 
hairless mouse skin. However, this similarity need not correspond to a 
similarity in membrane barrier properties. Therefore, studies were begun 
to evaluate the permeability of hairless mouse skin to the alkanols. In 
Table 111, permeability coefficient data are given as a function of tem- 
perature and pH for the various homologs studied. Also included are the 
25O permeability coefficients obtained for heat-separated human epi- 
dermis (2). The hairless mouse data at 25' are tabulated immediately 
to the left of the human data for comparative purposes. 

From the 37' data on butanol in isotonic buffers a t  pH 3,6,  and 8, it 
can be seen that pH had essentially no effect on membrane permeation 
over the wide pH range studied. Therefore, strict pH control (buffers) 
was not necessary in the remaining studies since the pH of saline solutions 
bathing the mouse skin for extended periods always was well within the 
specified pH range (the measured values were about pH 5 on both sides 
of the membrane). 

In Fig. 4, the permeability coefficients for the C1, Cp, Ce, Cg, and CS 
homologs are plotted semilogarithmically against the reciprocal of tem- 

perature. The average activation energy for these compounds based on 
the statistically evaluated slopes is -19 kcal/mole with an uncertainty 
of several kilocalories per mole. This average activation energy is some- 
what larger than the values obtained by Blank et al. (4) for the heat- 
separated human epidermis. Their 'average value for the alcohols ethanol 
through pentanol was 16.4 f 2 kcal/mole and, above 25', wan comparably 
larger for hexanol through octanol. For the more nonpolar alkanols, bi- 
phasic temperature dependency was noted; below 25', the activation 
energy was estimated to be about 10 kcal(4). In the present studies, this 
low temperature region wan not investigated. Generally, the temperature 
dependencies for human epidermis and hairless mouse skin exhibited 
a marked similarity, with the animal membrane appearing slightly more 
temperature sensitive. 

The data from Table I11 are treated graphically in Fig. 5 to illustrate 
the alkyl chain length dependency of the permeation process. At each 
temperature, the permeability coefficient initially increased exponentially 
as the alkyl chain was extended, except at 37O where octanol appeared 
to enter boundary layer control. The latter behavior is consistent with 
a series barrier consisting of a lipid or nonpolar phase of high diffusional 
resistance, presumably the stratum corneum, in series with an essentially 
aqueous phase or phases. A t  short chain length, the nonpolar barrier 
(stratum corneum) is rate determining, and the differences from com- 
pound to compound reflect differences in partitioning into this rate- 
limiting membrane phase. The permeability coefficient equation takes 
the following general form in this region (12, 13): 

(Eq. 5) 

which recognizes the exponentially increasing nature of the stratum 
corneum-water partition coefficient. Here D,, is the effective stratum 
corneum diffusivity, (KWlaq)o is a hypothetical zero chain length partition 
coefficient, h,  is the tissue thickness, and n is the alkyl chain length. The 
x value in the exponent is the incremental increase in log P per unit in- 
crease in alkyl chain length. The slope of the plot at 37' indicates that 
the K C H ~  value (or incremental partitioning constant value) is 4 . 2 6 3 ,  
and it appears to be of similar magnitude at  20 and 25'. The K C H ~  value 
for human stratum corneum may be obtained similarly from the data 
given previously (2-6) and is about 0.333, higher than but in reasonable 
agreement with that for the mouse skin. Values of K C H ~  can be expected 
to range to 0.62, the specified value for perfectly nonpolar, water-im- 
miscible phases such as heptane or carbon tetrachloride (11). 

The alkanol range where partition coefficients seemingly are invariant 
with chain length is a range where an exponential increase in permeability 
due to partitioning phenomena is observed. At first appearance, this 
finding may seem incongruent, but the respective observations in fact 
are internally consistent. Whereas the relative solubility in the stratum 
corneum and other lipid phases is small, the amounts partitioning into 
aqueous phases will determine the apparent partition coefficient. How- 
ever, where the relative solubility in the stratum corneum is small, the 
molecular diffusional current across this stratum will be small and the 
stratum corneum will be the rate-determining tissue in the series. The 
limiting slope of the partitioning on the semilog plot, 0.285 (Fig. 5), is in 
very close agreement with the value of 0.263 obtained as the B C H ~  value 
for the permeability experiments. The difference is in the direction of 
an expected slight diffusion coefficient effect due to the increased mo- 
lecular volume as the alkyl chain becomes longer. 

Nonstatiogary State-The nonstationary-state data obtained in the 
present studies were crude. Slight differences in estimating the steady- 
state slopes led to large differences in estimating the lag time intercepts, 
particularly at short chain lengths where the slopes were relatively 
shallow Nevertheless, several important patterns of behavior may be 
noted. ?\he lag time fur a given compound was dependent on temperature; 
lag times decreased as temperature was increased. This trend is consistent 
with a significant activation energy for the effective diffusivity in the 
membrane. The temperature dependency of the permeability coefficient 
seen in Fig. 4 is largely dependent on the temperature dependency of the 
diffusion coefficient, which directly affects the lag times. The increasing 
lag time with increasing molecular size may be a size effect on diffusivity 
or may be the result of increasing membrane binding (13). 

CONCLUSIONS 

The hairless mouse skin is an easily prepared membrane for permeation 
studies. Moreover, based on the permeability of homologous alcohols, 
the barrier properties are qualitatively and in some regards quantitatively 
similar to those of human epidermis. The membrane behaves as a com- 
plex barrier with a highly impermeable lipid phase (the stratum cor- 
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neum), in series with the viable tissues of the epidermis and connective 
tissue of the dermis. On the basis of this evidence, the hairless mouse 
might prove generally useful in sorting out membrane contributions to 
the relative activities of topical drugs and in evaluating the influence of 
formulation on the activity of a given topical therapeutic compound. 
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Abstract 0 The elimination kinetics and systemic availability of d- 
propoxyphene were determined in dogs before and after construction of 
a portacaval shunt. For this purpose, the drug was administered intra- 
venously and orally, in aqueous solution, according to a balanced ex- 
perimental design. The total plasma clearance of propoxyphene ranged 
from 14.4 to 31.8 ml/min/kg before the shunt and decreased appreciably 
in two of four dogs after shunting. There was no significant change in the 
serum protein binding of the drug. The systemic availability increased 
from an average of 25% before to an average of 54% after shunting ( p  < 
0.05). The ratio of areas under the plasma concentration-time curve of 
norpropoxyphene to propoxyphene was not significantly affected by the 
shunt when propoxyphene was administered intravenously; it decreased 
substantially after shunting when the drug was administered orally. 
Pharmacokinetic analysis indicates that orally administered propoxy- 
phene is subject to prehepatic as well as hepatic first-pass elimination 
in dogs. The magnitude of the first-pass effect is similar to that in hu- 
mans. These results suggest that the dosage of orally administered pro- 
poxyphene should be reduced in patients with portacaval shunt or with 
cirrhosis of the liver. 

Keyphrases 0 Pharmacokinetin-propoxyphene, effect of portacaval 
shunt on systemic availability, dogs 0 Propoxyphene-pharmacokinetics, 
effect of portacaval shunt on systemic availability, dogs Systemic 
availability-propoxyphene, effect of portacaval shunt, dogs 

The analgesic propoxyphene (d-propoxyphene) is one 
of the most frequently prescribed drugs in the United 
States. About 31 million prescriptions for it were issued 
in 1978 (1). Large doses can be fatal and often have been 
used to commit suicide. Propoxyphene also has been im- 
plicated in accidental deaths. A number of these deaths 
apparently occurred as a result of the consumption of 
propoxyphene in quantities only slightly larger than the 
upper limit of the recommended dosage, usually together 
with alcohol and/or other central nervous system (CNS) 
depressants (1). 

BACKGROUND 

Propoxyphene is subject to a pronounced first-pass effect in that only 
a small fraction of the absorbed dose enters the general circulation in 
unmetabolized form ( 2 4 ) .  Moreover, there are very large and apparently 
relatively consistent interindividual differences in the systemic avail- 

ability of propoxyphene in humans (2-6). This fact suggests that certain 
accidental (as opposed to suicidal) poisonings due to propoxyphene may 
result from an unfortunate coincidence of a large (probably larger than 
prescribed) dose, an unusually small first-pass effect relative to the 
population average, and ingestion of one or more CNS depressants. For 
this and other obvious reasons, it is important to determine the factors 
responsible for interindividual differences in the first-pass effect on 
propoxyphene. 

An orally administered drug may be subject to hepatic as well as pre- 
hepatic (intestinal) first-pass effects. The relative contribution of these 
two sites of biotransformation is important in assessing the reasons for 
interindividual differences in the systemic availability and for predicting 
the possible effect of surgically induced or endogenous portacaval shunts 
(i.e., shunts due to hepatic cirrhosis). There are indirect indications, based 
on pharmacokinetic analysis of systemic availability relative to total 
clearance, that propoxyphene may be subject to some prehepatic bio- 
transformation in humans (3,4). 

It is not possible to determine the magnitude of the prehepatic bio- 
transformation of a drug such as propoxyphene by comparing its systemic 
availability in normal subjects and in patients with surgically constructed 
portacaval shunts. Such shunts are used to relieve variceal bleeding 
secondary to portal hypertension caused by hepatic cirrhosis and other 
pathological conditions associated with obstruction of portal blood flow. 
Liver disease and the drugs taken by the recipients of a portacaval shunt 
may modify the metabolic clearance of propoxyphene and thereby in- 
troduce an additional variable that cannot be controlled or defined readily 
because propoxyphene is not available for intravenous injection. More- 
over, patients with portacaval shunts can develop various degrees of 
collateral circulation. Therefore, it is necessary to conduct studies on a 
suitable animal model. 

Some published evidence suggested that the dog, like humans, exhibits 
a pronounced first-pass effect on orally administered propoxyphene (7). 
Demethylation to norpropoxyphene is a major elimination pathway of 
propoxyphene in both species (8). The dog is large enough for the con- 
venient surgical construction of a portacaval shunt. Other investigators 
successfully used dogs to study the first-pass effect on orally administered 
drugs before and after a portacaval shunt (9). 

In the present investigation, propoxyphene was administered both 
orally and intravenously to dogs before and after a portacaval shunt, 
according to a balanced experimental design. Propoxyphene was ad- 
ministered intravenously before and after surgery because the shunt may 
affect the plasma clearance of a drug (9). There is conflicting evidence 
concerning the dose dependence of the first-pass effect on propoxyphene 
in humans (24,10,11). The intravenous dose in this study was lower than 
the oral dose so that the areas under the concentration-time curve pro- 
duced by both routes of drug administration would be similar. 
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neum), in series with the viable tissues of the epidermis and connective 
tissue of the dermis. On the basis of this evidence, the hairless mouse 
might prove generally useful in sorting out membrane contributions to 
the relative activities of topical drugs and in evaluating the influence of 
formulation on the activity of a given topical therapeutic compound. 
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a portacaval shunt. For this purpose, the drug was administered intra- 
venously and orally, in aqueous solution, according to a balanced ex- 
perimental design. The total plasma clearance of propoxyphene ranged 
from 14.4 to 31.8 ml/min/kg before the shunt and decreased appreciably 
in two of four dogs after shunting. There was no significant change in the 
serum protein binding of the drug. The systemic availability increased 
from an average of 25% before to an average of 54% after shunting ( p  < 
0.05). The ratio of areas under the plasma concentration-time curve of 
norpropoxyphene to propoxyphene was not significantly affected by the 
shunt when propoxyphene was administered intravenously; it decreased 
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The analgesic propoxyphene (d-propoxyphene) is one 
of the most frequently prescribed drugs in the United 
States. About 31 million prescriptions for it were issued 
in 1978 (1). Large doses can be fatal and often have been 
used to commit suicide. Propoxyphene also has been im- 
plicated in accidental deaths. A number of these deaths 
apparently occurred as a result of the consumption of 
propoxyphene in quantities only slightly larger than the 
upper limit of the recommended dosage, usually together 
with alcohol and/or other central nervous system (CNS) 
depressants (1). 

BACKGROUND 

Propoxyphene is subject to a pronounced first-pass effect in that only 
a small fraction of the absorbed dose enters the general circulation in 
unmetabolized form ( 2 4 ) .  Moreover, there are very large and apparently 
relatively consistent interindividual differences in the systemic avail- 

ability of propoxyphene in humans (2-6). This fact suggests that certain 
accidental (as opposed to suicidal) poisonings due to propoxyphene may 
result from an unfortunate coincidence of a large (probably larger than 
prescribed) dose, an unusually small first-pass effect relative to the 
population average, and ingestion of one or more CNS depressants. For 
this and other obvious reasons, it is important to determine the factors 
responsible for interindividual differences in the first-pass effect on 
propoxyphene. 

An orally administered drug may be subject to hepatic as well as pre- 
hepatic (intestinal) first-pass effects. The relative contribution of these 
two sites of biotransformation is important in assessing the reasons for 
interindividual differences in the systemic availability and for predicting 
the possible effect of surgically induced or endogenous portacaval shunts 
(i.e., shunts due to hepatic cirrhosis). There are indirect indications, based 
on pharmacokinetic analysis of systemic availability relative to total 
clearance, that propoxyphene may be subject to some prehepatic bio- 
transformation in humans (3,4). 

It is not possible to determine the magnitude of the prehepatic bio- 
transformation of a drug such as propoxyphene by comparing its systemic 
availability in normal subjects and in patients with surgically constructed 
portacaval shunts. Such shunts are used to relieve variceal bleeding 
secondary to portal hypertension caused by hepatic cirrhosis and other 
pathological conditions associated with obstruction of portal blood flow. 
Liver disease and the drugs taken by the recipients of a portacaval shunt 
may modify the metabolic clearance of propoxyphene and thereby in- 
troduce an additional variable that cannot be controlled or defined readily 
because propoxyphene is not available for intravenous injection. More- 
over, patients with portacaval shunts can develop various degrees of 
collateral circulation. Therefore, it is necessary to conduct studies on a 
suitable animal model. 

Some published evidence suggested that the dog, like humans, exhibits 
a pronounced first-pass effect on orally administered propoxyphene (7). 
Demethylation to norpropoxyphene is a major elimination pathway of 
propoxyphene in both species (8). The dog is large enough for the con- 
venient surgical construction of a portacaval shunt. Other investigators 
successfully used dogs to study the first-pass effect on orally administered 
drugs before and after a portacaval shunt (9). 

In the present investigation, propoxyphene was administered both 
orally and intravenously to dogs before and after a portacaval shunt, 
according to a balanced experimental design. Propoxyphene was ad- 
ministered intravenously before and after surgery because the shunt may 
affect the plasma clearance of a drug (9). There is conflicting evidence 
concerning the dose dependence of the first-pass effect on propoxyphene 
in humans (24,10,11). The intravenous dose in this study was lower than 
the oral dose so that the areas under the concentration-time curve pro- 
duced by both routes of drug administration would be similar. 
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Table I-Experimental Design Indicating the Order of 
Intravenous and Oral Propoxyphene Administration a 

Table 11-Pharmacokinetics of Propoxyphene in Dogs before 
and after Portacaval Shunt  

Before Shunt After Shunt 
Dog Intravenous Oral Intravenous Oral 

1 
2 
3 

1 
1 
2 

2 
2 
1 

3 
4 
3 

4 
3 
4 

4 2 1 4 3 
a Intravenous and oral doses of d-propoxyphene hydrochloride were 2.0 and 7.5 

mglkg, respectively. 

Norpropoxyphene, a major metabolite of propoxyphene, is eliminated 
from the body much more slowly than its precursor and appears promi- 
nently in the circulation following propoxyphene administration (12, 13). 
The formation and elimination kinetics of norpropoxyphene are of clinical 
interest because this metabolite, like propoxyphene. can depress cardiac 
conduction and may contribute to the cardiac toxicity produced by in- 
gestion of large amounts of propoxyphene (14-16). Therefore, norpro- 
poxyphene concentrations also were determined in this investigation. 

EXPERIMENTAL 

Four male mongrel dogs, 14-27 kg, received d-propoxyphene hydro- 
chloride intravenously (cephalic vein of the foreleg) in saline solution (0.5 
ml/kg) a t  a dose of 2 mg/kg and orally in 100 ml of water via a stomach 
tube at a dose of 7.5 mgkg. The dogs were fasted overnight and during 
the study. The doses were administered according to a crossover design 
(Table I) a t  1-week intervals. Prior to each dose, a heparin trap'was placed 
in a cephalic vein and 10 ml of blood was withdrawn. After drug admin- 
istration, 10-ml blood samples were withdrawn serially for 8 hr. 

One week after administration of the second dose, a modified side- 
to-side portacaval shunt was constructed under pentobarbital sodium 
anesthesia (30 mgkg). The technique employed was that of a straight 
Eck btula  (17). Basically, this technique involved anastomosing the side 
of the portal vein to the side of the vena cava and then tying off the portal 
vein just proximal to the liver. Thus, a complete shunt of blood from the 
portal vein to the vena cava was produced. 

One to 2 weeks after construction of the shunt, the dogs again received 
propoxyphene orally and intravenously (same dose per kilogram as before 
the shunt). As before, 1 week elapsed between administration of the two 
doses. Blood samples were collected as described. 

Plasma was assayed simultaneously for propoxyphene and norpro- 
poxyphene by the GLC method of Verebely and Inturrisi (18) with the 
following minor modifications. The gas chromatograph' had a 182.9-cm 
long X 2-mm i.d. glass spiral column. The column, detector, and injector 
port temperatures were 220,240, and 230°, respectively. The carrier gas 
flow was 40 ml/min. The internal standard was trifluperazine. Under 
these conditions, the retention times for propoxyphene, norpropoxy- 
phene, and trifluperazine were 2.5, 7.0, and 10 min, respectively. The 
assay is sensitive to 50 ng of propoxyphene and 100 ng of norpropoxy- 
phene. The volume of plasma used for the assay was adjusted to yield 
amounts of the drug and the metabolite in the 500-3500-ng range. The 
coefficient of variation of the assay in this range was 6.3% for propoxy- 
phene and 7.0% for norpropoxyphene. 

The plasma protein binding of propoxyphene in each dog before and 
after portacaval anastamosis was determined by equilibrium dialysis. 
Two 1.5-ml predose plasma samples from each dog were dialyzed at 37O 
against an equal volume of pH 7.4 Sorensen phosphate buffer (0.13 M )  
containing d-propoxypbene hydrochloride (1.2 pg/ml), using Plexiglas 
cells separated by a cellophane membrane*. The dialysis time was 12 

The total protein concentrations in the plasma of each dog before and 
after portacaval shunt were determined by the method of Gornall et al. 
(19) with crystalline dog albumin as the standard. The albumin fractions 
were determined by electrophoresis3, and albumin concentrations were 
obtained by multiplying the total protein concentration by the fraction 
of albumin. 

The area under the plasma concentration-time curve (AUC) after oral 
drug administration was calculated by the trapezoidal method for the 

. hr. 

Hewlett-Packqd model 5830. 
Cut from dialysis tubing having an average pore radidius of 24 4 VWR Scientific, 

3 Serum protein electrophoresis system, Gelman Instrument Co., Ann Arbor, 
Rochester, N.Y. 

Mich. 

Parameter" Before After 

A, ng/ml 1360 f 390b 1530 435 
R, ng/ml 237 f 70 425 f 30 
a, hr-' 4.13 f 1.22 5.48 f 1.30 
b, hr-' 0.202 f 0.033 0.223 f 0.032 
Free fraction in 0.129 f 0.037 0.159 f 0.031 

D1asmae 
~ ~~ 

0 Based on the relationship C = Ae-af + &-of, where C is the drug concentration 
in plasma at time t after intravenous injection of 1.81 mg (expressed as the base)/kg 
of body weight. * Mean f SEM, n = 4. At a total drug concentration at equilibrium 
of -loo0 ng/ml. 

first 8 hr and then extrapolated to infinity according to AUCt., = Cf/fl, 
where AUCt., is the area under the plasma concentration-time curve 
from the last observed plasma concentration (obtained at 8 hr) to infinity, 
Ct is the plasma concentration at  8 hr, and fl  is the terminal disposition 
rate constant (determined after intravenous injection). The AUC,., was 
-2Wo of AUCo., before the shunt and -28% after the bypass. 

The plasma propoxyphene concentrations obtained after intravenous 
injection were fitted to the equation C = Ae-"' + Be-@ by a nonlinear 
least-squares regression procedure (20). The data were weighted by use 
of their reciprocal. The AUC o... value was determined as the sum of A / a  
and RIP. 

The total clearance, CI, was calculated according to C1= DiJAUCi,, 
where Di, is the intravenous dose of the free base and AUCi, is the area 
under the intravenous plasma concentration-time curve from time zero 
to infinity. 

The systemic availability, F, was calculated from F = (100 X Di, X 
AUC,)/(D, X AUCi"), where Di, and D, are the respective intravenous 
and oral doses and AUC, and AUCi, are the respective total areas under 
the plasma concentration-time curves following the oral and intravenous 
doses. 

RESULTS 

The propoxyphene concentrations in plasma declined biexponentially 
after intravenous injection. The drug was absorbed very rapidly after oral 
administration (Figs. 1 and 2). The pharmacokinetic constants for the 
elimination of injected propoxyphene are listed in Table 11. The plasma 
total protein and albumin concentrations were 6.5 f 0.2 and 3.0 & 0.1 
g/100 ml before the shunt and 6.0 f 0.6 and 2.6 f 0.2 g/100 ml after the 
shunt (mean i SEM, differences not significant), respectively. The free 
fraction values of propoxyphene in plasma were similar before and after 
shunting (Table 11). 

The plasma clearance of injected propoxyphene was high (Table 111) 
and comparable in magnitude to the hepatic plasma flow rate in dogs (21). 
It decreased appreciably after the portacaval shunt in the two dogs that 
exhibited the highest clearance values before the shunt (Dogs 2 and 3). 
The systemic availability of orally administered propoxyphene increased 
substantially after shunt construction in all of the animals; the average 
increase was from 25% before to 54% of the dose after the shunt (Table 
111). The areas under the concentration-time curve, time zero to infinity, 
following oral administration of propoxyphene increased even more, 
changing from 1470 f 450 (ng hr)/ml before to 4390 f 645 (ng hr)/ml after 
the bypass (mean f SEM, p < 0.025). 

Pertinent information concerning the norpropoxyphene concentrations 
in plasma is summarized in Table IV. The delayed Occurrence of maxi- 

Table 111-Systpmic Availability and Total Clearance of 
Propoxyphene in  Dogs before and after Portacaval Shunt 

Before After 
Availability", Clearanceb, Availability", Clearanceb, 

ml/min/kg 9% ml/min/kg Dog % 

1 
2 
3 

24.9 14.4 72.6 15.8 
16.2 25.8 25.1 11.0 
20.3 31.8 59.1 12.3 

4 39.7 17.9 60.1 15.7 
Mean 25.3 22.5 54.2c 13.7 
SEM 5.1 3.9 10.2 1.2 

Systemic availabilit of an oral dose of 6.79 mg (bae-e)/kg. b Total plasma 
clearance of a 1.81-mg (&ue)/kg intravenous dose. c Significantly different from 
availability before shunt (p < 0.05 by paired t test). 
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Table IV-Concentrations of Norpropoxyphene in Plasma of Dogs following Intravenous and Oral Administration of Propoxyphene 
before and after Portacaval Shunt 

- - 
E -  

2 
0 -  

. ol a 

I- 

$ 0.3- 
I- 
2 
w 
0 z -  
8 

Intravenousa Oralb 
Before After Before After 

0 

0 
- 0  

0 
0 

Maximum concentration, nglml 
Time of maximum concentration hr 
Area under 0-8-hr curve, (ng hr)/ml 
Ratio of areasd of norpropoxyphene to 

propoxyphene 

0.1- - - - 
- 

1820 f 775 459 f 152c 462 f 67 2310 f 1040 
0.8 i 0.2 3.6 f 1.0 1.8 f 0.8 3.5 f 1.0 

2440 f 855 3380 f 795 12,600 f 5700 11,000 f 5300 
1.87 f 0.46 1.90 f 0.47 10.4 f 3.1 3.34 f 1.14e 

0 

0 

a 1.81 mg (base)/kg: 6.79 m (base)/kg. Mean f SEM. n = 4. Areas under 0-8-hr plasma concentration curve. Significantly different from ratio value before 
shunt (p < 0.05 by paired t testy. 

mum concentrations and apparently increased areas under the 0-8-hr 
concentration-time curve after intravenous injection of propoxyphene 
suggest decreased clearance of the metabolite after the shunt, but the 
differences were not statistically significant. The ratio of areas under the 
concentration-time curve (AUC ratio) of norpropoxyphene to pro- 
poxyphene after intravenous injection of propoxyphene was not affected 
by the portacaval shunt. The AUC ratio after oral administration of the 
drug was much higher than after intravenous injection and decreased 
appreciably after construction of the portacaval shunt (Table IV). 

DISCUSSION 

The dogs in this study received oral propoxyphene as an aqueous so- 
lution. Consistent with the results of clinical studies (2,4-6,8,11-13), 
the drug was absorbed rapidly after oral administration. A clinical study 
showed that there is no apparent difference in the systemic availability 
of propoxyphene administered in capsules and in solution (11). The 
urinary recovery of radioactivity following oral and intravenous admin- 
istration of [14C]propoxyphene is not significantly different (4). On the 
basis of this information, it is reasonable to conclude that the incomplete 
systemic availability of propoxyphene observed in this study is due to 
presystemic biotransformation rather than incomplete absorption. 

Gram et al. (4) found that the systemic availability of orally adminis- 
tered propoxyphene hydrochloride in humans was independent of the 
dose in the 65-195-mg dose range. The use of oral to intravenous AUC 
ratios in the present study to determine the systemic availability of orally 
administered propoxyphefie in dogs was based on the assumption that 

2.0 1 

0 

8 

I- 

0 z 
8 

0 

0 0 
0 

0 

0 
0 

the kinetics were linear under the experimental conditions. Moreover, 
the oral and intravenous doses were chosen to produce similar AUC 
values to minimize the effect of possible nonlinearity on the systemic 
availability determinations. 

As in humans, the plasma clearance of injected propoxyphene in dogs 
is high and comparable in magnitude to the hepatic plasma flow rate. 
Since the renal clearance of propoxyphene is very low (8,12), the plasma 
clearance of the drug is due almost entirely to metabolism. Therefore, 
propoxyphene should be subject to a large first-pass effect, based on 
theoretical pharmacokmetic considerations (3). Its plasma clearance after 
intravenous injection should be affected by the activity of drug-metab- 
olizing enzyme systems and by hepatic blood flow (3), both of which may 
be reduced following the portacaval shunt (9, 22). Indeed, the plasma 
clearance of propoxyphene was substantidy decreased in two of four dogs 
after the shunt. The two affected animals had the highest propoxyphene 
clearance before surgery and, therefore, were most sensitive to a reduction 
of hepatic blood flow. Other investigators reported reduction of lidocaine 
and antipyrine clearance after portacaval shunting in dogs (9). 

The systemic availability of propoxyphene increased, but was not 
complete, after the portacaval shunt. This result suggests that the drug 
is subject to a prehepatic first-pass effect, which is consistent with the 
tentative conclusions of investigators who noted that the observed 
first-pass effect on propoxyphene in humans is larger than the magnitude 
of the hepatic first-pass effect predicted on the baais of pharmacokinetic 
considerations (3,4). 

If a drug is subject to prehepatic as well as hepatic first-pass bio- 
transformation, then the fraction of the dose available systemically, F, 

0 

0.1 1 

0 

0 

0 

0 

0 

0 

0 

0 

ii 0 

0.05 .I 
2 4 6 8 

HOURS 
Figure 2-Concentratiom of d-propoxyphene in plasma of Dog 4 after 
oral administration of 7.5 mglkg (0) and intravenous injection of 2.0 
mglkg (0)  of propoxyphene hydrochloride in separate experiments after 
portacaval shunt. 
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is FPHFH, where FPH is the fraction of the dose reaching the liver as intact 
drug and FH is the fraction of the drug reaching the liver intact that enters 
the systemic circulation in unmetabolized form. If F ~ H  = F after porta- 
caval shunt (assuming that FPH was not affected by the surgery and that 
there was no significant development of collateral circulation after the 
surgery), then FH before surgery was 0.253/0.542 or 0.47 (based on the 
average systemic availability values from Table 111). Thus, the prehepatic 
and hepatic first-pass effects on propoxyphene appear to be of similar 
magnitude in the dog. 

Hepatic cirrhosis often is associated with the formation of portacaval 
shunts and reduction of drug-metabolizing enzyme activity (23, 24). 
These changes should increase the systemic availability of a drug with 
the pharmacokinetic characteristics of propoxyphene. This increase 
should be less pronounced if a substantial part of the first-pass effect is 
due to prehepatic biotransformation, provided that liver disease does not 
affect the prehepatic metabolism of propoxyphene. Unfortunately, the 
effect of liver disease on the prehepatic biotransformation of drugs is not 
known. However, it appears prudent to reduce the dosage of propoxy- 
phene in patients with portacaval shunt or with cirrhosis of the liver. 
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Abstract Several formamidine and acetamidine derivatives prepared 
from 3-amino-l,2,4-benzotriazine and 3-amino-1,2,4-benzotriazine-l- 
oxide displayed an aspirin-like anti-inflammatory and analgesic profile. 
The test systems included adjuvant-induced arthritis in rats, carra- 
geenan-induced edema in rats, W-induced erythema in guinea pigs, the 
analgesic gait test, the antipyretic teat, and GI ulcer studies. 

Keyphrases Anti-inflammatory activity-amidine derivatives of 
3-amino-1,2,4-benzotriazines and their 1-oxides, synthesis and testing, 
rats Analgesic activity-amidine derivatives of 3-amino-l,2,4-benzo- 
triazines and their 1-oxides, synthesis and testing, rats 0 3-Amino- 
1,2,4-benzotriazines-amidine derivatives, synthesis and testing for 
anti-inflammatory and analgesic activity, rats 

Various new, nonsteroidal, anti-inflammatory agents 
such as ibuprofen, tolmetin, fenoprofen, naproxen, and 
sulindac have been introduced to the medical community 
in the past several years (1). Although these agents ame- 

liorate the arthritic condition, they are not curative and 
have adverse effects, largely GI disturbances (1). 

The continuing interest and need for more efficacious 
and safe anti-inflammatory agents prompted the synthesis 
of various formamidine and acetamidine derivatives of 
3-amino-1,2,4-benzotriazine and 3-amino-1,2,4-benzo- 
triazine-1-oxide. These agents were tested for analgesic, 
anti-inflammatory, and antipyretic properties in a battery 
of tests including adjuvant-induced arthritis, carra- 
geenan-induced edema, and UV-induced guinea pig 
erythema (2, 3). Particular emphasis was placed on GI 
toxicity. The results are presented, and the potential of the 
active series is discussed. 

RESULTS AND DISCUSSION 
Chemistry-The amidines were prepared by the reaction of the 
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is FPHFH, where FPH is the fraction of the dose reaching the liver as intact 
drug and FH is the fraction of the drug reaching the liver intact that enters 
the systemic circulation in unmetabolized form. If F ~ H  = F after porta- 
caval shunt (assuming that FPH was not affected by the surgery and that 
there was no significant development of collateral circulation after the 
surgery), then FH before surgery was 0.253/0.542 or 0.47 (based on the 
average systemic availability values from Table 111). Thus, the prehepatic 
and hepatic first-pass effects on propoxyphene appear to be of similar 
magnitude in the dog. 

Hepatic cirrhosis often is associated with the formation of portacaval 
shunts and reduction of drug-metabolizing enzyme activity (23, 24). 
These changes should increase the systemic availability of a drug with 
the pharmacokinetic characteristics of propoxyphene. This increase 
should be less pronounced if a substantial part of the first-pass effect is 
due to prehepatic biotransformation, provided that liver disease does not 
affect the prehepatic metabolism of propoxyphene. Unfortunately, the 
effect of liver disease on the prehepatic biotransformation of drugs is not 
known. However, it appears prudent to reduce the dosage of propoxy- 
phene in patients with portacaval shunt or with cirrhosis of the liver. 
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Abstract Several formamidine and acetamidine derivatives prepared 
from 3-amino-l,2,4-benzotriazine and 3-amino-1,2,4-benzotriazine-l- 
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The test systems included adjuvant-induced arthritis in rats, carra- 
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Various new, nonsteroidal, anti-inflammatory agents 
such as ibuprofen, tolmetin, fenoprofen, naproxen, and 
sulindac have been introduced to the medical community 
in the past several years (1). Although these agents ame- 

liorate the arthritic condition, they are not curative and 
have adverse effects, largely GI disturbances (1). 

The continuing interest and need for more efficacious 
and safe anti-inflammatory agents prompted the synthesis 
of various formamidine and acetamidine derivatives of 
3-amino-1,2,4-benzotriazine and 3-amino-1,2,4-benzo- 
triazine-1-oxide. These agents were tested for analgesic, 
anti-inflammatory, and antipyretic properties in a battery 
of tests including adjuvant-induced arthritis, carra- 
geenan-induced edema, and UV-induced guinea pig 
erythema (2, 3). Particular emphasis was placed on GI 
toxicity. The results are presented, and the potential of the 
active series is discussed. 

RESULTS AND DISCUSSION 
Chemistry-The amidines were prepared by the reaction of the 
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Table I-Amidine Derivatives Prepared from 3-Amino-1,2,4-benzotriazines and  The i r  1 -Oxides 

Melting Yield, Molecular Analysis, % 
Compound Ri R2 Point % Formula Calc. Found 

Ia F 

Ib CH3 

IC H 

Id Cl 

Ie F 

If CI 

IIa F 

IIb CHs 

IIC H 

IId c1  

IIe Br 

IIf F 

H 

H 

H 

H 

CH3 

CH3 

H 

H 

H 

H 

H 

CH3 

106-109' 

98-101' 

100-103' 

135-137' 

125-126.5' 

141.5-143' 

18&190' 

148-150' 

156-158' 

177-178' 

162-164' 

158- 1600 

48 

75 

65 

84 

31 

68 

72 

61 

58 

64 

35 

19 

c 54.78 
H 4.60 
F 8.67 
N 31.95 
C 61.37 
H 6.09 
N 32.24 
C 59.68 
H 5.51 
N 34.81 
C 50.96 
H 4.28 
CI 16.05 
N 29.72 
C 56.74 
H 5.37 
F 8.06 
N 30.21 
C 52.91 
H 4.84 
CI 14.20 
N 28.05 
C 51.06 
H 2.48 
F 8.08 
N 29.78 
C 57.10 
H 5.66 
N 30.29 
C 55.29 
H 5.10 
N 32.24 
C 47.72 
H 4.00 
CI 14.09 
N 27.83 
C 40.56 
H 3.40 
Br 26.99 
N 23.65 
C 52.77 
H 4.86 
F 7.48 
N 28.22 

54.62 
4.56 
8.77 
32.03 
61.28 
6.18 
32.03 
59.53 
5.45 
34.77 
50.93 
4.36 
15.91 
29.95 
56.65 
5.19 
8.15 
30.03 
52.98 
4.69 
13.89 
28.11 
51.07 
4.12 
8.28 
30.03 
56.96 
5.83 
30.36 
55.28 
5.22 
32.35 
47.95 
3.95 
14.06 
27.75 
40.24 
3.23 
26.90 
23.90 
53.01 
4.86 
7.62 
28.11 

TTT 

I 
Scheme I 

aminobenzotriazines (111) and their 1-oxides (IV) with excess dimeth- 
ylformamide dimethylacetal or dimethylacetamide dimethylacetal 
(Schemes I and 11). 

Workup gave the derivatives of I11 (I) and the derivatives of IV (11) in 
20-85% yields. Table I lists the 12 synthesized amidines. 

Biological-Amidines Ia-If and IIa-IIf were first evaluated for ac- 
tivity against adjuvant-induced arthritis in rats (4). Groups of three Royal 
Hart Wistar rats, 200 f 10 g, were injected intradermally in the right 
hindpaw with dried human tubercle bacilli in a mineral oil vehicle' at 2 
mgkg. The test compounds were administered orally in a 1.5% starch 
vehicle a t  the indicated dosage (Table 11) once daily on Days 0-13 post- 
challenge. Control rats were treated similarly but were given the starch 
vehicle instead of the test compound. 

On Days 14 and 21 postchallenge, the diameter of the injected paw 
(primary lesion) was measured with a micrometer caliper (6), the volumea 
of the inflamed paws were estimated from these measurements, and the 

results were expressed as percent inhibition of swelling as compared to 
12 controls. If the percent inhibition was L24%, the compound was tested 
again. After the second test, the mean inhibition of swelling for both tests 
was calculated; if it was >26%, the compound was tested a third time. If 
the mean inhibition of all three tests was 225%, the compound was ac- 
cepted as active. Such compounds were completely retested again in the 
same manner to confirm activity. Thus, no compound was considered 
to have confirmed activity until the test was repeated a minimum of six 
times (total of 18 rats). 

In the dose-response experiments, the other inflamed sites such as the 
ears, paws, and tail (secondary lesions) were observed and graded. The 
mean grade was calculated and similarly expressed as the percent inhi- 
bition as compared to controls. 

The active compounds (those showing at least 25% mean inhibition 

0 
I1 

Freunds adjuvant. Scheme II 
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Table 11-Pooled Data a for Adjuvant-Induced Arthritis 

Percent Inhibition of Percent Inhibition of 
Swelling Control Grade 

Oral Dose*, DeadlTreated (Primary Lesion) (Secondary Lesion) 
Compound mgkg at  21 Days Day 14 Day 21 Day 14 Day 21 

Indomethacine 2 
1 
0.5 
n 25 

AspirinC 

la 

Id 

400 
200 
100 
50 

100 
50 
25 

100 
50 

8/57 
9/54 
5/54 
019 

18/57 
10166 
18/63 
2/21 
6/18 
6/33 
2/18 
1/18 
2/36 

51d 24d 38d 25 
46d 19d 34d 20d 
40d 20d 25d 17d 
3 0 d  4d 2 2 d  4d .. 

73d 
48d 
36d 
23d 
54d 
51 
49d 
66 
46d 

48d 
27 
13 
3 

44d 
26d 
24 
24 
15 

58d 
26 
19d 
12 
73d 
69 
31 
83 
36d 

45d 
17d 
8 
9 

48d 
49d 
0 

54d 
20d 

25 1/18 41 16 30d 18 
110 100 12/18 77d 76d 97d 82 

50 5/36 51d 31d 65d 40 
25 3/18 2gd 

0 Ib 50 5/36 0 
5 Ic 50 013 27 

50 316 17 0 
50 2/18 59d 29 

0 IIb 50 013 0 
0 IIC 50 013 0 

13 IId 50 1/18 46d 
IIe 50 113 24 0 
IIf 50 Of3 12 32 

19 35d 24d 
- - 
- - 

- - 
- - 
- - 
- - 

- - 
- - 

- - 

0 There were 12 control arthritic rats in each experiment with six treated rats er group in dose-response experiments and three treated rats per group in screening 
testa. Each experiment was re eated several times, as reflected by the total numger of animals shown. Statistical comparisons were performed using paw diameters or 
arthritic rades, although resuyts were ex ressed aa ercent inhibition. The statistical significance of each test result also waa determined by a t test. Since the data from 
all availa%le testing were pooled, the progabilities ottained in the individual Student t test analysis were combined as described by Snedecor and Cochran (5). For the 
control rats, eight of 186 had died by Day 21. By gavage. Historical data. Statistically significant activity (p < 0.05) by the Student t test). 

of swelling based on a total of 18 rats) then were tested against acute in- 
flammatory conditions in carrageenan-induced edema in rats and UV- 
induced erythema in guinea pigs. 

The method for the carrageenan-induced edema assay used was similar 
to that described by Winter et al. (7). Royal Hart Wistar rats, 80-90 g, 
were fasted overnight prior to dosing but had free access to water. Drugs 
in an aqueous suspension were administered by gavage in a volume of 1.7 
m1/50 g of body weight (corresponding to the hydration volume used by 
Winter et d.). 

The phlogistic agent, carrageenan2, was prepared as a sterile 1% sus- 
pension in 0.9% NaCl for routine testing. A volume of 0.05 ml was injected 
through a 26-gauge needle into the plantar tissue of the right hindpaw. 
Measurements were made 5 hr after drug administration (4 hr after 
carrageenan challenge) unless otherwise indicated. 

Volumes of both the normal and carrageenan-inflamed feet were de- 
termined, and the difference between the two measurements was con- 
sidered to be the increased edema due to carrageenan administration. 
Results were expressed as a ClT efficacy ratio (mean edema of control 
animalslmean edema of treated animals). Each screening test had eight 
control rats and two treated rats. If the C/T ratio was 21.41, the test was 
repeated. If the mean ratio for Tests 1 and 2 was >1.43, the compound 
was considered active and the procedure was repeated for confirmation. 
Thus, no compound was considered to have confirmed activity until each 
test was repeated four times (32 controls, eight treated rats). The results 
for the amidines along with several reference agents are listed in Table 
111. 

The method used to determine erythema in guinea pigs was similar 
to that of Winder et al. (8). Albino guinea pigs3 were depilitated on their 
flanks the evening before testing with a standard mixture of barium 
sulfide and gum acacia. On the morning of testing, groups of four guinea 
pigs were dosed by gavage 1 hr prior to UV exposure (-1 hr). At 0 hr, they 
were restrained in a plastic container, which allowed exposure of three 
circular spots. They then were exposed to UV irradiation4 for 60 sec. A t  
+1 and +4 hr, the degree of erythema for each of the three sites was as- 
sessed according to the following scoring system: 0 = no erythema, 0.5 
= incomplete circle or faint erythema, and 1.0 = complete circle of distinct 
erythema. Thus, the maximum score for each animal was 3.0. n ’ e  results 

2 Viscarin, obtained from Marine Colloids. 

4 Model 10 “Hanovia” Kromayer lamp. 
Lederle breeding colony. 

for a select group of amidines and reference drugs are shown in Table 
IV. 

A modification of the method described by Atkinson and Cowan (9) 
was used to assess analgesic activity. A 40% suspension of Brewer’s yeast 
in normal saline (0.25 ml/rat) was injected into the plantar surface of the 
left hindpaw of each rat. After 3 hr, predrug assessment of walking gait 
on a wire-mesh platform was made for each rat according to the following 
scoring system: 0 = normal gait, 0.5 = intermittent mild limp, 1 = con- 
stant limp with continuous use of foot pad, 1.5 = limping with occasional 
three-legged gait or intermittent use of digits in combination with foot 
pad, and 2 = continuous three-legged gait or continuous use of only the 
tips of the digits without any use of the inflamed foot pad. 

Rats with a score of <2 were excluded from the experiment. The test 
compounds or vehicle then were administered orally to groups of six rats, 
and postdrug assessments were recorded after 90 min. A positive analgesic 
response was considered to be a 250% reversal of the pretreatment score 
(ie., posttreatment score of 51) .  

For selected compounds, subsequent experiments were performed with 
a t  least three graded dosage levels and five rats per group. Pre- and 
postdrug assessments were made as described. 

The dose estimated to cause a positive analgesic response in 50% of the 
rats (EDa) was calculated according to the arc-sine linear transformation 
method of Finney (10). The E D a  values for the remaining compounds 
were approximated. 

The effect of the amidines on experimental elevated temperatures was 
examined during the analgesic gait test. The body temperature of rats 
increases after the plantar injection of Brewers’ yeast, thus providing a 
good experimental model for studying antipyresis. 

The rectal temperature of each rat was measured immediately after 
pretreatment scoring of abnormal gait by a rectal probe5. Ninety minutes 
after treatment with the compounds, the temperature was recorded again. 
The average change of each group of rats was calculated from the dif- 
ference of the pretreatment and posttreatment temperatures. 

The antipyretic and analgesic data are summarized in Table V. 
GI ulcer studies were conducted in male Royal Hart Wistar rats 

weighing 190-210 g. The rats were distributed among control and treat- 
ment groups (five rats per group) and housed with one rat per cage. 
During the 52-hr test period, the rats were permitted free access to food 
and drinking water for the first 33 hr but were fasted overnight prior to 

Yellow Springs telethermometer. 
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Table 111-Pooled Data a of Carrageenan-Induced Edema of R a t  
Paws  

Table IV-Effects on UV-Induced Erythema in Guinea Pigsa 

Number 
of 

Average Score Guinea 
ComDound 1 hr 4 hr Pies 

Oral 
Dose, Number 

Compound mdkg of Rats CITb 

Controls 
Aspirinc 250 

83 
Phenvlbutazone' 250 

64 1.0 
32 2.8d 

Control b 2.1 2.8 364 
Aspirinb 0.lC 2.0 16 
Phenvlbutazone O . l C  1.1c 16 32 1.4d 

32 2.3d Inc 
Ia 
Ib 

~~ 

lomethacinb 0 . l C  1 . 3 C  12 
83 32 2.4d 
21 32 1.7d 

.~ 

0.2c 
1.oc 

_. 

1.6 
2.3 

_ _  
8 
4 _.  

IndomethacinC 250 
83 
27 
9 
3 

_ _  
32 
32 

~. . 

2.gd 
2.3d 

I f  0.4c 2.6 8 
IIa 0.2c 1.7 8 
IId 0.9c 2.2 8 

t test). 
The dose was 125 mgkg PO. * Historical data. Active ( p  < 0.05 by the Student 

32 2.2d 
32 2.0d 
32 

Ia 

Id 

IIa 

250 
83 
27 

250 
83 

Table V-Analgesic and Antipyretic Activity 
12 2.ld 

Reversal of Inhibition of 
Abnormal Gait, Y east-Induced 
EDSO, mdkg PO Pyresis 

(95% Temperature 
confidence Change, O F  

Compound limit) (dose, m d k  PO) 

250 
83 
27 

250 Ib 
Ic 
I P  

250 
250 2 2.4d ~. 

If 
IIC 
IId 

~. . 

125 
250 
250 

8 3.4d 
8 2.7d 
8 2.6d Ia 

Ic 
Id 

IIb 
IIC 

20 (4-91) 
-100 

79 (52-120) 
-200 

107 (58-202) 

-2.7 (100) 
-4.1 (200) 
-1.5 (100) IIf 60 2 1.2 

0 There were ei ht control edematous rats in each experiment with four rats per 
treated group in $ose-response experiments and three rats per treated group in 
screening testa. Each experiment was repeated several times, as reflected by the 
total number of rats shown. Statistical comparisons were performed using rat paw 
edema volumes, althou h the results were ex ressed as controlheated ratios. The 
statistical significance of each test result was &ermined by the Student t test. Since 
all available data were pooled, the probabilities obtained in each individual Student 
t test were combined as described by Snedecor and Cochran (5). Edema of control 
animaldedema of treated animals. eHistorical data. Active ( p  < 0.05 by the 
Student t test). 

+0.9 (200)O 
-1.5 (200) 
-0.1 (20010 
-3.0 (100) 
-1.3 (200) 
+0.20 

IIe 
IIa 
Aspirin 
Vehicle 

-150 
35 (10-120) 
93 (53-263) 

- 

a Inactive. No reversal of abnormal gait. 

side effect involves ulceration or hemorrhaging in the GI tract. Two of 
the most interesting compounds, Ia and IId, were administered to rats, 
and the GI tracts were examined (Table VI). Both compounds exhibited 
severe GI problems in the form of gastric ulceration and hemorrhaging. 
At doses of 200 and 100 mgkg, respectively, both exhibited a gastric ulcer 
grade of 3.6-4.0 out of a possible 4.0. The severe GI ulceration and he- 
morrhaging problem precludes further development of amidines of 3- 
amino-l,2,4-benzotriazines and their 1-oxides. 

sacrifice. Drugs were suspended in a 1.5% starch-phosphate buffer so- 
lution and injected by gavage or subcutaneously twice daily on Days 0 
and 1. The rats received only one injection on Day 2, and 6 hr later they 
were killed with chloroform. 

The stomachs were dissected, opened along the greater curvature, and 
rinsed briefly in tap water. They then were spread with the mucosal 
surface facing upward and were pinned onto corks (6.35-cm diameter) 
individually numbered on the back. The identification number for each 
stomach was not known to the investigator, and the stomachs were ran- 
domly graded according to the following scheme (11): 0 = normal; 1 = 
petechial hemorrhage or pinpoint ulcers; 2 = one or two small ulcers or 
hemorrhagic erosions; 3 = many areas of hemorrhagic erosion or ulcers, 
a few large; and 4 = massive areas of hemorrhagic erosion or many ulcers, 
mainly large. 

The intestines also were removed and examined for ulcers. The in- 
tensity of intestinal ulceration was graded according to the following 
scheme: 0 = normal intestine; 1 = mucosa thin, petechial hemorrhage; 
2 = "blow-outs'' (intestine inflated with air); 3 = few ulcers-gut more 
fragile than normal and tears along line of mesentery attachments when 
removed; and 4 = many large perforating lesions, adhesions, gut hem- 
orrhage (very fragile and tears readily and cannot be removed intact; 
graded in situ). 

The results of two amidines and reference drugs are shown in Table 
VI. 

Of the amidines reported in Table I, Ia, Id, IIa, and IId had the 
broadest scope of anti-inflammatory and analgesic activity, showing that 
the 3-amino-1,2,4-benzotriazines and 3-amino-1,2,4-benzotriazine-l- 
oxides with a fluorine or chlorine in the 7-position were the most active. 
The difference between the activity of the parent and the N-oxide in pairs 
Ia and IIa and Id and IId was marginal. Of the nonhalogenated com- 
pounds, Ib, featuring a methyl group at  C-7, possessed significant activity 
in most tests. 

EXPERIMENTAL6 

Preparation of Amidines (12,13)-A suspension of the aminoben- 
zotriazine or N-oxide in dimethylformamide dirnethylacetal or dimeth- 
ylacetamide dimethylacetal was stirred and heated under reflux for 5 hr. 
If solution was not attained, 10-20 ml of dimethylformamide or di- 
methylacetamide was added a t  the 2-hr point. The excess acetal was re- 
moved in uacuo, and the residue was recrystallized directly or chroma- 
tographed and recrystallized. 
N-( 7-Fluoro-1,2,4- benzotriazin-3-yl)-N,N-dimethylformmidine 

(1a)-A suspension of 10 g (0.06 mole) of 3-amino-7-fluoro-1,2,4-ben- 
zotriazine in 20 ml of dimethylformamide dimethylacetal was refluxed 
for 5 hr. On cooling, the solution was evaporated to dryness in uacuo. The 
residue was recrystallized twice from chloroform-hexane, giving yel- 
low-orange plates, mp 106-109° (6.3 g, 48% yield); NMR (CDCl3): 3.15 
(s,3), 3.20 (s, 3), 7.5 (m, 1),7.7 (m, l ) ,  7.95 (m, 11, and 8.95 (s,l). 

N'-('l-Chloro - 1,2,4- benzotriazin-3-yl)-N,N-dimethylformami- 
dine (I1 d)-A suspension of 10 g of 3-amino-7-chloro-l,2,4-benzotriazine 
in 20 ml of dimethylformamide dimethylacetal was refluxed for 5 hr. On 
cooling, the solution was evaporated in uacuo. The residue was recrys- 
tallized from chloroform-hexane, giving 10.1 g (84% yield) of orange 
needles, mp 135-137O; NMR (CDC13): 3.3 and 3.5 (s,6), 7.6 (aryl, 2), 8.21 
(aryl, l ) ,  and 8.88 (9, 1). 

The acetamidines Ie, If, and 111 were active, but If and IIf were sig- 
nificantly lower in overall activity than their formamidine counterparts. 
7-Fluoroacetamidine (Ie) was slightly less active than Ia overall. 

Many of the amidines tested in the anti-inflammatory and analgesic 
tests possessed an acceptable therapeutic index. However, one serious 

All melting points were taken on a Mel-Temp apparatus. Samples for elemental 
analyses were dried at  55' for 5-24 hr. NMR spectra were determined with a Varian 
model HA-100 spectrometer; chemical shifts are reported in parts per million rel- 
ative to the internal standard tetramethylsilane. 
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Table VI-GI Ulcer Studies 

Grade of 
Intestinal 

Grade of Ulcer 

Compound mgkg Deadmreated (95% confidence limits) limits) 
Oral Dose", Gastric Ulcer* (95% confidence 

Aspirin' 

Indomethacinc 

Phenylbutazonec 

Ia 

Id 

250 
83 
27 
27 
9 
3 

150 
50 
12 
200 
100 
200 

019 
0/10 
0/10 
2/10 
0/10 
5/10 
2/10 
0110 
Oh0 
4/5 
015 
015 

2.7 (1.8-3.6) 
1.7 (0.9-2.5) 
1.1 (0.5-1.71 
2.0 ii.6-2.4j 
2.2 (1.0-3.4) 
1.1 (0.4-1.8) 
2.0 (1.4-2.6) 
0.3 (0-0.8) 
0.5 (0-1.1) 
3 .6d  (2.i-i.O) 
3.Sd (3.2-4.4) 
4.0d (3.2-4.5) 

0.6 (0-1.5) 
0 
0 

3.5d (3.1-3.9) 
3.4d (2.6-4.0) 
1.1 (0.4-1.8) 
0.6 (0-1.2) 

0 
0 

1.0 (0-2.4) 
0 
0 

100 015 3.6d (2.8-4.0) 0 
Controls - 0/25 0.2 (0-0.4) 0 

Twice daily for 2 days and once on the 3rd day for a total of five doses. * Both the stomach and the intestines were removed during the autopsy and inspected for lesions. 
The severity of lesions was expressed by a grading system ranging from 4 (many large ulcers or severe hemorrhagic erosion) to 0 (normal). c Historical data. d Severe GI 
hemorrhaging. 

N'-(7-Bromo -13.4- benzotriazin-3-yl-1-oxide) -N,N- dimethyl- 
formamidine (I1e)-A suspension of 10 g of 3-amino-7-bromo-l,2,4- 
benzotriazine-1-oxide was refluxed in 20 ml of dimethylformamide di- 
methylacetal. A t  2 hr, a suspension still was evident; 10 ml of dimethyl- 
formamide was added, and reflux was resumed for 3 hr more. After 
cooling, the excess acetal was removed in uacuo. The residue was dis- 
solved in chloroform, filtered through a silica gel plug, and heated to re- 
flux. Hexane was added to induce cloudiness, and the solution was cooled, 
giving 5.1 g (35% yield) of yellow-brown cubes, mp 162-164'; NMR 

8.1 Hz), 8.5 (d, 1, J = 1 Hz), and 8.8 (s, 1). 
N'-(7-Fluoro - 1,2,4 - benzotriazin - 3-yl-l-oxide)-N,N-dimethyl- 

acetamidine (110-A solution of 10 g (0.056 mole) of 3-amino-7-flu- 
oro-1,2,4-benzotriazine-l-oxide in 22 ml of dimethylacetamide dimeth- 
ylacetal was refluxed for 5 hr and cooled, and the excess acetal was 
evaporated to dryness under vacuum. The residue was eluted through 
a short silica gel column with 20% ethyl acetate in hexane to provide 2.6 
g (19% yield) of I I f ,  mp 158-160°; NMR (CDCl3): 2.24 (s,3), 3.18 (s,6), 
and 7.3-8 (m, 3). 
hT)-(7-Chloro-1,2,4-benzotriazin-3-y1) -N,N- dimethylacetamidine 

10-A solution of 5.0 g (0.03 mole) of 3-amino-7-chloro-l,2,4-benzo- 
triazine in 11 ml of dimethylacetamide dimethylacetal was refluxed for 
4 hr. The solution then was cooled, and the excess acetal was removed 
under vacuum. The residue was recrystallized from chloroform-hexane 
to yield 4.7 g of If (58% yield), mp 141.5-143"; NMR (CDCh): 2.28 (s,3), 
3.26 (s,6), 7.72 (m, 21, and 8.30 (m, 1). 

~-(7-Fluoro-lf,4-benzotriazin-3-y1) -N,N- dimethylacetamidine 
(1e)-A solution of 10 g (0.06 mole) of 3-amino-7-fluoro-1,2,4-benzo- 
triazine in 20 ml of dimethylacetamide dimethylacetal was refluxed for 
5 hr. On cooling, the solution was evaporated to dryness under vacuum. 
The residue was dissolved in chloroform, eluted through a pad of silica 
gel, and concentrated. Trituration of the concentrate with petroleum 
ether (bp 30-60") produced 9.4 g of a crystalline product (31% yield), mp 
125-126.5'; NMR (CDCl3): 2.24 (s,3), 3.24 (s,6), and 7.4-8.1 (m, 3). 

(CDC1~):3.26and3.29(~,6),7.7(d,l,J=8H~),7.7(dofd,l,J=l.Oand 
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Abstract 0 A high-performance liquid chromatographic method for the 
analysis of oxaprozin in the presence of ketoprofen (the internal standard) 
was developed, Sample preparation involved macro- and microextraction 
procedures. An octadecylsilane reversed-phase system with an acetoni- 
trile-phosphate buffer (pH 3.9) mobile phase was used to separate the 
compounds from the extracted plasma components and the oxaprozin 
metabolites. Linear UV detector response over a wide concentration range 
resulted in rapid and reproducible quantitation. 

Keyphrases 0 Oxaprozin-high-performance liquid chromatographic 
analysis with macro-. and microextraction methods, comparison with 
GLC, human and rat plasma a High-performance liquid chromatogra- 
phy-analysis, oxaprozin, macro- and microextraction methods, com- 
parison with GLC, human and rat plasma 0 Anti-inflammatory 
agents-oxaprozin, high-performance liquid chromatographic analysis, 
comparison with GLC 

Oxaprozin (4,5-diphenyl-2-oxazolepropionic acid), a 
nonsteroidal, anti-inflammatory compound (11, was ana- 
lyzed previously in plasma using GLC (2). This paper de- 
scribes both macro- and micromethods for the high-per- 
formance liquid chromatographic (HPLC) determination 
of plasma oxaprozin concentrations. Time-concentration 
profiles obtained by each method also are presented. 

EXPERIMENTAL 

Materials-Anhydrous sodium acetatel, monobasic and dibasic so- 
dium phosphate’, absolute ether’, acetic acid2, and hydrochloric acid2 
were analytical reagent grade. ACS grade 85% phosphoric acid3 was used. 
Glass-distilled acetonitrile4 was used in the mobile phase. The internal 
standard was ketoprofen5. 

Macromethod-Aliquots (0.5 ml) of unknown plasma or plasma 
spiked with standard oxaprozin were placed in 20 X 125-mm screw- 
capped test tubes to which were added 2.5 ml of distilled water and 1.0 
ml of ketoprofen solution in 0.1 M acetate buffer (pH 4.8). The concen- 
tration of the internal standard ranged from 20 pg/ml for the low range 
samples and standards (1-10 pg of oxaprozin/ml) to 60 pglml for ox- 
aprozin concentrations up to 200 pglml, but it was held constant in all 
cases for each set of samples analyzed. The control plasmas were treated 
with an identical volume of pH 4.8 buffer without the internal stan- 
dard. 

The samples were adjusted to pH 2 with 1.0 N HCI (- 0.2 ml), and 8 
ml of ether was added to each tube. The tubes then were capped, shaken 
mechanically for 10 min, and centrifuged to 2000 rpm for 5 min. Aliquots 
(7 ml) of the ether phase were transferred to clean test tubes and evap- 
orated to dryness under reduced pressure at  room temperature. The dried 
extracts were redissolved in 0.5 ml of the mobile phase, and 10-pl aliquots 
were injected onto the chromatographic column. 

Analyses were performed using a high-performance liquid chromato- 
graph6 equipped with an octadecylsilane column7. Separation was 
achieved by reversed phase using a mobile phase of 62% acetonitrile in 
0.05 M NaH2P04 (adjusted to pH 3.9 with phosphoric acid) a t  a flow rate 

* Mallinckrodt, St. Louis, Ma. 
J. T. Baker Chemical Co., Phillipsburg, N.J. 
Fisher Scientific Co., Fair Lawn, N.J. 
Burdick & Jackson Laboratories, Muskegon, Mich. 

5 Courtesy of Ives Laboratories, New York, N.Y. 
LDC analyst series 7800 with a Spectromonitor PI1 UV monochrometer (or 

equivalent), a model 308 computing integrator, and a model 3401 strip-chart re- 
corder, Laboratory Data Control, Iliviera Beach, Fla. ’ Chromegabond Ct8, 10-pm particle size, 30 cm X 4.6 mm i.d., E.S. Industries, 
Marlton, N.J. 

of 1.5 ml/min. The samples were introduced onto the column by means 
of a syringe-loaded sample injectofi. A t  290 nm, the detection range was 
0.02 absorbance unit full scale (aufs) for the lower standards and 0.2-0.5 
aufs for those of higher concentration. 

A standard curve was generated by plotting the known concentrations 
of oxaprozin in the extracted standards against the ratios calculated by 
dividing the oxaprozin peak height (millivolts) by the internhl standard 
peak height (millivolts). Quantitation of the unknowns was achieved by 
comparing the peak height ratios to this standard curve. 

Micrometbod-Aliquots (50 pl) of unknown or control plasma were 
placed in 6 X 50-mm disposable glass tubes. The control plasmas were 
spiked with 50-11 aliquots of oxaprozin standards (1.040 pg/ml) in 0.1 
M phosphate buffer (pH 7.0). The unknowns were treated with an equal 
volume of buffer without the standard. 

A 50-pl aliquot of a 5-pg/ml solution of ketoprofen in 0.1 M phosphate 
buffer (pH 7) was added to each sample and standard of the low range 
(0.1-2 fig/ml). Internal standardization of the high range (3-60 pg/ml) 
samples and standards was achieved with the addition of 50 p1 of a 20- 
pg/ml ketoprofen solution in the same buffer. Two hundred microliters 
of fresh absolute ether was added to each sample, which then was mixed 
for 5 sec using a vortex mixer and centrifuged to break up the emulsion. 
The ether phases were transferred nonquantitatively to fresh tubes, and 
the extraction was repeated twice. The combined ether extracts were 
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Figure 1-Chromatograms of IO-pl injections of 0.5-mI human plasma 
extracts. Arrows denote times of sample injection. Key: I ,  control plasma 
extract; and 2, extract of plasma spiked with ketoprofen (I) (30 pglml) 
and oxaprozin (11) (5 pglml). 

8 Model 7120, Rheodyne, Berkeley, Calif. 
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Table I-Concentrations of Oxaprozin in Human Plasma af ter  a 
Single 600-mg Oral Dose of Oxaprozin 

Hours Oxaprozin, pg/mlo 

0 0 
1. 49.4 
2 57.9 
4 73.0 
6 
9 

12 
24 
48 
96 

144 
168 
240 

71.2 
65.9 
60.5 
49.3 
32.1 
17.4 
9.1 
6.7 
3.0 

Concentrations represent the means for three normal human volunteers. 

taken to dryness under a nitrogen stream. The dried extracts were re- 
dissolved in 50 p1 of the mobile phase, and a 20-4 injection was made. 

The HPLC instrumentg was equipped with a precolumn in addition 
to the analytical column7. The precolumn (5 cm X 2.1 mm i.d.1 was filed 
with dry octadecylsilane1° by the tap and fill method. The mobile phase 
was similar to that used in the macromethod, except that the acetonitrile 
concentration was decreased to 60% to optimize separation. At 280 nm, 
the detection range was 0.002-0.016 aufs and the peak heights were 
measured manually. The method of quantitation was the same as for the 
macromethod. 

RESULTS 

Macromethod-The chromatograms in Fig. 1 illustrate the absence 
of interference from control plasma, the peak shape symmetry, and the 
sensitivity of the detector response. The method achieved good peak 
separation in <6 min with a lower limit of detectability of 0.5 pg of ox- 
aprozin/ml of plasma. Peak height ratios of the standards over the ox- 
aprozin concentration range of 1-200 pg/ml gave a linear regression line 
with a correlation coefficient of 0.9993. 

The relative accuracy of the method was determined by comparing the 
HPLC results to the GLC results for a series of human plasma samples 
taken within 48 hr of an oral 600-mg dose of oxaprozin. The correlation 
between the two methods of analysis was 0.98. The accuracy of the GLC 
method was determined previously by comparison with radioactive 
monitoring of carbon 14 (2). The time-concentration profiles obtained 
by both HPLC and GLC are presented in Fig. 2. The recovery from 
plasma was 90.1 f 3.7%. The coefficient of variation of the HPLC assay 
was 1.9%. Table I presents the mean drug concentrations in human 
plasma following a single oral 600-mg dose. 

Micromethod-The chromatograms in Fig. 3 represent the analysis 
of rat plasma extracted by the micromethod. No interference from plasma 
components was observed, and oxaprozin was separated from its me- 
tabolites, including the hydroxylated compounds identified previously" 
(2). The lower limit of detectability was 0.1 pg of oxaprozidml of plasma, 
and the peak height of the standards between 0.1 and 60.0 pg/ml resulted 

1001 

0 10 2oi 12 24 36 48 

HOURS, 
Figure 2-Human plasma time-concentration profiles following a 
single oral 600-mg dose of oxaprozin. The plots compare HPLC (0) and 
GLC (0) results. 

9 LDC model 2396 dual minipumps with a model 1203 UV-111 monitor and a 

lo Co:Pell ODs, 37-45-pm particle size, Whatman, Clifton, N.J. 
model 3401 strip-chart recorder. 

w a M 
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MINUTES 
Figure 3-Chromatograms of 2O-pl injections of 50-pl rat plasma ex- 
tracts. Arrows denote times of sample injection. Key: 1, control plasma 
extract; and 2, extract of rat plasma obtained 4 hr after a 20-mglkg oral 
dose of oxaprozin. The peaks represent 20 pg of  ketoprofen/ml (I),  I .9 
pg of oxaprozin/ml (II),  and a nonquantified amount of oxaprozin 
metabolites (M). 

in a linear regression correlation coefficient of 0.9994. The coefficient of 
variation of the micromethod was 3.3%. 

A plasma time-concentration profile resulting from an oral dose of 20 
mg of oxaprozinkg to a rat ia presented in Fig. 4. The plasma recoveries 
were similar to those obtained using the macromethod. 

DISCUSSION 

The HPLC methods outlined here represent several advantages over 
the GLC method employed previously. Since derivatization is no longer 
necessary, sample preparation time is shortened and the use of hazardous 
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Figure 4-Rat plasma time-concentration profile following a single 
oral ZO-mglkg dose of oxaprozin. 
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diazomethane is eliminated. The precision of the macromethod is better 
than that reported for the GLC assay ( 2 ) ,  while that of the micromethod 
is equal to that of the GLC method. The micromethod permits monitoring 
of drug concentrations in small volumes of plasma, making pharmaco- 
kinetic studies in rats and children feasible. 

As reported for the GLC method ( 2 ) ,  this procedure can be ussd to 
determine oxaprozin concentrations in urine by extracting the free drug 
at  pH 7 rather than at pH 2. This modification is necessary in both urine 
and rat plasma" to avoid the partial extraction of oxaprozin glucuronide. 

11 F. W. Janssen and S. K. Kirkman, unpublished data. 

Due to the chromatographic separation of oxaprozin from its major me- 
tabolites, no other modification in the extraction procedure is neces- 
sary. 
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Abstract Analogs of the prodine analgesics were prepared and tested 
for analgesic activity. A good correlation seems to exist between the en- 
ergy level of the highest occupied molecular orbital and biological activity. 
The energy level of the highest occupied molecular orbital of the aryl 
moiety of these analogs may permit a charge transfer interaction between 
the aryl groups of the analgesic molecules and their receptors with the 
aryl groups acting as charge donors. 

Keyphrases 0 Prodine analogs-synthesis, testing for analgesic activity, 
correlation between activity and energy level of highest occupied mo- 
lecular orbital of aryl moiety 0 Analgesic activity-prodine analogs, 
correlation between potency and energy level of highest occupied mo- 
lecular orbital of aryl moiety a Charge transfer interactions-prodine 
analogs, correlation between analgesic activity and energy level of highest 
occupied molecular orbital of aryl moiety, complex formation between 
aryl moiety and receptor 

The synthesis of l-methyl-4-(3-thienyl)-4-propionox- 
ypiperidine (I) and its 2-pyridyl analog (11) was reported 
previously (1). A similar type of replacement of the ben- 
zene ring by heterocyclic rings, such as pyridine, also was 
reported for propoxyphene, tetralins, and chromanes (2). 
Compounds I and I1 were designed to study the receptor 
binding of the analgesic aryl moiety. The ED50 data ob- 
tained for I and I1 at  3.9 and 16.0 mgkg, respectively, using 
the mouse-hot plate method and subcutaneous adminis- 
tration pointed to the possible interaction of the aryl group 
by forces (1) other than van der Waals forces (3,4) or hy- 
drophobic bonding (5). No further attempt was made to 
identify these possible forces. 

BACKGROUND 

Organic compounds containing aromatic rings form charge transfer 
complexes with other compounds, and they may act as donors or accep- 
tors of the charge (6). Some biochemicals were found to interact in the 
biological system through the formation of charge transfer complexes 
(7). Their role as charge donors or acceptors depends on their respective 
highest occupied molecular orbital or lowest empty molecular orbital 
energy levels. Correlations between electron densities and the energy 
levels of the highest occupied molecular orbital or lowest empty molecular 
orbital and biological activity were described for cholinesterase inhibitors 
(8, 9), several antimalarials ( lo),  hallucinogens (ll), benzothiadiazine 
antihypertensives (12), and other compounds (13). 

Charge transfer complex formation between the aryl moiety of the 
analgesic molecules and the analgesic receptor is one possibility for ex- 

plaining variations in analgesic potency. This possibility can be studied 
by the synthesis of analogs of I and I1 with aryl groups having different 
energy levels for their highest occupied molecular orbital or lowest empty 
molecular orbital. Study of the analgesic activity of these analogs, ex- 
pressed as their EDSO values, together with that of I and I1 may give more 
understanding as to how these groups interact with the receptors. 

This paper describes the synthesis and analgesic activity of some 
prodine analogs and correlates the activity with the energy state of the 
highest occupied molecular orbital or lowest empty molecular orbital of 
the aryl groups in these analogs. 

EXPERIMENTAL' 

Formation of Aryl Lithium-The aryl halide (0.1 mole) was dissolved 
in 100 ml of dry ether, placed in a three-necked 500-ml flask, and cooled 
with a dry ice-acetone bath. An equivalent amount of n-butyl lithium2 
(2 moles in 100 ml of hexane) was added dropwise, with stirring, to the 
aryl halide solution under nitrogen. 

Formation of l-Methyl-4-arylpiperidine-4-ols (IV-VII1)-To the 
prepared aryl lithium salts was added, with stirring and cooling at the 
temperature of a dry ice-acetone bath, a solution of 1-methyl-4-piperi- 
done2 (0.1 mole, 11.3 g) in 100 ml of dry ether over 20 min. The temper- 
ature of the reaction mixture then was allowed to rise to 0' and was 
maintained for 45 min. The reaction mixture then was poured over 100 
g of ice-hydrochloric acid (1:l). 

The ether layer was separated and washed twice (-50 ml) with dilute 
hydrochloric acid, and the washings were added to the aqueous acid layer. 
The mixture was made basic with 10% NaOH and extracted three times 
(-100 ml) with ether and once with 100 ml of chloroform. The organic 
washings were mixed and dried over anhydrous sodium sulfate. Removal 
of the organic solvents under vacuum gave the required alcohols. 

Microanalyses were performed on the pure products after recrystal- 
lization from the appropriate solvent or on the quaternary salts. The 
quaternary salts were prepared by treatment of the alcoholic product with 
methyl iodide or benzyl bromide in methanol and recrystallization from 
an alcohol-ether mixture. 

The IR spectra (chloroform solution) of IV-VIII showed absorption 
bands in the region of the alcoholic hydroxyl group at 3400-3150 cm-' 
and at 3100-3000 and 1600-1500 cm-' due to the aryl rings introduced 
in the piperidine ring. 

Esterification of IV-VIII-A solution of IV-VIII (0.02 mole) in 50 

1 All melting pointa were recorded in an oil bath and are uncorrected. IR spectra 
were recorded on a Perkin-Elmer model 257 spectrophotometer. All products had 
IR s ectra in agreement with the assigned structures. The aryl halides (Fluka, AG, 
Bucfs, Switzerland) and toluene were distilled before use. Ether was dried over 
anhydrous sodium sulfate. Microanalyses were performed at Midwest Microlab, 
Indianapolis, Ind., or by the Department of Medicinal Chemistry, University of 
Kansas, Lawrence, Kans. 

Fluka, AG, Bucks, Switzerland. 
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diazomethane is eliminated. The precision of the macromethod is better 
than that reported for the GLC assay ( 2 ) ,  while that of the micromethod 
is equal to that of the GLC method. The micromethod permits monitoring 
of drug concentrations in small volumes of plasma, making pharmaco- 
kinetic studies in rats and children feasible. 

As reported for the GLC method ( 2 ) ,  this procedure can be ussd to 
determine oxaprozin concentrations in urine by extracting the free drug 
at  pH 7 rather than at pH 2. This modification is necessary in both urine 
and rat plasma" to avoid the partial extraction of oxaprozin glucuronide. 

11 F. W. Janssen and S. K. Kirkman, unpublished data. 

Due to the chromatographic separation of oxaprozin from its major me- 
tabolites, no other modification in the extraction procedure is neces- 
sary. 
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The synthesis of l-methyl-4-(3-thienyl)-4-propionox- 
ypiperidine (I) and its 2-pyridyl analog (11) was reported 
previously (1). A similar type of replacement of the ben- 
zene ring by heterocyclic rings, such as pyridine, also was 
reported for propoxyphene, tetralins, and chromanes (2). 
Compounds I and I1 were designed to study the receptor 
binding of the analgesic aryl moiety. The ED50 data ob- 
tained for I and I1 at  3.9 and 16.0 mgkg, respectively, using 
the mouse-hot plate method and subcutaneous adminis- 
tration pointed to the possible interaction of the aryl group 
by forces (1) other than van der Waals forces (3,4) or hy- 
drophobic bonding (5). No further attempt was made to 
identify these possible forces. 

BACKGROUND 

Organic compounds containing aromatic rings form charge transfer 
complexes with other compounds, and they may act as donors or accep- 
tors of the charge (6). Some biochemicals were found to interact in the 
biological system through the formation of charge transfer complexes 
(7). Their role as charge donors or acceptors depends on their respective 
highest occupied molecular orbital or lowest empty molecular orbital 
energy levels. Correlations between electron densities and the energy 
levels of the highest occupied molecular orbital or lowest empty molecular 
orbital and biological activity were described for cholinesterase inhibitors 
(8, 9), several antimalarials ( lo),  hallucinogens (ll), benzothiadiazine 
antihypertensives (12), and other compounds (13). 

Charge transfer complex formation between the aryl moiety of the 
analgesic molecules and the analgesic receptor is one possibility for ex- 

plaining variations in analgesic potency. This possibility can be studied 
by the synthesis of analogs of I and I1 with aryl groups having different 
energy levels for their highest occupied molecular orbital or lowest empty 
molecular orbital. Study of the analgesic activity of these analogs, ex- 
pressed as their EDSO values, together with that of I and I1 may give more 
understanding as to how these groups interact with the receptors. 

This paper describes the synthesis and analgesic activity of some 
prodine analogs and correlates the activity with the energy state of the 
highest occupied molecular orbital or lowest empty molecular orbital of 
the aryl groups in these analogs. 

EXPERIMENTAL' 

Formation of Aryl Lithium-The aryl halide (0.1 mole) was dissolved 
in 100 ml of dry ether, placed in a three-necked 500-ml flask, and cooled 
with a dry ice-acetone bath. An equivalent amount of n-butyl lithium2 
(2 moles in 100 ml of hexane) was added dropwise, with stirring, to the 
aryl halide solution under nitrogen. 

Formation of l-Methyl-4-arylpiperidine-4-ols (IV-VII1)-To the 
prepared aryl lithium salts was added, with stirring and cooling at the 
temperature of a dry ice-acetone bath, a solution of 1-methyl-4-piperi- 
done2 (0.1 mole, 11.3 g) in 100 ml of dry ether over 20 min. The temper- 
ature of the reaction mixture then was allowed to rise to 0' and was 
maintained for 45 min. The reaction mixture then was poured over 100 
g of ice-hydrochloric acid (1:l). 

The ether layer was separated and washed twice (-50 ml) with dilute 
hydrochloric acid, and the washings were added to the aqueous acid layer. 
The mixture was made basic with 10% NaOH and extracted three times 
(-100 ml) with ether and once with 100 ml of chloroform. The organic 
washings were mixed and dried over anhydrous sodium sulfate. Removal 
of the organic solvents under vacuum gave the required alcohols. 

Microanalyses were performed on the pure products after recrystal- 
lization from the appropriate solvent or on the quaternary salts. The 
quaternary salts were prepared by treatment of the alcoholic product with 
methyl iodide or benzyl bromide in methanol and recrystallization from 
an alcohol-ether mixture. 

The IR spectra (chloroform solution) of IV-VIII showed absorption 
bands in the region of the alcoholic hydroxyl group at 3400-3150 cm-' 
and at 3100-3000 and 1600-1500 cm-' due to the aryl rings introduced 
in the piperidine ring. 

Esterification of IV-VIII-A solution of IV-VIII (0.02 mole) in 50 

1 All melting pointa were recorded in an oil bath and are uncorrected. IR spectra 
were recorded on a Perkin-Elmer model 257 spectrophotometer. All products had 
IR s ectra in agreement with the assigned structures. The aryl halides (Fluka, AG, 
Bucfs, Switzerland) and toluene were distilled before use. Ether was dried over 
anhydrous sodium sulfate. Microanalyses were performed at Midwest Microlab, 
Indianapolis, Ind., or by the Department of Medicinal Chemistry, University of 
Kansas, Lawrence, Kans. 
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Table I-Data of IV-XI11 

Recrystallization Analysis, % 
Compound Salt Formula Melting Point Solvent Yield, % Calc. Found 

C12HigN20"/2H20 245-247' Methanol-ether 86 C 41.98 42.01 
H 5.83 5.62 
N 8.16 8.05 

185-187' n-Hexane" 74 C 79.66 79.48 
H 7.88 7.94 

IV Methyl iodide 

V - Ci6HigNO 

VI Benzyl bromide C23H26BrNO 

VII - Ci5HisNzO 

N 11.57 11.33 
VIII - CioHi5NOz 138-139" n-Hexane" 90 C 66.29 66.53 

8.38 H 8.28 
N 7.73 7.79 

IX Benzyl bromide C17H20BrNO 205-206" Chloroform-ether 71 C 61.07 61.01 
6.15 H 5.98 

N 4.19 3.92 
X Benzyl bromide C21H27BrN20yH20 175-176' Methanol-ether 88 C 57.66 58.02 

H 6.63 6.50 
XI Benzyl bromide C ~ ~ H ~ O B ~ N O Z J / Z H ~ O  161-162" Methanol-ether 77 C 65.40 65.01 

H 6.49 6.59 
N 2.93 3.19 

XI1 Benzyl bromide C26H30BrN0~-~/&0 164-166" Methanol-ether 82 C 66.03 66.08 
H 6.45 6.42 

3.13 
C N 61.60 2.98 61.56 
H 6.36 6.35 
N 5.74 5.66 

XIII Benzyl bromide C25HmBrN~OyH20 190-19lD Methanol-ether 72 

0 Skellysolve B. 

ml of dry toluene was added dropwise, with stirring at  room temperature, 
to a solution of propionyl chloride (0.06 mole, 5.5 g) in 20 ml of dry toluene 
over 20 min. The reaction mixture then was refluxed for 4 hr and allowed 
to stand overnight a t  room temperature. Removal of the solvent under 
vacuum gave a white solid, which was treated with 5% sodium bicarbonate 
solution and extracted three times (-50 ml) with ether and once with 50 
ml of chloroform. 

The combined extracts were dried over anhydrous sodium sulfate. The 
organic solvents were removed under vacuum, and the residue was treated 
with excess methyl iodide or benzyl bromide in methanol. The quaternary 
salts were recrystallized from methanol-ether or chloroform-ether 
mixtures. The physical constants and microanalyses are shown in Table 
I. 

The IR spectrum of IX (chloroform solutknlshowed absorption bands 
at 3020,2900-2800,1620, and 1600 cm-'. No absorption band was ob- 
served in the carbonyl region. The IR spectra of X-XI11 (chloroform 
solutions) all showed strong absorption bands at  1740-1725 cm-', indi- 
cating an ester carbonyl group. 

Biological Testing of X-XIII-Compounds X-XI11 were tested for 
analgesic activity using the mouse-hot plate method and subcutaneous 
administration. The ED50 data are shown in Table 11. 

RESULTS AND DISCUSSION 

Chemistry-Analogs of the prodine analgesics were synthesized ac- 
cording to Scheme 1. 

The lithium salta of the aromatic or heteroaromatic rings were prepared 
(14) by treatment of the corresponding bromo derivatives with an 
equivalent amount of n-butyl lithium. Addition of these lithium salts to 

0 

_.t 

I I I 
dH3 dH3 6H3 

IV: R = 3-pyridyl 
V: R = 1-naphthyl 

VI: R = 2-naphthyl 
VII: R = 3-qulnolyl 

X: R = 3-pyridyl 
XI: R = 1-napkthyl 

XII: R = 2-naphthyl 
XIII: R = 3-quinolyl 

VIII: R = 2 - f u v l  
Scheme I 

0 r t ig +o . 1 

- c  N' 

I 
CHI 
XN 

Scheme II 

c 

M 

1-methyl-4-piperidone afforded the corresponding alcohols (IV-VIII) 
in high yields. Treatment of IV-VII with 3 equivalents of propionyl 
chloride afforded X-XIII. Similar treatment of VIII did not yield the 
expected ester; instead, olefin IX was the only product obtained from the 
reaction. 

Evidence for the formation of IX was obtained from i ts  IR spectrum, 
which did not show any absorption band in the carbonyl region and from 
microanalysis. Furthermore, treatment of l-methyl-4-(2-tbienyl)pi- 
peridino-4-01 with propionyl chloride under the same conditions afforded 
the same type of olefin (15), which was identified by IR and NMR spec- 
troscopy and microanalysis. Changes in the reaction conditions (&., ratio 
of VIII to propionyl chloride, temperature and time of the reaction, and 
workup of the crude product and solvent) did not change the situation. 
These results indicate that the heteroatom of the furan ring participates 
in the elimination of the propionate group after its formation. 

If the mechanism of formation of IX was the facile trans-diaxial 
elimination of water from the alcohol during esterification, the same type 
of olefin would have been produced in all cases reported in this paper. 
However, the expected esters were obtained in high yields as the only 
products from the esterification of IV-VII as well as I and I1 (1). Since 
the olefin formation was limited to esterification of VIII and its 2-thienyl 
analog (15), a different mechanism may be involved in this type of 
elimination. The suggested mechanism involves the electron pair on the 
oxygen atom of the furan ring assisting in the elimination of the ester 
group after its formation to give XIV as an intermediate. Loss of a proton 
from the piperidine ring followed by a shift of the double bonds would 
produce IX (Scheme 11). 

Correlation of Pharmacological Data-Compounds IX-XI1 were 
tested for analgesic activity using the mouse-hot plate method and 
subcutaneous administration. The EDw data are summarized in Table 
I1 together with those of I and 11. The molecular orbital calculations (16) 
for the highest occupied molecular orbital and lowest empty molecular 
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Figure 1-Plot of log ED50 versus highest occupied molecular orbital 
energy. 

orbital energy levels of aromatic groups present in these molecules also 
are listed in Table 11. 

The choice of the aryl groups used in these derivatives was based on 
the energy level differences of the highest occupied molecular orbital and 
lowest empty molecular orbital and on the capability of these aryl groups 
to form charge transfer complexes in uitro (17) and in uiuo (10). The 
molecular orbital treatment of these molecules was confined to the aro- 
matic planar part, containing the *-electrons. These a-electrons are of 
primary concern in charge transfer complex formation (18). Other por- 
tions of the molecules that are not planar and are not conjugated with 
the major a-electron system were not included. 

The electronic structure indexes considered here are the energy levels 
in units of the resonance integral (8) of the highest occupied molecular 
orbital and lowest empty molecular orbital. The energy of the highest 
occupied molecular orbital is a measure of electron donor ability, and that 
of the lowest empty molecular orbital is a measure of electron acceptor 
ability (7). These two energy levels are of primary importance in effecting 
charge transfer complex formation (7). They also are important in ef- 
fecting charge transfer complex formation in the biological system (19). 
The smaller the energy level of the highest occupied molecular orbital, 
the lower is the energy required to remove a *-electron from the molecule 
and, thus, the greater are the electron donor properties (19-21). The closer 
to zero the energy level of the lowest empty molecular orbital, the greater 
is the electron affinity and, therefore, the greater are the electron acceptor 
properties (21, 22). 

Compound I, the most active in the series, had an ED50 of 3.9 mg/kg. 
The energy levels of the highest occupied molecular orbital and lowest 
empty molecular orbital of the thienyl group were 0.2928932 and -1.00, 
respectively (16). These values indicate that the thiophene ring is most 

Table II-ED50 Values and Highest Occupied Molecular Orbital 
and Lowest Empty Molecular Orbital Energy Data of I, 11, and 
x-XI11 

Energy (a) 
Com- EDSO, Highest Occupied Lowest Empty 
pound mg/kg sc Molecular Orbital Molecular Orbital 

I 3.90 0.2928932 -1.00 
I1 16.00 0.5602315 -0.5602315 
X 16.60 0.560231 5 -0.5602315 

XI 22.00 0.6180340 -0.6180340 
XI1 22.50 0.6 180340 -0.6180340 

XI11 20.00 0.7032833 -0.5270970 

likely to form a charge transfer complex in the biological system and acts 
as a *-electron donor. However, it is the least likely *-electron acceptor 
because of the high energy level of the lowest empty molecular orbital 
relative to the other compounds. 

Compounds I1 and X contain a pyridine moiety at  position 4 of the 
piperidine ring. The energy level of the highest occupied molecular orbital 
of pyridine is 0.5602315 (16). which is lower than that of thiophene. A 
charge transfer complex of I1 or X is expected to occur in the biological 
system in which the pyridine ring acts as a donor but requires a higher 
energy to transfer the a-electron than that required for the thiophene 
ring. Thus, a less firm charge transfer complex is expected in this case, 
which may have been reflected in the ED50 values of I1 and X at  16.0 and 
16.6 mgkg, respectively. The argument presented in comparing the bi- 
ological activity of I with that of I1 and X also may hold for naphthalene- 
and quinoline-containing compounds. The energy levels of the highest 
occupied molecular orbital of XI-XI11 were lower than those for I, 11, and 
X. If a charge transfer complex is expected to occur between the biological 
system and XI-XIII, they would be weaker than those formed between 
the thiophene- and pyridine-containing compounds and the biological 
system. Also, they would require a higher energy for their formation. This 
difference in the energy requirement may have been the cause of the lower 
activity of XI-XI11 as shown by their higher EDSO values. 

To test the possibility of a charge transfer complex between the aryl 
groups of the analgesics and their receptors, the logarithm of the ED60 
values given in Table I1 was plotted against the energy values of the 
corresponding highest occupied molecular orbital. Figure 1 shows a linear 
relationship between log ED60 and the energy of the highest occupied 
molecular orbital of these compounds. The line is the least-squares line 
(23) whose equation is y = 2 . 2 ~  - 0.04. This linear relationship may in- 
dicate (13) the possibility of a charge transfer complex interaction be- 
tween these compounds and their receptors, with the aryl groups acting 
as the charge donors. There was no simple linear relationship when the 
log ED50 values were plotted against the energy values of the lowest empty 
molecular orbital of these compounds. This finding may exclude the 
possibility that the aryl groups of these compounds function as electron 
acceptors. 
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Abstract  A new method of equilibrium dialysis was used to measure 
the binding of analogs of clorobiocin (18631 R.P.) to human serum al- 
bumin. Binding constants and numbers of binding sites on human serum 
albumin were calculated from the binding data and were used to calculate 
the percentage of compounds free in equilibrium with 4% albumin. 
Partition coefficients between n-octanol and phosphate buffer (0.05 M ,  
pH 7.4) also were measured. A positive linear correlation ( r  = 0.918, s = 
0.240, and n = 10) was obtained between log (bound/free compound) and 
log partition coefficient. 

Keyphrases Hydrophobicity-clorobiocin analogs, correlation with 
protein binding Protein binding--clorobiocin analogs, correlation with 
hydrophobicity Clorobiocin analogs-correlation of hydrophobicity 
with protein binding 

Clorobiocin (18631 R.P.) (1, 2) has been shown to be 
tightly bound to human serum albumin (3). In an effort to 
reduce this binding, various semisynthetic derivatives of 
the antibiotic were prepared, and the effect of these 
changes on the binding was monitored. 

BACKGROUND 

Binding of clorobiocin to human serum albumin was so high (99.97% 
with 10-5 M drug and 4% albumin) that the free drug concentration was 
in the range of 10-s-lO-g M. To measure this drug level accurately by 
physicochemical means, radiolabeling of the drug would have been re- 
quired. As an alternative, a method was developed whereby low con- 
centrations of albumin were used so that the free drug concentration was 
sufficiently high for detection by UV spectrophotometry. From a plot 
of bound uersus free drug, an iterative computer program gave binding 
constant values and the numbers of primary and secondary binding sites. 
These plots were used in a program that calculates the percentage of free 
drug in equilibrium with whole plasma. 

The 4-hydroxycoumarin moiety probably contributes to the binding, 
since this group played a major part in the binding of the warfarin group 
of anticoagulants to human serum albumin (4). Various reports, listed 
by Jusko and Gretch (5), indicated that the hydrophobic nature was 
important for albumin binding. Accordingly, the partition coefficients 
of several clorobiocin derivatives were measured, and it was found that 
their hydrophobicity did play a major role in their binding to albumin. 

EXPERIMENTAL 

Equilibrium Dialysis-The technique was described initially by 
Coombs and Coulson (6). Two perspex blocks were screwed tightly to- 
gether with a cellulose membrane’ in between to form a complete unit 

Spectropor 2, M.S.E./Fisons, Crawley, Sussex, England. 

with six compartments. Five units were used to hold 14 concentrations 
of compounds and two blanks (to allow for nonspecific UV absorb- 
ance). 

For binding measurements, 2 ml of albumin2 solution (0.25-2 mg/ml) 
was placed on one side of the membrane. The concentration of albumin 
appropriate for each compound was selected on the basis of the estimated 
partition using the Hansch aromatic substituent constants (7). The 
compounds3 were dissolved in methanol at a concentration of 10 mM and 
diluted 1 in 50 in phosphate buffer (0.05 M, pH 7.4) to give the maximum 
concentration used. Further dilutions were made in the phosphate buffer. 
On the other side of the membrane was placed 2 ml of the compound 
solution (15-200 pM). 

A plastic cap was fitted on each compartment to prevent evaporation. 
The units were shaken in a water bath for 8 hr a t  37”, followed by 8 hr 
without shaking a t  room temperature. Aliquots from each side of the 
membrane were taken for the measurement of concentration by UV ab- 
sorbance a t  a wavelength where there was no net change in absorbance 
on binding. 

To examine the effect of methanol on the binding, methanolic and 
aqueous solutions of the sodium salts of clorobiocin and novobiocin were 
diluted in the buffer and tested; there was no significant difference in 
binding. The remaining compounds were dissolved initially in methanol 
since they were insoluble in water a t  higher concentrations. 

Difference Spectra-The binding of each compound to human serum 
albumin was followed by UV spectroscopy as described previously (3) 
to find the wavelength for the measurement of the concentration of each 
compound, ie., to find the wavelength a t  which there was no net change 
in absorbance. Different albumin samples gave different results when 
binding clorobiocin derivatives according to the amount of dimer present. 
Therefore, albumin monomer was prepared using Sephadex (2-100 as 
described previously (3). 

Calculations-Binding constants and the number of binding sites 
were obtained from the binding data with an iterative computer program 
devised in these laboratories. The raw data were fitted to: 

(Eq. 1) 

where y is the bound drug; T is the free drug; n l  and n2 are the numbers 
of primary and secondary binding sites, respectively; and k l  and k z  are 
the respective binding constants. The inclusion of a third set of binding 
sites did not improve the fit. 

Arbitrary values for nl ,  n2, kl, and k2 were entered, and a standard 
deviation of the curve from the points was calculated. The value of nl is 
increased by 5%, kl  and k2 are kept constant, and the best value for n2 
is selected on the basis of a minimal standard deviation. If this standard 
deviation is lower than the previous one, then n1 is increased further by 
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Baker Ltcf chemical research laboratories. 
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Clorobiocin (18631 R.P.) (1, 2) has been shown to be 
tightly bound to human serum albumin (3). In an effort to 
reduce this binding, various semisynthetic derivatives of 
the antibiotic were prepared, and the effect of these 
changes on the binding was monitored. 

BACKGROUND 

Binding of clorobiocin to human serum albumin was so high (99.97% 
with 10-5 M drug and 4% albumin) that the free drug concentration was 
in the range of 10-s-lO-g M. To measure this drug level accurately by 
physicochemical means, radiolabeling of the drug would have been re- 
quired. As an alternative, a method was developed whereby low con- 
centrations of albumin were used so that the free drug concentration was 
sufficiently high for detection by UV spectrophotometry. From a plot 
of bound uersus free drug, an iterative computer program gave binding 
constant values and the numbers of primary and secondary binding sites. 
These plots were used in a program that calculates the percentage of free 
drug in equilibrium with whole plasma. 

The 4-hydroxycoumarin moiety probably contributes to the binding, 
since this group played a major part in the binding of the warfarin group 
of anticoagulants to human serum albumin (4). Various reports, listed 
by Jusko and Gretch (5), indicated that the hydrophobic nature was 
important for albumin binding. Accordingly, the partition coefficients 
of several clorobiocin derivatives were measured, and it was found that 
their hydrophobicity did play a major role in their binding to albumin. 
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Equilibrium Dialysis-The technique was described initially by 
Coombs and Coulson (6). Two perspex blocks were screwed tightly to- 
gether with a cellulose membrane’ in between to form a complete unit 
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with six compartments. Five units were used to hold 14 concentrations 
of compounds and two blanks (to allow for nonspecific UV absorb- 
ance). 

For binding measurements, 2 ml of albumin2 solution (0.25-2 mg/ml) 
was placed on one side of the membrane. The concentration of albumin 
appropriate for each compound was selected on the basis of the estimated 
partition using the Hansch aromatic substituent constants (7). The 
compounds3 were dissolved in methanol at a concentration of 10 mM and 
diluted 1 in 50 in phosphate buffer (0.05 M, pH 7.4) to give the maximum 
concentration used. Further dilutions were made in the phosphate buffer. 
On the other side of the membrane was placed 2 ml of the compound 
solution (15-200 pM). 

A plastic cap was fitted on each compartment to prevent evaporation. 
The units were shaken in a water bath for 8 hr a t  37”, followed by 8 hr 
without shaking a t  room temperature. Aliquots from each side of the 
membrane were taken for the measurement of concentration by UV ab- 
sorbance a t  a wavelength where there was no net change in absorbance 
on binding. 

To examine the effect of methanol on the binding, methanolic and 
aqueous solutions of the sodium salts of clorobiocin and novobiocin were 
diluted in the buffer and tested; there was no significant difference in 
binding. The remaining compounds were dissolved initially in methanol 
since they were insoluble in water a t  higher concentrations. 

Difference Spectra-The binding of each compound to human serum 
albumin was followed by UV spectroscopy as described previously (3) 
to find the wavelength for the measurement of the concentration of each 
compound, ie., to find the wavelength a t  which there was no net change 
in absorbance. Different albumin samples gave different results when 
binding clorobiocin derivatives according to the amount of dimer present. 
Therefore, albumin monomer was prepared using Sephadex (2-100 as 
described previously (3). 

Calculations-Binding constants and the number of binding sites 
were obtained from the binding data with an iterative computer program 
devised in these laboratories. The raw data were fitted to: 
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Table I-Binding and  Parti t ion Data f o r  Clorobiocin Analogs and  Human  Se rum Albumin OH 

Average 
Minimal 

Number Standard Percent of 
of Deter- Deviation Free" Partition 

Compound RI R4 minations of Iterations Compound Bound/Free Coefficient 

I 

Clorobiocin 

Clorobiocin 
sodium 

I11 

IV 

V 

VI 

VII 
Novobiocin 

CHzC H=C (C H3) 2 

3 

4 

4 

4 

2 

3 

2 

5 

2 
2 

1.21 

2.25 

1.33 

1.90 

0.99 

2.09 

1.49 

1.45 

0.99 
1.74 

0.01872 

0.03076 

0.02783 

0.0568 

0.0841 

0.1079 

0.216 

0.35 

0.64 
0.702 

5340 

3250 

3592 

1758 

1188 

926 

462 

285 

155 
141.5 

776 

617 

162 

60.3 

115.0 

229 

7.24 

14.4 

6.03 
5.25 

a Percent of free compound calculated at 40 mg/ml of human serum albumin and M compound. 

570, and the best value for nz is obtained. If the second standard deviation 
is higher, then a 5% reduction in nl is made, and the calculation is carried 
out as before. 

The values selected for nl continue to fall by 5% until the standard 
deviation starts to rise, at  which point 1% increments are made to n1 until 
the lowest standard deviation and corresponding n2 value are obtained. 
This value for n1 is retained while first k l  and then k:! are treated in the 
same way to achieve one complete iteration. Then the process is repeated. 
At the next stage, n2 takes the place of n l ,  and the process is repeated. 
A second iteration follows. The process is considered complete when an 
entire cycle of four iterations (two on nl and two on n2) does not improve 
the standard deviation by more than 0.1%. 

The minimum standard deviation obtained is reported in Table I as 
the average of two or more runs on each compound. The percentage of 
free compound a t  10 pg/ml in equilibrium with 4% albumin then was 
calculated (8). This value indicated how much free compound would be 
present in plasma. The log of hound to free compound was plotted against 
the log partition coefficient by least-squares regression analysis. All 
programs were computed on a minicomputer4. 

Parti t ion Coefficients-Partition coefficients between n-octanol 
and phosphate buffer (0.05 M ,  pH 7.4) were measured at five concen- 
trations of the compound between 0.1 and 2.0 mM. The UV spectrum 
of the compound indicated the concentration in both octanol and the 
buffer. A standard curve was performed in both solvents. This procedure 
was adopted to detect any glass binding of the compounds, but none was 
found. The results were averaged (Table I). 

Materials-The n-octanol was obtained commerciaEly5, and its ab- 
sorbance was checked before use to show that it was less than one-tenth 
of a unit in the range of 270-315 nm6. Cellulose membranes were used 
in the equilibrium dialysis units7 (Fig. 1). 

RESULTS AND DISCUSSION 

The partition data and the percentage of free compound in equilibrium 
with 4% albumin are listed in Table I. The partitions ranged from 1 to 

4 Wang system 2200 B. 
Specially pure grade, British Drug Houses. 
Spectrophotometric measurements were done on a Pye Unicam SP 800. 
Universal Scientific, London. England. 

776, and the percentage of free compound ranged from 0.02 to 0.71. 
Although a t  neutral pH the clorobiocin series carried one negative 

charge due to the 4-hydroxycoumarin residue, the partition coefficients 
still were noticeably hydrophobic. This result may partially explain the 
tight binding of the series since, in general, albumin binding is related 
to hydrophobicity in a positive linear fashion as was shown for numerous 
series that  bind to bovine and human serum albumin (5). These data are 
in agreement with those of O'Reilly (9), who found that the decrease in 
lipophilicity produced by the insertion of a hydroxy group into the 6,7, 
or 8 position of the 4-hydroxycoumarin nucleus in warfarin reduced 
binding to human serum albumin of an order of magnitude (albeit a t  pH 
10) when compared with warfarin. Clorobiocin and warfarin probably 
bind at the same site. In addition, human serum albumin is adapted to 
carrying anions of fatty acids and tryptophan among others. The meth- 
ylpyrrole residue present in some derivatives clearly plays a major part 
in the binding, as is expected from such a hydrophobic structure. 

The correlation coefficient for the graph of log bound to free compound 
against log partition coefficient is 0.918 (s = 0.240, n = 10, F = 43.0, and 
p = 0.0002), and the relationship is described by log (bound/free com- 
pound) = 0.633 log P + 1.839. 

Bird and Marshall (10) used the ratio of bound to free compound in 
analyzing the binding data for 79 penicillin derivatives and human serum 
on the basis that the ratio was more meaningful and formally analogous 
to a partition coefficient. In addition, this ratio gave a more complete 
estimate of the binding, since calculation based on either the binding 
constant or the number of binding sites failed to indicate the extent of 
binding. Both parameters were required along with the data from sec- 
ondary binding sites. The latter contribution was considerable in some 
cases. Dividing a small figure into a large one clearly will increase the small 
error in the percentage of free compound. T o  offset this error, a large 
number of points was taken to increase the accuracy of each determina- 
tion. 

The binding specificity is supported further by the positive intercept 
obtained. When the compound is distributed evenly between octanol and 
buffer (log P = O), then more compound is bound to the albumin than 
to the buffer phase. This result implies either that  albumin binding is 
much more hydrophobic than octanol or that  some specific binding of 
these compounds is taking place (the partition then may be seen as an 
additional factor that modulates this binding). Support for the latter view 
may be taken from the intercepts obtained by Bird and Marshall (lo), 
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Figure I-Equilibrium dialysis units. (Reprinted ulith permission of 
the editors of Biochemical Society Transactions). 

Krieglstein et al. ( l l ) ,  who investigated the binding of 10 phenothiazines 
to bovine serum albumin, and Deutsch and Hansch (12), who studied 
barbiturate binding to the same protein. In each case, log (bound/free) 

' was plotted; negative intercepts of 0.628,0.578, and 1.22 were obtained, 
respectively. Penicillins, phenothiazines, and barbiturates apparently 
do not have as marked a binding site on albumin as do clorobiocins. 

The difference in log P of 1.06 between V1 and clorobiocin, which differ 
only by a chlorine atom, is only partially explained by the r value for 
aromatic chlorine of 0.71 (7), whereas the hydrophobic fragment constant 
of 0.92 (13) approaches it much more,closely. Nevertheless, it seemed 
important to develop a mathematical relationship based on experimental 
results rather than on theoretical data for those complex molecules having 
a great deal of conformational interaction. 

Salicylate binding to whole plasma gave a value of -1.32 for log P and 
94% drug bound at  a concentration of 13.8 pg/ml(6), a result that clearly 
does not fit the correlation obtained in this work. Other compounds with 
structures unrelated to either salicylate or clorobiocin also did not fit the 
correlation, which suggests that  they might be binding a t  a different 
protein site. Sudlow et al. (14) reported that more than one binding site 
exists on human serum albumin for foreign compounds. The correlation 
obtained in this study applies to the clorohiocin derivative series. I t  also 
may apply to any structure that binds at the same site. 

Use of the equilibrium dialysis units has facilitated accurate and re- 
producible work, which is difficult to carry out by dialysis in a large 
number of tubing hags. The alternative is to purchase an expensive in- 
strument. The units described here combine the accuracy of the instru- 
ment with little more than the cost of the dialysis tubing. llsed with the 
two computer programs, they estimate the binding to plasma albumin 
of drugs that are tightly hound and are not available in radioactive form. 
In addition, these units can be used to measure the binding of radioactive 
drug to whole plasma (6) and, potentially, the binding of any ligand to 
a macromolecule. 
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Abstract Butorphanol tartrate was administered intramuscularly and 
subcutaneously to adult male and female dogs a t  a dose of 0.25 mg/kg. 
No significant absorption lag time and no significant difference between 
peak intramuscular and subcutaneous serum concentrations were ob- 
served. The mean peak serum concentration was 29 ng/ml at  mean times 
of 28 min after subcutaneous administration and 40 min after intra- 
muscular administration. There were no significant differences in the 
pharmacokinetics of butorphanol in dogs with either route. The serum 
half-life was 1.62 hr, and the serum clearance was 3.45 liters/kg/hr. The 
apparent volume of distribution of butorphanol was 7.96 liters/kg. Al- 

though considerable inter- and intraanimal variation in C,,, and AUC 
was observed, there was no significant difference in the area under the 
serum concentration oersus time curves, and the two administration 
routes were considered bioequivalent. 
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Butorphanol tartrate [17-(cyclobutylmethyl)morphi- 
nan-3,14-diol tartrate], a new narcotic agonist-antagonist 
analgesic, is available' for use in humans and dogs (1). 

Previous studies indicated that loss processes account for 
a decrease in the extent of drug availability from extra- 
vascular parenteral injection sites (2). Deposition (3)'and 
degradation (4) of the drug at the injection site can de- 
crease both the rate and extent of absorption. The injection Stadol, Bristol Laboratories, Syracuse, N.Y. 
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Figure I-Equilibrium dialysis units. (Reprinted ulith permission of 
the editors of Biochemical Society Transactions). 

Krieglstein et al. ( l l ) ,  who investigated the binding of 10 phenothiazines 
to bovine serum albumin, and Deutsch and Hansch (12), who studied 
barbiturate binding to the same protein. In each case, log (bound/free) 

' was plotted; negative intercepts of 0.628,0.578, and 1.22 were obtained, 
respectively. Penicillins, phenothiazines, and barbiturates apparently 
do not have as marked a binding site on albumin as do clorobiocins. 

The difference in log P of 1.06 between V1 and clorobiocin, which differ 
only by a chlorine atom, is only partially explained by the r value for 
aromatic chlorine of 0.71 (7), whereas the hydrophobic fragment constant 
of 0.92 (13) approaches it much more,closely. Nevertheless, it seemed 
important to develop a mathematical relationship based on experimental 
results rather than on theoretical data for those complex molecules having 
a great deal of conformational interaction. 

Salicylate binding to whole plasma gave a value of -1.32 for log P and 
94% drug bound at  a concentration of 13.8 pg/ml(6), a result that clearly 
does not fit the correlation obtained in this work. Other compounds with 
structures unrelated to either salicylate or clorobiocin also did not fit the 
correlation, which suggests that  they might be binding a t  a different 
protein site. Sudlow et al. (14) reported that more than one binding site 
exists on human serum albumin for foreign compounds. The correlation 
obtained in this study applies to the clorohiocin derivative series. I t  also 
may apply to any structure that binds at the same site. 

Use of the equilibrium dialysis units has facilitated accurate and re- 
producible work, which is difficult to carry out by dialysis in a large 
number of tubing hags. The alternative is to purchase an expensive in- 
strument. The units described here combine the accuracy of the instru- 
ment with little more than the cost of the dialysis tubing. llsed with the 
two computer programs, they estimate the binding to plasma albumin 
of drugs that are tightly hound and are not available in radioactive form. 
In addition, these units can be used to measure the binding of radioactive 
drug to whole plasma (6) and, potentially, the binding of any ligand to 
a macromolecule. 
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No significant absorption lag time and no significant difference between 
peak intramuscular and subcutaneous serum concentrations were ob- 
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of 28 min after subcutaneous administration and 40 min after intra- 
muscular administration. There were no significant differences in the 
pharmacokinetics of butorphanol in dogs with either route. The serum 
half-life was 1.62 hr, and the serum clearance was 3.45 liters/kg/hr. The 
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site also was demonstrated to be a critical factor in ab- 
sorption rates due to differences in blood flow (5). 

The present study was undertaken to examine and 
compare the pharmacokinetics and disposition of paren- 
teral butorphanol following intramuscular and subcuta- 
neous administration to dogs and to determine whether 
any observable differences were attributable to differences 
in the administration route. 

EXPERIMENTAL 

Animals-Six healthy adult beagles [three males (10.3 f 1.8 kg) and 
three females (11.9 f 1.9 kg)] were selected. The study was a complete, 
two-way crossover comparison of intramuscular and subcutaneous bu- 
torphanol tartrate a t  a nominal dose of 0.25 mg/kg (as butorphanol free 
base equi alent). There was a 2-week recovery period between successive 
doses. 

Treatment-The intramuscular formulation was a solution of 5 mg 
of butorphanol base (7.29 mg of butorphanol tartrate)/ml of sterile water. 
The solutions were prepared immediately before administration. The 
dosing solution was administered into the caudal thigh muscle at a dose 
of 0.25 mg (0.05 ml)/kg. The subcutaneous formulation contained 1.38 
mg of butorphanol base (2.01 mg of butorphanol tartrate)/ml of vehicle. 
The vehicle formulation was 3.300 g of citric acid USP, 6.400 g of sodium 
citrate USP, 6.412 g of analytical reagent grade sodium chloride, and 
water for injection USP to bring the solution to 1 liter. Butorphanol 
tartrate was stable in this formulation for a minimum of 1 year. Subcu- 
taneous administration was made into the loose skin between the 
shoulder blades a t  a dose of 0.25 mg (0.18 ml)/kg. 

The dogs had access to food overnight. A lO-ml/kg oral waterload was 
administered just prior to dosing. A continuous infusion of sterile 0.9% 
saline solution (25 m l h r )  was maintained for the first 6 hr of the study. 
The purpose of this waterloading was to eliminate the degree of hydration 
of individual animals as a variable since the volumes of distribution of' 
solutes can vary with the degree of hydration (6). 

Blood samples were collected from a catheterized saphenous vein 
immediately before the dose (zero time) and a t  0.25,0.50,0.75, 1, 1.5,2, 
3.5, and 7 hr after injection. A t  least 4 ml of serum was prepared from 
each blood sample and frozen a t  -20" until it was assayed within 3 weeks 
of collection. Butorphanol was stable in frozen dog serum for a minimum 
of 5 weeks. 

Serum Butorphanol Assay-All reagents were USP, NF, or ACS 
grade or better and were used without further purification. 

Twenty-five microliters of a lO-ng/pl solution of codeine phosphate, 
the internal standard, in methanol was added to 3.0 ml of serum. The 
serum was alkalinized by the addition of 0.1 ml of 5.0 N NaOH and 
shaken2 for 15 rnin with 10 ml of chloroform. The mixture was centri- 
fuged3 for 10 min a t  3000 rpm to separate the aqueous and chloroform 
phases. The chloroform layer was transferred to a clean extraction tube, 
4 ml of 0.1 N H2S04 was added, and the mixture was shaken for 15 min. 
The phases then were separated by centrifugation a t  3000 rpm for 10 
min. 

The aqueous acid layer then was transferred to a clean extraction tube 
and made basic with 0.2 ml of 5 N NaOH. Five milliliters of chloroform 
was added, and the mixture was shaken for 15 min. The chloroform ex- 
tract was evaporated to dryness under a gentle stream of ai+, the dried 
residue was dissolved in 95 pl of acetonitrile, and 5 pl of heptafluoro- 
butyric anhydrides was added to the acetonitrile solution. After incu- 
bation for 10 rnin a t  room temperature, the solvent and reagent were 
evaporated under a gentle stream of air, and the dried residue was re- 
constituted with 40 pl of acetonitrile. 

A 1-p1 portion of the final acetonitrile solution was injected6 into a gas 
chromatograph7 equipped with a scandium tritide electron-capture de- 
tector operated a t  265" with a standing current of 3.2 X amp and 
a nitrogen flow rate of 30 ml/min. The chromatographic column was 3% 
SE-30 on 100-200-mesh Gas Chrom Q in a 30.5-cm X 4-mm i.d. glass U 
tube8. The retention times of butorphanol and codeine were 6.6 and 3.7 
min, respectively. 

Roto-Rack model 340, Fisher Scientific Co.. Pittsburgh, Pa. 
Model UV, International Equipment Co., Needham Heights, Mass. 
Evap-0-Rac, Cole Parmer Co., Chicago, Ill. 
ICN Pharmaceuticals, Plainview, N.Y. 
Microliter syringe. Hamilton, Reno, Nev. ' Model 2100, Varian Associates, Palo Alto, Calif. 
Applied Science Laboratories, State College, Pa. 

Table  I-Pharmacokinetic Parameters  for Intramuscular and  
Subcutaneous Butorphanol in Dogs 

Mean 
Parameter Intramuscularo Subcutaneous" Differenceb 

8.2 f 11.7 C m a n  n d m l  25.1 f 6.7 33.3 f 16.9 

AUC, (ng hr)/ml 67.7 f 16.2 81.7 f 34.3 14 f 27.4 
t max, hr 0.7 f 0.3 0.5 f 0.3 -0.2 f 0.2 

t 112, hr 1.53 f 0.24 1.71 f 0.40 0.18 f 0.50 
K,. hr-' 6.12 f 3.79 7.30 f 4.73 1.18 f 2.14 
Kil; hr-I 0.466 f 0.092 0.424 f 0.094 -.042 f 0.134 
CO, nglml 31.5 f 9.3 34.0 f 4.7 2.5 f 10.3 
to,  min 1.3 f 2.6 -3.8 f 9.1 5.1 f 5.4 
V, literslkg 7.51 f 2.42 8.42 f 3.08 0.91 f 1.71 
Cl,. litershr/ke 3.41 f 0.87 3.50 f 1.32 0.09 f 1.13 

~ ~~~~~ ~~~~ 

Mean f SD. Mean difference between subcutaneous and intramuscular routes 
f95% confidence limit. 

A standard curve was prepared by plotting the peak area ratio, the area 
under the butorphanol peak divided by the area under the codeine peak, 
versus the concentration of butorphanol (as free base equivalent) in 
spiked serum standards. 

Pharmacokinetic and Statistical Ana lys igThe  serum butorphanol 
uersus time data for the individual dogs conformed to the linear, open, 
one-compartment model with first-order drug absorption. The data are 
described by: 

C = [K,Co/(K. - K.l)][exp(-K,it') - exp(-K,t')] (Eq. 1) 

where C is the serum concentration; KO is the first-order absorption rate 
constant; K.1 is the first-order elimination rate constant; CO = DIV, in 
which D is the dose and V is the volume of distribution; and t' = t - to, 
in which t is the time after drug injection and t o  is the absorption lag 
time. 

The area under the serum concentration Versus time curve from t' = 
0 to  (AUC) was found by integrating Eq. 1 between these time limits 
and simplifying: 

AUC = Co/K,, (Eq. 2) 

The volume of distribution was V = DICO, and the serum clearance (Cl,) 
was C1, = VK,l= DIAUC. 

The serum half-life ( t 1 / 2 )  was t 1 / 2  = 0.693/&. The observed peak 
serum concentrations, C,, and the time from the dosage to the peak 
concentration, t,,, also were tabulated and analyzed. 

The individual serum concentration uersus time data were optimized 
and fitted to EQ. 1 by nonlinear regression analysis. The digital computer 
program AUTOAN, which incorporates Hartley's modification of the 
Gauss-Newton method, was employed (7,8). 

The values for C,, t,,, AUC, t1 /2 ,  K,, CO, Cl,, and t o  for the intra- 
muscular and subcutaneous dosing routes were statistically compared 
using an analysis of variance suitable for a complete, two-way crossover 
experimental design (9). The K,I value was not tested since t 1 / 2  was 
equivalent. The analysis of variance was used to determine whether there 
were significant differences, at the 5% level, between these parameters 
on the basis of study periods, interanimal variation, and differences in 
administration route. The 95% confidence limits for differences in ad- 
ministration routes were calculated using the error term from the analysis 
of variance and the standard formula (10). 

RESULTS 

Assay-The linear relationship between butorphanol concentrations 
and peak area ratios was highly significant (p < 0.01) by linear regression 
analysis. The lower limit of quantitative detectability was equivalent to 
a serum butorphanol concentration of 0.9 ng/ml. The linear range of the 
assay was 2-50 ng of butorphanol/ml of serum. The accuracy of the assay 
with serum standards a t  a concentration of 15 ng/ml was 97% there was 
no significant difference ( p  > 0.05) between the observed and actual 
concentrations of serum butorphanol as determined by an independent 
t test. 

The reproducibility of the assay was confirmed by replicate analyses 
of 15 serum samples in the range of 0-37 ng of butorphanol/ml. The mean 
absolute difference between replicates was 2 ng/ml with a standard de- 
viation of 1.7 ng/ml. There was no significant difference ( p  > 0.05) be- 
tween the replicate assays as determined by an independent t test. 

Se rum Butorphanol Concentration-The mean serum concentra- 
tions of butorphanol after intramuscular and subcutaneous adminis- 
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tween injection and the entrance of the drug into the circulation following 
extravascular parenteral administration. If drug partitioning from sub- 
cutaneous tissue and muscle to blood is similar, then the clearance of the 
drug from the injection site will depend primarily on blood flow. Since 
butorphanol is a basic (pKa 8.6), moderately lipophilic compound, dif- 
ferences in partitioning between the more lipophilic subcutaneous 
compartment and the intramuscular compartment could occur. The 
present studies indicated there were no significant differences in ab- 
sorption, disposition, or clearance of butorphanol from these extravas- 
cular injection sites. 

The absorption lag time for butorphanol tartrate in dogs on subcuta- 
neous and intramuscular administration was -1.2 f 6.9 min, indicating 
that absorption started immediately. The mean absorption half-times 
were 5.7 min for subcutaneous administration and 6.8 min for intra- 
muscular administration. There should be a rapid onset of the effect of 
butorphanol in dogs following parenteral extravascular administra- 
tion. 

The disposition of butorphanol in dogs proceeded independently of 
the administration route. Although significant inter- and intraanimal 
variability was observed, the lack of a statistical or biologically significant 
difference between the AUC values indicated that the two routes were 
bioequivalent. The overall mean serum half-life of butorphanol was 1.62 
hr, and the overall mean serum clearance was 3.45 literskghr. The mean 
volume of distribution of butorphanol was 7.96 literdkg. When the ap- 
parent volume of distribution exceeds the true body weight in this 
manner, it usually is interpreted as indicating that the drug is distributed 
extensively to tissues. 

1 2 3 4 5 6 i 
HOURS AFTER INJECTION 

Figure 1-Serum concentrations of butorphanol in dogs following in- 
tramuscular (0 )  and subcutaneous (0) administration. Mean values 
from six dogs with standard deviations (vertical bars) are given. 

tration are presented in Fig. 1. The mean pharmacokinetic parameters 
for intramuscular and subcutaneous administration for male and female 
dogs are listed in Table I. An analysis of variance indicated that there 
were no significant differences (p > 0.05) between the values of the 
pharmacokinetic parameters for different administration routes, dosing 
periods, and animals. There was significant interanimal variability (p 
< 0.05) in the absorption rate constant. 

However, inspection of the 95% confidence limits of the mean differ- 
ence between administration routes indicated considerable variability. 
This variability was due to both inter- and intraanimal variation. De- 
termination of the bioequivalence of the two routes of administration by 
comparison of C,, and AUC within the individual animal demonstrated 
85 and 97% relative bioavailability of the intramuscular dose as compared 
to the subcutaneous dose, respectively, with a coefficient of variation of 
35% in both parameters. Although large differences could go undetected 
in the analysis of variance, the observed differences in the administration 
route in this study have no clinical, pharmacological, or toxicologioal 
significance (1). 

DISCUSSION 

The extent and time course of drug action can be affected significantly 
by the route of drug administration (2). There will be an initial lag be- 
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Abstract 0 Drugs administered rectally generally are considered to enter 
the systemic circulation without passing first through the liver since the 
lower hemorrhoidal veins do not drain into the portal system. To test this 
hypothesis, the systemic availability of the high clearance drug lidocaine 
was investigated in rats following oral (20 mg) and rectal (20 mg) ad- 
ministration to six rats and intraarterial(5 mg) administration to another 
six rats. Whole blood concentrations of lidocaine were determined by 
capillary GLC with nitrogen detection. Systemic availability was evalu- 
ated by two methods. For the rectal route, the results were 105.6 f 43.3 
and 83.1 f 22.3% compared to those for intraarterial administration; for 
the oral route, these values were 7.7 f 2.3 and 7.1 f 2.3%. These results 
clearly indicate a significant bypass of the liver following rectal admin- 
istration of lidocaine. Mean elimination half-lives following oral (54 f 
9 min) and rectal (79 f 36 min) administration were not significantly 
different; however, rectal elimination half-lives sometimes were slightly 
prolonged. The mean peak concentration times of 11.5 f 7.5 (oral) and 
15.6 f 10.6 (rectal) min were not significantly different whereas the mean 
peak concentrations were significantly different ( p  < 0.01) [0.92 f 0.49 
(oral) and 8.71 f 3.30 (rectal) pg/ml]. The mean elimination half-life 
following intraarterial administration (33 f 3 min) was significantly 
shorter than both the mean oral and rectal half-lives, and the calculated 
total blood clearance of lidocaine had an average value of 36 f 9 ml/min. 
The results show that it is possible to bypass the liver, at least partially, 
when giving a high clearance drug rectally to rats. For lidocaine, this 
bypass is almost complete. 

Keyphrases 0 Lidocaine-pharmacokinetics following rectal, oral, and 
intraarterial administration, rats 0 Pharmacokinetics-lidocaine fol- 
lowing rectal, oral, and intraarterial administration, rats 0 First-pass 
effect-lidocaine following rectal and oral administration, rats Bio- 
availability-lidocaine following rectal, oral, and intraarterial adminis- 
tration, rats 

The drug administration route can affect bioavailability 
markedly. High clearance drugs in particular show sub- 
stantially decreased bioavailability following oral admin- 
istration, caused by liver and/or gut wall metabolism. This 
phenomenon is called the first-pass effect, and it has been 
demonstrated in several animal species and in humans. 
Such drugs include lidocaine (1-3), propranolol (4, 5), 
meperidine (6), salicylamide (7), and nitroglycerin (8, 
9). 

It has often been speculated that drugs given rectally to 
humans enter into the general circulation without passing 
first through the liver (lo), but sufficient data are lacking 
to support this hypothesis. However, the rectal bioavail- 
ability of lidocaine (aqueous solution) in humans recently 
was shown to be about twice as high as the oral bioavail- 
ability, indicating a difference in the first-pass effect be- 
tween the oral and rectal routes (11). 

To determine if a similar difference occurs in rats, the 
systemic availability of lidocaine was studied following 
oral, rectal, and intraarterial administration. Lidocaine was 
chosen as the model substrate because it undergoes a 
substantial first-pass effect on oral and portal adminis- 
tration in humans (1 ,2) ,  dogs (3), and monkeys (1) and in 
rat liver perfusions (12-14). 

EXPERIMENTAL 

Animals and Sampling Techniques-Male Wistar rats, 200-250 g, 
were used. Before each experiment, the animals were starved overnight 
with free access to water. During that period, the animals were kept in 
a metabolic cage to prevent them from eating their own feces or saw- 
dust. 

In the 7-day period between two experiments with one rat, the body 
weight of the animals generally increased 5-10%. 

A cannula' (polyvinyl chloride; 50 cm long X 0.5 mm i.d. X 1.0 mm 0.d.) 
filled with heparinized saline2 (200 IU/ml) was inserted between 9 and 
10 am into the right vena jugularis externa -40 mm from the midpoint 
of the vena jugularis externa, the vena jugularis anterior, and the acro- 
miodeltoid and cephalic vein under light ether anesthesia. In this way, 
the end of the cannula was close to the right atrium. To avoid destruction 
by the animal, the cannula was pulled subcutaneously, emerging on the 
nape of the neck. The animals then were placed in restraining cages 
constructed to allow free movement and withdrawal of blood samples 
without touching the animals. 

Each rat received lidocaine orally and rectally with an interval of 1 
week. The oral and rectal administrations were given to the same animal. 
Because no attempt was made to keep the cannula open, the left vena 
jugularis externa was cannulated after 1 week. 

Blood samples were taken at  0,3,6,10,15,20,30,45,60,75,90,120, 
150, and 180 rnin following intraarterial and rectal administration and 
a t  3,6,10,15,20,30,45,60,75,90, and 120 min following oral adminis- 
tration. No blood samples were taken during the infusion. 

Blood samples, 0.15 ml, were taken with a 1-ml disposable syringe3 
(polypropylene) after discarding the contents of the cannula (fO.10 ml) 
together with the mixed blood-heparinized saline (total 0.15 mi). After 
sampling, the cannula was filled with heparinized saline (0.10 ml). The 
samples were stored in closed heparinized polyethylene containers in a 
refrigerator a t  4' and were assayed the next day. 

A check confirmed that no measurable adsorption of lidocaine occurred 
in the concentration range of 0.1-10.0 pg of lidocaine/ml of blood at  the 
polyvinyl chloride cannula or a t  the polyethylene containers. 

Treatments-Lidocaine was administered intraarterially by intro- 
ducing a cannula (polyvinyl chloride; 50 cm long X 0.5 mm i.d. X 1.0 mm 
0.d.) about 1 cm into the left common carotid artery in the caudal direc- 
tion. To avoid destruction of the cannula by the animal, the cannula was 
pulled subcutaneously, emerging on the nape of the neck. Lidocaine*, 5.0 
mg in saline solution (0.1 ml), was infused over 2 min by an infusion pump5 
and was followed immediately by a saline infusion (0.2 ml) for 4 min. 

Lidocaine was administered orally (20 mg) as a lidocaine4 solution (0.4 
ml) by introduction into the stomach using a stomach tube. I t  was ad- 
ministered rectally (20 mg) as a lidocaine4 solution (0.4 ml) through a 
septum using a syringe with a sharp needle. To prevent expulsion of the 
solution, the end of the rectum was closed by introduction of the septum. 
This septum was the tip of the plunger of a 2.5-ml disposable syringe6 
(sterile polypropylene). The septum was kept in place by a ligature with 
a thread that was introduced subcutaneously around the anus. 

Assay of Lidocaine in  Plasma-To 0.1 ml of whole blood were added 
1.0 ml of distilled water and 50 pl of ethanol containing 0.50 pg of N- 
methylhexobarbital as the internal standard. The mixture was extracted 
twice with 3 ml of pentane on a whirl mixer for 10 sec. After centrifugation 
for 3 min at 2500Xg, the upper organic layers were transferred to a conical 

' Talas, Ommen, The Netherlands. 
Tromboliquine, Organon, Ow, The Netherlands. 
BDH. Pwle, England. 

4 Lidocaine hydrochloride, Astra, The Netherlands 
Unita I, type 871022, Braun. 

6 H802S. BDH, Poole, England. 
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Table I-Elimination Half-Lives and AUC Values of Lidocaine" following Oral and Rectal Administration (20 me) to the Same Rat  

Rat 
Elimination Half-Life, min 

Oral Rectal 
AUC, pg min/mlb 

Oral Rectal 
AUC, pg min/mle 

Oral Rectal 

1 45 
2 45 ~ ~. 

3 65 
4 55 
5 50 
6 65 

Mean 54 
SD 9 

70 
60 
65 

140 
100 
38 
79 
36 

42 
58 
26 
61 
48 
34 
45 
14 

551 
405 
631 
706 

1056 
352 
617 
253 

39 507 .~ 

55 363 
23 551 
56 442 
46 697 
31 351 
42 485 
13 130 

a Baaed on whole blood concentrations. b Determined according to Method I. Determined according to Method 11. 

evaporation tube. The solvent was evaporated on a water bath (40') under 
a stream of dry nitrogen, and the residue was dissolved in 100 jd of eth- 
anol. 

Two microliters of this solution was brought onto the needle of a GLC 
solid injection system, similar to that used previously for the determi- 
nation of underivatized nitrazepam in plasma (15). After evaporation 
of the ethanol, the needle was injected into the injection port of the 
gas-liquid chromatograph' equipped with a dual nitrogen-phosphorus 
detectors. The temperatures were 160' (column), 250' (injection port), 
and 30O0 (detector). A 10-m X 0.40-mm i.d. CapiUary SCOT columng was 
used. The support layer consisted of silanized, fumed silicalo (particle 
size of <10 pm) coated with a stationary phase". 

Linear calibration curves were obtained between 0.10 and 10.0 pg of 
lidocaine/ml of blood. The sensitivity limit of this method is -50 ng of 
lidocaine/ml of blood. 

Calculations and Pharmacokinetic Analysis-The postinfusion 
whole blood concentrations of lidocaine were fitted according to two- 
compartment kinetics (16). Clearance values were determined by dividing 
the given dose by the integrated total area under the concentration curves. 
In the oral and rectal experiments, the elimination rate constant, k,l, was 
obtained by regression analysis of log plasma concentration uersus time, 
generally beginning 30 min after dosing. Elimination half-lives, t 1 / 2 ~ l ,  
subsequently were calculated from: 

t1/2s1 = 0.69/ke1 (Eq. 1) 

The bioavailability, F, of the oral and rectal doses compared to the in- 
traarterial dose was calculated as the ratio of the corresponding areas 
under the experimental curves (obtained by the trapezoidal rule) cor- 
rected for the undetermined area. The area beyond the last sampling 
point was obtained by two methods (17): (a) extrapolating the apparent 
exponential concentration decay phase of the individual experimental 
oral and rectal curves to infinite time (Method I); and ( b )  dividing the 
last experimentally determined concentration by the mean elimination 
rate constant after intraarterial infusion (Method 11). 

Corrections also were made for differences in the given dose by: 

(Eq. 2) 

where Di, and D, are the intraarterial and the oral or rectal dose, re- 
spectively, and AUCi. and AUC, are the intraarterial and the oral or 
rectal areas under the curve, respectively. The oral and rectal parameters 
were determined for each animal and compared to the mean intraarterial 
value, and statistical differences were tested by a paired t test. When 
differences between the two groups of animals (intraarterial and rectal 
or oral) were tested, a nonpaired t test was used. 

RESULTS 

Figures 1 and 2 show the whole blood lidocaine concentration-time 
curves for a representative rat following oral and rectal administration. 
There was a remarkable difference in the concentration peaks. Table I 
gives the experimentally determined areas under the curve after oral and 
rectal administration. The AUCr&AUC, ratios calculated by Methods 
I and I1 are given in Table 11, indicating that the mean rectal systemic 
availability was 14.7- (Method I) and 13.0- (Method 11) fold higher than 
the mean oral systemic availability. 

A substantial amount of the dose absorbed rectally bypassed the liver 
and entered directly into the systemic circulation. Although substantial 
intraindividual differences were noted among the elimination half-lives 
of lidocaine on oral and rectal administration (Table I), the respective 
mean values of 54 and 79 min were statistically significantly different 
(paired t test, p > 0.10). Rats 4 and 5 in particular had rectal elimination 
half-lives that were prolonged compared to the oral administration ones. 
It is possible that the absorption phase extends partially into the elimi- 
nation phase. 

The peak concentration times, t,,, and peak concentrations, C,,, 
were determined with respect to the absorption rate (Table 111). The 
mean t ,  was 11.5 min orally and 15.6 min rectally (p > 0.10). However, 
the large difference in the mean C ,  values of 0.92 and 8.71 pg/ml orally 
and rectally, respectively (p < 0.01), reflects the enormously increased 
AUC following rectal administration. 

Following intraarterial administration of lidocaine to a second series 
of rats, the blood concentration-time curves exhibited two distinct phases 
(Fig. 3) and could be fitted to two-compartment kinetics (16). Table IV 
shows the data obtained following intraarterial infusion of lidocaine to 

12 1 A  
10 /I\ 

2o 1 

O K 3 0  . 60 90 120 150 180 
MINUTES 

Figure 1-Whole blood concentrations of lidocaine on a linear scale 
following 20-mg oral (0) and rectal (0) administration to Rat 1. 

Hewlett-Packard model 5710. 
Hewlett-Packard model 18789A. 
Duran 50 glass. 

*O Tullanox, Cabot Corp., Boston, Mass. 
l1 Carbowax POM-KOH. 

I 
O i o  2030 60 90 120 150 180 

MINUTES 

Figure 2-Whole blood concentrations of lidocaine on a semilog scale 
following 20-mg oral (0) and rectal (0 )  administration to Rat 1 .  
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Table 11-AUC Ratios (RectaVOral) Calculated According to  
Methods I and 11 

AUCrecJAUCor 
Rat Method I Method I1 Method I/Method I1 

1 13.1 13.0 1 .oo 
2 7.0 6.6 1.06 
3 24.3 24.0 1.01 
4 11.6 7.9 1.47 
5 22.0 15.2 1.45 
6 10.4 11.3 0.92 

Mean 14.7 13.0 1.15 
SD 6.9 6.3 0.24 

Table  111-Peak Concentration Times a ( tmex) and  Peak  
Concentrations (Cmnx) following Oral  and  Rectal  
Administration (20 mg) of Lidocaine to the  Same R a t  

tmax, min Cmax, p d m l  
Rat Oral Rectal Oral Rectal 

~~~ ~ 

1 10 30 0.45 6.08 
5 i n  1.75 5.90 2 

3 25 
4 6 21 
5 15 20 1.16 
6 8 5 0.70 

.- 
5 0.50 12.34 

0.95 5.51 
12.55 
9.87 

Mean i i .5  15.6 0.92h 8.71 * 
SD 7.5 10.6 0.49 3.30 

" Rased on whole blood concentrations. * p < 0.01 

Table IV-Pharmacokinetic Parameters  of Lidocaine following 
Intraar ter ia l  Infusion Based on Whole Blood Concentrations 

A UC, Clearance, 
Rat tuzo, minQ pg min/ml ml/min 

A 32 111 45 
R 2n 119 42 I 

C 
D 

_ _  
35 
36 

E 33 
F 31 

Mean 
SD 

.~ 

33 
3 

_ ~ .  

156 
184 

~- 
32 
27 

194 26 
113 44 
146 
37 

36 
9 

" The value t , 1 2 ~  is the half-life of the 8-phase. 

Table  V-Systemic Availability (F) of Lidocaine following Oral  
and  Rectal  Administration to the Same R a t  Calculated 
According to  Methods I and I1 as the Ratio of the Rectal  o r  Oral  
Value to the  Mean Intraar ter ia l  Systemic Availability 

F .  % 
- 2  ~ 

Method I Method I1 
Rat Oral Rectal Oral Rectal 

1 7.2 94.4 6.7 86.8 
2 9.9 69.3 9.4 62.2 
3 4.6 108.0 3.9 94.4 
4 10.6 120.9 9.6 75.7 
5 8.2 180.8 7.9 119.4 
6 5.8 60.3 5.3 60.1 

Mean 7.7 105.6 7.1 83.1 
Sll  2.3 43.3 2.3 22.3 

a ('orrections were made for differences in the administered dose. 

these rats. The mean elimination half-life was significantly shorter (33 
min) t,han the mean oral and rectal half-lives ( p  < 0.001 and p < 0.010, 
respectively). The total blood clearance of lidocaine calculated by dose/ 
A17Ci, had an average value of 36 ml/min (Table IV). 

The absolute oral and rectal bioavailability values of lidocaine were 
calculated for  each rat by dividing the corrected individual AUC,, or 
AUC,,,, by the mean AL'Ci.. These values varied from 60.3 to 180.8% 
(Method I) and from 60.1 to 119.4% (Method II), with an average of 105.6 
and 83.1%. respectively, for the rectal route, and from 4.5 to 10.6% 
(Method I)  and from 3.9 to 9.6% (Method II), with an average of 7.7 and 
7.170, respectively, for the oral route (Table V). 

8 0.11 

" 102030 60 90 120 150 100 
MINUTES 

Figure 3-Mean whole blood concentrations of lidocaine on a semilog 
scale following oral (0,ZO mg) and rectal (0,20 mg) administration to 
Rats 1 4  and intraarterial (+, 5 mg/2 min) administration to Rats 
A-F. 

DISCUSSION 

The experimental results demonstrate that  the bioavailability of li- 
docaine following rectal administration to the rat is far greater than that 
following oral administration. This result strongly supports the hy- 
pothesis that rectal administration can result in a bypass of the liver. For 
a high clearance drug such as lidocaine, this bypass means increased 
systemic availability. As derived from the ratio of AUC,,,t to AUCi, 
(Table V), the mean bypass of the liver according to Methods I and I1 was 
roughly 100 and 80%, respectively, although substantial variations were 
observed. In addition, Table V shows that calculation of the systemic 
availability following rectal administration according to Methods I and 
I1 results in different mean values, which are due mainly to variations 
in the data of Rats 4 and 5. This difference also can be observed in Table 
I, where the oral and rectal AUC are calculated according to Methods 
I and 11. The ratio of I to I1 in Table I1 shows that only the data of Rats 
4 and 5 changed. Both data sets are given since there is no reason to prefer 
one method to the other (17). 

If the liver is not bypassed before a high clearance drug reaches the 
systemic circulation, the result is extensive drug loss caused by hepatic 
first-pass metabolism, indicated by the present oral results with lidocaine. 
In general, differences in the extent of absorption might explain the ob- 
served differences in systemic availability. However, lidocaine was ad- 
ministered orally and rectally in an aqueous solution, which probably 
gives the least chance of pharmaceutical bioavailability problems. The 
results of this study do not permit definite conclusions about the extent 
of absorption. T o  assess the exact amount of lidocaine absorbed following 
a certain administration route, experiments with radiolabeled drug are 
indispensable. However, if rectal absorption is not complete whereas oral 
absorption is, the difference between oral and rectal availability will be 
even more in favor of the avoidance of first-pass metabolism by the rectal 
route. 

Some pharmacokinetic factors also should be considered. Lennard d 
al. (12) indicated that with low doses of lidocaine, which resulted in initial 
blood concentrations of -2 pg/ml, the drug was extracted almost com- 
pletely by the perfused rat liver (>97%). Similarly, Nyberg et al. (13) 
showed that extraction was -100% in the perfused rat liver a t  an initial 
concentration of 10 pg/ml. Shand et al. (14) determined, in the same 
system, an extraction ratio of 0.95 during constant infusion of lidocaine 
into the perfusion reservoir a t  concentrations entering the liver of 5-10 
pg/ml. Linear kinetics were observed in all of these cases. One might infer 
from the shape of the single rectal concentration curve that nonlinear 
kinetics are involved, but no definite conclusions may be drawn con- 
cerning saturation phenomena due to limited data (only Rats 4 and 5 
showed this curve shape) (12). Other factors also may be involved; one 
example is of hemodynamic origin, i.e., a reduced blood flow through the 
liver results in a lower clearance. In addition, high lidocaine concentra- 
tions can cause bradycardia and cardiac depression (18). Finally, it is 
difficult to distinguish between the experimental situation where the 
absorption phase extends into the elimination phase and saturation ki- 
netics. In both situations, the experimental curves may look much the 
same. 

The lidocaine clearance value of 36 ml/min (1 15 ml/min/kg) following 
intraarterial administration is substantially higher than that reported 
for liver blood flow (19-23). Following intraarterial administration, -20% 
of the cardiac output flows directly through the liver; therefore, with 
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reference to the venous blood sampling site, this flow will result in a 
first-pass effect and the actual systemic clearance will be overestimated 
(24). Even after correcting for this effect by assuming a hepatic extraction 
of 0.97 (12), the mean systemic clearance of 28.8 ml/min still is greater 
than the normal liver blood flow. This result could indicate extrahepatic 
elimination in the rat or an acute hernodynamic effect of lidocaine on its 
own disposition as a result of an increase in liver blood flow. Such an in- 
crease in flow was observed in humans following steady-state intravenous 
infusion (25). 
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Abstract A drug molecule is considered to be an information source 
with an information content available to receptive tissue. In nonspecific 
interactions, much of the information content has quality as judged by 
the receptor. Quantitation of the information content using Shannon’s 
equation gives the molecular negentropy. This index is shown to rank 
molecules according to symmetry and to encode structural characteristics 
influencing physical properties and biological activity in certain cases. 

Keyphrases Structure-activity relationships-quantitation of mo- 
lecular information content by negentropy calculations, correlation be- 
tween biological Activity and molecular structure 0 Negentropy- 
mathematical analysis of correlation between biological activity and 
molecular structure, molecular information content available to receptor 
molecule Drug-receptor interaction-structure-activity relationships, 
negentropy of molecules, mathematical analysis of molecular structure 
and biological potency 

A drug molecule may be regarded as a message con- 
taining information in the form of electron probability 
fields distributed in space around a framework of atomic 
nuclei. Therefore, drug-receptor interaction may be 
viewed as a presentation of the message, with its infor- 
mation content, to a receiver. Some information in the 
message may be interpretable by the receiver or receptor, 
leading to the beginning of events culminating in a bio- 
logical response. 

It follows that the efficacy of a drug depends on the in- 
formation content and its quality as judged by the recep- 

tor. The quality of the information content in the drug 
molecule depends on the ability of the receptor to interpret 
the fields and to translate the interactions into a significant 
change in the receptor and its adjacent structures. 

BACKGROUND 

Under some circumstances, most if not all of the information content 
of a drug molecule has quality; that is, a receptor may be capable of in- 
terpreting the entire measage presented by the drug. These circumstances 
are commonly referred to as nonspecific actions. In this category are 
molecules which, by virtue of the mere presence of atoms and bonds, are 
capable of eliciting a biological response. There usually is a rough cor- 
relation between size, expressed as the number of atoms, and the potency. 
However, various isomers frequently have different potencies. For ex- 
ample, in in uitro studies, there often is a decline in activity for the isomer 
series butanol > isobutanol > tert- butanol. Several physicochemical 
correlates have been presented to explain this trend, but all point to bulk 
phase phenomena, not to events occurring at  the molecular level between 
the drug and the receptor. 

If the information content of a nonspecific-acting molecule is of con- 
siderable importance to the potency, then quantitation of this charac- 
teristic would be a productive approach in analyzing the structure-ac- 
tivity relationships and the molecular level mechanism. 

The information content of a message, whether i t  is a molecule, a book, 
or communication network, can be quantitated through information 
theory (l), particularly by use of the equation developed by Shannon and 
Weaver (2). This equation has its roots in the probabilities of choice 
among items classified into sets of equivalent items. A specific example 
using the propane molecule illustrates the assignment of equivalent atoms 
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reference to the venous blood sampling site, this flow will result in a 
first-pass effect and the actual systemic clearance will be overestimated 
(24). Even after correcting for this effect by assuming a hepatic extraction 
of 0.97 (12), the mean systemic clearance of 28.8 ml/min still is greater 
than the normal liver blood flow. This result could indicate extrahepatic 
elimination in the rat or an acute hernodynamic effect of lidocaine on its 
own disposition as a result of an increase in liver blood flow. Such an in- 
crease in flow was observed in humans following steady-state intravenous 
infusion (25). 
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Abstract A drug molecule is considered to be an information source 
with an information content available to receptive tissue. In nonspecific 
interactions, much of the information content has quality as judged by 
the receptor. Quantitation of the information content using Shannon’s 
equation gives the molecular negentropy. This index is shown to rank 
molecules according to symmetry and to encode structural characteristics 
influencing physical properties and biological activity in certain cases. 

Keyphrases Structure-activity relationships-quantitation of mo- 
lecular information content by negentropy calculations, correlation be- 
tween biological Activity and molecular structure 0 Negentropy- 
mathematical analysis of correlation between biological activity and 
molecular structure, molecular information content available to receptor 
molecule Drug-receptor interaction-structure-activity relationships, 
negentropy of molecules, mathematical analysis of molecular structure 
and biological potency 

A drug molecule may be regarded as a message con- 
taining information in the form of electron probability 
fields distributed in space around a framework of atomic 
nuclei. Therefore, drug-receptor interaction may be 
viewed as a presentation of the message, with its infor- 
mation content, to a receiver. Some information in the 
message may be interpretable by the receiver or receptor, 
leading to the beginning of events culminating in a bio- 
logical response. 

It follows that the efficacy of a drug depends on the in- 
formation content and its quality as judged by the recep- 

tor. The quality of the information content in the drug 
molecule depends on the ability of the receptor to interpret 
the fields and to translate the interactions into a significant 
change in the receptor and its adjacent structures. 

BACKGROUND 

Under some circumstances, most if not all of the information content 
of a drug molecule has quality; that is, a receptor may be capable of in- 
terpreting the entire measage presented by the drug. These circumstances 
are commonly referred to as nonspecific actions. In this category are 
molecules which, by virtue of the mere presence of atoms and bonds, are 
capable of eliciting a biological response. There usually is a rough cor- 
relation between size, expressed as the number of atoms, and the potency. 
However, various isomers frequently have different potencies. For ex- 
ample, in in uitro studies, there often is a decline in activity for the isomer 
series butanol > isobutanol > tert- butanol. Several physicochemical 
correlates have been presented to explain this trend, but all point to bulk 
phase phenomena, not to events occurring at  the molecular level between 
the drug and the receptor. 

If the information content of a nonspecific-acting molecule is of con- 
siderable importance to the potency, then quantitation of this charac- 
teristic would be a productive approach in analyzing the structure-ac- 
tivity relationships and the molecular level mechanism. 

The information content of a message, whether i t  is a molecule, a book, 
or communication network, can be quantitated through information 
theory (l), particularly by use of the equation developed by Shannon and 
Weaver (2). This equation has its roots in the probabilities of choice 
among items classified into sets of equivalent items. A specific example 
using the propane molecule illustrates the assignment of equivalent atoms 
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Table I-Molecular Negentropy and Redundancy of Isomeric 
Heptanes 

Hentane I R 

CH&Hs--CHCH,CHaCH, 25.219 0.195 
I 

CH, 
CHI, 

CHCH.CH.CH.CH, 22.811 0.272 
/ 

)CH-CH-CH.CH. 22.584 0.279 

CH, 
CH 

C'H I 
CH 

CH CH ('H CH CH CHICH, 19.426 0.379 
('H 
I 

CH -6--CH CH CH, 18.665 0.404 
I 

CH \ 

CHJ 
I 

CHCH~-&-CH&H, 17.768 
I 
CH < 

CH 
CH, 

I 'CH, 

I /  
CH # -  C-CH 16.029 

i.H 1 

CH CH 

CH,CH 
>CH.CH 15.200 

/CH, 
CHCHCH, 14.155 

CH \ 

CH ,' CHJ 

0.432 

0.488 

0.515 

0.548 

into sets and the calculation of the information content. Before pro- 
ceeding with this illustration, the term molecular negentropy, the negative 
of information entropy, will be adopted as a measure of the information 
content of a molecule as suggested previously (1,3). 

THEORETICAL 

Calculation of Molecular Negentropy-An approach to  the cal- 
culation of the negentropy of a molecule can be derived from a consid- 
eration of molecular graphs as shown by Rashevsky (4), who pointed out 
the biological implications of such a parameter. Consider the propane 
molecule (Fig. 1) as an assemblage of atoms where the six methyl hy- 
drogens are regarded as equivalent. This equivalence is apparent from 
the performance of symmetry operations on a model and from experi- 
mental evidence such m NMR. Each methyl hydrogen possesses the same 
physical and chemical properties as the other five by virtue of its equiv- 
alent topology relative to all of the other atoms. 

These six hydrogens comprise a set. Similarly, the two methylene hy- 
drogens are equivalent and comprise a different set with a multiplicity 
(number in the set) of two. The two methyl carbons comprise a third set 
with a multiplicity of two. The methylene carbon is in a fourth set with 
a multiDlicitv of one. Figure 1 shows the molecule labeled by sets with 

Table 11-Enzyme Inhibitory Potency of Alcohols and Molecular 
Negentropy 

p c  
Molecule I Found Calc. 

Methanol 3.24 3.36 3.45 
Ethanol 6.55 3.85 3.73 
Propanol 10.32 4.28 4.05 
Butanol 14.40 4.43 4.39 
Pentanol 18.76 5.05 4.76 
Hexanol 23.32 5.31 5.15 
Heptanol 28.08 5.75 5.55 
Octanol 33.00 6.05 5.97 
3-Methylbutanol 17.93 4.77 4.69 
3-Pentanol 14.31 4.26 4.39 
2-Pentanol 18.53 4.40 4.74 

Nonanol 38.07 6.30 6.40 
1,2-Dimethyl- 15.89 4.08 4.52 

2-Methylbutanol 18.53 4.70 4.74 

propanol 

propanol 
1-Methyl-3-phenyl- 29.91 5.55 5.71 

1 -Phenylethanol 20.46 4.98 4.91 
1-Phenylpropanol 25.09 5.35 5.30 

while that for a methylene hydrogen is only 2/11. The complete array of 
probabilities, Pj, for the four sets is shown in Fig. 1. 

The negentropy per atom, i, is computed for propane from Shannon's 
formula: 

i = - K  ZP,  log P, (Eq. 1) 
i 

where K is a constant depending on the logarithmic base and j is the set. 
For propane, the calculation is: 

6 6 2  2 2  2 1  1 
11 11 11 11 11 11 11 11 

i =  - - l l ~ g - - - l ~ g - - - l ~ g - - - l ~ g -  (Eq.2) 

where i = 0.507. The molecular negentropy, I for N = 11 atoms, is iN = 
5.582. Note that loglo is used for convenience. Use of log:! leads to ne- 
gentropy expressed in bits. 

Several properties of negentropy are apparent: 
1. The negentropy is maximal when all parts of a structure are unique, 

resulting in equal probabilities for all parts. 
2. The negentropy is zero when all parts of a structure are equiva- 

lent. 
3. The numerical value of the negentropy decreases with greater 

multiplicity within each set or for a smaller number of sets. This obser- 
vation translates into awareness that molecular negentropy ranks mol- 
ecules according to symmetry. Bonchev et al. drew a relationship between 
negentropy and symmetry only among homologs (5). An example is shown 
in Table I, in which the nine isomers of heptane are ranked by molecular 
negentropy. It is apparent that this ranking is the same as that by sym- 
metry and presents the possibility of quantitating the degree of symmetry 
among molecules. An alternative quantitation would be the use of re- 
dundancy, R ( l ) ,  where R = 1 - ihog N. 

Molecular Negentropy as a Structure-Activity Relationship 
Parameter-If it is hypothesized that in some cases of biological activity 
the entire information content of a molecule is of quality to the receptor, 
then the molecular negentropy is a potentially useful parameter of 
structure. This approach is possible because molecular structure ob- 
viously governs the information content (Table I). 

multiplicities. 
- 

The probability of a random selection of a methyl hydrogen is 6/11 Table 111-Lipoxygenase Inhibition and Molecular Negentropy 

Ha Hb Ha 
PKI 

Alcohol I Found Calc. 

Methanol 3.24 -0.18 -0.10 
Ethanol 6.55 0.18 0.26 
Isopropanol 7.68 0.37 0.38 
Propanol 10.32 0.68 0.67 
tert- Butanol 7.62 0.49 0.37 
sec- Butanol 14.18 0.86 1.08 

sets [aaaaaa] [ b b ]  [ C C ]  [ d l  Isobutanol 11.77 1.13 0.82 

probabilities of random selection 6 /11  2/11 2 /11  1/11 Isopentanol 17.93 1.34 1.49 
Figure 1-Decomposition of the propane molecule into sets of topolo- Pentanol 18.76 1.61 1.58 

23.33 2.10 2.07 
Heptanol 28.08 2.60 2.59 

gically equiualent atoms, their multiplicities, and probabilities of ran- Hexanol 
dom selection. 

multiplicity 6 2 2 1  Butanol 14.40 1.15 1.11 
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Table IV-Tadpole Narcosis Potency versus Molecular 
Negentropy 

log l/c 
Molecule I Found Calc. Calc.0 

Methanol 
Ethanol 
Propanol 
Butanol 
OCtanOI 
Is0 ropanol 
IsoEutanol 
tert- Butanol 
Isopentanol 
tert- Pentanol 
Acetone 
Butanone 
3-Pentanone 
2-Pentanone 
Acetal 
Ethyl ether 
Methyl acetate 
Ethyl formate 
Ethyl acetate 
Ethyl ropionate 
Prop yl'acetate 
Ethyl butyrate 
Ethyl isobutyrate 
Butyl acetate 
Isobutyl acetate 
Ethyl valerate 
Amy1 acetate 
Butyl valerate 
Methyl carbamate 
Ethyl carbamate 
Acetonitrile 
Acetaldehyde 

oxime 

3.24 
6.55 

10.32 
14.40 
33.00 
7.68 

11.77 
7.62 

16.13 
11.87 
4.73 

11.02 
10.99 
15.20 
14.81 
9.36 
8.59 
9.42 

12.58 
16.85 
16.85 
21.35 
18.72 
21.35 
18.72 
26.05 
26.05 
35.93 
7.97 

11.85 
3.24 
7.16 

0.24 
0.54 
0.96 
1.42 
3.40 
0.89 
1.35 
0.89 
1.64 
1.24 
0.54 
1.04 
1.54 
1.72 
1.98 
1.57 
1.10 
1.15 
1.52 
1.96 
1.96 
2.37 
2.24 
2.30 
2.24 
2.72 
2.72 
3.60 
0.57 
1.39 
0.44 
0.93 

0.46 0.32 
0.80 0.66 
1.18 1.05 
1.60 1.48 
3.49 3.41 
0.91 0.77 
1.33 1.21 
0.91 0.77 
1.77 1.66 
1.35 1.23 
0.61 - 
1.25 - 
1.25 - 
1.68 - 
1.64 - 
1.08 - 
1.01 1.18 
1.09 1.25 
1.41 1.54 
1.85 1.93 
1.85 1.93 
2.31 2.34 
2.04 2.10 
2.31 2.34 
2.04 2.10 
2.79 2.76 
2.79 2.76 
3.79 3.66 
0.94 - 
1.34 - 
0.46 - 
0.86 - 

Alcohols calculated from Eq. 6, and esters calculated from Eq. 7. 

Sheep Liuer Esterase Inhibition-One example of such a relationship 
is the inhibition of sheep liver esterase by several alcohols (6). In this 
study, the concentration required to inhibit the enzyme in uitro by 25% 
was deduced from plots of concentration uersus percent inhibition (Table 
11). The low activities for 2-butanol and 2-methyl-2-butanol are suspi- 
cious. An examination of the original study revealed that these two 
molecules never achieved 25% inhibition within the concentration range 
reported. The reported concentration values for these two molecules were 
extrapolations beyond the concentration range studied. The large un- 
certainty in those values indicates that they should be deleted in a 
structure-activity relationship analysis. 

The molecular negentropies were computed for each alcohol in Table 
11. The assignment of atoms into sets and their multiplicities was based 
on the topological equivalence of the atoms. The equation and statistics 
are: 

pC = 0.085(&0.000) I + 3.174(10.16) (Eq. 3) 

r = 0.970 s = 0.200 n = 17 F = 239 

By comparison, a correlation with molecular weight gives r = 0.940; a 
correlation with log P yields r = 0.931. The predicted values from Eq. 3 
are found in Table 11. 

Liporygenase Inhibition-A second example of alcohol enzyme in- 
hibitors in which molecular negentropy encodes structural features 
governing potency is found with the enzyme lipoxygenase (7). The data 
are shown in Table 111 with in uitro potencies predicted from: 

pKr = 0.108(&0.000) I - 0.450(&0.12) (Eq. 4) 

r = 0.986 s = 0.140 n = 12 F = 353 

A correlation with molecular weight gives r = 0.974; a correlation with 
log P gives r = 0.984. 

Nonspecific Narcotic Agents-Kier and Hall (8) analyzed several 
compounds of diverse structure that exhibited narcosis on frog tadpoles 
(9). The original list of compounds was factorable into two distinct lists 
based on the relationship between potency (log l/c) and molecular 
structure, described by a molecular connectivity index. Two separate 
nonspecific mechanisms influencing the potency of each list were pos- 
tulated. 

Table V-Vapor Toxicity of Alcohols and Molecular Negentropy 

Alcohol I 
PC 

Found Calc. 

Methanol 
Ethanol 
Propanol 
Isopropanol 
Butanol 
Pentanol 
sec- Butanol 
Isopentanol 
tert- Pentanol 
3-Pentanol 
2-Pentanol 
2-Methylbutanc 
Isobutanol 
tert-Butanol 

31 

3.24 2.80 
6.55 3.00 

10.32 3.32 
7.68 3.26 

14.40 3.77 
18.76 4.09 
14.18 3.62 
17.93 4.09 
11.97 3.75 
14.31 3.81 
18.53 3.90 
18.53 3.96 
11.77 3.72 
7.62 3.28 

2.88 
3.13 
3.43 
3.22 
3.74 
4.08 
3.72 
4.01 
3.55 
3.73 
4.06 
4.06 
3.54 
3.22 

In the present study, 32 molecules (10 alcohols, four ketones, two 
ethers, 12 esters, two carbamates, one nitrile, and one oxime) were ana- 
lyzed (Table IV). Dichloropropanol was omitted from the list. The rela- 
tionship between the negentropy (I) and potency (log l/c) and the sta- 
tistics are: 

1 
log- = 0.102(&0.000) I + 0.130(&0.09) 

C 
(Eq. 5) 

r =0.975 s 50.187 n = 32 F -582 

Analyses of the alcohol and ester subclasses show a definite improve- 
ment in the correlations: 

1 
log - (alcohols) = 0.104(&0.000) I - 0.019(10.077) 

r=0.994 s = 0.101 n = 10 F -654 
C 

a n d  
1 log- (esters) = 0.091(&0.000) I + 0.396(&0.09) 

r=0.994 s=O.O83 n = 12 F ~ 7 6 8  

Predicted values based on the calculated I values are shown in Table 
IV for the entire list of compounds (Eq. 5) and for the alcohols (Eq. 6) 
and esters (Eq. 7). 

Toxicity of Alcohols-A number of alcohols have a toxic effect on red 
spiders when they are exposed to the vapors (10). The potency, expressed 
as pC, is related to the molecular negentropy by: 

pC = 0.077(&0.000) Z + 2.630(10.14) (Eq. 8) 

r =0.959 s =0.119 n = 14 F = 136 

The values calculated from Eq. 8 are shown in Table V. 
Heat of Vaporization of Alcohols-A test of the relationship between 

molecular negentropy and dispersion forces can be made using heats of 
vaporization available for alcohols found in the described studies. This 
property is related to molecular negentropy by: 

AHvap = 0.265(10.000) I + 8.566(&0.29) (Eq. 9) 

r = 0.989 s = 0.414 n = 15 F = 563 

The values calculated from Eq. 9 are shown in Table VI. 

DISCUSSION 

The significant correlations of molecular negentropy with enzyme 
inhibitory potencies suggest that this structural index encodes an ap- 
preciable description of the structure influencing the activity. Variation 
in nonspecific activity in these in uitro studies may be proposed to result 
from variation in the receptor interaction rather than the effects on ac- 
cumulation at, or disturbance of, the receptor environment. This con- 
clusion evolved from a comparison with log P or molecular weight. 

In these studies, the receptor may be viewed as responding to the hy- 
droxyl group in a specific way. The response of the receptor to the re- 
mainder of the molecule probably is nonspecific; that is, there is no par- 
ticular need for a specific atom or group to enhance the interaction. The 
receptor responds to all bonds and atoms in a roughly cumulative way, 
which is characteristic of dispersion forces among nonpolar moieties. 
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Table VI-Heat Vaporization of Alcohols and Molecular 
Negentropy 

AH,,,, kcal/mole 
Alcohol I Found Calc. 

Methanol 
Ethanol 
Propanol 
2-Pro~anol 

3.24 8.94 9.45 
6.55 10.18 10.29 

10.32 11.34 11.25 
7.68 10.90 10.58 

Bitaiol 14.40 12.50 12.29 
2-Butanol 14.18 11.89 12.23 
2-Methvl~ro~anol 11.77 12.15 11.62 
2-Methil-2-propa- 7.62 11.14 10.56 

Pentanol 18.76 13.61 13.40 
2-Pentanol 18.53 12.56 13.34 
3-Pentanol 14.31 12.36 12.27 
2-Methylbutanol 18.53 13.04 13.34 
3-Methylbutanol 17.93 13.15 13.19 
3-Methyl-2-butanol 15.89 12.27 12.67 
Hexanol 23.33 15.00 14.56 
Heptanol 28.08 16.20 15.77 
Octanol 33.00 17.00 17.03 
2-Ethylhexanol 32.17 16.12 16.97 
Nonanol 38.07 18.60 18.32 
Decanol 43.26 19.82 19.64 

no1 

Dispersion forces are notable only at  close distances, are maximized 
between similar structural features, and are always attractive (11). 
Therefore, a molecule with a greater variety of structural features (a 
molecule with little topological equivalence or symmetry) should be ca- 
pable of interaction with a greater variety of structural features on a re- 
ceptor. Stated quantitatively, the greater the information content (ne- 
gentropy) in a molecule, the greater is its potential for dispersion-type 
interaction with nonspecific receptive surfaces. Negentropy, which en- 
codes the information content in the molecule, quantitates the variety 
of structural features and the associated probabilities of interaction with 
the receptor. 
As a test of the relationship between negentl‘opy and dispersion forces, 

a good correlation can be found between the molecular negentropy of 
alcohols and the heat of vaporization. This property reflects intermo- 
lecular forces in this series due to structural variation, in addition to the 
common hydroxyl group, for the 15 alcohols in Table VI. 

Equations 5-8, which correlate molecular negentropy and the biological 
activity, show that this index has encoded molecular information of im- 
portance to the activity. The operating model of nonspecific interaction 
admittedly is simplistic. Nevertheless, the probabilities leading to the 
calculated molecular negentropy values are of great importance to the 
potencies. The quality of the correlations is good. 

In the narcosis study, the greater the variety of information or ne- 
gentropy, the greater is the potency. The receptive tissue responds to a 
greater degree to a molecule possessing a greater mix of atoms in differing 
structural environments. Isomers are ranked correctly by potency with 
the I value. As an example, the rankings for the observed and calculated 
potencies for the isomers may be compared (Table IV): propanol > iso- 
propanol, butanol > isobutanol > tert-butanol, isopentanol > tert- 
pentanol, 2-pentanone > 3-pentanone, ethyl propionate = propyl acetate, 
ethyl valerate = isoamyl acetate, and ethyl isobutyrate = isobutyl ace- 
tate. 

The subclassification into alcohols (Eq. 6) and esters (Eq. 7) (Table 
IV) considerably improves the correlations. The slopes in Eqs. 6 and 7 
are nearly identical and are close to the slope in Eq. 5. It can be concluded 
that the mechanism is quite similar for alcohols and esters but that there 
is a uniform difference in potency running through both types of mole- 
cules. This difference undoubtedly is due to the roles played by the hy- 
droxyl group and the carbonyl group at  receptive tissue, apart from a 
completely nonspecific definition. Thus, a nonspecific model is useful 
as a first approximation, and molecular negentropy can encode most of 
the salient structural characteristics among both types of molecules. 

The discussion of the mechanism of action in these studies takes on 

a probability description. It is evident why, in some studies of nonspecific 
effects (10, 12, 13), the range of potencies is butanol > isobutanol > 
tert-butanoi since the negentropies of these molecules are 14.40,11.77, 
and 7.62, respectively. Butanol is composed of 12 different sets of 
equivalent atoms, isobutanol has eight sets, and tee-butanol has five sets. 
Butanol, with its greater variety of topologically different atoms, can 
interact with a greater variety of features on a receptor. Its potency would 
be expected to be higher based on its structure, which governs the 
probabilities. 

A similar situation can be found in observations of the relative affiiity 
contributions of onium groups of muscarinic antagonists (14): N(CH& 
< N(CH&(CzH&) < N(CH3)(CzH& > N(C2H&. The calculated ne- 
gentropies for these moieties parallel the affinity contributions; they are 
4.462,11.962, 14.583, and 13.413, respectively. A similar trend and ne- 
gentropy relationship can be found in the onium group contribution to 
affinities among nicotinic agents (15). 

It is proposed here that a molecule of biological interest also may be 
regarded as a message made up of atoms and bonds containing infor- 
mation transmitted to a receptor or receptive tissue. The information 
content or negentropy is a meaningful parameter in some structure- 
activity relationship analyses such as in some nonspecific interactions. 

It remains to be seen whether molecular negentropy as a structure- 
activity relationship parameter needs to be mnfiied exclusively to drug 
molecules postulated to act in a nonspecific manner. Drug molecules that 
are active a t  highly structured, specific receptors certainly contain in- 
formation. The probabilities of atom interaction are altered in a complex 
way from purely random choice due to marked differences in interaction 
forces between certain atoms in an agonist molecule and complementary 
portions of a receptor. Thus, acetylcholine engages its receptor through 
strong dipolar forces centered on the carbonyl oxygen and the onium 
group. The statistical picture describing the information content in the 
previous discussion must be altered to reflect the much greater proba- 
bility of the onium group and the carbonyl oxygen atom of acetylcholine 
engaging the receptor. This issue remains for future study. 

In conclusion, the calculation of the molecular negentropy of a molecule 
leads to the quantitation of its relative information content. Molecular 
negentropy encodes the salient structural characteristics of molecules 
in some cases where biological activity is nonspecific. It correctly ranks 
them according to nonspecific biological potency and provides a mech- 
anistic interpretation of action at the molecular level based on probability 
considerations. 
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Abstract Changes in the partial molar free energy of the ionic species 
of tetracycline as a result of interaction with sodium-saturated mont- 
morillonite were monitored by UV spectroscopic titrations. The stronger 
interaction between the clay and the protonated (H3T+) species relative 
to the zwitterionic (H2TO) species is responsible for the apparent dis- 
placement of pK1 in clay suspensions. The displacement of the first 
equilibrium favors the HaT+ species due to its stabilization by the neg- 
ative clay surface. Little effect of the clay was observed on pK2 and pK3, 
because the ionic species of tetracycline associated with these equilibria 
(HzP ,  HT-, and T2-) did not interact strongly with the negative clay 
surface. Therefore, the ionic species distribution of tetracycline in a so- 
dium montmorillonite suspension is significantly different than ,that 
expected based on solution equilibria. The degree of equilibrium dis- 
placement depended on the accessibility of the negative charge at  the clay 
surface. Fraction bound curves support the hypothesis that the clay 
surface causes a change in tetracycline equilibria. The H3T+ form of 
tetracycline was highly bound to the sodium montmorillonite, but little 
adsorption was observed for the H2TO species. 

Keyphrases 0 Tetracycline-acid-base equilibria in sodium mont- 
morillonite suspensions 0 Adsorption-bonding of tetracycline to sodium 
montmorillonite, acid-base equilibria of tetracycline Sodium mont- 
morillonite-effect on acid-base equilibria of tetracycline 

The mechanism of adsorption of tetracycline by mont- 
morillonite was studied recently by X-ray diffraction and 
IR spectroscopy and was found to be highly dependent on 
the ionic form of tetracycline (1). Feldkamp and White (2) 
recently examined the effect of clay surfaces on the acid- 
base equilibria of weak bases in aqueous clay suspensions 
and showed that protonation was enhanced as a conse- 
quence of weak base-clay interactions. Since any changes 
in the distribution of ionic species present in a system have 
important consequences, the effect of sodium montmo- 
rillonite on the acid-base equilibria of tetracycline was 
studied. 

THEORY 

In the thermodynamic analysis given by Feldkamp and White (2), the 
behavior of the acid-base equilibrium for any weak base, B, was consid- 
ered in clay suspensions (Scheme I). 

BH+ s B + H+ 
Scheme I 

I t  was shown that the equilibrium can be displaced due to  interactions 
between constituents participating in the equilibrium (B, BH+, and H+) 
and the clay surface. In particular, protonation in excess of that predicted 
based on the pK value of the compound and the bulk solution pH of the 
suspension (pH*) results from a stronger BH+-clay interaction than a 
B-clay interaction. In more concise terms, ACBH+ is less than ACn, where 
AGi ( i  = BH+, B) is the change in the partial molar Gibbs free energy for 
constituent i accompanying the addition of clay to the system at constant 
temperature, pressure, and composition. If A ~ B H +  = ACB, indicating 
that both BH+ and B interact equally well with the clay, no enhanced 
protonation effect arises. 

The A & + +  and A& values are related by: 

(Eq. 1) 

where: 

and: 

(Eq. 3) 

The activities are defined by G, = C: + RT In a,. Because the system 
is heterogeneous, external electric fields are present (due to the charged 
clay). As a consequence, ACi may be identified with the electrochemical 
potential (3), and the activity a, is regarded as the total activity as de- 
scribed by Low (4). This activity is not to be confused with the activity 
commonly applied to homogeneous systems (ie., solutions, for which the 
activity is defined in terms of the chemical potential and relates to 
field-free systems). The K.ff value is simply an effective or apparent 
equilibrium constant, and c, ( i  = B, BH+, H+) are average suspension 
concentrations. 

If the ratio of Kerf to  K is less than one (ie., pK,ff - pK > O ) ,  then 
AGBH+ < AGB. In addition, when K&K = 1, then AGBH+ = A&. 
Consequently, K,rf/K and pK.ff - pK serve as parameters indicating the 
degree of equilibrium displacement (or enhanced protonation) due to 
BH+-clay and B-clay interactions. 

The AGBH+ and ACB values can be measured individually under 
certain experimental conditions. If the system is sufficiently dilute with 
respect to clay and all other solutes, then A?&H+ and A ~ B  are given 
by: 

CB Kerf = aH+ - 
~ B H +  

(Eq. 4) 

where f is the fraction of base initially added to the system that is bound 
to the clay. 

This approach may be applied to any acid-base equilibrium of tetra- 
cycline (Schemes 11-IV) (51, and either KjG = 1,2,3)  or K,,efc can be 
determined. 

H3T+ 3 Hz'P + H+ 
Scheme II 

HzTo 3 HT- + H i  
Scheme 111 

HT- S T 2 -  + H+ 
Scheme IV  

Both K,,,ff and Aci( i  = H3T+, H z P ,  HT-, T2-) depend on the com- 
position of the system, i.e., pH, ionic strength, temperature, pressure, 
other solutes, and c i .  As ci --* 0, Kj,,fr and AC, approach a definite value 
that reflects an intrinsic interaction of species i with the clay surface, 
independent of c, . 

EXPERIMENTAL 

Materials-Tetracycline hydrochloride and all other chemicals were 
official or reagent grade. All water was double distilled. Wyoming ben- 
tonite' was the source of the montmorillonite used. Characterization by 
X-ray diffraction2 and IR spectroscopy3 showed the Wyoming bentonite 

' Clay Mineral Repository, Department of Geology, University of Missouri, Co- 

Siemens A G Kristalloflex 4 generator and type F diffractometer, Karlsruhe, 

Model 180, Perkin-Elmer Corp., Norwalk, Conn. 

lumbia, Mo. 

West Germany. 
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Figure 1-UV spectra of the four ionic species of tetracycline in 
aqueous solution (20 mgllitsr). 

to be montmorillonite containing a small amount of quartz. The Wyoming 
bentonite fraction (<2 pm) was washed five times with 1 M NaCl and 
then washed with water until it was salt free, as evidenced by the silver 
nitrate test to produce the sodium-saturated montmorillonite used. The 
suspension was passed through a 300-mesh screen to remove any extra- 
neous matter and diluted to obtain a 1% sodium-saturated montmoril- 
lonite suspension. 

Stock solutions of tetracycline, 200 mghiter, were prepared fresh before 
each titration and passed through an ultrafine sintered-glass filter. 

Determination of K and K e r ~ U V  spectroscopic titrations (6) were 
performed to determine ~ B / T B H +  as required for Eq. 3. In very dilute 
solutions (clay free), ~?B/TBH+ = U&BH+ in Eq. 2. The absorbance, A, 
of a tetracycline solution is related to CB/?~BH+ by: 

(Eq. 6) 

where A +  is the absorbance when all of the tetracycline is present as BH+ 
and A- is the absorbance when all tetracyclize is present as B. 

Thus, experimental values for CH~TQICH~T+, ? H T - / ~ H * T Q ,  and 
~TZ-/THT- were obtained. 

The titrations were performed a t  a wavelength where A +  and A -  were 
significantly different. As shown in Fig. 1, the greatest absorbance dif- 
ference between H3T+ and HzTO occurs a t  304.1 nm, while the maximum 
difference among HzF‘, HT-. and T2- occurs at 320 nm. The bandwidth 
was set a t  0.8 nm for all titrations. 

Titration curves were constructed by preparing a series of solutions 
or suspensions a t  different pHb values and determining the absorbance 
a t  304.1 nm for the first ionization or 320 nm for the second and third 
ionizations of tetracycline. Equal volumes of 0.01 N HCI and NaOH were 
pipetted into two 100-ml volumetric flasks, depending on the pHb desired. 
Ten milliliters of a 200-mg/liter tetracycline stock solution was added 
to the sample flask. If sodium chloride was to be added, a level of either 
25 mghiter or 5.844 ghiter was added to both the sample and reference 
flasks. The sample and reference flasks were diluted to -95 ml with water. 
Two milliliters of the 1% sodium-saturated montmorillonite suspension 
was added to both flasks prior to dilution to 100 ml with water. This 
procedure minimized the change in pHb while mixing the tetracycline 
with the clay. All sample suspensions contained 20 mg of tetracycline and 
200 mg of sodium-saturated montmorilloniteiliter. 

The pHb of a stirred 50-ml aliquot of the sample suspension was 
measured4 after the pHb had stabilized. 

The difference in the absorbance5 of the sample and reference sus- 
~~ ~~ 

Model 801, Orion Research, Cambridge, Mass 
Acta c-11 UV-visible Spectrophotometer with a light-scattering accessorv, 

Beckrnan Instruments, Fullerton, Calif. 

I 

I I I I I 

pHb I 
Figure 2-Determination of pK,,,ff or pK, by computer fitting of Eq 
7 to p H b  versus A. 

pensions, A,-A,, a t  the appropriate wavelength was taken as A in Eq. 
6. The absorbance a t  different pHb values was plotted to construct the 
titration curves. 

The average concentration ratio was computed from the titration curve 
and used in Eq. 4 to obtain pKJ.ff. These calculations were restricted to 
values of ah+ such that O.lKl.,rf 5 ah+ I 10KJ,eff. 

In theory, the value of pKJ,ff pertains only to the pHb at which it is 
measured. However, ~ K ~ , ~ ~ u s u a l l y  is independent of pHb over the range 
of interest, and the plot of pHb uersus A has a sigmoidal appearance. 
Based on this assumption, the Henderson-Hasselbalch equation (re- 
written here in the terms of absorbance) describes the pHb uersus A 
graph 

A =  1 + ~ o ( P H ~ - P K , . ~ N )  (Eq. 7) 

With a computer, the values for A+,  A-, and pKIcff were varied until Eq. 
7 gave the best fit for the experimental values of pHh and A (Fig. 2). 

Determination of A&-Equat ions 4 and 5 may be used to calculate 
AZ, following the determination of the fraction bound a t  a particular 
pHb. This determination was accomplished following the pHb and A 
measurements described in the preceding section by centrifuging -30 
ml of the remaining sample and reference suspensions and collecting the 
supernate. Sufficient acid was added to 15 ml of the supernate to ensure 
that all of the tetracycline was in the protonated form. The absorbance 
of the sample supernate, A,, and the reference supernate, A,, was mea- 
sured a t  304.1 nm. 

A +  + A - ~ o ( P H ~ - P K M )  

The fraction bound, f ,  was calculated from: 

(Eq. 8)  

where A0 represents the absorbance for a solution containing only the 
protonated species having a concentration equal to Co, the initial con- 
centration. 

Since AC, is in general a function of pHb, its value pertains only to the 
pHb at  which it is calculated. In addition, Eqs. 4 and 5 were developed 
based on a single equilibrium where only two species are present a t  any 
a&+ value. These equations cannot be applied to compounds exhibiting 
multiple acid-base equilibria if significant quantities of a third species 
are present a t  the ah+ value of interest. Furthermore, AC, values should 
not be determined a t  a&+ values where very little of species i exists. In 
general, AC, values are most accurate when measured a t  pHb conditions 
where a substantial amount of species i exists (which can be monitored 
readily) and where any interference from a second ionization is minimal. 
These restrictions were followed in all of the AG, determinations. 

RESULTS AND DISCUSSION 

The first acid-base equilibrium of tetracycline was strongly affected 
by sodium-saturated montmorillonite as seen in Fig. 3, where titration 
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Figure 3-Effect of sodium-saturated montmorillonite on the first 
acid-base equilibrium of tetracycline. Key: 0, aqueous solution; and 
O, sodium-saturated montmorillonite. 

curves that best f i t  the experimental pHb uersus A data are plotted. In 
aqueous solution, pK1 was 3.34, which agrees well with previously re- 
ported values (5,7). However, in the presence of sodium montmorillonite, 
PKl,efi was 6.23. The interaction of the protonated species of tetracycline, 
H3T+, with the negative clay surface was responsible for this shift of al- 
most three pHb units. 

As seen in Table I, A&,+ was -3.99 kcal/mole, indicating a much 
greater stabilization of the HsT+ species than the H2TO species (AGH~w 
= -0.03 kcalhole). This stabilization of the H3T+ species caused a shift 
in the acid-base equilibrium in favor of the H3T+ species. 

The interaction of H3T+ with sodium-saturated montmorillonite was 
affected by other ionic species in the system. As seen in Fig. 4, the shift 
in the titration curve was reduced in the presence of 25 mg of sodium 
chloridebiter and approached the solution titration curve when large 
amounts of sodium chloride (5.844 ghiter) were present. 

The value for pKl,.ff calculated from Fig. 4 approached pK1, and 
A ~ : H ~ T +  approached zero as large sodium chloride concentrations were 
added to the tetracycline-sodium-saturated montmorillonite suspension 
(Table I). The interaction, of the H2TO species remained negligible 
(A~%.s~?o = -0.04 kcal/mole) in the presence of sodium chloride. 

The titration curve for the second ionization was displaced slightly in 
the presence of sodium montmorillonite (Fig. 5). As was observed in the 
first ionization, sodium chloride reduced the displacement of the titration 
curve. 

Calculation of p K ~ , ~ r f ,  ACH~TO, and AGHT- based on the titration curves 
in Fig. 5 is tenuous due to the weak interaction of the H2To and HT- 

Table I-Effects of Sodium-Saturated Montmorillonite on Acid- 
Base Equilibria of Tetracycline 

- 

- 

- 

- 

AcH3T'. A ~ H z P ,  
kcall kcal/ 

Sample PKl.eff ~K2,eft mole mole 
Aqueous solution 3.34 7.86 - - 
Sodium-saturated 6.23 8.01 -3.99 -0.03 

montmqrillonite 
suspension 

montmorillonite susDension 
Sodium-saturated 5.25 7.98 -2.72 -0.03 

I I 1 I I 
2 4 6 8 

containing 25 mg of sodium 
chloridehiter 

Sodium-saturated 3.45 7.92 -0.27 -0.04 
montmorillonite suspension 
containing 5.844 g of sodium 
chloridefliter 

/- 

species with the clay. In addition, the close proximity of pK2 and pK3 
(7.86 and 9.51, respectively) means that more than two ionic species of 
tetracycline probably are present in the system in the pH range of in- 
terest. However, Eq. 7 was applied to the titration data in Fig. 5, and the 
resulting increase in pK2,effwas only 0.15 in the presence of the sodium- 
saturated montmorillonite. This slight increase in pK2,eff may suggest 
that  the zwitterionic form of tetracycline, H2To, interacts slightly with 
the clay surface. However, this conclusion is made cautiously because of 
the cited limitations. Furthermore, the values obtained for A c ~ ~ p  and 
A ~ H T -  were too small to be considered significant. 

Virtually no change in the titration curve for the third ionization of 
tetracycline was observed in the presence of sodium-saturated mont- 
morillonite (Fig. 61, and it was concluded that the clay does not interact 
significantly with the HT- and T2- species. 

The data in Figs. 3-6 and Table I indicate that the negatively charged 
sites on montmorillonite are responsible for the strong interaction with 
the protonated species of tetracycline, H3T+. However, this interaction 

0.5 
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2 

LT 

m 
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a 
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0.21 I 1 I 
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Figure 5-Effect of sodium-saturated montmorillonite and added ionic 
solute (sodium chloride) on the second acid-base equilibrium of tetra- 
cycline. Key: O, aqueous solution; 0, sodium-saturated montmorillonite 
suspension; 0, sodium-saturated montmobillonite suspension con- 
taining 25 mg of sodium chloridelliter; and A, sodium-saturated 
montmorzllonitr suspension containing 5.844 g of sodium chloridel 
liter. 
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Figure 6-Effect of sodium-saturated montmorillonite and added ionic 
solute (sodium chloride) on the third acid-base equilibrium of tetra- 
cycline. Key: 0, aqueous solution; 0, sodium-saturated montmorillonite 
suspension; 0, sodium-saturated montmorillonite suspension con- 
taining 25 mg of sodium chloridelliter; and A, sodium-saturated 
montmorillonite suspension containing 5.844 g of sodium chloride1 
liter. 

PHb 

is reduced in the presence of other ions such as sodium chloride. I t  is 
hypothesized that sodium ions compete with H3T+ for the negative sites 
on the clay surface or, equivalently, that sodium ions screen the negatively 
charged clay surface, thereby reducing the apparent negative charge of 
the clay surface. Sodium chloride also may affect the interaction by al- 
tering the state of dispersion of the clay so that negative sites are less 
accessible to the H3Tt ions. 

Figure 7 shows that AGHgt is affected by pHb and the presence of an 
additional ionic solute such as sodium chloride. The AcH3Tt value was 
calculated a t  each pHb using Eq. 4 when (A - A+)  and (A- - A )  in Eq. 
6 were large enough to determine pKlcff accurately; if ah t  >> Kl,eff, 
AGH3Tt was calculated from: 

(Eq. 9) 

The change in ACH~T+ seen in the salt-free sodium-saturated mont- 
morillonite suspension and the clay suspension containing a small amount 
of sodium chloride (25 mghiter) indicate that increased interaction be- 
tween H3T+ and the clay occurred as the pHb was increased. At low pHb 
values, protons apparently compete with H3T+ for the negative clay sites. 
At pH 4-6, A G H ~ T +  reached a constant value, indicating an interaction 
free of competition with H+. The plateau value of A G H ~ T +  probably 
represents an intrinsic interaction of H3Tt with the clay since large 
changes in TH~T+ have little effect on A ~ H ~ T + .  

The ACH~T+ values seen in Fig. 7 clearly show the reduced interaction 
of HsT+ and the sodium-saturated montmorillonite due to the compet- 
itive effect of the added ionic solutes. The effect of pH on AGH~T+ was 
diminished in the presence of a low level of sodium chloride (25 mghiter) 
and could not be observed in a suspension containing 5.844 g of sodium 
chloridelliter. 

The fraction bound curves in Fig. 8 support the conclusions reached 
based on the titration curves, The fraction of tetracycline bound to the 
sodium-saturated montmorillonite increased with pHb until a maximum 

0 2 4 6 
PHb 

Figure 7-Effect o f p H h  arid ionic solute on Actt3p i n  sodium-satu- 
rated montmorillonite suspension. Key: 0, no sodium chloride; 0 ,  25 
mg of sodium chloridrlliter; and A, 5.844 g of sodium chloridelliter. 
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Figure 8-Effect o f p H b  and ionic solute on the fraction of tetracycline 
bound ( f )  in sodium-saturated montmorillonite suspension. Key: O, 
no sodium chloride; 0 , 2 5  mg of sodium chloridelliter; and A, 5.844 g 
of sodium chloridelliter. 

was observed a t  pHb 3.8. This behavior agrees with the reduced inter- 
action of H3Tt and clay in the presence of high proton concentrations 
(Fig. 7). A maximum in the adsorption of tetracycline occurred under pHb 
conditions a t  which the competitive effect of protons was low and the 
H3Tt concentration was still high. This situation occurred at pH 3.8 when 
no added salt was present. The concentration of H3T+ was very high a t  
this pHb because the pKl,eff under these conditions was 6.23 (Table I). 

In the presence of low concentrations of sodium chloride (25 mghiter), 
a high fraction of tetracycline was bound by the clay. However, the 
maximum adsorption occurred at  pHb 3.4, probably reflecting the smaller 
displacement of pKl,.ff in the presence of sodium chloride (Table I). 

At high added salt concentrations (5.844 ghiter), only 38% of the tet- 
racycline was adsorbed by the clay (Fig. 8). Under these conditions, H3T+ 
and Ht  cannot compete effectively with sodium ions for negative clay 
adsorption sites. As a result, A ~ H ~ T +  was -0.27 kcallmole and pKl,,ff 
approached pK1 (Table I). Thus, a greatly diminished fraction bound 
curve is seen. 

The fraction of tetracycline bound to the sodium-saturated montmo- 
rillonite decreased rapidly in all three conditions shown in Fig. 8 because 
the pHb conditions allowed the zwitterionic form of tetracycline, H z P ,  
to appear in the system. The A c ~ ~ p  values ranging from -0.03 to -0.04 
kcallmole (Table I) indicate little interaction of this ionic species with 
the clay. 

In the pHb region above 8.5, the fraction o f  tetracycline bound to the 
clay approached zero (Fig. 8) since the pHb was above p K ~ f f  (Table I) 
and only the anionic forms of tetracycline (HT- and T2-), which cannot 
interact with the negative clay surface, were present. 

Figure 8 shows that a small fraction of tetracycline was bound to the 
sodium-saturated montmorillonite in the pH region where the anionic 
forms of tetracycline were present in suspensions containing excess so- 
dium chloride. The added sodium ions are believed to screen the 
anion-clay repulsive forces by collapsing the electrical double layer as- 
sociated with the clay and thus allow physical adsorption of the HT- and 
T2- species. 

The behavior of the fraction bound curves a t  higher pHb conditions 
provides further understanding of the small shift in the titration curve 
for the second acid-base equilibrium of tetracycline shown in Fig. 5. The 
interaction of the zwitterionic form of tetracycline with the clay probably 
is a physical adsorption indicated by the low A c ~ ~ p  value associated with 
the interaction. This weak interaction led to the displacement of pK2 from 
7.86 to a pKz,eff of 8.02 in the presence of clay. The addition of sodium 
chloride to the system allows the anionic conjugate base, HT-, to interact 
with the clay by collapsing the electrical double layer, and pKZ.eff de- 
creased to 7.98 and 7.92 with 25 mg and 5.844 g of sodium chloridelliter, 
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respectively. This result suggests that  H2To and HT- interact to ap- 
proximately the same degree with the clay surface so that A ~ H ~ T I  is ap- 
proximately equal to A ~ H T - ,  as would be expected if the mechanism of 
adsorption for each species is physical adsorption. 

The distribution of the ionic species of tetracycline in an aqueous so- 
lution and in an aqueous sodium-saturated montmorillonite suspension, 
based on the respective values of pK1, pK2, and pK3 and pKl,err, pKn.err, 
and pK3,eff found in this study, is shown in Fig. 9. The changes in the 
acid-base equilibria of tetracycline due to the stabilizing effect of the 
montmorillonite surface caused the H3T+ species to be present over a 
wider pH range than expected based on acid-base equilibria in solution. 
In addition, the H2To form was present over a much smaller pH region 
when in a clay suspension. 

Previous investigators concluded that the zwitterion, H2To, was ad- 
sorbed significantly by montmorillonite (1). ,This conclusion was based 
on the pK, (j = 1,2,3) values for tetracycline in aqueous solution rather 
than the pK,,,fr (j = 1,2,3) values appropriate for clay systems. Feldkamp 
and White (8) suggested that the ability of a clay to interact with weak 
bases may increase in concentrated mixtures. Thus, dramatic shifts in 
species distributions may occur in concentrated suspensions of tetracy- 
cline and montmorillonite. 

The changes in the distribution of the ionic species of a drug due to 
interactions with a clay surface may have important consequences in drug 
therapy. For example, the antimicrobial activity of tetracycline and other 
antibiotics was reported to be diminished in the presence of clays (9). 
Tetracycline exhibits its maximum antimicrobial activity between pH 
5.5 and 6.0 (lo),  the region where the zwitterionic form predominates in 
aqueous solution (Fig. 9). The Hz‘F species appears to be absorbed 
preferentially across the GI membranes due to its lipophilic nature (7). 
In the presence of montmorillonite, the zwitterionic form of tetracycline 
exists over a dramatically reduced pH region. As a consequence, the most 
readily absorbable form of tetracycline may be present over a smaller 
region of the GI tract. 

The distribution changes for the ionic forms of a drug also may provide 
insights into the catalytic effects of a clay on drug degradation. For ex- 
ample, the sequence of steps illustrated in Scheme V is associated with 
acid-catalyzed hydrolysis of drugs. 

drug + H+ drug-H+ + H 2 0  - degradation products 
Scheme V 

The first step of the hydrolysis involves protonation of the drug, followed 
by nucleophilic attack by water. The degradation rate depends on the 
concentration of protonated drug. Interaction of the drug with a clay 
surface may cause a shift in the acid-base equilibrium of the drug that 
favors the protonated form and thus leads to an accelerated hydrolysis 
rate in the presence of a clay. 

Along with the effect of an increased concentrdion of reactant (pro- 
tonated drug), there is the possibility that the activation energy for the 
hydrolysis reaction might be increased due to the drug-clay interaction. 
The net effect on the reaction rate will vary for each system, depending 
on the relative magnitudes of each factor. 

Clays have been suggested as a vehicle for controlled-release dosage 
forms (11). An understanding of the effect of drug-clay interactions on 
the acid-base equilibria of the drug should provide the information 
needed to select the proper drug and clay to obtain the desired in uiuo 
release pattern. 

In summary, the acid-base equilibria of drugs can be affected greatly 
by interaction with clay surfaces. The thermodynamic quantities, Kj,err 
and Aci ,  are useful for quantifying and monitoring drug-clay interactions 
and should be used in the formulation of clay-containing drug products 

A 

6 9 12 
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Figure 9-Distribution of the ionic species of tetracycline. Key; A, 
aqueous solution; and B, sodium-saturated montrnorillonite suspen- 
sion. 

as well as in the evaluation of the effects of the coadministration of drugs 
and clays. 
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Abstract The adsorption of tetracycline by clays commonly used in 
pharmacy can be predicted if the identity and character of the commercial 
clay sample are established. X-ray diffraction, IR spectroscopy, and 
chemical analysis were used to identify the clay component and any 
nonclay diluents present in a series of commercial pharmaceutical grade 
clays. The major clay components were montmorillonite, hectorite, at- 
tapulgite, saponite, and kaolinite. The clay structure, the nature of the 
exchangeable cation, and the presence of nonclay components are im- 
portant factors affecting the tetracycline-clay interaction. In general, 
clay structures with a high surface charge lead to a greater interaction 
with the protonated form of tetracycline, while interaction with the 
zwitterionic form of tetracycline occurs in clay structures with minimal 
surface charge. The presence of multivalent, exchangeable cations on the 
clay surface diminishes interaction with the protonated form of tetra- 
cycline. Nonclay Components such as calcite and dolomite increase the 
interactions of the zwitterionic and anionic forms of tetracycline with 
the clay. 

Keyphrases 0 Tetracycline hydrochloride-adsorption onto clay, in- 
teraction with pharmaceutical grade clay, adsorptive properties of clay 
0 Clay-pharmaceutical grade, adsorption of tetracycline, isomorphous 
substitution Adsorption-tetracycline onto pharmaceutical grade 
clays 

The unique properties of clays have led to their use in 
pharmaceuticals for both therapeutic effects and excipient 
action. The crystal structure of clay minerals is well un- 
derstood, and the behavior of clays in pharmaceutical 
systems is predictable based on structural considerations. 
Thus, the identity and characterization of a clay are of 
prime importance to the pharmaceutical scientist. 

The purpose of this study was to illustrate the impor- 
tance of a complete characterization of clays used in 
pharmaceuticals so that their behavior in formulations and 
in a patient’s drug regimen can be predicted. The influence 
of clay structure, the nature of the exchangeable cation, 
and the presence of nonclay components on the interaction 
of tetracycline with reference or commercial samples of 
montmorillonite, hectorite, saponite, attapulgite, and 
kaolinite were studied. 

BACKGROUND’ 

The basic structure of clays consists of octahedra of aluminum and 
magnesium in combination wit,h silica tetrahedra to give layer-like or 
fibrous structures. Cationic-exchange properties can arise in these 
structures through isomorphous substitution, i.e., aluminum for silicon, 
magnesium for aluminum, etc. A manifestation of isomorphous substi- 
tution is the swelling properties of certain clays with high cation-exchange 
capacity. 

The kaolin group of minerals consists of sheets of silica tetrahedra and 
alumina octahedra shared in a 1:l ratio. These minerals have little or no 
isomorphous substitution and normally are nonswelling in aqueous so- 
lutions. 

Smectites belong to the 21 (ratio of silica tetrahedra to alumina and/or 

The information in this section is summarized from R. E. Grim, “Clay Min- 
eralogy,” 2nd ed., McGraw-Hill, St. Louis, Mo., 1968. 

magnesia octahedra) structural group of clays and include montmoril- 
lonite, hectorite, and saponite. In these structures, an alumina or mag- 
nesia octahedral layer is sandwiched between two silica tetrahedral sheets. 
Structures are designated as dioctahedral when aluminum occupies the 
octahedral sites and as trioctahedral when magnesium (or other divalent 
ions) or lithium occupies the octahedral sites. 

Isomorphous substitution occurs in both the tetrahedral and octahedral 
layers of the 21 minerals and gives rise to moderate to high cation-ex- 
change capacities. 

Isomorphous substitutions also influence the lattice parameters in clays 
and appear to be correlated to the swelling properties of smectites. As 
a consequence of the expanding properties, the smectites also possess very 
high surface areas. 

Montmorillonite represents the aluminum-containing smectite group 
(dioctahedral). The magnesium end member of the smectite group is 
designated as saponite (trioctahedral). Substitution of lithium for a 
portion of the magnesium in trioctahedral compositions results in a clay 
mineral designated as hectorite (trioctahedral). 

Fibrous minerals are represented by sepiolite and attapulgite. These 
minerals are classified as 21-type minerals, but the crystal growth is 
limited to the c dimension, resulting in ribbons of the 2:l layer attached 
at  their longitudinal edges. A cross section of the fiber gives a checker- 
board arrangement of ribbons and voids with no possibility of expan- 
sion. 

It appears that fibrous minerals have little or no true cation-exchange 
capacity. However, because of the very thin nature of the ribbons, the 
external surface area is moderately high. Fibrous minerals also are very 
porous due to the channels between the ribbons. However, the dimensions 
of the pores are such that only small molecules such as water, ammonia, 
and lower alcohols can be accommodated in them. 

EXPERIMENTAL 

Materials-Tetracycline hydrochloride and all other chemicals were 
official or reagent grade. Montmorillonite (Wyoming bentonite), hectorite 
(Hector, Calif.), attapulgite (Georgia palygorskite), and kaolinite (Hy- 
drite-10) were the reference standards*. Samples of pharmaceutical grade 
clays claimed to represent these minerals were obtained commercially 
as follows: bentonite USP3, hectorite4, saponite5, attapulgite6, and kaolin 
NF7. 

Unless otherwise indicated, all clays were used as received. 
The sodium form of the reference clays was prepared by washing a 2% 

suspension of the clay with 1 M NaC1. The washing procedure was re- 
peated five times, and excess salt was removed by repeated washing with 
water until the addition of silver nitrate to the supernate gave a negative 
chloride test. Clays exhibiting a cation-exchange capacity that were 
treated in this manner are termed sodium saturated; clays such as kaol- 
inite and attapulgite, which have little or no cation-exchange capacity, 
are termed sodium treated if washed with sodium chloride in this 
manner. 

The calcium form of montmorillonite was prepared in an analogous 
manner using 1 M CaC12 as the exchanging solution. 

Preliminary examination of the samples of hectorite and commercial 
saponite by X-ray diffraction showed significant quantities of calcite and 
dolomite as nonclay diluents. The removal of these carbonates was at- 
tempted by a modification of the pH-stat technique (1). A 2 9 ~  clay sus- 

* Clay Mineral Repository, Department of Geology, University of Missouri, 
Columbia. Mo. 

3 R. F.’Revson and Co., New York, N.Y. 
Macaloid Lot L-917M22B, NL Industries, Industrial Chemicals Division. 

Hi htstown, N.J. 5 Veegum, R. T. Vanderbilt Co., Norwalk, Conn. 

7 J. T. Baker Chemical Co., Phillipsburg, N.J. 
Pharmasorb, Engelhard Minerals and Chemicals Corp., Menlo Park, N.J 
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pension, 250 ml, was reacted for 24 hr a t  pH 5.0 in an automatic titration 
apparatuss. The suspension then was washed repeatedly with water until 
it was salt free as evidenced by the silver nitrate test. The diffractograms 
of hectorite in Fig. 1 show that the procedure was effective in removing 
calcite but not dolomite. Clay samples treated in this manner will be re- 
ferred to as purified. 

X-Ray Diffraction-Randomly oriented powder specimens of each 
clay were prepared using the McCreery method (2), and diffra~tograms~ 
were recorded from 5 to 63' 20. 

The X-ray step scans were used to determine accurately the 060 peak 
of commercial saponite. A mixture containing 15% siliconlo was prepared 
by trituration and filled into a McCreery mount; X-ray step scans were 
recorded from 58 to 63' 20 at  a step of 0.02' and a time interval of 90 sec. 
The 060 spacing of commercial saponite was determined in comparison 
to the silicon peak at 56.12' 20 (3). 

The Greene-Kelly test (4) is useful in distinguishing between diocta- 
hedral and trioctahedral structures within the smectite group of clays 
and was utilized in the characterization of the commercial saponite 
sample. A 1% clay suspension, consisting of the <2+m fraction, was 
washed five times with 1 M lithium chloride. Excess salt then was re- 
moved by washing with double-distilled water until it was salt free by the 
silver nitrate test. The lithium-saturated clay was air dried on a glass slide 
and then heated to 200-300' for 12 hr. The sample then was saturated 
with glycerol using the vaporization method (5); X-ray diffractograms 
were recorded from 3 to 11' 20. 

Glycerol solvation was used to investigate the presence of montmo- 
rillonite-like impurities in attapulgite, commercial attapulgite, kaolinite, 
and kaolin NF. Glycerol enters montmorillonite-type minerals and causes 
a characteristic expansion of the basal spacing to -17.5 A (6). Glycerol 
solvation was achieved by dispersing the clay in a 3% glycerol solution 
through moderate agitation produced by an ultrasonic probe". The 
dispersions were air dried on a glass slide, and X-ray diffractograms were 
recorded from 4 to 8' 20. 

JR Spectroscopy-Air-dried films of clay were prepared on zinc 
sulfide windows12 (7) and used to record the IR spectral3. 

Studies of pleochroism of the IR bands associated with hydroxyl 
stretching may be used to determine the orientation of hydroxyl bond 
axes in layer silicates (8) and were used in characterizing commercial 
saponite and commercial hectorite. An orientation effect is positive ev- 
idence for a structure containing trioctahedral character. Self-supporting 
clay films were prepared by air drying 1% clay suspensions on polyeth- 
ylene terephthalate films14. The clay films were separated from the 
polyethylene terephthalate film by bending over a sharp corner. IR 
spectra of the clay films were recorded from 4000 to 3300 cm-' a t  per- 
pendicular and various incident angles to the IR beam. 

Transmission Electron Photomicrographs-Electron microscopic 
e~amination'~ of attapulgite was undertaken to confirm the presence of 
a montmorillonite-type impurity. 

Presence of Organic Matter-The peroxide test (9) was used to 
detect organic matter in the clay samples. Thirty milliliters of 30% Hz02 
was added to 15 ml of a 1% clay suspension and heated on a steam plate 
for 15 min. The treated clay was centrifuged along with an untreated 
reference suspension. The color of the sample sediment was compared 
to that of the reference sediment. The presence of organic matter was 
indicated when the color of the sample sediment was significantly lighter 
than that of the reference sediment. 
UV Spectroscopic Titrations-Displacement of the pK1 of tetra- 

cycline in clay suspensions was determined by spectroscopic titration. 
The pKlrnand partial molar Gibbs free energy, ACi, for H3T+ and H2T" 
were calculated from the spectroscopic titration curve using the procedure 
of Feldkamp and White (10). 

Titration curves were constructed by preparing a series of tetracy- 
cline-clay suspensions at different pHb (bulk pH) values and determining 
the absorbance at  304.1 nm. A typical point on the titration curve was 
obtained by adding equal volumes of 0.01 N HC1 or NaOH to two 100-ml 
volumetric flasks, depending on the pHb desired. Ten milliliters of a 

SPHM 26 pH meter, TlT I1 titrator, ABU12 autoburet, TTA3 titration as- 
sembly, and SBRZ recorder, Radiometer, Copenhagen, Denmark. 

9 Siemens A G Kristalloflex 4 generator and type F diffractometer, Karlsruhe. 
West Germany. 

l o  Silcon powder, 100 mesh, Alfa Inorganics, Beverly, Mass. 
l1 Model W185 sonifier cell disruptor, Heat Systems-Ultrasonic, Plainview, 

N.Y. 
l* Irtran 2, Eastman Kodak Co., Rochester, N.Y. 
13 Model 180, Perkin-Elmer Corp., Norwalk, Conn. 
l4 Mylar. 
16 Hitachi HU-11 100-kv electron microscope, Hitachi Ltd., Tokyo, Japan. 
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Figure 1-X-ray diffractogram of the hectorite sample before (top) and 
after (bottom) carbonate removal using the pH-stat technique at p H  
5.0. Key: Q, quartz; C, calcite; and D, dolomite. The solid line represents 
100 countslsec (cps) full scale. The dashed line represents 1000 cps full 
scale. 
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200-mghiter stock solution of tetracycline hydrochloride was added to 
the sample flask, and the sample and reference flasks were diluted to near 
volume with double-distilled water. Two milliliters of a 1% clay suspen- 
sion was added to both flasks, and the flasks were diluted to 100 ml with 
distilled water. All sample suspensions contained 20 mg of tetracycline 
and 200 mg of clayhiter. The pH of the sample suspension was deter- 
mined16 after the pH reading stabilized. This value was checked by 
measuring the pH of the supernate (pHb) after centrifugation. These pH 
readings differed by <1%. 

This agreement in pH values was expected since the difference in the 
pH of the suspension and the pH of the supernate (i.e., the suspension 
effect) increases as the concentration of the suspension increases (11). 
The clay suspensions studied were dilute enough so that the pH of the 
suspension accurately represented the system, i.e., pHsusp = pHb. 

The difference in the absorbance of the sample and the reference 
suspension (A. - A,) was measured and plotted versus pHb to construct 
the titration curves. 

Adsorption-The fraction of tetracycline bound by the clay at  dif- 
ferent pHb conditions was determined using the samples from the spec- 
troscopic titration experiment. A sample of each suspension was centri- 
fuged, and 15 ml of supernate was collected. Sufficient hydrochloric acid 
was added to ensure that all of the tetracycline was in the protonated 
form. The absorbance was measured at  304.1 nm. 

The fraction bound, f ,  was calculated from: 

(Eq. 1) 

where A0 is the absorbance of a tetracycline solution (20 mghiter) con- 
taining only the protonated form of tetracycline. 

RESULTS AND DISCUSSION 

Montmorillonite-The X-ray diffractogram of bentonite USP is 
compared to sodium-saturated montrnorillonite in Fig. 2. A comparison 
of the reflections indicates that montmorillonite was the major clay 
component in bentonite USP. However, peaks other than those estab- 
lished for montrnorillonite appeared in the region between 11 and 41' 
20 in the bentonite USP sample. The intense peak at  26.64' 20, corre- 
sponding to an interplanar spacing of 3.55 A, indicates the presence of 
quartz (12). Other less intense peaks occurring at 11.7,20.76, and 29.18" 
20, corresponding to spacings of 7.56, 4.27, and 3.059 A, are typical of 
gypsum (12). The peaks at  23.10,29.42, and 39.40' 20, corresponding to 
spacings of 3.85,3.035, and 2.285 A, are associated with calcite (12). 

The IR spectra shown in Fig. 3 also indicate that montrnorillonite was 
the major clay constituent in the bentonite USP sample. Characteristic 
absorption bands for montmorillonite were observed in both samples a t  
3620,1200-1000,915,878, and 850 cm-' (13-15). 

The presence of organic material was confirmed in bentonite USP but 
not in sodium-saturated montrnorillonite using the peroxide test. 

The dominant exchangeable cation in the bentonite USP sample was 
sodium, although 7.1 and 2.7% of the exchange capacity were satisfied 
by calcium and magnesium ions, respectively (7). 

l6 Model 801, Orion Research. Cambridge, Mass 
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Figure 2-X-ray diffractogrums of bentonite USP ( B ) ,  sodium-satu- 
rated montmoriilonLte ( N a M ) ,  commercial hectorite (M), sodium-sat- 
urated hectorite ( N a H ) ,  commercial saponite ( V ) ,  commercial atta- 
pulgite (P ) ,  sodium-treated attapulgite ( N a A ) ,  kaolin NF ( K ) ,  and 
sodium-treated kaolinite ( N a K ) .  Peaks corresponding to quartz (Q), 
gypsum ( C ) ,  dolomite (D), calcite ( C ) ,  and a-cristobalite (aC) are 
identified. The  solid line represents 100 cps full scale. T h e  dashed line 
represent 1000 cps full  scale. 

These findings for the composition of the bentonite USP sample are 
consistent with previous reports, which indicated that sodium mont- 
morillonite is the major component of bentonite USP (16,17). However, 
exchangeable calcium and magnesium ions may constitute 3545% of the 
exchange capacity of bentonite USP, and bentonite USP has been found 

I 1 1 I I I 1  1 I 1 I 
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I 
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Figure 3-IR spectra of bentonite USP (€31, sodium-saturated mont- 
morillonite ( N a M ) ,  commercial hectorite ( M ) ,  sodium-saturated hec- 
torite ( N a H ) ,  commercial saponite ( V ) ,  commercial attapulgite ( P ) ,  
sodium-treated attapulgite ( N a A ) ,  kaolin NF ( K ) ,  and sodium-treated 
kaolinite (NaK) .  

to contain 10-15% quartz as the primary nonclay diluent (18). Other 
nonclay minerals known to affect the behavior of bentonites include 
gypsum, calcite, biotite, feldspar, and cristobalite. 

The effect of the exchangeable cation on the adsorptive properties of 
bentonite USP will be illustrated by examining the interaction of ben- 
tonite USP, sodium-saturated montmorillonite, and calcium-saturated 
montmorillonite with tetracycline. As indicated in Table I, interaction 
with all three forms of montmorillonite caused a shift in the first acid- 
base equilibrium of tetracycline so that the apparent equilibrium constant 
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Table I-Effects of Pharmaceutical Grade Clays on the First 
Acid-Base Equilibrium of Tetracycline 

Clay 

AGH~T+. Agsizv, 
kcall kcall 

pKl,,ff mole mole 
Control 3.34 - - 
Bentonite USP 4.15- -1.13- -0.11- 

4.74 -1.93 -0.16 
Sodium-saturated montmoril- 6.23 -3.99 -0.03 

lonite 
Calcium-saturated montmorillonite 4.39 -1.92 -0.47 
Purified, sodium-saturated hectorite 5.99 -3.52 -0.04 
Commercial saponite 4.27 -1.26 -0.17 
Purified, sodium-saturated 5.23 -2.97 -0.05 

Commercial attapulgite 3.51 -0.33 -0.14 
Sodium-treated attapulgite 3.46 -0.20 -0.07 
Sodium-treated kaolinite 3.02 0.00 -0.16 

commercial saponite 

(pKl,,ff) was significantly different than that observed in solution (pK1). 
The magnitude of the shift reflects the degree of perturbation of the 
equilibrium (10). The greatest shift resulted from interaction with so- 
dium-saturated montmorillonite. 

The pKl,,ff values of tetracycline in the presence of the sodium and 
calcium forms of montmorillonite, 6.23 and 4.39, respectively, remained 
relatively constant over the pHb range of interest, indicating that pKl,,a 
was independent of pHb. However, the pKl , ,~  values ranged from 4.15 
to 4.74, depending on the pHb of the bentonite USP suspension. This 
dependency of pKeff on pHb is attributed to the presence of organic 
material in the bentonite USP sample since pKeff was found to be de- 
pendent on pHb in suspensions of organic-containing soils (19). 

The relative strength of the interaction of the clay with the protonated, 
HsT+, or zwitterionic, H2To, form of tetracycline is expressed by the 
magnitude of ACl given in Table I, where ACl is the change in the partial 
molar Gibbs free energy accompanying the addition of clay to the system. 
Sodium-saturated montmorillonite interacted strongly with H3T+ but 
showed virtually no interaction with H2T'. In contrast, calcium-saturated 
montmorillonite and Gntonite USP showed less interaction with H3T+, 
but the AcH,Tuvalue indicates that a weak interaction occurred with the 
zwitterionic form. 

The fraction of tetracycline bound to the clay (Fig. 4) also indicates 
that sodium-saturated montmorillonite only interacted with the cationic 
form because adsorption was observed only under pHb conditions when 
H3T+ was present. 

Tetracycline was bound strongly by calcium-saturated montmorillonite 
(Fig. 4) under pH conditions favoring the cationic form, as evidenced by 
the maximum at pH 2.7. However, adsorption also occurred at pHb 
conditions favoring the zwitterionic and anionic forms, which caused the 
secondary maximum at  pH 8. 

Increased adsorption of tetracycline by calcium-saturated montmo- 
rillonite above pH 9.5 is due to complexation of the T2- form of tetra- 
cycline with exchangeable calcium ions to form a positively charged 
calcium-tetracycline complex, which is adsorbed readily by the negative 
clay surface. The added sodium ions (arising from the sodium hydroxide 
needed to adjust the pH) cause the displacement of calcium ions from 
the clay. These calcium ions are available to form higher calcium-tetra- 
cycline complexes, which are positively charged and therefore are ad- 
sorbed by the clay. 

The fraction bound curve for the bentonite USP sample (Fig. 4) showed 
a maximum adsorption of -80% of the tetracycline in the system. This 
degree of adsorption was significantly less than the maximum adsorption 
of tetracycline by sodium- or calcium-saturated montmorillonite. 

The adsorption of tetracycline by bentonite USP had a greater simi- 
larity to the fraction bound curve of calcium-saturated montmorillonite 
than to the fraction bound curve of sodium-saturated montmorillonite. 
The presence of calcium and magnesium as exchangeable cations in the 
bentonite USP sample and the calcite impurity was responsible for ad- 
sorption of tetracycline a t  pH conditions where no adsorption would be 
expected if the montmorillonite were completely sodium saturated. 

The lower maximum adsorption of tetracycline by bentonite USP in 
comparison to sodium-saturated montmorilloniqe probably was due to 
the significant nonclay component, which includes quartz, gypsum, 
calcite, and organic material. 

Thus, the nature of the exchangeable cations and the amountpf non- 
clay material have a significant effect on tetracycline adsorption by 
bentonite USP. 

o.21 
0 I I I I 

1 3 5 7 9 11 
pHb 

Figure 4-Effect o f p H b  on the fraction of tetracycline bound (f)  in 
sodium-saturated montmorillonite (NaM),  calcium-saturated mont- 
morillonite (CUM),  and bentonite USP ( B )  suspensions. 

Hectorite-In general, the X-ray reflections for commercial hectorite 
in Fig. 2 correspond fairly well to those for purified, sodium-saturated 
hectorite, indicating that hectorite was the major clay mineral contained 
in the commercial hectorite sample. However, in the region between 60 
and 63O 28, the 060 reflection of the samples of commercial hectorite and 
purified, sodium-saturated hectorite had unequal spacings of 1.509 and 
1.514 A, respectively. These differences were expected and probably re- 
flect composition differences due to the amount of lithium substituted 
for magnesium within the clay structure. 

Several nonclay peaks were observed for the sample of commercial 
hectorite in the region from 11 to 41° 28. A very stron sharp peak was 
located at  31.12' 20, corresponding to a spacing of 2.87 f, a characteristic 
spacing for dolomite (11). Additional peaks were found at the established 
spacings for calcite (3.85,3.035, and 2.285 A) and quartz (3.35 A). 

The IR spectra of commercial hectorite and purified, sodium-saturated 
hedorite (Fig. 3) were essentially identical, thus confirming that hedorite 
was the major clay contained in the commercial hectorite sample. The 
absorption shoulder a t  1012 cm-' and a weak absorption shoulder a t  1120 
cm-l typically are observed in hectorite samples. Large quantities of 
carbonate minerals (calcite and dolomite) were indicated by the 1430- 
and 877-cm-' bands. 

Pleochroism can be used to identify dioctahedral and trioctahedral 
structures in the smectite group. In trioctahedral minerals, such as hec- 
torite, the transition moment of the hydroxyl group is perpendicular to 
the plane of the layer, while the hydroxyl groups are tilted out of the plane 
in dioctahedral minerals (8). Thus, the orientation of anoriented film 
of a trioctahedral mineral will affect the intensity of the hydroxyl ab- 
sorbance bands but the IR spectra of dioctahedral minerals are not af- 
fected. 

Oriented films of commercial hectorite and hectorite, both trioctahe- 
dral, are expected to show an orientation effect. When perpendicular to 
the IR beam, the absorption band at 3680 cm-', corresponding to the 
stretching frequency of structural hydroxyl groups in a magnesium- 
containing trioctahedral mineral, was absent in both spectra (Fig. 3). No 
increase in intensity was observed at  3680 cm-' when the oriented films 
were placed at  60' incidence to the IR beam. This finding suggests that 
the structural hydroxyl groups were replaced by fluorine atoms. These 
findings agree well with a chemical analysis of hectorite, which indicated 
the presence of 4.5% fluorine (20). 

It was not possible to examine the acid-base equilibria of tetracycline 
in the presence of commercial hectorite due to severe light scattering. To 
obtain some indication of the interaction of commercial hectorite with 
tetracycline, the behavior of tetracycline in the presence of purified, so- 
dium-saturated hectorite was studied. Annoying light-scattering effects 
did not occur for titrations performed in purified, sodium-saturated 
hectorite suspensions. Thus, both the presence of carbonate impurities 
and multivalent ions as exchangeable cations appear to affect significantly 
the dispersion state of the clay. 

As seen in Table I, the displacement of the first acid-base equilibrium 
of tetracycline in the presence of purified, sodium-saturated hectorite 
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Figure 5-Effect of p H b  on the fraction of tetracycline bound (f) in 
untreated commercial hectorite (M) and purified, sodium-saturated 
hectorite ( N a H )  suspensions. 

was almost as large as that produced by sodium-saturated montomoril- 
lonite. The pKlcff value of 5.99 remained fairly constant over the pHb 
range, indicating that pKl,eff was independent of pHb. The HsT+ species 
was strongly stabilized by purified, sodium-saturated hectorite, as in- 
dicated by the large value of A ~ H ~ T + ,  although virtually no interaction 
with H 2 P  was observed. 

The fraction bound curve for purified, sodium-saturated hectorite (Fig. 
5) showed that adsorption of tetracycline occurred under pHb conditions 
where H3T+ was present. This adsorption pattern was expected based 
on the structural similarities hetween hectorite and montmorillonite. 
However, a lower maximum was observed in the presence of purified, 
sodium-saturated hectorite in comparison to sodium-saturated mont- 
morillonite (Fig. 4). It is believed that protons more effectively compete 
with H3T+ for the negative charge sites on the surface of hectorite than 
on montmorillonite due to differences in the distribution of negative 
charges arising from the clay structure. 

In contrast, the fraction bound curve for commercial hectorite showed 
a constant adsorption above pHb 4 in addition to a maximum at  pHb 2.7. 
The adsorption maximum is believed to represent adsorption of H3T+ 
by the hectorite present in the sample of commercial hectorite, while the 
constant adsorption above pHb 4 may be due to complexation of the 
zwitterionic and anionic species of tetracycline with calcium in the 
nonclay components. Stern (21) reported that the anionic species of 
tetracycline is adsorbed onto calcium fluoride surfaces. In a similar 
manner, it is proposed that tetracycline is adsorbed onto the surfaces of 
calcite and dolomite present in commercial hectorite. 

The adsorptive properties of commercial hectorite cannot be under- 
stood based on the structure of hectorite. However, the adsorptive 
properties of commercial hectorite are predictable when the nonclay 
components are recognized. 

Saponit+-The X-ray analysis of commercial saponite (Fig. 2) showed 
reflections typical of the smectite group of clay minerals. In addition to 
the smectite reflections, a very sharp, strong peak was noted at  21.40' 
28, corresponding to an interplanar spaciniof 4.15 A. This peak and a 
much less intense peak at  31.38' 28 (2.845 ) indicated the presence of 
a-cristobalite (12) in the commercial saponite sample. Other peaks in 
the region from 11 to 41' 28 corresponded to dolomite and calcite. 

As seen in Fig. 6, the X-ray step scan of the 060 reflection of the com- 
mercial saponite sample resulted in spacings at  62.02 and 61.01' 20, 
corresponding to spacings of 1.496 and 1.518 A. The dioctahedral smectite 
minerals, such as montmorillonite, have a characteristic 060 spacing of 
1.48-1.50 A, while the trioctahedral smectites, such as saponite and 
hectorite, are characterized by a spacing of 1.51-1.53 A for the 060 re- 
flection (22). The 060 reflections suggest that commercial saponite is a 
mixture of dioctahedral and trioctahedral smectites, with the sample 
being richer in the dioctahedral component based on the larger peak at  
1.496 A. 

The IR spectrum (Fig. 3) of oriented films of the commercial saponite 
sample produced a number of absorbance bands whose assignments are 
characteristic of montmorillonite. The absorption band at 3620 cm-* was 
similar to the hydroxyl-stretching frequency observed in montmorillonite. 
Characteristic bands for hydroxyl-bending frequencies in montmoril- 
lonite at 915,878, and 850 cm-' also were found in the spectra for com- 
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Figure 6-X-ray step scan of the 060 reflection of commercial sa- 
ponite. 

mercial saponite. Carbonates are indicated due to the large absorption 
band at  1430 cm-'. 

An orientation effect was observed in the lox magnification of the IR 
spectrum of commercial saponite (Fig. 3) when the sample was placed 
at 60' incidence to the beam. This prompted further pleochroic studies 
of commercial saponite, which established the presence of dioctahedral 
and trioctahedral structures in the clay. 

As seen in Fig. 7, the intensity of the band at  3680 cm-' increased with 
the angle of rotation, confirming the presence of a trioctahedral Smectite 
in commercial saponite. A dioctahedral mineral also was present since 
no orientation effect was observed for the IR band at  3620 cm-', which 
was assigned to the characteristic hydroxyl-stretching frequency of 
dioctahedral structures. Thus, IR analysis also indicated that the com- 
mercial saponite was a mixture of dioctahedral and trioctahedral mineral 
phases. 

Figure 8 shows the results of the Greene-Kelly test on commercial sa- 
ponite. This test depends on the observation that lithium-saturated 
smectites (dioctahedral) collapse irreversibly when heated to 200-300', 
whereas the collapse of trioctahedral smectites treated similarly is re- 
versible. Upon glycerol solvation of commercial saponite, a colla sed basal 
(001) spacing of 9.5 and an expanded 001 spacing of 18.4 i w e r e  ob- 
served, which indicated the presence of dioctahedral and trioctahedral 
components. 

Both X-ray and IR analyses indicated that the commercial saponite 
sample contained a mixture of dioctahedral and trioctahedral minerals 
and several nonclay components. The conclusion was supported by a 
chemical analysis, which reported 13.7% equivalent magnesium oxide 
in the commercial saponite sample (23). Ross and Hendricks (24) reported 
the equivalent magnesium oxide content of several montmorillonite 
samples and found a range of 0.16-8.67% equivalent magnesium oxide. 
Their analysis of a group of trioctahedral smectites, including saponites 
and hectorites, yielded an equivalent magnesium oxiGe content, which 
ranged from 19.4 to 26.5%. 

Because no known smectite mineral contains 13.7% equivalent mag- 
nesium oxide and the X-ray and IR studies clearly showed both diocta- 
hedral and trioctahedral character, i t  is concluded that the sample of 
commercial saponite was not a one-phase material but a mixture of at 
least two phases, one similar to montmorillonite and a lesser phase similar 
to saponite. 

The commercial saponite sample caused a shift of the first acid-base 
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Figure &X-ray diffractogram of a heated, lithium-saturated sample 
of commercial saponite after glycerol soluation. 
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Figure 7-Effect of orientation on the IR spectrum of a self-supporting 
film of commercial saponite. 

equilibrium of tetracycline to a pK1,aof 4.27 (Table I). This shift reflecta 
a much stronger interaction with HsT+ than HzTO, as indicated by the 
ACi values reported in Table I. 

Because both montmorillonite and saponite contain exchangeable 
cations and the commercial saponite sample contains nonclay diluenta, 
the effect of commercial saponite on the acid-base equilibrium of tet- 
racycline also was studied following purification to remove carbonate 
impurities and sodium saturation. The displacement in the acid-base 
equilibrium of tetracycline was much greater in the presence of the pu- 
rified, sodium-saturated commercial saponite than that observed for 
commercial saponite (Table I). 

The findings are similar to the values observed with sodium-saturated 
montmorillonite and purified sodium-saturated hectorite, the other 

smectite minerals studied. Thus, it appears that exchangeable cations 
other than sodium are present in commercial saponite. 

The fraction bound curve for tetracycline in the presence of purified, 
sodium-saturated commercial saponite (Fig. 9) was very similar to the 
adsorption profile seen for sodium-saturated montmorillonite (Fig. 4) 
and purified, sodium-saturated hectorite (Fig. 5). Adsorption only oc- 
curred when pHb conditions permitted H3T+ to be present and was close 
to 100% at  the pHb of maximum adsorption. 

The fraction bound curve for tetracycline in a commercial saponite 
suspension showed a lower maximum fraction bound and also indicated 
that adsorption occurred at higher pHb conditions, where the zwitterionic 
and anionic forms of tetracycline were present. As with bentonite USP 
and commercial hectorite, the unexpected adsorption profile for com- 
mercial saponite is attributed to the effects of the exchangeable cations 
and the nonclay impurities present in the sample. 

Attapulgite-Examination of the X-ray diffractograms in Fig. 2 for 
commercial attapulgite and sodium-treated attapulgite indicates that 
attapulgite is the major clay component of commercial attapulgite. Peaks 
corresponding to quartz and calcite also were seen in the diffractograms. 
In addition, the presence of a montmorillonite-like component in both 
commercial attapulgite and sodium-treated attapulgite is suggested since 
treatment of each sample with glycerol resulted in an expanded spacing 
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of 14.5 and 15.2 A for the 001 reflection of commercial attapulgite and 
sodium-treated attapulgite, respectively. 

Cation-exchange capacity values have been reported for attapulgite. 
However, some of the higher values reported were attributed to mont- 
morillonite impurities (25). 

Transmission electron photomicrographs of sodium-treated attapulgite 
(Fig. 10) showed elongated, lath-shaped particles characteristic of atta- 
pulgite. The irregularly shaped aggregates interwoven among the atta- 
pulgite fibers are believed to be the montmorillonite-like impurity and 
illustrate the difficulty of obtaining pure attapulgite samples. 

The IR spectra (Fig. 3) of commercial attapulgite and sodium-treated 
attapulgite were essentially identical. Both spectra showed the charac- 
teristic IR bands for attapulgite a t  3625, 3595, 3560, 3505, 1192, 1145, 
1090,1036,988, and 925 cm-'. Very weak bands were noted a t  1425 and 
876 cm-', corresponding to calcite. 

Figure 10-Electron photomi- 
crograph of sodium-treated atta- 
pulgite showing the elongate 
lath-shaped particles ( A )  that are 
characteristic of attapulgite and 
the irregularly shaped aggregates 
(M) believed to  be the montmo- 
rillonite-like impurity (magnifi- 
cation = 30,OOOX). 

A shift of only 0.17 pK unit was observed in the first acid-base equi- 
librium of tetracycline in the presence of commercial attapulgite (Table 
I) and was accompanied by a small change in the partial molar Gibbs free 
energy of the H:IT+ species. No substantial interaction was expected 
based on the cation-exchange capacity arising from the clay's structure. 
The observed interaction is believed to be due largely to interaction of 
HsT+ with the montmorillonite-type impurity in commercial attapul- 
gite. 

The effect of pHb on the fraction of tetracycline bound to the sample 
of commercial attapulgite also indicates the presence of a montmoril- 
lonite-like component. A maximum in the fraction bound curve (Fig. 11) 
was observed a t  pHb conditions favoring the protonated species, H3T+. 
This maximum arose from the cation-exchange capacity due to any iso- 
morphous substitution in attapulgite and the contribution of the mont- 
morillonite. The degree of adsorption decreased from the maximum of 
35% as the pHb increased. Adsorption remained relatively constant a t  
-15% at pH conditions that favor the zwitterionic and anionic forms of 
tetracycline. 

Although calcium from the calcite impurity may reduce the amount 
of tetracycline in solution through the formation of calcium-tetracycline 
complexes, it is more likely that the constant, weak adsorption observed 
above pHb 5 was due to physical adsorption. This type of adsorption 
pattern is expected based on the uncharged structure of attapulgite. 

The selective adsorption of the H:<T+ species indicated by the maxi- 
mum a t  pHb 3 is the adsorption pattern typical of the montmorillonite 
group of clays and indicates the important effect of the montmorillon- 
ite-like impurity on the adsorptive properties of commercial attapul- 
gite. 

Sodium-treated attapulgite caused a slightly smaller displacement of 
the first acid-base equilibrium of tetracycline than did commercial at- 
tapulgite and thus resulted in a smaller effect on pKl,eff (Table I). It was 
less effective in adsorbing tetracycline in comparison to commercial at- 
tapulgite (Fig. 11). I t  is believed that the heat and acid treatments em- 
ployed to activate commercial attapulgite increase the availability of 
adsorption sites in attapulgite due to either an increase in the specific 
surface area of commercial attapulgite or the removal of adsorbed species. 
Thus, the fraction of tetracycline bound by commercial attapulgite was 
greater throughout the entire pH range than was observed for sodium- 
treated attapulgite. 

Kaolinite-Identical X-ray diffractograms (Fig. 2) were obtained for 
sodium-treated kaolinite and kaolin NF and were characteristic of 
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Figure 11-Effect of pHb on the fraction of tetracycline bound ( f )  in 
commercial attapulgite ( P )  and sodium-treated attapulgite (NaA) 
suspensions. 

kaolinite, indicating that kaolinite is the major clay present in kaolin NF. 
Both samples were pure as evidenced by the absence of reflections cor- 
responding to nonclay diluents and the absence of expansion following 
glycerol treatment. 

The IR absorption spectra of sodium-treated kaolinite and kaolin NF 
showed the characteristic IR bands for kaolinite a t  3695,3670,3650,3620, 
1108, 1038,1012,940, and 915 cm-’ (Fig. 3). 

Light scattering prevented the study of the acid-base equilibrium of 
tetracycline in the presence of kaolin NF. However, the first acid-base 
equilibrium of tetracycline in the presence of sodium-treated kaolinite 
was examined. As seen in Table I, pKlsff was decreased slightly in the 
presence of sodium-treated kaolinite, indicating a displacement in favor 
of the zwitterionic form of tetracycline. No interaction was found with 
H3T+, but a weak interaction was observed with H z P ,  as evidenced by 
the A c ~ ~ p  value of -0.2 kcal/mole. 

This behavior is in contrast to the effect of montmorillonite, hectorite, 
and commercial saponite, where pKl,,ff increased due to stabilization of 
H3T+ by the clay. However, kaolinite has little or no cation-exchange 
capacity and hence no stabilization of H3T+ occurs. The shift of pKl,,ff 
in favor of H2To is consistent with the structure of kaolinite. 

Since kaolinite is a nonexpanding mineral, the edge surface comprises 
a substantial portion (10-20%) of the total surface area. Broken bonds 
at the edges of the tetrahedral sheet give rise to a small permanent pos- 
itive charge. A negative charge whose magnitude is related directly to pH 
results from broken edges of the octahedral sheet (26). Thus, a t  low pHb 
conditions, kaolinite exhibits a small positive charge arising from the 
tetrahedral sheet; at higher pHb conditions, the negative charge from the 
octahedral sheet predominates. 

The fraction bound curve for tetracycline in the presence of sodium- 
treated kaolinite (Fig. 12) showed a very low degree of adsorption. The 
adsorption profile can be related the pH-dependent charge arising from 
broken edges. No adsorption is seen at  low pHb values because the H3T+ 
species is repelled by the positive edge charge. Likewise, a t  basic pHb 
conditions, the anionic forms of tetracycline are repelled by the negative 
edge charge. A small degree of physical adsorption occurs in the pHb range 
where the H2TO species is present. 

o n  2 0 . 2 t  /-K 

pHb 
Figure 12-Effect of pHb on the fraction of tetracycline bound (f) in 
kaolin N F  ( K )  and sodium-treated kaolinite ( N a K )  suspensions. 

The fraction bound curve (Fig. 12) for tetracycline in the presence of 
kaolin NF showed a similar adsorption profile to that of sodium-treated 
kaolinite. This finding was expected because both X-ray and IR analyses 
showed that kaolin NF was pure kaolinite. 
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Abstract The chemical shifts in the Fourier transform 13C-NMR 
spectrum of ajmaline were assigned from consideration of the acetylation 
shifts and multiplet splitting in the off-resonance decoupled spectrum. 
On the basis of the assigned signals, the changes of chemical shifts in 
ajmaline induced by polyvinylpyrrolidone were investigated, and an in- 
teraction model of ajmaline with polyvinylpyrrolidone in chloroform was 
proposed. 

Keyphrases 0 Ajmaline-model of interaction with polyvinylpyrroli- 
done Polyvinylpyrrolidone-model of interaction with ajmaline 0 
W - N M R  spectroscopy-ajmaline, chemical shifts assigned 

Tachibana and Nakamura (1) reported a new method 
for enhancing the dissolution rates of poorly soluble drugs 
by using water-soluble polymers such as polyvinylpyrrol- 
idone. The coprecipitate of ajmaline with polyvinylpyr- 
rolidone was prepared (2) in the same manner as the 
coprecipitate of reserpine (3) and griseofulvin (4), and the 
enhancement of the dissolution rate of ajmaline from this 
coprecipitate was ascertained. This effect seemed to be 
caused largely by some interaction between polyvinyl- 
pyrrolidone and ajmaline in chloroform, the solvent in 
which this coprecipitate was prepared. The interaction 
sites of polyvinylpyrrolidone and ajmaline in chloroform 
were investigated. The hydrogen bond formed between the 
C-21 hydroxyl group in ajmaline and the carbonyl groups 
in polyvinylpyrrolidone was confirmed (2), and complex- 
ation between the aromatic ring in ajmaline and the amide 
groups in polyvinylpyrrolidone was suggested (5) .  

This study was conducted to confirm these interactions 
using Fourier transform I3C-NMR spectroscopy and to 
propose a model of interaction of polyvinylpyrrolidone 
with ajmaline in chloroform. 

EXPERIMENTAL 

The ajmaline, 17,21-diacetylajmaline1, and polyvinylpyrrolidone2 
(K-15) employed were of the same origin and were purified as described 
previously (2). I3C-NMR spectra? were obtained in deuterochloroform 
with tetramethylsilane as the internal reference. 

RESULTS AND DISCUSSION 

To clarify the behavior of the electron density of the carbon atoms in 
ajmaline caused by the interaction with polyvinylpyrrolidone, the in- 
fluence of polyvinylpyrrolidone on the T - N M R  spectrum of ajmaline 
was investigated. Since there were no previous reports on the I3C-NMR 
spectrum of ajmaline, the signal assignment was performed initially. The 
number of signals observed in the complete proton-decoupled W - N M R  
spectrum was equal to the number of carbon atoms constituting ajmaline 
(Fig. 1). Therefore, no overlap of signals was detected. 

Mass spectrum: m/e 410 (M+). And-Calc. for C24H~N104: C, 70.37; H, 7.29; 

The mean molecular weight of polyvinylpyrrolidone (K-15) was evaluated to 

JEOL-FX-100 spectrometer operating at 25.0 MHz in the Fourier transform 

N, 6.70. Found: C, 70.16; H, 7.31; N, 6.82. 

be -7500 by viscosity measurements at 30'. 

mode. 

From consideration of the chemical shift rules (6) and the multiplet 
splitting in 'H-signal frequency off-resonance decoupling experiments, 
the carbons constituting ajmaline were classified as aromatic carbons 
(C-8-C-13), carbons adjacent to hydroxyl groups (C-17 and C-21), a 
quaternary carbon (C-7), methyl carbons (C-18 and C-22), methylene 
carbons (C-6, C-14, and C-19), and methine carbons (C-2, C-3, C-5, C-15, 
C-16, and C-20). 

The signals of the aromatic carbons in ajmaliie were assigned according 
to previous reports about various compounds containing an indole ring 
(7,8) (Table I). 

Three signals were observed in the magnetic field of the carbon atoms 
adjacent to hydroxyl groups, except for the signals derived from deu- 
temhloroform. The signal of 6 88.10 ppm was derived from C-21 because 
it was adjacent to the nitrogen atom and a hydroxyl group. Generally, the 
carbon atoms a t  the a- and &positions are shifted downfield and upfield, 
respectively, due to the substituent effects produced by replacement of 
the hydroxyl group by the acetoxy group (9). Therefore, it seems rea- 
sonable that the signal of 6 88.10 ppm was shifted downfield by diace- 
tylation (Table I ,  6 b  - &,). 

On the other hand, the signal of either 6 79.19 or 77.72 ppm corre- 
sponded to C-17. The C-17 signal was expected to be shifted significantly 
downfield by diacetylation because of its a-position to the hydroxyl 
group. Accordingly, the 6 77.72-ppm signal was determined to be C-17, 
in spite of the interchangeability of the C-17 assignment with C-2 in the 
diacetate ( 6 6 ) .  

The quaternary carbon atom, C-7, was assigned easily from multi- 
plicity. 

In the two signals of the methyl carbon atoms (quartet), the 6 34.11- 
ppm signal was determined to be C-22 because of its adjacency to the 
nitrogen atom. 

For the methylene carbons (C-6, C-14, and C-19), the side-chain carbon 
(C-19) was attributed to 6 25.39 ppm. Although the assignments of C-6 
and C-14 were attempted, the discrimination remained uncertain because 
one of these signals exhibited the large downfield shift (+ 1.50 ppm) from 
diacetylation in spite of the distance from the hydroxyl groups, and this 
large shift could not be explained by the inductive effect of the acetoxy 
groups. Further investigation involving an additional steric effect is re- 
quired to assign these signals. 

The signals of the methine carbons ((3-2, C-3, and C-5) adjacent to the 
nitrogen atom were downfield. The signal of C-2 adjacent to the aromatic 
nitrogen atom in the indole ring was expected to appear considerably 
downfield (lo), and the signal of 6 79.19 ppm was assigned to  C-2. The 
large shift of the 6 77.72-ppm signal by diacetylation also provided con- 
vincing evidence that this signal was not derived from C-2. 

The signals due to C-15, C-16, and C-20 were expected to be farther 
upfield than those of C-2, C-3, and C-5. Since C-20 is located at the 
P-position to C-18 in the aliphatic side chain, this signal seemed to appear 
significantly upfield. The signal of 6 28.12 ppm was assigned to  C-20 and 
exhibited a reasonable upfield shift by diacetylation (-0.85 ppm). The 
C-15 and C-16 carbons exist in the ring system, so these signals appear 
relatively downfield compared with that of C-20. It appears that C-16 
is almost as susceptible to influence as C-7 because it is located a t  the 
same @-position as C-7 to C-17. The C-I5 signal is not influenced by di- 
acetylation due to the long distance between C-15 and either hydroxyl 
group. 

On the basis of these chemical shift rules and acetylation shifts, the 
possibility that  the signals of C-15 or C-16 in ajmaline occur a t  6 52.78 
or 47.95 ppm is excluded. Consequently, it was concluded that the C-16 
signal corresponds to 6 45.22 ppm and that the 6 43.08-ppm signal cor- 
responds to C-15 because the latter was not influenced appreciably by 
diacetylation. These assignments remained unaltered in spite of the in- 
terchangeability of 6 43.65 and 43.01 ppm in the diacetate. 

Subsequently, on the basis of these assignments, the change of signals 
in 0.34 M ajmaline by the addition of various concentrations of poly- 
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Figure 1-Structure and complete proton-decoupled I3C-NMR spectrum of ajmaline. 

vinylpyrrolidone was investigated (Fig. 2). Although the chemical shift 
of the (2-17 signal was not distinctly observed by addition of 0.015 and 
0.06 M polyvinylpyrrolidone due to overlapping with the signals derived 
from deuterochloroform, the signals of C-21 and (3-17 tended to be 
shielded by an increase in the polyvinylpyrrolidone concentration. 
However, no significant changes of linewidth in the ajmaline signals in- 
duced by polyvinylpyrrolidone could be detected. 

By using UV and 'H-NMR spectra, the hydrogen bond formed between 
the C-21 hydroxyl group in ajmaline and the carbonyl groups of the 

Table I-Chemical Shift Assignments in 13C-NMR Spectra of 
Ajmaline and 17.21-Diacetylajmaline a 

~~ 

Chemical Shift 
Diacetyl- 

Multi- Ajmaline ajmaline 
Carbon plicity ( 6 0 )  ( 6 b )  66-60 

13 
8 

11 
10 
9 

12 
21 
2 

17 
7 
5 
3 

16 
15 
6 

22 
14 
20 
19 
18 
COCH3 

COCHx (X2) 

S 

1 
d 
d 
d 
d 
d 
d 

d 
d 
d 
d 
t 
q 
t 
d 
t 
q 

S 

S 
S 
a 

153.65 153.83 
133.13 i32.09 
127.23 127.65 
122.65 122.35 
119.10 119.24 
109.50 109.72 
88.10 88.73 
79.19 80.03* 
77.72 79.22* 
56.14 54.37 
52.78;. 53.56** 
47.95;; 48.37** 
45.22 43.65*** 
43.08 43.01*** 
34.65' *** 36.15**** 
34.11 34.65 
31.38**** 31.83**** 
28.12 27.27 
25.39 25.02 
12.18 12.17 

170.37 
169.11 
21.27 

+0.18 
- 1.04 
+0.42 
-0.30 
+0.14 
+0.22 
+0.63 
+0.84 
+1.50 
-1.77 
+0.78 
+0.42 
-1.57 
-0.07 
+1.50 
+0.54 
+0.45 
-0.85 
-0.37 
-0.01 

~ ~ ~~ ~~~ 

*, **, ***, and **** may be interchanged in each column. The numbering of 
the carbons is illustrated in Fig. 1. The designations for signal multiplicity are s = 
singlet, d = doublet, t = triplet, and I= quartet. Chemical shifts are expressed in 
parta per million relative to tetramet ylsilane. 

pyrrolidone rings in polyvinylpyrrolidone was recognized previously (5). 
The upfield shifts of C-17 and C-21 were observed by the addition of 
polyvinylpyrrolidone in the present study. In 13C-NMR spectra, the 
chemical shift variation is dominated by the electron density (11). The 
enhancements of electron density in C-21 and C-17 of ajmaline provide 
sufficient grounds to expect hydrogen bond formation with polyvinyl- 
pyrrolidone. 

To ascertain this point, the effect of acetone on 2-butanol was exam- 
ined. The C-2 in 2-butanol was shifted upfield by the addition of 1 drop 
of acetone (not shown). This upfield shift of C-2 in bu.hol obviously was 
attributable to the hydrogen bond formed between 2-butanol and ace- 
tone. Accordingly, it is almost certain that the C-17 and C-21 hydroxyl 
groups in ajmaline formed hydrogen bonds with the carbonyl groups of 
the pyrrolidone rings in polyvinylpyrrolidone. The fact that the upfield 
shift of C-21 was smaller than that of C-17 by hydrogen bond formation 
seemed to result from the smaller influence of C-21 than of C-17 by dia- 
cetylation. In addition, from consideration of the changed C-7 signal by 
diacetylation, the upfield shift of C-7 by the addition of polyvinylpyr- 

88.0 

87.0 

0 GO15 0.045 
0.030 0.060 

CONCENTRATION OF POL\ 

56.0 

54.0 

34.0 

0 0.015 0.045 
0.030 0.060 

'VINYLPYRROLIDONE, M 
Figure %-Variability of chemical shifts of selected carbon atoms of 
ajmaline (0.34 M) by the addition of various polyvinylpyrrolidone 
concentrations. 
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rolidone seemed to be influenced by hydrogen bond formation (Table 
I). 

In addition to the influence in the signals of C-7, C-17, and C-21, there 
was a relatively large influence in the signals of aromatic carbons in 
ajmaline by polyvinylpyrrolidone; that is, the signals of C-8 and C-13 
tended to shift upfield and those of C-9 and C-10 shifted downfield. The 
electron densities of C-8 and C-13 became higher due to the presence of 
polyvinylpyrrolidone, and those of C-9 and C-13 became lower. 

Considering the relatively small changes of the aromatic carbons by 
diacetylation, it does not seem that these electron density changes were 
brought about indirectly through hydrogen bond formation. Further- 
more, the upfield shift of C-13 and the downfield shift of C-LO do not seem 
to support the interaction with the nitrogen atom at  position 1 in ajma- 
line. Accordingly, it is reasonable to consider that a complex was formed 
between the amide groups of the pyrrolidone ring in polyvinylpyrrolidone 
and the aromatic ring in ajmaline, as suggested previously (5). It is ex- 
pected that the electron densities of C-8 and C-13 of the aromatic ring 
in ajmaline are affected and become higher because of the approach of 
the positively charged nitrogen atom of the amide group of the pyrroli- 
done rings of polyvinylpyrrolidone. Considering such mechanisms of 
complex formation, Laszlo (12) described it as a dipole-induced dipole 

complex in view of the nomenclature of these complexes. 
From these results, an interaction model between polyvinylpyrrolidone 

and ajmaline is proposed (I). In the coprecipitate, ajmaline apparently 
was molecularly dispersed in solid polyvinylpyrrolidone through these 
interactions. As a result, the dissolution rate of ajmaline from the 
coprecipitate was enhanced markedly. 
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Abstract The quantitative analysis of edetate disodium in nonpre- 
scription eyewash and ophthalmic solutions is described. The method 
involves differential pulse polarography using a dropping mercury elec- 
trode. A known concentration of cadmium or zinc is added to a buffer in 
a polarographic cell. The sample solution is incremented into the cell with 
a micropipet. The peak current decreases because the resulting chelate 
is not reducible at the potentials used. The quantity of edetate disodium 
in the sample then is determined graphically. Some contact lens cleaning 
and wetting solutions containing polymeric compounds are amenable 
to assay for edetate disodium if extraction, precipitation, centrifugation, 

or dilution steps minimize the maximum suppressor effect of the addi- 
tives. These steps are very effective with cellulose ether compounds but 
are ineffective with polyvinyl alcohol. 

Keyphrases 0 Edetate disodium-poiarographic determination in 
eyewash and ophthalmic decongestant solutions Polarography, dif- 
ferential pulse-analysis, edetate disodium in eyewash and ophthalmic 
decongestant solutions 0 Ophthalmic preparations-polarographic 
determination of edetate disodium in eyewash and ophthalmic decon- 
gestant solutions 

Edetate disodium (I) is added to eyewash and oph- 
thalmic solutions containing bactericides such as benzal- 
konium chloride, chlorobutanol, and thimerosal to increase 
their bactericidal properties (1). Compendia1 methods 
(2-4) employ classical titrimetric procedures for the 
quantitative determination of I, but these methods are not 
suitable for the levels encountered in the drug preparations 
(0.01-0.25%). 

A literature search revealed two methods used to de- 
termine I in pharmaceutical preparations. One employed 
colorimetric detection for ophthalmic solutions (5); the 
other used atomic absorption for an antibiotic preparation 
(6). 

This paper proposes a sensitive, rapid, and quantitative 
polarographic method for determining I concentrations 
by stepwise addition of sample to the cell. The resulting 
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Abstract The quantitative analysis of edetate disodium in nonpre- 
scription eyewash and ophthalmic solutions is described. The method 
involves differential pulse polarography using a dropping mercury elec- 
trode. A known concentration of cadmium or zinc is added to a buffer in 
a polarographic cell. The sample solution is incremented into the cell with 
a micropipet. The peak current decreases because the resulting chelate 
is not reducible at the potentials used. The quantity of edetate disodium 
in the sample then is determined graphically. Some contact lens cleaning 
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Edetate disodium (I) is added to eyewash and oph- 
thalmic solutions containing bactericides such as benzal- 
konium chloride, chlorobutanol, and thimerosal to increase 
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(2-4) employ classical titrimetric procedures for the 
quantitative determination of I, but these methods are not 
suitable for the levels encountered in the drug preparations 
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A literature search revealed two methods used to de- 
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Figure 1-Differential pulse polarogram of a 50-pg cadmium standard 
in the cell ( A )  and its stepwise reduction in amplitude due to the ad- 
dition of 4 0 4  increments of a standard 0.1 % edetate disodium solution 
(B-F) (5 pamp full scale). 

chelation causes a corresponding decrease in the peak 
amplitude of the free metal (cadmium or zinc) originally 
in the cell. 

EXPERIMENTAL 

Reagents and Chemicals-Analytical reagent grade chemicals were 
used. 

Solution Preparation-An ammonium-ammonia buffer supporting 
electrolyte was prepared by diluting 2.0 g of ammonium nitrate and 1.75 
ml of concentrated ammonia to 500 ml with water. A maximum sup- 
pressor was prepared by dissolving 100 mg of gelatin powder' in 100 ml 
of water. The mixture was warmed to promote dissolution. Gelatin so- 
lutions older than 72 hr were not used. 

Metal standard solutions (lo00 pg/ml) were made by dissolving cad- 
mium wire2 or zinc shot2 (99.99%) in 100 ml of 20% HN03 and diluting 
to 1 liter with water. Edetate disodium3 (99.0-101.0% pure) was assayed 
(3) and then employed in preparing standard solutions in water and in 
simulated commercial eye drop and eyewash preparations. Triple-dis- 
tilled mercury4 was washed with 10% HNO3 in a mercury cleaning tower5 
and then pinholed to remove residual wash water. 

Instrumentation-Experiments were performed with a commercial 
polarographic system6 and an x-y recorder7. Adjustable micr~pipets~ 
having volumes of 5-50,50-250, and 200-1000 pl were used. Nitrogen was 
passed through a scrubbing tower9 of vanadous chloride followed by a 
gas washing tower containing the supporting electrolyte. 

BBL, Cockeysville, Md. 
Ventron Corp., Beverly, Mass. 
Mallinckrodt, St. Louis, Mo. 

Thomas-John, Arthur H. Thomas Co., Philadelphia, Pa. 
Princeton Applied Research model 174 polarographic analyzer, model 315 au- 

tomated electroanalysis controller, and model 303 static mercury drop electrode 
ap aratus. 

' Bethlehem Apparatus Co. Hellertown, Pa. 

!Houston Instruments model 2000. 
Finnpipette, distributed by Markson Science Inc., Del Mar, Calif. 
Princeton Applied Research Corp. application note AN-108. The vanadous 

chloride oxygen scrubbing tower may not be necessary, depending on the nitrogen 
purity. 

Table I-Linearity Data * Relating Volume of Sample Added to 
Adjusted Net Current 
O.l%(w/v)edetatedisodium 0 40 80 120 160 

Adjusted net current, pamp 3.07 2.35 1.59 0.87 0.12 
added, pl 

Linear regression value at x intercept (9) = 166.7 pl, and coefficient of deter- 
mination (9) = 0.999. 

Instrument Parameters-A potential scan from -0.4 to -1.0 v 
(cadmium) or from -0.8 to -1.5 v (zinc) at a rate of 5 mv/sec was used. 
The differential pulse mode was employed at a modulation amplitude 
of 50 mv and a current range of 5 pamp full scale. A dropping mercury 
electrode with a drop time of 1 sec also was used. 

Assay-To the polarographic cell were added 10.0 ml of buffer, 250 
pl of gelatin solution, and 50 pl of cadmium or zinc standard solution. 
Oxygen was removed from the solution by purging with nitrogen for 5 
min, and the solution then was scanned to obtain the metal peak. A mi- 
cropipet was used to add sample to the cell. If the sample solution con- 
tained 0.1% I and was complexed with cadmium, 40-p1 aliquots were 
added to the cell. For the sample solutions containing 0.01% I, 400-pl 
increments were added to the cell. The cell contents were purged for 1 
min after each sample addition. Chelation resulted in an -20% decrease 
in the observed current for the polarographic peak (Fig. 1). The sample 
additions were continued until there was no observed metal peak (Fig. 
1). 

The cadmium-I complex was not readily observed in the potential scan 
range of 0 to -1.5 v using the differential pulse mode. A broad, low- 
amplitude wave was observed at  --1.1 v, which increased in a nonlinear 
fashion with the addition of I to the cell. Cadmium metal was reduced 
at  -0.67 v. 

The zinc-I complex did not exhibit a reduction wave in the potential 
scan range of 0 to -1.5 v, while zinc metal was reduced at -1.25 v. These 
potentials were peak maxima uersus a silver-sjlver chloride reference 
electrode. The data of Meites (7) on cadmium and zinc in ammonia- 
ammonium chloride and I supporting electrolytes agree with the exper- 
imental observations. 

Calculations-The following formula was used to calculate the ad- 
justed net current after each sample addition: 

(Eq. 1) 

where I A  is the adjusted net current in microamps, lo is the observed 
current in microamps, V1 is the original cell volume in milliliters, and V Z  
is the total cell volume in milliliters after each sample addition. 

The I A  value is the observed current adjusted to the original cell vol- 
ume, assuming a linear decrease in response due to dilution. 

The sample volume added (microliters) was plotted on the x axis uersus 
the adjusted net current on they axis (Table I). 

The x intercept represents the volume of the sample in microliters 
equivalent to the metal originally present in the cell. The following for- 
mula was used to calculate I in the sample: 

percent sample (w/v) = V s ~ C s a  (:)(a (Eq. 2) 

where percent sample (w/v) is the percent edetate disodium in the sample 
calculated on a weight to volume basis, Vsd is the volume of the metal 
standard solution in microliters, Csa is the concentration of the metal 
standard solution in micrograms per microliter, D is the molecular weight 
of edetate disodium, A is the atomic weight of the standard metal (cad- 
mium or zinc), V,, is the end-point volume of the sample solution in 
microliters, and 0.1 is a factor converting microliters to milliliters, mi- 
crograms to grams, and grams per milliliter to percent. The molecular 
weight of edetate disodium is 372.24, and the atomic weights of cadmium 
and zinc are 112.40 and 65.37, respectively. 

DISCUSSION 

The graph of the polarographic peak heights, corrected for dilution, 
is linear with respect to the sample volume (titrant) added. The most 
convenient method for calculating sample concentration is to perform 
a linear regression for the best line fit of the data points (adjusted net 
current, microamperes uersus microliters of sample added). A coefficient 
of determination calculation then is performed to see how well the data 
fit the linear regression (Table I). Edetate disodium forms 1:1 complexes 
with many metal ions, but the degree of complex formation is strongly 
influenced by pH. Since the cadmium and zinc chelates are stable in basic 
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Table 11-Assay Results for Edetate Disodium in Various 
Solutions Using Cadmium 

Amount Amount Percent 
Type of Declared, Found, of Range, 
Product TO TO Declared 70 

Standard edetate 0.0126 0.0130“ 103.2 1.6 

water 0.5044 0.5033c 99.8 4.0 
Eye dropsd 0.1 0.1013“ 101.3 5.2 
Eve dronn“ 0.1 0.1000“ 100.0 2.5 

disodium in 0.1040 0.1025 * 98.6 3.7 

-.I - -- - r  

Eye dropsf 0. i 0.0994” 99.4 3.3 
Eye dropsg 0.1000 0.1028“ 102.8 3.1 
Eyewashk 0.10 0.1102” 110.2 3.0 
Evewasha 0.1000 0.1032“ 103.2 1.0 
Cbntact lens’ 0.2 0.1864” 93.21 1.1 

Contact lensk 0.01 0.0097” 97.0‘ 0.0 
cleaning solution 

soakink solution 

Avera e of two determinations. * Avera e of four determinations. Average 
of three ieterminations. Clear Eyes, Ab%ott Laboratories. Visine, Pfizer. 
I Murine Plus, Abbott Laboratories. 8 Simulated preparation, Minneapolis District, 
Food and Drug Administration. Lavoptik, Lavoptik Co. ‘ Softmate, Barnes-Hind 
Pharmaceuticals. j Ten-milliliter sample extracted with 10 ml of water-washed 
chloroform and then centrifuged for 20min at 1500 rpm. Contique, Alcon Labo- 
ratories. Five-milliliter sample diluted with 15 ml of water, extracted, centrifuged 
for 20 min at 1500 rpm, and then allowed to stand until adequately cleared. 

or weakly acidic solutions (8), the pH 9.95 buffer used in this assay 
satisfies a major condition for quantitation in that the uncomplexed 
metal-ion concentration decreases linearly throughout the titration. 

Sample eyewash and eye drop solutions have a pH of -6-7, so their 
effect is minimal upon addition to the buffer in the polarographic cell. 
Some eye drop preparations contain methylcellulose, a viscosity-in- 
creasing agent. Since these solutions tend to wet the surface of the plastic 
micropipet tips, care must be taken to ensure complete removal of the 
entire sample aliquot from the micropipet tip. 

Contact lens cleaning and wetting solutions comprise a large class of 
samples. These solutions commonly contain I but also may contain 
polymeric compounds such as methylcellulose and other closely related 
cellulose ethers, polyvinyl alcohol, and tyloxapol in relatively significant 

Table 111-Assay Results of Edetate  Disodium in Various 
Solutions Using Zinc 

Amount Amount Percent 
Type of Declared, Found, of Range, 
Product % % Declared % 

Standard edetate 0.0126 0.0134“ 106.3 0.8 
disodium in 0.1040 0.1067 102.6 0.7 
water 0.5044 0.5182” 102.7 1.0 

Eye dropsc 0.1 0.1Ooo” 100.0 0.6 
Eye dropsd 0.1 0.1039” 103.9 2.8 
Eye dropse 0.1 0.0999” 99.9 3.4 
Eye drops/ 0.1000 0.1024” 102.4 2.6 
Eyewashg 0.10 0.1092” 109.2 4.5 
Eyewashf 0.1000 0.1034” 103.4 1.3 
Contact lensh 0.2 0.1808” 90.4’ 4.4 

Contact lens, 0.01 0.0105“ 105.0k 4.0 
cleaning solution 

soaking solution 

Average of two determinations. Average of three determinations. Clear Eyes, 
Abbott Laboratories. Visine, Pfizer. e Murine Plus, Abbott Laboratories. 

Simulated preparation Minneapolis District, Food and Drug Administration. 
g Lavoptik, Lavoptik Co. Softmate, Barnes-Hind Pharmaceuticals. ‘ Ten-milliliter 
sample extracted with 10 ml of water-washed chloroform and then centrifu ed for 
20 min at kjM rpm. I Contique, Alcon Laboratories k Five-milliliter sample %luted 
with 15 ml of water, extracted, centrifuged for 20 min at 1,500 rpm, and then allowed 
to stand until adequately cleared. 

concentrations. From a polarographic analysis viewpoint, these polymers 
exhibit a strong maximum suppressor effect, resulting in an unusable 
polarogram. 

The cellulose ether compounds may be precipitated from solution by 
an extraction procedure using water-washed chloroform. Any remaining 
suspended material may be removed completely by centrifugation and 
standing. A preliminary 10-fold sample dilution with water also may 
reduce cellulose interference, providing the original concentration of I 
is 20.1%. In many instances, this treatment is sufficient for successful 
sample analysis if polyvinyl alcohol is absent. Polyvinyl alcohol presents 
several problems: the maximum suppressor effect cannot be diluted out 
due to the low levels of I present in the samples, extraction of the polymer 
is compromised due to the freely soluble nature of the alcohol in aqueous 
solutions, and the alcohol causes undesirable frothing when the polaro- 
graphic cell contents are purged with nitrogen. 

If lens cleaning solutions contain no polyvinyl alcohol, this method can 
determine the edetate disodium concentration in these samples. 

The results in Tables I1 and I11 demonstrate the validity of analyzing 
commercial eyewash, eye drop, and some contact lens cleaning solutions 
for I. The assay values (Tables I1 and 111) for edetate disodium were 
generally higher when standard zinc solution was used; however, cadmium 
exhibited a more reproducible baseline upon addition of certain sample 
matrixes such as lens cleaning solutions. Based on examination of the 
tabular data and the experience gained using both cadmium and zinc, 
cadmium is recommended as the preferred standard. 

An important aspect of this assay is the need for accurate dispensing 
of edetate disodium sample and standard solutions using adjustable 
micropipets. Since these volumes are <1 ml, the micropipets should be 
calibrated. 

This procedure can be readily used to analyze I in powder and injec- 
table forms as presented in the USP and “Food Chemicals Codex.” 

Edetate disodium also is widely used in the food industry as a preser- 
vative, sequestrant, and stabilizer. It is feasible that I can be extracted, 
from food into a water phase and subjected to further cleanup and that 
the concentration then can be determined as specified in this method. 
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Abstract  0 The size distribution of the mineral phases in three renal 
stones (whewellite, struvite, and whitlockite) was determined using a 
particle-counting technique after removal of the organic matrix. The 
multisized crystallites of the investigated stones revealed close similarity 
in size distribution characteristics. Whewellite size parameters were in 
good agreement with the parameters of calcium oxalate monohydrate 
crystals formed in the kidneys of rats injected with L-4-hydroxyproline. 
However, these parameters differed significantly from the values cal- 
culated from the size distribution of calcium oxalate crystals voided in 
the urine of recurrent stone formers. The data obtained suggest that 
critical size distribution characteristics may be instrumental in causing 
the mineral phase to agglomerate and adopt a close packing in renal 
stones. 

Keyphrases 0 Renal stones-size distribution characteristics of mineral 
phase 0 Size distribution-mineral phase of renal stones 0 Urinary 
stones-size distribution characteristics of mineral phase Miner- 
als-size distribution characteristics in renal stones 

The study of crystal deposits in freshly voided urine and 
their relation to stone formation has received considerable 
attention (1-4). The ultrastructure of renal calculi was 
investigated by various methods to understand stone eti- 
ology and growth mechanisms (5-7). However, the size 
distribution and geometrical characteristics of individual 
crystals forming the renal calculus were overlooked. The 
basic question of whether there exists a critical dimension 
or a critical size range favoring stone construction in hu- 
mans has not been answered. The quantitative evaluation 
of these parameters promises a better understanding of the 
clustering process and the packing stability of the mineral 
phase in urolithiasis. 

The purposes of the present study were to determine the 
crystal size distribution of calcium oxalate, ammonium 
magnesium phosphate, and tribasic calcium phosphate in 
stones using different measuring techniques and to com- 
pare the data obtained with data on calcium oxalate 
crystals formed in the kidneys of rats injected with L-4- 
hydroxyproline. 

EXPERIMENTAL 

Three urinary stones’ characterized as whewellite (calcium oxalate 
monohydrate), struvite (ammonium magnesium phosphate hexahydrate), 
and whitlockite (tribasic calcium phosphate) were obtained from re- 
current stone formers. 

A series of experiments was conducted using different solvents and 
conditions to remove the organic matrix and to deaggregate the individual 
crystals from the polycrystalline mass without acting on the mineral 
phase or changing the crystal morphology. Ten milliliters of an aqueous 
solvent was added to -10 mg of the stone and left a t  room temperature 
for 7-14 days. The best results were obtained when whewellite, struvite, 
and whitlockite stones were digested in aqueous 80% ethylenediamine, 
30% NaOH, and 12% sodium hypochlorite solutions, respectively. The 
digested stones were filtered, and the mineral phase residue was washed 
repeatedly with the respective solvent and subjected to size analysis. 

Provided by Dr. M. El-Hilali, Department of Urology, University of Sherbrooke, 
Sherbrooke, Quebec, Canada. 
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The deaggregated mineral phase of the different stones was analyzed 
by a particle counter2 with a 16-channel analyzer and a 100-pm tube. A 
“clean” electrolyte solution (0.9% NaCI) saturated with the stone material 
was used as the suspension medium to ensure that no part of the mineral 
phase dissolved in the electrolyte solution during the size analysis. 

RESULTS AND DISCUSSION 

Mineral  Phase in Renal Stones-Renal stones generally consist of 
coherent compact mineral phases of very low voidage. The mucoprotein- 
ous matrix accounts for 2-2.570 (w/w) (8,9). The particle-size distribution 
of the deaggregated mineral phase of the investigated stones is given in 
Figs. 1 and 2. Particle-size distributions based on the number and volume 
showed a close similarity among the investigated stones. For example, 
the number distribution curves (Fig. 1) showed that 50% of the particle 
population was <5 pm. On the other hand, the volume distribution curves 
(Fig. 2) indicated that the median sizes (rm) of the investigated stones 
wgs 25-30 pm. 

The size data in Figs. 1 and 2 were used to estimate the particle pop- 
ulation parameters of the mineral phase. The Rosin-Rammler distri- 
bution (lo), which is given by G ,  = lOO[exp - (r/rmean)y], was used to 
describe the multisized particle population, where G, is the total cumu- 
lative volume of the mineral phase oversize in percent, r is the particle 
size in micrometers, rmem is the statistical mean particle size in mi- 
crometers derived graphically (corresponding to the coordinate C, = 
36.8%), and y is the degree of uniformity of the size distribution, which 

o---- - - -a-- - _ _  _ _  - - - - ______; * _ _ _ _ _ _ _  2 
0 10 20 30 

DIAMETER, pm 
Figure 1-Mineral phase size distribution of renal stones expressed 
on the basis of number by a particle counter with a 16-channel analyzer 
Key  0, calcium oralate monohydrate, 0, calcium phosphate, and m, 
ammonium magnesium phosphate. 

2 Model TAII, Coulter Electronics, Hialeah, FL 33010 
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Figure 2-Mineral phase size distribution of renal stones expressed 
on the basis of volume by a particle counter with a 16-channel analyzer. 
Key: 0, calcium oxalate monohydrate; 0 ,  calcium phosphate; and .. 
ammonium magnesium phosphate. 

also is obtained graphically as the slope of the linear relation between log 
(log 100/G,) and log r. The most probable crystal size in the size (10) 
distribution (r,) is obtained from r, = rmean(y - l / ~ ) l '? .  

Figure 3 shows a scattergraph and a linear representation of the mineral 
phase size distribution of the investigated stones. From this plot, the 
median size (rgo) is 25.5 pm, the most probable size in the distribution 
( r m )  is 26.9 pm, the uniformity factor of the size distribution (y)  is 2.8, 
and the coefficient of variation (CV) is 63.7%. The coefficient of variation 
is calculated from CV (%) = lOO[(rls - r84)/2r50], where r I6  and r84 are 
the particle sizes when G ,  = 16 and 84%, respectively. 

The examination of the calcium oxalate crystals from the whewellite 
stone using a scanning electron microscope supported these findings. The 
mean projected diameter was 28 gm (Fig. 4). This mean projected di- 
ameter correlated well with the median size (r50) and the most probable 
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Figure 3-Scattergraph of the mineral phase size distribution of the 
investigated renal stones based on the Rosin-Rammler extrapolation. 
Key: 0,  calcium oxalate monohydrate; 0 ,  calcium phosphate; and m, 
ammonium magnesium phosphate. 

size in the mineral phase size distribution (r,) obtained by the 
counter. 
In Vivo Crystallization of Calcium Oxalate Monohydrate-The 

detailed growth history of urinary stones is unknown, and no information 
is available on the size distribution of the individual crystallites that occur 
immediately after i n  viuo crystallization. In this study, the size distri- 
bution data of calcium oxalate crystallites in renal stones were compared 
with data for the calcium oxalate crystals produced in rat kidneys after 

Table I-Size Characterist ics of Calcium Oxalate Monohydrate Crystallized In Vivo 

Source of 
Calcium Oxalate 

Crystals 

Most Probable 
Crystal Size in Size 

Median Size Mean Size Uniformity Distribution 
( r d ,  pm ( r m d ,  pm cv, % Factor (y)  ( r m ) ,  grn 

Llrinary stone 25.5 
Rat kidneys (experimental urolithiasis) 26.0 
Urine of recurrent stone formers 9.7 

31.5 63.7 
31.0 57.7 
14.0 63.8 

2.8 
2.7 
3.5 

26.9 
26.1 
8.8 

Figure 4-Scanning electron micrograph of calcium oxalate monohydrate crystals in a calcium oxalate renal stone. The  mean projected diameter 
is 28 pm.  
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Figure 5-Size distribution curves of calcium oxalate monohydrate 
crystals in the renal stone and in experimental urolithiasis. Key: 0, 
calcium oxalate stone; and 0 ,  calcium onalate crystals in rat kid- 
neys. 
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Figure 6-Size distribution of calcium oxalate monohydrate crystals 
produced in vivo in the urine of recurrent stone formers ( 0 )  (121, in the 
urinary stone ( O ) ,  and in rat kidneys (experimental urolithiasis) 
(0). 

the injection of L-4-hydroxyproline. The experimental details on the 
formation of calcium oxalate crystals in rat kidneys by injection of L- 
4-hydroxyproline was described recently (11). 

Figure 5 illustrates the size distribution curves of calcium oxalate 
crystals in the renal stone and calcium oxalate crystals formed in rat 

kidneys, clearly showing a close similarity in the size distrihution of the 
mineral phase in the rat kidneys and in the human stone. This observa- 
tion suggests that crystal growth in rat kidneys (experimental urolithiasis) 
and in the urinary stones may be controlled by similar biological and 
physicochemical variables. 

On the other hand, Robertson and Peacock (12) studied the size dis- 
tribution of calcium oxalate crystals voided in the urine hy recurrent stone 
formers (those having a history of stones over a period of years). The 
recurrent stone formers excreted calcium oxalate crystals that gave a 
bimodal distribution. The examination of the data reported by Robertson 
and Peacock and data on urinary stones revealed wide variation. To 
compare the size distribution parameters of calcium oxalate crystals 
passed in the urine of stone formers with those of calcium oxalate crystals 
of both renal and rat kidney stones, the Robertson and Peacock data were 
recalculated and plotted (Fig. 6). The size parameters of calcium oxalate 
crystals were determined and are given in Table I. The values given in 
Table I indicate that while the size parameters of the calcium oxalate 
crystals in both the renal stone and rat kidneys were very close, significant 
differences existed with calcium oxalate crystals voided in the urine of 
stone formers. For example, the r50 value for crystals in the renal stone 
was 25.5 pm, and in rat kidneys it was 26.0 pm; for the crystals passed by 
the recurrent stone formers, i t  was 9.7 pm. 

The uniformity factor (y), a measure of the uniformity of the distri- 
bution, also showed a significant difference between the crystals of the 
stone and those voided in the urine of stone formers. 

Some investigators (9, 13) stated that the coherence of the particles 
in stones is a function of the surface and shape of the mineral phase 
particles as well as the presence of the organic matrix. The contribution 
of the grain size and size distribution characteristics in particle retention 
and packing still is unclear. More studies are necessary for complete 
characterization of this problem and for the eventual understanding of 
stone genesis. 
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Abstract The solubility of ergotamine tartrate in aqueous solutions 
of tartaric acid, citric acid, hydrochloric acid, and caffeine and the dis- 
solution rate of ergotamine tartrate in aqueous mixtures containing hy- 
drochloric acid, caffeine, citric acid, or sodium acetate were studied. The 
Noyes-Whitney model of dissolution is useful for predicting the disso- 
lution rate of ergotamine tartrate in most of the dissolution media. The 
relative slowness with which ergotamine chloride (a substance with low 
water solubility) precipitated when ergotamine tartrate was dissolved 
in 0.1 M HC1 resulted in the solid dissolving faster in this medium than 
was predicted using the Noyes-Whitney equation. 

Keyphrases 0 Ergotamine tartrate-solubility and dissolution rate U 
Analgesics-ergotamine tartrate, solubility and dissolution rate 0 Sol- 
ubility-ergotamine tartrate, various dissolution media 0 Dissolution 
rates-ergotamine tartrate, various dissolution media 

Relief of migraine headaches by the ergot alkaloid er- 
gotamine depends on its rapid entrance into the systemic 
circulation during the initial phase of the migraine attack 
(1). Ergotamine has very low water solubility (2), and its 
more soluble salts, especially ergotamine tartrate (ergot- 
aminehrtaric acid, 2:1), are used in injections and in solid 
dosage forms from which rapid drug release is desirable 
(3). 

Although ergotamine tartrate, with a solubility of 1500 
in water (2), is more soluble in water than ergotamine, 
some confusion exists about the nature of its aqueous so- 
lutions. For example, it was stated that ergotamine tartrate 
is soluble in water but that the addition of tartaric acid 
often is necessary to maintain a clear solution (4). The 
present studies concern the solubility of ergotamine in 
aqueous solutions of tartaric acid, citric acid, hydrochloric 
acid, and caffeine and the dissolution rate of ergotamine 
tartrate in several aqueous mixtures. Caffeine was included 
in some solutions because it is a common ingredient in 
many dosage forms of ergotamine and it has been postu- 
lated that caffeine forms one or more molecular complexes 
with ergotamine (5). 

EXPERIMENTAL 

Solubility Studiedolut ions of caffeine, citric acid, and tartaric acid 
were prepared in the concentration ranges of 0-0.025,0-0.25, and 0-0.25 
M, respectively. The pH values of these solutions were adjusted with 
sulfuric acid, hydrochloric acid, or sodium hydroxide (Table I). 

Constant amounts of ergotamine tartrate, in excess of its solubility, 
were added to screw-capped vials containing a fixed volume of dissolution 
medium. The vials were sealed and shaken in a water bath at 25.0 f 0.1'. 
Preliminary studies were conducted to determine the time required for 
the solutions to reach equilibrium. 

The ergotamine Concentration in each equilibrated solution was de- 
termined by filtering the contents of the screw-capped vials through a 
0.22-pm membrane filter, diluting the filtrate with 1.0% (w/v) tartaric 
acid solution, and measuring the absorbance of these solutions at 317 nm 
against an appropriately diluted dissolution medium. Absorbance values 
were converted to ergotamine concentrations using a Beer's law plot. The 
Beer's law plot was constructed over the ergotamine concentration range 
of 0-1.52 x 10-4 M and was found to fit y = 7318% ( r  = 0.9991, where y 
is the absorbance and Y is the molar concentration of ergotamine. 

The amounts of ergotamine tartrate, the volumes of the dissolution 
media, and the shaking times for each solubility experiment are shown 
in Table I. 

Analysis of Solids-The solid phases remaining in several solubility 
experiments were collected and dried at 100'. The percentage by weight 
of ergotamine in the solid phase was determined by dissolving a known 
amount of the solid and measuring its absorbance at  317 nm. The con- 
centration of ergotamine in the solution was determined from a standard 
curve, thus allowing the percentage composition of ergotamine in the solid 
phase to be calculated. 

Dissolution Studies-The apparatus used in the dissolution studies 
was a slight modification of the assembly described in USP XIX. A flow 
inducer' was used to pump the dissolution medium into a flow-through 
cell mounted in a spectrophotometer* and back into the dissolution vessel. 
The absorbance of ergotamine in the circulating dissolution medium was 
measured at 317 nm, and a dissolution curve was constructed by plotting 
ergotamine concentration uersus time. 

The dissolution tests were conducted on 100-mg disks of ergotamine 
tartrate, manufactured by compression at  a force of 5 tons in a hydraulic 
press. The dissolution medium (lo00 ml) was maintained at  25.0 i 0.1', 
and the basket of the dissolution apparatus was rotated at 100 rpm. 

The compositions of the dissolution media (Table 11) were designed 
to determine the influence of caffeine and citric acid on the dissolution 
rate of ergotamine in simulated gastric fluid (0.1 M HCl) and at the ap- 
proximate pH value of the region where the stomach empties its contents 
into the duodenum (pH 5.0,O.l M sodium acetate-acetic acid buffer). 

RESULTS AND DISCUSSION 

Ergotarnine Solubility in  Aqueous Tartaric Acid Solutions-The 
phase solubility diagram for ergotamine in aqueous tartaric acid solutions 
is shown in Fig. 1. The points were calculated from the results of exper- 
iments in which water or the tartaric acid solutions were saturated with 
ergotamine tartrate. The pH values of the various solutions are indicated 
in Fig. 1. The solution that was prepared by saturating water with er- 
gotamine tartrate [(EH)2T] had a pH value of <5.2, which is the calcu- 
lated pH value of such a solution [the solution contained 3.2 X 10-3 M 
ergotamine plus ergotamine cation; the pKa value of ergotamine cation 
is 6.4 (6), and the pKa values for tartaric acid are 2.93 and 4.23 (2)]. This 
point will be discussed more fully later, but it is believed to arise because 
the ergotamine tartrate sample was contaminated with tartaric acid or 
ergotamine acid tartrate (EHTH). 

The fact that ergotamine cation has pKa value of 6.4 leads to the 
conclusion that ergotamine is essentially fully protonated between pH 
3 and 1.86, so changes in solubility that accompany changes in tartaric 
acid concentration cannot be accounted for by changes in the degree of 
ionization of ergotamine. 

The solid phase in the presence of 0.25 M added tartaric acid contained 
80.3% ergotamine and 19.7% tartaric acid. Since this is a 1:1 molar ratio 
of ergotamine and tartaric acid, the compound is postulated to be er- 
gotamine acid tartrate. The solid phase in the presence of 0.025 Madded 
tartaric acid had an ergotamine to tartaric acid ratio of 1.41 and most 
likely was a mixture of EHTH and ergotamine tartrate [(EH)zT]. 

These observations and the phase solubility diagram can be accounted 
for on the basis that the reactions shown in Schemes I-IV occur in satu- 
rated aqueous solutions of ergotamine tartrate. In Schemes I-IV, EH+ 
is the ergotamine cation; TH2, TH-, and T2- are tartaric acid, acid tar- 
trate ion, and tartrate ion, respectively; K: and K: are the solubility 
products of (EH)2T and EHTH, respectively; and KA (1.04 X and 
K: (4.55 X 10-5) are the acid dissociation constants of tartaric acid 
(2). 

1 Watson-Marlow Ltd. 
2 Perkin-Elmer 402 UV-visible spectrophotometer. 
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Table I-Comoosition of the Dissolution Media and ExDerimental Parameters Used in the Solubility Studies 

Amount of Volume of 
Dissolution Ergotarnine Dissolution Shaking 
Medium pH Composition of Dissolution Medium Tartrate, mg Medium, ml Time, hr Medium 

1 
2 
3 
4 
5 
6 
7 

8 
9 

10 

0.3 
0.5 
1 .o 
1.4 
2.0 

Not controlled 
5.0 

1.0 
1 .o 

Not controlled 

0-0.025 M caffeine and 0.5 M sulfuric acid 
0-0.025 M caffeine and 0.37 M HC1 
0-0.025 M caffeine and 0.1 M HCI 
0-0.025 M caffeine and 0.037 M HCI 
0-0.025 M caffeine and 0.01 M HCI 
0-0.25 M aqueous citric acid solution 
0-0.25 M aqueous citric acid-sodium hydroxide 

0-0.25 M citric acid and 0.1 M HCI 
0-0.25 M citric acid, 0.025 M caffeine, and 0.1 M 

0-0.25 M aaueous tartaric acid solution 

solution 

HCI 

100 
100 
100 
100 
100 
250 
50 

100 
100 

200 

20 
20 
20 
20 
20 
10 
10 

20 
20 

10 

24 
24 
48 
24 
48 
48 
48 

48 
48 

48 

(EH)yT,vd&2 EH' + T2- 
Scheme I 

T H ~  STH- + H+ 
Scheme I1 

TH- S T 2 -  + H t  
Scheme I l l  
3 

EH-THmlid -EH+ + TH- 
Scheme IV 

The observation that the solid phase in the presence of 0.025 M tartaric 
acid was a mixture of ergotamine tartrate and ergotamine acid tartrate 
suggests that the solid phase throughout the ascending portion of the 
phase solubility diagram, i.e., from 0 to 0.05 Madded tartaric acid, was 
a mixture of (EH)*T and EHTH and that the equilibrium reactions in 
Schemes I and IV were established. Hence, throughout this region, the 
relationship: 

(Eq. 1) 

0 5 10 16 20 25 

ACID CONCENTRATION, X 1 0 a M  
Figure 1-Effect ofthe tartaric acid Concentration (0 )  and citric acid 
concentration (0 )  on the solubility of ergotamine tartrate in urater. The 
concentrations of tartaric acid added resulted in various p H  values of 
equilibrated solution: 0 M, 3.0; 0.025 M, 2.33; 0.05 M, 2.15; 0.075 M, 2.10; 
0.10M,2.04;0.15M,1.98;0.20M,1.92;and0.25M,1.86. 

should apply. Substitution of measured values of [EH+] and [H+] in Eq. 
1 led to a value of 2.0 f 0.1 X M for KiIKq. The solid phase in the 
presence of 0.25 M added tartaric acid was ergotamine acid tartrate. 
Hence, under these conditions, it is evident that the equilibrium reactions 
in Schemes n-IV are the only ones operating. Treatment of the data in 
this region resulted in a value of 2.1 X M2 for K:. Subsequentsolu- 
tion of Eq. 1 gave a value of 4.2 X M 3  for K:. Hence, the phase sol- 
ubility diagram in Fig. 1 may be accounted for by the described postulates 
and can be quantitated by using values of 4.2 X 
M2 for the equilibrium constants K i  and Kq at  25", respectively. 

The presence of EHTH in the EHzT sample that was obtained com- 
mercially could account for the fact that its saturated solution in water 
had a pH value of 3.0 rather than 5.2 as expected. The analytical results 
found for this material were: C, 62.11; H, 5.83; N, 10.44; 0, 21.52. The 
formula for (EH)2T ( C ~ ~ H ~ ~ N ~ O O X )  requires: C, 64.01; H, 5.83; N, 10.66; 
0.19.49. Therefore, the analytical results are consistent with it containing 
50% (EH)2T and 50% EH-TH (C, 62.36; H, 5.74; N, 10.12; 0,21.77). 

If this postulate is correct, then the determinations of ergotamine 
concentrations made in this study are probably in error by 5% because 
the Beer's law plots from which concentrations were calculated were 
constructed on the basis that 1 mole of ergotamine tartrate yielded 2 
moles of ergotamine cation. In fact, whereas 1 g of ergotamine tartrate 
yields 1.52 X mole of ergotamine cation, 1 g of a 50:50 mixture of 
ergotamine tartrate and ergotamine acid tartrate yields 1.45 X mole 
of ergotamine. 

Ergotamine Tartrate Solubility in Aqueous Citric Acid Solu- 
tions-The phase solubility diagram obtained by saturation of citric acid 
solutions with ergotamine tartrate is included in Fig. 1. The solid phase 
in the presence of 0.25 M citric acid was a 1:l mixture of citric acid and 
ergotamine, presumably the monoergotamine salt of citric acid. 

The pH values of solutions in this experiment were not controlled and 
ranged downward from 3.0. This system was not analyzed further because 
of its complexity, but it is reasonable to conclude that equilibria similar 
to those established in the tartaric acid system were in existence as well 
as others involving the various possible salts of citric acid. 

The phase solubility diagram obtained when ergotamine tartrate was 
added to pH 5.0 citric acid-sodium hydroxide buffers is shown in Fig. 2. 

M 3  and 2.1 X 

Table 11-Dissolution Rates of 100-mg Ergotamine Tartrate  
Disks in Various Dissolution Media 

Gradient of Initial 
Portion of Dissolution 

Composition of pH Curve, absorbance 
Dissolution Medium Value units/min x lo4 

0.1 M HCI 
0.025 M caffeine and 0.1 M HCI 
0.15 M citric acid and 0.1 M HCI 
0.025 M caffeine, 0.15 M citric 

acid, and 0.1 M HCI 
0.1 M sodium acetate-acetic acid 

buffer (acetate buffer) 
0.025 M caffeine and acetate 

buffer 
0.15 M citric acid-sodium 

hydroxide i n  acetate buffer 
0.025 M caffeine and 0.15 M 

citric acid-sodium hydroxide 
in acetate buffer 

1.0 35.3 f 10.5 
288.0 f 93.1 1.0 

1.0 83.0 f 34.1 
1 .o 246.3 f 99.2 

37.0 f 19.1 5.0 

5.0 150.3 f 49.8 

5.0 6.7 f 1.9 

5.0 18.3 f 2.1 

Journal of Pharmaceutical Sciences f 033 
Vol. 69, No. 7. July 1980 



1 I 1 I I I 
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CITRIC ACID CONCENTRATION, X lg* M 
Figure 2-Solubility of ergotamine tartrate in solutions of citric acid 
buffered to pH 5.0 with sodium hydroxide. 

In this case, increases in the total citrate concentration caused the er- 
gotamine concentration in solution to decrease. The solid phase in the 
presence of 0.25 Madded citric acid contained 72.3% ergotamine. This 
value is consistent with the solid phase being essentially the monosodium, 
monoergotamine salt of diionized citric acid, which contains 73.09% er- 
gotarnine (EH-HCitNa). The equilibrium reaction under these conditions 
is: 

(EH.HCit.Na).,lid s E H +  + Na+ + HCit2- 
Scheme V 

The decrease in ergotamine concentration in solution that occurred as 
the sodium citrate concentration was increased resulted from precipi- 
tation of EH-HCit-Na by a common-ion effect. 

Ergotarnine Tar t ra te  Solubility in Aqueous Hydrochloric 
Acid-The solubilities of ergotamine tartrate in aqueous hydrochloric 
acid solutions are summarized in Table 111. The solid phases were not 
analyzed3, but it is postulated that they contained ergotamine chloride. 
It is known from the pKa value of ergotamine cation (6.4) that the ionic 
nature of ergotamine does not change appreciably as the pH is lowered 
from 3.0 M HCl) to -1.0 (0.1 M HC1). Hence, increasing chloride- 
ion concentrations probably caused precipitation of ergotamine chloride 
by a common-ion effect. This conclusion is supported by the fact that the 
product of the concentrations of ergotamine cation [EH+] and chloride 
ion in solution was essentially constant (Table III), i.e., it was the solu- 
bility product of ergotamine chloride. The slight drift in values could be 
caused by the change in ionic strength that occurs when the chloride-ion 
concentration varies by a factor of >loo. 

The chloride-ion concentrations in the stomach and duodenum are 

Table 111-Solubility of Ergotamine in Aqueous Hydrochloric 
Acid 

Ksp = [EH+][Cl-], 
[HCll, M 1O4[EH+1, M ICl-Ia, M M2 

~~ 

0.370 0.58 0.362 2.1 x 10-5 
0.100 0.64 0.093 5.9 x 10-6 
0.037 1.77 0.030 5.2 X 
0.010 7.76 0.0032 2.5 X 

a Calculated on basis that the solid phase is ergotamine chloride. 
- 

3 A UV spectrum and flame test were consistent with this conclusion. 
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Figure 3-Effect of caffeine concentration on the solubility of ergot- 
amine in 0.370 M HCl (o),  0.100 M HC1 (O) ,  and 0.037 M H C l ( 0 ) .  

4 . 1 4  M (5 mg/ml) and 0.08 M (2.6-3.6 rng/ml), respectively (7). Hence, 
the precipitation of ergotarnine chloride in the GI tract may lower the 
bioavailability of orally administered ergotamine salts. 

Zoglio et al. (5) determined the solubility of ergotamine tartrate in 0.1 
M HCl at  30.0° to be -5.3 X M ergotamine. This figure is substan- 
tially larger than the value of 8.1 X M calculated in this study under 
identical conditions. No explanation for this difference can be offered. 

Ergotarnine Tartrate Solubility in Caffeine SolutioneThe phase 
solubility diagrams that were obtained by saturation of caffeine solutions 
in aqueous hydrochloric acid with ergotamine tartrate are shown in Figs. 
3 and 4. The influence of caffeine on ergotamine tartrate solubility was 
qualitatively similar to that obtained by Zoglio et al. (5) and may be at- 
tributed to complex formation between caffeine and ergotamine. The 
fact that the ergotarnine-caffeine phase solubility diagrams are not 
straight lines suggests that complexes containing more than one caffeine 
molecule were formed (8). 

Dissolution Studies-The dissolution rates of ergotamine from 
100-mg ergotamine tartrate disks in various solvents are shown in Table 
11. The dissolution rates in 0.1 M HCl were increased 6.5 times when 0.025 
M caffeine was included and 2.4 times when 0.15 M citric acid was in- 
cluded. The rate was increased seven times in the presence of 0.025 M 
caffeine and 0.15 M citric acid. The phase solubility studies indicated 
that ergotamine tartrate solubility (expressed as ergotamine solubility) 
in 0.1 M HCI was increased six times by 0.025 M caffeine and six times 
by citric acid. Hence, these re_sults were approximately consistent with 
the Noyes-Whitney model for dissolution (91, which states that the dis- 
solution rate of a solid is proportional to its solubility in dilute solutions. 

It is surprising that the dissolution rate of ergotamine in a pH 5.0 ac- 
etate buffer was essentially the same as that in 0.1 M HCl, whereas its 
solubility was 20 times greater in the former solvent. A likely explanation 
is that precipitation of ergotamine chloride, the event that depresses 
ergotamine solubility in hydrochloric acid solutions, does not occur to 
an appreciable extent within the diffusion layer. The kinetics of this event 
apparently are slow with respect to the time taken for a molecule to dif- 
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CONCLUSIONS 

1. Chloride ions, a common constituent of the contents of the stomach 
and duodenum, significantly reduce the concentration of ergotamine in 
solution by forming ergotarnine chloride, a substance with a solubility 
product of -5 x M2. 

2. The dissolution rate of ergotamine tartrate in water is not depressed 
appreciably by chloride ions because the precipitation rate of ergotamine 
chloride apparently is slow compared to the dissolution rate. 

3. Protonation of the diionized tartrate anion of ergotamine tartrate 
by the addition of small amounts of citric acid or tartaric acid increases 
the solubility of ergotamine. Large amounts of these acids result in the 
precipitation of 1:1 salts of ergotamine and the acid monoanions. Sodium 
citrate depresses the solubility of ergotamine. 

4. The Noyes-Whitney model for dissolution accounts for the rate- 
enhancing effect of caffeine and citric acid on ergotamine dissolution at 
pH 1.0 and the rate-depressing effect of citric acid at pH 5.0. 

CAFFEINE CONCENTRATION, x 1 0 3 ~  
Figure 4-Solubilizing effect of caffeine on ergotarnine tartrate in 0.01 
M HCl ( 0 )  and 0.50 M sulfuric acid (0). 

fuse from the solid-liquid interface into the bulk of the solution. 
The inclusion of 0.025 M caffeine in a pH 5 acetate buffer increased 

the dissolution rate of ergotamine tartrate four times, whereas the in- 
clusion of 0.15 M citric acid depressed the rate by a factor of five. The 
inclusion of 0.15 M citric acid in the acetate buffer that contained 0.025 
M caffeine reduced the rate by a factor of eight. 

The rate-enhancing effect of caffeine on ergotamine dissolution at  pH 
5.0 is consistent with the formation of a soluble molecular complex at this 
pH as well as at  pH 1.0. These studies provided evidence of complex 
formation at  pH 1.0, and Zoglio et al. (5) demonstrated complex forma- 
tion at  pH 6.65. 

The results in Fig. 2 show that citric acid depressed ergotamine solu- 
bility in a pH 5 sodium acetate buffer by a factor of 2.4. Hence, the de- 
pressing effect of citric acid on the dissolution rate of ergotamine in a pH 
5 buffer is consistent with predictions based on the Noyes-Whitney 
model. 
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Abstract The selectivity and sensitivity provided by a wall-coated 
open tubular column coupled with a nitrogen-selective detector allowed 
rapid, accurate determination of diazepam, meprobamate, phenylbu- 
tazone, and thioridazine in serum in the same chromatographic system 
using 100-200 pl of sample. 

Keyphrases 0 Diazepam-GLC determination in serum, wall-coated 
open tubular column coupled with nitrogen-selective detector Me- 

probamate-GLC determination in serum, wall-coated open tubular 
column coupled with nitrogen-selective detector 0 Phenylbutazone- 
GLC determination in serum, wall-coated open tubular column coupled 
with nitrogen-selective detector Thioridazine-GLC determination 
in serum, wall-coated open tubular column coupled with nitrogen-se- 
lective detector 0 GLC-analysis, diazepam, meprobamate, phenylbu- 
tazone, and thioridazine in serum, wall-coated open tubular column 
coupled with nitrogen-selective detector 

Various columns and detectors have been used in the 
GLC determination of diazepam (I) (1-7), meprobamate 
(11) (8,9), phenylbutazone (111) (10-14), and thioridazine 

(IV) (15-17) in serum. Packed columns were used in all of 
the methods and were coupled to a 63Ni-electr~n-capture 
detector (1-5,7,14), a flame-ionization detector (6,8-13, 
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CONCLUSIONS 

1. Chloride ions, a common constituent of the contents of the stomach 
and duodenum, significantly reduce the concentration of ergotamine in 
solution by forming ergotarnine chloride, a substance with a solubility 
product of -5 x M2. 

2. The dissolution rate of ergotamine tartrate in water is not depressed 
appreciably by chloride ions because the precipitation rate of ergotamine 
chloride apparently is slow compared to the dissolution rate. 

3. Protonation of the diionized tartrate anion of ergotamine tartrate 
by the addition of small amounts of citric acid or tartaric acid increases 
the solubility of ergotamine. Large amounts of these acids result in the 
precipitation of 1:1 salts of ergotamine and the acid monoanions. Sodium 
citrate depresses the solubility of ergotamine. 

4. The Noyes-Whitney model for dissolution accounts for the rate- 
enhancing effect of caffeine and citric acid on ergotamine dissolution at 
pH 1.0 and the rate-depressing effect of citric acid at pH 5.0. 

CAFFEINE CONCENTRATION, x 1 0 3 ~  
Figure 4-Solubilizing effect of caffeine on ergotarnine tartrate in 0.01 
M HCl ( 0 )  and 0.50 M sulfuric acid (0). 

fuse from the solid-liquid interface into the bulk of the solution. 
The inclusion of 0.025 M caffeine in a pH 5 acetate buffer increased 

the dissolution rate of ergotamine tartrate four times, whereas the in- 
clusion of 0.15 M citric acid depressed the rate by a factor of five. The 
inclusion of 0.15 M citric acid in the acetate buffer that contained 0.025 
M caffeine reduced the rate by a factor of eight. 

The rate-enhancing effect of caffeine on ergotamine dissolution at  pH 
5.0 is consistent with the formation of a soluble molecular complex at this 
pH as well as at  pH 1.0. These studies provided evidence of complex 
formation at  pH 1.0, and Zoglio et al. (5) demonstrated complex forma- 
tion at  pH 6.65. 

The results in Fig. 2 show that citric acid depressed ergotamine solu- 
bility in a pH 5 sodium acetate buffer by a factor of 2.4. Hence, the de- 
pressing effect of citric acid on the dissolution rate of ergotamine in a pH 
5 buffer is consistent with predictions based on the Noyes-Whitney 
model. 

REFERENCES 

(1) J. M. Bradfield, Curr. Ther., 17,55 (1976). 
(2) “The Merck Index,” 9th ed., M. Windholz, Ed., Merck & Co., 

Rahway, N.J., 1976. 
(3) “The Pharmacological Basis of Therapeutics,” 5th ed., L. S. 

Goodman and A. Gilman, Eds., Macmillan, New York, N.Y., 1956, pp. 
867-880. 

(4)  “Martindale: The Extra Pharmacopoeia,” 27th ed., N. W. Blacow, 
Ed., Pharmaceutical Press, London, England, 1977. 

(5) M. A. Zoglio, H. V. Maulding, and J. J. Windheuser, J. Pharm. Sci., 
58,222 (1969). 

(6) H. V. Maulding and M. A. Zoglio, ibid., 59,700 (1970). 
(7) G. J. Martin, “Ion Exchange and Absorption Agents in Medicine,” 

Little, Brown, Boston, Mass., 1955, pp. 10, l l .  
(8) T. Higuchi and K. A. Connors, in “Advances in Analytical Chem- 

istry and Instrumentation,” vol. 4, C. N. Reilly, Ed., Interscience, New 
York, N.Y., 1965,pp. 117-212. 

(9) A. A. Noyes and W. R. Whitney, J. Am. Chem. Soc., 19, 930 
(1897). 

ACKNOWLEDGMENTS 

Supported by a grant from the Nicholas Drug Research Consor- 
tium. 

Wall-Coated Open Tubular Column Coupled with 
Nitrogen-Selective Detector for Routine GLC 
Determination of Diazepam, Meprobamate, 
Phenylbutazone, and Thioridazine in Serum 

D. DEBRUYNEX, M. A. MOULIN, R. CAMSONNE, and 
M.-C. BIGOT 
Received March 28,1979, from the Laboratory of Pharmacology, Medical School, Laboratory of Functional Explorations B, University Hospital 
Center of Caen, 14000 Caen, France. Accepted for publication February 26,1980. 

Abstract The selectivity and sensitivity provided by a wall-coated 
open tubular column coupled with a nitrogen-selective detector allowed 
rapid, accurate determination of diazepam, meprobamate, phenylbu- 
tazone, and thioridazine in serum in the same chromatographic system 
using 100-200 pl of sample. 

Keyphrases 0 Diazepam-GLC determination in serum, wall-coated 
open tubular column coupled with nitrogen-selective detector Me- 

probamate-GLC determination in serum, wall-coated open tubular 
column coupled with nitrogen-selective detector 0 Phenylbutazone- 
GLC determination in serum, wall-coated open tubular column coupled 
with nitrogen-selective detector Thioridazine-GLC determination 
in serum, wall-coated open tubular column coupled with nitrogen-se- 
lective detector 0 GLC-analysis, diazepam, meprobamate, phenylbu- 
tazone, and thioridazine in serum, wall-coated open tubular column 
coupled with nitrogen-selective detector 

Various columns and detectors have been used in the 
GLC determination of diazepam (I) (1-7), meprobamate 
(11) (8,9), phenylbutazone (111) (10-14), and thioridazine 

(IV) (15-17) in serum. Packed columns were used in all of 
the methods and were coupled to a 63Ni-electr~n-capture 
detector (1-5,7,14), a flame-ionization detector (6,8-13, 
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Table I-Extraction Conditions 

Serum 
Sample 

Extracted, 
PI  

100 

100 

100 

Drug 
(Solvent) 

Diazepam 
(methanol) 

Meprobamate 
(methanol) 

Phenyl- 
bu tazone 

Concen- 
trations 
Tested, 

0.1,0.2,0.5, 
1, 1.5,2 

5, 10, 15.20, 

p d m l  

25.30 
25,50, 75, 

100,125, 

Amount of 
Internal 
Stand a r d 
(Solvent) 

0.125 pg of 
flunitrazepam 
(chloroform) 

0.250 pg of thio- 
pental (water) 

5.0 pg of diazepam 
(methanol) 

Volume of 
Acid or 

Base 

3 0 ~ 1  of 1 N 
NaOH 

200 p1 of 0.05 
N HCl 

500 pl of pH 2 
phosphate 

Volume of 
Extraction 

Solvent 

6.0 ml of ether- 
chloroform 
(7030 v/v) 

0.3 ml of 
chloroform 

0.5 ml of 
chloroform 

Recovery 
of 

Agitation Recovery Internal 
Time, of Drug, Standard, 

min % % 

6 89 69 

5 67 62 

6 70 71 

(water) 150 buffer 
200 Thioridazine 1. 1.5. 2. 1.0 ug of halo- 100 ul of 1 N 5.0 ml of hexane- 12 88 60 

(methanol) ' 2.5, 3, 3.5 pehdol N ~ O H  chloroform 
(chloroform) _(70:30 v/v) 

a 
Table 11-Chromatographic Conditions and  Results 

Volume of Internal 
Sample Sensitivity Linear Carrier Drug Standard Minimum 
Injected, and Column Gas Velocity", Retention Retention Detectable 

Drug Attenuation Temperature cm/sec Time Time Quantity, ng 

Diazepam 3-5 1 x 8  235' 46 2 min, 6 sec 3 min, 6 sec 0.5 

Thioridazine 6-8 1 x 2  260' 50 4 min, 36 sec 3 min, 12 sec 6 

Meprobamate 10 1 x 2  1700 29 3 min, 28 sec 4 min, 26 sec 5 
Phenyl butazone 1-2 1 X 16 245' 36 2 min 2 min, 18 sec 2 

Nitrogen U. 

15, 17), or a goSr-ionization detector (16). The columns 
were packed with Carbowax 20M ( l ) ,  3% OV-17 (2-4), 3% 
OV-225 (5), and 3% SE-30 (6) for I; 3% SE-30 (8) and 3.8% 
OV-17 (9) for 11; 3% OV-210 (lo), 3% Apiezon L ( l l ) ,  3% 
OV-7 (12), 10% DC 200 (131, and 5% OV-17 (14) for 111; and 
3% XE-60 (15) and 3% OV-17 (16,17) for IV. 

To overcome the disadvantages of using many materials, 
one polyvalent chromatographic system, a high-perfor- 
mance wall-coated open tubular column coupled with a 
nitrogen-specific detector, was used for the determination 
in serum of these four drugs of various molecular weights 
and polarities. 

The great efficiency (18, 19) and short elution time of 
the wall-coated open tubular column and the sensitivity 
and selectivity (20) of the nitrogen detector allow rapid, 
accurate determination of drugs at  therapeutic levels with 
small samples (100-200 pl) using a simple extraction and 
no derivatization steps. 

EXPERIMENTAL 

Standard Solutions--Meprobamate1 (50 pg/ml), thiopental' (5 
pg/rnl), phenylbutazone3 (100 pg/ml), diazepam4 (1.5, and 100 pg/ml), 
thioridazine5 ( 1 0  pg/ml), haloperidoF (10 pg/ml), and flunitrazepam4 
(5 pglml) solutions were prepared by dissolving the pure products in 
appropriate solvents as indicated in Table I. The solutions were stored 
a t  4'. 

Solvents -Chloroform, n -hexane, ether7, and methanols were of high 
grade purity. 

Instrumentation- -The gas-liquid chromatographg was equipped with 
a nitrogen-selective detectorIn and a solid injectorlo and was connected 
to a recorder" with a scale range of 1 mv. 

Clin-Comar-Byla. Paris, France. 
Abhott. St-Remy sur Avre, France. 

3 Geigy, Kueil-Malmaison, France. 
Roche, Neuilly, France. 

5 Sandoz, Rueil-Malmaiscm. France. 
Lehrun, Paris. France. 

I Merck. Darmstadt. West Germany. 
Prolabo, Paris, France. 
Model 3000 FC I EHPT, Girdel. Suresnes, France. 

1" Girdel, Suresnes, Francr. 
11 Servotrace PU,  Sefram, Paris, France. 

Table  111-Assay Accuracy 

Serum Concentration, pg/ml 
Theoretical Experimental Percent Difference 

Diazepam 0.1 
0.2 
0.5 
1 
1.5 
2 

Meprobamate 2.5 
5 

10 
15 
20 
25 

Phenylbutazone 25 
50 
75 

100 

2 
2.5 
3 
3.5 

0.095 
0.185 
0.515 
0.985 
1.510 
1.995 
2.3 
4.8 
9.7 

15.3 
20.1 
25.5 
24.5 
50 
74.5 
99.5 

126.5 
152 

0.98 
1.5 
1.95 
2.37 
2.98 
3.54 

5 '  
7.5 
3 
1.5 
0.7 
0.25 
8 
4 
3 
2 
0.5 
2 
2 
0 
0.7 
0.5 
1.2 
1.3 
2 
0 
2.5 
5.2 
0.7 
1.7 

The glass capillary column (11.5 m X 0.39 mm) with a phase of SE-30 
0.4 pm thick was pretreated and tested by the manufacturer1*. According 
to the spot test, i t  presents an effective number of theoretical plates (n 
= 16,600) for heptabarbital a t  200' for a velocity of 18 cm/sec of the 
carrier gas (nitrogen U) and a capacity factor of three. 

The chromatographic conditions were: injector temperature, 290'; 
detector temperature, 290'; make-up gas (nitrogen U) flow rate, 40 
ml/min; hydrogen flow rate, 24 ml/min; air flow rate, 460 ml/min; and 
chart speed, 2.5 or 5 mm/min. 

The other specific conditions for each compound are summarized in 
Table 11. 

Procedure-To 100 or 200 pl of human seruml3 in polytef-lined 
screw-capped glass test tubes (enveloped in a sheet of aluminum foil to 
ensure darkness for the thioridazine) were added the drug, the internal 
standard, acid or base, and the extracting solvent (Table I). The mixture 
was shaken and centrifuged for 5 min a t  15' and 3500 rpm. 

l2 Catalog No. 2101-201, LKB, Bromma, Sweden. 
l3 Biotrol OOA, Biotrol, Paris, France. 
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Figure 1-Chromatogram of di- 
azeRam ( a )  and flunitrazepam as 
the  internal standard (b) .  
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Figure 2-Chromatogram of rne- 
probamate ( a )  and thiopental as 
the internal standard (b) .  

An aliquot (2-10 pl) of the organic phase was injected directly into the 
chromatograph for I1 and 111. The entire organic phase was evaporated 
to dryness for I (50' under an air stream) and IV (200 under a nitrogen 
stream), and the residue was dissolved in 50 p1 of chloroform before in- 
jection. 

RESULTS AND DISCUSSION 

Figures 1-4 illustrate the chromatographic responses of the drugs and 
standards. The chromatographic conditions, retention time, and mini- 
mum detectable concentration of each compound are summarized in 
Table 11. 

The range of each drug was chosen according to the therapeutic con- 
centrations: 0.7-1.5 (21) or 0.5-2.5 pg/ml (22) for I, 3.4-26.6 (21) or 10 
pglml(22) for 11.60-150 (21) or 100 pg/ml(22) for 111, and 1.1-6.2 (21) 
or 1-1.5 pg/ml (22) for IV. 

The slopes of the regression lines were 1.312,0.058,0.015, and 0.527 
for I, 11,111, and IV, respectively. The correlation coefficient was 0.999 
in all cases. The standard deviations ranged from 5 to 3% for 0.5-2 pg of 
I/ml, from 4 to 3% for 5-30 pg of II/ml, from 4 to 2.5% for 25-150 pg of 
III/ml, and from 6 to 3% for 1-35 pg of IV/ml over 3 months. Accuracy 
(Table 111) was tested by analyzing spiked samples. Accuracy was im- 
proved by avoiding the evaporation step for drugs having sufficiently high 
therapeutic levels (I1 and 111) and by evaporating the extraction mixture 
(IV) under nitrogen and in darkness. 

For 100-pl serum samples, the minimum detectable concentrations 
were 0.05,2, and 5 pg/ml for I, 11, and 111, respectively. For a 200-pl serum 
sample of IV, it was 0.3 pg/ml. The twofold determination of the patient 
serum levels gave the accuracy of the method (Tables 111-V). No en- 
dogenous interfering substances were found. Exogenous substances such 
as phenobarbital and lidocaine did not interfere with 11; nor did vin- 
camine, quinidine, or clonazepam interfere with I, 111, and IV. 

The great sensitivity of the wall-coated open tubular column coupled 
with a nitrogen-specific detector allowed small samples to be used 

0 2  
MINUTES 

Figure 3-Chromatogram of 
phenylbutazone ( a )  and diaze- 
p a m  as the  internal standard 
(b) .  

W 
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2 
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E! 
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b 
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Figure 4-Chromatogram of 
thioridazine ( b )  and haloperidol 
as the internal standard (a ) .  

Table IV-Serum Concentrations of Diazepam in Five Epileptic 
Patients 

Daily 
Age of Diazepam Serum 

Patient, Dose, Comedication Concentration, 
years mg (Daily Dose) pg/ml 
8 10 Valproate sodium, 400 mg 0.30 f 0.02 
8 10 Valproate sodium, 800 mg 0.17 f 0.02 

13 8 Phenobarbital, 50 mg; 0.70 f 0.01 

50 15 Phenobarbital, 300 mg 0.42 f 0.02 
0.23 f 0.01 56 10 

valproate sodium, 600 mg 

Phenobarbital. 100 me 

Table V-Serum Concentrations of Meprobamate in Four 
Intoxication Cases 

Age of Patient, years Serum Concentration, pg/ml 

16 
17 

87 f 2 
190 f 5 

18 7 0 f  1 
33 138 f 2 

Table VI-Serum Concentrations of Phenylbutazone in a 
Nursing Mother after Administration of a 250-mg Suppository 
Twice Daily for 10 Days 

Days of Treatment Serum Concentration, pg/ml 

3 52.0 f 2.0 
6 79.0 f 2.5 

11 66.0 f 2.0 
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(100-200 PI), instead of the previous requirements of 1-3 ml for I1 and 
I11 (8, 10-13) and 4-5 ml for IV (15, 17), without increasing the lowest 
detectable serum concentration. The high resolution of the capillary 
column (23) reduced the extraction stage to a single step instead of the 
three steps often suggested to eliminate the interfering substances (12, 
13, 15, 17). Furthermore, derivatization steps such as silylation (10) and 
methylation (12) were unnecessary. The rapid elution time (24) shortened 
the retention times. These conditions led to shorter extraction and 
chromatographic stages. Nevertheless, the accuracy and sensitivity were 
usually improvements over previous assays (3-5,9, 11,12,15,17). 

The determination in serum of four drugs useful in toxicology (25-29) 
or therapeutic monitoring (30-32) demonstrated the versatility and po- 
tential of this chromatographic system and its possible routine use in view 
of the growing importance of serum level determinations of an increasing 
number of diverse drugs in clinical practice. 

The method was demonstrated by the determination of serum con- 
centrations of diazepam in five epileptic patients (Table IV), of mepro- 
bamate in four cases of voluntary overdose (Table V), and of phenylbu- 
tazone in a nursing mother given a 250-mg suppository twice daily for 
10 days (Table VI). 

REFERENCES 

(1) J .  P. Cano, L. Vignoli, and A. Viala, Ann. Pharm. Fr., 25, 697 

(2) J .  A. F. De Silva and C. V. Puglisi, Anal. Chem., 42, 1725 

(3) H. P. Gelbke, H. d. Schlicht, and G. Schmidt, Arch. Toxicol., 38, 

(4) M. Linnoila and F. Dorrity, Jr., Acta Pharmacol. Toxicol.. 41, 

(5) E. Rey, J. M. Turquais, and G. Olive, Clin. Chem., 23, 1338 

(6) L. B. Foster and C. S. Frings, ibid., 16,177 (1970). 
(7)  F. Marcussi, R. Fonelli, and E. Mussini,J. Chromatogr., 37,318 

(8) L. Martis and R. H. Levy, J .  Pharm. Sci., 63,834 (1974). 
(9) M. P. Rabinowitz, P. Reisberg, and J. I. Bodin, ibid., 61, 1974 

(10) R. B. Bruce, W. R. Maynard, and L. K. Dunning, ibid., 63,446 

(1 1) I. J .  McGilveray, K. K. Midha, R. Brien, and I,. Wilson,J. Chro- 

(1967). 

(1970). 

295 (1977). 

458 (1977). 

(1977). 

(1968). 

( 1972). 

(1974). 

mntogr., 89, 17 (1974). 

(12) K. K. Midha, I. J. McGilveray, and C. Charette, J .  Pharm. Sci., 

(13) J. A. Bogan, J .  Pharm. Pharrnacol., 29,125 (1977). 
(14) A. Sioufi, F. Caudal, and F. Marfil, J.  Pharm. Sci., 67, 243 

(15) F. A. J. Vanderheeren, D. J. C. J. Theunis, and M.-T. Rosseel, J .  

(16) S. H. Curry and G. P. Mould, J. Pharm Pharmacol., 21, 674 

(17) E. C. Dinovo, L. A. Gottschalk, B. R. Nandi, and P. G. Geddes, 

(18) J. de Graeve and J. Vanroy, J .  Chromatogr., 129,171 (1976). 
(19) F. Berthou, D. Picart, L. Bardou, and H. H. Floch, ibid., 118,135 

(20) J. H. Goudie and D. Burnett, Clin. Chim. Acta, 43,423 (1973). 
(21) R. C .  Baselt and R. H. Cravey, J. Anal. Toxicol., 1,81 (1977). 
(22) C. L. Winek, Clin. Chem., 22,832 (1976). 
(23) D. Debruyne, H. Kinsun, M. A. Moulin, and M. C. Bigot, J.  

Pharrn. sci., 68,511 (1979). 
(24) J. Macloue, M. Rigaud, J. Durand, and X. Chebrou, Prosta- 

glandins, 6,999 (1976). 
(25) R. K. Maddock and H. A. Bloomer, J .  Am. Med. Assoc., 201,999 

(1967). 
(26) J. Kanto, R. Sellman, M. Haataja, and P. Hurme, Int. J .  Clin. 

Pharmacol. Biopharm., 16,258 (1978). 
(27) J. E. Cree, J. Meyer, and D. M. Hailey, Rr. Med. J., 4, 251 

(1973). 
(28) A. Gaucher, R.-J. Royer, P. Netter, M. J. Royer-Morrot, G. Faure, 

and J. Pourel, Sem. Hap. ,  52,1723 (1976). 
(29) L. A. Gottschalk, E. Dinovo, R. Biener, and R. R. Nandi, J. Pharm. 

Sci., 67, 155 (1978). 
(30) M. M. Reidenberg, M. Levy, H. Warner, C .  B. Coutinho, M. A. 

Schwartz, G. Yu, and J. Cheripko, Clin Pharmacol. Ther., 23, 371 
(1978). 

(31) R. J. Royer, M. Meyruey, A. Maillard, C. Monnod, M. J. Morrot, 
and P. Netter, Ann. Med.  Nancy, 4,1317 (1975). 

(32) R. Axelsson and E. Martensson, Curr. Ther. Res., 19, 242 
(1976). 

63,1234 (1974). 

(1978). 

Chromatogr., 120,123 (1976). 

(1969). 

J .  Pharm. Sci., 65,667 (1976). 

(1976). 

ACKNOWLEDGMENTS 

Supported by a grant for 1978-1979 from the Langlois Foundation. 
The authors thank H. Fusibet for technical collaboration. 

Immobilization of Proteins in Microspheres of 
Biodegradable Polyacryldextran 

PETER EDMAN, RO EKMAN, and INGVAR SJOHOLM" 
Received November 13, 1979, from the Department of Pharmaceutical Biochemistry, Biomedical Center, L'nicersity of Cppsala, s-751 23 
1 .ppruln, Su d e n  Accepted for publication February 28, 1980. 

Abstract  0 Macromolecules were immobilized by an emulsion poly- 
merization technique in biodegradahle microspheres of polyacryldextran, 
prepared by copolymerizing hisacrylamide with acryldextran. Such 
particles can he characterized by D-T-C expressions, where D denotes 
the concentration c)t'derivat,ized dextran, T is the total concentration of 
acrylic compounds in the monomeric solution, and C denotes the fraction 
o f  cr~)ss-linker. In microparticles based on dextran T40 with a D-T-C 
i)t 1 I L L 7 5 ,  the yield of immobilized protein was greater than in poly- 
acrylamide particles. The properties of the immohilized proteins, e .g . ,  

K, and V,,,, were retained. The heat stability of the proteins was im- 
proved so that 5-10'70 of carbonic anhydrase still was active after 30 min 
a t  looo. However, the leakage of proteins from the polyacryldextran 
particles was greater than from polyacrylamide particles. 
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The therapeutic use of proteins in vivo usually is ham- 
pered by rapid protein inactivation or by immunological 
reactions when the proteins are immunogenic. For in- 

stance, asparaginase is not active for long periods in the 
treatment of acute leukemias (1). However, the noncova- 
lent immobilization of the proteins in microspheres of 
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(100-200 PI), instead of the previous requirements of 1-3 ml for I1 and 
I11 (8, 10-13) and 4-5 ml for IV (15, 17), without increasing the lowest 
detectable serum concentration. The high resolution of the capillary 
column (23) reduced the extraction stage to a single step instead of the 
three steps often suggested to eliminate the interfering substances (12, 
13, 15, 17). Furthermore, derivatization steps such as silylation (10) and 
methylation (12) were unnecessary. The rapid elution time (24) shortened 
the retention times. These conditions led to shorter extraction and 
chromatographic stages. Nevertheless, the accuracy and sensitivity were 
usually improvements over previous assays (3-5,9, 11,12,15,17). 

The determination in serum of four drugs useful in toxicology (25-29) 
or therapeutic monitoring (30-32) demonstrated the versatility and po- 
tential of this chromatographic system and its possible routine use in view 
of the growing importance of serum level determinations of an increasing 
number of diverse drugs in clinical practice. 

The method was demonstrated by the determination of serum con- 
centrations of diazepam in five epileptic patients (Table IV), of mepro- 
bamate in four cases of voluntary overdose (Table V), and of phenylbu- 
tazone in a nursing mother given a 250-mg suppository twice daily for 
10 days (Table VI). 
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highly cross-linked polyacrylamide significantly increases 
stability against denaturation by heat or proteolytic en- 
zymes (2,3). 

BACKGROUND 

The proteins are immobilized by two mechanisms: they are partially 
bound in the polymeric threads and partially entrapped in the polymeric 
network if they are sufficiently large (2). The leakage is negligible and 
the biological properties essentially are retained when the particles are 
small and macroporous (3-5). However, the yield of protein immobilized 
in the microparticles generally is low (5-10%). After being cleared from 
the circulation by the reticuloendothelial system, the particles are me- 
tabolized slowly, mainly in the liver and spleen (6). The half-life of mi- 
crospheres injected intravenously or intraperitoneally in the mouse is 
10-14 weeks in the liver (6), which in most cases is an inconveniently long 
half-life. 

Preliminary experiments indicated that the yield of proteins in the 
microspheres can be increased by adding hydrophilic polymers (e.g., 
dextrans, starch, and polyvinylpyrrolidones) to the monomeric solution 
during polymerization. In addition if dextran comprises a part of the 
hydrocarbon chain in the polyacrylamide and forms an intimate part of 
the microsphere, the polymer should be metabolized more easily. This 
result can be achieved if the polymeric microspheres are formed from a 
dextran substituted with acrylic groups and suitable cross-linking agents, 
e.g., bisacrylamide. 

The present paper describes the synthesis of an acryl ether of dextran, 
the preparation and characteristics of polyacryldextran microparticles, 
and the properties of the immobilized proteins. 

EXPERIMENTAL 

Materials-Human serum albumin', immunoglobulin G', bovine 
carbonic anhydrase' (EC 4.2.1.1), and catalase3 (EC 1.11.1.6) were used 
without further purification. Acrylamide4, N,N'-methylenebisacryla- 
mide4 (I), p-nitrophenyl acetate', N,N,N',N'-tetramethylethylene- 
diamine', tris(hydroxymethyl)aminomethane2, acrylic acid glycidyl 
ester3, and other chemicals were analytical grade. 

Synthesis of Acrylic Dextrans-Acrylic derivatives of dextran5 were 
prepared by reacting acrylic acid glycidyl ester with aqueous alkaline 
solutions of dextrans of different molecular weights (10,000- 
2,000.000). 

In a typical experiment, dextran (30 g) was dissolved in 250 ml of pH 
1 1 , O . O l  M carbonate buffer. Acrylic acid glycidyl ester (15 ml) was added, 
and the two-phase system was stirred magnetically for 5 days a t  room 
temperature, The dextran was precipitated with 1000 ml of ethanol and 
washed with -300 ml of ethanol. The precipitated dextran was dissolved 
in 100 ml of distilled water, precipitated again, and washed with ethanol. 
The procedure was repeated a t  least four times to free the product from 
excess glycidyl ester. 

Determination of Acrylic Groups-The content of acrylic groups 
in the dextran derivatives was measured by a method based on the ha- 
logenation of the double bonds (7). Aqueous bromine solution was added 
to the unsaturated acrylic groups, and the subsequent color reduction 
a t  480 nm was measured. The number of acrylic groups was determined 
from a standard curve obtained with acrylamide as a standard. 

Preparat ion of Microparticles-Microparticles with immobilized 
proteins were prepared according to a reported method (2,3). The protein 
was dissolved in the acrylic monomer solution. In a typical example, the 
aqueous phase was composed of 3.75 ml of a 2% aqueous solution of I and 
6.25 ml of an acryldextran solution (containing 177 mg of derivatized 
dextran T40/ml with 4.28 mg of acrylic groups/ml). 

The water solution was homogenized together with 500 ml of chloro- 
form-toluene (1:4) to produce a water-in-oil emulsion. By addition of 
catalysts, the water-phase droplets were polymerized to microparticles, 
which were freed from the organic phase by repeated washings with water 
and buffer. The microparticles were isolated easily by centrifugation. 

14C-Labeled particles were prepared as described by Sjoholm and 
Edman (6) with [14C]I. 

The polyacryldextran gels can be characterized by D-T-C expressions 
~~ 

I KABI AB, Stockholm, Sweden. 
Sigma Chemical Co. 
Fluka AC. 
Eastman Kodak Co. 

6 Dextrans of different molecular weights (T10, T40, T70, T500, and T2000) were 
obtained from Pharmacia Fine Chemicals, Uppsala, Sweden. 

by analogy with the T-C nomenclature suggested by H j e r t h  (8) for ho- 
mogeneous polyacrylamide. The first value (D) denotes the concentration 
of derivatized macromolecules (in this case, dextran) participating in 
particle formation (grams per 100 ml of solvent). The second value (T) 
denotes the total concentration of acrylic monomers (grams per 100 ml 
of solvent). The third value (C) denotes the relative amount of the 
cross-linker, I, expressed as the percentage (w/w) of the totalamount of 
acrylic monomers. The example given for microparticle preparation 
yielded particles having a D-T-C of 11-1-75. 

Protein Determination-The protein content of the microparticles 
was determined by amino acid analysis with an automatic amino acid 
analyzer after hydrolysis in 6 M HCl a t  l05O for 20 hr. The amount of 
proteins leaking out from the microparticles was determined according 
to  the method of Lowry et al. (9). In each case, the protein studied was 
used as the standard. 

Determination of Microparticle Density-The density of the mi- 
croparticles was determined by density gradient centrifugation using a 
self-generating gradient medium6 as reported earlier (2). 

Determination of Carbonic Anhydrase Activity-The activity of 
the carbonic anhydrase was determined using p-nitrophenyl acetate as 
the substrate (10). The enzyme in free form or in microparticles was 
added to 4.7 ml of 0.05 M tris(hydroxymethy1)aminomethane hydro- 
chloride buffer a t  pH 7.4. The hydrolysis of p-nitrophenyl acetate was 
followed spectrophotometrically a t  400 nm a t  room temperature (22'). 
From the change of the absorbance, the velocity of the reaction was cal- 
culated [c = 2.1 X lo4 (lo)] and expressed as micromoles hydrolyzed per 
minute. Correction was made for the spontaneous hydrolysis of the 
substrate. The microparticles of polyacryldextran did not cause any light 
scattering a t  the wavelength used. 

Radioactivity-Radioactivity was measured by liquid scintillation 
counting. 

Functional Capacity of Albumin-The functional capacity of al- 
bumin was determined as described previously (11). Microparticles with 
albumin were incubated with [14C]salicylic acid. The amount of albumin 
binding salicylic acid was calculated from the binding degree and from 
a standard curve derived by equilibrium dialysis with different albumin 
concentrations. 

Iodination of Human Se rum Albumin-Human serum albumin (5 
mg) in 0.3 ml of 0.01 M phosphate buffer at pH 7.5 was labeled with so- 
dium [1251]iodide7 (1 mCi) in the presence of lactoperoxidase* (EC 
1.11.1.7) (40 pg) and hydrogen peroxide (20 pl, 0.005 M )  according to a 
literature method (12). The reaction was stopped after 10 min by dilution 
of the sample with buffer. Separation of 1251-labeled human serum al- 
bumin from the reaction mixture was carried out by gel filtration on a 
column (43 cm3) of Sephadex C-25*. 

RESULTS 

Preparat ion of Acryldextrans-Acrylic acid glycidyl ester reacts 
with a hydroxyl group of a glucose residue in the dextran to form a 3- 
acryloyl 2-hydroxypropyl ether. The molecular weight of the dextrans 
used (T10, T40, T70, T500, and T2000) ranged from 10,000 to 2,000,000. 
All dextrans followed a zero-order reaction with the same rate. After 5 
days a t  room temperature (22-24O), one acrylic group was introduced 
per 20 glucose residues, regardless of the molecular weight of the dex- 
trans. 

The best dextran derivative for preparation of the microparticles was 
T40 (mol. wt. 40,000). Dextrans of higher molecular weight (T70, T500, 
and T2000) had a solubility too limited for the particle preparation and 
gave too high a viscosity of the water phase. The lower molecular weight 
dextran derivative (T10) did not significantly increase the yield of pro- 
teins in the particles. 

Immobilization of Proteins in  Polyacryldextran-The amount of 
proteins immobilized in polyacrylamide microparticles depends on the 
size of the protein and the composition of the polymer, which is charac- 
terized by the concentration of monomers (T) and the fraction of cross- 
linking agent (C) in the water phase. The pore radius of the polymer 
formed is dependent on both T and C. In addition, the radius of the 
polymeric threads forming the polymeric network is directly proportional 
to C (2). This relationship generally means that the incorporation of 
proteins increases with C, but, a t  the same time, the functional availability 
of the immobilized proteins is impaired when the pore radius decreases. 
An increased yield of immobilized proteins also is achieved by increasing 

~ 
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Table I-Amount of Albumin Immobilized in Microparticles of 
Different Gel Compositions 

1.60 

1.20 

Q) 

0 
- 
. E, 
,E 0.80 
E 

41 

0.40 

Particle 
Composition 

(D-T-C) 

- 

- 

- 

- 

10-8-35 
0-4-100 
4-2-96 
0-5-80 
11-1-75 

Total 
Amount of Protein 
Immobilized, mg 

46.5 
59.8 
92.8 
8.0 
22.6 
16.4 
83.5 

Total 
Amount of Active 

Protein in Particles, mg 

17.8 
33.2 
56.8 
2.7 
15.0 
3.8 
66.8 

0 The study was carried out with 5 ml of the water phase with 500 mg of lZ5I- 
laheled human serum albumin, After the preparation of the particles, their content 
of protein was measured in a y-counter. The amount of functionally active protein 
in the microparticles was determined by estimating the capacity of the albumin 
to hind ['4C]salicylic acid (11). * Ilnderivatized dextran. 

the concentration of hydrophilic polymers in the water phase, e.g. ,  by 
adding starch or dextran. Table I summarizes some results from studies 
on the incorporation of 1251-labeled human serum albumin in different 
microspheres of highly cross-linked polyacrylamide and polyacryldextran 
based on dextran T40. 

It is evident from Table I that addition of 10% dextran to microparticles 
with T-C values of 8-35 increased the total yield of protein from 46.5 to 
60 mg under the conditions used. The yield was improved further when 
the dextran was bound covalently in the polymer, as in acryldextran. 
However, the functional availability measured by the amount of salicylic 
acid bound was still low. The effect of the acryldextran is illustrated 
further by the results from other particles. In particles with D-T-C values 
of 0-4-100 (i.e., those using only I a t  a concentration of 4%), 8 mg of al- 
bumin was incorporated. By adding acryldextran (0.4 g/10 ml) containing 
2% acrylic groups, which constitutes only 4% of the total number of 
monomeric acrylic groups in the water phase, the immobilization of 
protein was increased significantly. Not even by adding acrylamide (to 
20% of the total amount) to D-T-C values of 0-5-80 could the same in- 
crease be achieved. 

In the subsequent work, polyacryldextran microparticles with D-T-C 
values of 11-1-75 were used. Dextran T40 containing 2.3% acrylic side 
chains (w/w) was employed. The amount of I added thus corresponded 
to 0.075 g/10 ml. The total yield of albumin in such particles was -83.5 
mg, i.e., 16.7% of the total amount present in the water phase, and 80% 
of this amount was functionally active, i.e., it bound salicylic acid. 

Density of Polyacryldextran Microspheres-The density of 
polyacrylamide microparticles is largely determined by the porosity of 
the gel (2, 3). Linear polyacrylamide has a density of 1.15 g/ml, which 
decreases initially when the fraction of the cross-linker increases up to 
5-107~. Above this limit, the characteristics of the polymer change to a 
more macroporous structure, so that the density increases again with 
C. 

Proteins immobilized in the gel decrease the density of the particles 
(2). As expected, the same phenomenon was seen when dextran was in- 
cluded in the gel. This result most probably was due to two effects: a 
decreased porosity of the gel and the lower density of dextran compared 
to that of polyacrylamide. Thus, microparticles with D-T-C values of 
11-1-75 have a density of 1.030 g/ml as determined in the colloidal silica 
density gradient by centrifugation. 

Properties of Immobilized Carbonic Anhydrase-The enzymatic 
properties of carbonic anhydrase in the free state and in polyacryldextran 
microparticles are compared in Fig. la .  In the two series of experiments, 
the amounts of enzyme were the same, based on amino acid analysis. 
From this figure, the Michaelis constant (K,) for free and immobilized 
carbonic anhydrase was calculated to be 18 and 22 mM, respectively. The 
maximal velocity (V,,,) as calculated from they axis intercepts was 15% 
lower with the immobilized enzyme, which means that the enzyme was 
not utilized efficiently in the microparticles. 

Figure l b  shows the differences in the enzymatic properties of carbonic 
anhydrase immobilized in microspheres and after solubilization of the 
same spheres with dextranase* (EC 3.2.1.11) (4 IU/ml of particle sus- 
pension incubated for 3 hr a t  22'). The Michaelis constant (K,) was 21 
mM f o r  the immobilized enzyme compared to 18 mM for the enzyme 
released after solubilization of the spheres. This value is the same as that 
found with t.he free enzyme. In addition, the dextranase treatment of the 
microspheres resulted in a 10% increase in V,,,. 

Leakage of Proteins from Polyacryldextran Microspheres- - 
Microparticles (based on dextran T40 with D-T-C values of 11-1-7513 

1'601 T 

0 0.5 
0 L 

1 x 1 0 - 3 ,  M-1 S 
a 

01 A I I 
0 0.5 1 .o 

1 
S - x 10-3, M - 1  

b 
Figure 1-(a) Lineweauer-Burk plots for the hydrolysis of p-nitro- 
phenyl acetate by bouine carbonic anhydrase in free form (0) and im- 
mobilized ( 0 )  in microparticles of polyacryldextran. (b) Lineweauer- 
Burk plots obtained with carbonic anhydrase in microparticles before 
( 0 )  and after (0) treatment with dextranase. 

were prepared with proteins of various sizes, carbonic anhydrase [mol. 
wt. 31,000 (13)], human serum albumin [mol. wt. 66,500 (14)], human 
immunoglobulin G (rnol. wt. 150,000 (15)], and catalase [mol. wt. 240,000 
(IS)]. The microspheres were suspended in pH 7.4 physiological saline 
so that  the protein concentration was 0.2, 4.91,0.9, and 0.21 mg/ml, re- 
spectively. Sodium azide (0.1%) was added as a preservative, and the 
samples were left a t  room temperature for 80 days. After centrifugation, 
the leakage of protein from the spheres was determined in the supernate. 
Figure 2 summarizes the results. Thus, 65% of carbonic anhydrase was 
lost from the particles after 80 days, while 33% of human serum albumin, 
44% of immunoglobulin G, and 30% of catalase were lost. 

Thermostability of Immobilized Carbonic Anhydrase-To in- 
vestigate the heat stability of immobilized proteins, carbonic anhydrase 
was incorporated into microspheres of polyacryldextran (based on dex- 
tran T40). The spheres were exposed to elevated temperatures for 5 and 
30 min. After treatment, the microspheres were cooled in an ice bath for 
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Figure %-Leakage of proteins from microspheres during storage a t  
room temperature a t  pH 7.4. The immobilized proteins were carbonic 
anhydrase (o), human serum albumin (O), immunoglobulin (O) ,  and 
catalase (A). 

5 min. After preincubation of the samples at room temperature for 30 min, 
the remaining activity was measured. Figure 3 shows that the immobilized 
enzyme was more resistant to heat treatment. All of the free enzyme and 
50% of the immobilized enzyme were denatured a t  65'. Approximately 
&lo% of the enzyme activity was retained even after 30 rnin a t  100'. 

Hydrolytic Stability of Polyacryldextran Microspheres-The 
hydrolytic stability of the polymer, polyacryldextran, was investigated 
with particles with 14C-labeled I as a cross-linking agent. The labeled 
microparticles then were incubated a t  different pH values (2-12) for 2, 
4,8,12, and 24 hr a t  37'. After centrifugation for 15 rnin a t  4'. the su- 
pernate was withdrawn and the radioactivity content was measured in 
the scintillation counter. Figure 4 summarizes the results. The micro- 
spheres were not affected significantly a t  pH 2-9. At pH 11, -20% of the 
particles were hydrolyzed in 24 hr. Essentially all of the particles were 
lost a t  pH 12 when stored a t  37' for 24 hr. 

DISCUSSION 

The immobilization of proteins in acrylic polymers is influenced 
strongly by the composition of the polymer, i.e., the total concentration 
of monomers and the relative fraction of the cross-linker (T and C) in the 
polymerization mixture. In the present study, the presence of polymers 
in the mixture, e.g., dextrans or acrylic dextran derivatives, significantly 
affected the incorporation of protein in the microparticles formed by 
emulsion polymerization. The yield of protein in the microparticles was 
increased substantially, even when the total concentration of acrylic 
monomeric groups in the water phase was decreased substantially. T o  
specify the composition of the polyacryldextran formed, it is suggested 
that the content of derivatized polymer present is given in grams per 100 
ml by adding a D value to the existing nomenclature for characterizing 
polyacrylamide gels. 

The yield of entrapped protein in polyacryldextran may be increased 
by two mechanisms. First, addition of dextran decreases the gel pore 
radius. Second, the dextran sterically retains the protein inside the gel 
during polymerization. The result is increased protein entrapment, 
implying that the fraction of protein immobilized in the polymeric 
threads is decreased. This result is evident from the heat stability of in- 
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Figure 3-Thermostability of carbonic anhydrase. The remaining ac- 
tiuity was measured after heating the free enzyme for 5 (0) or 30 (0) 
min and the immobilized enzyme in polyacryldextran for 5 ( 0 )  or 30 
( W )  min. 
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Figure 4-Stability of microspheres of polyacryldextran a t  37' and a t  
p H  2-7 (O), 9.0 (0), 11.0 (O), and 12.0 (M). 

corporated carbonic anhydrase and the leakage of proteins from the 
microparticles. The fraction of the enzyme that resists treatment at  100' 
for 30 min is smaller in polyacryldextran (10%) than in polyacrylamide 
[30% (3)], and the fraction leaking out from polyacryldextran when stored 
for prolonged periods is substantially larger. 

However, in other respects, immobilization in polyacryldextran offers 
the same advantages as in normal polyacrylamide. For example, the 
proteins retain their biological properties; K ,  and V,,, of carbonic an- 
hydrase are affected only insignificantly, indicating that the equilibrium 
between enzyme and substrate is not diffusion dependent, which means 
that the substrate is not hindered sterically providing the particles are 
small. Moreover, the incorporation is a mild process as shown by the 
finding that the small loss in V,,, and the increase in K, are recovered 
almost completely after digestion of the polymer with dextranase. 

In addition, other experimentsg with 11-1-75 particles showed that 
polyacryldextran was metabolized more rapidly in uitro with rat liver 
homogenates and also was eliminated faster in uiuo after intraperitoneal 
injection in mice than in the cases involving polyacrylamide (T-C value 
of 8-25). These findings were expected since dextran should be degraded 
easier in uiuo than hydrocarbon chains, the content of which is compar- 
atively small in polyacryldextran particles with D-T-C values of 11-1-75. 
The use of dextran thus offers a rich variation in the design of polymeric 
particles having different biological half-lives. The duration of the en- 
zymatic effects in uiuo can be controlled adequately without unwanted 
intracellular accumulation of polymers. 

The results presented here were obtained with microparticles of 
polyacryldextran with D-T-C values of 11-1-75, i.e., those with low T. 
The total yield of albumin immobilized in the particles was -15% but 
could be increased up to -20% by increasing T, i.e., the concentration 
of the acrylic monomers in the polymerization mixture. However, the 
functional availability of the immobilized protein was impaired simul- 
taneously, probably due to the decreased pore radius of the polymer. 
Furthermore, the leakage of protein from the microspheres was de- 
creased. 

In some applications, microparticles with larger amounts of proteins 
have advantages, even if such particles will be metabolized more slowly. 
Therefore, for each situation, a compromise must be made between total 
yield and functional availability and will depend on the desired rate of 
degradation of the gel, the cost of protein, the acceptable or desired rate 
of leakage of proteins, and the type of effect aimed a t  in uiuo. 

P. Edman and I. Sjoholm, manuscript in preparation. 

Journal of Pharmaceutical Sciences I 841 
Vol. 69, No. 7, July 1980 



REFERENCES 

(1) D. Killander, A. Dohlwitz, L. Engstedt, S. Franzh,  G. Gahrton, 
B. Gullbring, G. Holm, A. Holmberg, S. Hoglund, A. Killander, D. 
Lockner, H. Mellstedt, P. J. Moe, J. Palmblad, P. Reizenstein, K. 0. 
SkHrberg, B. Swedberg, A.-M. U d h ,  R. Wadman, L. Wide, and L. Ah- 
strom, Cancer, 37,220 (1976). 

(2) B. Ekman, C. Lofter, and I. Sjoholm, Biochemistry, 15, 5115 
(1976). 

(3) B. Ekman and I. Sjoholm, J. Pharm. Sci., 67,693 (1978). 
(4) P. Edman and I. Sjoholm, J.  Pharmacol. Exp. Ther., 211.663 

(5) A. Kober, B. Ekman, and I. Sjoholm, J .  Pharm. Sci., 67, 107 

(6) I. Sjoholm and P. Edman, J. Pharmacol. Exp. Ther., 211,656 

(7) H. Hoppe, J. Koppe, and F. Winkler, Plaste Kautsch., 24,105 

(8) S. Hjertkn, Arch. Biochem. Riophys. Suppl. 1 ,  147 (1962). 
(9) 0. Lowry, N. Rosebrough, L. Farr, and R. Randall, J. Biol. Chem., 

(1979). 

(1978). 

(1979). 

(1977). 

193,265 (1951). 
(10) Y. Pocker and J. Stone, J.  Am. Chem. SOC., 87,5497 (1965). 
(11) I. Sjoholm, B. Ekman, A. Kober, I. Ljungstedt-PHhlman, B. 

Seiving, and T.,Sjodin, Mol. Pharmacol., 16,767 (1979). 
(12) J. Marchalonis, Biochem. J., 113,299 (1969). 
(13) S. Lindskog and B. Malmstrom, J. Biol. Chem., 237, 1129 

(€4) B. Meloun, L. MorBvek, and V. Kostka, FEBS Lett., 58, 134 

(15) G. Edelman, B. Cunningham, W. Gall, P. Gottlieb, U. Ru- 

(16) T. Samejima, W. McCabe, and J. Yang, Arch. Biochem. Biophys., 

(1962). 

(1975). 

tishauser, and M. Waxdal, Proc. Natl. Acad. Sci. USA, 63,78 (1969). 

127,354 (1968). 

ACKNOWLEDGMENTS 

Supported by the Swedish Board for Technical Development and the 

The authors thank Mr. Per Artursson and Miss Siv Larsson for tech- 
I. F. Foundation for Pharmaceutical Research. 

nical assistance. 

Isolation, Identification, and Synthesis of 
4 -Amino -6,7 -dimet hoxy - 3 - quinolinol, the Major 
Metabolite of Amiquinsin Hydrochloride in 
Rats and Humans 

GEORGE C. WRIGHT *x, RONALD J. HERRETT *, JAMES P. HEOTIS*, and . 

JAMES L. BUTTERFIELD * 
Received March 20,1978, from the *Chemical Research Division and the *Biological Research Division, Norwich-Eaton Pharmaceuticals, 
Diuision of Morton-Norwich Products, Inc., Norwich, NY 13825. Accepted for publication February 26,1980. 

Abstract The metabolism of amiquinsin hydrochloride (4-amino- 
6,7-dimethoxyquinoline hydrochloride monohydrate, I) was studied in 
rats and humans. The major metabolite isolated from human urine was 
identified through synthesis as 4-amino-6,7-dimethoxy-3-quinolinol 
hydrochloride hydrate (11). Acid hydrolysis of the major metabolite from 
rat urine also gave 11. The structure of the rat metabolite subsequently 
was tentatively identified as the potassium salt of the 3-0-sulfate of 11. 
The pharmacological and toxicological properties of I and I1 are dis- 
cussed. 

Keyphrases 0 Amiquinsin hydrochloride-rat and human metabolites, 
isolation and identification 0 Antihypertensive agents-amiquinsin 
hydrochloride, rat and human metabolites, isolation and identification 
0 4-Amino-6,7-dimethoxy-3-quinolinol-isolation and identification 
as metabolite of amiquinsin hydrochloride, rats and humans 

Wright et al. (1) reported that amiquinsin hydrochloride 
(4-amino-6,7-dimethoxyquinoline hydrochloride mono- 
hydrate, I) (Scheme I) demonstrated hypotensive activity. 
Early biological studies with I included the pharmaco- 
logical mechanism of action (2) and the absorption, dis- 
tribution, and elimination of I in dogs (3,4). 

In the present investigation, the metabolism of I was 
studied in rats and humans. Williams (5) reported that 
4-aminoquinoline administered to rabbits was metabolized 
to 4-amino-3-hydroxyquinoline, which was excreted 
mainly as an ether sulfate, and that glucuronic acid con- 
jugation was low. Although 4-amino-7-chloroquinoline also 
was believed to be hydroxylated in rabbits to the 3-hydroxy 
derivative (5), hydroxylation of this compound in humans 
was not observed (6 ) .  

RESULTS AND DISCUSSION 

Isolation and Identification of Metabolites-Metabolite studies 
with I were done initially in rats. When the rats were dosed orally with 
[3-14C]I, the major excreted material was parent I; TLC followed by es- 
timation of the activity of the radioactive materials showed the presence 
of I (61%) and substances a t  Rf  0.6 (25%), 0.0 (12%), and 0.9 (2%). The 
materials a t  Rf 0.0 and 0.9 were not identified. 

A preparative method was developed for the isolation of the major rat 
metabolite at  Rf 0.6 that involved separation and purification by gel fil- 
tration. 

Treatment of the purified R, 0.6 metabolite with hot methanolic hy- 
drogen chloride gave a hydrolyzed product (hydrochloride of Rf 0.6 me- 
tabolite) with physical properties similar to those of the starting R, 0.6 
compound but with significant differences in the NMR spectra and TLC 
values (Table I). However, a comparison of the physical properties of the 
hydrolyzed product with those of the synthetic 3-hydroxy derivative I1 
(Table I) clearly demonstrates that the two compounds are identical with 
respect to their NMR and UV spectra and TLC values. Thus, the hy- 
drochloride of the hydrolyzed Rf 0.6 metabolite was identified as 4- 
amino-6,7-dimethoxy-3-quif1olinol hydrochloride. 

The Rf 0.6 metabolite was characterized further through enzymatic 
hydrolysis with a combination of fl-glucuronidase and aryl sulfatase. 
Isolation of the end-products of enzymatic treatment was attained by 
extraction and TLC, and each spot then was counted for carbon 14. In 
the absence of enzymes, or by treatment with fl-glucuronidase alone, the 
structure of the R/ 0.6 metabolite was not altered (Table 11). However, 
treatment with aryl sulfatase and fl-glucuronidase together converted 
the 14C-labeled R f  0.6 metabolite to [I4C\II. Thus, the enzymatic data 
indicate that the Rf 0.6 metabolite may be the sulfate conjugate of 11. The 
IR spectrum showed a strong S=O stretching band at  8.1 pm, also in- 
dicative of a sulfate group in the molecule. The NMR spectra showed that 
both the R f  0.6 metabolite and I1 are substituted in the 3-position. Con- 
sidering the specificity of the enzymes used, the IR data, and the suh- 
stitution pattern from the NMR spectra, the Rf 0.6 metabolite probably 

842 I Journal of Pharmaceutical Sciences 
Vol. 69, No. 7, July 1980 

0022-3549f 801 0700-0842$0 1.OOf 0 
@ 1980, American Pharmaceutical Association 



REFERENCES 

(1) D. Killander, A. Dohlwitz, L. Engstedt, S. Franzh,  G. Gahrton, 
B. Gullbring, G. Holm, A. Holmberg, S. Hoglund, A. Killander, D. 
Lockner, H. Mellstedt, P. J. Moe, J. Palmblad, P. Reizenstein, K. 0. 
SkHrberg, B. Swedberg, A.-M. U d h ,  R. Wadman, L. Wide, and L. Ah- 
strom, Cancer, 37,220 (1976). 

(2) B. Ekman, C. Lofter, and I. Sjoholm, Biochemistry, 15, 5115 
(1976). 

(3) B. Ekman and I. Sjoholm, J. Pharm. Sci., 67,693 (1978). 
(4) P. Edman and I. Sjoholm, J.  Pharmacol. Exp. Ther., 211.663 

(5) A. Kober, B. Ekman, and I. Sjoholm, J .  Pharm. Sci., 67, 107 

(6) I. Sjoholm and P. Edman, J. Pharmacol. Exp. Ther., 211,656 

(7) H. Hoppe, J. Koppe, and F. Winkler, Plaste Kautsch., 24,105 

(8) S. Hjertkn, Arch. Biochem. Riophys. Suppl. 1 ,  147 (1962). 
(9) 0. Lowry, N. Rosebrough, L. Farr, and R. Randall, J. Biol. Chem., 

(1979). 

(1978). 

(1979). 

(1977). 

193,265 (1951). 
(10) Y. Pocker and J. Stone, J.  Am. Chem. SOC., 87,5497 (1965). 
(11) I. Sjoholm, B. Ekman, A. Kober, I. Ljungstedt-PHhlman, B. 

Seiving, and T.,Sjodin, Mol. Pharmacol., 16,767 (1979). 
(12) J. Marchalonis, Biochem. J., 113,299 (1969). 
(13) S. Lindskog and B. Malmstrom, J. Biol. Chem., 237, 1129 

(€4) B. Meloun, L. MorBvek, and V. Kostka, FEBS Lett., 58, 134 

(15) G. Edelman, B. Cunningham, W. Gall, P. Gottlieb, U. Ru- 

(16) T. Samejima, W. McCabe, and J. Yang, Arch. Biochem. Biophys., 

(1962). 

(1975). 

tishauser, and M. Waxdal, Proc. Natl. Acad. Sci. USA, 63,78 (1969). 

127,354 (1968). 

ACKNOWLEDGMENTS 

Supported by the Swedish Board for Technical Development and the 

The authors thank Mr. Per Artursson and Miss Siv Larsson for tech- 
I. F. Foundation for Pharmaceutical Research. 

nical assistance. 

Isolation, Identification, and Synthesis of 
4 -Amino -6,7 -dimet hoxy - 3 - quinolinol, the Major 
Metabolite of Amiquinsin Hydrochloride in 
Rats and Humans 

GEORGE C. WRIGHT *x, RONALD J. HERRETT *, JAMES P. HEOTIS*, and . 

JAMES L. BUTTERFIELD * 
Received March 20,1978, from the *Chemical Research Division and the *Biological Research Division, Norwich-Eaton Pharmaceuticals, 
Diuision of Morton-Norwich Products, Inc., Norwich, NY 13825. Accepted for publication February 26,1980. 

Abstract The metabolism of amiquinsin hydrochloride (4-amino- 
6,7-dimethoxyquinoline hydrochloride monohydrate, I) was studied in 
rats and humans. The major metabolite isolated from human urine was 
identified through synthesis as 4-amino-6,7-dimethoxy-3-quinolinol 
hydrochloride hydrate (11). Acid hydrolysis of the major metabolite from 
rat urine also gave 11. The structure of the rat metabolite subsequently 
was tentatively identified as the potassium salt of the 3-0-sulfate of 11. 
The pharmacological and toxicological properties of I and I1 are dis- 
cussed. 

Keyphrases 0 Amiquinsin hydrochloride-rat and human metabolites, 
isolation and identification 0 Antihypertensive agents-amiquinsin 
hydrochloride, rat and human metabolites, isolation and identification 
0 4-Amino-6,7-dimethoxy-3-quinolinol-isolation and identification 
as metabolite of amiquinsin hydrochloride, rats and humans 

Wright et al. (1) reported that amiquinsin hydrochloride 
(4-amino-6,7-dimethoxyquinoline hydrochloride mono- 
hydrate, I) (Scheme I) demonstrated hypotensive activity. 
Early biological studies with I included the pharmaco- 
logical mechanism of action (2) and the absorption, dis- 
tribution, and elimination of I in dogs (3,4). 

In the present investigation, the metabolism of I was 
studied in rats and humans. Williams (5) reported that 
4-aminoquinoline administered to rabbits was metabolized 
to 4-amino-3-hydroxyquinoline, which was excreted 
mainly as an ether sulfate, and that glucuronic acid con- 
jugation was low. Although 4-amino-7-chloroquinoline also 
was believed to be hydroxylated in rabbits to the 3-hydroxy 
derivative (5), hydroxylation of this compound in humans 
was not observed (6 ) .  

RESULTS AND DISCUSSION 

Isolation and Identification of Metabolites-Metabolite studies 
with I were done initially in rats. When the rats were dosed orally with 
[3-14C]I, the major excreted material was parent I; TLC followed by es- 
timation of the activity of the radioactive materials showed the presence 
of I (61%) and substances a t  Rf  0.6 (25%), 0.0 (12%), and 0.9 (2%). The 
materials a t  Rf 0.0 and 0.9 were not identified. 

A preparative method was developed for the isolation of the major rat 
metabolite at  Rf 0.6 that involved separation and purification by gel fil- 
tration. 

Treatment of the purified R, 0.6 metabolite with hot methanolic hy- 
drogen chloride gave a hydrolyzed product (hydrochloride of Rf 0.6 me- 
tabolite) with physical properties similar to those of the starting R, 0.6 
compound but with significant differences in the NMR spectra and TLC 
values (Table I). However, a comparison of the physical properties of the 
hydrolyzed product with those of the synthetic 3-hydroxy derivative I1 
(Table I) clearly demonstrates that the two compounds are identical with 
respect to their NMR and UV spectra and TLC values. Thus, the hy- 
drochloride of the hydrolyzed Rf 0.6 metabolite was identified as 4- 
amino-6,7-dimethoxy-3-quif1olinol hydrochloride. 

The Rf 0.6 metabolite was characterized further through enzymatic 
hydrolysis with a combination of fl-glucuronidase and aryl sulfatase. 
Isolation of the end-products of enzymatic treatment was attained by 
extraction and TLC, and each spot then was counted for carbon 14. In 
the absence of enzymes, or by treatment with fl-glucuronidase alone, the 
structure of the R/ 0.6 metabolite was not altered (Table 11). However, 
treatment with aryl sulfatase and fl-glucuronidase together converted 
the 14C-labeled R f  0.6 metabolite to [I4C\II. Thus, the enzymatic data 
indicate that the Rf 0.6 metabolite may be the sulfate conjugate of 11. The 
IR spectrum showed a strong S=O stretching band at  8.1 pm, also in- 
dicative of a sulfate group in the molecule. The NMR spectra showed that 
both the R f  0.6 metabolite and I1 are substituted in the 3-position. Con- 
sidering the specificity of the enzymes used, the IR data, and the suh- 
stitution pattern from the NMR spectra, the Rf 0.6 metabolite probably 
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I LI 
1. human metabolism 

2. .adjusted with hydrogen chloride 
Scheme I 

Table I-Physical Data for the Rf 0.6 Metabolite, Hydrochloride 
of Hydrolyzed Rf 0.6 Metabolite, and Synthetic 3-Hydroxy 
Derivative 

Hydrochloride 
of Synthetic 

Rf 0.6 Hydrolyzed Rf 3-Hydroxy- 
Test Metaboliten 0.6 Metabolite Derivative (11) 

NMR: a, 3.92 (6) a, 3.89 (6) a, 3.92 (6) 
proton peaks, 6 b, 7.2 (1) b, 7.37 (1) b, 7.29 (1) 
m r n  linteeral) or or or .. . v ,  

c, 7.5 (1) c, 7.85 (1) c, 7.77 (1) 
d, 8.28 (l)* d, 8.11 (1) d, 8.07 (1) 
e, 6.26 (2) e, 8.03 (2) e, 8.03 (2) 
f, - f, - c  f, 10.6 ( ~ 1 ) ~  
g, 1.92 (2.5) h-' 13.8 (-1) 

UV absorption Maxima: 250 axima: 250 % axima: 250 
(water) and 321 and 316-320 and 316-320 

Minimum: Minimum: 275 Minimum: 275 
nm nm nm 

270-275nm nm nm 
TLC 0.60 0.25-0.30 0.30-0.35 

Exchanged with deuterium oxide. These peaks did not appear, robably be- 
cause of relatively low concentration. d Eastman chromatographic sReet type K -  
301R (silica gel) developed with water-saturated 1-butanol. 

is the 3-0-sulfate of 11. Elemental analysis of the Rf 0.6 metabolite sug- 
gested that the isolated form was a hydrated potassium salt, with po- 
tassium acetate cocrystallized with the metabolite. No further work on 
the structural elucidation of the Rj 0.6 metabolite is planned. 

Human volunteers were given a single oral dose of I, and the urine was 
analyzed for metabolites as described under Experimental. Although 
free I was isolated from human urine (the ether-chloroform extract), none 
of the R/ 0.6 metabolite was present (Table 111). However, the R/ values 
and fluorescence color observed in isopentanol (or I-butanol) extracts 
of urine corresponded to values observed for the synthetic 3-hydroxy 
derivative (11). The structure of the human metabolite was supported 
further by a comparison of the NMR, fluorescence, and UV absorption 
spectra of the human metabolite with those of the synthetic compound 
(Table 111). Controls were run on the human urine to rule out the possi- 
bility that the Rf 0.6 metabolite initially was present and subsequently 
was hydrolyzed to I1 during isolation. Therefore, the human metabolite 
was identified as 4-amino-6,7-dimethoxy-3-quinolinol hydrochloride 
hydrate (11). 

Pharmacology-Studies were conducted to evaluate the cardiovas- 
cular activity of I1 in anesthetized dogs, the vasodepressor activities of 
I and I1 in anesthetized rats, and the LD50 values of I and I1 in mice (see 

Table 11-TLC Data on Enzymatic Treatment of Rf 0.6 
Metabolite 

Compound Enzyme Rf  
Rf  0.6 metabolite P-Glucuronidase + 0.46 

Rf 0.6 metabolite None 0.96 
R 0.6 metabolite /3-Glucuronidase 0.93 
I i  None 0.50 

ethanol (water) (91) .  

aryl sulfatase 

a Eastman chromatographic sheet type K-301R2 developed with benzene-95% 

Experimental). Significant hypotensive activity in dogs was observed 
for 11. The intensities of the hypotensive responses elicited by comparable 
intravenous injections of I and I1 were similar in rats; however, the du- 
ration of the hypotensive response in rats was considerably longer for I 
than for 11. The LDm values for I and I1 administered intravenously to 
mice were comparable. 

Synthesis-The synthesis of I1 from 6,7-dimethoxy-3-quinolinol(7) 
(111) was accomplished in a three-step sequence (Scheme 11). 

In the nitration of IV, it was assumed that the substitution was directed 
at  position 4 to give V; this assumption was based primarily on the pub- 
lished results (8) of the nitration of quinoline 1-oxide, in which 4-nitro- 
quinoline 1-oxide was obtained in 70% yield with only minor amounts 
of the 5- and 8-nitro isomers. Furthermore, the fact that the properties 
of synthetic I1 correspond to those of the metabolite (where the amino 
substituent must be in position 4) proves that the nitro substituent of 
V is in position 4. 

EXPERIMENTAL' 

Isolation of Rat Metabolites-A solution of [3-14C]I was adminis- 
tered oraUy to fasted rats a t  10 mg/kg. The excretion of carbon 14 in urine 
was determined periodically for 24 hr after dosing; of the total [3-"C]I 
dosage, 81 and 17% were excreted in the urine and feces, respectively. A 
50-250-~1 aliquot of the urine collected during each period was suspended 
in thixotropic gel (9) and counted in the liquid scintillation spectrom- 
eter. 

TLC2 was used for identification of the %-labeled urinary metabolites 
of [3-'C]I. Several solvent syetems were tested initially, but only butanol 
saturated with water was satisfactory in separating the metabolites of 
I. The chromatograms were scanned3 for radioactivity. 

CH3-H rn-Cl-C,H,COOH 
* 

C H 3 W  ethanol, A 

III 

0 
Iv 

HN00-H2S0, I 
1. H,. Raney nickel catalyst, CH3&~ 00  

acetic acid-methanol CH3 
2. HCl 

0 
v 

Scheme I1 

Melting points were determined on a Fisher-Johns hot-stage apparatus and 
are uncorrected. NMR spectra were determined in dimethylsulfoxidc-ds with 
tetramethylsilane as an internal standard on a Varian A60A spectrometer. Fluo- 
rescence spectra were obtained on an Aminco-Bowman spectrophotofluo- 
rometer. 

Eastman Kodak type K301R sheets. 
Duo Scan thin-layer scanner. 
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Table 111-Comparison of Physical Data of Human Metabolite of I, Rf 0.6 Metabolite, and I1 

Synthetic 
Rf 0.6 Metabolite from 3-Hydroxy 

I Metabolite Human Urine Derivative (11) 
TLCO: Rf (color) 

Water-saturated 0.10 (dark purple) 0.60 (dark blue) 0.10* (dark purple) 
1-butanol 0.33c (bright blue) 0.30 (bright blue) 

0.35 (dark purple) 0.80 0.2OC (bright blue) 0.20 (bright blue) Chloroform-95% 
ethanol (water) 0.35* (dark purple) 

emission) 
Emission spectra (activation/ 260/365 nm 250 nm/- 250/450 nm 250/450 nm 

UV absorption Maximum: 335 nm Maxima: 250 and 321 nm Maxima: 250 and Maxima: 250 and 
316-320 nm 316-320 nm 

Minimum: 248-250 Minimum: 270-275 nm Minimum: 275 nm Minimum: 275 nm 
~~ 

(1 Commercially prepared silica gel F-254 plates. * Found in ether-chloroform or hexanol-heptane (4:l v/v) extracts. c Found in isopentanol or the l-butanol ex. 
tracts. 

A preparative method was developed for isolation of the major me- 
tabolite (Rf 0.6). Forty milliliters of the composite urine sample was 
placed on a gel filtration column4 (30 X 4 cm, previously equilibrated with 
water) and eluted with water (1200-1400 ml). Fractions of -14 ml were 
collected with a fraction collector. The absorbance of each fraction was 
determined a t  250 and 320 nm. The R/ 0.6 metabolite fraction was con- 
centrated, placed on a second column4 (12 X 6 cm), and eluted with water; 
this procedure resulted in purification of the Rf 0.6 metabolite, as shown 
by little change in the ratio of the absorbances at  250 and 320 nm, which 
was 2.9 for the first filtration and 2.8 for the second filtration. The purified 
Rl 0.6 metabolite was obtained through concentration with an evapo- 
rator5. 

The Rf 0.6 metabolite was converted to the hydrochloride of the hy- 
drolyzed R/ 0.6 metabolite by the following procedure. Fifty milligrams 
of the isolated metabolite was dissolved in 3 ml of absolute methanol, and 
the resulting solution was purged with hydrogen chloride gas followed 
by refluxing for 1 hr. Atmospheric moisture was kept from the reaction 
vessel by a silica gel drying tube. The cooled (tap water) solution was 
filtered to remove a small amount of insoluble material, and the filtrate 
was concentrated and filtered with the original precipitate. This proce- 
dure yielded 25 mg of dry material. The same procedure was followed with 
the synthetic 3-hydroxy derivative (II), except that 60 mg of the starting 
material was used; the yield of the synthetic hydrochloride was 37 mg. 
Physical data were obtained on these hydrochloride products (Table 
I). 

The enzymatic hydrolysis of the Rf 0.6 metabolite was carried out with 
8-glucuronidase-aryl sulfatase6 and 8-glucuronidase7 of bovine origin. 
The glucuronidase-sulfatase enzyme mix (0.1 ml) was diluted to 5.5 ml 
with pH 4.5 acetate buffer. This dilution was followed by the addition 
of a neutral aqueous solution (0.5 ml) containing the 14C-labeled R, 0.6 
metabolite or standard. The 0.5-ml standards were 200 pg of phenol- 
phthalein glucuronide/ml for the 8-glucuronidase activity and 200 pg 
of esterone sulfate/ml for the sulfatase activity. Test tubes containing 
no enzyme but with all other constituents were included as controls. 

All samples were incubated a t  37" for 18 hr. At that time, all of the 
samples of the I4C-labeled Rf 0.6 metabolite and the controls were ad- 
justed to pH 7.5 with 0.1 N NaOH and extracted twice with equal volumes 
of I-butanol. The butanol extracts were set aside while enzyme activity 
was checked. This test was done by adding 0.5 ml of 30% trichloroacetic 
acid to precipitate the enzyme protein, followed by centrifugation and 
adjustment of the supernate to pH 10.4. Formation of a pink color indi- 
cated hydrolysis of the phenolphthalein-glucuronide conjugate to free 
phenolphthalein. The sulfatase activity was checked by adjusting the 
solution pH to 7.0 with 0.1 N NaOH, followed by extraction of the free 
estrogen with chloroform. The chloroform extract was reduced in volume 
in uacuo, spotted on thin-layer plates2, and developed in benzene-95% 
ethanol (water) (9:l). The free estrone gave a blue spot against a yellow 
background when the chromatogram was sprayed with 10% phospho- 
molybdic acid in methanol and heated at  100' for several minutes. TLC2 
of the butanol extracts of samples containing the 14C-labeled R/ 0.6 me- 
tabolite were performed with a chloroform-95% ethanol (water) (1:l) 
solvent system. 

Isolation of Human Metabolite-Compound I in gelatin capsules 
was given to three male adult volunteers as a single oral 50-mg dose, equal 

4 Sephadex G-10. 
Rinco evaporator. 

6 Cslbiochem 34742. 
7 Calbiochem 34743. 

to -0.75 mgkg. Urine was collected during 0-4 and 8-24 hr. These 
samples were refrigerated soon after collection and processed for me- 
tabolite separation within 1 or 2 weeks. 

Solvent extraction of human urine was conducted as follows. The urine 
was adjusted to  pH 10-11.5 with the addition of borate to glycine buffer 
a t  pH 10.5, and final adjustment was made with I or 5 N NaOH using a 
pH meter. Extraction with equal volumes of ether-chloroform or hexa- 
nol-heptane (4:l) was performed three times, and the extracts were 
pooled; free amiquinsin was removed in this process. The urines then were 
adjusted to pH 7-7.5 with 5 N HCI and extracted three times with either 
isopentanol or 1-butanol; free I1 was removed by this procedure. 

Controls were run on the human urine to rule out the possibility that 
the RlO.6 metabolite initially was present and subsequently was hydro- 
lyzed to I1 during isolation. The Rr 0.6 metabolite was not detected (by 
TLC) in isopentanol extracts of the human urine but definitely was ob- 
served in comparable isopentanol extracts of rat urine. 

Additional evidence for the absence of the Rf 0.6 metabolite in human 
urine was obtained through gel filtration. The urine sample was filtered 
through a gel filtration column4 followed by elution with water. The R/ 
0.6 metabolite was not in the water eluates, which were examined for 
UV-absorbing material. However, when previously prepared Rf  0.6 me- 
tabolite was added to  control human urine and passed through the col- 
umn4, i t  was readily detected by UV absorption a t  a concentration as low 
as 1 pg/ml. Thus, the Rf 0.6 metabolite apparently was stable under the 
conditions of the isolation procedure. 
Pharmacology-Cardiouascular Actiuity-Compound I1 was eval- 

uated for hypotensive activity in three anesthetized (pentobarbital so- 
dium, 35 mg/kg iv) dogs. The compounds were administered intrave- 
nously as an aqueous solution, and the blood pressure was recorded from 
a cannulated femoral artery. 

A dose of 1 mg of Wkg iv decreased the arterial blood pressure 48% 
below the control level within 1 min. After 45 min, the blood pressure 
returned to within 6% of the control value. 

Five milligrams of II/kg given intravenously lowered the arterial blood 
pressure 68% in <1 min. The pressure gradually rose to a level only 7% 
below the control by -120 rnin postinjection. 

Two dogs died after receiving an intravenous lO-mg/kg dose of 11. 
Vasodepressor Actiuity-The vasodepressor activities of I and I1 were 

evaluated in anesthetized8, adult male, albino ratss. Drug injections were 
made uia the femoral vein, and the blood pressure was recorded from a 
cannulated carotid artery. 

A relationship between the dose and the degree of hypotension elicited 
was not observed; both I and I1 exhibited a decrease in blood pressure, 
averaging 30-4070 at  the doses tested. For 11, the time required for the 
blood pressure to return to 50% of the pretreatment value averaged 2,3, 
and 6 rnin at  dose levels of 0.5,1.0, and 2.0 mgkg, respectively. However, 
for I, the 50% return times averaged 8 rnin at  0.5 mgkg,  4-55 rnin at  1.0 
mg/kg, and >2 hr a t  2.0 mg/kg. 

Acute Toxicity-To compare the acute toxicities of I and 11, groups 
of 10 male TFSW mice (19-24 g) were used. For each compound, two 
doses below and two above the LDso value were administered intrave- 
nously. Death within 30 min postinjection was considered as a positive 
response. The LDm values were calculated by a computerized probit-log 
dose regression analysis. The observed LDm values for I and I1 were 67.1 
and 66.8 mg/kg, respectively. 

* Dial-urethan, 0.7 ml/kg ip 
9 Charles River. 
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Chemistry-6,7-Dimethoxy-3-quinolinol I-Oxide (1V)-A solution 
of 6,7-dimethoxy-3-quinolinol(6) (111) (52 g, 0.26 mole) in 95% ethanol 
(methanol) (786 ml) was treated portionwise with m-chlorobenzoic acid 
(73 g, 0.42 mole) with mechanical stirring. The reaction solution was re- 
fluxed for 45 min, stirred for an additional 2 hr, stored in the refrigerator 
overnight, and filtered to remove a small amount of solid. The filtrate 
was concentrated to near dryness, and the residue was slurried in ether 
(500 ml) and stored overnight. The solid product was collected by fil- 
tration (50 g), mp 235’. Recrystallization from 95% ethanol (methanol) 
gave 29.6 g (52% yield) of IV, mp 243-245’. 

An analytical sample was prepared by further recrystallization from 
95% ethanol (methanol), mp 250-251’; NMR: 6 3.93 (s,6H, 2 OCHs), 7.17 
(d, 1, aromatic, J = 1.9 Hz), 7.30 (s, 1, aromatic), 7.78 (8 ,  1, heteroaro- 
matic), 8.18 (d, 1, heteroaromatic, J = 1.6 Hz), and 10.3 (s, 1, OH, ex- 
changed with DzO). 

Anal.-Calc. for C11H11NO4: C, 59.72; H, 5.01; N, 8.33. Found C, 59.32; 
H, 4.85; N, 8.29. 
6,7-Dimethoxy-4-nitro-3-quinolinol I-Oxide ( V)-To IV (5.0 g, 0.023 

mole) was added a cold solution of concentrated nitric acid (7.5 ml) in 
water (4.0 ml). Concentrated sulfuric acid (15 ml) then was added to the 
mixture at 10-20’ over 15 min with hand stirring. The reaction mixture 
was allowed to warm (exothermic) to 35’ over 6-10 min, warmed to 45’ 
over 3 min, maintained a t  45-50’ for 30 min, and left a t  25’ for 1 hr. 
(Since the heat of reaction was erratic and difficult to control, the sample 
size was limited to 5 8.) The reaction mixture was added to ice (70 ml), 
and the resultant yellow, crystalline solid was collected by filtration and 
washed with cold water (20 ml). 

This process was repeated a total of four times, the combined product 
was treated with hot nitromethane (140 ml), and the insoluble product, 
assumed to be the sulfate salt of V, was colleded by filtration. The cooled 
filtrate yielded 2.0 g of yellow, crystalline V, mp 232-234’. The nitro- 
methane-insoluble product (5.8 g) was dissolved in 10% Na2C03 (29 ml) 
with cooling in an ice bath and subsequently acidified with acetic acid 
(4.0 ml) with cooling. The product (V) was collected by filtration and 
washed with cold water (4 X 3 ml), cold 2-propanol(2 X 4 ml), and ether 
to yield 4.4 g, mp 228-232’ dec. The total yield was 6.4 g (27%). 

An analytical sample was prepared by recrystallization from nitro- 
methane, mp 228-232’ dec.; NMR d 3.95 and 3.98 [Zs, 6, (OCH3)2], 7.10 
and 7.74 (2s, 2, aromatic), and 8.32 (s, 1, heteroaromatic). 

Anal.-Calc. for CllH&206: C, 49.63; H, 3.79; N, 10.52. Found: C, 
49.22; H, 3.87; N, 10.93. 
4-Amino-6,7-dimethoxy-3-quinolinol Hydrochloride Hydrate (I1)-A 

mixture of V (7.0 g, 0.026 mole), methanol (470 ml), acetic acid (5.8 ml), 
and Raney nickel catalyst (18 g, wet basis) was subjected to hydrogenation 

at  48 psig. A pressure drop of 90% (of theory) was observed over 4.0 hr. 
The reaction mixture was cooled in an ice bath, treated with charcoal, 
and filtered. The filtrate was treated with a hydrogen chloride-2-propanol 
solution to pH 3-4, concentrated to 80 ml under reduced pressure, and 
cooled in an ice bath. The product was collected by filtration and washed 
with cold methanol, 2-propano1, and ether to give 4.9 g (70% yield), mp 
264-267’ dec. 

An analytical sample was prepared oia three recrystallizations from 
methanol, mp 265-267’ dec. 

Anal.-Calc. for CllHlzNzO~HC1.2/3 HzO C, 49.16; H, 5.37; N, 10.43. 
Found: C, 49.38; H, 5.74; N, 10.34. 

4-Amino-6,7-dimethoxy [3- l4C]quino1ine Hydrochloride Hydrate 
“3- 14C]I)-The [3-14C]I was prepared by the same basic procedure as 
that reported previously (1) for the preparation of I. 

Potassium Salt of 3-0-Sulfate of I I  (VI)-Anal.-Calc. for 
C~lHllKN~06S.2CH3COO-K+.H~O: C, 32.60; H, 3.47; N, 5.07; S, 5.80. 
Found C, 32.87; H, 3.74; N, 4.77; S, 5.52. 

REFERENCES 

(1) G. C. Wright, E. J. Watson, F. F. Ebetino, G. Lougheed, B. F. 
Stevenson, A. Winterstein, R. K. Bickerton, R. P. Halliday, and D. T. 
Pals, J. Med. Chem., 14,1060 (1971). 
(2) B. S. Jandhyaia, G. J. Gregs, and J. P. Buckley, Arch. Int. Phar- 

macodyn. Ther., 167,217 (1967). 
(3) J. D. Conklin and R. D. Hollifield, Eur. J.  Pharmacol., 10, 360 

(1970). 
(4) J. D. Conklin and R. D. Hollifield, Life Sci., 9,577 (1970). 
(5) R. T. Williams, “Detoxication Mechanisms,” Wiley, New York, 

N.Y., 1959, p. 651. 
(6) E. W. McChesney, W. D. Conway, W. F. Banks, Jt., J. E. Rodgers, 

and J. M. Shekosky, J. Pharmacol. Exp. Ther., 151,482 (1966). 
(7) British pat. 942,524 (1963); through Chem. Abstr., 60, P5469e 

(1964). 
(8) R. C. Elderfield, “Heterocyclic Compounds,” Wiley, New York, 

N.Y., 1952, p. 252. Ochiai, Imp. Acad. (Tokyo), 19,307 (1943); through 
Chem. Abstr., 41,5880d (1947). 
(9) C. F. Gordon and A. L. Wolfe, Anal. Chem., 32,574 (1960). 

ACKNOWLEDGMENTS 

The authors thank Mr. George Klein for the synthesis of the [3-14C]I, 
Mr. Charles Williams (deceased) for ableassistance, and Dr. Donald Polin 
for advice in the metabolite identification studies. 

Journal of Pharmaceutical Sciences / 045 
Vol. 69, No. 7, July 1980 



Determination of Potential Content of Vitamin Dz 
(Ergocalciferol) and Vitamin D3 (Cholecalciferol) in 
Gelatin-Coated Beadlets, Oil-Based Mixtures, and 
Multivitamin Tablet and Capsule Formulations 

GUSTAV A. WALKER", BRUCE E. CARPENTER, and DAVID L. TUESCHER 
Received December 17,1979, from Control Analytical Research and Deuelopment, The Upjohn Company, Kalamazoo, MI 49001. 
for publication February 28, 1980. 

Accepted 

Abstract  A high-performance liquid chromatographic procedure was 
used to determine routinely the potential vitamin D content in raw ma- 
terials and multivitamin formulations. The method employs a mi- 
croparticulate silica column to separate vitamin D from its degradation 
products as well as other fat-soluble vitamins. Sample preparation is 
simple, and the chromatographic time is <20 min when progesterone is 
added to the injection mixture as an internal standard. Replicate analyses 
of complex multivitamin formulations demonstrate precision with a 
relative standard deviation of <4%. Spiked placebos typically show 
96100% recovery and a linear chromatographic response. The use of bulk 
drug as a working reference standard is recommended for the determi- 
nation of the potential vitamin D concentration in pharmaceutical 
multivitamin preparations. 

Keyphrases 0 Vitamin D-bigh-performance liquid chromatographic 
determination of potential content of vitamins D:! and DS in gelatin- 
coated beadlets, oil-based mixtures, and multivitamin tablet and capsule 
formulations Ergocalciferol (vitamin D+high-performance liquid 
chromatographic determination of potential content in gelatin-coated 
beadlets, oil-based mixtures, and multivitamin tablet and capsule for- 
mulations Cholecalciferol (vitamin Ds)-high-performance liquid 
chromatographic determination of potential content in gelatin-coated 
beadlets, oil-based mixtures, and multivitamin tablet and capsule for- 
mulations High-performance liquid chromatography-analysis, po- 
tential content of vitamins D:! and Ds in gelatin-coated beadlets, oil-based 
mixtures, and multivitamin tablet and capsule formulations 

High-performance liquid chromatography (HPLC) has 
been established as a rapid, reproducible, and selective 
method for the separation and analysis of vitamin D in 
pharmaceutical raw materials. In contrast, current com- 
pendial procedures (1) are imprecise and dependent on 
extensive, time-consuming sample preparation to confer 
tolerable specificity. For example, the compendia1 proce- 
dure is not suitable for formulations containing vitamin 
E without the removal of vitamin E from the sample 
preparation by TLC. 

The HPLC methodology allows the separation of the D 
vitamins from the provitamins, previtamins, and photo- 
chemical isomers such as lumisterol, tachysterol, and 
trans-vitamin D. Isocratic separations with adsorption or 
reversed-phase chromatography have been reported as 
have gradient elution methods for the determination of 
vitamin D only or simultaneously with vitamins A and E 
(2-7). 

BACKGROUND 

The analysis of vitamin D in hulk drugs as in gelatin-coated beadlets 
or in oil by HPLC usually is easy and straightforward with minimum 
sample preparation. However, quantitation of vitamin D in multivitamin 
products with frequently complex matrixes is difficult without optimum 
chromatography. The variation in chromatographic cleanliness of ex- 
cipient components from different suppliers constitutes a special chal- 
lenge to HPLC methodology. Therefore, few reported HPLC procedures 
have been equally amenable t o  all vitamin formulations. 

The analysis of vitamin D in pharmaceutical preparations is compli- 
cated further by whether this determination should account for the 
previtamin D content, which is in equilibrium with vitamin D (Scheme 
I). T o  allow for conversion of the previtamin into vitamin D, it is necessary 
to estimate the potential vitamin D content that  can be determined 
through measurement of both the previtamin D (with the appropriate 
absorptivity correction) and the vitamin D areas. Unfortunately, previ- 
tamin D is not always adequately resolved from excipient peaks in the 
chromatography of products with complex matrixes. Under such chro- 
matographic conditions, it is not quantitated easily. 

T o  account for the previtamin D-vitamin D equilibrium in various 
products without measuring the previtamin directly, some pharmaceu- 
tical manufacturers have recommended a heat equilibration step wherein 
standards and samples are treated for the same time and a t  the same 
temperature (8). Only the vitamin D would have to be measured since 
the previtamin D should be the same in both the standard and the sample. 
However, when applied to some multivitamin preparations, this tech- 
nique is imprecise, and its use frequently results in erroneous estimations 
of vitamin D content. 

The applicability of HPLC methodology is demonstrated in this paper 
in the determination of vitamin D in bulk drug and in various multivi- 
tamin preparations. Sample preparation and chromatographic condi- 
tions, modified from previously reported procedures (3,5,8), are simple 
and require minimal changes to accommodate samples with different 
matrixes. In addition, a practical and reliable approach is recommended 
for the determination of potential vitamin D content by the use of a bulk 
drug working standard for samples treated similarly. 

EXPERIMENTAL 

Reagents ,and Solvents-Stabilizer-free chloroform', n-hexanel, 
tetrahydrofuran', acetic acid2, and diatomaceous earth3 were obtained 

heat - 
heat 

l 6  
CHI 
previtamin D 

1;1 
HO" 

vitamin D 

vitamin D,: R = 
HF 

vitamin D.1: R = 
H ,C 

Scheme I-Temperature-dependent equilibrium betioeen previtamin 
D and vitamin D 

Spectroquality grade, Burdick & .Jackson Laboratories, Muskegon, Mich. 
Analytical grade, Mallinckrodt, St. Louis, Mo. 
Florex (Fuller's earth), Floridin Co., Quincy, Fla. 
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commercially. Water was deionized. Ergocalciferol USP (vitamin D:!) and 
cholecalciferol USP (vitamin D3) were used as reference standards. 
Progesterone USP served as the internal standard. 

Apparatus and Column-The liquid chromatograph4 was equipped 
with a fixed-wavelength UV detectol" (254 nm). A microparticulate silica 
column6 (250 X 4.6 mm i.d.) was used. The mobile phase was pumped a t  
a flow rate of 1.5 ml/min and 1200 psi. The column was maintained a t  
room temperature. Chromatograms were traced on a strip-chart re- 
corder7. 

Mobile Phase-A mixture of chloroform-water-saturated n-hex- 
ane-dry n-hexane-tetrahydrofuran-acetic acid (6015:251.50.4 v/v) was 
used. This ratio may be adjusted to achieve satisfactory system suit- 
ability. 

Internal  Standard Solution-The internal standard was prepared 
by adding -6 mg of progesterone to 200 ml of mobile phase. 

Reference Standard Solution-Approximately 18 mg of vitamin D 
USP reference standard was weighed accurately, transferred to a 100-ml 
low actinic volumetric flask, diluted to volume with isooctane, and mixed 
well. This was reference standard Solution A and could be kept for 1 week 
if maintained a t  Oo or below. Exactly 5.0 ml of Solution A was transferred 
into a 100-ml low actinic volumetric flask and diluted to volume with 
isooctane. This was reference standard Solution B and was prepared 
daily. 

Prior to chromatography, a 1:l mixture of Solution B and the mobile 
phase or the internal standard solution was prepared in a low actinic 
container and mixed well. 

Reference standard Solution B was used to characterize the working 
standard. 

Working Standards-The working standards were vitamin D 
beadlets USP or cholecalciferol USP in oil. 

Approximately 8.0 mg of vitamin D gelatin beadlets was weighed ac- 
curately and transferred into a 250-ml centrifuge tube fitted with a 24/40 
ground-glass joint. Duplicate weighings of a characterized lot were used. 
The analysis was continued as described under Procedure A. 

With a syringe, cholecalciferol in oil equivalent to -2.6 mg of vitamin 
D3 was weighed accurately into a 250-ml low actinic volumetric flask. The 
flask was filled to volume with hexane, and the contents were mixed well. 
Duplicate weighings of cholecalciferol were used. The analysis was con- 
tinued as described under Procedure B. 

Sample Preparation-Coated Compressed Tablets-The weight 
of 25 tablets was measured accurately, and an average tablet weight was 
determined. Approximately 12 tablets a t  a time were ground to a fine 
powder with a mill8 and were mixed. A sample equivalent to 20 tablets 
was weighed accurately and transferred into a 250-ml centrifuge tube 
fitted with a 24/40 ground-glass joint. The analysis was continued as 
described under Procedure A.  

Soft Elastic Capsules-Eighteen capsules were transferred into a 
suitable container such as a 250-ml centrifuge cup fitted with a 24/40 
ground-glass joint. The analysis was continued as described under Pro- 
cedure B. 

Oil-Based Mixtures-With a syringe, an accurately weighed sample 
equivalent to -260 pg of vitamin DB was placed in a 25-ml low actinic 
volumetric flask. The flask was filled to volume with hexane, and the 
contents were mixed well. The analysis was continued as described under 
Procedure B. 

Procedure A-To each centrifuge cup was added 80 ml of a 3:l solu- 
tion of dimethyl sulfoxide and water, which had been cooled to room 
temperature. The headspace was flushed with nitrogen. The centrifuge 
cups were stoppered tightly, sonicated for 10 min, and shaken vigorously 
for 1 hr on a mechanical horizontal shaker. The samples must be pro- 
tected from heat and prolonged exposure to UV irradiation; contact with 
oxygen should be minimized. 

T o  each centrifuge cup was added an exact volume of hexane (e.g., 25 
ml), and the cups were shaken for 45 min as described previously. The 
samples were centrifuged a t  -1500 rpm for 5 min. For the final prepa- 
ration of tablet formulations or gelatin-coated beadlets, an aliquot of the 
hexane layer was transferred into a suitable low actinic container and 
diluted 1:l with the internal standard solution. The containers were 
capped tightly, and the contents were mixed well. 

Samples with soft elastic capsules were analyzed for vitamin D as de- 
scribed under Procedure B. 

4 Model ALC/GPC 244 equipped with a U6K injector, Waters Associates. Milford, 
Mass. 

Model 440, Waters Associates, Milford, Mass. 
Si-sA, Brownlee Laboratories, Santa Clara, Calif. ' Model B5000 Omniscribe, Houston Instruments, Austin, Tex. 

a s p e x  mixer/mill, Metuchen, N.J. 

Procedure B-Without exposing the samples to UV irradiation, an 
exact volume of the sample (hexane solution) was pipetted onto the 
column of diatomaceous earth. Then the column was washed with 100 
ml of hexane, and the effluent was discarded. Vitamin D was eluted with 
the addition of 150 ml of toluene and collected in a suitable low actinic 
boiling flask containing 3.0 ml of the internal standard solution. The 
toluene was evaporated using a suitable evaporator and a water bath a t  
37" under vacuum. The residue was dissolved in 6.0 ml of the mobile 
phase. 

Chromatography-The HPLC column was conditioned with the 
mobile phase until a relatively stable baseline was obtained. A vitamin 
D beadlet reference standard and not more than four sample preparations 
were injected alternately. 

A chromatographic run should include at least two beadlet reference 
standard preparations injected in duplicate. The injection volume usually 
was 40-50 pl for both reference and sample analysis. Retention times of 
8-9 and 14-16 min should be obtained for vitamin D and progesterone, 
respectively. 

Calculations-The amounts of potential vitamin D:! in micrograms 
per tablet (or capsule) and vitamin Dg in micrograms per gram were de- 
termined from: 

or: 

amount = - pRs - Cstd s v  x Pstd 
PR,d SN (Eq. l b )  

where PR, is the peak response ratio of the vitamin D peak to the internal 
standard peak in the sample preparation, PR,d is the peak response ratio 
of the vitamin D peak to the internal standard peak in the standard 
preparation, Csd is the concentration of the vitamin D reference standard 
[vitamin D:! in gelatin headlets (milligrams of beadlets per milliliter) or 
cholecalciferol USP in oil solution (milligrams per milliliter)], WT, is the 
weight of the sample (grams), SN is the sample number (number of 
capsules, if applicable), S V  is the sample dilution volume [equal to the 
volume of added hexane in the sample preparation (e.g., 25 ml)], TW, 
is the weight of one tablet in grams (factor not applicable when sample 
number is used), and Pad is the assigned potency of the vitamin D beadlet 
reference standard or cholecalciferol USP in oil in micrograms per mil- 
ligram. 

Calculation of Previtamin D-Previous studies showed that previ- 
tamin D and vitamin D form an equilibrium dependent on temperature 
(9). A solution of reference standard vitamin Ds dissolved in isooctane 
and contained under nitrogen in a low actinic flask was heated overnight 
a t  80'. Upon cooling, the solution was injected into the HPLC system, 
and the amounts of previtamin and vitamin D were determined by peak 
area. Comparisons were made between the vitamin D concentrations in 
the freshly prepared solution, which had no detectable traces of previ- 
tamin, and the vitamin D concentrations in the heat-treated solution. 
Since no other degradation products were observed, the amounts of 
previtamin D formed could be calculated from the decrease in the vitamin 
D peak. The expected areas of the previtamin (assuming an absorptivity 
identical to vitamin D) were compared with the areas observed, and the 
differences were equated with the differences in the respective absorp- 
tivities of previtamin D and vitamin D. Results from samples treated as 
described produced an average value for the absorptivity (254 nm) of the 
previtamin of 40% of that of vitamin D. This value agrees with the value 
found by Having0 et al. (10). 

The concentration of previtamin D:! was calculated from: 
area of previtamin D:! vitamin D:! (micrograms per tablet) 

CF area of vitamin D:! 
X 

= micrograms of previtamin D2 per tablet (Eq. 2) 
and: 

previtamin Dz (micrograms per tablet) 
previtamin DP (micrograms per tablet) + 
vitamin D:! (micrograms per tablet) 

x 100 

= percent of previtamin DP (Eq. 3) 

where CF is the correction factor (0.4). 

RESULTS AND DISCUSSION 

The chromatographic system used separates vitamin D from its major 
degradation products. Figure 1 shows the resolved elution profile of the 
products of partially degraded vitamin D2. The vitamin D:! solution was 
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Figure 1-Chromatogram of heat- and UV-degraded products of ui- 
tarnin D2. Peaks 1,2, and Jrepresent previtamin Dz, tachysterol, and 
vitamin Dz, respectiuely. The identity of the other peaks was not de- 
termined. 

degraded by 2 hr of heat treatment a t  90" followed by irradiation for 2 
hr a t  both long and short UV wavelengths. Approximately 6.2 fig of de- 
graded vitamin D2 was injected. The peaks of interest were associated 
with previtamin Dz, tachysterol, and vitamin Dz; the respective retention 
times were 5.4,7.5, and 8.2 min. Degradation products of vitamin DJ (not 
shown) showed a similar elution profile. 

Figures 2 and 3 show representative chromatograms of multivitamin 
preparations. Included are chromatograms of vitamin Dz in a multivi- 
tamin-mineral tablet formulation (Fig. 2) and in a multivitamin capsule 
formulation (Fig. 3). Chromatograms of placebos showed no interference 
with the vitamin D peak. Separation of vitamin D from interfering ex- 
cipient peaks (due largely to degradation of vitamins A and E) and the 
previtamin D isomer was achieved in each example. Tachysterol was not 
detected in any preparation, although it was resolved from the vitamin 
D peak when the degraded D mixture was injected to determine system 
suitability. Progesterone, which served as an internal standard, was 
separated completely from vitamin D, its degradation products, and any 
excipient peaks. 

Table I shows an example of a spike recovery study of vitamin Dz from 
a multivitamin-mineral placebo formulation. The placebo was spiked 
with gelatin beadlets from 60 to 120% of theory and carried through the 
assay. The mean recovery for 10 samples was 99.4% with a relative stan- 
dard deviation (RSD) of 2.2%. 

I I  

I- :: 
kl 
0 c 2 

I 3 

J I 

RETENTION TIME, rnin 
2 4 6 8 10 12 14 16 18 

Figure 2-Chromatogram of uitamin D2 in a typical coated, com- 
pressed, tablet multivitamin-mineral formulation. Key: 1, previtamin 
D?; 2, Litamin D2; and 3, progesterone (internal standard). 

1 

2 4 6 8 10 12 14 
RETENTION TIME, min 

Figure 3-Chromatogram of vitamin Dz in a typical capsule multivi- 
tamin formulation. Key: 1, previtamin Dz; 2, uitnmin Dz; and 3, pro- 
gesterone (internal standard). 

The data from the recovery studies also provided a comparison of the 
previtamin Dz concentration in the bulk drug and in the product for- 
mulation. A sample chromatogram (Fig. 2) shows that previtamin Dz 
clearly was resolved from excipient peaks. The previtamin D2 concen- 
tration in gelatin beadlets was constant. The mean value for the per- 
centage of previtamin D:! in seven lots of gelatin beadlets was 11.1% with 
a relative standard deviation of 3.2%. In comparison, the mean percentage 
of previtamin Dz in 14 lots of product formulation was calculated to be 
11.0% with a relative standard deviation of 4.2%. Although all product 
lots were assayed within the expiration date, the age of the samples varied 
across a range to the limit of expiration. 

An alternative to the direct measurement of the previtamin is the use 
of a well-characterized lot of vitamin D in bulk drug (i.e., gelatin beadlets) 
as the reference standard. As long as the bulk drug has been maintained 
at the same temperature as the product formulations and has not been 
exposed to prolonged UV irradiation, the percentage of previtamin D in 
the bulk drug is equal to that in the product formulation in accordance 
with the temperature-dependent equilibrium between these isomers. As 
indicated previously, the amount of previtamin DZ in gelatin beadlets 
and in the formulations in which they had been added was found to be 
-11% of the potential vitamin D content when both were stored a t  room 
temperature (25'). However, to maintain control of the assay, the potency 
of the bulk drug was determined periodically versus a ergocalciferol USP 
reference standard. 

The use of a well-characterized lot of gelatin beadlets containing vi- 
tamin D2 as a reference standard permits reproducible determinations 
of the potential vitamin D content in multivitamin formulations. For 
example, when 12 replicate samples of a multivitamin tablet formulation 
were assayed over 3 days, the relative standard deviation was 3.5%. 

A comparison of assay results obtained by HPLC and the current 
compendia1 chemical procedure for the determination of vitamin Dz in 

Table I-Recovery of Vitamin Dz in Gelatin Beadlets from a 
Multivitamin-Mineral Placebo Formulation 

Percent of 
Day Theory 

1 60 
1 70 
1 80 
1 90 
1 100 
1 120 
2 60 
2 70 
2 90 
2 100 

Mean 
RSD 

Vitamin DZ 
Added, pg 

140.6 
164.2 
187.8 
211.1 
234.8 
281.3 
140.9 
164.8 
211.1 
234.8 

Vitamin D2 Recovery, 
Found, p g  % 

141.3 100.5 
158.4 96.5 
185.4 98.7 
205.2 97.2 
239.4 102.0 
273.6 97.3 
138.7 98.4 ~~. 

167.8 ioi.8 
216.0 102.3 
232.4 99.0 

99.4 
2.2 
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Table 11-Potential Vitamin D Content f o r  Several  Lots of a 
Multivitamin-Mineral Formulation * 

HPLC Assay Result, Chemical Assay Result, 
Lot pgltablet pgltablet 

A 
B 
C 
D ~ 

E 
F c 
H 
I 
J 
K 
L 
M 
N 

11.3 
11.8 
11.1 
11.1 
12.7 
11.4 
11.2 
11.2 
11.2 
11.1 
11.2 
12.0 
11.7 
12.2 

11.6 
12.5 
13.0 
11.4 
12.8 
12.6 
11.7 
12.4 
12.1 
11.4 
12.1 
11.7 
12.9 
12.2 

0 11.6 11.5 
Mean 11.5 12.1 

a Theoretical content was 11.7 pg/tablet. 

15 lots of a multivitamin-mineral tablet formulation is shown in Table 
11. Vitamin Dz in gelatin-coated beadlets was used as a reference standard 
for the HPLC analysis. Each assay result was the average of a t  least two 
determinations. The relative standard deviations associated with the 
HPLC and chemical assays were -4 and 8%. respectively. For the 15 lots 
of multivitamin formulation, the mean value for the vitamin D content 
by the HPLC assay was 11.5 Fgltablet (98% of theory); by the chemical 
assay, it was 12.1 pgltablet (103% of theory). The chemical assay results 
were statistically different a t  the 95% level of confidence from the results 
obtained by the HPLC assay. 

If the photochemical isomers of vitamin D are held to a minimum, the 
assay values by the chemical procedure should be approximately equal 
to the sum of the values for previtamin DZ and vitamin DZ as determined 
by HPLC. However, if such isomers are present at a significant concen- 
tration, the results of the chemical assay should be significantly higher 
than those obtained by the HPLC assay because the chemical method 
is a colorimetric assay that does not distinguish between previtamin Dz, 
vitamin DP, or any of the vitamin DZ photochemical isomers, which, al- 
though separated by HPLC, would positively bias vitamin D:! chemical 
analysis. 

The use of bulk drug as a working reference standard for the deter- 
mination of the vitamin D content in commercial multivitamin prepa- 
rations is recommended when it is known that the bulk drug and product 
formulation have been handled and stored under similar conditions. 
These conditions preferably are met by storage and sample preparation 
at room temperature in the absence of UV irradiation. This approach in 
the quantitation of the potential vitamin D content in product formu- 
lations by HPLC is practical and reliable and does not require direct 
measurement of the previtamin concentration or time-consuming, fre- 
quently imprecise, heat equilibration experiments. Sample preparation 
is quick, with a single extraction step for most formulations. Assay time 
is <20 min/sample, and the assay can be automated easily. Chromatog- 
raphy is specific and selective. The assay results are reproducible and 
within 4% of manufacturing theory for the potential vitamin D con- 
tent. 
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Abstract A series of pyridyl ketones and alkyl pyridines was evaluated 
as type I1 ligands for cytochrome P-450. Activity as type I1 ligands was 
evaluated in terms of the lipid solubility and the pKa values of the 
compounds. 

Keyphrases 0 Ligands-interaction of substituted pyridines and pyr- 
idyl ketones with cytochrome P-450, effects of lipid solubility and pKa 
values on ligand activity 0 Pyridines, substituted-ligand interaction 
with cytochrome P-450, effects of lipid solubility and pKa values on li- 
gand activity Ketones, pyridyl-ligand interaction with cytochrome 
P-450, effects of lipid solubility and pKa values on ligand activity 

Cytochrome P-450, the terminal oxidase responsible for 
many hydroxylation reactions (1, 2), binds to various 
substrates to produce type I1 difference spectra (1-6). 
Compounds that produce type I1 spectra include alcohols, 
primary amines, ketones, and pyridines (2). 

BACKGROUND 

Cytochrome P-450 is an iron-containing porphyrin in which the fifth 
ligand is a sulfhydryl group and the sixth ligand is a water molecule (7) 
or an imidazole ring (8). The displacement of the sixth ligand of cyto- 
chrome P-450 by pyridine or a pyridine ring of metyrapone' (2-methyl- 
1,2-di-3-pyridyl-l-propanone, I) is thought t o  result in a pyridine-coor- 
dinated cytochrome P-450. The ability of primary amines to produce type 
I1 spectra is a function of their ability to bind a t  a hydrophobic site (5). 
The base strength of pyridines, as well as an unhindered approach of the 
pyridine nitrogen to the enzyme, are essential for ligand interaction 
(9). 

Figure 1 shows a proposed (7) binding model for I with cytochrome 
P-450. The pyridine ring, which is coordinated with the heme site, has 
a carbonyl attached at  position 3; the alkyl-substituted pyridine ring 
binds a t  a site removed from the heme portion. 

Although this model provides a convenient visualization of the cyto- 
chrome P-450 active site, no experimental evidence is available to indicate 
which pyridine ring of I interacts with the heme site. In addition, the role 
of secondary binding forces in the interaction of pyridine compounds and 
cytochrome P-450 has not been investigated. 

The difference in the pKa values between the two pyridine rings of I 
is not likely to be as large as suggested by the pKa values of 5.85 and 3.18 
for 3-picoline (11) (10) and 3-pyridyl methyl ketone (111) (ll), respectively. 
Intramolecular steric interactions between the methyl groups of I and 
the carbonyl-substituted pyridine ring preclude coplanarity of the pyr- 
idine ring and the carbonyl group. This situation increases the pKa value 
of the carbonyl-substituted pyridine ring compared to that of 111. Thus, 
it is not possible to predict which pyridine ring of I coordinates with cy- 
tochrome P-450 without considering the role of the carbonyl group in the 
interaction. 

To evaluate further the mode of binding of pyridine compounds to 
cytochrome P-450, a series of 2-, 3-, and 4-substituted pyridines (Table 
I) was prepared and evaluated as type 11 ligands. 

EXPERIMENTAL* 

Pyridyl Ketones-Except for the commercially available pyridyl al- 
dehydes and methyl pyridyl ketones, all pyridyl ketones were prepared 

1 Ciba-Geigy. 
2 Difference spectra were obtained using a Beckman M-VI Acta spectropho- 

tometer equipped with a scattered transmission accessory. 

by the addition of the appropriate cyanopyridine a t  0.05 M in 75 ml of 
benzene to the appropriate alkyl magnesium bromide (ethyl, n -propyl, 
or n-butyl) a t  0.1 M in 150 ml of ether. The reaction mixture was stirred 
and refluxed for 2 hr, 50 ml of 5% HCI was added slowly, and the mixture 
was refluxed overnight. The reaction mixture then was made basic with 
10% NaOH, cooled, and extracted with ether; the extract then was dried 
under vacuum. The residue was distilled to give the expected pyridyl 
ketone. In each case, the physical characteristics of the compounds were 
as reported previously (12,13). 

4-Alkyl F'yridines-The 4-alkyl pyridines were prepared as described 
by Wibaut and Hey (14), except for the commercially available methyl- 
and ethylpyridines. The compounds were purified by repeated recrys- 
tallization of their picrates. The free base was obtained by treating the 
picrates with 10% NaOH and extracting the free base with ether. The 
ether was dried and removed, and the residue was distilled. 

3-AlkyI Pyridines-The 3-alkyl pyridines were prepared by Wolff- 
Kishner reduction of the l-(3-pyridyl) ketones. The 1-(3-pyridyl) ketone 
(0.019 M) was dissolved in 25 ml of diethylene glycol, which contained 
3.5 g of potassium hydroxide (0.062 M )  and 4 ml of 85% hydrazine hy- 
drate, and then was refluxed for 4 hr. Distillation directly from the re- 
action vessel gave a mixture of water and the 3-alkyl pyridine. The 3-alkyl 
pyridine was separated from the water by extraction with ether, which 
then was dried and removed. The residue was distilled to give the ex- 
pected 3-alkyl pyridine. The observed boiling points, literature (15) 
boiling points, and yields were: n-propyl, 76'/40 mm, 182-184'/743 mm, 
32%; n-butyl, 88'/22 mm, 75-76'17.5 mm, 41%; and n-pentyl, 115- 
116'/25 mm, 110-112°/20 mm, 37% (15). 

Determination of Spectral Binding Constant ( K .  )-Phenobarbital 
sodium (80 mg/kg) was injected intraperitoneally into male Sprague- 
Dawley rats for 3 consecutive days. The animals then were fasted for 24 
hr and sacrificed by decapitation. During the isolation of microsomes, 
all tissue was maintained at  0-4'. The liver was removed, washed with 
0.25 M sucrose, and then homogenized in 10 volumes of 0.25 M sucrose 
using a Potter-Elvehjem glass tube and a polytef pestle. 

The homogenized material was centrifuged for 15 min at  lO,OOOXg, 

Table I-Spectral Binding Constants (K. )  and  Relative 
Activities for  3- and  4-Substituted Pyridines 

Ks x Relative 
Compound Ma SEM Activity 

Isonicotinaldehyde (XIX) 
Nicotinaldehyde (XVI) 
3-Pyridyl methyl ketone (111) 
4-Pyridyl methyl ketone (IV) 
P-Picoline (11) 
1-(4-Pyridyl)propanone (XX) 
1-(3-Pyridyl) ropanone (XVII) 
1-(3-Pyridyl)Eutanone (XVIII) 
y-Picoline (XII) 
3-Ethylpyridine (IX) 
1-(4-Pyridyl)butanone (XXI) 
1-(3-Pyridyl)pentanone (VI) 
4-Ethylpyridine (XIII) 
143-Pyridy1)propane (X) 
1 -(4-Pyridyl)pentanone (V) 
1-(4-Pyridyl)propane (XIV) 
l-(3-Pyridyl)butane (XI) 
1-(3-Pyridyl) entane (VIII) 
1-(4-Pyridyl){utane (XV) 
144-Pyridyl)pentane (VII) 
2-Methyl- 1,2-di-3-pyridyl-l- 

propanone (I) 

a Values are means f SEM. n = 3. 

10.4 0.731 1 .oo 
10.4 0.702 1 .oo 
5.17 0.0402 2.01 
5.04 0.405 2.06 
3.53 0.253 2.94 
2.21 0.130 4.70 . ~ _ .  ~. . 

2.17 0.032 4.79 
1.74 0.110 5.97 
1.66 0.041 6.26 
1.61 0.0945 6.45 
1.53 0.113 6.79 
1.32 0.0120 8.00 
1.11 0.110 9.36 
0.934 0.021 11.13 
0.753 0.0509 13.81 
0.655 0.456 15.87 
0.483 0.0353 21.53 
0.375 0.0182 27.73 
0.375 0.00841 27.73 
0.256 0.0153 40.62 
0.0135 0.000551 800.00 
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Figure 1-Proposed interaction (7) of I with the heme portion of cy- 
tochrome P-450 via coordination of the carbonyl-substituted pyridine 
ring of 1. 

and the supernate was removed and centrifuged a t  100,OOOXg for 1 hr 
to produce a microsomal pellet. The microsomal pellet was resuspended 
in 0.15 M KCI and recentrifuged a t  100,OOOXg for 1 hr. The microsomal 
pellet obtained by recentrifugation was resuspended in 0.05 M, pH 7.4 
tromethamine buffer. Then the protein concentration was determined 
(16) and adjusted to 1 mg/ml with the buffer. 

Difference spectra were recorded by placing 3 ml of the protein solution 
in both the sample and reference cells and then recording the baseline. 
After the baseline was established, 3-pl portions of the substrate dissolved 
in tromethamine buffer were added to the sample cell, and successive 
spectra were recorded. When the solubility of the substrate in the buffer 
was low, spectroanalyzed methanol was utilized to dissolve the com- 
pounds. Addition of as much as 21 pl of methanol to the sample cell did 
not change the spectra. 

Each compound was examined in triplicate a t  six concentrations. The 
spectral binding constant, K,, was determined by substituting the dif- 
ference between the maximum (427 nm) and minimum (393 nm) ab- 
sorbances in the spectrum for V in the classical enzyme substrate model 
(17). The correlation coefficient for the determination of K ,  was >0.96 
in each case. 

Log P values were calculated utilizing the Hansch method (18,191. Yeh 
and Higuchi (20) reported K values for methylene substitution on pyri- 
dine of 0.61 f 0.01 and log P values of 3.750 and 3.128 for VII and XV, 
respectively. 

RESULTS AND DISCUSSION 

The 2-pyridyl carbonyl compounds investigated failed to produce 
typical type I1 spectra. Picolinaldehyde did not produce a recognizable 
spectrum while 2-pyridyl methyl ketone, 1-(2-pyridyl)propanone, and 
1-(2-pyridyl)butanone gave weak type I spectra. 1-(2-Pyridyl)pentanone 
gave a weak type I spectrum a t  concentrations up to 2.7 X M, but 
a modified type I1 spectrum was generated when concentrations exceeded 
5.6 X M. The lack of typical type I1 spectra for the 2-pyridyl car- 
bonyls was not unexpected since their low pKa values, coupled with the 
steric inhibition of binding by the 2-substituent, would be expected to 
be unfavorable to type I1 binding. 

On the basis of the pKa values of 3.18 (11) and 3.51 (21) for I11 and 
4-pyridyl methyl ketone (IV), respectively, the 4-pyridyl ketones were 
expected to be more effective as type I1 ligands for cytochrome P-450 than 
the 3-pyridyl ketones. The spectral binding constants, K,, of these 
compounds were quite similar, with only l-(4-pyridyl)pentanone (V) 

exhibiting an increase in binding as compared to its 3-pyridyl analog (VI) 
(Table I). 

The most basic compounds of this series, the 4-alkyl pyridines (lo), 
also were the most potent type I1 ligands for cytochrome P-450. The K,  
value of 1-(4-pyridyl)pentane (VII) was 1.4 times that of 1-(3-pyridyl)- 
pentane (VIII) and 2.9 times that of its parent ketone (V). 

A plot of lag P uersus log K, for the 3-alkyl pyridines (I1 and VIII-XI), 
the 4-alkyl pyridines (VII and XII-XV), the 3-pyridyl ketones (111, VI, 
and XVI-XVIII), and the 4-pyridyl ketones (IV, V, and XIX-XXI) 
produced in each case a straight line with a correlation coefficient of 
>0.93. This result suggests that lipid solubility of pyridine compounds 
is important in the ligand interaction. 

The role of the carbonyl group in the ligand interaction is observed 
when alkyl pyridines and pyridyl ketones of similar log P values are 
compared. The strength of the ligand interaction of pyridyl ketones was 
surprising in view of their low pKa values. When K ,  values for compounds 
with similar log P values are compared, the pyridyl ketones have equal 
or greater activity compared to that of the alkyl pyridines. Thus, the K, 
values of 1-(3-pyridyl)butanone (XVIII) (log P 1.32) and l-(4-pyridyl)- 
butanone (XXI) (log P 1.32) are essentially equal to the K, value for 4- 
picoline (XII) (log P 1.26) ahd greater than that of 3-picoline (11) (log P 
1.26). Comparison of the K, values for V (log P 1.93), 1-(3-pyridyl)pen- 
tanone (VI) (log P 1.93), 4-ethylpyridine (XIII) (log P 1.87), and 3- 
ethylpyridine (M) (log P 1.87) reveals a similar pattern. The 1-(3-pyridyl) 
ketones are more potent ligands for cytochrome P-450 than the 3-alkyl 
pyridines of similar log P values, suggesting that the introduction of a 
carbonyl group in the 3-pyridyl series increases the strength of the ligand 
interaction. This increase in activity occurs in spite of the fact that the 
pyridyl ketones are less basic than the alkyl pyridines. 

In summary, the data indicate that the carbonyl group in simple pyr- 
idine compounds is an important determinant in the strength of ligand 
interactions. The interaction of I with cytochrome P-450 is supported 
by the data (Fig. 1). 

REFERENCES 

(1) J. R. Gillette, Adu. Pharmacol., 4,219 (1966). 
(2) G. J. Mannering, in “Fundamentals of Drug Metabolism and Drug 

Disposition,” B. N. LaDu, H. G. Mandel, and E. L. Way, Eds., Williams 
& Wilkins, Baltimore, Md., 1979, chap. 12. 

(3) J. B. Cshenkman, H. Remer, and R. W. Estabrook, Mol. Phar- 
macol., 3,113 (1967). 

(4) Y. Imai and R. Sato, J. Biochem., 62,239 (1967). 
(5) C. R. E. Jefcoate, J. L. Gaylor, and R. Calabrese, Biochemistry, 

(6) J. B. Schenkman, ibid., 9,2081 (1970). 
(7) B. W. Griffin, J. A. Peterson, J. Werringloer, and R. W. Estabrook, 

(8) M. Chevion, J. Peisach, and W. Blumberg, J.  Biol. Chem., 252, 

(9) J. L. Born and D. Vaughn, J. Pharm. Sci., 66,1046 (1977). 

8,3455 (1969). 

Ann. N.Y. Acad. Sci., 244,107 (1975). 

3637 (1977). 

(10) N. Ikekana, Y. Sato, and T. Maeda, Pharm. Bull., 2, 205 

(11) “Handbook of Tables for Organic Compound Identification,” 3rd 

(12) C. R. Warner, E. J. Walsh, and R. F. Smith, J. Chem. SOC., 1962, 

(13) S. Pavlov and V. Arsenijevle, Glas. Hem. Drus. Beograd, 32,469 

(14) J. P. Wibaut and J. W. Hey, Rec. Trau. Chim., 72,513 (1953). 
(15) A. D. Miller and R. Revine, J .  Org. Chem., 27,168 (1957). 
(16) G. H. Lowry, N. J. Rosenbrough, A. L. Farr, and R. J. Randall, 

(17) K. C. Leibman, A. G. Hildebrandt, and R. W. Estabrook, Bio- 

(18) J. Iwasa, T. Fugita, and C. Hansch, J. Med.  Chem., 8, 150 

(19) A. Leo, C. Hansch, and D. Gilkins, Chem. Rev., 71,525 (1971). 
(20) K. C. Yeh and W. I. Higuchi, J. Pharm. Sci., 61,1648 (1972). 
(21) A. Fisher, W. J. Galloway, and J. Vaughn, J.  Chem. SOC., 1964, 

(1954). 

ed., Z. Rappoport, Ed., Chemical Rubber Co., Cleveland, Ohio, 1967. 

1232. 

(1967). 

J. Biol. Chem., 193,265 (1951). 

chem. Biophys. Res. Commun., 36.789 (1969). 

(1965). 

3521. 

Journal of Pharmaceutical Sciences 1 851 
Vol. 69, No. 7, JuW 1980 



Saturation Adsorption at Interfaces of 
Surfactant Solutions 

HANS SCHOTT 
Received November 19,1979, from the School of Pharmacy, Temple University, Philadelphia, PA 29240. 
7. 1980. 

Accepted for publication February 

Abstract  Plots of the surface or interfacial tension of aqueous sur- 
factant solutions uersus the logarithm of the bulk concentration of the 
surfactant frequently become linear at concentrations from 10 to 30% 
of the critical micelle concentration. According to the Gibbs equation, 
the surface excess concentration of the surfactant in the linear region is 
constant; saturation adsorption is said to exist. However, the surface or 
interfacial tension continues to decrease considerably with increasing 
bulk concentration of the surfactant throughout the saturation adsorp- 
tion region until the critical micelle concentration is reached. This de- 
crease is explained as follows. While the surface excess concentration of 
the surfactant reaches a constant upper limit a t  the onset of saturation 
adsorption, the total surfactant concentration in the surface layer, which 
consists of the surface excess concentration plus the surfactant concen- 
tration present in an equivalent volume of bulk solution, continues to 
increase slightly with increasing bulk conceptration throughout the 
saturation adsorption region. As the bulk concentration approaches the 
critical micelle concentration, the total surface concentration of the 
surfactant exceeds its surface excess concentration by small but in- 
creasing amounts. Because the surfactant monolayer in the saturation 
adsorption region is densely packed, slight increases in the total surface 
concentration produce disproportionately large decreases in the surface 
or interfacial tension. This explanation is illustrated with experimental 
data. 

Keyphrases Surface tension-decrease with increasing bulk con- 
centration of surfactant in saturation adsorption region 0 Surfac- 
tants-surface tension decrease with increasing bulk concentration of 
surfactant in saturation adsorption region 0 Saturation adsorption re- 
gion-surface tension decrease with increasing bulk concentration of 
surfactant 

The surface or interfacial tension of aqueous surfactant 
solutions frequently becomes a linear function of the log- 
arithm of the surfactant concentration when that con- 
centration comes within -20% of the critical micelle con- 
centration (CMC). According to the Gibbs adsorption 
equation, the proportionality between the surface or in- 
terfacial tension and the logarithm of the bulk concen- 
tration of the surfactant indicates that its surface excess 
concentration has reached a constant value. This fact must 
be reconciled with the continued decrease of the surface 
or interfacial tension with increasing surfactant concen- 
tration until the critical micelle concentration is 
reached. 

BACKGROUND 

Plots of the surface or interfacial tension, y. of surfactant solutions 
versus the logarithm of the surfactant concentration, c2, commonly 
consist of three distinct regions as shown in Fig. 1 for surface tension. 
Interfacial tensions have lower values, but their curves have similar 
shapes (1.2). The curve initially is nearly horizontal but turns gradually 
steeper as cp increases. Eventually, between points B and D, i t  becomes 
linear. This segment is followed by another linear segment, DE, that is 
practically horizontal. The concentration corresponding to point D, where 
the plot levels off, represents the critical micelle concentration. The 
surfactant concentration corresponding to point B frequently is reached 
a t  concentrations as low as 10-30% of the critical micelle concentration 
for surfactant adsorption a t  both air-water and oil-water interfaces 
(1-3). 

CMC 
log c* 

Figure 1-Schematic plot of surface or interfacial tension (y)  versus 
logarithm of the surfactant concentration (cp). The ordinate scale 
represents surface tension ualues. 

The Gibbs equation correlates the surface or interfacial tension of 
surfactant solutions with their bulk concentration. For nonionic sur- 
factants, or for ionic surfactants in the presence of swamping concen- 
trations of nonsurface-active salts with the same counterion, the equation 
is (1, 2): 

where l’z is the surface excess concentration, R is the gas constant (8.314 
X IO’ergs/mole/OK), and T is the absolute temperature. The subscript 
2 refers to the dissolved surfactant. The solution is assumed to be suffi- 
ciently dilute to use surfactant concentration instead of activity. 

If a surface layer of area A in square centimeters and thickness T in 
centimeters contains m2 + np moles of surfactant while an equal volume 
of solution AT in the bulk contains m2 moles of surfactant, the surface 
excess or surface excess concentration of the surfactant is: 

r2 = nn/A (Eq. 2) 

The surface excess concentration and the total surface concentration of 
the surfactant, (mz  + np)/A, generally are nearly identical because, by 
definition, surfactants are adsorbed very strongly a t  interfaces, making 
n2 >> mp. 

Along the linear portion BD, the surface excess rp is constant because 
the slope dy/d log cp is constant. Saturation adsorption has been reached 
a t  point B, i.e., the surface excess of the surfactant does not increase 
further as a result of increases in i t s  bulk concentration beyond point B. 
However, the surface tension of the solution continues to decrease con- 
spicuously with increasing bulk concentration of the surfactant until 
point D is reached (1-3). At first glance, these two facts, namely, a con- 
stant rz accompanied by a decreasing y resulting from an increasing c2, 
seem contradictory. In an attempt to reconcile them, it was postulated 
that as c2 increases, it becomes easier t o  bring surfactant molecules to 
the surface from the progressively more concentrated bulk solution de- 
spite attainment of saturation adsorption (1). Surface tension commonly 
is determined by measuring the resistance to increases in surface area. 
The continued drop in y with increasing c~ along BD was ascribed mainly 
to the increased activity of the surfactant in the bulk phase rather than 
a t  the interface (2). 

The purpose of this report is to show that the specific reason for the 
decrease in surface or interfacial tension of the solution with increasing 
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Table I-Comparison of 212 and m2 in the Saturation Adsorption Region a t  Interfaces of Aqueous Surfactant Solutions with Air or  
Hydrocarbons 

Range of Saturation m2 x loi3, (y), %, at 
Adsorption, molehiter n2 X lolo, molesb, at 

moles C2.L c2.u C2.L cz,u Reference Surfactant CZ,LO c2,ua 
~~ ~ 

CipH250(CH2CHz0)1zH 
Potassium laurated 
Dodec lamine hydrochloridee 
N- Dodkcyl-@-alaninef 
Sodium laurateg 
Sodium lauryl sulfateh 
Sodium nonyl sulfateh 

1 x 10-5 1.4 x 10-4 2.15 0.02 
0.0016 0.0137 4.24 3.2 
0.00062 0.0035 5.20 1.2 
0.0002 0.001 3.73 0.4 
0.003 0.017 3.66 6 
0.00015 0.0014 3.16 0.3 
0.010 0.043 3.04 20 

0.28 
27 

7 
2 

34 
2.8 
86 

0.0009 
0.076 
0.024 
0.011 
0.16 
0.009 
0.66 

0.013 495 
0.64 6 . .~ 

0.14 6 
0.054 7 
0.93 3 
0.089 3 
2.83 3 

a C ~ , L  is the lower concentration limit of the saturation adsorption range. corresponding to point B c u is the u per limit of the saturation adsorption range, corresponding 
to point D or the critical micelle concentration. * Calculated for a layer with a thickness, r ,  of 2 X 18-7 cm anzan area, A, of 1 cm2. Against air. At a constant pH of 
10.0 and a constant potassium-ion concentration of 0.1 molefliter, against air. e At a constant pH of 2.0 and a constant chloride-ion concentration of 0.1 molefliter, against 
air. f At the isoelectric point, against air. 8 At a constant pH of 10.5 and a constant sodium-ion concentration of 0.04 molehitar, against n-heptane. At a constant sodium-ion 
concentration of 0.1 molehiter, against petroleum spirit. 

hulk concentration of the surfactant in a concentration range where 
saturation adsorption prevails is that beyond point B, and especially close 
to point D, m2 t np can na longer be considered equal to n2. While the 
surface excess concentration r2 is constant along BD, the total surface 
concentration (m2 + n2)/A continues to increase moderately with in- 
creasing c2 or mp. 

THEORETICAL 

Rearrangement of Eq. 1 and integration between the limits y,c2 and 
YCM~,CMC, where YCMC is the plateau surface tension along DE, 
yields: 

y - YCMC = 2 . 3 0 3 ~ ~ r ~  log CMC - 2 . 3 0 3 ~ ~ r ~  log c2 (Eq. 3) 

The number of moles of surfactant, m2, contained in A7 cm3 of bulk 
solution is directly proportional to the bulk concentration cp. If c2 is ex- 
pressed in moles per liter: 

c p  = 10obnp/A7 (Eq. 4) 

After substituting and transposing YCMC, Eq. 3 becomes: 

y = a - b logmz (Eq. 5) 
for the region (BD) of saturation adsorption, where r2 is constant. The 
constants Q and b are equal to YCMC + 2.303RTr2 log CMC - 2.303RTr2 
log (lOOO/A 7 )  and 2.303RTr2, respectively. According to Eq. 5, y con- 
tinues to decrease with increasing bulk concentration even after satu- 
ration adsorption is reached because c2 and m2 increase while I’2 and n2 
remain constant. 

RESULTS 

The values of mp at the lower and upper limits of the saturation ad- 
sorption range are compared here with the corresponding n2 values for 
seven surfactants. Calculations are shown for the nonionic surfactant 
C ~ ~ H ~ S O ( C H ~ C H ~ O ) ~ ~ H .  At  23O (296 O K ) ,  d y / d  log c2 in the region of 
saturation adsorption below the critical micelle concentration was re- 
ported as -12.2 dynedcm (4,5). Application of the Gibbs equation results 
in r2 = 2.15 X mole/cm2. Hence, n2 = A r p  = 2.15 X 10-lo mole of 
surfactant for a surface area, A, of 1 cm2. Saturation adsorption, shown 
by the linearity of the y uersus log c2 plot, prevailed from the critical 
micelle concentration of 1.45 X lo-‘ molehiter down toat least cp = 1 X 

cm) and an area, 
A, of 1 cm2 contains mp = c2A7/1000 = 2.0 X lodL5 mole of surfactant if 
the bulk concentration, c2, is 1 X 
mole if cp is 1.4 X Since n2 = 2.15 X mole, these two m2 values 
represent 0.0009 and 0.013% of n2, respectively. The increase in m2 from 
point B to point D amounts to 0.013 - 0.0009 = 0.012% of n2. 

These numerical values and the corresponding data for six additional 
surfactant systems are listed in Table I. The lower concentration limits 
of the saturation adsorption range for the three oil-water interfaces 
probably are smaller than the values shown in the C ~ , L  column since Ref. 
3 listed interfacial tension values only at  three or four concentrations. 
The values of m2 increase by almost an order of magnitude from the lower 
to the upper concentration limit of the saturation adsorption region, i.e., 
from point B to point D in Fig. 1. However, most of the m2 values amount 

A surface layer with a thickness, 7, of 20 A (2 X 

molehter but contains 2.8 X 

to <1% of n2. Likewise, the increases in m2 from the lower to the upper 
concentration limit of the saturation adsorption region represent <1% 
of n2 in most cases. Systems with higher critical micelle concentration 
values have higher absolute values of. m2 and also higher percentage 
values of m2 with respect to n2 since all seven n2 values are of the same 
order of magnitude. 

The v’alue of 20 A for the thickness of the surface region used in the 
calculations was selected arbitrarily as corresponding approximately to 
the length of a fully extended surfactant molecule. According to Eq. 4, 
larger 7 values would produce proportionally larger m2 values for a given 
bulk concentration, thereby also increasing the percentage of m2 with 
respect to the constant n2 value proportionally. 

Despite the fact that the increases in the rn2 values from the lower to 
the upper concentration limit of the saturation adsorption region con- 
stitute only a small fraction of the nz values, they are responsible for 
sizable decreases in surface tension, ranging from 13 dynes/cm for poly- 
oxyethylated dodecanol(4,5) to 21 and 22 dynes/cm for dodecylamine 
hydrochloride and potassium laurate (6), respectively, and to 26 dynes/cm 
for dodecyl alanine (7). The decreases in interfacial tension amount to 
only 8-13 dynes/cm, but interfacial tensions are lower than surface ten- 
sions. Furthermore, the interfacial tension values from Ref. 3 are not 
available for the entire range of saturation adsorption, so the actual de- 
creases in that range probably are larger. 

Evidently, once saturation adsorption is reached, small increases in 
the total surface concentration of the surfactant produce large decreases 
in surface or interfacial tension. At that point, the monolayer of surfactant 
molecules adsorbed at  the surface or interface of the aqueous solution 
is packed so densely that crowding only a few additional surfactant 
molecules into it substantially reduces the resistance of the surface or 
interface against expansion in area, i.e., its surface or interfacial ten- 
sion. 

DISCUSSION 

The large decrease in surface or interfacial tension that occurs when 
a small percentage of additional surfactant molecules is crowded into a 
monolayer in the saturation adsorption region as a result of increases in 
c2 and m2 has an analogy in monomolecular films of insoluble substances 
spread on water. These insoluble monolayers are characterized by plots 
of film pressure uersus area per molecule. Film pressure is the lowering 
of surface tension caused by the monolayer, i .e.,  the difference between 
the surface tension of clean water and of water plus the monolayer. It 
represents the expanding pressure exerted by the monolayer, which op- 
poses the surface or contracting tension of the clean surface. When a 
condensed monolayer is compressed beyond the point of close packing, 
the film pressure-area curve rises steeply. Further small reductions in 
the area per adsorbed molecule, the equivalent of crowding a few addi- 
tional molecules into the monolayer, cause large reductions in the surface 
tension of the system and, hence, large increases in its film pressure 
(8). 
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Abstract 0 A GLC method is described for the quantitative determi- 
nation of salicylamide, phenylpropanolamine hydrochloride, caffeine, 
chlorpheniramine maleate, phenylephrine hydrochloride, and pyrilamine 
maleate. The sample was dissolved in ethanol, and an aliquot of the so- 
lution was brought to dryness and treated with 0.1 ml of 4-(dimethyl- 
amino)pyridine in pyridine-acetic anhydride (1:l). The components were 
isolated and measured by applying 1 p1 of the reaction mixture to a 
chromatograph equipped with a flame-ionization detector and fitted with 
8% OV-101 glass columns. The accuracy was good. Dicyclohexylphthalate 
was used as the internal standard. 

Keyphrases GLC, flame ionization-simultaneous analysis of sali- 
cylamide, phenylpropanolamine, caffeine, chlorpheniramine, phenyl- 
ephrine, and pyrilamine, capsule preparations Salicylamide-GLC 
analysis, capsule preparations Phenylpropanolamine hydrochlo- 
ride-GLC analysis, capsule preparations n Caffeine-GLC analysis, 
capsule preparations o Chlorpheniramine maleate-GLC analysis, 
capsule preparations Phenylephrine hydrochloride-GLC analysis, 
capsule preparations Pyrilamine maleate-GLC analysis, capsule 
preparations 

GLC procedures have been used extensively for the 
determination of salicylamide (I), phenylpropanolamine 
hydrochloride (II), caffeine (III), chlorpheniramine ma- 
leate (IV), phenylephrine hydrochloride (V), and pyril- 
amine maleate (VI) as drug substances and in certain 
combinations, but no single method has been developed 
for their simultaneous quantitation. In the preparation 
used in this study, phenylephrine was the only active in- 
gredient that had to be derivatized before GLC. The other 
components could have been chromatographed directly 
using a suitable liquid phase (1, 2). 

The determination of phenylephrine as the trifluo- 
roacetate derivative (3) was not applicable to this prepa- 
ration. The narrow margin allowed for temperature and 
reaction time was not compatible with those components 
that gave derivatives with the same reagent. Hista and 
Laubach (4) showed that a combination of phenylephrine, 
phenyltoloxamine, chlorpheniramine, and phenylpropa- 
nolamine could be chromatographed as trimethylsilyl 
derivatives using bis(trimethylsily1)acetamide. However, 
following the same procedure during a preliminary anal- 

ysis, the chromatogram exhibited interfering additional 
peaks, which made the determination of some components 
difficult. 

In this work, the problems encountered were resolved 
by preparing acetyl derivatives of I, 11, and V and using a 
mixture of 4-(dimethylamino)pyridine, pyridine, and 
acetic anhydride as the acetylating reagent. Connors and 
Albert (5) reported that 4-(dimethy1amino)pyridine is an 
excellent catalyst for the formation of acetyl derivatives. 
It promoted the acetylation of various hydroxyl groups 
under milder conditions when compared with pyridine 
alone (6). 

EXPERIMENTAL 

Apparatus-The gas Chromatograph’ was equipped with a flame- 
ionization detector and an electronic integrator. The glass-coil columns, 
1.8 m X 2 mm, were packed with 8% OV-101 on 80-100-mesh Chromosorb 

Reagents*-4-(Dimethy1amino)pyridine (1.2%) in pyridine was pre- 
pared weekly. Acetic anhydride also was used. 

Solution Preparation-Standard solutions3 were prepared by 
weighing accurately -58,38,72, and 49 mg of 11, IV, V, and VI, respec- 

W-HP. 

Table I-Response Factors of I-VI with Respect to the Internal 
Standard a 

Response 
Compound Factor RSD, % 

I 
I1 
I11 
IV 
V 

VI 

0.890 
0.995 
0.470 
0.677 
0.624 
0.346 

1.83 
1.11 
1.41 
1.28 
1.64 
2.18 

a Five solutions were prepared and 15 measurements were made for each cam-. 
pound. 

~~ 

Hewlett-Packard model 5048-A. 
2 All reagents and the internal standard were from Merck, Schuchardt, West 

3 All standard solutions were prepared from BP raw materials standardized 
Germany. 

against USP and NF reference standards. 
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Abstract 0 A GLC method is described for the quantitative determi- 
nation of salicylamide, phenylpropanolamine hydrochloride, caffeine, 
chlorpheniramine maleate, phenylephrine hydrochloride, and pyrilamine 
maleate. The sample was dissolved in ethanol, and an aliquot of the so- 
lution was brought to dryness and treated with 0.1 ml of 4-(dimethyl- 
amino)pyridine in pyridine-acetic anhydride (1:l). The components were 
isolated and measured by applying 1 p1 of the reaction mixture to a 
chromatograph equipped with a flame-ionization detector and fitted with 
8% OV-101 glass columns. The accuracy was good. Dicyclohexylphthalate 
was used as the internal standard. 
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GLC procedures have been used extensively for the 
determination of salicylamide (I), phenylpropanolamine 
hydrochloride (II), caffeine (III), chlorpheniramine ma- 
leate (IV), phenylephrine hydrochloride (V), and pyril- 
amine maleate (VI) as drug substances and in certain 
combinations, but no single method has been developed 
for their simultaneous quantitation. In the preparation 
used in this study, phenylephrine was the only active in- 
gredient that had to be derivatized before GLC. The other 
components could have been chromatographed directly 
using a suitable liquid phase (1, 2). 

The determination of phenylephrine as the trifluo- 
roacetate derivative (3) was not applicable to this prepa- 
ration. The narrow margin allowed for temperature and 
reaction time was not compatible with those components 
that gave derivatives with the same reagent. Hista and 
Laubach (4) showed that a combination of phenylephrine, 
phenyltoloxamine, chlorpheniramine, and phenylpropa- 
nolamine could be chromatographed as trimethylsilyl 
derivatives using bis(trimethylsily1)acetamide. However, 
following the same procedure during a preliminary anal- 

ysis, the chromatogram exhibited interfering additional 
peaks, which made the determination of some components 
difficult. 

In this work, the problems encountered were resolved 
by preparing acetyl derivatives of I, 11, and V and using a 
mixture of 4-(dimethylamino)pyridine, pyridine, and 
acetic anhydride as the acetylating reagent. Connors and 
Albert (5) reported that 4-(dimethy1amino)pyridine is an 
excellent catalyst for the formation of acetyl derivatives. 
It promoted the acetylation of various hydroxyl groups 
under milder conditions when compared with pyridine 
alone (6). 

EXPERIMENTAL 

Apparatus-The gas Chromatograph’ was equipped with a flame- 
ionization detector and an electronic integrator. The glass-coil columns, 
1.8 m X 2 mm, were packed with 8% OV-101 on 80-100-mesh Chromosorb 

Reagents*-4-(Dimethy1amino)pyridine (1.2%) in pyridine was pre- 
pared weekly. Acetic anhydride also was used. 

Solution Preparation-Standard solutions3 were prepared by 
weighing accurately -58,38,72, and 49 mg of 11, IV, V, and VI, respec- 

W-HP. 

Table I-Response Factors of I-VI with Respect to the Internal 
Standard a 

Response 
Compound Factor RSD, % 

I 
I1 
I11 
IV 
V 

VI 

0.890 
0.995 
0.470 
0.677 
0.624 
0.346 

1.83 
1.11 
1.41 
1.28 
1.64 
2.18 

a Five solutions were prepared and 15 measurements were made for each cam-. 
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Table 11-Precision and Accuracy of the Standard Solution 

Recovery, % 
Trial I I1 I11 IV V VI 

Table 111-Precision Study of a Production Lot of Capsules 

Comnoiind ___.. __.._ 

Parameter I I1 III IV v VI 

1 98.3 99.7 101.0 
2 99.5 99.9 101.2 
3 98.9 99.7 98.7 
4 98.7 99.3 99.9 
5 101.9 102.6 98.3 
6 102.0 97.6 98.7 
7 100.3 99.6 98.7 
8 99.7 98.5 99.1 
Mean 1.11 0.85 0.90 

x 99.9 99.6 99.5 
SD 1.33 1.43 1.12 
RSD 1.34 1.44 1.13 

relative 
error, % 

98.1 
97.3 
98.5 

101.9 
100.0 
97.5 
97.3 
98.5 

1.03 

98.6 
1.54 
1.56 

98.6 100.3 
99.4 98.7 
97.2 102.4 

101.5 97.9 
97.6 99.2 
99.2 97.1 

101.7 102.0 
97.9 97.7 

1.34 1.61 

99.1 99.4 
1.72 1.99 
1.73 1.99 

tively, separately into 25-ml volumetric flasks and dissolving the solid 
and diluting the solution to 25 ml with ethanol. The internal standard 
solution was prepared by dissolving -80 mg of dicyclohexylphthalate in 
50 ml of chloroform. 

Chromatography-The oven was programmed at  9'/min from 170 
to 270' after an initial 3 min; the injection port and detector temperatures 
were 250 and 290°, respectively. The nitrogen carrier flow rate was 15 
ml/min. Hydrogen and air flow rates were adjusted to give maximum 
response. The attenuation of 13 was reduced to 9 after 10 min. 

Standard Preparation-About 240 mg of I and 40 mg of 111 were 
weighed accurately into a 50-ml volumetric flask. Standard solutions of 
I1 (4 ml), IV (1 ml), V (2 ml), and VI (4 ml) and 5 ml of the internal stan- 
dard solution were added. The solution was brought to volume with 
ethanol. A 0.5-ml aliquot was evaporated in a 1-ml glass vial4 with a gentle 
nitrogen stream at room temperature. 

The residue was allowed to react with 0.1 ml of a 1:l (v/v) mixture of 

1 

1 

10 15 
hlINUTES 

Figure 1-Representatiue gas chromatogram. Key: 1 and 2, reagent 
peaks; 3, salicylamide; 4, phenylpropanolamine; 5, caffeine; 6, chlor- 
pheniramine; 7, phenylephrine; 8, pyrilamine; and 9, internal stan- 
dard. 

Theoretical 240 9.25 40 1.5 5.75 7.8 
content, mg/ 
capsule 

x a  241 9.30 40.6 1.56 5.82 7.91 
RSD. % 1.41 1.50 1.12 1.34 1.88 1.83 

0 n = 10 determinations. 

1.2% 4-(dimethy1amino)pyridine solution and acetic anhydride (mixed 
just before use) for 18 f 1 rnin at 40' in a screw-capped vial. One micro- 
liter of the reaction mixture was injected. 

Sample Preparation-The contents of a representative number of 
capsules5 were mixed, and an aliquot of powder corresponding to -240 
mg of I was weighed accurately into a 50-ml volumetric flask. About 30 
ml of ethanol was added, and the flask was heated in a water bath at  80" 
for 15 min. The flask then was shaken mechanically until it was cool. Five 
milliliters of the internal standard solution was pipetted into the flask, 
and ethanol was added to the mark. An aliquot of the solution was cen- 
trifuged, and 0.5 ml of the clear supernate was treated as described for 
the standards. 

RESULTS AND DISCUSSION 

The performance of each component was evaluated by measurement 
of the response factor, the ratio of the peak area/weight of the substance 
to the peak area/weight of the internal standard (Table I). The results 
were obtained by preparing five solutions for each component having the 
same concentration range as in the commercial preparation. Each solution 
was analyzed five times. 

When the concentration of each component was varied between 80 and 
120% of the label claim, the response factor of salicylamide increased by 
-3% with the same reproducibility. The pyrilamine maleate response 
factor decreased by -5%, and the percent relative standard deviation of 
solutions of different concentrations was 3.48% compared to 2.18% for 
one concentration. The remaining components showed similar response 
factors and reproducibility as for solutions of one concentration. 

The acetylation reaction was completed in 5 min for phenylephrine 
and phenylpropanolamine at room temperature, while salicylamide gave 
two peaks. Heating the reaction mixture a t  40' for 18 min resulted in 
complete acetylation and a single peak for salicylamide (Fig. 1). The other 
components, 111, IV, and VI, did not undergo nucleophilic catalysis since 
they did not have active hydrogen atoms. Preliminary injections of the 
reagent mixture alone after heating at  40' for 18 min showed two peaks 
at  1.67 and 4.65 min, which did not interfere. Prolonging the heating time 
beyond 30 min or maintaining the temperature a t  90' for 5 min caused 
a third peak to appear a t  13.96 min, which also did not interfere. The 
reaction mixture of all components was analyzed over a 3-hr period 
without a significant drifting of the response factor. 

The accuracy and precision of the procedure were estimated by ana- 
lyzing a standard solution containing all six active ingredients plus the 
internal standard. This solution was determined eight times (Table 11). 
The precision study also was carried out by analyzing capsules of a pro- 
duction batch. The sample was injected 10 times (Table 111). The data 
presented, including the reproducibility, accuracy, and response factor, 
establish the validity of the method. The procedure is relatively simple 
and rapid. The six active ingredients were chromatographed and deter- 
mined in 17 min. 
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Abstract 0 A structure-activity relationship study of 28 substituted 
benzohydroxamic acids that inhibit ribonucleotide reductase was un- 
dertaken to discern the structural features of the molecule contributing 
to the inhibitory potency of these compounds. An equation containing 
three molecular connectivity indexes, but not including Hammett u 
values, was developed which gives close correlation with observed values 
for ribonucleotide reductase inhibition. It is postulated that the inhibitory 
potency involves two parts of the benaohydroxamic acid molecule. One 
is the hydroxamic portion, which complexes with the metal component 
of the enzyme, providing a qualitative effect. The other is an interaction 
involving the benzene ring and its substituents and may provide the 
quantitative aspect of the observed inhibition values. 

Keyphrases Hydroxyurea, analogs-substituted aryl hydroxamic 
acids, inhibition of ribonucleotide reductase, structure-activity rela- 
tionships, molecular connectivity indexes 0 Structure-activity rela- 
tionships-substituted aryl hydroxamic acids, inhibition of ribonu- 
cleotide reductase, molecular connectivity indexes Molecular con- 
nectivity indexes-substituted aryl hydroxamic acids, inhibition of ri- 
bonucleotide reductase, structure-activity relationships 0 Antitumor 
agents-substituted aryl hydroxamic acids, inhibition of ribonucleotide 
reductase, structure-activity relationships 

The reduction of ribonucleotides to deoxyribonucleo- 
tides is a rate-limiting step in DNA biosynthesis and, 
hence, cellular replication. The required enzyme, ribonu- 
cleotide reductase, is inhibited by hydroxyurea, which 
presently is the only clinical antitumor agent with this 
primary mode of action. Replacement of the amino group 
of hydroxyurea by various aryl groups gives hydroxamic 
acids that inhibit ribonucleotide reductase a t  concentra- 
tions lower than those of hydroxyurea (1). The aryl hy- 
droxamic acids also prolong the life of mice with L1210 
leukemia (2, 3). Several aryl hydroxamic acids were re- 
ported to inhibit DNA synthesis (4,5). 

The possibility of improving on existing chemothera- 
peutic agents led to an examination of the relationship 
between the enzyme inhibitory potency and the structures 
of 28 pyridyl and benzohydroxamic acids, which were 
tested in this laboratory. 

METHODS 

Molecular structures can be analyzed in terms of the number of atoms, 
the kind of atoms, bonding types, and the adjacent environment by the 
molecular connectivity method (6-10). Molecular connectivity indexes 
have been computed for each compound.in this study (7). In addition, 
the Hammett u values for the substituents were summed for each com- 
pound and included as an electronic contribution variable. A multivari- 
able search for the best correlation was conducted in a regression anal- 
ysis. 

The synthesis and testing of the in uitro inhibitory potency of the aryl 
hydroxamic acids were reported elsewhere (1,3).  The concentration for 
the ID50 used in this study is expressed as the pC value (Table I). The 
pC values were determined graphically from at least three concentrations 
within 1 log unit after determining the inhibition range. In repetitive 
experiments, the observed pC values agreed within 0.15 p C  unit. 

RESULTS AND DISCUSSION 

A search for the best three-variable equation relating potency (ex- 
pressed as pC) and structure (encoded with connectivity indexes) was 
conducted. Hammett u values were included in the search but did not 
appear in any equation with a high correlation. The best equation is: 

pC = 2.36(f0.04)3~, - 3.98(f0.53)OxU 
+ 0.97(f0.05)(1x")2 + 9.20(15.50) (Eq. 1) 

r = 0.943 s = 0.21 n = 28 F = 6 4  

Equation 1 explains about 90% of the variation in the data. Because 
of the experimental variation in pC determinations, the equation is nearly 
as good as can be expected from the data. Predicted values are found in 
Table I. 

The 3xp index is a weighted count of contiguous three-path fragments, 
the O x u  index is based on atom deltas, and the *xu index is a weighted 
count of bonds. The last two indexes are based on valence deltas. The 
connectivity index is computed by the general formula " ' ~ 1  = Z(6i6j. . . 
6")-l'2, where m is the order (number of bonds), t is the type (the path 
in these cases), and the number of deltas in parentheses is equal to the 
number of bonded atoms in the fragment of order m. 

It is apparent that  the 3xp index quantifies a structure fragment that 
plays a favorable role in the pC value. The 3 x p  index can discriminate 
among compounds having the same number of substituents in different 
substitution patterns. Thus, the 3 x p  index is derived from an additional 
subgraph wherever two ring substituents are ortho t o  each other. Equa- 
tion l thus describes this structural condition as more favorable for in- 
hibitory potency than the alternative cases. 

This situation is illustrated in several examples. Compounds IV, VI, 
and VIII have ortho-, meta-, and para-hydroxy substitution, respectively, 
and have the corresponding pC values of 3.82,3.46, and 3.60. An identical 
case is found in the comparison of the monoamino derivatives, V, VII, 
and IX. Again, the ortho-substituent is described correctly by the 
equation as having a larger 3xp term and, hence, a larger pC value. Di- 
substituted derivatives reinforce this structural analysis (compare 
XIII-XVIII). Finally, XXVI is correctly described as having the largest 
pC value by virtue of having four adjacent ring substituents. 

The influence of the Ox" and l x U  indexes essentially offsets the in- 
formation encoded in 3 x p  (i.e., increasing size increases potency). This 
result leaves the 3xp index with the exclusive role of encoding the fa- 
vorable influence of ortho- substituents. 

The failure to find the Hammett u term in any high correlation equa- 
tion indicates that the electronic contribution of the ring substituents 
is not a prominent factor in the inhibitory potency. 

Further evidence for this conclusion can be found in the direct com- 
parison of several compounds. Compounds IV, V, and IX have signifi- 
cantly different Hammett u values, but their pC values are close. Com- 
pounds VI and VII have appreciably different IJ values whereas their 
observed p C  values are the same. Thus, regression analysis reveals that  
electronic effects of the substituents are not prominent but that structural 
features encoded in the molecular connectivity indexes can account for 
most of the systematic variation in the pC values in this set of com- 
pounds. 

These observations indicate that the ring substituents play a role in 
the inhibitory potency of the hydroxamic acid molecule. This role could 
take the form of an interaction involving the ring and its substituents or 
an interaction of the substituents themselves with the active site. Thus, 
the lack of an electronic contribution to the ring indicates that the general 
region of the ring must interact with an enzyme binding site. Therefore, 
it is postulated that two types of interaction occur: (a )  an underlying 
constant activity of the hydroxamic acid function with the metal com- 
ponent of the enzyme and ( b )  an additional interaction due to the ring 
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Table I-Calculated Inhibitory Potencies of Aryl Hydroxamic Acids 

RCNHOH 
i1 
0 

p c  
C o m D o u n d R 3Y n OYU 1YV Found Calc. 

I Pyridyl-2 
I1 Pvridvl-3 

I11 Uisubstituted phenyl 
IV 2-Hydroxyphenyl 
V 2-Aminophenyl 

VI 3-Hydroxyphenyl 
VII 3-Aminophenyl 

VIII 4-Hydroxyphenyl 
IX 4-Aminophenyl 
X 4-Methylaminophenyl 

XI 4-Dimethylaminop henyl 
XI1 4-Methoxyphenyl 

XI11 2,3-Dihydroxyphenyl 
XIV 2,4-Dihydroxyphenyl xv 2,5-Dihydroxyphenyl 
XVI 2,6-Dihydroxyphenyl 

XVII 3,4-Dihydroxyphenyl 
XVIII 3,5-Dihydroxyphenyl 

XIX 2-Hydroxy -3-methylphenyl xx 2-Hydroxy-4-aminophenyl 
XXI 3,4-Dimethylphenyl 

XXII 3,4-Diaminophenyl 
XXIII 3,4-Dimethoxyphenyl 
XXIV 2,4-Dichlorophenyl xxv 3.4-Dichloroohenvl 
XXVI 2;3,4-Trihyd;oxyphenyl 

XXVII 3,4,5-Trihydroxyphenyl 
XXVIII 3,4,5-Trimethoxyphenyl 

3.099 
3.099 
3.099 
3.553 
3.553 
3.426 
3.426 
3.509 
3.509 
3.917 
4.208 
3.917 
4.145 
3.873 
3.895 ~ ~ . .  

3.934 
4.087 
3.664 
4.145 
3.873 
4.087 
4.087 
4.678 
3.873 
4.087 
4.732 
4.593 
5.391 

5.112 
5.112 
5.242 
5.612 
5.742 
5.612 
5.742 
5.612 
5.742 
6.665 
7.612 
6.573 
5.982 
5.982 
5.982 
5.982 
5.982 
5.982 
6.535 
6.112 
7.088 . . ~  

6.242 
7.904 
7.478 
7.478 
6.352 
6.352 
9.235 

2.698 
2.688 
2.838 
2.979 
3.044 
2.973 
3.038 
2.972 
3.038 
3.499 ~ ~.~ 

3.867 
3.361 
3.119 
3.113 
3.113 
3 . i ~  
3.113 
3.107 
3.395 
3.178 
3.666 
3.243 
3.891 
3.861 
3.861 
3.259 
3.253 
4.420 

3.30 
3.10 
3.40 
3.82 
3.92 
3.46 
3.46 
3.60 
3.82 
3.48 
3.30 
3.30 
5.10 
3.60 
3.70 
4.00 
4.52 
3.40 
3.82 
3.70 
3.52 
4.40 
3.60 
3.35 
3.60 
5.46 
5.00 
4.00 

3.23 
3.17 
3.46 
3.85 
3.71 
3.52 
3.38 
3.71 
3.57 
3.79 
3.33 
3.24 
4.60 
3.92 
3.98 
4.11 
4.43 
3.40 
4.15 
3.80 
3.67 
4.20 
3.46 
3.03 
3.54 
5.38 
5.02 
4.10 

and its substituents to give the quantitative differences found in enzyme 
inhibition values. 
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Abstract A sensitive spectrophotofluorometric procedure for the 
determination of microamounts of ethinyl estradiol is described. The 
method is useful for the determination of ethinyl estradiol in the presence 
of norethindrone and common tablet excipients, especially in dissolution 
media. 
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in the USP (1) for the determination of the two drugs re- 
quire at  least 20 tablets of each and, consequently, cannot 
be used to determine very small amounts of ethinyl es- 
tradiol in the dissolution medium, especially in the pres- 

To study the dissolution rate of ethinyl estradiol and 
norethindrone from tablets, a sensitive procedure is needed 
to determine microamounts of these drugs in the presence 
of each other. The spectrophotometric methods described 
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Table I-Calculated Inhibitory Potencies of Aryl Hydroxamic Acids 

RCNHOH 
i1 
0 

p c  
C o m D o u n d R 3Y n OYU 1YV Found Calc. 

I Pyridyl-2 
I1 Pvridvl-3 

I11 Uisubstituted phenyl 
IV 2-Hydroxyphenyl 
V 2-Aminophenyl 

VI 3-Hydroxyphenyl 
VII 3-Aminophenyl 

VIII 4-Hydroxyphenyl 
IX 4-Aminophenyl 
X 4-Methylaminophenyl 

XI 4-Dimethylaminop henyl 
XI1 4-Methoxyphenyl 

XI11 2,3-Dihydroxyphenyl 
XIV 2,4-Dihydroxyphenyl xv 2,5-Dihydroxyphenyl 
XVI 2,6-Dihydroxyphenyl 

XVII 3,4-Dihydroxyphenyl 
XVIII 3,5-Dihydroxyphenyl 
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XXVIII 3,4,5-Trimethoxyphenyl 

3.099 
3.099 
3.099 
3.553 
3.553 
3.426 
3.426 
3.509 
3.509 
3.917 
4.208 
3.917 
4.145 
3.873 
3.895 ~ ~ . .  

3.934 
4.087 
3.664 
4.145 
3.873 
4.087 
4.087 
4.678 
3.873 
4.087 
4.732 
4.593 
5.391 

5.112 
5.112 
5.242 
5.612 
5.742 
5.612 
5.742 
5.612 
5.742 
6.665 
7.612 
6.573 
5.982 
5.982 
5.982 
5.982 
5.982 
5.982 
6.535 
6.112 
7.088 . . ~  
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7.478 
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6.352 
9.235 

2.698 
2.688 
2.838 
2.979 
3.044 
2.973 
3.038 
2.972 
3.038 
3.499 ~ ~.~ 

3.867 
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3.119 
3.113 
3.113 
3 . i ~  
3.113 
3.107 
3.395 
3.178 
3.666 
3.243 
3.891 
3.861 
3.861 
3.259 
3.253 
4.420 

3.30 
3.10 
3.40 
3.82 
3.92 
3.46 
3.46 
3.60 
3.82 
3.48 
3.30 
3.30 
5.10 
3.60 
3.70 
4.00 
4.52 
3.40 
3.82 
3.70 
3.52 
4.40 
3.60 
3.35 
3.60 
5.46 
5.00 
4.00 

3.23 
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3.71 
3.52 
3.38 
3.71 
3.57 
3.79 
3.33 
3.24 
4.60 
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3.98 
4.11 
4.43 
3.40 
4.15 
3.80 
3.67 
4.20 
3.46 
3.03 
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4.10 

and its substituents to give the quantitative differences found in enzyme 
inhibition values. 
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in the USP (1) for the determination of the two drugs re- 
quire at  least 20 tablets of each and, consequently, cannot 
be used to determine very small amounts of ethinyl es- 
tradiol in the dissolution medium, especially in the pres- 

To study the dissolution rate of ethinyl estradiol and 
norethindrone from tablets, a sensitive procedure is needed 
to determine microamounts of these drugs in the presence 
of each other. The spectrophotometric methods described 
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Table I-Composition of Powders Using Common Excipients 

Ingredient Vial 1 Vial 2 Ingredient Vial 3 Vial 4 

Ethinyl estradiol 0" 0.035 Ethinyl estradiol 0 0.035 
Polyethylene glycol 6000 50 50 Lactose 250 250 
Stearic acid 50 50 Cornstarch 74 74 
Cubomen* 175 175 Microcrvstalline cellulosec 175 175 
Lactose 
Magnesium stearate 
Total 

217 
8 

rn 
217 

8 
500 

Magnesium stearate 
Total 

1 1 m 500 

All values are expressed in milligrams. Carbopol934. Avicel. 

Table 11-Effect of Tablet Excipients and Reproducibility of the 
Fluorometric Method 

Amount Number Mean Amount 
Added, of Deter- Found f SD,  

Viala minations Pg 
1 0 
2 35 

4 
7 

0.81 f 0.06 
35.5 f 0.5 

3 0 4 0.40 f 0.08 
4 35 7 35.1 f 0.7 

a Tablet excipients are shown in Table I. 

ence of norethindrone and tablet excipients. It was shown 
that ethinyl estradiol exhibits fluorescence in the presence 
of sulfuric acid (2-5). 

This report describes a sensitive spectrophotofluo- 
rometric procedure for the determination of very small 
amounts of ethinyl estradiol in dissolution media. 

EXPERIMENTAL 

Reagents and Equipment-Ethinyl estradiol' and norethindrone' 
were used as supplied. All other solvents and reagents were analytical 
reagent grade. A spectrophotofluorometer2 was used. 

Standard Solution and Sample Preparation-The standard stock 
solution of ethinyl estradiol was prepared to contain 3.5 pg of ethinyl 
estradiol/ml in chloroform. To determine if the common excipients used 

EMISSION. 490 NM J EXCITATION, 460 NM 

20 

!i 1 /;I 1 ) \ . , \  i '4. 
-4' 'La% 

300 400 500 400 560 600 
E XC lTATl ON EMISSION 

WAVELENGTH, nm 

Figure 1-Excitation and emission spectra of ethinyl estradiol. Key- ,  
ethinyl estradiol (140 nglml); - - -, norethindrone (2000 nglml); and 
- - -,blank. 

Sigma Chemical Co. 
Aminco 7686, American Instrument Co., Silver Spring, Md. 

SO4 

Figure 2-Stability o f  fluorescence after the addition of sulfuric 
acid. 

in tablet formulations interfere with the fluorometric analysis of ethinyl 
estradiol, four powder mixtures (Vials 1-4) were prepared (Table I). To 
determine the amount of ethinyl estradiol in the dissolution medium, 
two tablet formulations (Vials 2 and 4) were prepared3 using 11.9-cm 
concave punches and die. 

Calibration Curve-Into screw-capped tubes were placed 0,0.125, 
0.25,0.5,1.0, and 2.0 ml of ethinyl estradiol in chloroform stock solution 
(3.5 pglml). The chloroform was removed under a nitrogen stream. The 
dry residue was redissolved in 0.5 ml of 4% sodium hydroxide-ethanol 
solution (4 g of sodium hydroxide in 100 ml of 10% ethanol-water). To 
this solution was added 2 ml of 80% sulfuric acid. The solution was mixed 
and left standing at room temperature for 30 min. The relative intensities 
of the fluorescence were measured at excitation and emission wavelengths 
of 460 and 490 nm, respectively. 

Determination of Ethinyl Estradiol in Powder-Exactly 50 mg of 
each of the four powders (Table I) was suspended in 90 ml of water and 
extracted with 150 ml of chloroform. The chloroform layer was washed 
with 60 ml of water and dried over anhydrous sodium sulfate. Then 120 
ml of the chloroform layer was evaporated to dryness under vacuum. 

The residue was redissolved in 4 ml of ethanol, of which 0.5 ml was 
placed in a test tube and evaporated to dryness under a nitrogen stream. 
Ethinyl estradiol then was analyzed as described. The concentration was 
calculated by comparing the fluorescence of the sample to that of a known 
concentration treated similarly. 

4 i Q 
HOURS 

Figure 3-Dissolution profile of ethinyl estradiol from tablets. Key: 
0,  sustained-release tablet (Vial 2);  and 0, fast-release tablet (Vial 
4 ) .  

~~~~ 

Stokes model 511-1 tablet machine, F. J. Stokes Corp., Philadelphia, Pa. 
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Determination of Ethinyl Estradiol in Dissolution Study-The 
release rate of ethinyl estradiol was determined a t  37’ using the USP 
rotating-basket apparatus in a dissolution medium containing 900 ml 
of distilled water. The basket was rotated a t  100 rpm. At each sampling 
interval, 6 ml of the medium was withdrawn and extracted with 5 ml of 
chloroform. Then 4 ml of the chloroform layer was evaporated to dryness 
under a nitrogen stream. Ethinyl estradiol was analyzed as described. 

RESULTS AND DISCUSSION 

Figure 1 shows the excitation and emission spectra of ethinyl estradiol. 
Ethinyl estradiol exhibited strong fluorescence spectra a t  excitation and 
emission wavelengths of 460 and 490 nm, respectively. However,, nor- 
ethindrone did not exhibit fluorescence, even at  the very high concen- 
tration of 2000 ng/ml (Fig. 1). 

Figure 2 shows fluorescence stability for 1 hr after sulfuric acid addi- 
tion. As can be seen in Fig. 2, the fluorescence of ethinyl estradiol was 
relatively stable; moreover, an excellent linearity between the fluores- 
cence intensity and the ethinyl estradiol concentration over 17.5-280 

COMMUNICATIONS 

ng/ml was observed; the minimum detection limit for the drug was -10 
ng/ml using this procedure. 

The results of this study also indicate that the reproducibility of the 
method is excellent and that common tablet excipients do not interfere 
with the determination of ethinyl estradiol (Table 11). 

Finally, the method was valuable for the determination of small 
amounts of the drug in the dissolution study. Figure 3 shows the release 
rate of ethinyl estradiol from the sustained-release tablet (Vial 2) and 
the rapid-release tablet (Vial 4). 
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Potential Errors in Kinetic Studies of 
Hydrolysis of Nitrogen Mustards Based on 
Chloride-Ion Determination 

Keyphrases Chlorambucil-hydrolysis kinetics, potential errors based 
on chloride-ion determination 0 Hydrolysis-chlorambucil, potential 
errors in kinetic studies based on chloride-ion determination o Nitrogen 
mustards-chlorambucil, hydrolysis, potential errors in kinetic studies 
based on chloride-ion determination 

To the Editor: 
Chlorambucil (I), an aromatic nitrogen mustard, has 

been used clinically in the treatment of chronic lympho- 
cytic leukemia and primary microglobulinemia and in the 
management of ovarian and testicular carcinomas (1). In 
aqueous solutions, I and other nitrogen mustards undergo 
hydrolysis, with the release of chloride ion and the for- 
mation of the cyclic ethyleneimmonium ion (1-3). This 
unstable cyclic intermediate then is attacked by water and 
other nucleophiles to yield I1 and other products. The same 
sequence then is repeated for the hydrolysis of the chlo- 
roethyl group in I1 (Scheme I). 

Owen and Stewart recently reported (3) the kinetics of 
I hydrolyvis using the chloride-ion measurement as a pa- 
rameter for the concentration of intact I remaining. They 
plotted log (Cl, - Clt )/CL uersus time and calculated kl, 
the degradation rate of I, from the apparent linear plots. 
In using chloride-ion measurements to obtain Itl, Owen 
and Stewart (3) made two important assumptions: (a )  that 
the loss of I is always accompanied by the loss of two 
chloride ions, which is a valid assumption in the case of 
nitrogen mustards; and ( b )  that both chloride ions must 
be released simultaneously, i.e., k:! >> kl. However, there 
is no theoretical basis for assuming that k:! >> kl. 

The mechanism of cyclic ethyleneimmonium-ion for- 
mation should be the same for both the kl and k2 steps, 
and there is no reason to expect that the presence of a hy- 
droxyl function in I1 would make I1 much more unstable 
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R = COOH---(CH2)j -0 
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relative to I. From a statistical consideration alone, the kl 
step probably should be faster, because there are two hy- 
drolyzable chloro groups. Furthermore, if tzl is not the 
rate-determining step, the plot of log (Cl, - Clt)/C1, 
uersus time would be dependent on the relative magnitude 
of k:!/kl. This relation can be shown theoretically from the 
classical kinetic treatment of consecutive reactions (4). 
Thus, for the reaction shown in Scheme 11: 

I Z II + CI- - 111 + CI- k 2  

Scheme I1 
it follows that: 

[1lt = Ioe-klt (Eq. 1) 

(Es. 2) 

[kz(l - e-k l t )  - kl (1  - e-k2t)] (Eq. 3) 

(Eq. 4) 

where [Ilt, [I&, [IIIIt, and [Cl], are the concentrations of 

I0 [IIIIt = ~ 

(k2 - ki) 
[Cl], = [IIIt + 2 [IIIIt 
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Determination of Ethinyl Estradiol in Dissolution Study-The 
release rate of ethinyl estradiol was determined a t  37’ using the USP 
rotating-basket apparatus in a dissolution medium containing 900 ml 
of distilled water. The basket was rotated a t  100 rpm. At each sampling 
interval, 6 ml of the medium was withdrawn and extracted with 5 ml of 
chloroform. Then 4 ml of the chloroform layer was evaporated to dryness 
under a nitrogen stream. Ethinyl estradiol was analyzed as described. 

RESULTS AND DISCUSSION 

Figure 1 shows the excitation and emission spectra of ethinyl estradiol. 
Ethinyl estradiol exhibited strong fluorescence spectra a t  excitation and 
emission wavelengths of 460 and 490 nm, respectively. However,, nor- 
ethindrone did not exhibit fluorescence, even at  the very high concen- 
tration of 2000 ng/ml (Fig. 1). 

Figure 2 shows fluorescence stability for 1 hr after sulfuric acid addi- 
tion. As can be seen in Fig. 2, the fluorescence of ethinyl estradiol was 
relatively stable; moreover, an excellent linearity between the fluores- 
cence intensity and the ethinyl estradiol concentration over 17.5-280 

COMMUNICATIONS 

ng/ml was observed; the minimum detection limit for the drug was -10 
ng/ml using this procedure. 

The results of this study also indicate that the reproducibility of the 
method is excellent and that common tablet excipients do not interfere 
with the determination of ethinyl estradiol (Table 11). 

Finally, the method was valuable for the determination of small 
amounts of the drug in the dissolution study. Figure 3 shows the release 
rate of ethinyl estradiol from the sustained-release tablet (Vial 2) and 
the rapid-release tablet (Vial 4). 
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Potential Errors in Kinetic Studies of 
Hydrolysis of Nitrogen Mustards Based on 
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errors in kinetic studies based on chloride-ion determination o Nitrogen 
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based on chloride-ion determination 

To the Editor: 
Chlorambucil (I), an aromatic nitrogen mustard, has 

been used clinically in the treatment of chronic lympho- 
cytic leukemia and primary microglobulinemia and in the 
management of ovarian and testicular carcinomas (1). In 
aqueous solutions, I and other nitrogen mustards undergo 
hydrolysis, with the release of chloride ion and the for- 
mation of the cyclic ethyleneimmonium ion (1-3). This 
unstable cyclic intermediate then is attacked by water and 
other nucleophiles to yield I1 and other products. The same 
sequence then is repeated for the hydrolysis of the chlo- 
roethyl group in I1 (Scheme I). 

Owen and Stewart recently reported (3) the kinetics of 
I hydrolyvis using the chloride-ion measurement as a pa- 
rameter for the concentration of intact I remaining. They 
plotted log (Cl, - Clt )/CL uersus time and calculated kl, 
the degradation rate of I, from the apparent linear plots. 
In using chloride-ion measurements to obtain Itl, Owen 
and Stewart (3) made two important assumptions: (a )  that 
the loss of I is always accompanied by the loss of two 
chloride ions, which is a valid assumption in the case of 
nitrogen mustards; and ( b )  that both chloride ions must 
be released simultaneously, i.e., k:! >> kl. However, there 
is no theoretical basis for assuming that k:! >> kl. 

The mechanism of cyclic ethyleneimmonium-ion for- 
mation should be the same for both the kl and k2 steps, 
and there is no reason to expect that the presence of a hy- 
droxyl function in I1 would make I1 much more unstable 
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relative to I. From a statistical consideration alone, the kl 
step probably should be faster, because there are two hy- 
drolyzable chloro groups. Furthermore, if tzl is not the 
rate-determining step, the plot of log (Cl, - Clt)/C1, 
uersus time would be dependent on the relative magnitude 
of k:!/kl. This relation can be shown theoretically from the 
classical kinetic treatment of consecutive reactions (4). 
Thus, for the reaction shown in Scheme 11: 

I Z II + CI- - 111 + CI- k 2  

Scheme I1 
it follows that: 

[1lt = Ioe-klt (Eq. 1) 

(Es. 2) 

[kz(l - e-k l t )  - kl (1  - e-k2t)] (Eq. 3) 

(Eq. 4) 

where [Ilt, [I&, [IIIIt, and [Cl], are the concentrations of 

I0 [IIIIt = ~ 

(k2 - ki) 
[Cl], = [IIIt + 2 [IIIIt 
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Table I-Correlation of Theoretical Chloride-Ion Plots Shown 
in Fig. 1 with Similar Calculations for Additional Values of 
kZ/kl Not Shown in Fig. 1 

1" 0 

I I I I I I  I l l  I 1 1  1 1  

2 4 6 8 10 12 14 16 18 20 22 24 26 28 
TIME UNITS 

Figure 1-Theoretical plots of % (C1, - ClJ/Cl ,  versus time for the 
reaction sequence shown in Scheme I with kl = 0.1 (time unit)-' and 
10 = 1.0 and uith oarious oalues of k d k l .  Key: 0 , l O . O O ;  0,2.00; A, 0.75; 
0,0.50; and A, 0.33. The solid line represents the theoretical plot of the 
percent of I remaining, thus representing the true kl ualue; the broken 
linp has a slope equal to  0.50kl. 

I, 11,111, and chloride ion, respectively, a t  time t ,  and 10 is 
the initial concentration of I. Since each molecule of I 
eventually yields two molecules of chloride ion, it follows 
that the chloride-ion concentration at infinite time is given 
by: 

c1, = 210 (Eq. 5) 

Figure 1 shows theoretical plots obtained by plotting log 
I or log (C1, - Clt )/CL uersus time for various values of 
kZ/kl (the solid line represents the actual rate of loss of I). 
As seen in Fig. 1, in addition to the expected linearity of 
the chloride plot when k2 3 10k1, a perfect linear chloride 
plot also is obtained when k2 = 0.5121~. However, the slopes 
of the two lines are different; only in the case where k2 3 
10hl does the slope yield a value close to k l .  The slope of 
the straight line plot when k2 = 0.5kl is equal to 0.5121. 

Therefore, it is apparent that a linear first-order plot of 
the chloride ion produced does not necessarily establish 
k 1 as the rate-determining step. In fact, as seen in Table 
I, an apparent linear relationship of the chloride ion pro- 
duced can be observed over a wide range of k2/kl values, 
within experimental errors, particularly if the data are 
subjected to a computer-assisted linear regression without 

The straight line nature of the chloride plot, when kz  = 0.5k1, is mathematically 
correct, as can he seen by substituting values of [IIlt and [IIIIr into Eq. 4 followed 
by simplification to yield a monoexponential expression, (CL - Clt)/Cl, = 
y - o  S k l l ,  

Correlation Apparent Rate 
k z/k 1 Coefficient" Constant 

20.00 
10.00 
5.00 

1.0000 
0.9999 
0.9996 

2.00 0.9983 
I .no n.9986 
0.75 
0.50 
0.33 

0.9994 
1 .oooo 
0.9991 

0.1000 
0.0995 
0.0977 
0.0880 
0.0694 
0.0608 
0.0500 
0.0419 

0.25 0.9976 0.0372 

to -4 half-lives for the kl step). The k l  value was 0.1 (time unit)-' and 10 = 1.0. 
Obtained for 15 points, which are two time units apart, up to 28 time units (equal 

actually plotting the points. However, the apparent rate 
constants depend on the value of kz/kl and are smaller 
than k 1 (Table I). As explained earlier, k l  probably is not 
the rate-determining step for the hydrolysis of I, and k2 
probably is of the same magnitude as kl.  Therefore, it is 
possible that the apparent linear plots of chloride-ion 
concentrations obtained during I hydrolysis (3) do not 
yield the true degradation rate of I. To clarify this ambi- 
guity, it is necessary to follow the hydrolysis of I by a 
method that actually determines the concentration of in- 
tact I and to compare the kinetic data obtained with those 
obtained from chloride titration. 

A high-pressure liquid chromatographic (HPLC) 
method was developed to assay intact I in the presence of 
its major degradation products, I1 and 111. The method 
involves reversed-phase chromatography2, in which the 
hydroxy compounds, I1 and 111, elute earlier than intact 
I since they are more polar. The details of the HPLC 
method and the identification of degradation peaks will 
be reported later. 

Solutions of I (0.15 mg/ml) in 0.05 M acetate buffer3 (pH 
3.0) and nitric acid solution3 (pH 2.0) were kept in a 37" 
water bath. At  suitable time intervals, they were assayed 
for their intact I content by HPLC and for their chloride- 
ion concentration by an automatic chloride titrator4. 
Figure 2 shows the plot of the I concentration or (Cl, - 
Clt)/CL5 uersus time. The plot of I gave straight lines with 
half-lives of 25 and 70 min at  pH values of 3.0 and 2.0, re- 
spectively. However, the points for the chloride-ion plot 
did not coincide with the HPLC plots (Fig. 2). At pH 3.0, 
the points appeared to give a straight line with ahalf-life 
of 52 min; a t  pH 2.0, the chloride-ion points showed dis- 
tinct curvature with an apparent half-life of 165 min ( r  = 
0.993). 

Therefore, it is obvious that k l  is not the rate-deter- 
mining step in the overall hydrolysis of I. This finding was 
substantiated further by HPLC analysis of I hydrolysis 
where the peak due to I1 was shown to be increasing, 
through at  least one half-life of I, followed by a decrease, 
as would be expected of a consecutive reaction where the 
intermediate is not particularly unstable compared to the 
initial reactants. It also is apparent that the rates calcu- 

2 A Zorbax-Cs column (DuPont) was used with a running solvent containing 60% 
methanol, 5% acetonitrile, and 35% acetate buffer (0.15 M) (pH 5.0) at  a flow rate 
of 1.6 ml/min. The retention times of I and I1 were 7.5 and 3.5 min, respectively. 

3 Buffers contained 5% acetone to keep I in solution. 
4 Model 4-4433, American Instrument Co., Silver Spring, Md. 
5 The C1, and Clt values plotted were corrected for the blank, i.e., Clo, which is 

the amount of chloride ion present at time zero. 
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Figure 2-Plots for the hydrolysis of I. Key: 0, data from HPLC runs 
(% IJIO); and 0,  data from the chloride-ion determination 1% (C1, - 
ClJ fC1-1; in 0.05 M acetate buffer (pH 3.0) and in dilute nitric acid (pH 
2.0). 

lated from the chloride analyses would considerably 
overestimate the stability of I, at  least in the two buffers 
tested. 

These findings show the inherent potential error in 
obtaining kinetic parameters of a reactant by following the 
appearance of a degradation product, particularly when 
a consecutive reaction is involved as in the hydrolysis of 
I. The possible error in the rate constants reported for 
chlorambucil hydrolysis has potential practical implica- 
tions. Compound I is administered routinely as oral tablets, 
in which case it is exposed to the pH range of the stomach 
(1.5-5.0). The relatively short half-lives observed for I 
hydrolysis a t  pH 2.0 and 3.0 suggest that a significant 
amount of I potentially may be degraded before absorp- 
tion. This observation warrants a more careful study of I 
hydrolysis using a stability-specific assay. A more detailed 
kinetic study is in progress using the HPLC method for the 
analysis of I both to obtain practical stability data under 
physiological conditions and to elucidate the mechanism 
of I hydrolysis. 
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Potential Errors in Kinetic Studies of 
Hydrolysis of Nitrogen Mustards Based on 
Chloride-Ion Determination: A Reply 

Keyphrases 0 Chlorambucil-hydrolysis kinetics 0 Nitrogen mus- 
tards-chlorambucil, hydrolysis kinetics Hydrolysis-chlorambucil, 
kinetics 

To the Editor: 
The hydrolysis of chlorambucil (I) is a complex reaction, 

involving several reversible and consecutive steps. Chat- 
terji (1) treated the reaction as a consecutive one involving 
two steps and indicated that kl and k2 may be of the same 
magnitude. Several comments are appropriate. 

The production of chloride from the consecutive model 
for the hydrolysis of chlorambucil is biexponential, i.e.: 

where Clt is the chloride concentration at time t ,  10 is the 
initial concentration of chlorambucil, and k l  and k2 are the 
rate constants for the two consecutive steps. 

Therefore, the theoretical plots of log (Cl, - Clt)/C1, 
versus time will be nonlinear except when k2 >> k l  and k2 - 0.5121. Chatterji (1) suggested that “apparent linear 
relationships” could be observed over a wide k2lk 1 range 
by subjecting data to “computer-assisted linear regres- 
sion.” Apparent linearity was proposed on the basis of the 
correlation coefficient values. However, this approach is 
a gross simplification of the model and a misrepresentation 
of the numerical techniques used in the original work 
(2). 

Table I-Summary of the Analyses of Variance for the 
Orthogonal Polynomial Analysis of the Theoretical Consecutive 
Model for Various kzlkl Values 

Deviation 
Probability’ of Fitting a Polynomial of Order from 

kzlkl  Zero 1 2 3 Linearity 

50 <0.001 
30 <0.001 
20 <0.001 
10 <0.001 
5 <0.001 
2 <0.001 
0.75 <0.001 
0.5 <0.001 
0.33 <0.001 
0.25 <0.001 
0.1 <0.001 
0.01 <0.001 

<0.001 0.60 
<0.001 0.31 
<0.001 0.08 
<0.001 0.002 
<0.001 <0.001 
<0.001 <0.001 
<0.001 <0.001 
<0.001 0.78 
<0.001 <0.001 
<0.001 <0.001 
<0.001 <0.001 
<0.001 <0.001 

0.18 No 
0.17 No 
0.01 Yes? 

<0.001 Yes 
<0.001 Yes 
<0.001 Yes 
<0.001 Yes 

0.25 No 
0.04 Yes 
0.009 Yes 

<0.001 Yes 
<0.001 Yes 

a A total of 29 data points was used (uf to 28 time units); kl = 0.1 (time unit)-’, 
10 = 1.0. and error variance = 0.2 X 10- . At p = 0.05. 
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Figure 2-Plots for the hydrolysis of I. Key: 0, data from HPLC runs 
(% IJIO); and 0,  data from the chloride-ion determination 1% (C1, - 
ClJ fC1-1; in 0.05 M acetate buffer (pH 3.0) and in dilute nitric acid (pH 
2.0). 

lated from the chloride analyses would considerably 
overestimate the stability of I, at  least in the two buffers 
tested. 

These findings show the inherent potential error in 
obtaining kinetic parameters of a reactant by following the 
appearance of a degradation product, particularly when 
a consecutive reaction is involved as in the hydrolysis of 
I. The possible error in the rate constants reported for 
chlorambucil hydrolysis has potential practical implica- 
tions. Compound I is administered routinely as oral tablets, 
in which case it is exposed to the pH range of the stomach 
(1.5-5.0). The relatively short half-lives observed for I 
hydrolysis a t  pH 2.0 and 3.0 suggest that a significant 
amount of I potentially may be degraded before absorp- 
tion. This observation warrants a more careful study of I 
hydrolysis using a stability-specific assay. A more detailed 
kinetic study is in progress using the HPLC method for the 
analysis of I both to obtain practical stability data under 
physiological conditions and to elucidate the mechanism 
of I hydrolysis. 
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kinetics 

To the Editor: 
The hydrolysis of chlorambucil (I) is a complex reaction, 

involving several reversible and consecutive steps. Chat- 
terji (1) treated the reaction as a consecutive one involving 
two steps and indicated that kl and k2 may be of the same 
magnitude. Several comments are appropriate. 

The production of chloride from the consecutive model 
for the hydrolysis of chlorambucil is biexponential, i.e.: 

where Clt is the chloride concentration at time t ,  10 is the 
initial concentration of chlorambucil, and k l  and k2 are the 
rate constants for the two consecutive steps. 

Therefore, the theoretical plots of log (Cl, - Clt)/C1, 
versus time will be nonlinear except when k2 >> k l  and k2 - 0.5121. Chatterji (1) suggested that “apparent linear 
relationships” could be observed over a wide k2lk 1 range 
by subjecting data to “computer-assisted linear regres- 
sion.” Apparent linearity was proposed on the basis of the 
correlation coefficient values. However, this approach is 
a gross simplification of the model and a misrepresentation 
of the numerical techniques used in the original work 
(2). 

Table I-Summary of the Analyses of Variance for the 
Orthogonal Polynomial Analysis of the Theoretical Consecutive 
Model for Various kzlkl Values 

Deviation 
Probability’ of Fitting a Polynomial of Order from 

kzlkl  Zero 1 2 3 Linearity 

50 <0.001 
30 <0.001 
20 <0.001 
10 <0.001 
5 <0.001 
2 <0.001 
0.75 <0.001 
0.5 <0.001 
0.33 <0.001 
0.25 <0.001 
0.1 <0.001 
0.01 <0.001 

<0.001 0.60 
<0.001 0.31 
<0.001 0.08 
<0.001 0.002 
<0.001 <0.001 
<0.001 <0.001 
<0.001 <0.001 
<0.001 0.78 
<0.001 <0.001 
<0.001 <0.001 
<0.001 <0.001 
<0.001 <0.001 

0.18 No 
0.17 No 
0.01 Yes? 

<0.001 Yes 
<0.001 Yes 
<0.001 Yes 
<0.001 Yes 

0.25 No 
0.04 Yes 
0.009 Yes 

<0.001 Yes 
<0.001 Yes 

a A total of 29 data points was used (uf to 28 time units); kl = 0.1 (time unit)-’, 
10 = 1.0. and error variance = 0.2 X 10- . At p = 0.05. 
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Table 11-Analysis of Variance for the Orthogonal Polynomial Analysis of the Data for Hydrolysis of Chlorambucil at 25.0” 

Order Regression Remainder Remainder 
of Sum of Sum of Degrees of Mean Variance 
Fit Squares Squares Freedom Square Ratio P 
0 0.306E + 01 O.llOE + 01 27 0.406E - 01 0.7543 + 02 <0.001 
1 0.1103 + 01 0.5383 - 04 26 0.207E - 05 0.5293 t 06 <0.001 

3 0.2033 - 04 0.3353 - 04 24 0.140E - 05 0.1453 + 02 0.001 
2 0.101E - 07 0.5283 - 04 25 0.215E - 05 0.4683 - 02 0.94 

4 0.4253 - 06 0.331E - 04 23 0.144E - 05 0.2953 + 00 0.60 

The use of correlation coefficients to test the goodness 
of fit of the data to this model is inadequate. A statistical 
technique capable of testing for curvature of the regression 
is required. Linear regression with appropriate analysis of 
variance can be used but requires replicate data that are 
either extremely difficult or not possible to obtain. Or- 
thogonal polynomial analysis, with the successive fitting 
of higher order polynomials and subsequent statistical 
testing to determine whether these higher order polyno- 
mials have significantly improved the fit, is the method of 
choice in these circumstances. The principal orthogonal 
polynomial algorithms were reviewed (3), and the Gram- 
Schmidt algorithm (4) was chosen for the original study. 

Chatterji’s theoretical data were regenerated with a 
random error variance typical of that obtained in the 
original study. The log (Cl, - Clt)/C1, uersus time re- 
gressions were subjected to orthogonal polynomial anal- 
ysis, and a summary of the analyses of variance is provided 
(Table I). Curvature was detected in all regressions, except 
in the limiting situations when k2 >> kl and k2 = 0.5kl.  
While there may be some doubt as to the linearity of the 
regression when k2/k1 = 20, the regression clearly is linear 
when kz /k l  = 30 and 50 and when k2/kl = 0.5. These re- 
sults demonstrate clearly the sensitivity of this numerical 
technique to detect curvature in regressions. 

In the original study of chlorambucil hydrolysis (2), 
typical first-order plots (Fig. 2 in Ref. 2) showed no sig- 
nificant curvature when subjected to orthogonal polyno- 
mial analysis (Table 11). The literature (5,6) suggested that 
the chlorohydrin hydrolyzed much faster than the original 
dichloroethyl compound, and a rate-determining step in- 
volving the hydrolysis of the first chlorine thus was pro- 
posed. 

Furthermore, Chatterji (1) plotted log (Cl, - Clt)/Clm 
uersus time. While this method is satisfactory in the the- 
oretical plots, the Cl, term should be added in the chlor- 
ambucil hydrolysis, i.e., log (Cl, - Clt)/(Clm - Cl,) uersus 
time. For the true first-order model: 

c1, - CI, = (CL - C I o k - ~ ~  (Eq. 2) 

and therefore: 
In (CI, - CIt)/CL = -k t  + In (1 - Clo/CI,) (Eq. 3) 

The absence of a Clo term will force the regression 
through the zero intercept and cause an error in estimation 
of the rate constant. 

Chatterji (1) also stated that Owen and Stewart assumed 
that the loss of chlorambucil always is accompanied by the 
loss of two chloride ions. This hypothesis was clearly tested 
in the original study by the chloride concentrations at time 
infinity (2), which demonstrated the loss of two chloride 
ions. 

The present investigator agrees that analytical methods 

that determine original reactants are preferred over those 
measuring reaction products, particularly in complex re- 
actions. The original research was initiated over 10 years 
ago, and methods to measure reactant concentrations, 
including high-pressure liquid chromatographic (HPLC) 
methods, were not available. The measurement of chloride 
ion by specially prepared selective-ion electrodes (3) was 
the most suitable method to follow the reaction at low 
concentrations and was amenable to continuous moni- 
toring and automatic data collection. While HPLC 
methods possess a considerable advantage in the mea- 
surement and separation of products and reactants, such 
methods do have some limitations in fast reactions, e.g., 
consideration of the extent of decomposition on the col- 
umn during analysis, difficulties in the calibration of un- 
stable compounds, long-term instability with subsequent 
changes in retention times, and reduction in the amount 
of data collected, causing a limitation in the use of nu- 
merical techniques. 

In addition, the measurement of chloride ion in Chat- 
terji’s work may be subject to some error. In a previous 
study, Chatterji et al. (7) pointed out the inaccuracies of 
the use of the automatic chloride titration in faster reac- 
tions due to the production of chloride ion during the ti- 
tration, the finite time to prepare samples and perform the 
analysis, and the inaccuracies in pipetting. The use of 
solid-state chloride-selective electrodes would overcome 
these difficulties. 

Nevertheless, it is difficult to disagree with the results 
of the current kinetic study, where the k2 value seems to 
be about half of the k 1 value. The conclusions in the orig- 
inal study were based on sound numerical techniques that 
tested for a limiting form of a more complex model (122 >> 
k l ) .  Consideration was not given to a second limiting form 
(k2 -, 0 .5k l )  because of the literature indications to the 
contrary at  that time. However, the current work does 
show that the second limiting form may be a realistic al- 
ternative, and further research is warranted. 

(1) D. C. Chatterji, J .  Pharm. Sci., 69,859 (1980). 
(2) W. R. Owen and P. J. Stewart, ibid., 68,992 (1979). 
(3) P. J. Stewart, Ph.D. thesis, University of Queensland, St. Lucia, 

(4) P. J. Davies, in “Survey of Numerical Analysis,” J. Todd, Ed., 

(5) W. C. J. Ross, J. Chem. Soc., 1949,183. 
(6) W. E. Hanby, G. S. Hartley, E. 0. Powell, and N. H. Rydon, ibid., 

(7) D. C. Chatterji, R. F. Green, and J. F. Gallelli. J .  Pharm. Sci., 67, 
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Precorneal Retention of Topically 
Instilled Micronized Particles 

~~~ ~ 

Keyphrases 0 Micronized particles-precorneal retention, effect of 
particle size 0 Ophthalmic preparations-micronized particles, pre- 
corneal retention, effect of particle size 

To the Editor: 

Aqueous suspensions of micronized drugs are commonly 
used for topical delivery of low-solubility therapeutic 
agents to the eye. Previous work was performed to assess 
the in uiuo performance of ocular suspensions (1-4), but 
these studies were primarily drug oriented; they did not 
quantitate the effects of the physical aspects of the dosage 
form itself. Parameters specifically important for an 
ophthalmic suspension include intrinsic solubility, disso- 
lution rate, and particle size. 

The particle size of a suspended drug determines the 
surface area available for dissolution of the drug into the 
tears and also largely determines the irritation potential 
of the dosing system. Irritation can cause excessive tearing 
and accelerated drainage of the instilled dose. To minimize 
this irritation potential, ophthalmic suspensions generally 
are prepared using various cost-increasing micronization 
techniques. This report presents recent preliminary data 
on the behavior of micronized particles in the precorneal 
area of the eye and demonstrates the influence of particle 
size on ocular retention. 

Male albino rabbits were used for the particle dynamics 
studies since most previous ocular work was performed 
with this species. The animals were preconditioned to sit 
motionless in specially designed wooden boxes. A normal 
upright posture was maintained, and local or general an- 
esthetics were not used due to their known effects on tear 
dynamics (5). 

A topical dose of an aqueous suspension containing ra- 
diolabeled microspheres' was placed carefully into the 
ocular sac along the lower lid margin using a micropipet. 
The normal response of the animal is to blink upon in- 
stillation, so no further manual mixing or blinking was 
attempted since it might abnormally force a portion of the 
dose down the nasolacrimal duct. Immediately after dos- 
ing, a y-probe2 was positioned to cover the precorneal area 
without touching the animal; drainage loss and retention 
of the labeled particles were monitored as a function of 
time by external ~cintigraphy~. Animals were watched 
closely by a technician, and all head movements and 
blinking were recorded carefully. Head movement termi- 
nated an individual run due to alteration of the spacial 
relationship of the precorneal microsphere pool and the 
monitoring probe. 

The results of the studies using 3- and 25-pm particles 
are shown in Fig. 1. The marked dependence of particle 

1 Tracer microsphere, Medical Products Division, 3M Co., St. Paul, MN 55101. 
Radiolabeled microspheres are polystyrene spheres that have been sized under rigid 
control standards, made radioactive, and annealed to seal radioactivity so that no 
leaching occurs. The microspheres may be obtained in a range of specific diameters 
labeled with various isotopes. The microspheres used in the current studies were 
3.2 f 0.6 and 25.7 f 1.2 pm with a 141Ce label, an isotope with a half-life of 32 days 
and 145 kev y-energy. For these initial studies, the spheres were simply suspended 
in isotonic saline. 

2Sodium iodide crvstal (1.9 X 5.1 cm). TASK 5. Packard Instrument Co.. 
Downers Grove, IL 60315. 

IL 60515. 
3 Model 9012A multichannel analyzer, Packard Instrument Co., Downera Grove, 

0 

0 

0 

0 

20 1 .  . . . . . . 
10 50. 110 ' >id ' ' Lid ' . Lid ' ' &id ' ' kio' 

SECONDS 

Figure 1-Precorneal retention of topically instilled micronized par- 
ticles. Key: ., 25p1 dose of 3% (wlu) 3 -pm suspension; 0 , 5 0 - p 1  dose 
o f 3 %  ( w / u )  3-pm suspension; and A, 25- and 50-pl doses o f 3 %  (wIv) 
25-pm suspension (both dosing volumes gave virtually identical 
curves). 

retention on both dosing volume and particle size is readily 
apparent from these data. Immediately upon instillation 
of a 3% (w/v) suspension of 3-pm spheres, a washout pro- 
cess swept away a fraction of the dose. Since the duration 
of this washout phase was dependent on the volume in- 
stilled, the percent retention for each dosing volume was 
different and decreased as the volume was increased. 
However, since the total number of spheres instilled also 
varied with the dosing volume, it was not sufficient simply 
to consider percent retention as a measure of the volume 
effect as illustrated by the data presented in Table I. 

It is clear from this analysis that the twofold increase in 
percent retention for the 25-p1 dose compared with the 
50-p1 dose exactly offset the twofold sphere number dif- 
ference between the two dosing volumes. As a result, the 
total number of spheres retained, as represented by the 
plateau region in Fig. 1, was the same. It would be tempting 
to attribute this effect to a maximum surface coverage limit 
for the conjunctival sac, but this cannot be stated with 
certainty. Theoretically, if such were the case, a 10-pl dose 
of the 3-pm suspension should give 100% retention since 
the total number of spheres instilled would be less than the 
plateau value for the larger doses. However, the data 
(Table I) show that the 3-pm spheres still suffered signif- 
icant washout loss before being deposited within the pro- 
tective folds of the conjunctiva. 

The data for the 25-pm particles (Fig. 1) strikingly 
contrast with those for the smaller particles. Particle re- 

Table I-Ocular Retention of a 3% (w/v) Suspension of 3-pm 
Particles as a Function of the Dosing Volume 

Dose Volume, Milligrams Total Number Percent Number 
4 of Spheres of Spheres Retention Retained 

50 1.5 8.6 X lo7 33 2.8 x 107 
25 0.75 4.3 x 107 65 2.8 x 107 

70 1.2 x 107 0.3 1.7 x 107 10 
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tention was rapid, complete, and independent of the dosing 
volume up to 50 p1, which is about the limit for a rabbit eye 
without spillage over the lids. Presumably, the larger di- 
ameter and greater particle mass resulted in faster depo- 
sition so that the suspending vehicle was drained away 
independently of the particles. The possibility that the 
observed retention for the larger particles was due to 
physical obstruction of the drainage apparatus was 
checked by subsequent instillation of a radioactive solution 
of [67Ga]gallium citrate. The mean drainage rate constant 
obtained for a 25-pl dose of this solution in the presence 
of the 25-pm spheres was 0.52 min-l, and this value cor- 
responds well with the normal value of 0.545 min-I re- 
ported previously for the rabbit (5). Particle size clearly 
plays a significant role in the rate and extent of particle 
retention for ophthalmic suspensions. 

Studies also were carried out beyond the times indicated 
by Fig. 1. Only the early postinstillation time intervals are 
shown to define the washout process clearly. Individual 
runs lasting several hours were performed, and the pres- 
ence of particles in the conjunctival sac was demonstrated 
for at  least 12 hr. However, studies are continuing to de- 
termine the precise kinetics of the gradual loss of particles 
that follows the initial washout process, particularly for 
the 3-pm particles. Preliminary evidence shows that 
blinking and the associated movement of the tear film play 
a major role in redistributing small particles within the 
ocular sac. A blink normally pulls a fresh layer of the pre- 
corneal film up from the conjunctival sac and over the 
corneal surface. Lighter particles are pulled up with the 
film, and this process leads to gradual loss uia the drainage 
apparatus during normal tear turnover. 

The data from these studies indicate that a lower limit 
probably exists for particle-size retention in the eye, in 
addition to the previously recognized upper limit for irri- 
tation. This evidence suggests that caution should be used 
regarding the extent to which the particle size is reduced 
for such systems and also may explain the recently docu- 
mented successes of so-called “economy suspensions,” 
systems characterized by somewhat larger particle sizes 
than more traditional ophthalmic microsuspensions. 
Presumably, the smallest particles of the distribution 
range of a micronized suspension are lost rapidly with the 
washout of the suspending vehicle and contribute mini- 
mally to the ocular drug levels. Thus, the observed in uiuo 
performance of an ophthalmic suspension probably is due 
mainly to the larger particles in the size distribution. 
Further studies are being conducted to establish more 
definitively the role of particle size for ocular retention and 
the influences of suspension concentration and vehicle 
PH. 

(1) A. Kupferrnan, M. V. Pratt, K. Suckewer, and H. M. Leibowitz, 

(2) W. V. Cox, A. Kupferman, and H. M. Leibowitz, ibid., 88, 308 

(3) K.  Green and S. J. Downs, Inoest. Ophthalrnol., 13,316 (1974). 
(4) J. W. Sieg and J. R. Robinson, J .  Pharrn. Sci., 64,931 (1975). 
(5) S. S. Chrai, T. F. Patton, A. Mehta, and J. R. Robinson, ibid., 62, 

A h .  Ophthalmol., 91,373 (1974). 
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To the Editor: 

Procainamide is eliminated from the body by renal ex- 
cretion as unchanged drug and through metabolism to 
N-acetylprocainamide. This metabolite has been shown 
to have antiarrhythmic activity in animals (1, 2) and hu- 
mans (3, 4) and is eliminated from the body by urinary 
excretion. Many patients receiving procainamide chroni- 
cally have shown plasma levels of N-acetylprocainamide 
in excess of the unmetabolized drug (5). 

A most significant therapeutic advantage of N-acetyl- 
procainamide is that it does not cause development of 
lupus erythematosus in patients (6). Additionally, the bi- 
ological half-life of N-acetylprocainamide in humans is 
more than twice that of procainamide (7, 8), which allows 
less frequent dosing. We showed previously that N- 
acetylprocainamide decreased the heart rate in rats when 
the plasma concentration was 16.8 pg/ml, which is quite 
similar to the therapeutic concentrations in humans (9). 

Schneck et al. (10) investigated the disposition of pro- 
cainamide and N-acetylprocainamide in rats and found 
biological half-lives of 55 and 51 min, respectively. These 
results are in contrast to the data obtained in our labora- 
tory. Therefore, the purpose of this communication is to 
report our preliminary results showing that the half-life 
of N-acetylprocainamide is two to three times longer than 
that of procainamide in the same rat and that the dispo- 
sition of both drugs is qualitatively similar to that in hu- 
mans. 

Eight male Charles River’ rats, 250-450 g, were selected. 
A cannula was inserted surgically into the jugular vein of 
each rat 1 day before the experiment (11). Procainamide 
hydrochloride (75 mg/kg) and N-acetylprocainamide hy- 
drochloride (86 mg/kg) were administered intravenously 
through the cannula in a randomized crossover design. A 
3-day washout period was allowed between administration 
of the two drugs. 

Serial blood samples (0.4 ml) were withdrawn at 0 Gust 
before drug administration), 0.25,0.5,0.75,1,1.5, 2,3,4, 
6, and 8 hr following dosing, and the plasma was separated 
immediately. Urine and feces were collected for 48 hr. The 
concentrations of procainamide and N-acetylprocainamide 
in plasma and urine were determined by a specific high- 
pressure liquid chromatographic method (12). Plasma 
concentrations of the unchanged procainamide and N-  
acetylprocainamide were fitted to one-and two-compart- 
ment open models, respectively, using a nonlinear re- 

’ Charles River Breeding Laboratories, Wilmington, Mass 
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tention was rapid, complete, and independent of the dosing 
volume up to 50 p1, which is about the limit for a rabbit eye 
without spillage over the lids. Presumably, the larger di- 
ameter and greater particle mass resulted in faster depo- 
sition so that the suspending vehicle was drained away 
independently of the particles. The possibility that the 
observed retention for the larger particles was due to 
physical obstruction of the drainage apparatus was 
checked by subsequent instillation of a radioactive solution 
of [67Ga]gallium citrate. The mean drainage rate constant 
obtained for a 25-pl dose of this solution in the presence 
of the 25-pm spheres was 0.52 min-l, and this value cor- 
responds well with the normal value of 0.545 min-I re- 
ported previously for the rabbit (5). Particle size clearly 
plays a significant role in the rate and extent of particle 
retention for ophthalmic suspensions. 

Studies also were carried out beyond the times indicated 
by Fig. 1. Only the early postinstillation time intervals are 
shown to define the washout process clearly. Individual 
runs lasting several hours were performed, and the pres- 
ence of particles in the conjunctival sac was demonstrated 
for at  least 12 hr. However, studies are continuing to de- 
termine the precise kinetics of the gradual loss of particles 
that follows the initial washout process, particularly for 
the 3-pm particles. Preliminary evidence shows that 
blinking and the associated movement of the tear film play 
a major role in redistributing small particles within the 
ocular sac. A blink normally pulls a fresh layer of the pre- 
corneal film up from the conjunctival sac and over the 
corneal surface. Lighter particles are pulled up with the 
film, and this process leads to gradual loss uia the drainage 
apparatus during normal tear turnover. 

The data from these studies indicate that a lower limit 
probably exists for particle-size retention in the eye, in 
addition to the previously recognized upper limit for irri- 
tation. This evidence suggests that caution should be used 
regarding the extent to which the particle size is reduced 
for such systems and also may explain the recently docu- 
mented successes of so-called “economy suspensions,” 
systems characterized by somewhat larger particle sizes 
than more traditional ophthalmic microsuspensions. 
Presumably, the smallest particles of the distribution 
range of a micronized suspension are lost rapidly with the 
washout of the suspending vehicle and contribute mini- 
mally to the ocular drug levels. Thus, the observed in uiuo 
performance of an ophthalmic suspension probably is due 
mainly to the larger particles in the size distribution. 
Further studies are being conducted to establish more 
definitively the role of particle size for ocular retention and 
the influences of suspension concentration and vehicle 
PH. 
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To the Editor: 

Procainamide is eliminated from the body by renal ex- 
cretion as unchanged drug and through metabolism to 
N-acetylprocainamide. This metabolite has been shown 
to have antiarrhythmic activity in animals (1, 2) and hu- 
mans (3, 4) and is eliminated from the body by urinary 
excretion. Many patients receiving procainamide chroni- 
cally have shown plasma levels of N-acetylprocainamide 
in excess of the unmetabolized drug (5). 

A most significant therapeutic advantage of N-acetyl- 
procainamide is that it does not cause development of 
lupus erythematosus in patients (6). Additionally, the bi- 
ological half-life of N-acetylprocainamide in humans is 
more than twice that of procainamide (7, 8), which allows 
less frequent dosing. We showed previously that N- 
acetylprocainamide decreased the heart rate in rats when 
the plasma concentration was 16.8 pg/ml, which is quite 
similar to the therapeutic concentrations in humans (9). 

Schneck et al. (10) investigated the disposition of pro- 
cainamide and N-acetylprocainamide in rats and found 
biological half-lives of 55 and 51 min, respectively. These 
results are in contrast to the data obtained in our labora- 
tory. Therefore, the purpose of this communication is to 
report our preliminary results showing that the half-life 
of N-acetylprocainamide is two to three times longer than 
that of procainamide in the same rat and that the dispo- 
sition of both drugs is qualitatively similar to that in hu- 
mans. 

Eight male Charles River’ rats, 250-450 g, were selected. 
A cannula was inserted surgically into the jugular vein of 
each rat 1 day before the experiment (11). Procainamide 
hydrochloride (75 mg/kg) and N-acetylprocainamide hy- 
drochloride (86 mg/kg) were administered intravenously 
through the cannula in a randomized crossover design. A 
3-day washout period was allowed between administration 
of the two drugs. 

Serial blood samples (0.4 ml) were withdrawn at 0 Gust 
before drug administration), 0.25,0.5,0.75,1,1.5, 2,3,4, 
6, and 8 hr following dosing, and the plasma was separated 
immediately. Urine and feces were collected for 48 hr. The 
concentrations of procainamide and N-acetylprocainamide 
in plasma and urine were determined by a specific high- 
pressure liquid chromatographic method (12). Plasma 
concentrations of the unchanged procainamide and N-  
acetylprocainamide were fitted to one-and two-compart- 
ment open models, respectively, using a nonlinear re- 
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Table I-Pharmacokinetic Parameters of Procainamide and N-Acetylprocainamide 

Parameter 

Rats 
Our Study Ref. 10 Humans 

Procainamide procainamide Procainamide procainamide Procainamide" procainamideh 
N- Acetyl- N-Acetyl- N-Acetyl- 

Elimination half-life ( t  I/*), hr 0.66 2.13 
Plasma clearance, ml/min/kg 80.7 20.7 
Apparent volume of distribution, literdkg 4.60 3.82 

From Ref. 7. * From Ref. 8. 

gression analysis program available in a statistical analysis 
system package2. 

The biological half-life ranged from 0.54 to 0.83 hr for 
procainamide and from 1.72 to 2.92 hr for N-acetylpro- 
cainamide. The ratio of the biological half-life of N -  
acetylprocainamide to that of procainamide in the same 
rat averaged 3.3. Table I summarizes the values of the 
pharmacokinetic parameters obtained by Schneck et al. 
(lo), those obtained in our study, and values reported for 
normal subjects. 

Determination of the biological half-lives of procain- 
amide and N-acetylprocainamide in the same animal, with 
sufficient time for elimination of the drugs from the body, 
allowed a more meaningful comparison of the phar- 
macokinetic parameters of the two drugs. The discrepancy 
between these results and those reported by Schneck et al. 
(10) may be due to the study design and to the method of 
determination of pharmacokinetic parameters. Schneck 
et al. sacrificed groups of rats and followed the blood 
sampling for 4 hr, which appears to be inadequate for 
N-acetylprocainamide. In our study, a distribution phase 
of -1 hr was noticed when N-acetylprocainamide was 
administered intravenously. Furthermore, Schneck et al. 
(10) calculated the volume of distribution by dividing the 
total body clearance by the elimination rate constant, 
which obviously results in an underestimated value (Table 
I). 

The results of our study were qualitatively similar to 
those observed in normal human subjects. The ratio of the 
half-lives, volumes of distribution, and body clearances of 
procainamide and its metabolite in these two Species are 
similar. These results have important implications in in- 
terpretations of metabolism data from acute and chronic 
toxicity studies. 
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47,51 (1978). 

(3) J. J. L. Lertora, A. J. Atkinson, Jr., W. Kushner, M. J. Nevin, 
W.-K. Lee, C. Jones, and F. R. Schmid, Clin. Pharrnacol. Ther., 25,273 
(1979). 
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To the Editor: 

Singh et al. (1) recently reported on the 13C-NMR 
spectroscopy of the alkaloids strychnine (I) and brucine 
(11). In this communication, I shall comment on the spec- 
tral data and assignments reported by these authors. 

Wehrli (2, 3) previously reported on the 13C-NMR 
spectrum oE brucine. The complete assignment of the 
brucine spectrum (3) was accomplished by using common 

Table I-Assignment of I3C-NMR Spectra of Strychnine 

Carbon Ref. 1 Ref.4 Ref. 5 Ref. 7 Ref. 6 Ref. 8 

1 124.2d 124.25d 124.12d 124.99d 122.3 d 121.9 d 
2 122.3d 122.31 d 122.17d 122.67 d 124.3d 123.8d 
3 128.6 d 128.62d 128.41 d 128.61 d 128.6 d 128.1 d 
4 116.3d 116.24d 116.12d 116.52d 116.2 d 115.8d 
5 142.3s 142.21s 142.21 s 142.21 s 142.2s 141.8s 
6 132.7 s 132.52s 132.75s 132.91 s 132.6 s 132.4 s 
7 52.0 51.93 s 51.89 R 52.33 R 51.9 s 51.7 s . ~ . . ~  - 
8 60.2 d 60.06 d 60.08 d 60:42 d 6O:l d -  59.9O-d 

10 169.3s 169.39s 169.18s 170.31 s 169.4s 168.8 s 
11 48.2 42.34" t 50.28 t 42.46 t 42.3" t 42.2 t 
12 77.2 d 77.53 d 77.54d 77.73d 77.5 d 77.3 d 
13 42.9d 48.17 d 48.18d 48.44 d 48.2 d 48.0 d 
14 42.5d 31.54 d 31.60d 31.83d 31.5 d 31.4 d 
15 31.7 t 26.81 t 26.87 t 26.92 t 26.8 t 26.7 t 
16 60.2d 60.06d 60.08d 60.42 d 60.1 d 59.8" d 
17 26.9 t 42.83" t 42.43 t 43.05 t 42.8 t 42.6 t 
18 52.6 50.23 t 52.67 t 50.49 t 50.2 t 50.1 t 
20 50.4 52.65 t 42.87 t 52.76 t 52.7 t 52.4 t 
21 140.5s 140.27s 140.56 s 140.04 s 140.3 s 140.2 s 
22 127.5d 127.65d 127.09d 128.99d 127.7 d 125.8d 
23 64.6 t 64.55 t 64.57 t 64.84 t 64.6 t 64.3 t 

Interchangeable. 

0022-35491 801 0700-0865$0 1.001 0 
@ 1980, American pharmaceutical Association 

Journal of Pharmaceutical Sciences f 065 
Vol. 69, No. 7, July 1980 



Table I-Pharmacokinetic Parameters of Procainamide and N-Acetylprocainamide 

Parameter 

Rats 
Our Study Ref. 10 Humans 

Procainamide procainamide Procainamide procainamide Procainamide" procainamideh 
N- Acetyl- N-Acetyl- N-Acetyl- 

Elimination half-life ( t  I/*), hr 0.66 2.13 
Plasma clearance, ml/min/kg 80.7 20.7 
Apparent volume of distribution, literdkg 4.60 3.82 

From Ref. 7. * From Ref. 8. 

gression analysis program available in a statistical analysis 
system package2. 

The biological half-life ranged from 0.54 to 0.83 hr for 
procainamide and from 1.72 to 2.92 hr for N-acetylpro- 
cainamide. The ratio of the biological half-life of N -  
acetylprocainamide to that of procainamide in the same 
rat averaged 3.3. Table I summarizes the values of the 
pharmacokinetic parameters obtained by Schneck et al. 
(lo), those obtained in our study, and values reported for 
normal subjects. 

Determination of the biological half-lives of procain- 
amide and N-acetylprocainamide in the same animal, with 
sufficient time for elimination of the drugs from the body, 
allowed a more meaningful comparison of the phar- 
macokinetic parameters of the two drugs. The discrepancy 
between these results and those reported by Schneck et al. 
(10) may be due to the study design and to the method of 
determination of pharmacokinetic parameters. Schneck 
et al. sacrificed groups of rats and followed the blood 
sampling for 4 hr, which appears to be inadequate for 
N-acetylprocainamide. In our study, a distribution phase 
of -1 hr was noticed when N-acetylprocainamide was 
administered intravenously. Furthermore, Schneck et al. 
(10) calculated the volume of distribution by dividing the 
total body clearance by the elimination rate constant, 
which obviously results in an underestimated value (Table 
I). 

The results of our study were qualitatively similar to 
those observed in normal human subjects. The ratio of the 
half-lives, volumes of distribution, and body clearances of 
procainamide and its metabolite in these two Species are 
similar. These results have important implications in in- 
terpretations of metabolism data from acute and chronic 
toxicity studies. 
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Assignment of 13C-NMR Spectra of 
Strychnine and Brucine 

Keyphrases Alkaloids-strychnine and brucine, I3C-NMR spectral 
analyses, chemical shifts assigned 0 'V-NMR spectroscopy-hrucine 
and strychnine, chemical shifts assigned 0 Brucine-13C-NMR spectral 
analysis, chemical shifts assigned 0 Strychnine- W-NMR spectral 
analysis, chemical shifts assigned 

To the Editor: 

Singh et al. (1) recently reported on the 13C-NMR 
spectroscopy of the alkaloids strychnine (I) and brucine 
(11). In this communication, I shall comment on the spec- 
tral data and assignments reported by these authors. 

Wehrli (2, 3) previously reported on the 13C-NMR 
spectrum oE brucine. The complete assignment of the 
brucine spectrum (3) was accomplished by using common 

Table I-Assignment of I3C-NMR Spectra of Strychnine 

Carbon Ref. 1 Ref.4 Ref. 5 Ref. 7 Ref. 6 Ref. 8 

1 124.2d 124.25d 124.12d 124.99d 122.3 d 121.9 d 
2 122.3d 122.31 d 122.17d 122.67 d 124.3d 123.8d 
3 128.6 d 128.62d 128.41 d 128.61 d 128.6 d 128.1 d 
4 116.3d 116.24d 116.12d 116.52d 116.2 d 115.8d 
5 142.3s 142.21s 142.21 s 142.21 s 142.2s 141.8s 
6 132.7 s 132.52s 132.75s 132.91 s 132.6 s 132.4 s 
7 52.0 51.93 s 51.89 R 52.33 R 51.9 s 51.7 s . ~ . . ~  - 
8 60.2 d 60.06 d 60.08 d 60:42 d 6O:l d -  59.9O-d 

10 169.3s 169.39s 169.18s 170.31 s 169.4s 168.8 s 
11 48.2 42.34" t 50.28 t 42.46 t 42.3" t 42.2 t 
12 77.2 d 77.53 d 77.54d 77.73d 77.5 d 77.3 d 
13 42.9d 48.17 d 48.18d 48.44 d 48.2 d 48.0 d 
14 42.5d 31.54 d 31.60d 31.83d 31.5 d 31.4 d 
15 31.7 t 26.81 t 26.87 t 26.92 t 26.8 t 26.7 t 
16 60.2d 60.06d 60.08d 60.42 d 60.1 d 59.8" d 
17 26.9 t 42.83" t 42.43 t 43.05 t 42.8 t 42.6 t 
18 52.6 50.23 t 52.67 t 50.49 t 50.2 t 50.1 t 
20 50.4 52.65 t 42.87 t 52.76 t 52.7 t 52.4 t 
21 140.5s 140.27s 140.56 s 140.04 s 140.3 s 140.2 s 
22 127.5d 127.65d 127.09d 128.99d 127.7 d 125.8d 
23 64.6 t 64.55 t 64.57 t 64.84 t 64.6 t 64.3 t 

Interchangeable. 
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Table II-Assignment of W-NMR SDectrum of Brucine 

Carbon Ref. 1 Ref. 2 Ref. 3 

1 
2 
3 
4 
5 
6 
7 
8 

10 
11 
12 
13 
14 
15 
16 
17 
18 
20 
21 
22 
23 

105.6 d 
146.2 s 
149.2 s 
101.1 d 
136.0 s 
123.6 s 
51.8 
59.9 d 

168.9 s 
48.2 
77.3 d 
42.4 d 
42.4 d 
31.6 t 
60.3 d 
26.8 t 
52.6 
50.2 

140.6 s 
127.1 d 
64.6 t 
56.4 q 
56.1 4 

105.88 d 
149.13h46.14 149.13h46.14 s 
146.14h49.13 146.14h49.13 s 

101.08 d 
135.97 135.97 s 
123.46 123.46 s 

51.83 s 
60.22 d 

168.64 168.64 s 
42.20 t 
77.63 d 
42.15 d 
31.51 d 
26.73 t 
59.82 d 
42.35 t 
50.04 t 
52.57 t 

140.29 140.29 s 
127.14 d 
64.44 t 
56.45 q 
56.05 q 

Ref. 4 

105.68 d 
146.24 s 
149.25 s 
101.07 d 
136.02 s 
123.64 s 
51.93 s 
60.30 d 

168.90 s 
42.34 t 
77.78 d 
48.29 d 
31.54 d 
26.81 t 
59.94 d 
42.34 t 
50.11 t 
52.66 t 

140.63 s 
127.16 d 
64.55 t 
56.42 q 
56.18 q 

Ref. 5 

105.68 d 
146.11 s 
149.13 s 
101.00 d 
135.91 s 
123.48 s 
51.84 s 
59.84 d 

168.78 s 
50.09 t 
77.64 d 
48.18 d 
31.50 d 
26.73 t 
60.28 d 
42.28 t 
52.57 t 
42.28 t 

140.40 s 
127.14 d 
64.47 t 
56.43 q 
56.08 q 

Ref. 6 Ref. 8 

105.7 d 105.1 d 
146.2 s 145.6 s 
149.3 s 148.5 s 
101.1 d 100.5 d 
136.0 s 135.3 s 
123.6 s 122.9 s 
51.9 s 51.4 s 
60.3 d 59.8” d 

168.9 s 168.2 s 
42.3 5 41.8 t 
77.8 d 77.1 d 
48.3 d 47.7 d 
31.5 d 31.1 d 
26.8 t 26.3 t 

42.3 t 41.9 t 
50.1 t 49.6 t 
52.7 t 52.1 t 

140.6 s 139.8 8 
127.2 d 126.7 d 
64.6 t 64.0 t 

59.9 d 59.3” d 

56.4 q 55.7 q 
56.2 q 56.0 q 

Interchangeable. 

shift rules, off-resonance spectral data, and spin-lattice 
relaxation time data of the low-field quaternary carbons. 
Verpoorte and Baerheim Svendsen (4) also reported on the 
‘X-NMR spectroscopy of strychnine, brucine, and alcu- 
ronium, and Srinivasan and Lichter (5) reported on the 
13C-NMR spectroscopy of strychnine and brucine. 

My extended studies of 13C-NMR spectroscopy of a 
series of Strychnos alkaloids (6) showed that several as- 
signments made by Srinivasan and Lichter were erroneous. 
Furthermore, this study (6 )  made it necessary to reverse 
my earlier assignment of the signals for C-1 and C-2 in 
strychnine. Leung and Jones (7) reported their investiga- 
tion of the 13C-NMR spectroscopy of some Strychnos al- 
kaloids, and their assignment for the spectrum of strych- 
nine was the same (except for C-1 and C-2) as in my second 
paper (6) .  Wenkert et al. (8) also reported on the 13C-NMR 
spectroscopy of a series of Strychnos alkaloids. Their as- 
signment of the strychnine spectrum was similar. All 
spectral data of Refs. 1-8 are summarized in Tables I and 
11. 

If the results reported by Singh et al. (1) are compared 
with those reported by the other investigators, a great deal 
of discrepancy is observed. The multiplicity for some sig- 
nals was not reported by Singh et  al. [C-7 (52.01, C-11 
(48.2), C-18 (52.8), and C-20 (50.4) in strychnine]; for other 
signals [ i e . ,  42.5 (d), 42.9 (d), and 31.7 (t) in strychnine], 
the multiplicities were different from those reported in the 
other studies [42.3 (t), 42.8 (t), and 31.5 (d)] (2-8). In the 
off-resonance decoupled spectra of strychnine and brucine, 

I: R =  R, = H 
11: R = OCH,, R, = H 

not all of the sigiials show neat first-order splitting pat- 
terns. Also, second-order patterns are observed for some 
signals (9). This finding is readily understood if the PMR 
spectrum of strychnine is considered, where several 
methylene groups have the attached geminal protons at 
rather different shifts (10). However, by using different 
decoupling frequencies in the off-resonance decoupled 
spectra, the multiplicity of the signals can be established 
(11). The erroneous interpretation of the multiplicity of 
some signals necessarily leads to an erroneous assignment 
of these signals. 

Furthermore, the assignment of C-17 by Singh et al. (1) 
is different from the assignments reported by other in- 
vestigators. However, the assignment of the 42.8-ppm 
signal to this carbon is confirmed by comparison of the 
spectra of strychnine and pseudostrychnine (6). In the 
spectrum of the latter compound, the 26.8-ppm signal is 
shifted downfield considerably, which makes assignment 
of this signal to C-15 plausible. These arguments and the 
data given in Tables I and I1 indicate that the assignment 
of the strychnine and brucine spectra according to Singh 
et al. (1) is inaccurate. The assignment of the 13C-NMR 
spectra of strychnine and brucine as reported by Wehrli 
(3), Verpoorte et al. (61, and Wenkert et al. (8) is cor- 
rect. 

(1) S. P. Singh, V. I. Stenberg, S. S. Parmar, and S. A. Farnum, J.  

(2) F. W. Wehrli, J.  Chem. SOC. Chem. Commun., 1973,379. 
(3) F. W. Wehrli, Adu. Mol. Relaxation Processes, 6,139 (1974). 
(4) R. Verpoorte and A. Baerheim Svendsen, Pharm. Weekbl., 111, 

(5) P. R. Srinivasan and R. L. Lichter, Org. Magn. Reson., 8, 198 

(6) R. Verpoorte, P. J. Hylands, and N. G. Bisset, ibid., 9, 567 

(7) J. Leung and A. J. Jones, ibid., 9,333 (1977). 
(8) E. Wenkert, A. H. T. Cheung, H. E. Gottlieb, M. C. Koch, A. 

Rabaron, and M. M. Plat, J .  Org. Chem., 43.1099 (1978). 
(9) E. W. Hagaman, Org. Magn. Reson., 8,389 (1976). 
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745 (1976). 

( 1976). 

(1977). 
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Potential Effect of Early Blood Sampling 
Schedule on Calculated Pharmacokinetic 

z L I I I I I I Parameters of Drugs after 5 10 15 20 25 30 

Intravenous Administration 

Keyphrases Pharmacokinetics-effect of blood sampling time on 
calculated parameters after intravenous administration 0 Volume of 
distribution-effect of blood sampling time on values calculated after 
intravenous administration 0 Blood sampling time-effect on calculated 
pharmacokinetic parameters after intravenous administration 

To the Editor: 
The disposition of a drug in the body often can be 

studied best by intravenous administration (1-5). Differ- 
ences in experimental methodology are known to affect the 
results of a pharmacokinetic study. For example, an in- 
sufficient sampling period or the lack of a sensitive assay 
may result in the underestimation of terminal biological 
half-lives of drugs (4-9). A nonspecific assay can cause 
overestimation of the plasma area under the curve and 
underestimation of the total plasma clearance (10). Sam- 
pling devices (11) and blood containers (12) might also 
affect assay results and, hence, the calculated phar- 
macokinetic parameters. Marked differences in protein 
binding (possibly also the concentration) of several drugs 
and bilirubin in serum and heparinized plasma were 
demonstrated (13). Differences in the curve-fitting tech- 
nique also might affect the characterization of phar- 
macokinetic properties (4,5, 14,15). 

In conventional pharmacokinetic studies, plasma con- 
centration profiles between the beginning of intravenous 
injection or infusion ( ix . ,  time zero) and the time of the 
first blood sample collected usually are extrapolated or 
predicted based on plasma level data obtained at  later 
times. The accuracy of such an extrapolation method has 
been questioned (16, 17). Marked underestimations of 
extrapolated plasma concentrations at time zero and 
probably of extrapolated plasma areas under the curve 
between time zero and the first sampling time (15 min) 
after rapid intravenous injection of sulfamethizole to five 
dogs were found when a constant blood withdrawal device 
and the conventional multiple blood sampling techniques 
were employed simultaneously (16). Disposition kinetics 
of a drug within the first few minutes after intravenous 
injection are often more complicated than is commonly 
recognized (17). For example, the true peak plasma con- 
centration might be several times higher than the ex- 
trapolated concentration (17). Furthermore, the peak 
concentration in humans might occur 0.5-2 min after the 
end of dosing; a t  time zero, the true plasma concentration 

MINUTES 
Figure 1-Correlation between the auerage initial uolume of distribu- 
tion, V,, and the time of the first blood sampling after an intravenous 
dose of digoxin in sewn studies on humans with normal renal function; 
V, = 17.4 + 2.53t (r2 = 0.9452). 

a t  the normal sampling site should always be zero and not 
the extrapolated zero-time value. 

This review indicates that the early blood sampling 
schedule used in an intravenous study sometimes might 
significantly affect the obtained disposition function and, 
hence, the resultant multicompartmental modeling. In a 
recent study on quinidine, it was stated that the sampling 
pattern selected in a study also influences the choice of a 
model (15). Although it was not elaborated further, this 
statement is consistent with the contention of the possible 
early sampling schedule effect. 

The literature often shows marked variability in the 
mean initial volume of distribution or mean volume of the 
central compartment reported in different intravenous 
studies on the same drug in similar subjects or patients. 
Although many factors might account for some of the 
differences, there often is a general pattern that the mean 
initial volume of distribution is smaller if the first blood 
sample is collected earlier in a study. The purpose of this 
communication is to point out this apparent trend using 
digoxin, gentamicin, and thiopental as examples. 

Mean apparent initial volumes of distribution of digoxin 
reported or analyzed from six studies (18-23) on healthy 
adults with normal renal function are used for comparison. 
Subject characteristics, the duration of intravenous ad- 
ministration, the time of the first blood sampling, and the 
calculated mean volume value for each study are summa- 
rized in Table I. An apparent linear relationship between 
the mean initial volume of distribution and the time of the 
first blood sample was found (Fig. 1). The lowest volume, 
20 liters, and the highest volume, 99 liters, were obtained 
from studies with the first blood sample collected at 3 and 
30 min, respectively. 

Although it is more meaningful to compare the volume 
of distribution in terms of volume per unit of body weight, 
this comparison usually is not possible since information 
on body weight was reported only in one study (21). For 
that study, the value (24.5 liters) reported in Table I was 
corrected for a 70-kg body weight. Since these studies in- 
volved normal adult subjects with a relatively narrow age 
range (no age information in Ref. 19), it is unlikely that 
body weight is a major factor for the marked variation in 
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To the Editor: 
The disposition of a drug in the body often can be 

studied best by intravenous administration (1-5). Differ- 
ences in experimental methodology are known to affect the 
results of a pharmacokinetic study. For example, an in- 
sufficient sampling period or the lack of a sensitive assay 
may result in the underestimation of terminal biological 
half-lives of drugs (4-9). A nonspecific assay can cause 
overestimation of the plasma area under the curve and 
underestimation of the total plasma clearance (10). Sam- 
pling devices (11) and blood containers (12) might also 
affect assay results and, hence, the calculated phar- 
macokinetic parameters. Marked differences in protein 
binding (possibly also the concentration) of several drugs 
and bilirubin in serum and heparinized plasma were 
demonstrated (13). Differences in the curve-fitting tech- 
nique also might affect the characterization of phar- 
macokinetic properties (4,5, 14,15). 

In conventional pharmacokinetic studies, plasma con- 
centration profiles between the beginning of intravenous 
injection or infusion ( ix . ,  time zero) and the time of the 
first blood sample collected usually are extrapolated or 
predicted based on plasma level data obtained at  later 
times. The accuracy of such an extrapolation method has 
been questioned (16, 17). Marked underestimations of 
extrapolated plasma concentrations at time zero and 
probably of extrapolated plasma areas under the curve 
between time zero and the first sampling time (15 min) 
after rapid intravenous injection of sulfamethizole to five 
dogs were found when a constant blood withdrawal device 
and the conventional multiple blood sampling techniques 
were employed simultaneously (16). Disposition kinetics 
of a drug within the first few minutes after intravenous 
injection are often more complicated than is commonly 
recognized (17). For example, the true peak plasma con- 
centration might be several times higher than the ex- 
trapolated concentration (17). Furthermore, the peak 
concentration in humans might occur 0.5-2 min after the 
end of dosing; a t  time zero, the true plasma concentration 

MINUTES 
Figure 1-Correlation between the auerage initial uolume of distribu- 
tion, V,, and the time of the first blood sampling after an intravenous 
dose of digoxin in sewn studies on humans with normal renal function; 
V, = 17.4 + 2.53t (r2 = 0.9452). 

a t  the normal sampling site should always be zero and not 
the extrapolated zero-time value. 

This review indicates that the early blood sampling 
schedule used in an intravenous study sometimes might 
significantly affect the obtained disposition function and, 
hence, the resultant multicompartmental modeling. In a 
recent study on quinidine, it was stated that the sampling 
pattern selected in a study also influences the choice of a 
model (15). Although it was not elaborated further, this 
statement is consistent with the contention of the possible 
early sampling schedule effect. 

The literature often shows marked variability in the 
mean initial volume of distribution or mean volume of the 
central compartment reported in different intravenous 
studies on the same drug in similar subjects or patients. 
Although many factors might account for some of the 
differences, there often is a general pattern that the mean 
initial volume of distribution is smaller if the first blood 
sample is collected earlier in a study. The purpose of this 
communication is to point out this apparent trend using 
digoxin, gentamicin, and thiopental as examples. 

Mean apparent initial volumes of distribution of digoxin 
reported or analyzed from six studies (18-23) on healthy 
adults with normal renal function are used for comparison. 
Subject characteristics, the duration of intravenous ad- 
ministration, the time of the first blood sampling, and the 
calculated mean volume value for each study are summa- 
rized in Table I. An apparent linear relationship between 
the mean initial volume of distribution and the time of the 
first blood sample was found (Fig. 1). The lowest volume, 
20 liters, and the highest volume, 99 liters, were obtained 
from studies with the first blood sample collected at 3 and 
30 min, respectively. 

Although it is more meaningful to compare the volume 
of distribution in terms of volume per unit of body weight, 
this comparison usually is not possible since information 
on body weight was reported only in one study (21). For 
that study, the value (24.5 liters) reported in Table I was 
corrected for a 70-kg body weight. Since these studies in- 
volved normal adult subjects with a relatively narrow age 
range (no age information in Ref. 19), it is unlikely that 
body weight is a major factor for the marked variation in 
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Table I-Subject Characteristics, Duration of Intravenous Digoxin Dosing, Time of First Blood Sampling, and Calculated Initial 
Volume of Distribution of Digoxin from Six Studies in Normal Adult Subjects and One Study in Neonates and Infants 

Number Age 
Study of Range, 
(Ref.) Subjects Sex years 

Time of 

of Sampling Estimated 

Dosing Dosing, min Vca, liters 

Duration First Blood 

Intravenous after Average 

4 M 27-35 Bolus 2 37.46 
2 (19) 4 - - 1 min 3 20.06 
1(18)  

3 (20) 4 2 M ; 2 F  19-40 Bolus 4 25.0b 
4 (21) 12 M 23-34 60-min infusion 5 c  24.5d 
5 (22) 4 3 M ; l F  22-29 Bolus 15 50.0b 
6 (23) 6 - 24-26 Bolus 30 99.0e 
7 (25) 7 - Neonates 2-3 min 30 9l.Od 

and infants 
~~~~~~ ___ ~ ~~~~~ ~ ~ ~ 

a Initial volume of distribution. b Estimated by this investigator based on the graphical data from the previous study. 
Corrected for 70-kg body weight for comparison. 

Four blood samples also were coilected at 0.25, 
0.5,0.75, and 1 hr during infusion. Calculated by Reuning et al. (24). 

the mean initial volume of distribution. The results (Table 
I) from a study in neonates and infants (25) also are con- 
sistent with the data from the adult studies. The mean 
initial volume of distribution in these neonates and infants 
after correction to 70 kg is 91 liters, and the first blood 
sample in that study (25) was collected at  30 min. 

For gentamicin, the mean initial volume of distribution 
in normal subjects could be estimated as 0.045 litedkg in 
one study (26) with the first sample collected 1.0 rnin after 
a bolus dose (1.5 mg and 2.0 mg/kg), and as 0.099 liter/kg 
from another bolus study (27), with the first sample col- 
lected at  15 min. In a multiple 1-hr infusion study in pa- 
tients with normal and moderately impaired renal func- 
tion, the mean initial volumes of distribution of gentamicin 
were 0.21 and 0.20 liter/kg, respectively. 

The initial volume of distribution of thiopental in one 
normal subject could be estimated as 6.4 liters from a bolus 
intravenous study (28) with the first blood sample taken 
probably at  2.4 min. However, the initial volume of dis- 
tribution of thiopental in another normal subject in a study 
conducted in the same laboratory could be estimated as 
60.5 liters (29). In the latter study, the first blood sample 
was collected a t  -45 min. In both studies, the data were 
analyzed based on the two-compartment open model. The 
plasma thiopental levels at 45 and 120 min in both studies, 
after correction for the different doses used, were ap- 
proximately the same. 

The results of this study on three drugs indicate that the 
determination of the apparent initial volume of distribu- 
tion might be affected by the time a t  which the first (and 
probably also the second) blood sample is collected. Al- 
though the marked variation in the volume of distribution 
in these examples might be attributed to the real differ- 
ence, this factor probably is not major. In general, the most 
important factor affecting the volume of distribution of 
the same drug in normal subjects is the body weight. The 
wide range of the mean initial volume of digoxin from 
several studies and of thiopental from two (typical) 
subjects is not accounted for by the presumably relatively 
much smaller differences in body weight used in each 
study. Differences in assay accuracy also can be ruled out 
as a major factor since most assays should be more accurate 
for plasma samples with higher drug concentrations, which 
usually were more important in the determination of the 
initial volume of distribution. 

The intersubject variation in the initial volume of dis- 
tribution from the same study often was much less than 

the interstudy variation (18, 21, 22, 25), indicating the 
possible influence of study design on the calculated 
pharmacokinetic parameter. 

The method used in these comparisons of the three 
drugs is not perfect. A more scientifically designed ex- 
periment is being planned to eliminate or minimize most 
of the other potential contributing factors and to identify 
the exact mechanisms for the observed phenomena. The 
results of this preliminary report indicate that one should 
be prudent in interpreting the markedly different phar- 
macokinetic parameters, especially the initial volume of 
distribution, reported in the literature. Some guidelines 
or standardization of studying and reporting the initial 
volume of distribution might be useful. 
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Mesophase Formation during Cholesterol 
Dissolution in Ursodeoxycholate-Lecithin 
Solutions: New Mechanism for 
Gallstone Dissolution in Humans 

Keyphrases Cholesterol-mesophase formation during dissolution 
in ursodeoxycholate-lecithin solutions, mechanism for gallstone disso- 
lution in humans Gallstones-mechanism for dissolution in humans, 
mesophase formation during cholesterol dissolution in ursodeoxycho- 
late-lecithin solutions 

To the Editor: 

It  is well established that oral administration of 
chenodeoxycholic acid (I) induces bile desaturation in 
cholesterol and gradual dissohtion of cholesterol gallstones 
in humans (1). Makino et al. (2) reported that ursodeox- 
ycholic acid (11), the 7P-hydroxy epimer of I, also can in- 
duce bile desaturation in humans, an observation con- 
firmed by other investigators (3). 

The cholesterol saturation of bile (percent saturation) 
is defined as (Csample/Cs) X 100, where C, is the concen- 
tration in the sample if it is saturated fully with cholesterol, 
i.e., the solubility a t  equilibrium. In model systems, C, is 
determined almost entirely by the molar proportions of 
bile acids and lecithin (4-6). The Cs value usually is as- 
sumed to be that value determined experimentally for the 
model system having an identical proportion of bile acids 
and lecithin, and the actual value for percentage saturation 
is determined graphically (7) or analytically (8). This ap- 
proach has been assumed to be correct since C, determined 
in bile samples from gallstone patients did not differ sig- 
nificantly from that of the model system (6) .  Accordingly, 
there has been rather satisfactory agreement between 
predicted and measured percent saturation in bile samples 
obtained from gallstone patients (9). The C, value was 
considered to be uninfluenced by biliary bile acid com- 
position since changing the relative proportion of the 
common bile acids (cholic, deoxycholic, and I) in model 
systems had little influence on C, (4 ,5) .  

Igimi et al. (10) reported that the ability of I1 to solu- 
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Figure 1-Apparent solubility profiles of cholesteroimonohydrate in 
116 mM bile salt, 32 mM lecithin, 0.1 M NaCl, and 0.01 M phosphate 
buffer media at 37O. Key: 0, glycochenodeoxycholate; 0, taurocheno- 
deoxycholate; A, taurocholate; and 0, glycoursodeoxycholate; the arrow 
indicates the time of occurrence of a nonfilterable cloudiness due to  
mesophase formation in the glycoursodeoxycholate system. 

bilize cholesterol both in the presence and absence of lec- 
ithin was strikingly inferior to that of I and concluded that 
I1 might well be less efficacious than I for gallstone disso- 
lution. Carey and coworkers (11) confirmed these obser- 
vations and also reported (12) that the maximum capacity 
of model bile systems to solubilize cholesterol was de- 
pressed in proportion to the percent of I1 conjugates in bile 
salt mixtures. Thus, the micellar zone in the phase diagram 
simulating bile appears to be reduced by the presence of 
11. Carey and KO (12) also proposed that a new C, value 
must be used to calculate the percent saturation in gall- 
stone patients receiving I1 and presented an “urso-cor- 
rection factor” to facilitate such calculations. Nevertheless, 
initial clinical studies (3) suggested that gallstone disso- 
lution in patients receiving I1 did not occur more slowly 
than in those receiving I. Indeed, several instances of rather 
rapid dissolution were observed. To rationalize these dis- 
crepancies, we undertook a systematic study of cholesterol 
dissolution with 11-lecithin solutions. 

In recent dissolution studies’ under sink conditions 
using methodology outlined previously (13), we found that 
over a wide range of bile acid, lecithin, and electrolyte 
concentrations, the initial dissolution rate of cholesterol 
monohydrate in I1 conjugate-lecithin media was two to 70 
times lower than in corresponding I media. The dissolution 
of cholesterol and of gallstones in uitro was shown previ- 
ously (9,14) to be controlled interfacially, with the inter- 
facial resistance R = (h /D + 1/P) being a function of the 
dissolution medium composition. The evaluation of R and 
hence P (the effective permeability coefficient of the in- 
terfacial barrier) under sink conditions requires an esti- 
mate of C,, the solute saturation concentration, since R = 
AC,/J, where A is the area of the dissolving surface and J 
is the initial dissolution rate (15). 

However, in contrast to media containing I and lecithin 
or I conjugates and lecithin, attempts to measure C,  with 
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To the Editor: 

It  is well established that oral administration of 
chenodeoxycholic acid (I) induces bile desaturation in 
cholesterol and gradual dissohtion of cholesterol gallstones 
in humans (1). Makino et al. (2) reported that ursodeox- 
ycholic acid (11), the 7P-hydroxy epimer of I, also can in- 
duce bile desaturation in humans, an observation con- 
firmed by other investigators (3). 

The cholesterol saturation of bile (percent saturation) 
is defined as (Csample/Cs) X 100, where C, is the concen- 
tration in the sample if it is saturated fully with cholesterol, 
i.e., the solubility a t  equilibrium. In model systems, C, is 
determined almost entirely by the molar proportions of 
bile acids and lecithin (4-6). The Cs value usually is as- 
sumed to be that value determined experimentally for the 
model system having an identical proportion of bile acids 
and lecithin, and the actual value for percentage saturation 
is determined graphically (7) or analytically (8). This ap- 
proach has been assumed to be correct since C, determined 
in bile samples from gallstone patients did not differ sig- 
nificantly from that of the model system (6) .  Accordingly, 
there has been rather satisfactory agreement between 
predicted and measured percent saturation in bile samples 
obtained from gallstone patients (9). The C, value was 
considered to be uninfluenced by biliary bile acid com- 
position since changing the relative proportion of the 
common bile acids (cholic, deoxycholic, and I) in model 
systems had little influence on C, (4 ,5) .  

Igimi et al. (10) reported that the ability of I1 to solu- 
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Figure 1-Apparent solubility profiles of cholesteroimonohydrate in 
116 mM bile salt, 32 mM lecithin, 0.1 M NaCl, and 0.01 M phosphate 
buffer media at 37O. Key: 0, glycochenodeoxycholate; 0, taurocheno- 
deoxycholate; A, taurocholate; and 0, glycoursodeoxycholate; the arrow 
indicates the time of occurrence of a nonfilterable cloudiness due to  
mesophase formation in the glycoursodeoxycholate system. 

bilize cholesterol both in the presence and absence of lec- 
ithin was strikingly inferior to that of I and concluded that 
I1 might well be less efficacious than I for gallstone disso- 
lution. Carey and coworkers (11) confirmed these obser- 
vations and also reported (12) that the maximum capacity 
of model bile systems to solubilize cholesterol was de- 
pressed in proportion to the percent of I1 conjugates in bile 
salt mixtures. Thus, the micellar zone in the phase diagram 
simulating bile appears to be reduced by the presence of 
11. Carey and KO (12) also proposed that a new C, value 
must be used to calculate the percent saturation in gall- 
stone patients receiving I1 and presented an “urso-cor- 
rection factor” to facilitate such calculations. Nevertheless, 
initial clinical studies (3) suggested that gallstone disso- 
lution in patients receiving I1 did not occur more slowly 
than in those receiving I. Indeed, several instances of rather 
rapid dissolution were observed. To rationalize these dis- 
crepancies, we undertook a systematic study of cholesterol 
dissolution with 11-lecithin solutions. 

In recent dissolution studies’ under sink conditions 
using methodology outlined previously (13), we found that 
over a wide range of bile acid, lecithin, and electrolyte 
concentrations, the initial dissolution rate of cholesterol 
monohydrate in I1 conjugate-lecithin media was two to 70 
times lower than in corresponding I media. The dissolution 
of cholesterol and of gallstones in uitro was shown previ- 
ously (9,14) to be controlled interfacially, with the inter- 
facial resistance R = (h /D + 1/P) being a function of the 
dissolution medium composition. The evaluation of R and 
hence P (the effective permeability coefficient of the in- 
terfacial barrier) under sink conditions requires an esti- 
mate of C,, the solute saturation concentration, since R = 
AC,/J, where A is the area of the dissolving surface and J 
is the initial dissolution rate (15). 

However, in contrast to media containing I and lecithin 
or I conjugates and lecithin, attempts to measure C,  with 
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Figure 2-Mesophase growth on cholesterol monohydrate crystal 
(original magnification 4 0 X )  immersed in a 174 m M  ursodeoxycho- 
late-lecithin (48 mM) medium at 37” for 20 hr. 

powder samples of cholesterol monohydrate in media 
containing I1 conjugates (glycine or taurine) and lecithin, 
using conventional methodology, were complicated by the 
development of turbidity in the supernate, which was not 
removed by filtration. In addition, the release of cholesterol 
into the I1 conjugate-lecithin media continued and even 
increased beyond the apparent equilibrium solubility (Fig. 
1). 

Microscopic examination of the cloudy supernate re- 
vealed a globular phase of a liquid-crystalline nature, 
which on analysis, following centrifugation, contained 
substantial amounts of lecithin (16) and cholesterol. The 
rate of formation of this mesophase in powder slurries, as 
judged by the appearance of turbidity and an increase in 
the apparent solubility, was dependent in the case of gly- 
coursodeoxycholate (111) on the 111-lecithin ratio and the 
total lipid concentration. For example, using a 111-lecithin 
ratio of 3.61 and a I11 concentration of 116 mM, cloudiness 
did not occur until about the 10th day. However, a t  a ratio 
of 3.61 with a I11 concentration of 174 mM or a t  a ratio of 
2.72 with a I11 concentration of 87 mM, the time for me- 
sophase initiation was much shorter (-24 hr). Mesophase 
formation also was retarded greatly when compressed disks 
of cholesterol monohydrate were used rather than powder 
slurries. 

These data and other studies’ suggest that I11 has a 
much greater propensity than glycochenodeoxycholate 
(IV) to promote mesophase formation. T o  test this possi- 
bility, single crystals of cholesterol monohydrate were 
mounted as described previously (17) in a 1-cm spectro- 
scopic cell and examined during dissolution under static 
conditions using a horizontally mounted microscope in- 
cubated a t  37”. During dissolution in a 174 mM III-leci- 
thin (48 mM) medium, mesophase growth on the choles- 
terol crystal surface became evident in a few hours. By 24 

hr, the crystal surface was coated with mesophase spher- 
ulites (-40-150 pm in diameter) (Fig. 2). By contrast, 
crystals subjected to  a IV-lecithin medium of similar 
composition did not show evidence of mesophase growth; 
dissolution was more rapid than in 111. 

In gallstone formation, the problem usually was con- 
sidered in terms of a solid, crystalline cholesterol mono- 
hydrate phase separating from a supersaturated, isotropic 
micellar phase; for dissolution, the problem was thought 
to be the slow dissolution of crystalline cholesterol into an 
unsaturated micellar solution. Although a mesomorphic 
liquid crystalline phase occasionally has been observed in 
human bile samples (18,19) or in animals in which sup- 
ersaturated bile was induced (20), a mesomorphic phase 
generally was not considered to be involved in gallstone 
formation or dissolution since the mesomorphic phase 
occurred in model systems only at  lower ratios of bile acids 
to  lecithin than had been reported for bile samples from 
gallstone patients (21). 

These observations indicate that mesophase formation 
and dispersion may occur during gallstone dissolution in 
patients receiving 11. Since the mesophase density differs 
from bile, gallstone dissolution may involve flotation of a 
mesophase in addition to simple molecular and micellar 
diffusion and convection. 
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Coupling of Steroid Hormones t o  
Biodegradable Poly(a-amino acids) I: 
Norethindrone Coupled t o  
Poly-N5- (3-hydroxypropyl) -L-glutamine 
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trolled release from coupled compounds 0 Contraceptives-norethin- 
drone, coupling to poly(a-amino acids), controlled release from coupled 
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To the Editor: 
Sustained release of drugs from polymeric matrixes has 

received increased interest (1-5). Hormone release from 
such systems was investigated to obtain devices for long- 
term contraceptive purposes. A new approach in the re- 
lease of hormones from polymeric systems is the use of 
covalently bound polymer-hormone compounds that are 
biodegradable and do not need removal after implantation. 
Although a few examples of steroids being bonded cova- 
lently to polymers have been reported (6-8), the coupling 
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of steroids to Biodegradable polymers was presentee. only 
recently (9). Ve wish to report a new derivatization of 
17a-ethynyl-17P-hydroxy steroids, which are appropriate 
for attachment to biodegradable poly( a-amino acids). 
Poly(hydroxyalky1)-L-glutamines (111) were studied by 

several investigators (10, Iij .  These polymers are prepared 
through the base-catalyzed polymerization of y-ben- 
zyl-L-glutamate N-carboxyanhydride (I), giving the 
polymeric benzyl-L-glutamate (II), followed by displace- 
ment of the benzyl group with the desired hydroxyalkyl 
amines (12) (Scheme I). The polymers are water soluble 
but become water insoluble upon substitution with hy- 
drophobic steroids. 

The steroid selected for derivatization was norethin- 
drone (IV), an active progestin (Scheme 11). Reaction of 
IV in methylene chloride with a stoichiometric amount of 
pyridine and an excess of phosgene at  room temperature 
resulted in a 77% yield of norethindrone-17/3-chlorofor- 
mate (V, mp 103-105" dec.). The reaction was monitored 
by TLC until IV had disappeared completely. The struc- 
ture of V then was verified; IR (v, KBr pellet): 1780 
(chloroformate) cm-'; 'H-NMR (6, CDC13): 5.80 (s, lH,  
4l), 2.77 (s, lH, 21), and 1.00 (s, 3H, 18). 

Compound V is unstable and was derivatized to further 
confirm its structure and to investigate its potential for the 
coupling with polymer IIIa. Compound V was reacted with 

These numbers correspond to the standard nomenclature for carbon atoms of 
the steroid skeleton to which the protons are attached. The carbonate carbon is 
number 22, and the alkyl groups of the carbonate esters are numbered from 23 to 
28, where 28 is the terminal carbon of the hexylcarbonate (VII). 
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Biodegradable Poly(a-amino acids) I: 
Norethindrone Coupled t o  
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a stoichiometric amount of pyridine and excess methanol 
or hexanol in dichloromethane to give norethindrone- 
17@-methylcarbonate (VI, 84% yield, mp 153-154”) or 
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1980 United States Pharmacopeia-National Formulary. The United 
States Pharmacopeial Convention. 1980.1505 pp. 21 X 28.5 cm. Price 
$90.00 postpaid (domestic and foreign), including all annual supple- 
ments to USP XX and N F  XV; separately, $65.00 for the book and 
$7.00 for the first supplement. (Available from Mack Publishing Co., 
20th and Northampton Streets, Easton, PA 18042; orders also may be 
placed with state pharmaceutical associations.) 
For the first time, the United States Pharmacopeia and the National 

Formulary are published together in one volume. These compendia set 
forth legally enforceable standards for drug strength, quality, purity, 
packaging, and labeling. 

USP XX comprises the first portion of this volume. Following a section 
of introductory material, additions, deletions, and title changes made 
since USP XIX are listed. Featured next are more than 2300 monographs 
covering drug substances and dosage forms. The monographs include 
definitions of identity, packaging and storage information, identification 
tests, and assays. Category, dose, sizes available, and dispensing infor- 
mation previously included in USP-NF monographs now appears in a 
separate book, USP Dispensing Information. 

The 331-page section of general chapters that  follows the monographs 
includes descriptions of microbiological tests, biological tests and assays, 
chemical tests and assays, and physical tests and determinations. The 
general chapters also include discussions of topics such as dosage form 
stability, controlled drug regulations, and child-resistant containers. 

The next section includes descriptions of the reagents, indicators, and 
solutions that are required in conducting USP and NF tests and assays. 
The final section of USP XX contains reference tables, among which is 
a listing of pharmaceutical ingredients by category. A table that gives 
descriptive and solubility statements for USP and NF substances also 
is included. 

The section of the book corresponding to NF XV also begins with an 
introductory discussion. Almost 200 monographs for inactive pharma- 
ceutical ingredients are given in NF XV. These monographs also include 
identity statements along with packaging and storage information, 
identification tests, and assays. 

A 128-page appendix to USP XX follows, which includes excerpts of 
Federal antibiotic regulations. The book concludes with a combined index 
to  USP XX and NFXV. 

The standards set forth bv USP and NF are enforced by the U.S. 
government and by state governments. The USP XX-NF XV-standards 
became official July 1, 1980. 

Staff Review 

United States Pharmacopeia Dispensing Information. The United 
States Pharmacopeial Convention. 1980.20.5 X 28.5 cm. 816 pp. Price 
$18.75, including updates (quantity discounts available). (Available 
from Mack Publishing Co., 20th and Northampton Streets, Easton, 
PA 18042.) 
This new companion to the United States Pharmacopeia-National 

Formulary presents dispensing information for both the practitioner and 
the patient. Over 300 experts in pharmacy, medicine, dentistry, and 
nursing participated in the review process, and additional review and 
input were provided by hundreds of other practitioners and patients. 

The first of the three sections of this book contains information ori- 
ented toward the health care provider. There are nearly 600 pages of drug 
monographs arranged in alphabetical order by generic name. Each 
monograph includes a category statement, precautions to consider, side 
effects, patient consultation, general dosing information, and dosage 
forms. There are 364 general monographs providing information on al- 
most 1200 drug substances and products which represent thousands of 
different brands. 

The second section contains patient-oriented information presented 
in nontechnical language. This material should aid in reinforcing the 
therapy selected by the prescriber. There are 213 monographs, including 
42 class monographs representing 155 drug substances. The information 
corresponds to that presented in the prescriber-oriented section. 

The third section is an index listing drug entities by official names, 

categories of use, and selected medical information such as pregnancy 
warnings and breastfeeding warnings. There are cross-references by se- 
lected brand names (both US. and Canadian) and older nonproprietary 
names. 

Bimonthly updates of this book will provide information on important 
new drugs well as changes in information for previously included drugs. 
Updates are included in the stated price. The first update is provided with 
the main volume and concentrates on topical and vaginal products. 

Staff Reoiew 

Fundamentals of Nuclear  Pharmacy. By GOPAL B. SAHA. 
Springer-Verlag New York Inc., 175 Fifth Ave., New York, NY 10010. 
1979.272 pp. 15 X 23 cm. Price $19.90. 
This book is meant to be used as a textbook for courses on nuclear 

pharmacy aimed toward nuclear pharmacists, nuclear medicine tech- 
nologists, and nuclear medicine residents. It is based on courses taught 
to such students at the University of Arkansas for Medical Sciences. In 
the author’s own words, “the topics included are comprehensive, ranging 
from the basic concept of atomic structure to practical clinical uses of 
radiopharmaceuticals.” 

Included are 12 chapters on the following topics: The Atom; Radio- 
active Decay; Production of Radionuclides; Radionuclide Generators; 
Radiopharmaceuticals; Radiolabeling of Compounds; Characteristics 
of Specific Radiopharmaceuticals; Quality Control of Radiopharma- 
ceuticals; Ftadiopharmacy; Radiation Dosimetry, Safety, and Regulations; 
In Vitro Tests, and Radiopharmacology in Nuclear Medicine (which gives 
a brief description of a variety of nuclear medicine procedures). Each 
chapter is followed by a series of questions (answers are given in an ap- 
pendix) designed to test the students’ understanding of the material 
presented. 

In general, the chapters are well written, with complex theoretical 
concepts explained in an easily understandable manner. The depth of 
the material is appropriate for the indicated audience. Especially well 
written are those chapters dealing with the more practical aspects of 
nuclear pharmacy such as the quality control of radiopharmaceuticals, 
radiopharmacy, safety, in uitro tests, and radiopharmacology. In all cases, 
ample illustrations and examples aid the reader in gaining a practical 
understanding of the material. 

In summary, this is an excellent, reasonably priced textbook for the 
intended audience and should find widespread acceptance by both stu- 
dents and instructors. 

Reviewed by H. Donald Burns 
Division of Nuclear Medicine 
Johns Hopkins University 
Baltimore, MD 21205 

Polarography of Molecules of Biological Significance. Edited by 
W. FRANKLIN SMYTH. Academic, 111 Fifth Ave., New York, NY 
10003.1979.326 pp. 15 X 23 cm. Price $47.50. 
This book covers the polarography of organic molecules that have 

applications in pharmacy, pharmacology, basic medical sciences, envi- 
ronmental sciences, and agriculture. The authors review the literature 
published since 1965. 

The first part of the book is an introduction to voltammetric analysis 
and consists of two chapters. The first chapter has a brief outline of the 
voltammetric methods and their scope and advantages, sampling, initial 
treatment, separation techniques of the active component, and methods 
to make an electroactive molecule. Chapter 2 discusses the practical as- 
pects of the voltammetric method, including the choice of solvents, 
supporting electrolytes, pH, electrodes, cells, and potentiostats. The 
theoretical aspects of the different voltammetric techniques are discussed 
to allow optimum selection. 

The second part of the book (eight chapters) is the application of po- 
larography to different fields. Three chapters deal with the analysis of 
pharmaceuticals. The substances discussed include psychotropic, hyp- 
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Staff Reoiew 

Fundamentals of Nuclear  Pharmacy. By GOPAL B. SAHA. 
Springer-Verlag New York Inc., 175 Fifth Ave., New York, NY 10010. 
1979.272 pp. 15 X 23 cm. Price $19.90. 
This book is meant to be used as a textbook for courses on nuclear 

pharmacy aimed toward nuclear pharmacists, nuclear medicine tech- 
nologists, and nuclear medicine residents. It is based on courses taught 
to such students at the University of Arkansas for Medical Sciences. In 
the author’s own words, “the topics included are comprehensive, ranging 
from the basic concept of atomic structure to practical clinical uses of 
radiopharmaceuticals.” 

Included are 12 chapters on the following topics: The Atom; Radio- 
active Decay; Production of Radionuclides; Radionuclide Generators; 
Radiopharmaceuticals; Radiolabeling of Compounds; Characteristics 
of Specific Radiopharmaceuticals; Quality Control of Radiopharma- 
ceuticals; Ftadiopharmacy; Radiation Dosimetry, Safety, and Regulations; 
In Vitro Tests, and Radiopharmacology in Nuclear Medicine (which gives 
a brief description of a variety of nuclear medicine procedures). Each 
chapter is followed by a series of questions (answers are given in an ap- 
pendix) designed to test the students’ understanding of the material 
presented. 

In general, the chapters are well written, with complex theoretical 
concepts explained in an easily understandable manner. The depth of 
the material is appropriate for the indicated audience. Especially well 
written are those chapters dealing with the more practical aspects of 
nuclear pharmacy such as the quality control of radiopharmaceuticals, 
radiopharmacy, safety, in uitro tests, and radiopharmacology. In all cases, 
ample illustrations and examples aid the reader in gaining a practical 
understanding of the material. 

In summary, this is an excellent, reasonably priced textbook for the 
intended audience and should find widespread acceptance by both stu- 
dents and instructors. 

Reviewed by H. Donald Burns 
Division of Nuclear Medicine 
Johns Hopkins University 
Baltimore, MD 21205 

Polarography of Molecules of Biological Significance. Edited by 
W. FRANKLIN SMYTH. Academic, 111 Fifth Ave., New York, NY 
10003.1979.326 pp. 15 X 23 cm. Price $47.50. 
This book covers the polarography of organic molecules that have 

applications in pharmacy, pharmacology, basic medical sciences, envi- 
ronmental sciences, and agriculture. The authors review the literature 
published since 1965. 

The first part of the book is an introduction to voltammetric analysis 
and consists of two chapters. The first chapter has a brief outline of the 
voltammetric methods and their scope and advantages, sampling, initial 
treatment, separation techniques of the active component, and methods 
to make an electroactive molecule. Chapter 2 discusses the practical as- 
pects of the voltammetric method, including the choice of solvents, 
supporting electrolytes, pH, electrodes, cells, and potentiostats. The 
theoretical aspects of the different voltammetric techniques are discussed 
to allow optimum selection. 

The second part of the book (eight chapters) is the application of po- 
larography to different fields. Three chapters deal with the analysis of 
pharmaceuticals. The substances discussed include psychotropic, hyp- 
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government and by state governments. The USP XX-NF XV-standards 
became official July 1, 1980. 

Staff Review 
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notic, and sedative drugs, vitamins, CNS agents, antituberculins, purines, 
catechols, catecholamines, and antibiotics containing a nitro group. One 
chapter is concerned with the basic medical sciences, including clinical 
medicine, chemical carcinogenesis, neurophysiology, virology, immu- 
nology, and cells. The polarographic apalysis of organic compounds in 
the aqueous environment is discussed in one chapter. Another chapter 
discusses the analysis of organic compounds used in agriculture. The last 
two chapters are concerned with the analysis of organometallic com- 
pounds containing mercury, tin, lead, germanium, and arsenic. 
This much-needed update discusses developments in the polarographic 

analysis of organic molecules that have occurred since Peter Zuman wrote 
“Organic Polarographic Analysis” in 1965. The‘book is well edited and 
is easy to read and understand. Each chapter has its own table of contents, 
and there is a subject index that covers the entire book. Furthermore, each 
chapter has adequate references that enable the reader to extend beyond 
the scope of the present book. 

There are minor flaws. Chapter 4 should have stated that the Ell2 range 
of -0.1 - -0.4 v (saturated calomel electrode) is for a nitro group con- 
jugated to an aromatic system. There are other antibiotics containing a 
nitro group attached to an aliphatic system, such as everninomicins, that 
can be determined polarographically [Kabasakalian et al., J .  Phurm. Sci., 
63,641 (1974)l. It also is unfortunate that the polarographic analysis of 
an important compound such as adriamycin (doxorubicin) was omitted 
[Rao et al., J. Electrochem. Soc., 125,534 (1978)l. There is a printing error 
in the last paragraph on p. 19; (-1.5 - 17 v) should be 1.7 v. 

With the exception of these minor criticisms, the book succeeds ad- 
mirably in its goal. It is recommended for addition to the library of re- 
search workers in the area of pharmaceuticals and allied medicine, ana- 
lytical chemists, environmental scientists, and agriculture. 

Reviewed by Sami Y. Kalliney 
Schering Corporation 
Bloomfield, N J  07003 

NOTICES 

Drug Treatment: Principles and Practice of Clinical Pharmacology and 
Therapeutics, 2nd Ed. Edited by GRAEME S. AVERY. Adis Press, 
515 Madison Ave., New York, NY 10022. 1980. 1382 pp. 17 X 26 cm. 

Microbial Drug Resistance, Vol. 2. Edited by SUSUMU MITSUHASHL 
University Park Press, 233 E. Redwood St., Baltimore, MD 21202. 
1979.439 pp. 14 X 23 cm. Price $42.50. 

Prevention and Detection of Cancer, Part I I ,  Vol. 2: Cancer Detection 
in Specific Sites. Edited by HERBERT E. NIEBURGS. Dekker, 270 
Madison Ave., New York, NY 10016.1980.2456 pp. 18 X 25 cm. Price 
$69.50. 

Nutritional Improvement of Food and Feed Proteins. Edited by 
MENDEL FRIEDMAN. (Advances in Experimental Medicine and 

Biology, Vol. 105.) Plenum, 227 W. 17th St., New York, NY 10011. 
1978.882 pp. 16 X 25 cm. Price $69.50. 

Anatomie Physiologie Pathophysiologie des Menschen: Ein Lehrbuch 
frir Pharmazeuten und Biologen. By CERHARD THEWS, ERNST 
MUTSCHLER, and PETER VAUPEL. Wissenschaftliche Verlags- 
gesellschaft, Stuttgart, West Germany. 1980.792 pp. 16 X 24 cm. 

Pharmacology of Ganglionic Transmission. Edited by D. A. KHAR- 
KEVICH. (Handbook of Experimental Pharmacology, Vol. 5.) 
Springer-Verlag New York Inc., 444 Hartz Way, Secaucus, NJ 07094. 
1980.531 pp. 16 X 24 cm. Price $134.75. 

Electrophoresis-A Survey of Techniques and Applications. Part A: 
Techniques. Edited by Z. DEYL. (Journal of Chromatography Library, 
Vol. 18.) ElseviedNorth Holland Inc., 52 Vanderbilt Ave., New York, 
NY 10017.1979.390 pp. 15 X 24 cm. Price $83.00. 

Handbook of Water-Soluble Gums and Resins. Edited by ROBERT L. 
DAVIDSON. McCraw-Hill, 1221 Avenue of the Americas, New York, 
NY 10020.1980.657 pp. 15 X 23 cm. Price $39.50. 

The Essential Guide to Prescription Drugs, Revised Edition. By JAMES 
W. LONG. Harper & Row, 10 E. 53rd St., New York, NY 10022.1980. 
863 pp. 16 X 23 cm. Price $25.00 cloth and $8.95 paper. 

Progress in  Drug Research, Vol. 23. Edited by ERNST JUCKER. 
Birkhiuser, Basel, Switzerland. 1979.320 pp. 16 X 24 cm. 

The Neurobiology of Dopamine. Edited by A. S. HORN, J. KORF, and 
B. H. C. WESTERINK. Academic, 111 Fifth Ave., New York, NY 
10003.1979.723 pp. 15 X 23 cm. Price $83.00. 

Hagers Handbuch der Pharmazeutischen Praxis, 4th Ed.,  Vol. 6, Part 
C: T-2. Edited by P. H. LIST and L. HORHAMMER. Springer- 
Verlag, Heidelberger Platz 3, Postfach D IOOO, Berlin 33, West Ger- 
many. 1979.582 pp. 17 X 24 cm. Price $88.00. 

Monoamine Oxidase: Structure, Function, and Altered Functions. 
Edited by THOMAS P. SINGER, R. W. VON KORFF, and DENNIS 
L. MURPHY. Academic, 111 Fifth Ave., New York, NY 10003.1979. 
557 pp. 15 X 23 cm. 

Isoenzyme Analysis. By D. W. MOSS. (Analytical Sciences Monographs 
No. 6.) The Chemical Society, Burlington House, London W1V OBN, 
England. 1979. 163 pp. 13 X 22 cm. Price $22.00. 

The International Pharmacopoeia, 3rd Ed.,  Vol. 1: General Methods 
of Analysis. World Health Organization, 1211 Geneva 27, Switzerland. 
1979.223 pp. 15 X 24 cm. Price Sw. fr. 24. 

Clinical Pharmacological Evaluation in Drug Control. (EURO Reports 
and Studies 13.) World Health Organization, 1211 Geneva 27, Swit- 
zerland. 1979.31 pp. 15 X 21 cm. Price Sw. fr. 5. 

The Selection of Essential Drugs. (Technical Report Series 641.) World 
Health Organization, 1211 Geneva 27, Switzerland. 1979.44 pp. 14 X 
20 cm. Price Sw. fr. 3. 

NEW JOURNALS 

Biomaterials. Edited by S. D. BRUCK and G. W. HASTINGS. IPC 
Science and Technology Press, 205 E. 42nd St., New York, NY 10017. 
1980.20 X 30 cm. Price $117.00 (four issues per year). 
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MAINTAINING NAS-NRC CREDIBILITY 

This week I had eggs for breakfast-and not just once, but three times, in 
fact! 

As in the case of many Americans who have been diet conscious regarding cho- 
lesterol, salt, saturated fats, roughage-fiber, and so on, in recent years I had sig- 
nificantly restricted my intake of cholesterol-rich foods. This regimen was followed 
in the belief that the risk of coronary disease would be substantially reduced. 

But the National Academy of Sciences-National Research Council released a 
report in late May in which its Food and Nutrition Board said that, in general, there 
is no reason for a healthy person to reduce his or her intake of cholesterol and fat. 
Indeed, other than a rather mild caution about daily salt use, the report concluded 
that there was really no basis for any of the dietary changes of the type noted 
above. 

This conclusion flew in the face of many other reports and recommendations from 
various other groups that had arrived a t  an opposite conclusion. For example, just 
last February the departments of HEW and Agriculture issued dietary guidelines 
which recommended that healthy Americans should watch how much cholesterol 
and fat they ate. Most physicians have been influenced by guidelines such as these, 
and, as such, they have been counseling their patients along these lines for a t  least 
the past few years. Consequently, widespread changes have occurred in the dietary 
practices of a significant portion of the population. 

What, then, took place to cause this apparent 180’ different conclusion by the 
NAS-NRC Food and Nutrition Board? They did no new studies; they conducted 
no new experiments or research; they drew upon no new journal reports or findings. 
Basically, they just looked a t  all the same information and data that the other groups 
had reviewed, but they arrived a t  quite an opposite conclusion. 

Normally, if a single scientist, or even a single group of scientists, disagrees with 
the mainstream of scientific thought, opinion, or conclusion, little note is taken and 
little importance is attached. But the NAS-NRC Food and Nutrition Board is not 
your everyday sort of run-of-the-mill committee. 

For example, this same body is responsible for establishing the recommended 
daily allow nces of all vitamins, minerals, and so on that we are constantly reminded 
of when d s e e  the package labeling for bread, cereals, milk products, and a host 
of other foods. Beyond their own individual professional credentials, as a group they 
(FNB members) carry the recognition and reputation of the prestigious NAS- 
NRC. 

But in itself that  is no guarantee that biases may not enter the picture.’Stories 
in the public press brought out that  the report author, the committee chairman, 
and a third member who reviewed the report all held paid consultantships with 
various food producers or food trade organizations. Moreover, several other panel 
members had connections with the food industry that would appear to render their 
objectivity suspect in regard to matters with an economic impact on the food in- 
dustry. Some press reports have highlighted these relationships in an apparent effort 
to create doubts regarding the scientific objectivity of the FNB’s report. 

The federal government has made a major effort to eliminate conflict-of-interest 
considerations from arising within its bodies of advisors as well as staff. But when 
carried out to its maximum, it becomes difficult to identify highly qualified people 
because seemingly all the experts have accepted paid industry consultantships or 
other appointments involving some type of monetary consideration. 

We don’t know where the truth lies regarding the health hazard of the dietary 
factors including cholesterol and fat. We suspect that it lies somewhere in between 
the recent NAS-NRC position and the traditional stand. Perhaps there just aren’t 
sufficient data to make any real decision at this time. But, whatever the case, the 
NAS-NRC image of prestige and objectivity has now been tarnished in the public 
eye. 

Several years ago, certain elements in the drug industry exerted a major arm- 
twisting effort to attempt to reverse a position taken by the NAS-NRC Drug Re- 
search Board regarding modifying state antisubstitution laws. The drug industry 
effort came so close to being successful that  the NAS-NRC hierarchy undertook 
a full-scale review of the matter and decided to abolish the Drug Research 
Board. 

NAS-NRC credibility again appears to be a t  stake as a result of the FNB report. 
The voice of science in America is too important and too fragile to allow it to suffer 
the loss of the NAS-NRC as a respected and trusted beacon of scientific truth. 
Consequently, we hope that officialdom a t  NAS-NRC will conduct whatever review 
or investigation is needed to ascertain the objectivity of its FNB’s conclusions and 
recommendations. And, further, we hope that it will institute stringent measures 
in its committee appointment process to avoid the future potential for any bias to 
creep into the reports of any of its panels or boards. 

In commenting on the problem with the ill-fated Drug Research Board, one of 
the former DRB members candidly observed that we can hardly find true experts 
in any field who have no biases; but he suggested that what we must do is identify 
the experts’ biases and then appoint the right mix of people to balance off the re- 
spective influences against each other. It would seem that the NAS-NRC would 
go far in restoring its bruised image if i t  could successfully follow that sage ad- 
vice. / &r c 
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MAINTAINING NAS-NRC CREDIBILITY 
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OPEN FORUM 

Mass Spectra o f  
Dexamethasone and Betamethasone 

The work of Attinil in this issue of the Journal questions an earlier 
report‘ on the distinction between betamethasone and 
dexamethasone by mass spectrometry. The spectra referred to were 
obtained, using reference standard materials, on an instrument that 
was unsophisticated by modern standards. Indeed, the instrument 
belonged to a local university and was used in a service capacity by 
the university staff and students. A t  the time, our laboratories did not 
possess a mass spectrometer. 

On learning of the work of Attinil,  an attempt was made to repeat 
the spectra with modern equipment3. The spectra obtained were 
similar but not identical to those reported by Attini’. 

so different from each other and from spectra obtained on more 
modern instruments. There may have been preliminary 
decomposition because of the minimal control over conditions existing 
within the instrument, or there may have been a “memory” effect 
owing to the service nature of the instrument. Nevertheless, based on 
the spectra received in 1969, the interpretation was reasonable and 
consistent with analogous work as cited. 

and thank those involved. 

We can only speculate as to why the spectra obtained in 1969 were 

We are grateful that this matter has been brought to  our attention 

R. A .  Lodge 
Chemical Standards Division 
Drug Research Laboratories 
Health Protection Branch 
Ottawa, Ontario 
Canada, K1A OL2 

P. Toft 
Monitoring and Criteria Division 
Bureau of Chemical Hazards 
Health Protection Branch 
Ottawa, Ontario 
Canada, K1A OL2 

Received May 2, 1980. 
~~~~~ 

M. Attinh, J .  Phnrm. Sci., 69,991 (1980). 
B. A. Lodge and P. Toft ,  i b d ,  59, 1045 (1970). 
Finnigan 4000, Hewlett-Packard 5980 quadrupole. 

Commentary on Science 

I would like to call attention to some lucid, perspicacious, and 
appropriate comments on science and then suggest that  we all apply 
the stated criteria to our efforts in the pharmaceutical sciences. 

“. . .there is a natural history of  science- (i.e.) science, in any 
given field, goes through a patterned course of grouith and 
development. For example, it seems to me right and natural 
that in any neu’ field of scientific endeavor the observations 

are gross, the hypotheses speculative and full of errors, the 
measurements crude. More important, I hold the opinion that 
this is just  as truly science as the use of  the most refined 
hypotheses and measurements in a more fully developed field 
of study. The  crucial question in either case is not the degree 
of refinement but the  direction of movement. I f  in either 
instance the movement is toward more exact measurement, 
toward more clear-cut and rigorous theory and hypothesis, 
toward findings which have greater validity and generality, 
then  this is a healthy and growing science. I f  not, then it is a 
sterile pseudo science, no matter how exact its methods. 
Science is a developing mode of inquiry, or it is o f  no 
particular importance. . . A science (should endeavor) to wrest 
f rom the phenomena of experience the inherent order they 
contain.”’ 

James E. Tingstad 
Pharmaceutical Products Division 
Abbott Laboratories 
North Chicago, IL 60064 

Received May 23,1980. 

McGraw-Hill, New York, N.Y., 1959, p. 189. 
C. Rogers, in “Psychology: A Study of a Science,” vol. 111, S. Koch, Ed., 

Sulfonamide Microca mules from Gelatin- 
Acacia Coacervates 

The authors of a recent research paper’ pertaining to 
sulfamethoxazole microcapsules prepared from gelatin-acacia 
coacervates cited no studies relating the coacervation pH, the type or 
concentration of the flocculating (dehydrating) agent, or the exposure 
duration and concentration of formaldehyde to the properties of 
powdered products recovered therefrom. The effects of some of these 
factors as well as the extraction of sulfamerazine from intact 
microglobules retrieved from gelatin-acacia coacervates were, 
however, reported previously”. I t  should be apparent from a perusal of 
these 
methods used to produce and recover the sulfonamide microcapsules. 
Therefore, some substantive conclusions from the earlier study2 would 
appear twbe germane to the results and discussion of the more recent 
one’. 

that there is considerable similarity hetween the 

David W.  Newton 
Department of Pharmaceutics 
College of Pharmacy 
University of Nebraska Medical Center 
Omaha, NE 68105 

Received June 2, 1980. 

I H. Takenaka, Y. Kawashima, and S. Y. Lin, J .  fharm Sci.. 69, ,513 (1980). 
I). W. Newton, d .  N. McMullen, and C. H. Hecker, i h i d ,  66, 1327 (1977). 
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Abstract  0 The present study was initiated to provide insight into the 
mechanisms of drug availability from subconjunctival injection. Pilo- 
carpine nitrate was the probe drug, and the albino rabbit was the ex- 
perimental animal. Several volumes, from 50 to 500 p l ,  of drug solution 
were injected subconjunctivally; drug levels were monitored in the tear, 
cornea, aqueous humor, and blood as a function of time. The injection 
site also was examined for residual drug postdosing. Finally, drug was 
placed in the subconjunctival space either by injection through the 
conjunctival membrane or through the eyelid. From these experiments, 
it was concluded that a t  high injection volumes, i e . ,  >200 pl, reflux of 
the drug solution out of the injection site, followed by corneal absorption, 
is the primary mechanism to explain aqueous humor availability of the 
drug. At lower injection volumes, multiple mechanisms, including reflux 
of drug from the injection site and transconjunctival permeation, pene- 
tration of the globe of the eye, and systemic absorption followed by return 
uia the vascular bed, are necessary to explain drug absorption. High 
aqueous humor levels of pilocarpine can be achieved from subconjunctival 
injection as compared to the topical route, provided that large injection 
volumes, i.e., >200 pl, are employed and correspondingly greater amounts 
of drug are administered. No true sustaining of drug availability to the 
aqueous chamber was noted, but local sustaining a t  the injection site was 
evident. 

Keyphrases Pilocarpine-mdhanisms of distribution to cornea, tear, 
aqueous humor, and blood following subconjunctival injection, rabbits 

Absorption, ocular-pilocarpine, mechanisms of distribution following 
subconjunctival injection, rabbits Distribution, ocular-pilocarpine, 
mechanisms of absorption following subconjunctival injection, rabbits 

Subconjunctival administration of ophthalmic drugs 
represents an important, albeit poorly understood, ad- 
ministration route. Some clinicians select this route be- 
cause of the expected sustained drug delivery to the eye, 
whereas others choose it for the expected high drug levels 
that can be achieved in the anterior segment of the eye as 
compared to topical dosing. Whether a high level or a 
sustained effect is achieved appears to depend on the drug, 
the formulation, and the method of injection. 

That drugs do penetrate the eye from subconjunctival 
injection is certain, although the penetration rate may vary 

considerably depending on the drug and formulation. 
However, it is not well understood how the drug moves 
from the injection site to the aqueous chamber. Until a 
clear mechanistic picture is established, drug release pre- 
dictions for different drug entities or formulation changes 
will be based primarily on experience. 

The purpose of the present study was to examine the 
mechanisms of aqueous chamber absorption from sub- 
conjunctival injection for the water-soluble drug pilocar- 
pine. 

BACKGROUND 

The conjunctiva is the thin membrane covering the front of the eyeball 
from the lid margin to the corneoscleral junction. The subconjunctival 
space is the region between the conjunctiva and the eyeball, and sub- 
conjunctival injections place the drug in this area either for a local effect 
or as a repository to provide drug to the aqueous chamber. 

Several mechanisms have been proposed to explain the movement of 
drugs from the subconjunctival site of injection to the anterior segment 
of the eye, i.e., the aqueous chamber: 

1. The drug is absorbed into the conjunctival blood vessels, enters the 
general circulation, and then enters the anterior segment of the eye. 

2. The drug directly penetrates the sclera and underlying layers. 
3. The drug refluxes out of the puncture hole produced in the con- 

junctiva by injection. It then mixes with tears and is absorbed across the 
cornea. 

4. The drug diffuses across the conjunctiva, followed by mixing with 
tears and eventual corneal absorption. 

One early explanation of ocular drug absorption from subconjunctival 
injection was systemic absorption followed by return to the eye. Without 
doubt, most of this injected dose is absorbed into the systemic circulation, 
which represents a considerable loss from the injection site. However, 
given the large volume of distribution of the vascular bed and the small 
amount of drug involved, as well as potential metabolism in the blood, 
it seems unlikely that this route of penetration would be major for most 
drugs. 

The second potential route is direct scleral absorption of drug into the 
aqueous chamber. While this route is possible, the drug would have to 
permeate a relatively impermeable scleral coat (1-4) and traverse a rich 
vascular bed to gain entrance to the aqueous chamber. For most drugs, 
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the difficulty of  scleral penetration as  well as  loss to systemic circulation 
prohahly would cause little. i f  any, drug to  reach the  anterior segment 
o f  the eye. I n  addition, this mechanism would have to he compatihle with 
the very early time of the  peak drug level in the  aqueous chamber tha t  
ih  commonly observed. Nevertheless, McCartney et al. ( S ) ,  on the hasis 
o f  autoradiographic techniques. felt that this route was a distinct 
mechanistic possibility for ahsorpt ion 0 1  hydrocortisone. 

IJndouhtedly, the most widely accepted route for absorption is the  
needle puncture and reflux theory. Recent work (6)  with small volumes 
(1  pl) of injected solutions raised doubts ahout its importance in humans. 
On the other hand,  Wine ef nl. (7) matically examined the mecha- 
nism of ahsorption of 114C]hydroc me and found tha t  the leakage 
mechanism was the most plausible. Aqueous humor drug levels from 
normal suhconjunctival injections were compared with those achieved 
lrom injection through the upper eyelid, which kept the  conjunctival 
memhrane intact. T h e  relatively high drug levels from subconjunctival 
injection compared to those from upper eyelid injection supported the 
puncture mechanisnr. 

T h e  last possible mechanism is direct permeation of the  conjunctiva 
li )Ilowed by corneal ahsorption. The conjunctival permeability coefficient 
for pilocarpine has been estimated (8) to  be in the range of  lO-:'cm/hr, 
which is in good agreement with the coefficient of 6 X l0Ficm/hr  found 
for sodium 22 (2. 9). This  sufficiently large permeahility coefficient ex- 
plains the early peak times in the cornea and aqueous humor, provided 
the concentration of injected drug is very large and little or no drug is lost 
t o  the conjunctival hlood vessels. Simple diffusion of drugs from s u b  
conjnnctival injection has been compared with topical dosing (10). Early 
peaks in the cornea, sclera, atid choroid can he attrihuted to extensive 
diffusion of drug across the conjunctiva. or leakage, t o  the tear film or 
to direct transl'er o f  drug at the corneoscleral junction, presumahlv 
through linihal blood vessels. 

For any individual drug ent ity. its physicochemical properties, such 
as  solubility, diffusivity, and partitioning behavior, may give one mech- 
anism precedence over another. In addition, vehicle composition, volume 
injected, and niethtd of injection also may influence the mechanism. The  
present study examines some of'these variables using pilocarpine a s  the  
drug prohe. 

E X P E R I M E N T A L  

Materials--'l'ritiated pilocarpine alkaloid with a specific activity (if 
4.1 Ci/mmole was ohtained commercially1 and purified by vacuum dis- 
tillation (1 1) immediately prior to  use. All other chemicals were reagent 
or analytical gradr  a n d  were used as received. 

Male alhino rabhits2, 1.7-2.4 kg, were maintained on a regular diet with 
no restrictions on the amounts of looti and water consumed. Lighting and 
auditory stiniuli were kept constant on a 24-hr hasis. 

P r e p a r a t i o n  of Pi locarp ine  Solutions-Drug solutions were pre- 
pared by the addition of the  purified laheled material to a 1 X 1 W 2  M 
(0.2%) pilocarpine solution. T h e  buffer was pH 6.24 isotonic Sorensen 
buffer. Addition of ["H)pilocarpine had no appreciable effect on the 
molarity of the final dosing solut.ion. I t  was det.ermined that  0.25 mCi of 
the laheled drug/ml of the final dosing solution was sufficient to give good 
counting efficienc,y. T h e  dosing solution for injection corresponded to  
a final concentration of 2.08 pg of pilocarpine alkaloid/pl of solution. 

Subconjunct ival  Inject ion Adminis t ra t ion t h r o u g h  Conjunct ival  
Membrane-  -H;ihlrits were positioned in restraining boxes to  minimize 
movement and t o  maintain the normal upright posture. Approximately 
10 min prior to  dosing, each rye received one drop of 0.5%, tetracaine 
hydrochloride solution:'. Although topical anesthetics have been shown 
to cause hreakup o!  t he tear film ( I -:3,8,12,13), this s tep  was necessary 
to obtain consistent injections. 

Following local anesthesia. measured volumes of pilocarpine solution 
i 50, 1(K), 200, and 500 pl) were injected accurately through the  conjunc- 
tival membrane i n  the  center of the upper quadrant hulbar conjunctiva, 
-:+t nim hack from the corneoscleral junction. A 1-ml tuberculin syringe 
fitted with a 27-gauge. 1.27-cm needle was employed. Only one eye of each 
test animal received the  dose, with the  other eye serving a s  a control. 
Alterltate eye dosing was used in each animal to eliminate any right to  
left o r  left to right eve hias. 

Aqueoris humor. hlood. and corneal samples were ohtained a t  5, lo,%, 
:W. 4.5.60. and 120 min postdosing. For the 200-pI injection, samples also 
were ohtained at  180 and 240 min postinjection. At the end of each period, 

New England Nuclear. I3ostirn. Mass. 
2 Kluliertanz Kahhitry,  Rdgerton, Wis. 

Pontocaine, Winthrop Lahoratories, New York. N.Y 

the  animal was sacrificed uin rapid injection of a phentrharhital sodium 
overdose into the  marginal ear vein. 

Prior to  sampling, the  corneal surface was rinsed with isotonic saline 
and hlotted dry with a tissue. Aqueous humor samples were obtained Ity 
aspirating the aqueous humor and analyzing the fluid ilia scintillation 
counting according to reported procedures (14-17). Corneal samples were 
obtained hy excising t.he cornea immediately after aqueous humor aspi- 
ration. The  method for obtaining and treating the corneal samples was 
described previoiisly (14, 17). 

Blood samples of 1 ml were ohtained by direct cardiac puncture, and  
then twr, 100-pl samples were transferred4 quantitatively to absorbent 
pads" contained in combustion cones6. These samples were allowed to  
dry for 24 hr prior t o  hurning in a tissue oxidizer;. T h e  oxidizer auto- 
matically deposited the tritiated sample, along wit.h 10 ml of liquid 
scintillation counting solution*, into a plastic vialg. The vial contents were 
allowed to cool to room temperature for 6 hr and then were counted and 
analyzed a s  described previously (14, 17). At least seven eyes were used 
for each da ta  point. Mean values and standard errors of t.he mean were 
determined from the pooled da ta  at each time point, and the concen- 
tration--time profile was fitted to  a one-compartment pharniacokinetic 
model (18, 19). 

Subconjunct iva l  In jec t ion  Adminis t ra t ion t h r o u g h  U p p e r  Eye-  
lid-Rabbits were positioned in restraining boxes, and a drop of local 
anesthetic was instilled into each eye. Accurately measured volumes 
(50-100 pl) of pilocarpine solution were injected directly through the 
upper eyelid into the center o l ' the  upper quadrant under the hulhar 
conjunctiva. T h e  injection was made so as  to produce a hleh in the same 
location as  the  direct suhconjunctival inject ion. Thus,  the  major differ- 
ence between this study and the direct subconjunct ival injection was that 
no  puncture of the  conjunctival memhrane occrirred. 

Tissue sampling and analysis were identical t i )  those described previ- 
ously. T h e  da ta  treatment and analysis ot' data  also were as  descrihed 
previously. 

Tear Fi lm Pilocarpine~-SirzKl~,-,~'~,~[fr(, Puncture Hole--Itahbits 
were placed in restraining boxes, but no local anesthetic was adminis- 
tered. Pilocarpine solution, 200 PI ,  was injected subconjunctivally; the  
tear film was sampled at  0, 0.5, 1 , 2 , 4 , 5 , 7 ,  10, 15,20, and 30 min post- 
dosing. T h e  tear film samples were obtained by carefully touching a 1-pl 
capillary pipetlo to the  lacrimal lake a t  the edge of the  lid and aspirating 
a 1-pl sample. T h e  glass capillary tubes then were treated in a manner 
similar to that  described for the aqueous humor samples. At least 13 eyes 
were used for each dat.a point, and the  da ta  were treated as  described 
previously. 

Multiple-Necdle Puncture  Hole -The study was identical to  tha t  
described for the single-needle puncture except that  multiple punctures 
were made in the  conjunctival memhrane. Three protocols were em- 
ployed: ( a )  nine punctures, tollowed by dosing of 200 pI of the pilocarpine 
solution injected during the  10th puncture; ( b )  five punctures, followed 
by dosing on the sixth puncture, followed hy four more punctures into 
the  resulting bleb; and ( c )  injection ( i f  200 pl, followed hy nine more 
punctures into the  hleb. 

Immediately following the 10th puncture of the  corijunctival m e n -  
brane, 1-pl tear samples were collected over the same period and analyzed 
in the same way a s  described for the t.ear film study. 

At t.he end of the tear sampling period, I . P . ,  30 niin, the animals were 
sacrificed; the aqueous humor, cornea. and hlood samples were obtained. 
These samples were analyzed a s  already descrihed. 

At least 14 eyes were used for each da ta  point, and the results were 
treated as  described previously. 

N o  Puncture  Hole-The dose was injected into the subconjunctival 
space without puncturing the  conjrinctival membrane hy piercing the 
upper eyelid and threading the needle to approximately the same spot 
in the subconjunctival space as  from a suhconjunctival injection. 

Tear samples were collected and analyzed as  described previously. At 
least 11 eyes were used for each da ta  point. 

Conjunct iva l  Bleb  Analysis-Rahbits were prepared and placed in 
restraining hoxes. Following administration of the topical anesthetic, 200 
P I  of pilocarpine solution was administered to each eye either by suh- 
conjunctival or through-the-eyelid injection. At the end of 60 min, the  
animals were sacrificed. The  upper quadrant conjunctival memhrane was 

Riopette. Schwartz-Mann. Orangehurg, N.Y. 
C:ombusti-Pads, Packard Instrument ('0.. Downers Grove, 111. 

fi Conihusto-Cone, Packard Instrument Co., Downers ( h i v e ,  Ill. 
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5 20  30 40 60 90 120 
MINUTES 

F i g u r e  1 -,-Zyiir~ciit,s humur drug concentration / n  the dosed eye versus 
t ime profilcs for 1 X fV2 M pi/ncarpine in cmrious C O ~ U ~ W S  of pH 6.21 
isotonic. S’orcnsen buffer injected subconju17ctiva~~,v through f h e  con- 
juncti iv~l m~nihrane .  Key: 0 , 5 0  p /  injected; A ,  100 p l  injected; 0 .200  
p l  injected; a n d  0,500 p1 injected. Each point represents a minimum 
of .scJLvn determinations. Errur bars were eliminated for clarity. 

dissected and removed, including the hulhar and palpebral portions. 
The ohtained tissue was placed in a tared comhustion cone6 containing 

if combustion pad5 to soak up any fluid and to aid in more even burning 
ol’ the tissue in the combustion process. T h e  wet weight of each con- 
junct iva then was determined. Suhsequent analytical procedures were 
identical t o  those used in the  corneal sample analysis. 

At least 21 eyes were used for each point in the membrane puncture 
hleh analysis, and 18 eyes were used per point in the  eyelid route bleb 
analysis. A11 data were subjected to the same analysis as  described pre- 
viously. 

R E S U L T S  

Subconjunct ival  Inject ion Del ivered t h r o u g h  Conjunct iva l  
Membrane--Drug concentration cersus time profiles for each of the four 
dose volumes were obtained for the aqueous humor, cornea, and blood. 
Cornea and aqueous humor data  were obtained for both the dosed and 
contralateral eyes. 

The  data  are presented in Tables 1-111 for the  four dose volumes 
studied. For visual comparison, the  aqueous humor da ta  are  shown 
graphically in Fig. I.  An examination of Fig. 1 shows some expected 
trends. As the dosing volume increased, the amount of drug absorbed into 
the cornea o r  aqueous humor increased. T h e  amount  of drug absorbed 
was increased greatly by the increase in dosing volume from 100 to  200 
pl. This result also occurred in the contralateral eye, although the  drug 
levels were much smaller and the trend was not a s  clear. 

Subconjunct iva l  In jec t ion  Del ivered through U p p e r  Eyelid- 
Drug concentration L’ersus time profiles for each of the two dose volumes 
were ohtained for the  aqueoiis humor, cornea, and blood. Cornea and 
aqueous humor data were obtained for both the dosed and contralateral 
eyes. 

Tables IV-VI contain the pertinent da ta  from this study, and Fig. 2 
shows the representative aquet)us humor data in graphical form. The  drug 
levels in the cornea and aqueous humor were several orders of magnitude 
lower than those from the through-the-membrane injection. T h e  levels 

in the  contralateral eyes were about  the  same as  those in the  through- 
the-membrane injection. Finally, the  circulating blood level data were 
comparable from both studies. 

Lacr imal  F lu id  fol lowing Subconjunct iva l  Injection-The tear 
film was monitored for drug as a function of time for three different ex- 
perimental conditions: one puncture hole in the conjunctiva, multiple- 
puncture holes in the conjunctiva, and no puncture holes in the con- 
junctiva (through-the-eyelid injection). The  data are shown in Table VII. 
Drug levels in the through-the-eyelid study were approximately three 
orders of magnitude less than those in the punctured conjunctival studies. 
These levels were so low tha t  background radiation levels became im- 
portant and should he considered when assessing the accuracy of the  
stated levels. 

Data from the punctured conjunctiva are  shown graphically in Fig. 3. 
T h e  profiles were similar a t  all times except. for the first 5 min. Previous 
reports from this laboratory described the procedures and problems of 
tear sampling (11, 20-22). Samples were collected for 30 min with em- 
phasis on data  obtained during the  first 5 min. Therefore, considerable 
weight is given to the  difference shown in Fig. 3 for the  first 5 min post- 
injection. 

After 30 min, the experimental animal was sacrificed; samples of the 
cornea, aqueous humor, and blood were taken (Table VIII). The  aqueous 
humor drug levels for the  dosed and contralateral eye in the  through- 
the-eyelid s tudy were not appreciably different. Cornea da ta  from the 
same study showed the dosed eye levels to be about twice as  large as  those 
from the contralateral eye, although both were low relative to the injection 
study. The  small, but  measurable, difference in cornea levels is attributed 
to  drug diffusing through the  conjunctival membrane to  the  tear fluid 
and then absorbed into the  cornea. 

T h e  aqueous humor and cornea da ta  from the dosed eye in the punc- 
tured membrane case were two orders of magnitude greater than those 
from the  through-the-eyelid study. Although the  multiple-puncture 
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F i g u r e  2-Aqueous humor drug concentration in  the dosed eye versus 
t ime profi/es for 1 X M pilocarpine in  various volumes of p H  6.24 
isotonic Sorensen buffer injected subconjunc.tiually through the upper 
eyelid. Key: 0 , 5 0  p l  injected; and 0 , 2 0 0  p l  injected. Each point rep- 
resents a minimum of .seven determinations. Error bars were eliminated 
for clarity. 
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Table IV-Cornea and Aqueous Humor Drug  Concentration in  t h e  Dosed Eye versus Time for  I X lop2 M Pilocarpine in Various 
Volumes of pH 6.24 Isotonic Sorensen Buffer  Injected Subconjunctivally through the Upper Eyelid 

- 
Minutes 

Micrograms of Pilocarpine per 
Gram of Cornea (Wet Weight) 

50 fi1 200 ILI 
- 

Microerams of PilocarDine Der 
Milliher of Aqueous H u m k  

50 PI 200 PI 

5 0.062 (0.010)" 0.0676 (0.129); 0.005 (0.0004)a 0.021 (0.003)" 
(81 

I101 
0.032 (0.001) 

1101 

I121 

[lo1 

[I21 

0.024 (0.001) 
(91 b 

0.006 (0.0006) 

0.009 (0.0004) 

0.011 (0.0006 

I81 

Ill1 I101 

1121 

1121 PI 
1121 

[I11 

0.146 (0.22) 

0.130 (0.051) 

0.119 (0.034) 

191 b 
10 0.064 (0.008) 

20 0.069 (0.009) 

30 0.065 (0.011) 

45 0.070 (0.009 0.092 (0.010) 0.010 (0.0007) 

0.01 1 (0.0007) 0.092 (0.009) 

0.009 (0.0006) 90 0.032 (O.odl! 0.104 (0.023) 

0.009 (0.0004) 0.093 (0.13) 

[lo1 

1111 

111 

1101 

191 
0.042 (0.002) 

0.050 (0.003) 

0.038 (0.002) 

0.040 (0.002) 

0.040 (0.001) 

112j 

[12j 

60 0.1 11 (0.0091 
191 

I81 

[lo1 [91 
120 0.039 (0.005) 

I101 1101 1101 171 
Numbers in parentheses refer to the standard error of the mean. * Numbers in brackets refer to the number of determinations at that point. 

Table V-Cornea and  Aqueous Humor Drug  Concentration in the Contralateral  Eye versus Time for  1 X 
Various Volumes of p H  6.24 Isotonic Sorensen Buffer Injected Subconjunctivally through the  Upper  Eyelid 

M Pilocarpine in 

Micrograms of Pilocarpine per 
Gram of Cornea (Wet Weight) 

Minutes 50 ul 200 ul 

Micrograms of Pilocarpine per 
Milliliter of Aqueous Humor 

50 ul 200 IL1 

5 0.033 (0.005)'' 0.208 (0.057); 0.004 (0.0005)" 0.012 (0.0007)" 
(121 

0.020 (0.001) 
1121 

I101 [I21 

I101 

[lo1 
[lo1 

[I21 

[lo1 
(121 (81 

1121 

1101 191 1121 1101 

1121 
10 0.053 (0.006) 0.094 (O.O$:j .0.005 (0.0004) 

0.032 (0.001) 
[I21 

0.008 (0.0004) 20 0.052 (0.007) 

0.036 (0.002) 
I101 

30 0.059 (0.009) 0.058 (0.007 0.010 (0.001) 

0.045 (0.002) 
[I21 

0.011 (0.0006) 0.057 (0.008) 45 0.057 (0.008) 

60 0.108 (0.008 0.01 1 (O.Od79j 0.034 (0.002) 0.077 (0.011) 

0.040 (0.002) 
(121 

0.009 (0.001) 0.081 (0.010) 90 0.032 (0.006) 

0.043 (0.001) 
1121 

0.009 (0.0004) 0.088 (0.012) 120 0.035 (0.005) 

I101 

(121 

[ 101 

1111 

0.062 (0.006) 

'4 
[11j 

[91 

191 

a Numbers in parentheses refer to the standard error of the mean. Numbers in brackets refer to the number of determinations at that point. 

Table VI-Circulating D r u g  Concentration versus Time fo r  1 X 
1W2 M Pilocarpine in Various Volumes of pH 6.24 Isotonic 
Sorensen Buffer Injected Subconjunctivally through the Upper  
Eyelid 

Minutes 

5 
10 
20 
30 
45 
60 
90 

120 

Micrograms of Pilocarpine 
per Milliliter of Blood 

50 pl 200 pl 

0.051 (0.004)" [12Ib 
0.073 (0.003) [12] 
0.057 (0.003) 1121 

0.158 (0.007)" [ l 2 l b  
0.172 (0.004) [lo] 

0.053 (0.002) [121 
0.061 (0.003) [lo] 

0.012 (0.002) [lo] 
0.021 (0.001) [9] 

Numbers in parentheses refer to the standard error of the mean. Numbers 
in  brackets refer to the number of determinations at that point. 

aqueous humor and cornea drug leveis were slightly higher than the 
corresponding drug levels from single puncture, they were not statistically 
different. A partial explanation for this lack of difference is that, upon 
dissection of the bleb, the area appears as a sponge with numerous 
aqueous compartments. Multiple punctures do not appear to have a 
significant effect because it is not like puncturing a balloon but rather 
like puncturing a sponge. 

The drug level in lacrimal fluid at 30 min was as anticipated, with large 
values in the puncture studies and a low level in the nonpuncture case. 
The lower lacrimal level in the multiple-puncture case was not statisti- 

cally different from the single-puncture case. One would expect, a priori, 
lower levels in tears a t  the 30-min point in the multiple-puncture case 
if more drug is absorbed into the cornea. 

Conjunctival Bleb Injection through Membrane or through 
Eyelid-The bleb created by subconjunctival injection remains for hours 
postinjection. I t  was of interest to determine if the drug also remained 
for hours or if the hleh merely contained the aqueous injection solution 
or inflammatory fluid. Thus, a t  1 hr postinjection, the bleb was removed 
surgically and analyzed for drug content. Simple aspiration of the bleb 
was not possible because of its sponge-like characteristics. The results 
are shown in Table IX. 

After 60 min, there was a considerable amount of pilocarpine in the 
punctured membrane compared to the through-the-eyelid study. From 
the wet weights obtained, it is clear that localization of the drug solution 
in the through-the-eyelid case was much more difficult than in the 
punctured case. The bleb created by through-the-eyelid injection was 
distinctly smaller; it was difficult to place it near the hulbar conjunctiva. 
Undoubtedly, the difference in physical placement and localization of 
drug solution in the two studies contributed to the difference shown in 
Table IX. The fact that considerable pilocarpine was left a t  the site long 
after appreciable drug levels appeared in the cornea and aqueous humor 
is significant. This result supports the sustained-release concept of 
subconjunctival dosing. However, whether the drug is released locally 
or to the aqueous chamber for long periods depends on the specific drug 
properties and injection formulation. 

DISCUSSION 

Each of the four proposed mechanisms for drug movement into the eye 
interior following subconjunctival injections will be examined, and the 
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Table VII-Lacrimal Fluid Drug Concentration in  the  Dosed Eye versus Time fo r  I X 
Sorensen Buffer following Subconjunctival Injection via Various Routes of Administration 

M Pilocarpine in  200 ~l of pH 6.24 Isotonic 

Minutes 

Micrograms of Pilocarpine per Milliliter of Lacrimal Fluid 
Single-Puncture Multiple-Puncture Single-Puncture 

Injection Injection Injection 
through Membrane through Membrane through Eyelid 

0.5 

1 .0 

2.0 

4.0 

5 .0 

10.0 

15.0 

20.0 

:<0.0 

270.0 

268.2 

275.1 

238.5 

283.5 

118.0 

75.0 

40.1 

18.8 

(86.0)" 416.4 (99.9); 0.287 (0.184): 

(93.5) 398.4 (97.6) 

110.4) 350.8 (74.7) 

259.3 (52.4) 
1131 

100.6) 

187.2 (39.7) (93.4 

(31.7) 95.4 (20.6) 

(31.2) 51.1 (11.3) 

(12.4) 44.4 (12.6) 

11.5 (5.1) 

Ill1 

11 11 

1111 

[I11 

Ill1 

1111 

[I11 

1111 (131 

[ 131 1141 1111 

0.145 (0.075) 

0.082 (0.038) 

0.271 (0.143) 

0.243 (0.75) 

0.161 (0.070) 

0.195 (0.079) 

0.149 (0.070) 

0.437 (0.279) 

[ 1 3)  h 1141 

[ 1 :3] 1141 

~ 4 1  Iy 
[13] (141 

[ 13) 1141 

[ 131 u41 

1141 

[I41 

(6.4) 

Nriinhers in parentheses refer to the standard error nf the mean. * Numbers in brackets refer to the numher of determinations at that point. 

results from the present study will be interpreted in light of these pro- 
posals. Each mechanism contrihutes to the overall movement of drug, 
and it is the magnitude of the contrihutions that is of concern. 

The magnitude and shape of the cornea or aqueous humor pilocar- 
pine-time profile from subconjunctival injection did not differ greatly 
from those achieved after topical dosing (14,20.23), despite the greater 
amount of drug administered by injection. For example, a 25-11 topical 
dose of 1 X lo-* M pilocarpine (0.2% solution) produced a maximum level 
of -1 pg/ml in -30 min. A 200-pl injection of the same concentration 

01 I 1 I 
0 5 10 15 20 30 

MINUTES 
Figure 3-Lacrimal fluid drug concentration versus time profiles for 
I X lo-? M pilocarpine in 200 1 1  of p H  6.24 isotonic Sorensen buffer 
follouing suhconjunctiiul injection via various routes in the dosed eye. 
Key: 0, single-puncture injection through the membrane; and 0, 
multiple-puncture injection through the membrane. Each point rep- 
resents a minimum of 1 3  determinations. Error  bars uere eliminated 
for clarity. 

produced a maximum level of -1.8 pg/ml in -30 min, less than a twofold 
difference despite an eightfold difference in the amount of drug instilled 
or injected. Moreover, the duration of drug levels was almost identical. 
Thus, with pilocarpine, no apparent sustaining effect was evident, unless 
it was a t  a low level, and only a modest increase in the peak level occurred. 
It was possible to produce higher aqueous humor levels of drug with the 
same drug concentration merely by injecting larger volumes. 

To aid in assessing the experimental changes, the areas under the curve 
( A U C )  were measured using a polar planimeter" (Table X). In addition, 
the peak levels and the time to achieve peak levels are important for 
mechanistic discussion purposes. An assessment of drug bioavailability 
from this administration route forms the basis for a separate report'*. 

The data in Table X are depicted graphically in Figs. 4 and 5 to show 
the relationship between the dose volume and AUC for the cornea and 
aqueous humor. The insufficient numher of points does not fully char- 
acterize the lines, but the sigmoidal shape is evident, particularly in the 
corneal data in Fig. 4. These two graphs may be contrasted with the data 
for the contralateral eye shown in Fig. 6. A linear relationship was evident 
over the dose volume range of 50-50011. With the contralateral eye, only 
one mechanism apparently was operative over the dose volume range 
studied; in the dosed eye, more than one mechanism probably was in- 
volved. 

Mechanism 1: Drug  Passes from Injection Site to Systemic Cir- 
culation and Back to Ocular Tissues and Fluids-For this mechanism 

" I  2 300 
1501 

/ / 
/ / /' 

/ / .' 

500 
0 
0 50 100 200 

DOSE VOLUME, pl 
Figure 4-Area under the curve (AUC) from corneal drug concentration 
versus time profiles presented in Fig. I as a function of oolume injected 
subconjunctivally through the conjunctival membrane. The dashed line 
represents the best-fit line through the points, uihereas the solid line 
represents the interpretation of the correct shape of the curve. 

Model 1810-N-10, Dietzgen Corp., Chicago, 111. 
J. Conrad and J. R. Robinson, manuscript in preparation. 
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Table VIII-Comparison of Fluid or Tissue Drug  Concentrations at 30 min following Subconjunctival Dosing with 200 pl of 1 X 
M Pilocarpine in pH 6.24 Isotonic Sorensen Buffer via Various Routes of Administration 

Single-Puncture Multiple-Puncture Single-Puncture 

Tissue or  Fluid through Membrane through Membrane through Eyelid 
Injection Injection Injection 

2.250 (0.399) 0.042 (0.002) 

0.036 (0.002) 

0.119 (0.034) 

0.058 (0.007) 

0.148 (0.006) 

0.437 (0.279) 

Aqueous humora, dosed eye 

Aqueous humor", contralateral eye 

Cornea, dosedd eye 6.482 (1.340) 

Cornea, contraIateraId eye 0.057 (0.008) 

Blood 0.172 (0.014) 

Lacrimal fluid/ 18.8 (6.4) 

1.817 (0.314)b 

0.027 (0.002) 0.036 (0.002) 

7.384 (1.285) 

0.082 (0.006) 

0.134 (0.003) 

11.5 (5.1) 

1~01' [ 121 ' ~ 4 1 c  

[lo1 ~ 3 1  

1121 1131 ll0l 

1121 1131 1131 

(121 ~ 5 1  1101 

1131 1141 1111 

1141 

a Micrograms of pilocarpine per milliliter of aqueous humor. b Numbers in parentheses refer to the standard error of the mean. Numbers in brackets refer to the 
number of determinations at  that point. d Micrograms of pilocarpine per gram (wet weight) of cornea. p Micrograms of pilocarpine per milliliter of blood. / Micrograms 
of pilocarpine per milliliter of lacrimal fluid (tears). 

Table IX-Concentration of Drug in Excised Conjunctival Bleb 
at 60 min following Subconjunctival Dosing with 200 pl  of 1 X 

M Pilocarpine in pH 6.24 Isotonic Sorensen Buffer via 
Injection through the Conjunctival Membrane or through the 
Upper Eyelid 

Micrograms of Pilocarpine per Gram 
of Conjunctiva (Wet Weight) 

Through membrane 
Through eyelid 

2fi.28 (3.11j0 [2llb.' 
~ 

3.267 (0.966)" I181b,c 

a Numbers in parentheses refer to the standard error of the mean. Numbers 
in brackets refer to the number of determinations at  that  point. The wet weight 
of the conjunctival bleb was 240.6 (11.7) I, for the through-the-membrane tissue 
and 128.2 (7.8) fig for the through-the-eyefid case. 

Table X-Comparison of AUC Values Obtained a f t e r  Each 
Route of Administration for  1 X lo-* M Pilocarpine in pH 6.24 
Isotonic Sorensen Buffer Injected Subconjunctivally or 
Intravenously 

Through 
Membrane, Through 

Single Upper 
Volume Puncture, Eyelid, 

Tissue Injected, (pg min)/g (pg min)/g 
or Fluid or ml or ml 

Cornea, doseda eye 

Cornea0, contra- 
lateral eye 

Aqueous humora, dosed eye 

A ueous humor0, contra- 
lateral  eye 

Circulating blood" 

Lacrimal fluid 

50 
100 
200 
500 
50 

100 
200 
500 
50 

100 
200 
500 
50 

100 
200 
500 
50 

100 
200 
500 
200 

7.329 
28.363 

367.970 
874.680 

1.753 
3.140 

11.127 
31.441 
9.742 

20.606 
89.602 

216.598 
0.759 
1.952 
4.078 
9.701 
2.867 
5.085 

10.279 
24.257 

3265.250 

7.326 

15.136 

4.268 

8.498 

1.094 

4.574 

1.075 

4.260 

4.603 

11.744 

6.699 

a Measured over first 120 min. * Measured over first 30 min. The value was 
3137.250 (pg min)/ml in the multiple-puncture through-the-membrane study. 

to be important, equivalent, or a t  least close to equivalent, drug con- 
centration-time profiles should occur in both the dosed and the con- 
tralateral eyes. This clearly is not the case, and earlier studies that 
measured drug in both the dosed and contralateral eye (24,251 agree with 
this finding. The time to achieve peak levels in the aqueous humor of the 
dosed eye was -30 min, whereas it was -60 min or longer in the con- 

250 t 

500 
0 

0 50 100 200 
DOSE VOLUME, MI 

Figure 5-Area under the curve (AUC) from aqueous humor drug 
concentration versus time profiles presented in Fig. 2 Q S  a function of 
volume injected subconjunctiually through the conjunctival membrane. 
The dashed line represents the best-fit line through the points, whereas 
the solid line represents the interpretation of the correct shape o/ the 
curue. 

I .-4 ,~ _.. , , 
0 50 100 200 500 

DOSE VOLUME, u1 
Figure 6-Area under the curve (AUC) from aqueous humor drug 
concentration versus time profiles presented in Fig. 4 Q S  a function of 
volume injected subconjunctiually through the conjunctival mem- 
brane. 

tralateral eye. Moreover, the maximum concentrations achieved in the 
dosed and contralateral eyes differed by orders of magnitude, as did the 
AUC. 

AUC is related directly to the dose volume injected (Fig. 7). Most of 
the injected drug will be absorbed into the systemic circulation, so a linear 
relationship is expected. 

When the AUC for the circulating blood levels at  each volume is plotted 
versus the aqueous humor AUC for the dosed and contralateral eyes, the 
relationships shown in Figs. 8 and 9 result. The intercept in the case of 
the contralateral eye is zero, suggesting that all of the drug in that eye 
came from drug in the blood. However, for the dosed eye, the intercept 
is not zero but intercepts on the blood A UC axis, suggesting a drug source 
other than the blood. 

Another aspect of the blood level studies related to mechanistic in- 
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DOSE VOLUME, PI 
Figure 7-Area under the curue (AUC) from circulating blood drug 
concmtration versus time profiles presented in Table 111 as a function 
of oolume injected subconjunctiually through the conjunctiual mem- 
brane. 

a 
0 I 100- 
3 .r 
v) 
3 

3 

I 

P 

P 
5 0 -  

U 

terpretation is the time-concentration profile resulting from through- 
the-eyelid injection in contrast to through-the-membrane injection 
(Table XI). Aside from some minor differences in the peak time, the data 
are very similar. Moreover, the AUCs in these studies are very similar 
as seen in Table XI. 

The present work was conducted in rabbits with an estimated blood 
volume of about 1 liter. The human eye is similar in size to that of the 
rabbit. but the circulating blood is 7-8 liters, so the dilution effect is ex- 
pected to be even more dramatic. It seems reasonable to conclude that 
a minor amount of drug in the aqueous chamber of the dosed eye comes 
from the circulating blood. 

Mechanism 2: D r u g  Penetrates Eye from Subconjunctival In- 
jection Site by Simple Diffusion through Tissues Underlying 
Site-Earlier autoradiographic studies (5) showed that hydrocortisone 
penetrates the sclera, choroid, and other layers of the globe of the eye. 
In addition, it is expected that drug moves across limbal vessels to enter 
the iris and cornea. However, with pilocarpine, this mechanism does not 
appear to be major for drug gaining access to the anterior segment of the 
eye. 

If movement of drug through the layers of the globe is the principal 

0 
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I 
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U 
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C 1 I 

4 8 12 16 20 24 28 
AUC FROM CIRCULATING BLOOD LEVELS, (fig min)/rnl 

Figure 9-Comparison of the area under the curue (AUC) from aqueous 
humor drug concentration versus time profiles presented in Fig. 4 to the 
area under the curue (AUC) from circulating blood drug concentration 
versus t ime profiles presented in  Fig. 5 at each volume injected sub- 
conjunctivally through the conjunctiual membrane. 

mechanism, then the method of placement, i.e., puncture or no puncture, 
should have no effect on the drug levels. Clearly, the through-the-eyelid 
injection produced drug levels in the cornea and aqueous humor that were 
orders of magnitude lower (Table XII). 

Additional support for the argument that the majority of drug does 
not come from penetration of the globe can be seen by comparing the drug 
level in the cornea with that in the aqueous humor (Fig. 10). The linearity 
of this plot, particularly a t  high dose volumes, suggests that  almost all 
of the drug in the aqueous humor is being provided by the cornea. Earlier 
studies in this laboratory (1 1,14,20,21,23,26)  showed that back-diffu- 
sion from the aqueous humor to the cornea is not significant, so the high 
levels in the cornea and the linear relationship with aqueous humor levels 
suggest that the drug is provided by the cornea and not the globe of the 
eye. 

Thus, for pilocarpine, direct penetration of the globe is not a major 
factor in getting the drug to the aqueous chamber. For more oil-soluble 

0 u  

T 'O%O 200 300 4b0 500 600 700 800 960 
AUC FROM CORNEA OF DOSED EYE, (gg rnin)/g 

Figure 10-Comparison of the area under the curve (AUC) from 
aqueous humor drug concentration versus t ime profiles presented in  
Fig. I to the  area under the curve (AUC) from corneal drug concentra- 
t ion versus t ime profiles presented in Table I at each volume injected 
subconjunctiually through the conjunctival membrane. 
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Table XI-Comparison of Circulating Blood Level Drug  Concentration versus Time following 50- and 2 0 0 - 4  Subconjunctival 
Injections of 1 X M Pilocarpine in  pH 6.24 Isotonic Sorensen Buffer 

50-pI Dose 
Throurh Membrane, Through 

Minutes Singie Puncture Upper Eyelid 

200-jd Dose 
Through Membrane, Through 

Single Puncture I'pper Eyelid 

5 

10 

0.035 (O.OO1)b 

0.034 (0.002) 
I91 

1111 
20 0.041 (0.002) 

30 

45 

[I21 

Ill1 
0.033 (0.001) 

0.027 (0.002) 

0.051 (0.004)b 

0.073 (0.003) 
[W 
[I21 

[I21 

1121 

0.057 (0.003) 

0.064 (0.004) 

0.051 (0.003) 

NSd 

0.067 (0.009) 

0.108 (0.011) 

0.172 (0.014) 

0.132 (0.013) 

[91c 

1101 

1101 

0.158 (0.007)b 

0.172 (0.004) 

0.157 (0.007) 

0.148 (0.006) 

[12Ic 

I101 

I101 

[ 121 
0.11 2 (0.005) 

r121 1121 1101 I81 
60 0.023 (0.0Olj 

90 0.016 (0.001 

120 0.014 (0.001) 
1101 

0.044 (0.002j 
I121 

0.012 (0.002) 
1101 

0.021 (0.001) 

0.101 (0.004 
I101 

NSd 

0.022 (0.004) 

0.091 (0.003j 
1101 

0.05:3 (0.002) 
1121 

0.061 (0.003) 
[121 r91 171 1101 

~ ~~~ 

Values are the micrograms of ilocarpine per milliliter of blwd. Numbers in parentheses refer to the standard error of the mean. Numbers in hrackets refer to 
the number of determinations at tgat point. Not sampled. 

drugs, such as some corticosteroids, this route may be important. Addi- 
tional studies are needed to confirm or reject this possibility. 

Mechanism 3: Drug  Gains Entrance to Eye by Refluxing ou t  of 
Injection Site followed by Corneal Absorption-The linearity of the 
data in Fig. 10 suggests that  transcorneal absorption of drug is the pri- 
mary mechanism for providing pilocarpine to the aqueous humor from 
a subconjunctival injection. In Fig. 10, the 50- and 100-~1 dose volumes 
fall slightly off the line, suggesting that multiple mechanisms may account 
for the lower volumes, i.e., Mechanisms 1-3; with larger volumes, a 
transcorneal mechanism appears predominant. Figures 4 and 5 indicated 
that multiple mechanisms may have occurred based on the relationship 
between the AUC and dose volume; as the injection volume increases, 
a hack-pressure at  the injection site may force leakage out of the puncture 
hole. 

The case for leakage seems evident after comparing aqueous humor 
drug levels in the dosed eye from through-the-membrane and through- 
the-eyelid studies. Supportive data come from the lacrimal fluid studies. 
A t  the 200-4 injection volume, it is clear from the profiles given in Table 
VII and in Figs. 3 and 4, as well as from the AUC values found in Table 
XI, that leakage must have occurred in the membrane puncture studies. 
Irtjection of drug through the eyelid shows a small quantity of drug in the 
tear film, presumably from diffusion across the conjunctiva and into the 
tear film, but the three orders of magnitude difference in tear film con- 
centration shown in Table VII apparently is due to leakage. 

It  is anticipated that a t  larger injected volumes, such as 500-1000 pl, 
the leakage mechanism would remain predominant. On the other hand, 
smaller volumes are not expected to be as dramatic and, for the 25-100-4 
doses, far less drug is expected in the tear film since other mechanisms 
appear important. 

A recent study on the mechanism of the release of fluorescein from 
subconjunctival injection in the rabbit was reported by Maurice and Ota 
(6). In this study, small injection volumes ( i . e . ,  1 ~ l )  were employed to 
avoid a bleb and the drug was administered by membrane puncture and 
by eyelid puncture. These investigators visually observed the leakage of 
fluorescein out of the injection site, which is in agreement with the present 
findings. 

Relationship of This Study to Other Drugs and to Humans-The 
present study was conducted with the water-soluble alkaloid pilocarpine. 
I t  is not possible to extrapolate from this single drug entity to other drugs 
as to their mechanisms of absorption from subconjunctival injection. 
However, since the principal mechanism for pilocarpine absorption in- 
volves leakage, a process independent of drug structure, it is reasonable 
to assume that a pulse of drug will exit from the injection site and enter 
the tear film in the early minutes after dosing. Whether this initial dose 
can establish a high level of drug in the cornea and aqueous humor is 
dependent primarily on the initial concentration of the drug injected and 
the injected volume. Presumably, increasing the viscosity of the injected 
solution or injection of a drug suspension would minimize the reflux 
process and thus diminish the peak drug level. 

I t  seems unlikely that drugs with a more favorable partition charac- 
teristic for absorption will be absorbed so rapidly into the eye, either by 
direct scleral absorption or absorption across the conjunctiva followed 
by corneal absorption, so as to overwhelm the contribution from leakage 
during the early stages following injection. At later times, all drugs 
probably will show a local sustaining effect since pilocarpine was shown 
to be present in the bleb a long time after injection. Whether this localized 
drug can penetrate the globe of the eye over a long time to give a sus- 
taining effect should he a function of its partitioning characteristics. The 

Table  XII-Comparison of Aqueous Humor Drug  Concentration versus Time following 50- and  200-pl Subconjunctival Injections of 
1 X M Pilocarpine in pH 6.24 Isotonic Sorensen Buffer 8 

5O-pl Dose 200-4 Dose 
Through Membrane, Through Upper Through Membrane, Through Upper 

Minutes Single-Puncture Eyelid Single Puncture Eyelid 

5 0.047 (0.019)b 0.005 (0.0004)b 0.386 (0.078) 0.021 (0.003)b 
181 = 

0.024 (0.001) 0.006 (0.0006) 
1101 

0.032 (0.001) 0.009 (0.0004) 

0.042 (0.002) 0.011 (0.0006 
1101 

0.050 (0.003) 0.010 (0.0007) 
[I21 

0.038 (0.002) 0.01 1 (0.0007) 
1101 

0.040 (0.002) 0.009 (0.0006) 
I121 

120 0.026 (0.008) 0.199 (0.035) 0.041 (0.001) 0.009 (0.0004) 

[11Ic 

1121 

(121 

0.703 (0.133) 

1.442 (0.291) 

1.817 (0.314) 

1.385 (0.213) 

0.505 (0.082) 

NS 

191 c 1131~ 
10 0.127 (0.075) 

20 0.180 (0.102) 

30 0.195 (0.118) 

45 0.136 (0.068) 

60 0.049 (0.00s) 

90 0.032 (0.012) 

1111 

PI 
1121 

Ill1 

1111 

Ill1 

191 

I81 

I81 

[I11 

[91 ~ 4 1  

~ 3 1  

~ 3 1  

[12j 

191 

191 [lo1 t161 [71 
Values are the micrograms of pilocarpine per milliliter of aqueous humor. Numbers in parentheses refer to the standard error of the mean. Numbers in brackets 

refer to the number of determinations at that point. Not sampled. 
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CI R C U L A T l n U  

> I N J E C T I O N  THROUGll 
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LEAKAGC L A C R I M A L  lN:n’’BE FLUID 
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RETURN V I A  
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pKiiGKq 

CORNEA AND AQUEOUS 
I HUMOR I 

Scheme I--Mechanistic interpretation of drug mouenient from the 
subconjunctival injection site into the dosed eye and contralateral eye. 
At large injection uolumes, leakage is the predominant mechanism, il- 
lustrated by the thick arrow. At /OW injection uolumes, all mechanisms 

contribute to  the process. 

water-soluble drug pilocarpine did not penetrate, hut apparently the more 
oil-soluble hydrocortisone did (5). Additional studies with other drug 
entities and formulation changes will clarify this picture. 

The relationship of the results in rabbits to expected behavior in hu- 
mans is not as clear. Maurice and Ota (6) injected small volumes of flu- 
orescein subcoiijunctivally into rabbits and humans. They observed 
leakage of the dye in the rabbit but not in humans; however, higher levels 
of fluorescein in the human aqueous humor compared to the rabbit were 
obtained. Based on these findings, the question of the suitability of the 
rabbit as a model for subconjunctival injections was raised. 

There has been controversy over the hehavior of fluorescein in these 
two species (27). and the differences may be due to the dye itself. More- 
over, while the small volume interpretation of these investigators may 
be accurate, it probably bears little relationship to what occurs a t  higher 
volumes. It  is probable, based on the work of Maurice and Ota (6), that  
human and rabbit eyes differ in the importance of one mechanism over 
another, especially at  low volumes. Intuitively, however, since leakage 
depends on pressure and large volumes are used clinically, it is not un- 
reasonable to assume that humans and rabbits will behave similarly in- 
sofar as major mechanisms of drug availability are concerned. 

CONCLUSIONS 

The study was initiated to provide mechanistic insight into the 
movement of  drug from the site of subconjunctival injection to the 
aqueous chamber. Several mechanisms apparently are involved in pilo- 
carpine disposition in albino rabbits, depending on the volume of solution 
injected. At low volumes, it appears that transconjunctival permeation 
followed by corneal absorption. systemic absorption followed by return 
via the vascular bed, reflux out of the injection site, and, finally, direct 

penetration of the globe of the eye all contribute to aqueous humor drug 
levels. However, a t  larger volumes, leakage from the injection site is the 
overwhelming mechanism for drug availability (Scheme I). 
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Abstract  The binding of [?H]amphetamine, [3H]atropine, [3HJepi- 
nephrine, and [l4CC]histamine to human serum albumin was examined 
with a constant ligand concentration and varying albumin concentrations. 
Two concentrations of each ligand were studied. Scatchard plots of the 
binding data were linear and had positive slopes; the slopes were greater 
at the higher ligand concentration. The lowest point was for the highest 
albumin level and increased in sequence to the lowest albumin concen- 
tration. The /3 (fraction bound) value increased with an increasing amount 
of albumin in the system. The change in p per change in albumin con- 
centration [d(/3)ld(albumin)] when plotted against albumin concentra- 
tion yielded curves with negative slopes; the slope was greatest a t  the 
lower albumin levels and was much less a t  the higher albumin levels 
(equivalent to those encountered in human blood). In agreement with 
literature data for other systems, the nK value (number of binding sites 
times the association constant) decreased with increasing albumin con- 
centration. In previous studies of the same ligands and protein, when the 
albumin concentration was kept constant and the ligand concentration 
was varied, the Scatchard plots had positive slopes. Positive slopes also 
were found in this study with constant ligand concentrations and varying 
albumin levels. These results suggest cooperativity in the binding of these 
ligands to human serum albumin. 

Keyphrases 0 Amphetamine-effect of human serum albumin con- 
centration on binding 0 Atropine-effect of human serum albumin 
concentration on binding Epinephrine-effect of human serum al- 
bumin concentration on binding 0 Histamine-effect of human serum 
albumin concentration on binding Binding-effect of human serum 
albumin concentration on binding of amphetamine, atropine, epineph- 
rine, and histamine 

Previous studies on the binding of amphetamine, atro- 
pine, epinephrine, and histamine to human serum albumin 
showed that the Scatchard plots for all four ligands had 
positive slopes (1). Similar Scatchard plots were observed 
previously in the binding of codeine, morphine, and 
methadone to human serum albumin (2). In all of these 
experiments, the protein concentration was kept constant 
and the ligand concentration was varied. This approach 
is typical of most binding studies. In several studies of 
protein binding in which the ligand concentration was kept 
constant and the protein concentration was varied, Scat- 
chard plots with positive slopes were reported (3-6). 

Bowmer and Lindup (7) commented on the need for 
data on the effects of protein concentration on binding of 
ligands for more complete characterization of the protein 
binding of a ligand. In the usual studies, the protein con- 
centration is kept constant and the ligand concentration 
is varied. With this concept in mind, the previously de- 
scribed studies of the binding of codeine, morphine, and 
methadone to human serum albumin were extended to 
provide data on the effects of varying the human serum 
albumin concentration. Under these conditions (8), the 
Scatchard plots had positive slopes, as was reported earlier 
(1,2) where the protein concentration was kept constant 
and the ligand concentration was varied. 

The present studies represent an extension of the in- 
vestigations on the binding of amphetamine, atropine, 

epinephrine, and histamine to human serum albumin (1). 
In these additional experiments, the ligand concentration 
was kept constant and the concentration of human serum 
albumin was varied. 

EXPERIMENTAL 

Methods-Protein binding was determined using equilibrium dialysis 
in multiple-cell blocks, each having a volume of 1 ml on each side of the 
cellulose membrane, as in previous studies (1,2). Radioactivity was de- 
termined in a liquid scintillation system using techniques described 
previously (1, 2). 

Materials-Tritium-labeled and carbon 14-labeled derivatives of the 
ligands were obtained from the sources reported previously (1). Crys- 
talline human serum albumin was obtained commercially'. The unlabeled 
forms of the ligands were the highest drug quality available, and all other 
chemicals were reagent grade. 
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Figure 1-Scatchard plots of data for binding of (3H]atropine, [ 3 H ] -  
amphetamine, [3H]epinephrine, and ['4C]histamine to human serum 
albumin. For each curue, the albumin concentrations aregioen for each 
data point starting with the lowest point on the curve. Key: A, 13H]- 
atropine at  4.5 X M ( O ) ,  with albumin 
concentrations of 60, 40, 10, and 6 mglml for the first ligand concen- 
tration and 60, 40,20, 10, and 6 mglml for the second ligand concen- 
tration; A, [3H]amphetamine at  3.69 X M ( 0 )  and 1.48 X ZO-* M 
(o), with albumin concentrations of 60,40,20, 10, and 6 mglml for both 
ligand concentrations; C, [3H]epinephrine at 1.14 X M (0) and 
4.56 X M ( O ) ,  with albumin Concentrations of 60,40.20,10, and 
6 mglml for the first ligand concentration and 60,40,20, and 10 mgfml 
for the second ligand concentration; and D, [14C]histamine at 1.15 X 

M (O), with albumin concentrations of 60, 
40,20, and 10 mglml for the first ligand concentration and 60, 40,20, 
10, and 6 mglml for the second ligand concentration. 
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Table I-Slopes of Plots of Nubar/Free a versus Nubar  for 
Binding of [3H]Atropine, [3H]Amphetamine, t3H]Epinephrine, 
and [14C]Histamine to Human Serum Albumin 

Total 
Concentration 

Ligand in System, M Slope r b  

Atropine 
Atropine 
Amphetamine 
Amphetamine 
Epinephrine 
Epinephrine 
Histamine 
Histamine 

4.5 x 10-4 
3.43 x 10-3 
3.69 x 
1.48 X 
1.14 x 10-5 
4.56 x 
1.15 x 10-3 
5.36 X 

1,955.0 0.964 
297.1 0.995 
265.4 0.999 
69.14 1.000 

116,200.0 0.997 
28,990.0 1.000 

906.4 0.999 
184.5 1.000 

Nuhar refers to the molar concentration of ligand bound divided by the molar 
The r value refers to the concentration of human serum albumin in the system. 

Coefficient of correlation of Nubar/free concentration and Nuhar. 

RESULTS AND DISCUSSION 

The human serum albumin concentration was varied from 0.87 X 
to 0.87 X M (6-60 mgiml.). Two concentrations of each ligand were 
used, in the general range of the concentrations used previously (1). The 
Scatchard plots obtained are shown in Fig. 1. All plots had positive slopes, 
and the curves were linear (Table I), as can be seen from the coefficients 
of correlation. In all four cases, a higher slope was obtained with the lower 
concentration, and higher Nubar (moles of ligand bound per mole of 
protein in the system) values were seen with the higher concentration. 

In the experiments where the protein concentration was kept constant 
and the ligand concentration was varied, p (fraction bound) values in- 
creased with a decrease in ligand concentration (1). In the results obtained 
in this study, p increased as the albumin concentration increased (Fig. 
2). The differences in the plots of versus albumin concentration were 
not great for the two ligand concentrations. This result is not unexpected 
when ligand concentrations are not near those required to saturate the 
protein binding sites. The higher the protein concentration, the more 
binding sites are available; thus ? is expected to increase. For a given li- 
gand, the ratio of the slopes for the two concentrations never exceeded 
2.1 (Table 11). 

Since varied with albumin concentration for a given ligand, the extent 
of change of 13 with a change in albumin concentration was of interest. 
The rate of change [d (0) ld  (albumin)] was calculated by fitting /3 values 
and corresponding albumin concentrations to curves by computer and 
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Figure %-Relationship betiiwen f l  and human serum albumin con- 
centration for  binding of [3H]atropine, [3H]amphetamine, 13H]epi- 
nephrine, and [14C]histamine t o  human serum albumin. Key: A, [3H]-  
atropine o t  4.5 X M (0) ;  B ,  [3H]amphet- 
amine at 3.69 X Z O - 3  M (0 )  and 1.48 X M (0); C ,  [3H]epinephrine 
at 1.14 X M (.);and D, [14C]histamine at 
1.25 X M (0 )  and Fj.36 X M (0). 
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Figure 3-Change in p per change in human serum albumin concen- 
tration [d(D)/d(albumin)] versus albumin concentration for binding 
~ f , [ ~ H ] a t r o p i n e ,  [3H]amphetamine, [3H]epinephrine, and [14C]hista- 
mine to  human serum albumin. Key: A, [3H)atropine at 4.5 X M 
(0) and 3.43 X M (0);  B, [3H]amphetamine at 3.69 X ZO-3 M (0) 
and 1.48 X M (0); C ,  [3H]epinephrine at 1.14 X M (0) and 
4.56 X M (.);and D, [14C]histamine at 1.15 X ZW3 M (0) and 5.36 
x 10-3 M (0 ) .  

calculating the first derivative for each albumin concentration for the 
curve giving the best statistically significant fit (coefficient of correlation 
of 20.95). Plots of these derivatives uersus albumin concentration are 
presented in Fig. 3. 

The rate of change of B per change in albumin concentration was not 
constant for all albumin concentrations; it was higher at low albumin 
concentrations and decreased as the albumin concentration reached that 
normally found in human blood. Thus, the curves consisted of two major 
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Figure 4-Relationship between nK and human serum albumin con- 
centration for binding of [3H]atropine, [3H]amphetamine, [3H]epi- 
nephrine, and [14C]histamine to human serum albumin. Key: A,  3.69 
X ZO-3 M [3H]amphetamine (0) and 4.5 X M [3H]atropine (0); 
B, 2.48 X 20-2 M [3H)amphetamine (0) and 3.43 X ZO-3 M [3H]atro- 
pine (0);  C ,  [3H]epinephrine at 2.14 X M (0) and 4.56 X lO+M 
(0);  and D, [14C]histamine at 1.15 X M (0) and 5.36 X ZW3 M 
(0) .  
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Table 11-Plots of @ and n K a  versus Human Se rum Albumin Concentration (Molar) for Amphetamine, Atropine, Epinephrine,  s n d  
Histamine 

Ligand 
Concentration 
of Iigand, M 

d Plot 
Slope r h  

nK Plot 
Slope r 

Amphetamine 3.69 X 142.0 0.995 -3.64 x 105 -0.891 
1.48 x 124.7 0.978 -5.58 x 105 -0.870 

Atropi tie 4.5 x 10-4 241.9 0.906 -3.91 x 105 -0.888 
3.43 x low 119.0 0.752 -6.44 X lo5 -0.964 

Epinephrine 1.14 X 164.2 0.862 -4.22 X lo6 -0.913 
4.56 X 98.7 0.922 -2.49 x 106 -0.927 

Histamine 1.1s x 10-:3 57.58 0.986 -96,000 -0.748 
5.36 X 44.53 0.968 -93,100 -0.946 

" The n parameter refers to the numher of binding sites on the protein molecule, and K is the association constant for the binding system. The r value is the coefficient 
ot'correlation for the hest fit of the data points to a straight line. The slope given is that calculated for the best-fit straight line. 

Table 111-Comparison of Slopes of Major Sections of Curves Obtained by Plotting d(@)ld(Afbumin) versus Albumin Concentration 

Ligand 
Concentration 
of Ligand, M 

Slope of Curve Segmento 
A B Slope A/Slope B 

Amphetamine 3.69 X -1,028,000 - 136,100 7.55 
1.48 x 10-2 -693,000 - 114,400 6.06 

Atropine 4.5 x 10-4 -1,780,000 -214,300 8.31 
3.43 x 10-3 -1,600,000 -249,000 6.43 

Epinephrine 1.14 x 10-5 -4,930,000 -294,000 16.77 
4.56 x 10-5 - 1 1,960,000 -368,100 32.50 

Histamine 1.15 X - 253,100 -67,160 3.77 
5.36 x 10-3 53.54 53.54 1.00* 

The slope for Segment A was that  of the straight line fitted to the three left-hand points of the curve; for Segment H, i t  was that of the straight line fitted t~ the three 
right-hand points. The plot of B uersus albumin concentration (molar) was a straight line, and d(P)/d(albumin) was taken as its slope. 

segments. one a t  lower albumin concentrations and the other a t  higher 
alhumin concentrations. Slopes for the two segments were calculated, 
and the ratios of the two slopes were computed as a representation of the 
differences in different albumin concentration ranges (Table 111). I t  
appears that 13 changes the least in the albumin concentration range 
usually found in human hlood. The albumin concentration ranges in 
which 13 changes greatly are not encountered clinically. 

In several previous studies (7), an increase in protein concentration 
was accompanied by a decrease in n K 2  The nK values were calculated 
using an equation that permits calculation of nK values from f l  and 
protein concentrations (9). Plots of nK oersus albumin concentration 
are given in Fig. 4. For all four ligands studied, an increase in albumin 
concentrat ion apparently was accompanied by a decrease in nK. The 
slopes of these curves are given in Table 11; while there were differences 
in the slopes for the two concentrations of each ligand, these differences 
were not great (ratios of <2.0), suggesting that the relationship between 
nK and albumin concentration was essentially independent of ligand 
concentration for the two ligand concentrations used. 

For these four ligands, Scatchard plots with positive slopes were ob- 
tained both when the protein concentration was kept constant and the 
liquid concentration was varied and when the ligand concentration was 

kept constant and the protein concentration was varied. According to 
Bowmer and Tindup (7), this result suggests that the positive Scatchard 
plots may be explained by cooperativity. It also appears that for the 
compounds examined, the change in f l  with respect to change in albumin 
concentration is minor for the albumin concentrations encountered 
clinically. This finding suggests that  /3 should be similar in normal indi- 
viduals and those with mild hypoalbuminemia. 
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Abstract  Three ketophosphonium salts containing a morpholino 
group were prepared and evaluated for their neuromuscular hlocking 
effect. Solution and crystal conformations were studied. An attempt was 
made to explain, in structural terms, different activity levels in connection 
wi th  the interatomic distances. 

Keyphrases 0 Ketophosphonium salts-synt hesis, relationship between 
netin)muscular t)locking activity and interatomic distances Struc- 
ture activity relationships -ketophosphonium salts, relationship be- 
tween neuromriscular blocking activity and interatomic distances 0 
Seuromuscular blocking activity- -ketophosphonium salts, relationship 
between activity and interatomic distances 

The striking relationship between neuromuscular 
blocking potency and chain length (1-3) or spatial con- 
figuration (4-6) in a series of bis-onium salts has been 
recognized. Replacement of the ammonium moiety by 
sulfonium, arsonium, or stilbonium has been studied, but 
the change of one of the two electropositive sites for a 
phosphonium group has not been well documented (7, 
8). 

To determine whether it could alter such activity, a 
triphenylphosphonium salt was introduced on an aliphatic 
chain with two polar groups. These derivatives exhibit a 
blocking effect, and the geometric characteristics of the 
molecules in the crystalline state and in solution were 
studied to correlate their structure with their biological 
activity. Their conformations were studied by PMR in 
solution and by X-ray diffraction in the solid state, en- 
abling evaluation of the distance between the two cat- 
ions 

EXPEHIMENTAL 

Methods-Melting points were determined in open glass capillaries 
arid are uncorrected. IR' spectra were taken on a double-heam spectro- 
photometer, utilizing a pot.assium hromide pellet for solid samples and 
sodium chloride windows for liquids. PMR' spectra were recorded on a 
W M H z  instrument. Accurate cell parameters were determined on an 
automatic diffractometer' using Mo K,, radiation. Intensity data also were 
(.ollected on this instrument. 

The structures were solved by direct methods using the Multan pro- 
gram (9). The atoms were normally located by direct. and difference 
Fourier maps, except for some hydrogen atoms. The functional analysis 
was carried out with the determination of the mean planes and intra- 
molecular distances. Analytical results4 for the elements were within 
fO.4'7 ot'theoretical values. 

Syntheses---1-Morpho/ino-2-hutanone (1)--Concent.rated hydro- 
chloric acid (50 ml. 0.5 mole) was added dropwise to a stirred suspension 
ofs-trioxane (22.1, g, 0.75 mole) in a cold mixture (5")  of morpholine (43.5 
g, 0.5 mole). acetone (200 tnl, 2.7 moles), and methanol (30 ml). The 
mixture was ref'luxed for 12 hr, cooled, and evaporated to dryness in 
irn(~uo. A solutioii ot'the residue in water (50 ml) was made slightly basic 

with 10% NaOH and extracted with ether; the combined ethereal solu- 
tions were dried over sodium sulfate, evaporated, and distilled under 
reduced pressure to give 63 g (83% yield) of a colorless liquid, bp 68-74" 
(0.01 mm). 

l-Rromo-4-morpholino-2-butanone Hydrobromide (II)-A solution 
of bromine (5.1 ml, 0.1 mole) in acetic acid (6 ml) was added dropwise at  
room temperature to a solution of I (15.7 g, 0.1 mole) in a mixture of hy- 
drobromic acid (20 ml, 0.3 mole) and acetic acid (25 ml). The resulting 
solution was heated a t  40" for 2 hr and then evaporated; crystallization 
occurred after trituration of the pasty residue with ethanol. Recrystal- 
lization from ethanol gave 23.8 g (7.5% yield) of 11, mp 179'. 

Anal.-Calc. for CsH15Br2N02: C, 30.31; H, 4.77; N, 4.42. Found: C, 
30.39; H, 4.73; N, 4.44. 

(2-Oxo-4-morpholino)butyltriphenylphosphonium Bromide Hy- 
drobromide (III)--A mixture of 31.7 g (0.1 mole) of I1 and 26.2 g (0.1 
mole) of triphenylphosphine in 100 ml of anhydrous chloroform was 
heated to  reflux for 12 hr under nitrogen. The solvent was evaporated, 
and the residue was triturated with an anhydrous ethanol-ether mixture. 
The resulting solid was recrystallized from ethanol to give 37 g (65% yield) 
of 111. mD 209'. -, ~ 

Anal.-Calc. for C26H3oBr2NO#: C, 53.91; H, 5.22; N, 2.42. Found: 
C, 53.61; H, 5.21; N, 2.59. 

(2-0x0-3-ch1oro)propyltriphenylphosphonium Chloride (IV)-A 
mixture of 1,3-dichloroacetone (2.5 g, 0.02 mole) and triphenylphosphine 
(5.2 g, 0.02 mole) in benzene was heated under reflux for 2 hr. The pre- 
cipitate was collected and crystallized from 95% ethanol to yield 6.9 g (859k 
yield) of IV.H20, mp 173". 

Anal.-Calc. for C21H&120P.H20: C, 61.93; H, 5.20. Found: C, 62.04; 
H, 5.25. 

(2-0xo-3-morpholino)propyltriphenylphosp~on~um Chloride Hy- 
drochloride (V)-To a solution of IV (4.1 g, 0.01 mole) and morpholine 
hydrochloride (1.2 g, 0.01 mole) was added sodium (0.7 g, 0.03 mole) in 
ethanol. The reaction mixture was refluxed for 3 hr. Sodium chloride was 
filtered, and ethanolic hydrochloric acid was added to the filtrate. After 
evaporation of the solvent, the crude product was recrystallized from 
et.hanol to yield 3.5 g (74% yield) of V, mp 165'. 

Anal.-Calc. for C25H28ClzNOzP: C, 63.03; H, 5.92; N, 2.94. Found: 
C, 62.92; H, 5.80; N, 2.87. 

N-(Ch1oruacetyl)morpholine ( V I )  (10)-To a cold solution (-10') 
containing 13 g (0.15 mole) of morpholine in a mixture of ethylene di- 
chloride (50 ml) and 20% NaOH (20 ml) was added dropwise 11.3 g (0.1 
mole) of chloroacetyl chloride. After stirring at  20" for 1 hr, the reaction 
mixture was left a t  5" overnight. The  organic layer was separated, and 
the aqueous phase was extracted with ethylene dichloride. The organic 
extracts were washed (10% HCI, 5% NaHCOs, and water), dried (sodium 

Table  I-Ketophosphonium Salts 
n ((',H,),P+cH~co(cH,).N~ox - 

P-N . .. 

Distance, Dose, mg/kg 
Compound n X %, EDson B P b  RA' LDso ~. ._ 

lIId 2 Br 6.48 5 5 f  1.9 20 55 107 f 3 
V' 1 CI 5.51 8 4 4 ~ 3 . 0  50 80 2 1 0 f 5  

VII 0 CI 3.91 2 5 f 0 . 8  40 26 2 2 0 f 3  
Gallamine 3.5 f 0.1 4 4 

triethio- 
dide 

'> I'erkin-t.:lmer 177 iprctrometer.  
- JNII JNhl-hlH-liO instrument. 
" I 'hilips I'1C 1100 .  ' Perkin-Elmer 240 i .arI) i~n.  hydrogrn ,  and nitrugen analyzer. 

The EDSO values are doses estimated ( p  < 0.01) to decrease the amplitude of 
the action potential by 50%. * The BP values are doses inducing a significant de- 
crease in blood pressure. Hydro- 
hrnmide. Hydrochloride. 

Doses corresponding to a respiratory arrest. 
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1. HCHO I\ Br2 

2. morpholine 
CH3COCHZCHZN 0 .-* 

\I CH,COOH 
CH ,COCH , 

I 

triphen ylphosphine 
BrCH,COCH2CH,1;'n0 Br- 

P-J 
H 
I1 

I11 
Scheme I 

sullate), and concentrated in uacuo. Distillation afforded 12 g (73% yield) 
of VI, hp 106' (0.01 mm). 

(2-0x0-2- morpho/ino)ethyltriphenylphosphonium Chloride ( VIl )-A 
solution of 16.3 g (0.1 mole) of VI and 26.2 g (0.1 mole) of triphenyl- 
phosphine i n  dry benzene (50 ml) was refluxed for 5 hr under nitrogen. 
The hot mixture was filtered, and the precipitate was washed with an- 
hydrous ether. Recrystallization from isopropanol yielded 30.6 g (72% 
yield) of VII, mp 225'; IR (KBr): 1630 (C=O) cm-'; PMR (acetoni- 
trile-dl): b 3.47 (m, 4H, CHpNCHz), 3.72 (s, 4H, CHzOCHz), 5.71 (d, 2H, 
P C H 2 ,  J ~ , H  = 13 Hz). and 7.73 (m, 15H, phenyl). 

Anal.-Calc. for C24H25CIN02P: C, 67.68; H, 5.92; N, 3.29. Found: C, 
67.35; H, 6.01; N,  3.34. 

(2-0xo-4-morpho1ino)butyltriphenyiphosphorane (lllc)-A 10% 
K2CO:I solution (25 ml, 0.017 mole) was added slowly to I11 (5.8 g, 0.01 
mole) dissolved in a minimum of water in a nitrogen atmosphere a t  20". 
The crude precipitate was filtered after 2 hr and recrystallized from ethyl 
acetate to afford 3.7 g (88% yield) of IIIc, mp 135'. 

Anal.-Calc. for C ~ ~ H ~ B N O ~ P :  C, 74.81;.H, 6.76; N, 3.36. Found: C, 
74.70; H, 6.60; N, 3.29. 

Pharmacology-Neuromuscular Blocking Potency-The gastroc- 
nemius muscle-sciatic nerve preparation was obtained from anesthetized 
rats (average weight 350 g )  by intravenous injection of 0.4 ml of 6% pen- 
tobarhital sodium5. Contractions were produced by stimulating the nerve 
within the muscle at  a frequency of 1 Hz with rectangular pulses of 1 msec 
i n  duration and 30 mv in amplitude and were recorded together with the 
arterial blood pressure. Animals were placed under artificial respira- 
t ion. 

Tested drugs were compared with gallamine triethiodide6, with the 
eflects being considered equal when a test concentration produced a 50% 
inhibition of the action potential (EDs) .  

LDSO Determination-The acute, single-dose toxicity of 111, V, and 
\'I1 in mice following intraperitoneal administration is shown in Table 
I in terms of the quantitative lethal potency determined by the Miller 
and Tainter method (11). 

RESULTS 

Chemistry and  Spectral  Studies-Schemes 1-111 illustrate the 
syntheses of the phosphonium salts. 4-Morpholino-2-butanone (I) was 
prepared from acetone uia the Mannich reaction as described previously 
(12). The corresponding 1-bromo derivative (the hydrobromide salt, 11) 
subsequently was obtained in a good yield from the acetic acid-catalyzed 

triphenylphosphine 
CICH&OCH2CI + 

morpholine 
(C,H,)$CH,COCH,CI CI- ---+ 

Iv 

H 
v 

Scheme 11 

morpholine triphenylphosphine 
CICHICOCl CICH&ON 0 * 

U 

VI 
n 

(CJl;),kH,CON 0 C1- 
U 

vn 
Scheme Ill 

brominntion. Direct substitution of I1 with 1 equivalent of triphenyl- 
phosphine in anhydrous chloroform under an inert atmosphere yielded 
the phosphonium salt (111). 

Preparation of (2-0x0-3-morpholino)propyltriphenylphosphonium 
chloride hydrochloride (V) was achieved by reacting 1,3-dichloroacetone 
with triphenylphosphine, yielding IV, which then was converted into V 
with morpholine. Treatment of chloroacetyl chloride with morpholine 
afforded the amide (VI), and further condensation with triphenylphos- 
phine gave (2-0x0-2-morpholino)ethyltriphenylphosphonium chloride 
(VII). 

The structures of V and VII in the solid state as well as in solution re- 
quire no special discussion; examination of the X-ray diffraction data 
and the NMR spectra confirmed the observations revealed by IR spec- 
troscopy, which evidenced their ketonic and amide functions, respec- 
tively. 

Compound I11 demands more precise investigation. An X-ray dif- 
fraction analysis (Figs. 1 and 2) indicated that the molecule shows an 
expanded position, probably due to better, stronger packing. Phospho- 
nium and ketone groups aregauche with respect to the c1 -C~  bond, and 
the C=O does not deviate far from the P-CI-C~ plane. The electronic 
perturbations found here and, in particular, the effect of an a-carbonyl 
group on the length of the P-C1 bond confirm previous studies about 
alkyltriphenylphosphonium salts (13-27). Moreover, the presence of a 
morpholinyl nitrogen, protonated or not, is apt to bring modifications 
in the geometry of the PClCzO moiety and to induce a preferential con- 
formation for I11 in solution. Evidence that 111 is a mixture of the keto 
and enol species (Scheme IV) with predominance of the former is given 
by the presence in the IR spectrum (Table 11) of two absorptions at 1720 
and 1615 cm-', the latter being assigned to  the C=C stretching of an 
enolic function. The establishment of the III*IIIa equilibrium is con- 
firmed further by the PMR spectral data, which, when obtained in a 
chloroform medium, included a singlet a t  a lower field attributable to the 
hydroxyl hydrogen. 

Because the structure of IIIa may give rise to possible &-tram isomers 
(22), the related phosphorane (IIIc), which presents the same particu- 

Figure 1-Perspective view of 1Il (thermal ellipsoids). 

Nembutal, Ahbott, Levallois, France. 
Vlaxedil, Speria, Paris, France. Figure 2-Newman projections along main bonds for 1II. 

Journal of Pharmaceutical Sciences I 889 
Vol. 69, No. 8, August 1980 



Table 11-PMR and IR Data for 111, Illa, and  IIIc 

PMR", 6 
Compound a h C d e f g Phenyl IR, cm-l 

d r  

d r  

3.58 4.03 10.50 7.85 UC=O = 1720 (KBr) 
(m,  8 )  (m,4) (m, 1) (m, 15) 

2.65e 3.70 
(m, 8 )  (m, 4) 

uc-0 = 1550 (KBr) 7.58 
(m, 15) 

PMR spectra were run in deuterochloroform; chemical shifts are expressed in parts per million relative to tetramethylsilane; s = singlet, d = doublet, and m = multiplet. 
VP,H = 12 H7. " J ~ . H  = 19.S Hz. z J p , ~  = 26.2 Hz. 3 J ~ . r  = fi Hz. 

+/H 2Br- 

CHzCH2N\7 H 

trans-IIIa 
Scheme I V 

larity, was studied; its geometry is easier to establish and allows the de- 
termination of the respective positions of phosphorus and oxygen in the 
parent compound (IIIa). 

The phosphorane (IIIc) was obtained by addition of a basic reagent 
in a calculated amount. A first dehydrohalogenation led to the phos- 
phonium hromide (IIIb),  whose enolic form is stabilized by hydrogen 
bonding; its stereochemistry cannot he ascertained from routine exper- 
iments. However, further dehydrohalogenation gave the phosphorane 
( I l k ) ,  and 1R data (28-36) revealed the presence of only one rotation 
isomer (cis-IIIc) with the cyclic enolic structure strongly favored by the 
P+O- interaction and by the H-N hydrogen bonding (Scheme V). This 
latter bonding (37) is confirmed by the dihedral angle (0 < a < 30') de- 
termined from ' J b , ,  = 6 Hz (38-40). Furthermore, the rotation about the 
C,-Cz double bond was observed by NMR a t  48' in chloroform, but this 
phenomenon did not occur up to 150' in dimethyl sulfoxide. 

The cis-structure of IIIc suggests that its precursor (1110) presents the 

-HBr 

cis-IIIb 

Scheme V 

0 
cis-IIIc 

Table 111-Crystal Data  for 111 

Formula C26HROBr2N02P 
Mol. wt. 579.323 
Space group P i  
a 12.73 (2) A 
b 12.79 (2) A 
c 9.66 (1) A 
a 115'80 

105'12 
66'53 

P 
Y 
V 1292 A3 
dcair. 1.43 g/cmg 
Z 2 
Unit cell Triclinic 
R 
P 30 cm-' 

0.071 (2396 strongest structure factors) 

same configuration in solution and thereby renders the gauche-confor- 
mation more likely (at  the dihedral PC1C20 site) for the corresponding 
ketonic form (111) in solution, as proved by X-ray diffraction (Figs. 1 and 
2 and Table 111). 

Biological Testing-The neuromuscular blocking potencies were 
tested on the gastrocnemius muscle-sciatic nerve preparation of the 
anesthetized rat and compared with effects of gallamine triethiodide. The 
results in Table I are expressed in terms of variations in the amplitude 
of the action potential. Arterial blood pressure and the frequency of 
respiration also were recorded. A significant blood pressure decrease was 
concomitant with the respiratory arrest. Under further artificial respi- 
ration, the arterial blood pressure increased to normal values. 

DISCUSSION 

The levels of neuromuscular blocking activity of the three compounds 
were not directly related to  the P-N distance. The correlation between 
the curare-like potency and the relative dispositions of the onium groups 
in his-onium derivatives has been questioned (41-44). I t  appears that  
the activity of some pentamethonium iodides (41) or hexa- and deca- 
methonium bromides (42) may arise from the number of van der Waals 
contacts between the extreme methyl groups and the receptor sites. In 
addition, it has been postulated that the ether linkages of the tuho- 
curarines are involved in the interaction with the receptor (43,45-47). 

Similarly, for 111, V, and VII, the electronic interaction of the phos- 
phonium cation and the formation of hydrogen bonding between the 
oxygen atom of the morpholine group and the receptor site can be sug- 
ested. Thus, the observed P.-0 distance for the more potent VII is 6.8 1,. In accordance with the known value found for the cholinergic receptors 

(48-50). 
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Abstract [II A generalized method for the rapid evaluation of complicated 
ionic equilibria in terms of the hydrogen-ion concentration was developed. 
The method was based on the derivation of a single general equation that 
could be used to evaluate any mixture. A tableau method also was de- 
veloped which allowed calculation of the numerical solution to the general 
equation without computer analysis or graphical or intuitive approxi- 
mations. Examples illustrating the utility of the method are presented. 
These examples include a mixture of barbital, citric acid, boric acid, 
monobasic sodium phosphate, and sodium hydroxide. Calculated hy- 
drogen-ion concentrations showed good agreement with experimental 
values for simple and complex solutions. The major advantages of the 

method are its simplicity and the obtainment ot numerical solutions 
without initial approximations in the calculations. However, activity 
corrections are not included in the calculations. 

Keyphrases  EI Hydrogen-ion concentration-general calculation 
method for multicomponent acid-base mixtures, calculated results 
compared with experimental results 0 Model, mathematical-calculation 
of hydrogen-ion concentration in multicomponent acid-base mixtures, 
comparison with experimental results Acid-base mixtures-calculation 
of hydrogen-ion concentration in multicomponent acid-base mixtures, 
comparison with experimental results 

The calculation of pH values for multicomponent mix- 
tures of weak acids and bases, strong acids and bases, and 
ampholytes often requires solving a formidable set of si- 
multaneous equations. Although intuitive reasoning may 
lead to simplifications, it also may lead to erroneous results 

(1). Although graphical procedures (2) have shown didactic 
and practical utility, they can become complex and the 
evaluation may be difficult. 

A general method for rapid evaluation of complicated 
equilibria in terms of the hydrogen-ion concentration is 
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tures of weak acids and bases, strong acids and bases, and 
ampholytes often requires solving a formidable set of si- 
multaneous equations. Although intuitive reasoning may 
lead to simplifications, it also may lead to erroneous results 

(1). Although graphical procedures (2) have shown didactic 
and practical utility, they can become complex and the 
evaluation may be difficult. 

A general method for rapid evaluation of complicated 
equilibria in terms of the hydrogen-ion concentration is 

0022-3549/80/ 0800-089 1$0 1. OOf 0 
@ 1980, American Pharmaceutical Association 

Journal of Pharmaceutical Sciences / 891 
Vol. 69, No. 8, August 1980 



described in this paper. A tableau method for the numer- 
ical solution also is described. This method eliminates the 
need for computer analysis. 

Activity coefficients were omitted in the following sec- 
tions t~ simplify the treatment of the equilibria presented. 
These corrections may be needed in many pharmaceutical 
situations. 

THEORETICAL 

Mixture of Weak Polybasic Acids-Let the mixture contain a con- 
centration T P  of a weak polyprotic acid (H,P) with a dissociable hy- 
drogen ions and a concentration T Q  of a weak polyprotic acid (H&) with 
/3 dissociable hydrogen ions. The equilibrium expressions for H,P are: 

H Z ~ % H ~ - ~ P - ~  + H +  
Scheme I 

H , - l P - 1 s H , - z P - 2  + H +  
Scheme I1 

KP HIp-(a- ' )&p-u + H +  
Scheme 111 

and for HaQ are: 

H g Q t H o - i Q - '  Kal, + H +  
Scheme IV 

H a - l Q - 1 ~ H , + z Q - 2  + H +  
Scheme V 

H l ~ - ~ ~ - i ) a Q - ~  + H+ 
Scheme VI 

Let: 

and: 

Qo = HaQ (Eq. 4) 

Qi = Ha-iQ-' (Eq. 5) 

QB = 8-' (Eq. 6) 

The individual species for each acid can be expressed as functions of 
PO or Qo, the respective ionization constants, and the hydrogen-ion 
concentration. By using Schemes I-VI and Eqs. 1-6, the following 
equations can be derived: 

Po = Po (Eq. 7 )  

Pi = KPIH-'Po (Eq. 8)  

P2 = K P I K P ~ H - ~ P O  (Eq. 9) 

P,  = K P i K P z .  . . KP,H-"Po (Eq. 10) 

and: 

Note that H-' = l/H. Let the charge balance be expressed as: 

D = 2 pPP + f qQp 
P-0  q=o 

(Eq. 15a) 

where (1): 

Let the mass balance for each acid be expressed as: 

T P =  c P p  
P-0 

and 

T Q =  f Qq (Eq. 17) 
q-0 

Equations 7-10 and Eqs. 11-14, respectively, can be written in general 

P p =  fi KP,H-PPo (Eq. 18) 

form as: 

*=0 

a n d  

Qq = R KQ,H-QQo (Eq. 19) 

Substitution of Eq. 18 into Eq. 16 and of Eq. 19 into Eq. 17 yields, re- 

(Eq. 20) 

r = O  

where KPo = KQo = 1. 

spectively: 

T P  = 2 fi KP,H-PPo 
p=o *=a 

a n d  

T Q =  f I? KQ,H-pQo (Eq. 21) 
p = o  r = O  

Rearrangement of Eqs. 20 and 21 yields, respectively: 

(Eq. 22) 
T P  Po = 

5 fi KPrH-p 
p=o  r=o 

and: 

(Eq. 23) TQ 

E fl KQ,H-q 
80 = 

q=o n=O 

Substitution of Eq. 22 into Eq. 18 and of Eq. 23 into Eq. 19 yields, re- 
spectively: 

fi KP,H-pTP 

5 fi KP,H-P 
p - 0  r=O 

*=0  Pp = (Eq. 24) 

and: 

I? KQ,H-qTQ 

f fl KP,H-q 
q=o *=o 

n=O 
Qq = (Eq. 25) 

Substitution of Eqs. 24 and 25 into Eq. 15a yields: 

5 p fi KP,H-PTP 5 q fi KQ,H-WQ 
D='=O *=' + q = o  n = o  (Eq. 26) 

f f iKP,H-P f h K Q r H - q  
p=o  r-0 q=o r-0 

Rearrangement of Eq. 26 followed by multiplication by H(,+O) yields: 

D 5 5 fi K P ,  fi KQ,H(ct+@-P-q) 
p=o q-0 n=O r-0 

= 2 fi K P ,  if KQ,H(Lr+P-P--q) P TP 
p=o q=o *=0 a=o 

+ 2 f fi K P ,  fi KQ,H(-+P-P-q) qTQ (Eq.27) 
p=o  q=o *=o r=O 
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Define tensors: 

and: 

K p q =  f I K P ,  f I K Q r  (Eq. 29) 
*=o r=O 

Substitution of Eqs. 28 and 29 into Eq. 27 yields: 

D p=o 5 q=o E KPPPY = so i o K p q H p q P T P  

+ 5 5 KpqHppqTQ 0%. 30) 
p - 0  q=o 

Equation 30 can be simplified by noting that the indexes p and q are 
repeated in the multiplication of the tensors Kpq and Hpq. Following the 
convention proposed by Jeffreys (3), the summation signs will be omitted 
and the summation will be implied (the indexes are given all possible 
values of p and q and the terms are added). Equation 30 can be written 
using this convention as: 

DKpqHpq = KP,,HpqTP + Kpq!HpqTQ (Eq. 31) 

The derivation of Eq. 31 can be extended to yield an equation for any 
where KPsq = K p q p  and Kpq, = Kpqq. 

number of acids. The resulting equation is: 

DKpq. . . zHpq. . . z  = Kp‘q . .zHpq . .zTP 
+ Kpq’ zHpq.. .zTQ + Kpq., .z’Hpq.. . zTz (Eq. 32) 

Mixture of Weak Polyacidic Bases-Let a mixture contain a con- 
centration T R  of a weak polyacidic base (H:7R) with y ionizations and 
a concentration T S  of a weak polyacidic base (HZbS) with 6 ionizations. 
The equilibrium expressions for the bases are: 

H ; ~ R  S H ; ~ R  + H +  

~ p - 1 ) ~  S H ; L ~ R  + H+ 
Scheme VII 

Scheme VIII 

K R  
H+R&R + H+ 

Scheme IX 
For H:‘S, they are: 

H+b 3 +(b-l)S+ H t  
d S*Hb-l 

Scheme X 

H ~ ! ~ - ; ” S & H ~ $ 2 ’ S  + Hi 
Scheme X I  

K S  

H+S& + H +  
Scheme X I 1  

Let: 

Ro = H t 7 R  

R1 = H:>-”R 

R ,  = R 

and: 

So = HZbS 

SI = H;A{-I’S 

S b  = s 
Let the charge balance be expressed as: 

D = ,f ( r  - N R ) R ,  + f: (s - N S ) S ,  
r - 0  s=o 

where N R  is the number of cationic species possible from the protonation 
of the neutral base R and N S  is the number of cationic species possible 
from the protonation of the neutral base S. 

Let the mass balance equations he expressed as: 

T R  = 2 R, 
r=O 

and: 
b 

s=o 
T S =  x S s  

(Eq. 40) 

(Eq. 41) 

The individual species for each base can be expressed as a general 
equation as were the acids in the previous section. The equations for the 
bases are: 

R, = KR,H-‘Ro (Eq. 42) 
n=O 

and: 

(Eq. 43) 

A general equation for a system of two polyacidic bases can be derived 
in a manner analogous to Eq. 31 for the system of two polybasic acids. 
The equation thus derived is: 

DK,H, = K,,,H,TR + K,,,H,,TS (Eq. 44a) 

where K,,, = Krs(r  - N R )  and K,,, = K, , ( s  - N S ) .  
The derivation of Eq. 44a can be extended to a system of any number 

of bases analogous to the extension of Eq. 31 to Eq. 32. The general 
equation for any number of polyacidic bases is: 

DKrs . .zHrs. . .z = Kr‘s. . .zHrs. . .zTR + Km.. . ,zHrs. . , z T s  
+ .  . . Kr5 . .  .L,HrS. z T Z  (Eq. 44b) 

Mixture  of Weak Acids, Weak Bases, Ampholytes, Salts, and 
Strong Bases-Inspection of Eqs. 31 and 44a reveals a mathematical 
similarity. If an N P  term and an NQ term had been defined for the acids, 
as N R  and N S  were defined for the bases, then the equations would have 
been mathematically identical ( N P  and NQ would have been zero since 
no cationic species of the acids were formed). Therefore, Eq. 44a can be 
applied to mixtures of acids, mixtures of bases, and mixtures of acids and 
bases. 

Equation 44a also is applicable to ampholytes, but caution must be 
exercised in the determination of the number of cationic species pos- 
sible. 

Salts can be considered as mixtures of acids and bases. Therefore, Eq. 
44a is applicable to solutions formed from salts. Mathematically, the 
solution is considered to be formed from a stoichiometric mixture of the 
acid and base components of the salt. 

The addition of a strong acid and/or strong base to any mixture re- 
quires modification of the charge balance. Let SBt denote the total 
concentration of strong base and SAt denote the the total concentration 
of strong acid. If one component of a salt is a strong acid or base, then its 
concentration must be added to the S A t  or SHf term, respectively. 

Example 1: Ammonium Acetate-This salt is treated as an equimolar 
mixture of ammonia ( T P )  and acetic acid ( T Q ) :  T P  = TQ, N P  = 1, and 
N Q  = 0. 

Example 2: Sodium Acetate-This salt is treated as an equimolar 
mixture of acetic acid ( T P )  and sodium hydroxide (SBp):  T P  = SB,,  N P  
= 0, and SBf = SH,. 

Example 3: Sodium Carbonate-This salt is treated as a mixture of 
sodium hydroxide (SB,) and carbonic acid ( T P ) :  2TP = SH,, N P  = 0,  

Example 4: Sodium Carbonate and Sodium Hydroxide-This solution 
is treated as a mixture of carbonic acid ( C P )  and sodium hydroxide as 
in Example 3; however, the additional sodium hydroxide is added to the 
SBt term: 2TP = SB,, N P  = 0, and SRt = SBp + SR.  

Therefore, Eq. 44b can be extended to mixtures of weak acids, weak 
bases, ampholytes, salts, strong acids, strong bases, and all of their 
combinations. The general equation (derived analogously to Eq. 446) 
is: 

(SBt - SAr + D W p q . .  .zHpq.. .p = Kp’q. , z H p q . .  .zTP 

SRt = SBp. 

+ Kpq‘ . .zHpq . .zTQ + Kpq.. .z’Hpq . z T z  (Eq. 4 4 ~ )  

GENERAL METHOD AND APPLICATION 

The substitution of known values into Eq. 44b for a particular mixture 
followed by rearrangement and collection of terms in H results in a 
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Table J-Data for Example 1 
[ G n q  

KP,, KQ,, . . . K Z ,  

1 complex 

K t G i n e c o e f f i c i e n t s  

1 
_ _ _  

computer analysis rquadra t ic  approximation 

Scheme XI11 

polynomial in H .  T h e  determination of the  coefficients and the  order of 
the polynomial can be facilitated by constructing a table for the  sys- 
tematic enumeration of ( a )  all possible values of the  subscripts of the  
tensor Kp4 .*', ( b )  the  powers of the  polynomial in H t h a t  correspond 
to  the subscripts, ( c )  the  values of the  components of K,, . ,', and ( d )  
the stoichiometric factors for each component. 

The  table also allows a numerical comparison of the contribution of 
each term t o  a particular coefficient. This  comparison permits omission 
of insignificant terms. T h e  advantage of this method increases with the  
complexity of the  mixture. 

T h e  final polynomial in H obtained from the  table can be solved by 
numerous numerical computer techniques. However, a quadratic ap-  
proximation of the polynomial also can be used ( l ) ,  eliminating the need 
of a computer. 

T h e  general procedure to calculate the hydrogen-ion concentration 
of  a complex system is illustrated in Scheme XIII. A step-by-step ap-  
proach of the  general procedure with specific application to  a simple and 
a complex mixture follows. 

Consider the calculation of the hydrogen-ion concentration in a solu- 
tion of 0.09 M NaHCO3 and 0.01 M NaZC03: 

1. The  numher of actual components is specified. This  particular 
mixture contains two, carbonic acid and sodium hydroxide (refer to  
previous section). 

2. The ionization constants for each component (excluding strong acids 
and strong hases) are  defined. T h e  t.otal number of  ionizations for each 
component also is defined ( c l ,  /j,. . .w). T h e  values for this example are: 
K P ,  = 4.20E-07 for the equilibrium shown in Scheme XIV and  KP2 = 
.4.80E- 11 for the equilibrium shown in Scheme XV, with ( Y  = 2. 

h 1'1 
HZCO:~=HCO,~ + H +  

Sclicnw X I V  

HCO,! -COT2 + H + 

Srhorne X V 

3 

:i. The numher of cationic species formed from each actual component 
(excluding strong acids and strong hases) is determined. T h e  only com- 
ponent t o  be considered in this example is carbonic acid, which does not 
form any cationic species. Therefore, the N P  term is equal to zero. 
1. The total concentration ol' each component is determined. T h e  

cvniponrnts f o r  this example are carbonic acid and sodium hydroxide. 
'I'he mass halance tor  the sodium hydroxide is: S R ,  = 0.09 M + 2(0.01 M )  
= 0.11 h.l (sodium hydroxide). 'I'he mass halance fur t.he carbonic acid 
i s  7'P = 0.09 hf + 0.01 h.1 = 0.1 M (carbonic acid). 

5. Hy using the genrral equation (Eq. 44c), a particular (general) 
equation for the  mixture is defined. T h e  equation for this example is: 

( 1 ,  + SH,)K,,H,, = PK,,,H, (Eq. 45) 

p - N P  K, 
P H" ( C P  = 1.00E-01M) (SR ,  = 1.10E-OlM) 

0 2 0 1 
1 1 1 4.20E-07 
2 0 2 2.00E- 17 

6. T h e  known values (Steps 1-4) are  substituted into the equation 
obtained from Step 5. If the equation is simple, then a direct substitution 
can he performed after expansion of the equation. Expanding Eq. 45 
yields: 

( D  t SRt)(H' t KPiH t KPI KP2) = (KPiH + 2KPiKPZ)P 
(Eq. 46) 

Substituting the values from Steps 1-5 and Eq. 15b into Eq. 46 yields the 
final equation for this example: 

H4 + (1.1E-Ol)H" + (4.2E-09)H2 
- (1.8E-18)H - 2.01E-31 = 0 (Eq. 47) 

In more complex situat.ions, rearranging Eq. 45 or whatever general 
equation results from Step 5 results in a more useful form for substitution 
of the  variables: 

(Eq. 48) 

A table can he constructed that  allows the evaluation of the coefficients 
of Eq. 48 without expanding the  general equation. T h e  table is con- 
structed in the  following manner (Table I): 

a. A column is constructed t h a t  contains each possible combination 
of p, q, . . . 2. T h e  total number of rows (combinations) equals ( n  + 1)(0 
+ 1) . . . (o + 1). In Tahle I, the three values possible for p in this example 
are  shown in the  first column. 

b. With the  values obtained in the first column, a second column is 
calculated. This  column contains the  relative powers o f  If in the final 
polynomial. T h e  power is calculated for each row in the second column 
by using the value of the subscripts p ,  9. .  . . z in the corresponding row 
of the first column and solving: 

( ( Y  + /3 + . . . w) - ( p  t (I + . . . z )  = power of H 

DK,Hp t SB,KpIf, - PKp,H, = 0 

(Eq. 49) 

c.  A column for each component (excluding strong acids and strong 
bases) is constructed. In Table I, only one column for component CP 
(carbonic acid) is required for this example. In general, the  rows of the  
component columns are determined from the  corresponding entries in 
the  first column and by calculating p - NP, (I - NC), . . ., z - N Z .  Since 
N P  is zero, the  component column is equivalent to  the first column for 
this example. 

from the 
corresponding values of the subscripts p ,  (I, . . .z  in the first column. T h e  
nature of the  K,,, tensor allows each succeeding row after the first 
to  be calculated from a previous row (not necessarily the last row) by 
multiplication with the next ionization constant corresponding to  the 
new subscript. This  column is labeled K,, and suhtitled with the 
appropriate concentration ofSH, - SA,. The resultant column for this 
example is shown in Tahle  I. 

7. The  next step is to calculate the coefficients and powers of the final 
polynomial equation. Starting with the highest power of H .  the  entry is 
determined under each component for the  row corresponding to  that  
power. The  value obtained is multiplied by the component concentration 
(s ) .  This  value is subtracted from the SR,  - .SA, concentration. The  
difference obtained then is multiplied by the corresponding value in the 
K,, I column and by the corresponding value of H " .  (In inure complex 
systems, more than one row will he found for a given order. I f  the  values 
for rows of a given power are equal in magnitude, they are added. If the  
values are  not equal. thcn the minor contributing row may he ignored.) 
This  procedure is repeated for each decreasing power of H .  The values 
for each power then are added. T h e  values for this example are: power 
2 = (l.10E-Ol)(l)H2, power 1 = (l,Itlfi,'-01 - l.OUE-Ol)(.1."OE-O'ilH'. 
and power 0 = (l.1OE-01 - 2.O(lE-O1)(~.011.:-l~)H", so that: 

d .  T h e  last column is constructed hy calculating K,, . 

B = (1.10E-01)H2 t (4.2OE-O9)H' - (1.XIE-lX)H" (Eq.  XI) 

T h e  summation obt.ained in general will equal the total equation (Ey. 
48 for this example) minus the term Z~K,,,, zljl,,, z ( I ) K r , t f r ,  for this 
example). This  term can he expanded after substituting Eq. 131 to  
yield: 
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Table 11-Data for Example 2 

* a  

* 

* 

* 

* 

* 

* 

* 
* 

* 
* 

* 
* 
* 
* 

* 

p - N P  q - N Q  r - N R  S - N S  K p v s  
TP TQ TR TS SBt 

P Q r s H" 2.163-02 2.163-02 2.163-02 2.16E-02 7.073-02 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

0 
0 
0 
0 
1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
0 
0 
0 
0 
1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
0 
0 
0 
0 
1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
0 
0 
0 
0 
1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 

0 
1 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 

0 
0 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 

8 
7 
7 
6 
7 
6 
6 
5 
6 
5 
5 
4 
5 
4 
4 
3 
7 
6 
6 
5 
6 
5 
5 
4 
5 
4 
4 
3 
4 
3 
3 
2 
6 
5 
5 
4 
5 
4 
4 
3 
4 
3 
3 
2 
3 
2 
2 
2 
5 
4 
4 
3 
4 
3 
3 
2 
3 
2 
2 
1 
2 
1 
1 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

0 
0 
0 
0 
1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
0 
0 
0 
0 
1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
0 
0 
0 
0 
1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
0 
0 
0 
0 
1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 

0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 
0 
0 
1 
1 

0 
1 
0 
1 
0 
1 
1 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 

1 
5.8OE- 10 
3.703-08 
2.15E- 17 

4.353-12 
7.503-03 

2.78E- 10 
1.61E-19 

2.693- 19 
4.65E-10 

1.723- 17 
9.983- 27 
2.233-22 
1.29E-31 
8.25E-30 
4.79E-39 
8.40E-04 
4.823- 13 
3.1 13- 11 
1.803-20 

3.653-15 

1.35E- 22 
3.913-13 

1.45E-20 
8.413- 30 

1.103-34 

4.05 3- 42 

6.303-06 

2.333- 13 

2.27E-22 

1.893-25 

6.99E-33 

1.503-08 
8.70E-18 
5.553-16 
3.223-25 
1.133- 10 
6.573-20 
4.193-18 
2.433- 27 

4.09E-27 
7.043- 18 

2.61E- 25 
l.5lE-34 
3.403-30 
1.98E-39 
1.263-37 
7.293-47 
6.00E- 14 

2.228-21 
1.29E-29 
4.523- 16 

1.68E- 23 
9.723-33 

1.648-32 
2.04E-30 

1.368- 35 
7.92E-45 
5.043-43 
2.92B-52 

: ~ 8 3 - 2 3  

2.633-25 

2.826-23 

6.043- 40 

The asterisk indicates the row contributing significantly to the total Eq. 55. 

H2-  K ,  
( 7 ) K p q  Z H P ,  

The K,, .HP, value is computed using the table by recalling the rows 
used in the determination of the coefficients of the polynomial. Since all 
three rows were used in this example: 

K p H p  = H2 + (4.20E-07)H' + (2.01E-17)H0 (Eq. 52) 

The final equation can be obtained by substituting the values obtained 
from the summation, the Kp,  zHp, value, and Eq. 15b into the 
general equation. The result for this example is obtained by substituting 
Eqs. 50, 52, and 15b into Eq. 48 to yield: 

H 4  t (l.10E-Ol)H3 t (4.203-09)H2 
(Eq. 51) - (1.813-18)H' - (2.01E-31)H0 = 0 (Eq. 53) 

8. The last step is the numerical solution of the final equation. For this 
example, Eq. 53 can be solved by numerical techniques. However, the 
quadratic equation obtained from the last three terms of Eq. 53 ap- 
proximates the total equation. This approximation yields a pH of 9.37, 
the same as that given by Eq. 53 to this accuracy. Experimentally, a pH 
of 9.30 was obtained. 

The second example is the calculation of the hydrogen-ion concen- 
tration of a solution of 0.0216 M citric acid (P), 0.0216 M monobasic so- 
dium phosphate (Q), 0.0216 M barbital ( R ) ,  0.0216 M boric acid ( S ) ,  and 
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0.0491 M NaOH, which can be solved as follows: 
1. There are five components of this mixture: citric acid, phosphoric 

acid, barbital, boric acid, and sodium hydroxide. 
2. The ionization constants, a, & -y, and 6, for this example are defined 

as: K P I  = 8.40E-04, K Q 1 =  7.50E-03, KS1= 5.80E-10, KPz = 1.80E-05, 

= 3, /3 = 3,  y = 1,and 6 = 1. 
3.  There are no cationic species formed from any of the components. 

Therefore, N P  = N Q  = N R  = NS = 0. 
4.  The component concentrations are: T P  = T Q  = T R  = T S  = 0.0216 

M and SB, = 0.0491 M (sodium hydroxide) + 0.0216 M (SB,) = 0.0707 
M .  

5. The general equation for this particular mixture is then defined from 
Eq. 44c. Equation 44c for a mixture of four components (TP,  T Q ,  T R ,  
and T S )  and SR, results in: 

(D + SBOKpqrsHpqrs = Kp.qrsHpqr.vTP 

KQ2 = 6.20E-08,  K R 1 =  3.70E-08, KPB = 4.00E-06, KQ3 = 4.80E-13, a 

+ KpqrrsHpqrsTQ t Kpqr,sHpqrsTR 
+ Kpqrs’HpqrsTS 0%. 54)  

6 .  The tableau method for the calculation of coefficients and powers 
in the final polynomial is advantageous for this example because of its 
complexity. Rearranging Eq. 54 and substituting Eq. 156 yield: 

- TQKp,,,, - TRKPqr, ,  - TSKpqrs’)Hpqrs ( E q . 5 5 )  
Table I1 was constructed using the procedure outlined in the previous 

example. However, in this example, not every row was used in calculating 
the coefficients. Only 16 rows contributed significantly to the total 
equation. The values in the KPqra column for a given power should be 
compared and the relative values noted. These contributing rows are 
marked with an asterisk in Table 11. 

7 .  The coefficients for each power are determined from Step 6 and 
summed for all powers of H. This sum equals the right side of Eq. 55. The 
value of KpqrsHpqrs is calculated by recalling all of the contributing rows 
used in the determination of the previous summation. The values in the 
KPqrsHPqrS column corresponding to these rows are added. Substituting 
the value obtained for the right side of Eq. 55 and the value obtained for 
KpqrsHpyr5 into Eq. 55 and expanding yield the final equation for this 
system: 

HIo + (7 .9E-02)H9 + (4 .2E-04)H8 t (1 .7E-07)H7 
+ (6 .7E-13)H6 - ( 7 . 3 E - 1 8 ) H 5 -  (1 .72E-24)H4  - (6 .2E-32)H3  

- (4 .9E-41)H2  - (3 .6E-53)H’ - (2 .9E-66)H0  = 0 (Eq. 5 6 )  

8 .  This step is performed as in the previous example. The quadratic 

approximation based on H 7  yields a pH of 5.37, whereas solving the entire 
Eq. 55 gives a pH of 5.30. The latter pH was the one obtained experi- 
mentally. 

EXPERIMENTAL 

The pH measurements were performed using a digital pH meter’. The 
instrument and test solutions were at 23’. Buffer solutions bracketing 
the approximate pH of the test solution were used to calibrate the in- 
strument. 

RESULTS AND DISCUSSION 

The results for two- and five-component mixtures of acids, bases, and 
ampholytes showed reasonable agreement between experimental and 
calculated pH values. The general method presented has the advantage 
that approximations can be made in the final equation rather than in the 
derivation. This approach allows the approximation to be based on nu- 
merical comparison rather than on intuition. Additionally, the method 
can be used without any approximation if a computer is available (the 
general nature of the final equation is well suited for computer analysis). 
In summary, the general equation presented is simple and versatile; it 
can be used to calculate the hydrogen-ion concentration of simple and 
complex solutions. However, a t  high ionic strengths, the lack of activity 
corrections is expected to limit the accuracy of the method. 
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Abstract  A quantitative method for the analysis of free methyldopa 
in plasma is described. The method is based on reversed-phase high- 
pressure liquid chromatography with electrochemical detection utilizing 
an ion-pairing agent. Separation of methyldopa from plasma is achieved 
by alumina adsorption. The parameters associated with the adsorption 
step are described, The lower limit of sensitivity is -10 ng of methyl- 
dopa/ml with a corresponding retention time of 6.9 min. 

Keyphrases 0 Methyldopa-high-pressure liquid chromatographic 
analysis using electrochemical detection, separation from plasma by 
alumina adsorption 0 High-pressure liquid chromatography-analysis, 
methyldopa, plasma 0 Adsorption-separation of methyldopa from 
plasma by alumina adsorption, high-pressure liquid chromatographic 
analysis 

Previous measurements of small quantities of methyl- 
dopa (I) and other catechols in biological fluids have been 
based on separation by alumina adsorption and detection 
by oxidation to the fluorescent hydroxyindole derivatives. 
Since most catechol compounds adsorb onto alumina and 
form the fluorescent derivative, the approach is not specific 
for any one compound without additional chromatographic 
procedures. Kwan et al. (1) employed no additional 
chromatography and reported a mean reading for predose 
plasma equivalent to 280 f 30 ng of methyldopa/ml. 
Subtraction of a blank value of this magnitude and vari- 
ance results in considerable assay variance and severely 
limits sensitivity. 

This paper describes a quantitative method for the de- 
termination of methyldopa in plasma that utilizes high- 
pressure liquid chromatography (HPLC) with electro- 
chemical detection. Electrochemical detection previously 
was used successfully for detection of catecholamines 
(2-4). Methyldopa was separated from its metabolites and 
other endogenous catecholamines with reversed-phase 
ion-pair HPLC. 3,4-Dihydroxybenzylamine (11) was used 
as the internal standard. 

EXPERIMENTAL 

Reagents and Standards-All reagents were reagent grade o r  better. 
Water was triple glass distilled. Organic solvents were H P I X  grade. The 
mohile phase was passed through a 0.2-gm filter' hefore introduction into 
the system. Pure methyldopa', :(,3-dihydroxyhenzylaminei, type WN-3 
chromatographic alumina:' (activity grade I ) ,  and heptanesulfonic acidJ 

1 I1 

Millipore. 
Merck S h a r p  & I h h m e  Research I.aboratories, Hahw;iy. N . J .  

3 Sigma Chemical Co.. St. Imiis. &lo. 
Eastman Chemicals. Rochester, N.Y. 

(sodium salt) were used. All standard solutions were made in triple 
glass-distilled water containing 0.005 M sodium metabisulfite and 
acidified to pH 2.6 with phosphoric acid. 

Instrumental Parameters-A chromatographic reciprocating pump5, 
a sample injection valve6, a 5 - p n  octadecylsilane column', a glassy carbon 
electrochemical detectid', and a dual-pen recorder9 comprised the H P I C  
system. 

The mobile phase consisted o f  0.07 M phosphate huffer adjusted to 
p H  2.6 with sodium hydroxide, 8% acetonitrile. 0.1 mM disodium eth- 
ylenediaminetetraacetate, and 5 mM heptanesulfonic acid. The anode 
potential was set a t  +0.80 v uersuzi a silver-silver chloride reference 
electrode, and amplification was achieved with a polaroyraphic analyzer"'. 
With a mobile flow rate of 1.5 ml/min, the retention times for methyldopa 
( I )  and 3,4-dihydroxybenzylamine (11) were 6.9 and 5.2 min, respec- 
tively. 

Separation from Plasma-One milliliter of plasma was spiked with 
!I. Then 0.1 ml of 0.05 M sodium metabisulfite and 0.1 ml of 5?h (w/v) 
disodium ethylenediaminetetraacetate were added to the plasma. The 
plasma was adjwted to pH 7.0 by the addition 0 1  2 ml of 0.065 M 
tris(hydroxymethy1)aminomethane buffer and then was adjusted further 
to pH 8.0-8.6 with 1 M NaOH after the batchwise addition of 135 f 1.3 
mg of acid-washed alumina (5). The sample was shaken for 15 min, and 
the supernate was aspirated. The alumina was washed twice with 2 ml 
of triple-distilled water. The methyldopa was eluted from the alumina 
by shaking for 15 min with 1 ml of 0.05 M phosphoric acid. The acid su- 
pernate was transferred immediately to a second tube from which 100 
PI subsequently was injected onto the column. 

DISCUSSION 

Chromatography-Various parameters such as the pH and compo- 
sition of the mobile phase were evaluated systematically. The ionic 
strength of the mobile phase greatly affected the electrode response. The 
effects of various ionic strengths on the hioanalytical electrodes previously 
were established for phosphate buffer (6) and corresponded to the present 
results (Fig. 1). Maximal response occurred at  0.07 M phosphate buffer. 
The effect of varying the percent composition of the organic phase in the 
aqueous mobile phase was described theoretically by Horvath et nl. (7). 
Acetonitrile was used as the organic solvent, and the results of varying 
organic composition uer.sus log K' (retardation factor) proved to be linear, 
verifying the work of Horvath et al. (Fig. 2). 

The results of the effect of pH on K' are presented in Figs. 3 and 4. 
Methyldopa has a reported pKa value of 2.2 (8) for the carboxylic acid 
function a t  25", and K' is related directly to the ionization of the car- 
boxylic acid functional group. The amino group with a pKa of 9.0 a t  25' 
is ionized and is presumed to be paired with heptanesulfonic acid. In- 
creasing the percentage of ionization of the carboxyl group decreased 
retention up to -pH 3.20, where elution of methyldopa was at  the solvent 
front. The mobile phase pH must be maintained constant since small pH 
fluctuations may change the chromatography significantly. 

The efficiency of liquid chromatographic columns has been shown to 
be the greatest for compounds with K' values between 2 and 6 (9). The 
composition of the mobile phase was adjusted accordingly and resulted 
in K' values of 2.7 and 3.9 for 3,4-dihydroxyhenzylamine and methyldopa, 
respectively. 

Motlel 60i)OA. Waterb Associates. Milfiird, Mess. 
Model iOI0. Itheodyne Inc., Herkeley. Calif. 
Spherisorl). Altcx. Herkeley. Cali(. 

8 Hioanalyiic;il Systems. West 1.atayctte. Ind. 
Fisher Sirwntil'ic, S t .  J A I L I ~ S ,  bI(1. 

I" M t ~ I e l  174A. Princeton Applied Ilesearch. I'rincetim. N.J 

0022-35491 801 0800-0897$0 1.001 0 
@ 1980, American Pharmaceutical Association 
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PHOSPHATE CONCENTRATION, M 
0 0.2 0.4 0.6 

Figure I-Effect of ionic strength on the detector response of methyl- 
dopa. At a phosphate concentration aboue 0.07 M,  the current decreased 
in accordance with the Nernst equation for the diffusion coefficient, in 
which diffusion is inuersely related to the ionic strength. The  diminished 
detector response at lour ionic strength is attributed t o  increased re- 
sistance in the electrochemical cell. 
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0 0.50 1.00 1.50 2.00 2.50 
HYDROGEN-ION CONCENTRATION, M x 10' 

Figure 3-Effect of hydrogen-ion concentration on the  retardation 
factor. The  mobile phase consisted of 0 1 m M  disodium ethylenedi- 
aminetetraacetate, 5 m M  heptanesulfonic acid, 0 07 M phosphate, and 
8% acetonitrile; the pH was adjusted by titration with sodium hy- 
droxide before the organic modifier IOQS added. The  flow rate was 1.5 
ml /min . 

Extraction-A modified alumina adsorption method (5) was used to 
extract 3,4-dihydroxybenzylamine and methyldopa. The adsorption of 
catecholamines and methyldopa is not linear over a wide range. Both 36 
and 135 mg of alumina were tried with various eluents. With 36 mg of 
alumina, the linear region extended to 150 ng of methyldopa/ml and 
saturation occurred a t  600 ng/ml; 135 mg of alumina/ml produced lin- 
earity up to 400 ng/ml with saturation txcurring a t  750 ng/ml. Using larger 

1 
0 2.4 2.8 3.2 3.6 4.0 

K' 
Figure 4-Relationship of ionization of the carboxyl group with the 
retardation factor. The  pprcent unionized arid function of methyldopa 
was calculated using literature p K a  iialues and u:as not adjusted for the 
8", acetonitrile i n  the mobile phase. The  regression urns y = (9.9.58 f 
0 . 6 2 7 ) ~  + (9.490 f 2.040), r = 0.996. 
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Figure 5-Standard curue exhibiting nonlinear methyldopa adsorp- 
tion. Alumina (36 mg) was used to extract methyldopa. Each ualue is 
the mean of four determinations. 

amounts of alumina was cumbersome; therefore, 1-ml plasma fractions 
were utilized when necessary to keep the analysis in the linear range. 

The nonlinear nature of alumina adsorption was not mentioned by 
Kwan et al. (1) when measuring up to 7.5 pg of methyldopdml. This 
nonlinearity would account for substantial variation if linearity were 
assumed. The shape of the standard curves is typical of adsorption of 
drugs onto solid porous adsorbents (10) (Figs. 5 and 6). 

The recovery of known quantities of methyldopa and 3,4-dihydroxy- 
benzylamine from plasma by alumina adsorption varied for differing 
amounts of alumina as well as for the two drugs. The efficiency of recovery 
for methyldopa and 3,4-dihydroxybenzylamine was 71 and 72% with 
coefficients of variation of 3.8 and 3.62, respectively, when 36 mg of 
alumina was used in the extraction step. The recovery efficiency changed 
to 84 and 56% with coefficients of variation of 2.8 and 1.8% for methyldopa 
and 3,4-dihydroxybenzylamine, respectively, when 135 mg of alumina 
was used. There were six determinations in both cases. 

The linearity of the assay was demonstrated by standard curves over 
the 0-100- and 0-400-ng/ml ranges in which 36 and 135 mg of alumina 
adsorbent were used, respectively. The standard curve regressions were: 
y = (O.oosS3 f O.OOO11)x t (0.00520 f 0.00690), with r = 0.999 for 36 mg 
of alumina, and y = (0.00345 f 0.00011)r + (0.02800 f 0.03100), with r 
= 0.997 for 135 rng of alumina, where y is the methyldopa peak height 
divided by the 3,4-dihydroxybenzylamine peak height and x is the con- 
centration of methyldopa (nanograms per milliliter). 

Reproducibility was demonstrated by a day-to-day coefficient of 
variation based on the change of the standard curve slope of 5.7% (n = 
6) for 135 mg of alumina. The within-run coefficients of variation 
(drug/internal standard) were 5.4 and 1.W ( n  = 6) for 36 and 135 mg of 
alumina, respectively. The lower limit of this assay with the described 
instrumentation and procedure (signal to noise ratio of five with no in- 
terfering peaks) is -10 n g h l  of plasma. 

Figure 7 is an example of a typical chromatogram. This assay has been 
applied to over 400 plasma samples and has been reliable. After -50 as- 
says, the electrode must be removed and the glassy carbon surface must 
be cleaned by mechanical polishing. Extractions are clean, and the peak 
resolution is very good. In the development of this assay, consideration 
also was given for quantitating methylnorepinephrine (1111, norepi- 
nephrine (IV), and methyldopamine (V). All appeared as resolved peaks 
with retention times of 4.7,4.0, and 10.6 min, respectively (Fig. 8). 
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Figure 6-Standard curve exhibiting nonlinear methyldopa adsorp- 
tion. Alumina (135 mg) was used to extract methyldopa. Each value is 
the mean of four determinations. Note that the adsorption isotherms 
of both 36 and 135 mg of alumina are similar in shape, with the addi- 
tional alumina shifting the curue in this figure. 
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Figure 7-Typical chromatogram of an authentic plabma sample 
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Figure 8-Chromatogram of plasma spiked with standard solutions 
of methyldopa and its potentially actiue metabolites. Key: I ,  methyl- 
dopa; 11, 3,4-dihydroxybenzylamine; I l l ,  methylnorepinephrine; I V,  
norepinephrine; and V,  methyldopamine. 

Dopamine eluted with methyldopa with a retention time of 6.9 min. 
However, dopamine does not compromise the assay of methyldopa since 
normal plasma dopamine concentrations are below the sensitivity of this 
assay. Blank plasma samples showed no detectable interference. 
Changing the mobile phase to 9% acetonitrile and pH 2.40 and the ion- 
pair to 5 mM pentanesulfonic acid (sodium salt), with all other param- 
eters remaining constant, allows complete resolution of methyldopa from 
dopamine. Authentic plasma samples of subjects receiving methyldopa 
also showed no detectable dopamine in the presence of methyldopa when 
resolved. 
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Abstract ‘lo study the pharmacokineLic interactions between aspirin 
(250 mg/kg) and simultaneously administered oral acetaminophen (125 
mg/kg) or caffeine (50 mg/kg) in male adult rats, noninterfering GLC 
assays for these drugs were developed. Acetaminophen and caffeine both 
retarded the appearance of salicylate in plasma. During the elimination 
phase, acetaminophen enhanced plasma salicylate levels whereas caffeine 
did not. Aspirin reduced the plasma levels of both acetaminophen and 
caffeine during absorption and elimination. Regardless of whether the 
drugs had been administered separately or in combination, higher con- 
centrations of salicylate, acetaminophen, and caffeine were found in the 
glandular part of the stomach compared to the nonglandular part 
(rumen). In both parts, the absorption of acetaminophen increased in 
the presence of aspirin. Simultaneous administration of aspirin with 
caffeine did not influence the absorption of either drug in the glandular 

and ruminal parts. ’l’he inhibitory action of acetaminophen and the 
potentiating action of caffeine on the erosive activity of aspirin are not 
due to any effects of these drugs on salicylate accumulation in glandular 
tissue. 

Keyphrases 0 Aspirin-administered alone and with acetaminophen 
or caffeine, absorption, distribution in gastric tissue, blood plasma levels, 
rats 0 Acetaminophen-administered alone and with aspirin, absorption, 
distribution in gastric tissue, blood plasma levels, rats 0 Caffeine- 
administeied alone and with aspirin, absorption, distribution in gastric 
tissue, blood plasma levels, rats Pharmacokinetics-aspirin adminis- 
tered alone and with acetaminophen or caffeine, absorption, distribution 
in gastric tissue, blood plasma levels, rats 

Irritation of the GI mucosa, production of erosions, and 
GI bleeding are serious side effects of aspirin and other 

nonsteroidal anti-inflammatory drugs (1,2).  Acidic anti- 
inflammatory drugs are thought to  cause t,hese side effects 
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Figure 8-Chromatogram of plasma spiked with standard solutions 
of methyldopa and its potentially actiue metabolites. Key: I ,  methyl- 
dopa; 11, 3,4-dihydroxybenzylamine; I l l ,  methylnorepinephrine; I V,  
norepinephrine; and V,  methyldopamine. 

Dopamine eluted with methyldopa with a retention time of 6.9 min. 
However, dopamine does not compromise the assay of methyldopa since 
normal plasma dopamine concentrations are below the sensitivity of this 
assay. Blank plasma samples showed no detectable interference. 
Changing the mobile phase to 9% acetonitrile and pH 2.40 and the ion- 
pair to 5 mM pentanesulfonic acid (sodium salt), with all other param- 
eters remaining constant, allows complete resolution of methyldopa from 
dopamine. Authentic plasma samples of subjects receiving methyldopa 
also showed no detectable dopamine in the presence of methyldopa when 
resolved. 
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Abstract ‘lo study the pharmacokineLic interactions between aspirin 
(250 mg/kg) and simultaneously administered oral acetaminophen (125 
mg/kg) or caffeine (50 mg/kg) in male adult rats, noninterfering GLC 
assays for these drugs were developed. Acetaminophen and caffeine both 
retarded the appearance of salicylate in plasma. During the elimination 
phase, acetaminophen enhanced plasma salicylate levels whereas caffeine 
did not. Aspirin reduced the plasma levels of both acetaminophen and 
caffeine during absorption and elimination. Regardless of whether the 
drugs had been administered separately or in combination, higher con- 
centrations of salicylate, acetaminophen, and caffeine were found in the 
glandular part of the stomach compared to the nonglandular part 
(rumen). In both parts, the absorption of acetaminophen increased in 
the presence of aspirin. Simultaneous administration of aspirin with 
caffeine did not influence the absorption of either drug in the glandular 

and ruminal parts. ’l’he inhibitory action of acetaminophen and the 
potentiating action of caffeine on the erosive activity of aspirin are not 
due to any effects of these drugs on salicylate accumulation in glandular 
tissue. 

Keyphrases 0 Aspirin-administered alone and with acetaminophen 
or caffeine, absorption, distribution in gastric tissue, blood plasma levels, 
rats 0 Acetaminophen-administered alone and with aspirin, absorption, 
distribution in gastric tissue, blood plasma levels, rats 0 Caffeine- 
administeied alone and with aspirin, absorption, distribution in gastric 
tissue, blood plasma levels, rats Pharmacokinetics-aspirin adminis- 
tered alone and with acetaminophen or caffeine, absorption, distribution 
in gastric tissue, blood plasma levels, rats 

Irritation of the GI mucosa, production of erosions, and 
GI bleeding are serious side effects of aspirin and other 

nonsteroidal anti-inflammatory drugs (1,2).  Acidic anti- 
inflammatory drugs are thought to  cause t,hese side effects 
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following their rapid absorption to give very high intra- 
cellular concentrations, finally resulting in cell death (3-5). 
However, a causal relationship between the intracellular 
accumulation of salicylate and the decay of gastric mucosal 
cells has not been proven. Therefore, the present study was 
initiated to compare the characteristics of absorption and 
distribution of aspirin in the rat stomach with those of 
acetaminophen and caffeine, two drugs that are nonul- 
cerogenic in rats (6). 

It also was suggested (5) that the reduced gastric toxicity 
of slow-release and enteric-coated aspirin formulations 
(7-9) might be explained by the delayed absorption of 
aspirin and, thus, a reduction in salicylate trapping in 
parietal cells. In the rat, acetaminophen reduced the ero- 
sive activity of aspirin whereas caffeine potentiated this 
activity (6, 10). To test this hypothesis, the effects of 
acetaminophen and caffeine on the absorption of salicylate 
into the cells of the glandular (containing the parietal cells) 
and nonglandular parts of the rat stomach were investi- 
gated. 

EXPERIMENTAL 

Reagents and Materials-Aspirin1, salicylic acid', acetaminophen', 
caffeine', phenacetin', and polysorbate 802 were obtained commercially. 
All other chemicals were analytical reagent grade. Ether3 was distilled 
every day. Male Wistar rats of an inbred strain, 18&200 g, were purchased 
locally4. 

GLC-For aspirin and salicylic acid, a gas chromatograph5 equipped 
with a multitemperature programmer, a flame-ionization detector, and 
an integratoP was used. The glass column, 1.00 m X 3 mm id., was packed 
with 370 OV-17; on 80-100-mesh Gas Chrom Q7. The column oven tem- 
perature was programmed for 2 min a t  105", an increase of 4"/min from 
105 to 130°, an increase of 30°/min from 130 to 195", 2 min a t  195", and 
then cooling down. The injector temperature was 220", the detector 
temperature was 220°, the argon carrier gas flow rate was 35 ml/min, the 
hydrogen flow rate was 40 ml/min, the air flow rate was 400 ml/min, and 
the amplifier range was at  10. Under these conditions, the retention times 
of the trimethylsilyl ether derivatives were 3.0 min for p-toluic acid (in- 
ternal standard), 5.0 min for salicylic acid, and 7.5 min for aspirin. 

For acetaminophen, a gas chromatographs equipped with a flame- 
ionization detector and a computing integratorg was used. The glass 
column, 1.80 m X 2 mm id., was packed with 3% OV-10170n 80-100-mesh 
Gas Chrom Q. The column oven temperature was 135", the injector 
temperature was 200", the detector temperature was 220". the nitrogen 
carrier gas flow rate was 30 ml/min, the hydrogen flow rate was 35 ml/min, 
and the air flow rate was 350 ml/min. The retention times of the tri- 
methylsilyl ether derivatives were 4.5 min for p-bromoacetanilide (in- 
ternal standard), 7.5 min for acetaminophen, and 6.0 min for phenac- 
etin. 

For caffeine, a gas chromatograph8 equipped with an alkali flame- 
ionization detector and a computing integratorg was used. The glass 
column, 1.50 X 2 mm i.d., was packed with 3% OV-101 on 80-100-mesh 
Gas Chrom Q .  The column oven temperature was 165". the injector 
temperature was 220", the detector temperature was 220", the nitrogen 
carrier gas flow rate was 30 ml/min, the hydrogen flow rate was 35 ml/min, 
and the air flow rate was 300 ml/min. Under these conditions, the re- 
tention times were 5.0 min for phenacetin (internal standard) and 8.0 min 
for caffeine. 

Drug Treatment  and  Sample Collection-Rats were distributed 
randomly into groups of eight or 10 animals and were deprived of food, 
but not water, for 36 hr. They were kept in cages (0.32 X 0.20 X 0.20 m)  
with a metal grid (8 X 8 mm) to avoid coprophagy. Room temperature 
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Merck, Darmstadt, West Germany. 
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was maintained a t  21 f 0.5". Aspirin, acetaminophen, and caffeine were 
ground before use (<110 pm). All treatments were administered orally 
a t  5 m l k g  as suspensions in 4% polysorbate 80; control rats received a 
similar volume of 4% polysorbate 80 solution. 

Rats were treated with aspirin (250 mg/kg), acetaminophen (125 
mg/kg), caffeine (50 mghg),  aspirin and acetaminophen (250 and 125 
mgkg), and aspirin and caffeine (250 and 50 mg/kg). Blood samples-( 1.0 
ml) were obtained by decapitation. In the drug elimination studies, dosage 
groups of 10 rats were decapitated a t  0.5, 1.5, 4, 8, and 17 hr after ad- 
ministration. In the drug absorption studies, dosage groups of eight rats 
were decapitated at 5,10,15,20, and 30 min after administration. 

In the absorption experiments, the stomachs were removed immedi- 
ately after blood sampling, opened along the greater curvature, and rinsed 
in saline. The glandular part of the gastric tissue was scraped off, and the 
ruminal part was cut off. Blood was collected in polyethylene snap caps, 
which contained 1 drop of a solution of 250 IU of heparinlo and 12 mmoles 
of sodium fluoride/ml. After centrifugation" a t  lOOOXg, the plasma was 
stored a t  -2OO. Tissue samples were weighed wet, stored at  -20°, and 
homogenizedI2 in water (1:3 w/v) just before analysis. 

Assay of Aspirin and Salicylic Acid-To a 15-ml stoppered conical 
glass centrifuge tube were added 0.1-0.5 ml of plasma or 1 ml of tissue 
homogenate, 200-300 mg of sodium chloride, 0.5 ml of buffer solution 
(17.2 mmoles of potassium sulfate in 100 ml of 0.2 M HzSOd), and 10 ml 
of ether. After shakingL3 for 30 min and centrifuging for 10 min at  lOOOXg, 
as much ether as possible was transferred into a conical tube and evap- 
orated to dryness on a heating blockL4 a t  30° under a nitrogen stream. 
T o  the dry residue was added 0.1 ml of 0.6 mM p-toluic acid in ace- 
tone. 

The contents of the tube were transferred with four 0.1-ml portions 
of acetone to a micro reaction vessel7. After evaporation of the acetone, 
the residue was dissolved in 50 pl of bis(trimethylsily1)trifluoroacet- 
amide7, and the vessel was closed with a polytetrafluoroethylene-lined 
rubber septum7. After agitation and heating a t  50" for  1 hr, 1 p1 was in- 
jected into the GLC column and the temperature programming was 
started. 

Assay of Acetaminophen-To a 10-ml glass-stoppered centrifuge 
tube were added 0.1-1 ml of plasma or 1 ml of tissue homogenate, 2 ml 
of buffer solution (1 M dibasic potassium phosphate saturated with so- 
dium chloride and brought to pH 7.4 with 1 M NaOH), and 5 ml of ether 
containing 24 nmoles of p-bromoacetanilide. After shaking for 30 min 
and centrifuging for 10 min a t  lOOOXg, the organic layer was transferred 
to a conical glass tube and evaporated under a nitrogen stream at room 
temperature. 

The residue was transferred to a micro reaction vessel with two 150-p1 
portions of acetone; after evaporation of the acetone, the residue was 
dissolved in 50 pl of bis(trimethylsi1yl)trifluoroacetamide and the vessel 
was closed with a polytetrafluoroethylene-lined rubber septum. After 
agitation and heating a t  50" for 2 hr, 1 p1 was injected into the GLC 
column. 

Assay of Caffeine-To a 10-ml glass-stoppered centrifuge tuhe was 
added 0.1 ml o fa  solution of 0.1 mM phenacetin in  acetone. After evap- 
oration of the acetone, 0.1-0.5 ml of plasma or 1 ml of tissue homogenate 
and 5 ml of dichloromethane were added. After shaking for 15 min and 
centrifuging for 5 min at  loOOXg, the organic layer was dried over sodium 
sulfate and evaporated to dryness a t  40" under a nit.rogen stream. The 
residue was dissolved in 100 pI of methanol, and 1 pl was injected into 
the GLC column. 

Data Analysis-The means and standard errors of the mean ( S E M )  
of plasma and tissue concentrations of total salicylate (acetylsalicylate 
and salicylate), acetaminophen. and caffeine are presented in Figs. 1-4 
(the standard error of the mean is presented only when it esceeds the 
dimensions of the symbol). Rankit tests (1 1) showed that the assumption 
that the concentrations within treatment groups were normally distrih- 
uted was justified. 

Differences between the mean concentrations ( 1 1  the t reatment groups 
were tested using the Student f test. Because the ratio of'two normally 
distributed variables is not normally distrihuted, differences in conren- 
tration ratios between treatment groups were tested using Wilcoxon's 
signed rank test. Differences were assumed to he real when tests indicated 
probability levels of <5%. 

l o  Leo, Ballerup, Denmark. 
l 1  Model GLC-1 centrifuge, Sorvall, Newtown, Conn. 

Model S 45 homogenizer, Virtis Co., Gardiner, N.Y. 
l R  Griffin flask shaker, Griffin and George Ltd., London, England. 
I4 Ih-block DB-3, Techne, Princeton, N.J. 
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Figure I-Plasma concentrations O/ salicylate (a), acetaminophen (b), 
and cci//rine (c) i n  starved rats after oral administration () /aspir in (2.50 
rnglkg)  (*) ,acetaminophen (125 rnglkg)  ( A ) ,  caf/eine (FiO mglkg) (0). 
aspirin (0) and acetaminophen (A) (2.50 and 125 mglkg, respectiue/>,), 
nrid aspirin ( 0 )  and ca//einc, ( + )  (2.50 and .50 mglkg, rcspectiue/y). 
L'alurs arp rni'am f SEM from 10 rats. An usterisk indicates p < 0.05 
compared to the drugs giueri alonc. 

RESULTS 

GLC-Linear relationships were observed hetween the concentrations 
ol aspirin o r  salicylic acid (5-100 nmoles/ml) added t o  normal rat plasma 
and the peak area ratio measured using p-toluic acid as the internal 
standard ( r  = 0.9989 for aspirin and 0.9976 for salicylic acid). The  mean 
recoveries of added aspirin and salicylic acid from plasma were 98.6 f 
3.5 and 99.9 f 5.89'0, respectively. The recoveries from tissue homogenates 
were 98.2 f 3.4 and 99.5 f 5.0%, respectively ( n  = 8). The  detection limit 
for both compounds was 2 nmoles/ml of plasma; acetaminophen, caffeine, 
and phenacetin did not interfere with the assay. 

In the concentration range of 4-100 nmoleslml, linear relationships 
were observed between the concentrations of acetaminophen or phen- 
acetin added to blood plasma and the peak area ratio measured using 
p-hromoacetanilide as the internal standard ( r  = 0.9998 for acetamino- 
phen and 0.9993 for phenacetin). The mean recoveries of acetaminophen 
and phenacetin from plasma were 70.0 f 4.0 and 99.0 f 5.00/0, respectively. 
The recoveries from tissue homogenates were 71.2 f 4.2 and 99.3 f 5.370, 
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Figure  t-Plasma c o n c ~ n t r a t i o r i ~  durirt# absorption o /sa / icy /a f (~  (a ), 
acftarninophc~n (b). and co//cinr i c )  i n  starcwd rota aftcr oral admin- 
istration of aspir in (250 mglkg) (i), acetarninophrn (125 mglkg) ( A ) ,  
rnf/eine (50  rng/kg)  (0 ), aspirin (0) and acetaminophen (A) (250 and 
125 mglkg,  ru.spcct i~~cly) ,  and aspirin ( 0 )  nnd ca//rinc ( 4  ) (2iiOand 5 0  
mglkg. respectiuuly). Vn1ut.s arc m o o n s  f SEM from r ighf  ra t s .  An ah- 
tcrisk indicatvs p < 0.115 comparc,d tiJ the drugs g i i vn  c ~ l o r i t ~ .  

respectively ( n  = 15). The detection limit lor both compounds was 0.5 
nmole/ml of plasma; aspirin, salicylic acid. catleine, and p-aminophenol 
did not intert'ere with the assay. 

A linear relationship was observed between the concentrations of 
caffeine (5-50 nmoleslml) added to blood plasma and the peak area ratio 
measured using phenacetin as the internal standard ( r  = 0.9974). The  
recovery of caffeine from plasma samples in the concentration range of 
1-175 nmoles/ml was 95.0 f 4.4% ( n  = 17). The recovery from tissue 
homogenates in the concentration range of 20-500 nmoles/g was 94.1 f 
5.0% ( n  = 8). The detection limit was 1 nmole/ml of plasma; aspirin, 
salicylic acid, and acetaminophen did not interfere with the assay. 

Plasma Levels dur ing  Elimination-The averaxe plasma levels 0 1  
salicylate, acetaminophen, and cat'leine after administrat ion to rats o f  
the individual drugs alone o r  in combination are shown in  Fig. I .  

Administration of aspirin alone or in combination with acetaminophen 
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Figure 3-Concentrations in glandular gastric tissue of salicylate (a), 
ncetaminophrn (b), and caffeine (c) in starved rats after oral admin- 
istration of aspirin (250 m g l k g )  (*), acetaminophen (125 mglkg) (A). 
caffeine (50 mg/kg) ( 0  ), aspirin (0) and acetaminophen (A) (250 and 
125 mglkg, respectively), andaspirin ( 0 )  andcaffeine ( + )  (2c50and.50 
niglkg, respectioely). Values are means f SEM from right ra t s .  An as- 
terisk indicates p < 0.05 compared t o  the drugsgitlen nlonv. 

or caffeine resulted in maximal plasma salicylate levels within 1.0-1.5 
hr. Coadministration of acetaminophen with aspirin significantly reduced 
the plasma salicylate levels at  0.5 hr, whereas the levels after 1.5 hr were 
enhanced significantly. Simultaneous administration of caffeine with 
aspirin significantly reduced plasma salicylate levels at 1.5 hr after ad- 
ministration (Fig. l a ) .  

In the presence of aspirin, the plasma levels of acetaminophen (Fig. 
16) and caffeine (Fig. l c )  were decreased significantly in comparison to 
the levels following administration of the individual drugs. 

Plasma and Gastric Tissue Concentrations during Absorp- 
tion-Plusma Leuels-The average plasma levels of salicylate, acet- 
aminophen, and caffeine during their absorption are shown in Fig. 'L alter 
administration of the individual drugs alone or  in combination to rats. 

In comparison with aspirin treatment alone, administration of mixtures 
of aspirin and acetaminophen and aspirin and caffeine resulted in six- 
nif'icantly lower plasma salicylate levels during the first few minutes ol 
absorption. However, at  t = 30 min, the salicy1at.e levels in the presence 
of caffeine equaled those after aspirin treatment alone; in the presence 
of acetaminophen, the plasma salicylate levels were enhanced a t  t = 20 
and 30 min (Fig. 2a). With aspirin, the plasma levels of acetaminophen 
(Fig. 26) and caffeine (Fig. 2c) were reduced significantly during ab- 
sorption. 

Concentrations in Glandular Gastric Tissue-The average concen- 
trations of salicylate, acetaminophen, and caffeine in the glandular tissue 
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Figure 4-Concentrations in ruminal gastric tissue of salicylatc (a),  
acetaminophen (b), and caffpinc ( c )  in startwd rats after oral admin- 
istration (if aspirin (250 mglkg) (*),  acetaminophen (125 m g / k g )  ( A ) ,  
caffeine (50 mglkg) ( O ) ,  aspirin (0) andacetaminophen (A) (25Oand 
12.5mg/kg, respectiuely),andaspirin (.)and caffeine ( + )  (250and50 
mglkg, respertioely). Values are means f SEM from eight rots. An as- 
terisk indicates p < 0.05 compared t o  thc drugsgiivn alonr. 

of the rat stomach during absorption are presented in Fig. 3 alter ad- 
ministration of the individual drugs alone or in combination. 

Maximal concentrations of salicylate in the glandular gastric tissue 
were observed within 5-15 min after administration of aspirin (Fig. 3a). 
Simultaneous administration of acetaminophen with the aspirin tended 
to retard salicylate absorption, although statistically significant differ- 
ences between the glandular tissue concentrations could be demonstrated 
only at  t = 15 min. Coadministration of caffeine with aspirin did not affect 
the absorption of salicylate into the glandular tissue. 

Acetaminophen (Fig. 36) and caffeine (Fig. 3c) were rapidly absorbed 
into the glandular part of the rat stomach. In the presence of aspirin, the 
absorption of acetaminophen into the glandular tissue increased signif- 
icantly whereas the absorption of caffeine was not affected. 

During the absorption phase, the ratios of the glandular tissue a n -  
centration to the plasma concentration (Table I) remained almost con- 
stant for salicylate; for acetaminophen and caffeine, this ratio gradually 
decreased with time. Coadministration of acetaminophen did not influ- 
ence the glandular tissue to plasma salicylate concentration ratio; con- 
versely, this ratio for the acetaminophen concentration significantly in- 
creased in the presence of aspirin (Table I). Simultaneous administration 
of caffeine with aspirin tended to increase the concentration ratios for 
both drugs, although significant differences were observed only a t  t = 
15 min for salicylate and at  t = 30 min for caffeine. 

Concentrations in Ruminal Gastric Tissue-The average concen- 
trations of salicylate, acetaminophen, and caffeine in the ruminal tissue 
01 the rat stomach during absorption are presented in Fig. 4 after ad- 
ministration of the individual drugs alone or  in combination. 
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Tab le  I-Mean Concentration Ratios (w/v) of Glandular  Gas t r ic  Tissue t o  Blood Plasma following Ora l  Administration of Drugs  a n d  
Drug Mixtures  to  S tarved  Rats  (n = 8) 

Su hs tance Time after Administration, min 
Treatment Determined 5 10 15 20 30 

Aspirin, 250 mg/kg Salirylate 6.0 6.5 4.9 - 5.7 6.3 
Acetaminophen, 125 mg/kg Acetaminophen 10.1 8.6 8.1 5.6 3.3 

14.9 8.1 7.9 4.4 
4.2 4.9 4.7 Aspirin and acetaminophen, Salicylate 6.8 7.5 

Aspirin and caffeine, Salicylate 12.4 6.8 T.8h  6.1 6.5 
250 and 50 mg/kg Caffeine 40.4 15.6 11.9 10.9 9.6' 

Caffeine, 50 mg/kg Caffeine 29.0 

250 and 125 mg/kg Acetaminophen 45.5" 34.2" 18.7" 27.4" 14.9" 

p < 0.05 cornpared to acelammophen alone. p < 0.05 comp;:ed 10 aspirin alone. p < 0.05 compared to caffeine alone 

Table  11-Mean Concentration Ratios (w/v) of Ruminal Gas t r ic  Tissue to Blood Plasma following Ora l  Administration of Drugs and  
Drug Mixtures  to  Starved Rats  ( n  = 8) 

Treatment 

Aspirin, 250 mg/kg 
Acetaminophen, 125 mg/kg 
Caffeine, 50 mg/kg 
Aspirin and acetaminophen, 

250 and 125 mg/kg 
Aspirin and caffeine, 

250 and 50 mg/kg 

Substance 
Determined 

Salicylate 
Acetaminophen 
Caffeine 
Salicylate 
Acetaminophen 
Salicylate 
Caffeine 

Time after Administration, min 
5 10 16 20 

4.6 3.7 3.3 3.5 4.1 

12.0 9.0 6.2 6.9 6.9 
4.9 4.6 4.2 4.5 3.3 

11.20 1n.5" 7.90 15.90 8.9" 
7.0 4.5 4.2 4.4 4. 1 

15.4 11.1 1 I . 6h  11 . O h  I l . l h  

3.0 4.1 4.4 5.3 2.8 

a p < 0.05 compared tii aretaminophen aliine. p < 0.05 rompnred t o  caffeine alone 

Table  111-Mean Concentration Ratios (w/w)  of Glandular  Tissue to Ruminal Tissue of the  Stomach following Ora l  Administration 
of Drugs  a n d  Drug Mixtures to  S tarved  Ra t s  ( n  = 8) 

Substance Time after Administration, min 
'hea t  ment Deterni i tied 5 i n  I 5 20 30 

Aspirin, 250 mg/kg Salicylate 1.6 
Acetaminophen, 125 mg/kg Acetaminophen 3.5 
Caffeine, 50 mg/kg Caffeine 2.4 

250 and 125 mg/kg Acetaminophen 4.9 
Aspirin and caffeine, Salicylate 1 .8 

Aspirin and acetaminophen, Salicylate 1.7 

250 and 50 mdke: Caffeine 2.6 

1.5 
2.6 
1.6 
1.6 
3.4 
1.9 
1.4 

I .6 

1 ..? 
1.0 
2 . 3  
1.9 
1.1 

.I ' I  
1 .6 1.6 
1.4 1.6 
1.1 0.8 
1.4 I .5 
2.1 1.7 
1.6 1.8 
1 .0 0.9 

Aspirin administration, alone as well as in combination with acet- 
aminophen or caffeine, resulted in comparable ruminal salicylate con- 
centrations, which remained constant during the absorption phase (Fig. 
4a). As in the glandular tissue, the absorption of acetaminophen into the 
rumen (Fig. 46) was increased significantly in the presence of aspirin 
whereas the absorption of caffeine (Fig. 4c) was not affected. 

The ratio of the ruminal tissue concentration to the plasma conren- 
tration (Table 11) remained almost constant for salicylate and acetami- 
nophen throughout the ahsorption phase; for caffeine, this ratio gradually 
decreased with time. The concentration ratios for salicylate were not 
affected by coadministration of acetaminophen or caffeine; nn the other 
hand, aspirin enhanced the concentration ratios for hoth acetaminophen 
and caffeine (Table 11). 

Glandular Tissue t o  Ruminal Tissue ('oncentration Ratios-Table 
I11 shows the average glandular tissue to ruminal tissue concentration 
ratios for salicylate, acetaminophen, and cafleinr during their absorption 
t~ill~iwing administration of th r  individual drugs alone or  in comhina- 
ti i in. 

Regardless of whether the drugs were administered separately or in 
combination. the al)sorption of all drugs into the glandular tissue was 
higher than into the rumen. In particular, acetaminophen showed marked 
accumulation in the glandular tissue. Administration of the drug com- 
binations did not affect the accumulation o f  the individual drugs in the 
glandular tissue. 

DISCUSSION 

Analytical Procedure-The assay used for aspirin and salicylic acid 
was a modification of earlier methods (12-16). By making derivatives of 
aspirin and salicylic acid with pure bis(trimethylsilyl)trifluoroacetamide 
under controlled conditions, more reproducible results were obtained 
in comparison with methods where the derivatizing agent was diluted 
with carbon disulfide (12)  or acetone (15). With the temperature pro- 
gramming used. an acceptable separation of the desired compounds was 

obtained from endogenous compounds in plasma and gastric tissue ho- 
mogenates. Care had to he taken during evaporation of the organic solvent 
to prevent sublimation (76") of the aspirin and salicylic acid. 

Many stationary phases, such as FFAP (17). OV-1(18), SP 2250 (19), 
and OV-17 (20), can he used for the GLC determination of acetamino- 
phen. Because an assay was needed that also could he used in investiga- 
tions with phenacetin, one assay for hoth compounds was developed; the 
use of p-bromoacetanilide as an internal standard (21.22) and an OV-101 
column gave the best quantitative results. 

Several previous investigations (2:3-25) involved the deterini:iatio:> 
of caffeine in plasma; none of these reports described a method suitahle 
for tissues. In the present assay, an OV-101 column (24) was used because 
with an OV-17 column (25) and hexoharbital and phenacetin as internal 
standards, hoth compounds gave hroad tailing peaks. Extracting caffeine 
with dichloromethane instead 0 1  chloroform (24,25) rendered the pro- 
cedure more convenient and less hazardous. 

Glandular Accumulation-One theory explaining the gaqtric toxicity 
of aspirin assumes an association between its erosive activity and i k  toxic 
intracellular actions after ahsorption (3, 26). Although orally adminis- 
tered aspirin is absorbed mainly from the small intestine (X), consid- 
erable amounts also are ahsorhed LJia the stomach (28). Under the acidic 
conditions present in the stomach, aspirin (pKa 3.5) is mainly undisso- 
ciated, which facilitates diffusion of the drug molecules across mem- 
branes. In mucosal cells, aspirin is likely to he hydrolyzed to salicylic acid 
(29), and this compound exists predominantly in an ionized form in the 
cells (pH -7.4). Because the hack-diffusion of salicylate ions across 
membranes is very slow, high intracellular concentrations of salicylate 
rapidly accumulate (30, :(1). If sufficiently high concentrations are 
reached, mitochondria1 oxidative phosphorylation is uncoupled. resulting 
in ceSsation of synthetic and transport activities in the cell and possibly 
leading to a reduction in transmucosal resistance (32). However, not all 
cell types of the gastric mucosa appear to he equally susceptible to 
damage since erosions induced with aspirin are tound only in the glan- 
dular part of the rat stomach. Recently, Brune r't a / .  (5) showed that the 
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parietal cells in the glandular mucosa trap salicylate t o  an excessive ex- 
tent. I t  is possible that gastric m u c a d  damage induced with aspirin starts 
with the decay of these cells. 

In the present study, the salicylate concentrations reached in the 
glandular tissue during aspirin absorption were higher than those in the 
rumen (Table 111). The concentrations reached in the gastric mucosa 
depend on the presence of the drug within the stomach lumen since lower 
levels are obtained in the mucosa after subcutaneous administration of 
aspirin (33). Acetaminophen (pKa 9.5) and caffeine (pKa 13.2) also ac- 
cumulated in the glandular tissue after oral administration, to an even 
larger extent than salicylate (Table 111). The fact that acetaminophen 
and caffeine do not induce gastric erosions (6) might indicate that the 
intracellular action of these compounds differs from that of salicylate. 
Thus, accumulation of a drug in glandular tissue per se does not account 
for erosive activity. However, since the erosions are found only in the 
glandular part of the stomach, in which the highest concentrations of 
salicylate were reached, an involvement of salicylate accumulation in 
glandular tissue in the pathogenesis of aspirin-induced erosions cannot 
be ruled out. 

Throughout the absorption period after aspirin treatment, salicylate 
concentrations in the glandular and ruminal areas of the stomach were 
not significantly affected by simultaneous administration of either 
acetaminophen or caffeine (Figs. 3a and 4a). Only in the group of rats 
killed after 15 min did salicylate levels in the glandular tissue tend to 
decrease in the presence of acetaminophen. However, in view of the large 
number of different observations made a t  various time points, the pos- 
sibility that  one mean is (significantly) lower by chance is not incon- 
ceivable. In any case, the concentrations of salicylate still achieved values 
of 6-10 Fmoles/g in the presence of acetaminophen. Exposure of the 
gastric mucosa to similar concentrations of salicylate, both in uitro (34, 
35) and in uiuo (36,37), is associated with changes in its electrophysio- 
logical properties and permeability characteristics. Furthermore, oral 
administration of aspirin (50 mg/kg), leading to salicylate concentrations 
in gastric tissue of 1-2 Nmoles/g (33), still causes gastric erosions (6). 
Hence, it is unlikely that this slight reduction in salicylate accumulation 
in glandular tissue accounts for the inhibition of the erosive activity of 
aspirin by acetaminophen. 

In the presence of aspirin, the absorption of acetaminophen into the 
gastric tissues increased (Figs. 3b and 4b), and this increased absorption 
might have affected prostaglandin biosynthesis in the gastric wall. Ac- 
cording to Vane (38), inhibition of prostaglandin biosynthesis in the 
gastric mucosa by aspirin-like drugs a t  least contributes to the formation 
of gastric erosions. In addition, coadministration of prostaglandins 
protects the gastric mucosa against irritation by aspirin (39). Therefore, 
the observation of Robak et a / .  (40) that  acetaminophen, in concentra- 
tions similar to those measured in blood plasma, stimulates prostaglandin 
synthetase activity in uitro might be important. As a result of its (in- 
creased) accumulation, acetaminophen might prot,ect against the erosive 
activity of aspirin by counteracting the aspirin-induced inhibition o f  
prostaglandin biosynthesis in the glandular part of the stomach. 

Blood Plasma Concentrations-The combination of acetaminophen 
with aspirin retarded the appearance of salicylate in plasma (Fig. 2a), 
and the plasma salicylate levels were enhanced during elimination. A 
possible explanation for the latter observation might be competition of 
aspirin with acetaminophen for the glucuronide-forming enzyme system. 
Such a metabolic interaction between salicylate and acetaminophen could 
not be demonstrated in humans (41) OT rats (42). However, in these 
studies, considerably lower doses of both drugs were used compared to 
those used in the present study. In both previous reports (41,42), the 
investigators indicated that such an interaction a t  higher doses may be 
possible. 

The combination of aspirin with acetaminophen appeared to reduce 
the acetaminophen absorption rate (Fig. 2b), an observation that has been 
reported for the rat (431, guinea pig (44), hamster (451, and mouse (46). 
Presumably, this retardation is related to the rate of gastric emptying. 
In this context, Smith and Irving (47) reported that salicylate adminis- 
tered to rats reduced the gastric emptying rate, and i t  was demonstrated 
recently that reduction of the gastric emptying rate reduced acetami- 
nophen absorption (48-50). The increment in the acetaminophen con- 
centrations in the glandular and ruminal areas of the stomach corrobo- 
rates this assumption. After coadministration with aspirin, the elimi- 
nation rate of acetaminophen from plasma was lower than that of acet- 
aminophen given alone (Fig. l b ) .  This phenomenon might be due to re- 
tardation of the acetaminophen absorption and/or to an aspirin-induced 
decrease in the elimination rate of acetaminophen (43). 

Administration of aspirin with caffeine retarded the appearance of both 
drugs in plasma (Figs. 20 and 2c). This effect probably is due to a delay 

in gastric emptying since both caffeine and aspirin relax GI smooth 
muscles (51,521. Since simultaneous administration of aspirin and caf- 
feine did not affect the concentrations of either of these drugs in the 
gastric wall (Figs. 3a, 3c, 4a, and 4c), the appearance of salicylate and 
caffeine in plasma probably depends mainly on absorption from the s m d  
intestine and not on absorption from the stomach. 

In summary, neither the inhibition by acetaminophen nor the poten- 
tiation by caffeine of aspirin-induced erosions in the rat stomach can be 
attributed to effects of these drugs on salicylate accumulation in glandular 
mucosa. Furthermore, since simultaneous administration of these drugs 
to the rat influenced their mutual rates of absorption and elimination, 
the pharmacological efficacy of the mixtures cannot be predicted simply 
from the plasma levels of the components. 
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Abstract The equilibrium mixture of chloramphenicol-3-monosuc- 
cinate and its alternate form at neutral pH in aqueous solution was 
reexamined. The structure of the alternate form was shown by mass 
spectrometry and NMR spectroscopy to  be chloramphenicol-l-mono- 
succinate and not the cyclic hemi-ortho ester reported previously. 

Keyphrases Chloramphenicol-3-monosuccinate-identification of 
alternate form in equilibrium mixture as chloramphenicol-l-monosuc- 
cinate 0 Antibacterials-chloramphenicol, identification of 1-succinate 
ester as alternate form in equilibrium mixture with 3-succinate ester 0 
Prodrugs-chloramphenicol-3-monosuccinate, identification of l-suc- 
cinate ester as alternate form in equilibrium mixture with 3-succinate 
ester 

The sodium salt of chlorarnphenicol-3-monosuccinate1 
(111) is used as a prodrug,generating the broad spectrum 
antibiotic chloramphenicol by hydrolysis of the succinate 
ester in the liver (1). Sandmann et al. (2) reported that a t  
neutral pH, I11 exists in equilibrium with a different mo- 
lecular form, which they identified as a cyclic hemi-ortho 
ester (11) (Scheme I). 

RESULTS AND DISCUSSION 

By using a recently developed, sensitive, high-pressure liquid chro- 
matographic (HPLC) assay for 111, three products were detected after 
equilibrating 111 in aqueous solution at  pH 7.5 for 24 hr (3). The first and 
third peaks (Fig. 1) were identified as chloramphenicol and 111, respec- 
tively, by comparison with standards and by mass spectrometry of their 
trimethylsilyl ethers. The mass spectrum of the trimet,hylsilyl derivative 
of the first HPLC peak agreed with spectra published for 0-bis(tri- 
methylsily1)chloramphenicol (4-6). The mass spectrum of the trimeth- 
ylsilyl derivative of the third HPLC peak gave ions consistent with IV: 
m/e 551 (2.670, M - CH3), 483 (0.6), 377 (2.92), 225 (75.6), 224 (28.9), 173 
( 2 5 2 ,  and 73 (100.0). 

The second eluted compound exhibited an NMR spectrum identical 
to that reported by Sandmann et al. (2) for 11. However, the mass spec- 

1 The USAN name chloramphenirol sodium succinate refers to the sodium salt 
of the A-monosuccinate ester. 
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Scheme I 

trum of the trimethylsilyl derivative of this compound supported the 
structure of chloramphenicol-1-monosuccinate (I) and not the cyclic 
hemi-ortho ester (11). The ion having the greatest mass was m/e 551 (1.770, 
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Abstract The equilibrium mixture of chloramphenicol-3-monosuc- 
cinate and its alternate form at neutral pH in aqueous solution was 
reexamined. The structure of the alternate form was shown by mass 
spectrometry and NMR spectroscopy to  be chloramphenicol-l-mono- 
succinate and not the cyclic hemi-ortho ester reported previously. 
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Prodrugs-chloramphenicol-3-monosuccinate, identification of l-suc- 
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The sodium salt of chlorarnphenicol-3-monosuccinate1 
(111) is used as a prodrug,generating the broad spectrum 
antibiotic chloramphenicol by hydrolysis of the succinate 
ester in the liver (1). Sandmann et al. (2) reported that a t  
neutral pH, I11 exists in equilibrium with a different mo- 
lecular form, which they identified as a cyclic hemi-ortho 
ester (11) (Scheme I). 

RESULTS AND DISCUSSION 

By using a recently developed, sensitive, high-pressure liquid chro- 
matographic (HPLC) assay for 111, three products were detected after 
equilibrating 111 in aqueous solution at  pH 7.5 for 24 hr (3). The first and 
third peaks (Fig. 1) were identified as chloramphenicol and 111, respec- 
tively, by comparison with standards and by mass spectrometry of their 
trimethylsilyl ethers. The mass spectrum of the trimet,hylsilyl derivative 
of the first HPLC peak agreed with spectra published for 0-bis(tri- 
methylsily1)chloramphenicol (4-6). The mass spectrum of the trimeth- 
ylsilyl derivative of the third HPLC peak gave ions consistent with IV: 
m/e 551 (2.670, M - CH3), 483 (0.6), 377 (2.92), 225 (75.6), 224 (28.9), 173 
( 2 5 2 ,  and 73 (100.0). 

The second eluted compound exhibited an NMR spectrum identical 
to that reported by Sandmann et al. (2) for 11. However, the mass spec- 

1 The USAN name chloramphenirol sodium succinate refers to the sodium salt 
of the A-monosuccinate ester. 
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hemi-ortho ester (11). The ion having the greatest mass was m/e 551 (1.770, 

906 I Journal of Pharmaceutical Sciences 
Vol. 69. No. 8, August 1980 

0022-35491 801 0800-0906$0 1. 001 0 
@ 1980, American Pharmaceutical Association 



-p:: Si-CH,, 

CH ,-&--CHI 
I 
CH 

IV (mol. wt. 566) 

M - CH3). The base peak was m/e 73. The accurate masses of m/e 551 
(2.7%), 242 (10.6), and 314 (4.57) were measured by peak matching at  
10,OOO resolution and 10% valley definition; their accurate masses were 
551.0838,131.0161, and 314.0569, respectively. The corresponding ele- 
mental compositions are C~H&12N~O&~ (error of 0.1 millimass unit), 
C,H1&12NO&i (l.O), and CloHzzC12NOzSi2 (0.3). These peaks are con- 
sistent with bis- and tris(trimethylsily1) derivatives of I. The mass 
spectrum supports the structure of I, but it is unclear whether the deri- 
vatizing reagent, which contains a weak base, could cause 11 to rearrange 
to I prior to silylation. 

HC -CH, -O-Si(CHdA 

m/e 242 

m/e 314 

The evidence reported for the alternate form of 111, having the structure 
denoted as 11, was reexamined to determine if it really excluded the 
possibility of this product being I. Sandmann et al. (2) reported that 
chemical evidence indicated that the 0-0 migration product was in- 
capable of existence in equilibrium under experimental conditions, but 
they did not describe experiments to prove this point. Within the 
knowledge of the present investigators, I never has been synthesized. The 
IR spectrum of 111 shows three distinct carbonyl absorptions (1690,1718, 
and 1745 cm-l), but only two absorptions (1690 and 1745 ern-') were 
shown for the alternate form (2). Sandmann et al. (2) concluded that this 
result was due to loss of the ester carbonyl. However, the band at 1718 
cm-I is likely the acid carbonyl, which has coalesced with one of the two 
remaining carbonyl bands or has shifted to 1600 cm'' if it is in the form 
of a carboxylate anion (7). The optical rotatory dispersion curve for 111 
shows a positive Cotton effect, while the curve for the alternate form 
shows a negative Cotton effect (2). The optical rotatov dispersion curves 
for 0'-acetylchloramphenicol-3-monosuccinate and 0'-dichloro- 
acetylchloramphenicol-3-monosuccinate show negative Cotton effects 

w tn z 
0 

r HC-CH,-O-Si(CH,&' 
0 10 20 30 

MINUTES 

Figure 1-High-pressure l iq- 
uid chromatogram of the 
equilibrium mixture of I .  The 
p H  of the mobile phase was 
2.5. 

(2). This evidence, used to support Structure 11, also supports Structure 
I. 

Sandmann et a!. (2) reported that attempts to methylate the alternate 
form of I11 resulted in complex mixtures. In the present investigation, 
methylation of the alternate form with diazomethane in ether gave methyl 
esters of 111 and I if the reaction was allowed to stand with excess diazo- 
methane. If the diazomethane was added and followed immediately by 
the addition of acetic acid, only the methyl ester of I resulted. These re- 
actions were followed by HPLC and NMR. The NMR parameters of 
these products are shown in Table I. 

One key factor causing Sandmann et al. to assign the alternate form 
of 111 as I1 was the absence of a hydroxylic proton in the NMR spectrum 
(2). As shown in Tabre I, this proton is visible in the NMR spectrum of 
the methyl ester of the alternate form taken in dimethyl sulfoxide-ds. 
Furthermore, the downfield shift for H-1 of the alternate form compared 
with its shift in I11 is attributed to ester formation at  C-1. Whereas ester 
formation at C-1 should cause such a shift, hemi-ortho esters should shift 
in the opposite direction, e.g., HCOzCHs, b CH3 = 3.79; HOCH3, b CH3 
= 3.47; and HC(OCH&, 6 CH3 = 3.33 (8). None of the NMR data re- 
ported previously (2) supports arguments against Structure I as the al- 
ternate form of 111. In addition, the stability of a hemi-ortho ester (9) 

Table I-Proton Chemical Shift Values (Parts per Million) for the Methyl Esters of I and 111 

Methyl Ester of I Methyl Ester of 111 
Proton Chloroform Dimethvl Sulfoxide-dfi Chloroform Dimethvl Sulfoxide-da 

8.155-8.24 Phenyl C-3 and C-5 2H 8.18-8.30 m 8.175,8.27 8.18-8.30 m 

NH 7.00-7.20 m 8.62 d (J = 9 Hz) (7.0-7.2) 8.55 d 
C-1 H 6.29 d (J  = 6.5 Hz) 6.02 d (J  = 5 Hz) 5.14 br s 5.05 br s 
CHClz 5.95 8 6.47 s 5.81 s 6.64 s 
C-2 H 4.20-4.60 ma 4.04-4.42 m 4.2-4.6 ma 4.04-4.42 ma 
OCH3 3.70 s 3.585 3.72 s 3.61 s 

' C-3H 3.50-3.85 m 3.20-3.60 4.2-4.6 ma 4.04-4.42 ma 
C-3 OH 4.2-4.6 ma 5.10 t (J  = 5 Hz) 
C-1 OH - - ? 6.24 d (J = 4.5 Hz) 
CHzCHz 2.72 s 2.67 m 2.69 s 2.57 s 

Phenyl C-2 and C-6 2H 7.54-7.60 m 7.565,7.65 7.54-7.66 m 7.61-7.695 

- - 

Two unresolved protons were detected within this shift range. 
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Table II-I3C-NMR Spectra of Chloramphenicol, 111, and  I a 

Chemical Shift 
Chloram- 

Carbon phenicol 111 1 a . b  

C-1 (CHO) 

C-3 (CH20) 
C-2 (CHN) 

69.02 (d) 69.51 (d) 72.75 (d) 
56.79 (d) 53.52 (d) 54.94 (d) 
60.27 (t) 63.13 (t) 59.67 (t) 

Phenyl C-1 (C) 151.18 ( s )  150.14 (s) 145.52* ( s )  
Phenyl C-2 and C-6 127.29 (d) 127.42 (d) 127.64 (d) 

Phenyl C-3 and 3-5 122.84 (d) 122.85 (d) 123.22 (d) 

146.62 (s) 146.98* (5) Phenyl C-4 (CNO:!) 146.44 ( s )  
Amide C-2 (C=O) 163.38 ( s )  163.64 ( s )  163.51 (s) 
Amide-2 (CHC12) 66.43 (d) 66.24 (d) 66.37 (d) 
Succinyl C-1 171.84 (s) 171.18 ( s )  

(CHI 

(CH) 

28.60 (t) 28.80+ (t) Succinyl C-2 (CHz) 
Succinyl C-3 (CH:!) 28.60 (t) 28.53+ (t) 
Succinyl C-4 173.29 (s) 173.21 ( s )  

(CO& 

(C02H) 
Obtained in dimethyl sulfoxide-de; values are in parts per million from tetra- 

methylsilane; letters in parentheses refer to peak character in off-resonance de- 
coupled spectrum (s, singlet; d, doublet; and t, triplet). b The *, + indicate that these 
pairs of assignments may be reversed. 

under the conditions used to isolate I1 by Sandmann et al. is question- 
able. 

Finally, I3C-NMR (a technique unavailable to Sandmann et al. at the 
time of their investigation) was used to  verify the structure of I. The 
carbon chemical shifts of chloramphenicol and its two succinate deriva- 
tives are shown in Table 11. The peaks near 163.5 and 66.3 ppm are con- 
sistent through the three spectra and are assigned as the carbonyl and 
methine carbons of the dichloroacetamide moiety, respectively. These 
shifts are quite consistent with shifts reported by Stothers (10) of 169.7 
and 63.8 ppm for dichloroacetic acid and 165.0 and 69.7 ppm for dichlo- 
roacetyl chloride. 

The assignment of the phenyl carbon shifts for the compounds of this 
study is based on the shifts of the equivalent carbons of p-nitrostyrene 
(C-1 = 143.6, C-2 and C-6 = 126.0, C-3 and C-5 = 123.1, and C-4 = 146.5 
ppm) reported by Dhami and Stothers (11). The upfield shift of C-1 of 
the phenyl group of I relative to the other two compounds is due to the 
greater substitution at  C-1 of the side chain in I. The assignments of C-1, 
C-2, and C-3 of the side chain are based on chemical shift and off-reso- 
nance decoupling results. The 2-carbon is a t  the highest field and shows 
a slight upfield shift on acylation (y-substitution) a t  either C-1 or C-3. 
The 3-carbon is a triplet under off-resonance decoupling conditions. The 
1- and 3-carbons show the expected downfield shifts on acylation. The 
succinyl moiety is assigned on the basis of the succinic acid shifts (CH:! 
= 30.0 and COzH = 176.4 ppm) reported by Stothers (10). The carboxyl 
carbons are assigned at  a lower field than the ester carbons, as is normally 
the case. 

Most pertinent to the central argument of this paper are the shifts of 
the succinyl ester carbons a t  171.84 and 171.18 ppm. The great similarity 
of these shifts argues that I is a normal ester, as is 111. Furthermore, al- 
though reports of chemical shifts for hemi-ortho esters such as I1 are very 
rare due to their chemical instability, two such compounds are reported 
(12) as having shifts of a hemi-orthoacetate carbon at  77.1 ppm. This field 
shift is surprisingly high and may not be typical, but the ortho ester 
carbon of ethyl orthoformate absorbs at  112 ppm and those of two or- 
thoacetates absorb at  118.1 and 119.5 ppm (12). I t  is unreasonable to 
suppose that the hemi-ortho ester carbon of I1 absorbs at  171 ppm, which 
is typical of a normal ester carbonyl carbon. 

EXPERIMENTAL 

Materials-The equilibrium mixture of I11 and its alternate form was 
obtained by dissolving 600 mg of chloramphenicol-3-monosuccinate2 in 
3 ml of water, adjusting the pH to 7.5 with 0.1 N NaOH, and allowing the 
resulting solution to stand a t  ambient temperature overnight. 

Equipment-HPLC was carried out using a reversed-phase column3 
coupled to a UV detector4 set a t  254 nm. 

Both the double-focusing mass spectrometer5 and the NMR spec- 
trometere were coupled to data systems. 

Procedures-One hundred microliters of the equilibrium mixture 
was injected onto the preparative reversed-phase column5. The compo- 
nents of the mixture were separated by isocratic elution using 0.01 M 
NaHzP04-40% acetonitrile (final pH adjusted to 2.5 with phosphoric 
acid) as the mobile phase. A flow rate of 1 ml/min was used for analytical 
runs, and a rate of 2 ml/min was used for preparative runs. The eluate 
for each component was extracted with ethyl acetate and dried with 
magnesium sulfate. The volume of ethyl acetate was reduced by rotary 
evaporation, and the products were stored at  -loo under a nitrogen at- 
mosphere until they were analyzed. 

Methylations were carried out by reaction with excess diazomethane’ 
in ether. Trimethylsilylation was accomplished by adding 200 pl of 
N,O- bis(trimethylsily1)acetamide in dimethylformamides (2.5 mg/ml) 
to a solution of the target compound in acetonitrile. 
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Abstract  A high-pressure liquid chromatographic method for the 
sensitive and rapid determination of chloramphenicol, chlorampheni- 
col-3-monosuccinate, and chloramphenicol-1-monosuccinate is pre- 
sented. The procedure utilizes a reversed-phase chromatographic column 
with UV absorption detection. The assay is useful for monitoring patients 
receiving chloramphenicol, determining the pharmacokinetics of par- 
enteral chloramphenicol sodium succinate, and certifying sterile chlor- 
amphenicol sodium succinate. 

Keyphrases 0 Chloramphenicol-simultaneous high-pressure liquid 
chromatographic assay with chloramphenicol-3-monosuccinate and 
chloramphenicol-1-monosuccinate 0 High-pressure liquid chromatog- 
raphy-analysis, chloramphenicol, chloramphenicol-3-monosuccinate, 
and chloramphenicol-1-monosuccinate 0 Antibiotics-chloramphenicol, 
simultaneous high-pressure liquid chromatographic assay with chlor- 
amphenicol-3-monosuccinate and chloramphenicol-1 -monosuccinate 

Chloramphenicol, a broad spectrum antibiotic, is 
available for parenteral administration as the sodium salt 
of the 3-monosuccinate ester'. This prodrug is biologically 
inactive and must be converted to chloramphenicol base 
by hydrolysis of the ester in the liver (1). Glazko et al. (2) 
reported that -30% of a dose administered to normal 
adults is excreted unhydrolyzed in the urine. Conse- 
quently, impaired renal and/or hepatic function may affect 
the bioavailability of active chloramphenicol when ad- 
ministered parenterally as the sodium succinate salt. 
Chloramphenicol-3-monosuccinate (111) exists in 

equilibrium with chloramphenicol-1-monosuccinate (I) 
at pH values near neutrality (3) (Scheme I). A colorimetric 
assay (4) for the simultaneous measurement of chloram- 
phenicol and chloramphenicol succinate is tedious and 
lacks specificity. Numerous chromatographic methods 
have been developed for determining chloramphenicol in 
biological fluids (5-14), but none included the quantifi- 
cation of chloramphenicol succinate. The current Food and 
Drug Administration spectrophotometric assay for certi- 
fying chloramphenicol sodium succinate for injection (15) 
does not differentiate among chloramphenicol, 111, and I. 
This paper presents a high-pressure liquid chromato- 
graphic (HPLC) method that allows the simultaneous 
quantification of these compounds. 

EXPERIMENTAL 

Materials-Reagent grade acetic acid2, sodium acetate3, deionized 
water, and HPLC grade acetonitrile3 were used to  prepare the mobile 
phase. Pure chlorarnphenic~l~ and chloramphenicol-3-monosuccinate5 
(111) were dissolved in ethyl acetate3 to prepare the standard solutions. 

I The USAN name chloram henicol sodium succinate refers to the sodium salt 
of the 3-monosuccinate ester. 8hloramphenicol sodium succinate is marketed as 
Chloromycetin Sodium Succinate by Parke-Davis Co. 

2 J. T. Baker Chemical Co. 
3 Fisher Scientific Co. 

Lot 423256, courtesy of Parke-Davis Co. 
Lot 441339, courtesy of Parke-Davis Co. 

The internal standard solution was benzocaine6 in methanol3 (0.06 
mg/ml). Trichloroacetic acid3 (30%) was used for protein precipita- 
tion. 

Instrument Conditions-The liquid chromatograph7 was equipped 
with a variable-wavelength UV detector. The effluent was monitored a t  
275 nm with 0.05 aufs. An integrator8 and a recorder9 were used to 
monitor the detector output. A reversed-phase column10 (25 cm long X 
4 mm i.d.) was maintained a t  50". The mobile phase consisted of a 22% 
solution (v/v) of acetonitrile in 0.05 M sodium acetate. The pH of the final 
solution was adjusted to 5.7 with acetic acid. The flow rate was 1.25 
ml/min. 

Determination of Equivalence of Molar Absorbance of I and  
111-A 0.05 M phosphate buffer adjusted to pH 7.4 was used to prepare 
13 1.0-ml samples of 9.08 X M 111. Immediately after preparation, 
the samples were incubated at 37O for various periods. The internal 
standard (50 ~ 1 )  was added to the sample at the end of the incubation, 
and a 9O-gl portion was injected immediately onto the high-pressure 
liquid chromatograph. 

A standard curve for 111 and chloramphenicol was prepared in a 0.05 
M phosphate buffer a t  pH 4.0. The concentrations of 111, I, and chlor- 
amphenicol were determined by relating the peak area ratios of the un- 
knowns to the internal standard and comparing them to the standard 
curves. The standard curve for 111 was used to quantitate 111 and I. The 
apparent first-order forward, k f ,  and reverse, k,, rate constants describing 
the equilibrium between I11 and I (Scheme I) were estimated using the 
NONLIN program (16) with the following equations and unweighted 
data: 

_ _  OH 

/c\ 
0 CHCl, 

m I 
Scheme I 

I 

OHc\CHCI, 

Eastman Kodak Co. ' Model 7000, Micromeritics Instrument Corp. 
CDS 111, Varian Associates. 
Fisher Recordall series 5000, Fisher Scientific Co. 

'0 LiChrosorb RP-18, E. Merck. 

0022-35491 801 0800-0909$0 1.0010 
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Figure 1-Rearrangement of 111 t o  I in p H  7.4 phosphate buffer a t  
379 

where A is the concentration of 111, R is the concentration of I, and A0 
is the concentration of 111 a t  t = 0. 

Quantitation of 111, I, and Chloramphenicol in Biological 
Fluids-Blood samples treated with ethylenediaminetetraacetic acid 
were placed immediately in an ice bath. The plasma was separated and 
adjusted to pH -4 by the addition of 20 pl of 4 N HCl/ml of plasma. A 
250-p1 sample was transferred to a 15-ml conical glass tube. The internal 
standard (25 pl) was added immediately before precipitation with 50 pl 
of a 30% solution of trichloroacetic acid. The sample was vortexed for 10 
sec and then centrifuged for 10 min a t  2500 rpm. A portion of the super- 
nate (90 pl) was injected. 

Urine samples were centrifuged to remove the sediment and diluted 
to concentrations of 1:100-1:500. The internal standard (25 pl) was added 
to 250 pI of the diluted urine sample, and 90 pl then was injected. Plasma 
standards containing 111 and chloramphenicol were prepared for each 
patient using a quantity of his own acidified plasma (pH 4.0). Phosphate 
buffer (pH 4.0) was used to prepare standards for urine assays. 

Stability of 111 in Plasma--Two portions of fresh human plasma were 
adjusted to pH 4.0 and 7.4, respectively, and were used to prepare 250-p1 
samples containing 61.1 fig of IIIlmlll. Sets of plasma samples adjusted 
to pH 7.4 were incubated a t  37,25, and 0". The pH 4.0 plasma samples 
were incubated a t  25 and 0". The concentrations of I, 111, and chloram- 
phenicol were determined a t  0.5, 1.0, 2.0,6.0, 12.0, and 24.0 hr. 

Effect of Plasma Protein Concentration on Drug  Recovery for 
Assay-Plasma samples from three normal volunteers were each diluted 
with normal saline to prepare 1:0,3:1,1:1, 1:3, and 0 1  dilutions (plasma 
to normal saline). The pH of each solution was adjusted to 4.0 with 4 N 
HCI and then spiked with 25 pg of chloramphenicol/ml and 19.1 pg of 
III/ml. Then 100 pl of trichloracetic acid (30%) was added to 0.5-ml 
samples of each solution. The samples were vortexed for 10 sec and cen- 
trifuged for 10 min a t  2.500 rpm. 

A portion of the supernate (250 pl) was transferred to a 15-ml conical 
glass tube. The internal standard (25 pl) was added to the supernate, the 
sample was vortexed for 10 sec, and a portion of the supernate (90 pl) was 
injected. The absolute recoveries of both drugs a t  the 1:0, 3:1, 1:1, and 
13 dilutions were determined hy relating the peak area ratios of the drugs 
to the internal standard at  these plasma dilutions to the peak area ratios 
obtained from the 0 1  dilution. 

Rearrangement of 111 to I in Plasma-Citrated human plasma ad- 
justed to pH 7.4 was used to prepare 250-pI samples of 30.5 pg of III/ml. 
Immediately after preparation, the samples were incubated for various 
periods a t  3 7 O .  A t  the end of the incubation, 50 p1 of 30% trichloroacetic 
acid was added to the sample. The sample then was vortexed for 10 sec 
and centrifuged for 10 min a t  2500 rpm. A portion of the supernate (90 
pl) was injected onto the high-pressure liquid chromatograph. The peak 
area ratio of 111 to the sum of 111 and I was determined a t  the various time 
intervals. The rate constants for the equilibrium between 111 and I were 
estimated by the NONLIN program employing Eq. 1 with unweighted 
data. 

~ 

The Concentrations of I and 111 are expressed as chloramphenicol equivalents. 
The relationship is such that 1.0 mg of the acid form of either ester will yield 0.7635 
mg of chloramphenicol upon hydrolysis. 
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Figure 2-Sample chromatogram for the assay in plasma. Key: A, blank 
plasma; B, spiked plasma; 1, I (4.4 pglml); 2,111 (14.2 pglml); 3, chlor- 
arnphenicol (23.7 pglml); and 4, benzocaine internal standard. 

RESULTS AND DISCUSSION 

Determination of Equivalence of Molar Absorbance of I and 
111-The standard curve for the quantification of 111 also was used to 
quantitate I. Compound 111 is commercially available and is stable in 
crystalline form. Compound I, a pale-yellow oil at room temperature, is 
difficult to weigh accurately and transfer, rearranges to 111 under ambient 
conditions, and can be isolated only by preparative liquid chromatog- 
raphy or other suitable chromatographic methods. Although the tech- 
nique of utilizing the standard curve for 111 to quantitate I and 111 offers 
numerous advantages, it is valid only if the molar absorptivities for I and 
111 are equivalent for the specified instrument conditions. 

The validity of this assumption was tested by measuring the concen- 
trations of 111 and I as 111 rearranged to I. If the sum of the concentrations 
of I and 111 are constant utilizing a standard curve prepared from 111 to 
quantitate both I and 111, then the molar absorptivities are equivalent. 
Figure 1 illustrates the rearrangement of 111 to I and the resulting equi- 
librium between the two compounds. The mean sum of the concentrations 
of I and 111 was 9.08 f 0.10 X M (*SD, CV = 1.1%) for the 13 de- 
terminations. Since this value was constant within very narrow limits and 
showed no trend as the ratio of the concentration of the two compounds 
changed, no difference was detected in the molar ahsorptivities of I and 
111. 

The assumption that the molar absorptivities of I and 111 are equivalent 
may not be valid for a different mobile phase or if the effluent is moni- 
tored a t  a different wavelength, although studies demonstrated that the 
molar absorptivities also were equivalent when the mobile phase pH was 
adjusted to 4.0 or 7.0. The technique also assumes that neither I nor 111 
forms any other compounds during the sampling interval. The only other 
compound that could be detected was chloramphenicol, which formed 
slowly and amounted to only 0.19 X M a t  the 230-min sample. This 
process was considered negligible for the purpose of evaluating the 
equivalence of the molar absorptivities of 111 and I. 

Quantification in Biological Fluids-A typical chromatogram for 
the assay in plasma is presented in Fig. 2. Changes in the mobile phase 
pH had a dramatic effect on the retention times of 111 and I. Both I and 
111 eluted before chloramphenicol when the mobile phase pH was 5.7 and 
after chloramphenicol when the mobile phase pH was 4.0. A summary 
of sample standard curves for chloramphenicol and 111 in plasma is pre- 
sented in Table I. Three determinations were performed a t  each con- 
centration. The intercepts for both standard curves were not significantly 
different from zero. Linear regression analysis of four-point standard 
curves for 14 patients demonstrated excellent correlation (r2 = 0.991- 
1.000 for chloramphenicol and r2 = 0.998-1.000 for 111). 
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Table I-Standard Curves for Chloramphenicol and 111 

100- 
> 
w > 8 80- 
w 

I- 

a -  

a -  

g 60- 

c u -  a 

I C hloramphenicol \ I 111 , 
Concentration. 100 40 20 10 1 152.71 76.35 30.54 7.64 0.76 

pg/ml 

area ratioa 
Mean peak 4.152 1.698 0.874 0.439 0.043 4.816 2.555 1.058 0.265 0.028 

2,s" 1.42 I .02 1.82 0.46 0.26 1.19 0.73 4.15 6.91 
0.04 17 0.0320 

cv, % 
SloDeb 

Table 11-Stability of 111 in Plasma Exprcssed as Percent 
Converted to Chloramphenicol 

Plasma Hours 
pH Temperature 0.5 1.0 2.0 6.0 12.0 24.0 

0" 0 0.1 0.5 0.6 0.9 0.8 
4.0 3 ' 0  -.) 0.4 0.5 1.2 1.4 2.5 4.3 
4.0 

7.4 0" 0.3 0.3 0.5 2.3 4.1 5.3 
7.4 "0 0.4 0.7 1.0 2.6 3.5 5.4 
7.4 :37O 0.8 2.1 1.8 10.8 24.1 27.8 

Table Ill-Stahility of 111 in Plasma Expressed as Percent of I 

Plasma Hours 
pH Temperature 0.5 1.0 2.0 6.0 12.0 24.0 

4.0 00 0 0 0  0 0 0  
4.0 250 0 1.7 3.4 4.3 5.0 6.4 
7.4 0" 2.8 4.1 5.2 14.8 28.8 32.1 
7.4 25O 31.9 32.0 30.8 33.7 33.3 29.8 
7.4 37O 30.1 30.8 31.4 30.3 32.1 30.9 

" ( I ) / l ( l )  t ( I l l ) ] .  

Potential assay interference was investigated by adding the following 
drugs to plasma: phenytoin, aspirin, penicillin, ampicillin, cefazolin, 
cimetidine, oxacillin, theophylline, phenobarbital, isoniazid, gentamicin, 
ethambutol, probenecid, sulfamethoxazole, and trimethoprim. These 
compounds did not produce a chromatographic peak or did not have the 
same retention time as chloramphenicol. Trimethoprim interfered with 
the quantification of I. 

Stability of 111 in Plasma-Tables I1 and I11 illustrate the effects of 
pH and temperature on the stability of 111 in plasma. The recovery was 
61.3 f 1.8 pg/ml (iSD) for these determinations. The results a t  physi- 
ological conditions confirm findings by previous investigators (1) that 
chloramphenicol succinate is not rapidly hydrolyzed by plasma esterases 
to chloramphenicol. 

Since rearrangement of 111 to I proceeded rapidly at  pH 7.4 and 25", 
it was necessary to acidify plasma to pH 4.0 before preparing a standard 
curve for 111. Optimal conditions to prevent the rearrangement involve 
placing plasma in an ice bath and acidifying the plasma to pH 4.0. The 
addition of 20 pl of 4 N HCl/ml of plasma is sufficient to lower the pH 
of plasma to -4.0. 

Both 111 and I were isolated from the plasma and urine of human 
subjects. Preparing biological samples to study the rearrangement of 111 
in uiuo or to study independently the pharmacokinetics of I and 111 poses 
certain problems. The best method of plasma preparation involves im- 
mediately placing blood samples on ice and separating the plasma in a 
refrigerated centrifuge. The samples then should be acidified as described 
previously while the plasma is still cooled to 0". 

Although I and 111 possess different chemical structures, the usefulness 
of studying the pharmacokinetics of these compounds independently is 
mitigated by the fact that the two compounds are in rapid equilibrium. 
Doses of chloramphenicol succinate contain approximately the same 
fraction of I that appears in human urine and plasma. An analysis of 13 
doses of chloramphenicol succinate12 prepared in a hospital pharmacy 
by dilution in 50 ml of 5% dextrose injection revealed that 20.0 f 1.7% 
( fSD)  of the dose existed as I immediately prior to administration. Doses 
were administered between 1 and 24 hr after preparation. 

Effect of Plasma Concentration on Drug Recovery for Assay- 
The absolute recoveries for chloramphenicol a d  111 were 63.0 f 2.4 and 
49.2 f 2.3% (UD), respectively, when the samples were prepared with 

12 Chloromycetin Sodium Succinate, Parke-Davis Co. 

40-' - 
1:0 3 : l  1: l  1:3 0 : l  
PLASMA TO NORMAL SALINE RATIO 

Figure 3-Effect of protein concentration on drug recovery for assay 
for various ratios of plasma to normal saline (CAP = chloramphen- 
icol). 

Table IV-Kinetic Parameters for the Rearrangement of 111 to 
I 

0.693 . .. 
, min Medium kl ,  min-I k, ,  min-' + k, K e ,  r 2  

Buffer 0.0097 0.0'297 17.6 0.327 0.990 
Plasma 0.0285 0.0681 7.2 0.418 0.996 

30% trichloroacetic acid. These relatively low recoveries were the result 
of drug binding to the denatured protein. The effect of protein concen- 
tration on the absolute recovery of chloramphenicol and 111 is illustrated 
in Fig. 3. 

Although the absolute recovery for the trichloroacetic acid method is 
less than optimal, it is adequate for assaying chloramphenicol in the 
therapeutic range. It offers the advantage of minimal sample preparation 
time and produces cleaner solutions for injection than does organic sol- 
vent extraction. The major disadvantage to the trichloroacetic acid 
method is that the standard curve should be prepared from the plasma 
of the individual patient. This approach is preferable because quanti- 
tative and qualitative differences in the plasma protein composition 
might affect the absolute recovery of the compounds assayed. 

Kinetics of Rearrangement of 111 to I-The kinetics of the rear- 
rangement of 111 to I were studied in uitro in a phosphate buffer and 
plasma at physiological pH and temperature (Table IV). The apparent 
K ,  in the buffer was different from that in plasma (Fig. 4). 

0.304 0 n " 
in plasma 

14 n ,. * - 
in buffer 

30 60 90 120 150 
MINUTES 

Figure 4-Rearrangement of I I I  to I in plasma (0) and phosphate 
buffer (0) under physiological conditions. 
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The apparent K ,  in plasma may be greater because I is more exten- 
sively protein bound. I t  also may result from the use of trichloroacetic 
acid as a protein precipitant. 

CONCLUSIONS 

Chloramphenicol-3-monosuccinate (111) exists in rapid equilibrium 
with chloramphenicol-1 -monosuccinate (I) under physiological conditions 
and in intravenous solutions prepared for administration. The analytical 
technique developed permits the quantification of chloramphenicol, I, 
and I11 in biological fluids and reconstituted commercial preparations. 
The methodology may be adapted for certifying chloramphenicol sodium 
succinate and offers advantages over the current FDA spectrophotometric 
met.hod, which does not differentiate between these compounds. The 
analysis of I was simplified by demonstrating that I and I11 have similar 
molar absorptivities. 

The results of previous investigators who reported that chloram- 
phenicol succinate is not rapidly hydrolyzed by plasma esterases were 
confirmed. A rapid analytical technique is offered that will allow future 
studies of the effects of renal and hepatic disease on the pharmacokinetics 
and bioavailability of chloramphenicol sodium succinate. 
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where log PC and AS/ are estimated from the chemical structure and MP 
is either known or experimentally determined. Analysis of this equation 
provides a means of assessing the role of crystal structure [as reflected 
by the melting point (MP) and the entropy of fusion (AS,)] and of the 
activity coefficient [as reflected by the octanol-water partition coefficient 
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Aqueous solubility has long been recognized as a key 
factor in controlling drug efficacy. Before an orally ad- 
ministered drug can become available to its receptor, it 
first must dissolve in the GI fluid. Both the dissolution rate 
and the maximum amount of drug that can be dissolved 
are governed by the solubility of the drug in the medium 
(1). 

The design of orally active drugs must account for the 
effects of structural modifications on solubility. The lack 

of sufficient aqueous solubility often causes a drug to ap- 
pear inactive or less active than some reference compound 
of a series. Aqueous solubility is a key factor in the design 
of parenteral and ophthalmic formulations, and it also is 
important in controlling taste. For these reasons, some 
appreciation of the relationship between aqueous solubility 
and chemical structure is needed. 

THEORETICAL 

In spite of the tremendous importance of aqueous solubility in phar- 
macy and other applied chemical disciplines, it is a poorly understood 
phenomenon. There are no generally useful guidelines for estimating the 
solubility of a substance in water from a consideration of its structure and 
physical properties. One reason that solubility of crystalline compounds 
has successfully defied attempts to make it predictable is that it is not 
a simple equilibrium but rather a combination of equilibria. 

This report attempts to provide some guidelines for understanding 
the factors that govern aqueous solubility and for estimating the aqueous 
solubility of nonelectrolytes. Subsequent reports will deal with the esti- 
mation of the solubility of weak electrolytes. 

Factors Influencing Aqueous Solubility-The aqueous solubility 
of a drug is governed by three major factors: ( a )  the entropy of mixing; 
( b )  the difference between the drug-water (D W )  adhesive interactions 
and the sum of the drug-drug (DD) and water-water ( W W )  cohesive 
interactions; and (c) the additional drug-drug interactions ass&ated 
with the lattice energy of crystalline drugs, which are designated DD and 
are not applicable to liquids. 

The entropy of mixing can be thought of as a force that favors complete 
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The apparent K ,  in plasma may be greater because I is more exten- 
sively protein bound. I t  also may result from the use of trichloroacetic 
acid as a protein precipitant. 

CONCLUSIONS 

Chloramphenicol-3-monosuccinate (111) exists in rapid equilibrium 
with chloramphenicol-1 -monosuccinate (I) under physiological conditions 
and in intravenous solutions prepared for administration. The analytical 
technique developed permits the quantification of chloramphenicol, I, 
and I11 in biological fluids and reconstituted commercial preparations. 
The methodology may be adapted for certifying chloramphenicol sodium 
succinate and offers advantages over the current FDA spectrophotometric 
met.hod, which does not differentiate between these compounds. The 
analysis of I was simplified by demonstrating that I and I11 have similar 
molar absorptivities. 

The results of previous investigators who reported that chloram- 
phenicol succinate is not rapidly hydrolyzed by plasma esterases were 
confirmed. A rapid analytical technique is offered that will allow future 
studies of the effects of renal and hepatic disease on the pharmacokinetics 
and bioavailability of chloramphenicol sodium succinate. 
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Aqueous solubility has long been recognized as a key 
factor in controlling drug efficacy. Before an orally ad- 
ministered drug can become available to its receptor, it 
first must dissolve in the GI fluid. Both the dissolution rate 
and the maximum amount of drug that can be dissolved 
are governed by the solubility of the drug in the medium 
(1). 

The design of orally active drugs must account for the 
effects of structural modifications on solubility. The lack 

of sufficient aqueous solubility often causes a drug to ap- 
pear inactive or less active than some reference compound 
of a series. Aqueous solubility is a key factor in the design 
of parenteral and ophthalmic formulations, and it also is 
important in controlling taste. For these reasons, some 
appreciation of the relationship between aqueous solubility 
and chemical structure is needed. 

THEORETICAL 

In spite of the tremendous importance of aqueous solubility in phar- 
macy and other applied chemical disciplines, it is a poorly understood 
phenomenon. There are no generally useful guidelines for estimating the 
solubility of a substance in water from a consideration of its structure and 
physical properties. One reason that solubility of crystalline compounds 
has successfully defied attempts to make it predictable is that it is not 
a simple equilibrium but rather a combination of equilibria. 

This report attempts to provide some guidelines for understanding 
the factors that govern aqueous solubility and for estimating the aqueous 
solubility of nonelectrolytes. Subsequent reports will deal with the esti- 
mation of the solubility of weak electrolytes. 

Factors Influencing Aqueous Solubility-The aqueous solubility 
of a drug is governed by three major factors: ( a )  the entropy of mixing; 
( b )  the difference between the drug-water (D W )  adhesive interactions 
and the sum of the drug-drug (DD) and water-water ( W W )  cohesive 
interactions; and (c) the additional drug-drug interactions ass&ated 
with the lattice energy of crystalline drugs, which are designated DD and 
are not applicable to liquids. 

The entropy of mixing can be thought of as a force that favors complete 
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miscibility of all components. If DD + W W - 2 0  W = 0 for a liquid solute 
(k., DD = 0), the solubility is governed only by the entropy of mixing, 
which is assumed to be ideal. On a mole fraction scale, the ideal solubility 
of a liquid, Xf, is equal to unity and log X f  = 0. 

In general, the liquid interaction term and the crystal interaction term 
combine to reduce the aqueous solubility of most drugs by: 

2.303RT log X = - ( D D  + WW - 2DW) - (Eq. 1 )  

If the material is crystalline, the crystalline interactions reduce the sol- 
ubility by DD = -2,303RT log X : ,  where X: is the ideal solubility of a 
crystalline compound. 

The difference between the adhesive and cohesive forces usually is 
described ( 2 )  by an activity coefficient for the drug in water, y,, by: 

( D D  + WW - 2 D W )  = 2.303RT log yw 0%. 2) 

If the left side is equal to zero, yw must equal unity. If DD + WW - 2 0  W 
> 0, the solubility will be less than ideal. If DD + W W - 2 0  W >> 0 (as 
usually is the case for nonelectrolytes in water), there usually will be less 
than total miscibility and the drug will have a finite solubility in water, 
X,. These equations assume that there is no significant mutual misci- 
bility of the drug and water phases. Therefore, DD and WW refer to the 
pure phases. A more sophisticated treatment would account for the fact 
that each phase contains some of the other phase. This treatment would 
have the effect of increasing DD and decreasing WW. Mathematically, 
X,, X , ,  and y, are related by: 

log x,, = log x, - log y, (Eq. 3 )  

The greater the difference between the adhesive and cohesive forces, the 
greater is the deviation from ideality and, in general, the lower is the 
solubility. 

will cause the 
ideal mole fractional solubility& be less than unity. In most instances, 
both DD + WW - 2DW and DD are greater than zero, so solubility is 
inhibited by a combination of the liquid interaction term, log y,, and the 
crystal interaction term, log Xi. To understand the aqueous solubility 
of crystalline drugs, it is necessary to consider these terms separately. 
This report will attempt to provide some insight into the dependence of 
these terms on chemical structure and, thereby, to present a means for 
their estimation and thus the estimation of the aqueous solubility of a 
variety of nonelectrolytes. 

Ideal Solubility of Crystals-As already stated, the ideal solubility 
of a crystalline drug (i.e.,  its solubility in an ideal solvent) is dependent 
only on the nature of the crystal. According to Hildebrand and Scott ( 2 ) ,  
the ideal solubility of a crystalline substance expressed as its mole frac- 
tion, XF, is: 

If DD + WW - 2 0  W = 0 and the drug is crystalline, 

where AHf is the molar heat of fusion of the solid; R is the gas constant; 
T, and T are the absolute melting point and temperature of interest, 
respectively; and AC, is the difference in heat capacity of the crystalline 
and molten forms of the drug. Since AC, usually is quite small, and since 
( T ,  - T ) / T  is approximately equal to ln(T,/T), the last term in Eq. 4 
usually can be ignored without any significant loss in accuracy. Therefore, 
as a reasonable approximation, X :  can be approximated from T,,, ( O K ) ,  

T ( O K ) ,  and AH\ by: 

(Eq. 5) 

Both AHf and T ,  depend on the chemical structure of the solute, and 
both of these parameters tend to increase with increasing molecular 
weight and increasing polarity. However, these relationships have not 
proven to be amenable to estimation with any degree of reliability. 

Since the free energy of fusion, AG, is equal to zero at the melting point, 
AHf/T, can be replaced with AS,, where AS, is the entropy of fusion. 
A t  25 "C, Eq. 5 becomes: 

log X l =  - 2 (T ,  - 298) 
1364 (Eq. 6) 

For convenience, the difference in absolute temperatures can be replaced 
with the difference in centigrade temperatures: 

log xy = - (MP - 25) 

The advantage of Eq. 7 over Eq. 5 ,  in addition to its greater simplicity, 
is that AS, is more understandable and more predictable than AHf 
( 1 ) .  

The real aqueous solubility of a crystalline drug, X; ,  differs from the 
ideal solubility in the same manner as described for liquids. Thus: 

log x', = - - ( M P  - 25)  - log yw (Eq. 8) 
1364 

From Eq. 8, it is apparent that the estimation of aqueous solubility re- 
quires the estimation of two parameters, ASf and log yw The remainder 
of this report deals with the estimation of these parameters for non- 
electrolytes and their application to the estimation of aqueous solu- 
bility. 

EXPERIMENTAL 

Entropies of Fusion-All entropies of fusion were calculated from 
the heats of fusion and melting points. These quantities were either ob- 
tained from the literature (3) or were determined experimentally on a 
differential thermal analyzer with a high-pressure differential scanning 
calorimeter cell'. The literature values were obtained at  atmospheric 
pressure. The experimentally determined values were obtained at  500 
psi as described by Martin et al. ( 4 )  to inhibit sublimation of the more 
volatile compounds. It was determined that this pressure had little or no 
effect on the entropy of fusion of nonvolatile compounds; thus, it was 
assumed that it had no effect on the entropy of fusion of the volatile 
crystals studied. 

Reliable values for the entropy of fusion of three solids could not be 
determined experimentally. p- Aminophenol decomposed before melting, 
even under lo00 psi of nitrogen. Phthalic acid dehydrated upon melting 
to form phthalic anhydride. Terephthalic acid sublimed, even under loo0 
psi of nitrogen, as evidenced by a coating of the compound around the 
inside of the calorimeter cell. However, this coating was insoluble in dilute 
sodium hydroxide and had the texture of a polymer, suggesting that some 
chemical change (possibly to a linear anhydride) occurred as well. 
Therefore, the data were excluded from the analysis. 

Partition Coefficients-Octanol-water partition Coefficients were 
calculated from the fragment constants, f ,  developed by Nys and Rekker 
( 5 )  with the following modifications. Secondary and tertiary hydroxyl 
groups were given f values of -1.14 and -0.71, respectively. For the ste- 
roids, the experimentally determined values of Tomida et al. (6) were 
used. These values (which were determined under the same conditions 
as were used to determine the aqueous solubilities) were used because 
current methods of estimating partition coefficients are unreliable when 
applied to steroids. 

Aqueous Solubilities-The aqueous solubilities of the various classes 
of compounds were obtained as follows. 

The solubilities of halobenzenes were determined spectrophotomet- 
rically after equilibration for 24 hr and filtration through sintered glass 
as described by Yalkowsky et al. (7). 

Alkyl p-aminobenzoate solubilities were determined in the manner 
described by Yalkowsky et al. (8). 

The solubilities of polycyclic aromatic compounds were determined 
as described by MacKay and Shiu (9). 

Steroid solubilities were determined as described by Tomida et al. 
(6). 

The alcohol solubility data were obtained by averaging data from over 
30 sources taken from a compilation* of solubility data. 

Statistical Analysis of Data-Multiple regression analysis of the data 
was performed using standard statistical procedures. 

RESULTS AND DISCUSSION 

Estimation of Entropy of Fusion-In this section, a strictly geo- 
metric interpretation of the melting process will be utilized to provide 
a simple and easily understood means of estimating entropy. Since en- 
tropy is a state function, consideration of how the process occurs is not 
required. Only the initial and final states, i.e., the crystal and the melt, 
are important. On a molecular level, the most obvious difference between 
these states is their relative degree of geometric order. The intermolecular 
distance, the packing arrangement, the orientation, and the conformation 
of crystalline molecules are held within a much narrower range in the 
crystal than for the liquid. 

1304 

where MP is the melting point of the drug on the conventional centigrade 
scale. 

1 DuPont model 910. 
2 S. H. Yalkowsky and S. C. Valvani, unpublished data. 
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For conceptualization, the melting process can be divided into three 
subprocesses (4): 

1. Translational melting-the change from the ordered arrangement 
of the molecular centers of gravity in the crystal to the expanded and more 
randomized arrangement in the liquid. 

2. Rotational melting-the change from the ordered arrangement of 
the major axes of crystalline molecules to the randomly oriented ar- 
rangement in the liquid. (This process is not applicable to spherical 
molecules.) 

3. Internal melting-the change from the uniform conformation of 
flexible molecules of the crystal to the random conformation of such 
molecules in the liquid. (This process is not applicable to rigid molecules 
and, thus, to most drugs. However, it does become important for long 
chain molecules.) 

These subprocesses are illustrated in Fig. 1. Since the total entropy 
is dependent only on the initial and final states, these processes can be 
treated for convenience as occurring sequentially. For spherical molecules, 
only translational melting can occur. For rigid nonspherical molecules, 
both translational and rotational melting exist. All three step are ap- 
plicable to the melting of flexible molecules, i.e., those that can undergo 
conformational changes to an appreciable extent. 

The geometrical entropy of a liquid, SL, is related to the number of 
ways, WL, in which its molecules can be arranged that would be consistent 
with the liquid state by SL = R In WL. Similarly, the geometrical entropy 
of a crystalline solid, S,, is related to the number of ways, W,, of arranging 
the molecules in the crystal by S, = R In W,. It is assumed that W, is a 
subset of WL; i.e., the crystal arrangement is a special case of the more 
general, less constrained liquid arrangement. 

The molar entropy of fusion, ASf, is equal to the entropy of the liquid 
minus the entropy of the crystal 

ASf = SL - S, = -R In - = - R  In Pf  (3 
where Pf  is the ratio of the number of ways of achieving the crystal to the 
number of ways of achieving the liquid. It is equal to the probability 
(above the melting point) of a collection of 1 mole of liquid molecules 
spontaneously arranging themselves in such a way as to fulfill the geo- 
metrical requirements of the crystal. This quantity will be referred to as 
the total geometrical probability of fusion and is assumed to be equal to 
the product of the subprocess probabilities: 

Since the entropies of the subprocesses are related to their probability 
of occurrence by equations analogous to €?q. 9, and since the probabilities 
are assumed to be multiplicative, the entropies must be additive: 

= M t r a n s  + Asrot + ASmt (Eq. 11) 

Thus, the total entropy of fusion can be estimated from the Probabilities 
of the component processes of fusion. 

Translational Entropy of Fusion-The translational entropy of 
fusion can be visualized by a two-dimensional analogy. Consider a field 
of disks or checkers that have been trapped into a nearly closest packed 
arrangement (Fig. la)  as representing a two-dimensional crystal. When 
this crystal melts, a slight expansion and a randomization of the positions 
of the disks occur (Fig. Ib) .  The probability of two-dimensional fusion 
taking place is equal to the number of arrangements of the disks that are 
possible within the area allotted for the solid divided by the much greater 
number of arrangements that are possible within the area allowed for the 
liquid. This, in turn, is related to the ratio of the areas available within 
each phase for the disks to occupy, i.e., to the ratio of free areas. In a 
three-dimensional arrangement of molecules, the ratio of free volumes 
rather than free areas would be of concern. 

As already stated, spherical molecules can gain only translational en- 
tropy when they melt. The entropies of fusion for spherical molecules 
such as the inert gases and for pseudospherical molecules such as methane 
and carbon tetrachloride usually fall within the range of 3-4 eu. A value 
of 3.5 eu can be considered as a reasonable approximation for the trans- 
lational entropy of fusion of all molecules (although nonspherical mole- 
cules tend to have a somewhat larger volume change associated with fu- 
sion). 

Rotational Entropy of Fusion-The rotational entropy of fusion is 
a component of the total entropy of fusion of all nonspherical molecules. 
For rigid molecules, it is the only term in addition to the translational 
entropy that needs to be considered. From the data in Tables I and 11, 
it appears that most rigid aromatic molecules have entropies of fusion 
between 11 and 16 eu. This constancy of the entropy of fusion has been 
noted repeatedly in the literature (10-13) but has not been explained. 

If it is assumed that the translational contribution to the entropy of 
fusion is -3.5 eu, as noted earlier, then the rotational entropy of rigid 
aromatic molecules must be -10 f 3 eu. 

An intuitive justification of the nearly constant rotational entropy of 
fusion is based on the following two assumptions: 

1. In the crystal, the molecules (with their centers of mass fixed and 
accounted for by ASint) can wobble or vibrate (-10" in the spherical 
coordinates 6 and 0 from their most stable position after averaging over 
all axes). 

2. In the liquid, the individual molecules have much greater orienta- 
tional freedom and can rotate over a much wider range of 6 and 0. 

The probability difference between the two degrees of rotational 
freedom can be evaluated easily by comparing the areas available to a 
point on the molecular surface in each phase, provided that the range of 
6 and 0 in the two phases is known. If it is assumed for simplicity that a 
liquid molecule can rotate freely, any reference point will trace out a 
sphere about the center of gravity of the molecule. If the molecule is re- 
stricted orientationally, as it is in the crystal, the reference point will trace 
out only a spherical segment. 

For example, the area of a spherical segment obtained by a flO" 
variation in 8 and 6 is 0.00754 times that of a sphere of the same radius. 
Thus, the probability of n molecules being oriented within the allowed 
limits for crystallinity is 0.00754" and the entropy contribution is -k In 
0.00754" or -10 eu. Similarly, the entropy associated with 0 = 6 = 20" 
is 7 eu. Although the actual values of 0 and 6 probably will depend on the 
overall geometry of the molecules and their degree of interaction, the 
relative constancy of AS\ for rigid molecules suggests that the variation 
is not too large or, more likely, that factors inhibiting rotation in the liquid 
also inhibit rotation in the crystal. 

The assumption of free rotation in the liquid is used only for mathe- 
matical convenience and probably is physically inappropriate in many 
cases. However, the entropy estimate is based on the ratio of areas 
available to the reference point in the two phases. If the liquid rotation 
is restricted, as it would be in highly elongated or hydrogen-bonded 
molecules, then the rotation in the solid also is more restricted for the 
same reasons. The constancy of the entropy of fusion of rigid molecules 
suggests that, in these cases, the ratio of the rotational freedom in the 
liquid to the solid is the same. 

Pirsch (14, 15) suggested that elongated molecules have higher en- 
tropies of fusion; Bondi (10) postulated that, because of their restricted 
motion in the liquid, hydrogen-bonded molecules have lower entropies 
of fusion than their hydrocarbon homomorphs. These postulates are not 
supported by the data available for rigid molecules. 

As can be seen in Table I, there is no systematic effect of hydrogen 
bonding on entropy of fusion. Specifically, the isomeric xylenes and their 
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Table I-Entropy of Fusion Values for Disubstituted Benzenes 

One H-Bonding Group Two H-Bonding Groups No H-Bonding Groups 
Substituents ASf Substituents AS, Position Substituents A% 

ortho 
meta 
para 
ortho 
meta 
para 
ortho 
meta 
para 
ortho 
meta 
para 
ortho 
meta 
para 
ortho 
meta 
para 
ortho 
meta 
para 
ortho 
meta 
para 
ortho 
meta 
para 
ortho 
meta 
para 

Average 

13.2 
12.4 
14.2 
- 
- 
12.9 
- 
- 

12.0 

14.6 
13.9 
12.1 
12.2 
13.4 

12.2 
13.3 
13.7 
16.1 
11.7 
11.0 
12.1 
13.5 
16.3 
13.7 
10.0 
13.9 
11.5 
15.1 

- 

- 

12 1 

OH 

OH 

OH 

OH 

NH2 

NHz 

NHz 

NHz 

COOH 

COOH 

COOH 

COOH 

corresponding dihydroxybenzenes have nearly identical entropies of 
fusion. The degree of substitution of the benzene ring does not have any 
systematic effect, as is evidenced by the data for the halobenzenes. Mo- 
lecular size and shape also appear to have no effect on the entropy of 
fusion (for compounds larger than henzene). 

Surprisingly, there is no systematic difference in entropy with respect 
to the position of substitution (Table I). The decreased rotational entropy 
of the more symmetrical compounds evidently is offset by the increased 
translational entropy that results from their greater packing efficiency. 
Highly prolate ellipsoids such as diphenyl, anthracene, and naphthacene 
and highly oblate ellipsoids such as hexamethylbenzene, hexachloro- 
benzene, and coronene all have entropies of fusion in the range dis- 
cussed. 

Internal Entropy of Fusion-The internal or conformational entropy 
of fusion results from the fact that molecular configuration is fixed in- 
variably in the crystal but not in the liquid. For example, a molecule of 
stearic acid is likely to be found only in the anti-conformation in a crystal, 
whereas many bonds are likely to be gauche in the liquid. 

If twist angles of only 60' (gauche), 180' (anti) ,  and 30O0 (gauche) are 
possible and if these three angles are equally probable, then the proba- 
bility of finding a long chain molecule in the completely outstretched 
conformation is equal to (1/3)n-3, where n is the number of carbon and 
heteroatoms in the chain and n - 3 is the number of twist angles. The 
entropy associated with this probability is: 

ASint = -R(n - 3) In (1/3) = 2 2 ( n  - 3) (Eq. 12) 

For reasons discussed previously (16), the internal entropy of fusion is 
better approFimated by 2.5(n - 5). Molecules having less than five units 
in a flexible chain can be treated as rigid molecules as a first approxi- 
mation. 

Total Entropy of Fusion-On the basis of the preceding discussion, 
the entropy of fusion is dependent primarily on molecular geometry. For 
spherical or nearly spherical molecules: 

ASf = AStrana = 3.5 eu 

AS, = AS,,, + Asrot = 13.5 eu 

(Eq. 13) 

(Eq. 14) 

For rigid molecules: 

12.4 
9.0 
9.6 
9.1 
9.2 

11.1 
9.7 

10.5 
12.5 
13.8 
13.0 

- 

- 
- 

13.5 
- 
- 

13.8 
13.0 

14.4 
11.2 
12.0 
14.6 
14.9 
9.8 

12.0 
14.9 
13.3 
15.0 
13.2 
11.9 
15.5 
15.9 
11.3 
17.2 
12.6 

- 

OH OH 14.4 
1:i.2 
14.6 

OH NH2 12.8 
11.2 
- 

OH COOH 10.8 
14.7 
12.2 

NH? 12.0 
11.5 

NHz 

10.4 
NHz COOH 11.8 

11.5 

NH? 12.0 
11.5 

NHz 

10.4 
NHz COOH 11.8 

11.5 
10.8 

18.9 
COOH COOH - 

- 

12.7 - ~ .  

For molecules having n > 5 nonhydrogen atoms in a flexible chain: 

AS, = Astrans  + ASr,t + ASi,t = 13.5 + 2.5(n - 5) eu (Eq. 15) 

Some small nonspherical molecules have very small rotational entropies 
and thus have entropies of fusion falling between 3.5 and 13 eu. Fortui- 
tously, these compounds, like spherical molecules, melt below room 
temperature and thus have ideal mole fractional solubilities of unity. In 
other words, the term involving ASf is equal to zero. 

Estimation of Ideal Solubility-The ideal room temperature solu- 
bility of the various classes of molecules can be calculated by simply in- 
serting the entropy of fusion approximation into Eq. 7 to give: 

-log X, = O.Ol(MP - 25) (Eq. 16) 

for rigid nonspherical molecules and: 

-log Xi = [O.Ol + 0.0018(n - 5)](MP - 25) (Eq. 17) 

for partially flexible molecules. The logarithms of the ideal solubilities 
of a wide variety of compounds calculated from experimentally measured 
entropies of fusion and from these approximations are listed in Table 11. 
The two values rarely differ by more than 0.3 log unit (i.e., by a factor of 
two). In fact, the solubility estimates frequently are better than the en- 
tropy estimates from which they were generated. 

The high accuracy of this approach results in part because compounds 
that are more spherical or that are highly flexible and thus are likely to 
have the greatest error in AS, estimation are compounds that tend to have 
low melting points, so the product (MP - 25) AS, is small and thus does 
not contribute greatly to the calculation, i.e., log Xi is near zero. 

Statistical analysis of the calculated (from Eq. 7) and approximated 
(from Eq. 16 or 17) ideal solubilities of the compounds in Table I1 gives 
the following: 

log X d c  = 0.962 log Xestim - 0.020 0%. 18) 

r = 0.96 s = 0.16 

Since the compounds considered were chosen previously (3) (i.e., there 
was no subjective selection by the present investigators), this analysis 
probably can be regarded as an objective test of the relationships dis- 
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Table It-Calculation of Ideal Solubility of Some Model Compounds a 

log X Ideal 
AS, ASf Calc. Estim. 

Residual Compound M P  Ohs., eu n - 5 Estim., eu (Eq. 7) (Eq. 16 or 17) 

Cyclohexanol 
Cyanamide 
Succinonitrile 
Trichloroacetic acid 
t~rt-Butyl alcohol 
Crotonic acid 
Levulinic acid 
qhenol 
cis-Crotonic acid 
ct-Chloroacetic acid 
Menthol 
p-Cresol 
m-Toluic acid 
I'henylacetic acid 
tu-Naphthylamine 
P-Chloroacetic acid 
Hgdrazobenzene 
Renzoic arid 
p - Rromophenol 
Diphenyl 
I,l.-Carvoxime 
p -  Aminohenzoic acid 
Thiosinamine 
m -Nit.rohenzoic acid 
u-Carvoxime 
o - Nitroaniline 
I,-(:arvoxime 
I Jret han 
m -Dinitrol)enzene 
/%Naphthol 
Renzoquinone 
m -Aminobenzoic acid 
o-Nitrophenol 
o -  Aminobenzoic acid 
p-Rromotoluene 
Allocinnamic acid 
i)-l)imethyl tartrate 
m-Nitroaniline 
p-Toluic acid 
Phenanthrene 
2,4 ,6-Tr i bromophenol 
m -Diiodobenzene 
Succinic anhydride 

Hromoiodohenzene 
Linzil 
Naphthalene 
Thymol 
o-Toluic arid 
p -Dichlorobenzene 
Diphenylamine 
Hydrocinnamic acid 
D-Diiodobenzene 
Hesorrinol 
p-Iodotoluene 
Cinnamir acid 
rn -Vhlorobenzoir acid 
Nitronaphthalene 
Benzop henone 
p-Dibromobenzene 
Renzylaniline 
Car hazole 
p-Toluidine 
Chloral hydrate 
Azoxybenzene 
o -Dinitrobenzene 
p-Chloronitrobenzene 
Methyl cinnamate 
Hydroxyacetanilide 
Anthraquinone 
2.4-Dinitrotoluene 
Anthracene 
Durene 
u-Tetrachloroxylene 
2,4.6-Trinitrotoluene 
Pyrocatechol 
(ilutaric acid 
Quinol 
m-Chloronitrobenzene 
p-Nitroaniline 
p -Tetracbloroxylene 

25.5' 
44.0' 
54.50 
57.5O 
25.4 
72.0a 
:l:l.Oo 
40.9' 
7I.Y 
61.2' 
4:M0 
:34.fi0 

108.8' 
76.7O 
50.0° 
56.0' 

1 :34.0° 
122.4' 
69.5' 

165.5' 
91.00 

i88.,jo 
77.0' 

141.1' 
71.5' 
71.2' 
70.0' 
48.7' 
89.7O 

1'0.6' 
112.9O 
179.5' 
45.1' 

145.0' 
28.0' 
68.0" 
49.0' 

147.0' 
179.6' 
96.3' 
93.0' 
34.2' 

1 19.0' 
90.1' 
95.2" 
80.2' 
51.5' 

10X.7" 
53.10 
53.00 
48.0' 

129.0' 
1 10.0' 
84.0' 

1:lO.o' 
154.2' 
56.7" 
47.9' 
86.0" 
23.4' 

243.0" 
43.30 
47.4' 
36.0' 

116.9' 
33.5" 
36.0' 
91.3" 

284.8' 
70.1" 

216.5" 
79.3' 
86.0" 
80.8' 

105.0" 
97.5O 

172.3' 
44.4' 

114.0' 
95.0' 

1.41" 
1.69 
2.86 
4.25 
5.44 
6.32 
7.20 
8.60 

8.78 
9.20 
9.24 
9.84 
9.90 
9.90 

10.09 
I o.:x 
10.47 
10.54 
10.69 
1U.72 

11.10 
11.13 
11.17 
11.19 
11.28 
11.31 
11.45 
11.46 
11.48 
11.53 
11.70 
11.80 
I 1.85 
11.88 
11.89 
12.00 
12.00 
12.07 
12.09 
12.39 
12.44 
12.59 
12.65 
12.72 
12.72 
12.79 
13.10 
1:1.10 
13.17 
13.29 
1:1.29 
13.32 
13.32 
13.34 
13.36 
13.36 
13.50 
13.52 
13.63 
13.77 
13.82 
13.87 
13.90 
13.93 
13.93 
13.94 
13.99 
14.01 
14.09 
14.25 
14.28 
14.34 
14.39 
14.54 
14.55 
14.58 
14.62 
14.65 

8.79 

10.83 

13.5" 
13.5 
13.5 
13.5 
13.5 
1:1.5 
13.5 
13.5 
13.5 
13.5 
1:1.5 
1:i.s 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
1.3.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 

0.001 
0.024 
0.062 
0.101 
0.002 
0.218 

0.100 
0.296 
0.23- 
0.125 
0.065 
0.605 
0.376 
0.182 
0.229 
0.828 
0.748 

1.102 
0.519 
1.299 
0.423 
0.948 
0.381 
0.379 
0.372 
0.197 
0.543 
0.804 
0.740 
1.306 
0.172 
1.039 
0.026 
0.375 
0.209 
1.074 
1.361 
0.631 
0.603 
0.084 
0.858 
0.601 
0.651 
0.515 
0.247 
0.738 
0.270 
0.269 
0.222 
1.014 
0.828 

1.055 
1.264 
0.311 
0.224 
0.604 

-0.016 
2.178 
0.185 
0.227 
0.112 
0.937 
0.597 
0.112 

2.665 
0.463 
1.979 
0.567 
0.639 
0.587 
0.844 
0.773 
1.572 
0.207 
0.954 
0.752 

0.042 

0.298 

0.088 

0.678 

0.005 
0.190 
0.295 
0.325 
0.004 
0.470 
0.080 
0.159 
0.462 
0.362 

0.096 
0.838 
0.517 
0.250 
0.310 
1.090 
0.974 
0.385 
1.405 
0.660 
1.635 
0.520 
1.161 
0.465 
0.462 
0.450 
0.237 
0.647 
0.956 
0.879 
1.545 
0.201 
1.200 
0.030 
0.430 
0.240 
1.220 
1.546 
0.713 
0.680 
0.092 
0.940 
0.651 
0.702 
0.552 
0.265 
0.787 
0.281 
0.280 
0.230 
1.040 
0.850 
0.090 
1.080 
1.292 
0.317 
0.229 
0.610 

-0.016 

0.183 
0.224 
0.110 
0.919 
0.585 
0.110 
0.663 
2.598 
0.451 
1.915 
0.543 
0.610 
0.558 
0.800 
0.725 
1.473 
0.194 
0.890 
0.700 

0.185 

2.180 

-0.004 
-0.166 
-0.233 
-0.224 
-0.002 
-0.252 
-0.038 
-0.059 
-0.166 
-0.129 
-0.060 
-0.031 
-0.233 
-0.141 
-0.068 
-0.081 
-0.262 
-0.226 
-0.087 
-0.303 
-0.141 
-0.336 
-0.097 
-0.213 
-0.084 
-0.083 
-0.078 
-0.040 
-0.104 
-0.152 
-0.139 
-0.239 
-0.029 
-0.161 
-0.004 
-0.055 
-0.031 
-0.146 
-0.185 
-0.082 
-0.077 
-0.008 
-0.082 
-0.050 
-0.051 
-0.037 
-0.018 
-0.049 
-0.011 
-0.011 
-0.008 
-0.026 
-0.022 
-0.002 
-0.025 
-0.028 
-0.006 
-0.005 
-0.006 

0.000 
-0.002 

0.002 
0.003 
0.002 
0.018 
0.012 
0.002 
0.015 
0.067 
0.012 
0.064 
0.024 
0.029 
0.029 
0.044 
0.048 
0.099 
0.013 
0.064 
0.052 
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Table IIL-C'ontinuc~d 
~~~ 

log X Ideal 
AS, Ahqf Calc. Es tin1 . 

Residual Compound MP Obs., eu n - 5 Estim., eu (Eq. 7) (Eq. 16 or 17) 

o-Chlorobenzoic acid 
p-Nitrophenol 
p-Chlorobenzoic acid 
p-Dinitrobenzene 
m-Xylene dichloride 
tu-Naphthol 
p-Xylene dichloride 
Methyl oxalate 
o-Xylene dichloride 
Azohenzene 
o-Nitrobenzoic acid 
rn-Xylene dibromide 
Dimethylpyrone 
p-Nitrobenzoic acid 
DL-Dimethyl tartrate 
o-Xylene dibromide 
Stilbene 
Apiol 
llndecilic acid 
Capric acid 
Methyl fumarate 
Camphene 
Cinnamic anhydride 
Cetyl alcohol 
Lauric acid 
Palmitic acid 
Tricosane 
Myristic acid 
Nonadecane 
Heneicosane 
Docosane 
Stearic acid 
Tetracosane 
Pen tacosane 
Heptacosane 
Octacosane 
Elaidic acid 
Octadecane 
Eicosane 

140.2' 
1 1:3.s0 
239.70 
173.5' 
34.0' 
95.0' 

loo.oo 
54.4' 
55.0' 
61.7" 

148.5' 
77.0" 

132.0" 
239.2' 
87.0' 
95.0" 

124.0" 
29.5" 
28.3" 
32.0" 

102.0' 
51.0" 
48.0" 
49.3' 
43.2' 
61.8' 
47.6' 
54.0' 
32.1 ' 
40.5' 
44.4' 
68.8' 
50.9' 
53.7' 
59.0' 
61.4' 
44.4' 
28.2' 
36.8' 

14.88 
15.00 
15.03 
15.06 
15.19 
15.26 
15.36 
15.38 
15.49 
15.74 
15.88 
16.18 
16.59 
17.23 
17.38 
17.39 
18.16 
18.95 
19.91 
21.95 
22.26 
23.26 
24.40 
25.43 
27.70 
30.01 
31.13 
33.17 
35.89 
36.37 
36.86 
39.57 
40.51 
42.24 
43.50 
46.21 
46.35 
48.71 
53.91 

Tristearin 54.5' 122.67 

1X.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
19.5 
13.5 
13.5 
13.5 
26 
28.5 
17 
13.5 
13.5 
43.5 
28.5 
38.5 
58.5 
33.5 
48.5 
53.5 
56 
43.5 
61 
63.5 
66 
68.5 
46 
46 
51 

1.257 
0.977 
2.367 
1.640 
0.100 
0.783 
0.845 
0.332 
0.341 
0.424 
1.438 
0.617 
1.302 
2.706 
0.790 
0.893 
1.318 
0.063 
0.048 
0.113 
1.257 
0.443 
0.41 1 
0.453 
0.370 
0.810 
0.516 
0.705 
0.187 
0.413 
0.524 
1.271 
0.769 
0.889 
1.085 
1.233 
0.659 
0.114 
0.467 

1.152 
0.888 
2.147 
1.485 
0.090 
0.700 
0.750 
0.294 
0.300 
0.367 
1.235 
0.520 
1.070 
2.142 
0.620 
0.700 
0.990 
0.045 
0.063 
0.147 
0.963 
0.260 
0.230 
0.777 
0.381 
1.042 
0.972 
0.714 
0.253 
0.610 
0.799 
1.401 
1.162 
1.340 
1.650 
1.833 
0.656 
0.108 
0.443 

0.105 
0.089 
0.220 
0.155 
0.010 
0.083 
0.095 
0.038 
0.041 
0.057 
0.203 
0.097 
0.232 
0.564 
0.170 
0.193 
0.328 
0.018 
0.015 
0.034 
0.295 
0.183 
0.181 

-0.324 
-0.01 1 
-0.232 
-0.456 
-0.007 
-0.066 
-0.197 
-0.175 
-0.130 
-0.393 
-0.451 
-0.565 
-0.600 

0.003 
0.006 
0.024 

135 2.654 2.928 -0.274 

a The compounds listed have melting puinta abtrve 2 5 O  for which heat of fusion data are given in Ref. 3. The list therefore is not in any way weighted toward g o d  agreement 
with thenry. All entropy data are in entropy units. 

Table 111-Calculated Entropies of Fusion and  Ideal Solubilities of Alkyl p-Aminobenzoates at 37" 

Ester 

Methyl 
Ethyl 
Propyl 
Butyl 
Pentyl 
Hexyl 
Heptyl 
Octyl 
Nonyl 
Dodecyl 
Hexadecvl 

13.5 + 
2.5 

MP (Ref. 3) n - 5  ( n  - 5) 

112' 15.1" 0 13.5 
89' 13.1 0 13.5 
740 14.6 0 13.5 

ASf 
Obs. 

56' 
5 2 O  
61' 

17.8 
17.8 
25.2 

75O 18.1 

1 16.0 
2 
3 
4 

18.5 
21.0 
23.5 

71' 28.3 5 26.0 
69" 
8'2' 
87' 

31.4 
41.5 
55.5 

6 
9 

13 

28.5 
36.0 
46.0 

log x, 
Calc. Estim. A log X, 

(Eq. 6) (Eq. 7) (Residual) 

0.80 0.75 0.05 
0.49 0.53 -0.04 
0.37 0.36 0.01 
0.24 0.24 0.00 
0.20 0.26 -0.06 
0.43 0.44 -0.01 
0.50 0.76 -0.26 
0.68 0.78 -0.10 
0.69 0.78 -0.09 
1.44 1.39 0.05 
1.88 1.99 -0.11 

All entropy values are expressed in entropy units. 

cussed in this report. If so, Eq. 16 offers a 95%probability of estimating 
the ideal solubility of a substance to within a factor of two. 

The contribution of increasing chain length to the internal entropy of 
fusion and to the ideal solubility is illustrated specifically for the alkyl 
p-aminobenzoates in Table 111. 

Experimentally, ideal solubilities can be demonstrated only for solutes 
in solvents of very similar polarity. The most convenient system for 
demonstrating the ideal solubility for solids is the aromatic and haloar- 
omatic hydrocarbons in benzene. The observed solubilities of a number 
of polycyclic aromatics and substituted benzenes in benzene are listed 
in Table IV along with the ideal solubilities estimated by Eq. 7. The es- 
timated values are in excellent agreement with the experimentally de- 
termined values. 

Because this treatment is based on many assumptions and approxi- 
mations, it cannot be expected to provide highly accurate ideal solubility 
estimates for all compounds. However, i t  does provide a simple means 
of obtaining a reasonable estimate of ideal solubility from nothing more 
than the structure and melting point of the compound in question. 

From a pharmaceutical point of view, the value of being able to esti- 
mate ideal solubility is not that it enables calculation of the solubility of 
compounds in ideal solvents but rather that  the ideal solubility of a 
substance is a factor which partially determines its solubility in water 
and other pharmaceutically important solvents. 

Estimation of Aqueous Activity Coefficient-The estimation of 
the activity coefficient is somewhat more difficult than estimation of the 
entropy of fusion. The former value is dependent on the nature of two 
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Table IV-Mole Fraction Solubility of Aromatic Compounds in  Benzene 

log x, 
log x Estim.. 

Solute M P  I X Obs. O.Ol(MP - T) 
Iliphenyl 
o -Terphenyl 
r t i  -Terphenyl 
p -Terphenyl 
Y -Triphenylbenzene 
Naphthalene 
Aiithracene 
Phenant hrene 
Pyrene 
Triphenylene 
C h rysene 
Fluorene 
Acenaphthene 
Fluoranthrene 
Hexachlorohenzene 
Hexamethylbenzene 
l,:l,5,-Trimethyl- 

I ,2,5-Trimethyl- 

Tetrachloro-o-xylene 
1.2.3.4-Tetramethvl- 

2,4,(i-trichlorobenzene 

:~,4,fi-trichlorobenzene 

68.9" 
55.5' 
87.0" 

213.0' 
174.9' 
80.00 

218.0' 
98.4' 

150.20 
198.1O 
254.0" 
113.2' 
94.1" 

110.2' 
226.0° 
166.0' 
205.0 

210.0' 

228.0" 
193.0' 

37.0' 
28.0' 
36.8" 
38.0" 
25.2" 
35.0° 
35.8O 
32.0" 
32.4" 
39.4' 
35.6O 
33.5" 
30.6' 
44.8" 
29.9" 
29.9" 
29.9' 

29.9' 

29.9' 
29.9' 

0.5118 
0.5852 
0.2827 
0.007 1 
0.0299 
0.3766 
0.0103 
0.2239 
0.0734 
0.0140 
0.0021 
0.1604 
0.1815 
0.2174 
0.0147 
0.0583 
0.0190 

0.0153 

0.0150 
0.0370 

-0.29 
-0.23 
-0.55 
-2.15 
-1.52 
-0.42 
-1.99 
-0.65 
-1.13 
-1.85 
-2.68 
-0.79 
-0.74 
-0.66 
-1.83 
-1.23 
-1.72 

- 1.82 

-1.82 
- 1.43 

~~~ 

-0.32 
-0.28 
-0.50 
-1.75 
- 1.50 
-0.45 
-1.82 
-0.62 
-1.18 
-1.59 
-2.18 
-0.80 
-0.63 
-0.65 
- 1.96 
- 1.36 
-1.75 

-1.94 

-1.98 
-1.63 

:,,6-dichlorobenzene 
Pentamethylchlorohenzene 154.0' 29.9' 0.0737 -1.13 -1.34 
Pen tachlorobenzene 86.0' 29.9" 0.242 -0.62 -0.54 
1,5-Dichloro-n-xylene 76.0' 29.9" 0.305 -0.52 -0.46 
Ethy lpentachlorohenzene 56.0' 32.4' 0.645 -0.19 -0.24 

species, the solute and the solvent (in this case, water), whereas the latter 
quantity is dependent only on the nature of the solute. Most theoretical 
treatments of activity coefficients apply to nonpolar solutes in nonpolar 
solvents [cf , the Scatchard-Hildehrand approach (2)] or to electrolytes 
in water (cf , Ref. 17). 

This report will attempt to develop a practical and easily used semi- 
empirical approach. This approach relates the aqueous activity coefficient 
to the octanol-water partition coefficient, PC, which can in turn be es- 
timated from the chemical structure by established techniques. Some 
of the more useful schemes used to estimate log PC were summarized 
previously (4). 

The aqueous activity coefficient of a drug and its octanol-water par- 
tition coefficient are related by: 

(Eq. 19) Y LU 

YO 
PC, = - 

where yo is the activity coefficient of the drug in octanol. All three terms 
are expressed in mole fractions. (In its strictest sense, the partition 
coefficient is the ratio of the activity coefficients of the solute in water- 
saturated octanol to octanol-saturated water. Since it was shown that the 
effects of mutual saturation usually are quite small3, they will be ignored 
in this report.) 

By analogy to the aqueous activity coefficient, the activity coefficient 
of the drug in octanol can be described by: 

2.303RT log yo = DD + 00 - 200 (Eq. 20) 

where 00 represents the octanol cohesive interactions and DO is the 
drug-octanol adhesive interaction term. By combining Eqs. 19 and 20, 
the following relationship is obtained: 

2.303RT log yu, = log PC, + DD + 00 - 2 0 0  (Eq. 21) 

If the drug has a molar cohesive energy that IS similar t o  that of octanol, 
the adhesive interactions can be assumed to be equal to the average of 
the drug and octanol adhesive interactions, so that: 

DD + 00 2 2 0 0  (Eq. 22) 

and thus: 

log yIU == log PC, (Eq. 23) 

This treatment is somewhat similar in concept to the Hildebrand and 
Scott (2) treatment of regular solution theory, with an arithmetic mean 
being used instead of a geometric mean. 

~~~ ~~ ~ ~ 

3 T. .I .  Roseman and S. H. Yalkowsky. unpublished data. 

The fact that  most available partition coefficient data are for the oc- 
tanol-water system is fortuitous. Octanol is a solvent of moderate polarity 
and is not very different in polarity from most drugs. Octanol has a sol- 
ubility parameter (6) of 10.3; for most drugs, this value is 8 < d < 12. 
Extremely nonpolar compounds such as hexane have a d value of >7, and 
very polar compounds such as ethanol have a 6 value of <13. This simi- 
larity of polarities is responsible for the near equivalence of DD and 00 
and thus for the success of Eqs. 22 and 23. Additional support for the 
applicability of Eq. 22 is provided by the fact that  most organic liquids 
are miscible in all proportions with octano13, indicating that yo is near 
unity and thus that log yo in Eq. 20 is near zero. 

The requirement described by Eq. 22 is important in that it restricts 
this treatment to nonelectrolytes. If ionized, weak electrolytes can self- 
interact much more strongly than octanol, the sum of the cohesive forces 
will be greater than the adhesive forces and the calculated solubility will 
he erroneous. 

Estimation of Aqueous Solubility of Liquids-Equation 23 can be 
tested on organic liquids that do not self-associate. For these liquids, the 
activity coefficient can be approximated by the reciprocal of the mole 
fraction solubility in water, X a :  

log yw zz -log xf, (Eq. 24) 

By merging the aqueous solubility file of Yalkowsky and Valvani2 with 
the octanol-water partition coefficient data of Hansch and Leo (18), over 
100 liquids have been found2 for which apparently reliable solubility and 
partition coefficient data have been published. The result of regression 
analysis on these data (which include multiple values for most of the 
liquids) is: 

-log yu, = log Xf, = -1.08 log PC - 1.04 

n = 417 r = 0.946 s = 0.356 

(Eq. 25) 

which is in good agreement with Eq. 24. 
The slight deviation of the slope from unity is believed to be due to a 

systematic decrease in DD with increasing values of log PC, i.e., with 
decreasing polarity. The intercept of 1.04 is due to the fact that Eq. 23 
refers to the mole fractional partition coefficient, which is equal to the 
conventionally defined partition Coefficient minus 0.94 (the logarithm 
of the ratio of the molarity of pure octanol to that of pure water). This 
distinction has been discussed more fully (19). 

Although verified in this case for liquids, Eq. 25 is not restricted to 
liquid solutes. I t  can be expected to hold equally well for crystalline 
compounds. Therefore, a method has been obtained for estimating log 
yw for all organic nonelectrolytes that do not self-associate. 

The reason for the exercise that equated log y with log PC is that the 
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Table  V-Solubility Estimates for Some Polycyelic Hydrocarbons 

Name M P  
log P(' 
Estim. 

log s 
Obs. Estim. Residual 

~~~~~~~~~~~ ~ ~ ~ ~ ~ ~ ~ 

Indan 
Napht.halene 
1-Methylnaphthalene 
2-Methylnaphthalene 
1 ,:CDimethylnaphthalene 
I ,4-Dimethylnaphthalene 
1,5-Dimethylnaphthalene 
?$Dimethylnaphthalene 
2.6-Dimethylnaphthalene 
1 -Ethylnaphthalene 
1,4,5-Trimethylnaphthalene 
Diphenyl 
Acenaphthene 
Fluorene 
Phenanthrene 
Anthracene 
"-Met,hylanthracene 
9-Methylanthracene 
9,IO-Dimethylanthracene 
Pyrene 
Fluoranthene 
1.2-Benzofluorene 
2,:LBenzofluorene 
C hrysene 
Triphenylene 
Napht hacene 
1 SBenzanthracene 
9,10-Dimethyl-1,2-benzanthracene 
Perylene 
:3,4-Henzopyrene 
%Methylcholanthrene 
Renzo[ghi]perylene 

25" 3.57 
80" 3.:15 
25" 9.86 
350 3.86 
250 4.39 
25" 4.38 
81' 4.38 

102" 4.38 
108O 4.38 
250 4.39 
25" 4.90 
71' 4.03 
96" 4.03 

1160 4.47 
101" 4.63 
216' 4.63 
2090 5.15 
82' 5.15 

182' 5.67 
156' 5.22 
111" 5.22 
187" 5.75 
209' 5.75 
2550 5.01 
199O 5.45 
357" 5.91 
160" 5.91 
122" 6.95 
277" 6.50 
175' 6.50 
178" 7.11 
277' 7.10 

-3.03 
-3.61 
-3.70 
-3.75 
-4.29 
-4.14 
-4.68 
-4.72 
-4.89 
-4.16 
-4.92 
-4.34 
-4.59 
-4.92 
-5.15 
-6.38 
-6.69 
-5.87 
-6.57 
-6.18 
-5.90 
-6.68 
-7.27 
-8.06 

-3.40 
-:1.71 
-3.67 
-3.77 
-4.16 
-4.16 
-4.69 
-4.89 
-4.94 
-4.17 
-4.65 
-4.27 
-4.50 
-5.10 
-5.11 
-6.19 
-6.62 
-5.42 
-6.85 
-6.18 
-5.76 
-6.97 
-7.18 
-7.76 

-6.73 -6.80 
-8.69 -8.72 
-7.21 -6.87 
-6.63 -7.49 
-8.80 -8.52 
-7.82 -7.56 
-7.97 -8.17 
-9.02 -9.09 

0.369 
0.108 

-0.090 
0.017 

-0.129 
0.024 
0.010 
0.171 
0.055 
0.011 

-0.271 
-0.078 
-0.091 

0.178 
-0.038 
-0.183 
-0.076 
-0.450 

0.284 
0.007 

-0.138 
0.290 

-0.096 
-0.296 

0.077 
0.032 

-0.345 
0.863 

-0.282 
-0.256 

0.192 
0.068 

Table  VI-Solubility Estimates for Halobenzenes 

log PC log s 
Name M P  Estim. Obs. Estim. Residual 

Hexachlorobenzene 230" 6.53 -7.76 -7.92 0.165 
Pentachlorobenzene 86" 5.79 -5.65 -5.82 0.170 
1,2,3,4-Tetrarhlorobenzene 470 5.05 -4.70 -4.72 0.017 
1,2,3,5-Tetrachlorobenzene 540 5.05 -4.79 -4.78 -0.006 
1,2,4,5-Tetrachlorobenzene 140' 5.05 -5.56 -5.60 0.045 
1,2,4,5-Tetrabromobenzene 182' 6.01 -6.98 -6.95 -0.027 
1,2,3-Tribromobenzene 87" 4.98 - -5.03 - 
1,2,1-Trihromobenzene 44" 4.98 -4.50 -4.62 0.119 
1,3,5-Trihromobenzene 1220 4.98 -5.60 -5.36 -0.236 
1,2,3-Trichlorobenzene 53" 4.27 -3.76 -4.00 0.244 
1,2,4-TrichIorobenzene 250 4.27 -3.72 -3.74 0.017 
1,3,5-Trirhlorobenzene 63" 4.27 -4.44 -4.10 -0.340 
1,2,3-Triiodobenzene 116" 5.86 - -6.18 - 
1,2,4-Triiodobenzene 910 5.85 - -5.93 - 
1,3,5-Triiodobenzene 184" 5.85 - -6.81 - 

1.4-Dibromobenzene 87" 4.07 -4.07 -4.13 0.061 

1,3-Dichlorobenzene 25' 3.59 -3.09 -3.07 -0.025 
1,4-Dichlorohenzene 53 .a 3.59 -3.21 -3.33 0.123 

1,2-Diiodobenzene 270 4.65 -4.24 -4.13 -0.109 

1,2-Dibromobenzene 25" 4.07 -3.50 -3.54 0.039 
1,3-Di bromobenzene 25" 4.07 -3.38 -3.54 0.159 

1,2-Dichlorobenzene 25' 3.59 -3.20 -3.07 -0.135 

l,2-Difluorobenzene 25" 2.59 -2.00 -2.08 0.078 
l,%Difluorobenzene 25" 2.58 -2.00 -2.07 0.068 
1,4-Difluorobenzene 250 2.58 -1.97 -2.07 0.098 

1.3-Diiodobenzene 40" 4.64 -4.57 -4.25 -0.325 
1,4-Diiodobenzene 132" 4.64 -5.25 -5.12 -0.127 
Bromobenzene 25" 3.07 -2.64 -2.55 -0.088 
Chlorobenzene 25" 2.83 -2.35 -2.32 -0.035 
Fluorohenzene 25" 2.33 -1.79 -1.82 0.031 
Iodobenzene 25" 3.36 -2.95 -2.84 -0.112 
Benzene 25" 2.13 -1.64 -1.62 -0.016 
2-Bromochlorobenzene 25" 3.83 -3.19 -3.30 0.112 

2-Bromoiodobenzene 25" 4.36 - -3.83 - 
3-Bromoiodobenzene 25" 4.36 - -3.83 - 

3-C hloroiodobenzene 25" 4.12 -3.55 -3.59 0.039 

3-Bromochlorobenzene 25" 3.83 -3.21 -3.30 0.092 
4-Bromochlorobenzene 68" 3.83 -3.63 -3.71 0.083 

4-Bromoiodobenzene 92" 4.36 -4.56 -4.47 -0.095 
2-C hloroiodohenzene 250 4.12 -3.54 -3.59 0.049 

4-Chloroiodobenzene 57 4.12 -4.03 -3.89 -0.136 
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l'ahlc VII-Solubility Estimates of Alkyl p-Substituted Benzoates - 

- 1  

A -2  
t 
k 
2 
m -3 
3 
% 
5 
r-5 
s 

[r -4 

0 

U 

2 -6 + 
0 
w - 7 -  a: 
a 

0 

Name 

- 

- 

- 

- 

- 

- 

M P  
log P(' 
Estim. 

log s 
Ohs. Estim. Residual 

Methyl p -aminobenzoate 
E thy1 p -aminobenzoate 
l'ropyl p-aminobenzoate 
Hutyl p-aminobenzoate 
I'entyl p-aminohenzoate 
Hexyl p-aminohenzoate 
Heptyl p-aminobenzoate 
Octyl p-aminohenzoate 
Nonyl p-aminobenzoate 
Dodecyl p -ami nobenzoat e 
Methyl p-hydroxybenzoate 
Ethyl p-hydroxybenzoate 
l'ropyl p -hydroxyhenzoate 
Rutyl p-hydroxybenzoate 

112" 
89" 
740 
56" 
520 
61" 
75" 
71" 
69" 
82" 

1910 
116' 
96" 
68" 

1.12 
1.65 
2.18 
2.70 
3.23 
3.76 
4.29 
4.81 
5.34 
6.92 
1.66 
2.19 
2.71 
3.24 

-1.60 
-1.99 
-2.:33 
-2.76 
-3.35 
-3.95 
-4.60 
-5.40 
-6.00 
-7.80 
-1.84 
-2.22 
-2.59 
-2.89 

- 1.49 
-1.78 
-2.14 
-2.57 
-3.12 
-3.85 
-4.70 
-5.25 
-5.84 
-7.90 
-2.18 
-2.55 
-2.86 
-3.10 

-0.1 12 
-0.213 
-0.189 
-0.194 
-0.231 
-0.100 

0.095 
-0.148 
-0.157 

0.102 
0.344 
0.329 
0.266 
0.207 

latter value can be estimated by linear free energy ( i e . ,  group contribu- 
tion) approaches. Due to the efforts of Hansch and coworkers (20,21) and 
Nys and Rekker (5), it is possible to estimate, with reasonable accuracy, 
the value of log PC for most organic rompounds. The fragment contri- 
butions to log P(' (f values) developed by Nys and Rekker for the most 
common functional groups are summarized in Ref. 5. These f values can 
he used to obtain an approximate log Pc' value for most compounds. 

Estimation of Aqueous Solubility of Organic Nonelectrolytes-If 
the estimations of AS, and yn, are valid for drugs, they can be inserted 
into Eq. 8 t.o give: 

log <Y;i 2 -log PC' - - ( M P  - 25) - 0.94 (Eq. 26) (::I 
which simplifies to: 

log X , ,  -log PC - O.01MP - 0.69 (Eq. 27) 

l'or rigid molecules. 
Equations 26 and 27 can be made applicable to liquids simply by re- 

placing the melting point by 25" for compounds that melt below this 

O O  

0 -J O 0  

-8 -6 -4 -2 0 
OBSERVED LOG (MOLAR SOLUBILITY) 

Figure 2 -Predic f e d  (Eq :3?) versus observed aqueous solubility of 167 
orgnrirc n o n ~ ~ ' l e c t r o l ~ t c s  

temperature. This process effectively eliminates the crystal interaction 
term and causes the equations to revert back to Eq. 25. 

The aqueous solubility of drugs by convention is reported on a molar 
rather than a mole fraction scale. For poorly soluble compounds, the 
molar solubility is simply the mole fraction solubility multiplied by 55.5 
(the molarity of water) so that: 

log S,  = log X + 1.74 (Eq. 28) 

where S ,  is the solubility in moles per liter. Thus, on a molar scale, Eqs. 
26 and 27 become: 

hSf'MP - 25' + 0.80 (Eq. 29) log s; Î -log PC - 
1364 

in general for nonelectrolytes and: 

log S& zz -log PC - 0.01MP + 1.05 (Eq. 30) 

for rigid and short chain molecules. 
For the more soluble solutes, i t  is necessary to account for the volume 

of water displaced by the dissolved solute. The more precise relationship 
between molar and mole fraction solubilities is: 

lOOOpX,, 
18 + (MW - 18)X,, 

S", = (Eq. 31) 

where p is the density of the saturated solution and M W is the molecular 
weight of the solute. Note that as X, approaches zero and as p approaches 
unity, Eq. 31 approaches Eq. 28. Since S,,, is not a truly linear function 
of X,, it is not a strictly linear function of MP and log PC, especially a t  
high values of S,. However, it can be approximated by a linear function 
with slightly altered coefficients. As long as very soluble solutes are 
avoided, no serious errors will be encountered as a result of this approx- 
imation. 

Applications-To test the ability of Eqs. 29 and 30 to estimate the 
aqueous solubilities of organic nonelectrolytes, several series of com- 
pounds will be considered: polycyclic aromatic hydrocarbons; mono- 
and multihalobenzenes; steroid hormones; normal, branched, and cyclic 
alcohols; and alkyl p-hydroxybenzoates and alkyl p-aminobenzoates. 
These series enable coverage of a wide variety of melting points, partition 
coefficients, and solubilities. The regression equations of the estimated 
and observed solubilities for each series and for the combination of all 
compounds will be given. 

Tables V and VI contain the aqueous solubility data for two classes of 
compounds containing only rigid molecules (the polycyclic aromatic 
compounds and the halobenzenes). Tables V and VI also contain the 
estimated partition coefficients and the melting points. In the case of 
liquids, 25" is used in place of the melting point. For the polycyclic aro- 
matic compounds, the results of regression analysis between the observed 
and estimated solubilities are: 

log Sobs = 0.944 log SeSt,, - 0.785 

n = 32 r = 0.989 s = 0.252 

(Eq. 32) 

and for the halobenzenes: 

log Sobs = 0.980 log Sestim - 0.32 

n = 35 r = 0.995 s = 0.136 

Table VII contains the same type of data for the alkyl p-substituted 
benzoates, a series of both rigid and flexible molecules, all of which are 

(Eq. 33) 
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Table VIII-Solubility Estimates for Aliphatic Alcohols 

Name MP 
I -Butanol 
2-Methyl-1-propanol 
2-Butanol 
1-Pentanol 
2-Methyl- 1 -butanol 
3-Methyl-1-butanol 
2,2-Dimethyl-l-propanol 
2-Pentanol 
3-Pentanol 
3-Methyl-2-butanol 
2-Methyl-2-butanol 
1-Hexanol 
2-Methyl-1 -pentanol 
4-Methyl-1-pentanol 
2,2-Dimethyl-l-butanol 
3,3-Dimethyl-l-butanol 
2-Ethyl-1-butanol 
2-Hexanol 
3-Hexanol 
3-Methyl-2-pentanol 
4-Methyl-2-pentanol 
2-Methyl-3-pentanol 
3,3-Dirnethyl-2- butanol 
C yclohexanol 
2-Methyl-2-pentanol 
Y-Methyl-3-pentanol 
2,3-Dimethy1-2- butanol 
2,4-Dimethyl-2-pentanol 
1-Heptanol 
2,2-Dimethyl- 1 -pentan01 
2,4-Dimethyl-l-pentanol 
4,4-Dimethyl-l-pentanol 
2-Heptanol 
3-Heptanol 
4-Heptanol 
5-Methyl-2-hexanol 
2-Methyl-3-hexanol 
2,2-Dimethyl-3-pentanol 
2,4-Dimethyl-3-pentanol 
2-Methyl-2-hexanol 
3-Methyl-3-hexanol 
2,3-Dimethyl-2-pentanol 
2,3-Dimethyl-3-pentanol 
3-Ethyl-3-pentanol 
2,3,3-Trimethyl-2-butanol 
1-Octanol 
2-Ethyl- 1-hexanol 
2-Octanol 
2-Methyl-2-heptanol 
3-Methyl-3- heptanol 
2.2.3-Trimethvl-3-~entanol < *  
1:Nonanol 
7-Methyl- 1 -octanol 
2,2-Diethyl-l-pentanol 
2-Nonanol 
3-Nonanol 
4-Nonanol 
5-Nonanol 
2,6-Dimethyl-4-heptanol 
3,5-Dimethyl-4-heptanol 
1-Decanol 
2-Undecanol 
1-Dodecanol 
LTetradecanol 
1 -Pentadecanol 
1-Hexadecanol 
1-Octadecanol 

25" 
25" 
25' 
25' 
25" 
25" 
54' 
25" 
25" 
25" 
25' 
25" 
25' 
25' 
25" 
25" 
25" 
25' 
25' 
25" 
25' 
25" 
25" 
25" 
25" 
25' 
25" 
25" 
25" 
25" 
25" 
25' 
25" 
25" 
25" 
25" 
25' 
25" 
25" 
25" 
25" 
25" 
25" 
25' 
25" 
25" 
25" 
25" 
25" 
25" 
25' 
25" 
25' 
25" 
25' 
25' 
25" 
25' 
25" 
25' 
25" 
25" 
25" 
38" 
44" 
49" 
58" 

ASf 
Estim. 

log PC 
Estim. 

log s 
Obs. Estim. Residual 

13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
38.5 
41.0 
43.5 
48.5 

0.84 
0.73 
0.73 
1.37 
1.25 
1.25 
1.33 
1.25 
1.25 
1.14 
1.33 
1.90 
1.78 
1.78 
1.57 
1.57 
1.78 
1.78 
1.78 
1.67 
1.67 
1.67 
1.74 
1.43 
1.86 
1.86 
1.74 
2.27 
2.42 
2.39 
2.19 
2.39 
2.31 
2.31 
2.31 
2.19 
2.19 
2.27 
2.08 
2.39 
2.39 
2.27 
2.27 
2.39 
2.35 
2.95 
2.84 
2.84 
2.91 
2.91 
2.88 
3.48 
3.36 
3.44 
3.36 
3.36 
3.36 
3.36 
3.13 
3.13 
4.01 
4.42 
5.06 
6.11 
6.64 
7.17 
8.22 

-0.01 
0.06 
0.39 

-0.61 
-0.48 
-0.51 
-0.42 
-0.31 
-0.24 
-0.21 

0.09 
-1.24 
-1.11 
-1.14 
-1.04 
-0.50 
-1.17 
-0.88 
-0.82 
-0.74 
-0.81 
-0.71 
-0.64 
-0.45 
-0.51 
-0.39 
-0.41 
-0.96 
-1.83 
-1.52 
-1.60 
- 1.55 
-1.55 
-1.44 
-1.40 
-1.38 
-1.32 
-1.16 
-1.23 
-1.09 
-1.00 
-0.91 
-0.86 
-0.87 
-0.72 
-2.37 
-2.11 
-2.09 
-1.72 
-1.60 
-1.27 
-3.01 
-2.49 
-2.42 
-2.74 
-2.66 
-2.59 
-2.49 
-2.51 
-2.51 
-3.60 
-2.94 
-4.80 
-5.84 
-6.35 
-7.00 
-8.40 

0.05 
0.16 
0.16 

-0.46 
-0.34 
-0.34 
-0.69 
-0.31 
-0.34 
-0.24 
-0.42 
-0.96 
-0.85 
-0.85 
-0.65 
-0.65 
-0.85 
-0.85 
-0.85 
-0.74 
-0.74 
-0.74 
-0.81 
-0.51 
-0.92 
-0.92 
-0.81 
-1.32 
-1.46 
-1.43 
-1.24 
-1.43 
-1.35 
-1.35 
-1.35 
-1.24 
-1.24 
-1.32 
-1.13 
-1.43 
-1.43 
-1.32 
-1.32 
-1.43 
-1.39 
-1.97 
-1.86 
-1.86 
-1.93 
-1.93 
-1.90 
-2.47 
-2.36 
-2.43 
-2.36 
-2.36 
-2.36 
-2.36 
-2.14 
-2.14 
-2.98 
-3.37 
-3.98 
-5.78 
-6.53 
-7.26 

-0.064 
-0.101 

0.232 
-0.152 
-0.143 
-0.174 

0.277 
0.031 
0.097 
0.022 
0.503 

-0.278 
-0.267 
-0.294 
-0.390 

0.146 
-0.325 
-0.036 

0.029 
0.004 

-0.065 
0.029 
0.165 
0.058 
0.414 
0.529 
0.403 
0.351 

-0.373 
-0.091 
-0.360 
-0.116 
-0.193 
-0.088 
-0.048 
-0.145 
-0.076 

0.155 
-0.092 

0.336 
0.432 
0.410 
0.451 
0.558 
0.670 

-0.404 
-0.254 
-0.228 

0.211 
0.325 
0.625 

-0.533 
-0.137 

0.015 
-0.386 
-0.299 
-0.227 
-0.137 
-0.370 
-0.370 
-0.622 

0.437 
-0.814 
-0.056 

0.180 
0.264 

crystalline. The statistics for this series are: Table IX lists the data for some steroid hormones. The data for this group 
of rigid solids were taken from a study by Tomida et al. (6) in which both 
aqueous solubilities and octanol-water partition coefficients were de- 
termined. The experimental data for these cases were used because the 
group contribution approaches (20, 21) worked poorly for steroids (1). 
The regression equation for this series is: 

log Sob = 0.879 log Sestim - 0.863 (Eq. 36) 

n = 19 r = 0.847 s = 0.309 

log Sob = 1,008 log Sestim - 0.270 

n = 14 r = 0.990 s = 0.264 

Table VIII concerns the aliphatic alcohols. The series contains rigid and 
flexible molecules, most of which are liquids a t  room temperature. For 
this series, the observed and estimated solubilities are related by: 

log Sob = 0.989 log Sestim - 0.203 (Eq. 35) 

n = 67 r = 0.994 s = 0.178 

(Eq. 34) 

In each of the five classes of compounds, there is a definite relationship 
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Table IX-Solubility Estimates for Some Steroids 

Name MP 
log PC log s 
Obs. Obs. Estim. Residual 

~~ 

Hydrocortisone 
Corticosterone 
Deoxycorticosterone 
Cortisone 
Hydrocortisone acetate 
Cortisone acetate 
Deoxycorticosterone acetate 
1 Iru-Hydroxyprogesterone 
Progesterone 
Testosterone 
Prednisolone 
Prednisolone acetate 
Triamcinolone 
Triamcinolone acetonide 
Triamcinolone diacetate 
Dexamethasone 
Betamethasone 
Dexamethasone acetate 
Betamethasone-17-valerate 

213” 
181’ 
141’ 
222‘ 
223’ 
236’ 
157’ 
222’ 
131’ 
155’ 
240’ 
238’ 
270’ 
293’ 
235’ 
266’ 
230’ 
230’ 
183’ 

between the observed and estimated values of log S. In four of the five 
groups, the coefficient of log Sestim is close to 0.96. For the steroids, a lower 
value is observed. The major variation is observed in the value of the 
intercept, which varies from -0.863 to -0.203. The reason for the vari- 
ation (which would be equal to zero if Eqs. 29 and 30 were absolutely 
correct) is not clear. However, it is clear that the average of Eqs. 32- 
36: 

log Sobs log Sestim - 0.5 (Eq. 37) 

can be used as a means of estimating the solubility of nearly any rigid 
nonelectrolyte regardless of whether it is liquid or solid. 

In each of the five classes of compounds, there is a similar relationship 
between the observed and predicted solubilities. Whether the differences 
observed are real or are due to systematic errors in calculating log PC is 
not clear. 

The complete data set was fitted by multiple linear regression to a 
function of log PC and AS/(MP - 25). This analysis yielded the following 
semiempirical equation: 

- 25) + 0.54 (Eq. 38) 
1364 

logs, - -1.00 log PC - 1.11 

n = 167 r = 0.994 r2 = 0.988 s = 0.242 

Equation 38 estimates the solubilities of all but eight of the solutes listed 
in Tables V-IX to within 0.5 log unit. The agreement between the ob- 
served solubilities and the solubilities estimated by Eq. 38 is illustrated 
in Fig. 2. Although the solubility values span nine orders of magnitude, 
the error in no case reached a factor of 10. 

The pooled data for the rigid molecules gave: 

log S,  = -1.05 log PC - 0.012MP + 0.87 (Eq. 39) 

n = 155 r = 0.989 r2 = 0.979 s = 0.308 

These equations are believed to be useful because they enable the esti- 
mation of aqueous solubility on the basis of a single physical measure- 
ment, the melting point. They also enable the chemist to appreciate the 
likely effect of a structural modification on aqueous solubility. 

Although this study was restricted to nonelectrolytes, i t  appears that 
Eqs. 38 and 39 can be extended to cover weak electrolytes with only slight 
modification (22). 
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Abstract The intestinal transfer of two poorly absorbed quaternary 
ammonium drugs, hexamethonium chloride (I) and pralidoxime chloride 
(II), in the presence of various organic and inorganic anions was inves- 
tigated in the rat using a modified in situ gut technique. The results were 
in agreement with those of the conventional in situ loop and plasma drug 
level techniques. Of the anions investigated, cholate, desoxycholate, 
taurocholate, phoscholate, dehydrocholate, and hyodesoxycholate had 
the greatest effect on increasing the amount and rate of disappearance 
of I. Similarly, the amount and rate of disappearance of I1 were enhanced 
markedly in the presence of phoscholate and trichloroacetate. The effect 
of cholate and phoscholate was investigated in detail. The membrane 
permeability and histological studies indicated that these anions may 
compromise the structural integrity of the membrane tissue, thus en- 
hancing drug transfer. 

Keyphrases 0 Hexamethonium chloride-influence of various anions 
on intestinal disappearance in rats Pralidoxime chloride-influence 
of various anions on intestinal disappearance in rats Quaternary am- 
monium drugs-hexamethonium chloride and pralidoxime chloride, 
influence of various anions on intestinal disappearance in rats 0 Ab- 
sorption-hexamethonium chloride and pralidoxime chloride, influence 
of various anions on intestinal disappearance in rats 

Quaternary ammonium drugs may have limited thera- 
peutic usefulness following oral administration since they 
are poorly and erratically absorbed. These compounds are 
ionized completely at  all physiological pH values and thus 
tend to have high aqueous and low lipid solubilities. Ac- 
cording to the pH-partition theory of passive absorption, 
these ionized moieties should be only insignificantly ab- 
sorbed since they are transported slowly across lipid 
membranes. 

The poor GI absorption of quaternary ammonium drugs 
can be illustrated by noting the difference in therapeuti- 
cally effective oral and parenteral doses. For example, 
much larger doses of the antihypertensive drug hexame- 
thonium and the cholinesterase reactivator pralidoxime 
chloride must be given by mouth as compared to paren- 
teral administration to achieve a pharmacological response 
(1-3). 

Various attempts have been made to improve the GI 
absorption of quaternary ammonium drugs. Isolated 
studies have shown that, in some cases, the amount and 
rate of absorption of hexamethonium (41, benzomethamine 
(5), and isopropamide (6) are increased by the addition of 
anionic substances. For example, Harington (4) showed 
that the various salts of hexamethonium are absorbed to 
different extents. These studies imply that the anionic 
portion of the salt plays a part in the absorption process 
since the other moiety always was the positively charged 
quaternary ion. 

Although the existence of ion-pair complexes has been 
speculated, no conclusive evidence has been found. Fur- 
thermore, no data are available showing the effect of these 

anions on in uiuo membrane permeability. Further work 
in this area is warranted to elucidate the mechanism of the 
enhancing action effected by anions. 

The purposes of this study were to investigate tech- 
niques for increasing GI transfer of two model quaternary 
ammonium drugs, hexamethonium chloride (I) and pra- 
lidoxime chloride (II), and to study the mechanisms in- 
volved in this enhancement. 

EXPERIMENTAL 

Test Animals-Male Sprague-Dawley rats1, -140 g, were housed two 
per cage and had access to food and water until they attained a weight 
of 180-200 g. Animals were fasted for 24 hr prior to use but had free access 
to water. 

Chemicals-Hexamethonium chloride*, hexamethonium iodide2, 
pralidoxime chloride3, and pralidoxime iodide3 were used as purchased. 
Chemicals used as anions were purchased from various sources. 

The concentration of hexamethonium chloride (I) was 2.6 X M, 
while that of pralidoxime chloride (11) was 8.7 X M. The anions were 
administered as their sodium salts. When a sodium salt was not available, 
the desired acid was dissolved in deionized, distilled water with an 
equivalent quantity of sodium hydroxide. All solutions were prepared 
fresh on the day of the experiment. 

Anesthesia-Each rat was anesthetized with urethan4 (ethyl carba- 
mate), 1 mg/g ip. 

Experimental Design-To determine the number of experimental 
animals required to evaluate each drug-anion combination, preliminary 
studies were conducted with I and I1 in four animals on 4 consecutive 
days. An analysis of variance indicated that there was no statistical dif- 
ference between the results from the different animals. This finding 
suggested that each drug-anion combination studied in four animals 
would give satisfactory results that could differentiate the effects of 
different anions on drug disappearance. Therefore, each I-anion and 
11-anion combination to be studied on any particular day was selected 
randomly. 

The results were analyzed statistically using Duncan’s new multiple 
range procedure (7). This procedure groups the ranked means that do 
not differ statistically ( p  = 0.05) and is suitable for the interpretation 
of the results since it distinguishes between a single anion and a group 
of anions that have similar effects on drug absorption. 

Methods of Analysis-A slight modification (4% instead of 1.5% 
washed isopentanol) of the ion-pair technique described by Auerbach 
(8) and Mitchell and Clark (9) was used for the determination of hexa- 
methonium in aqueous solutions and plasma. The pralidoxime content 
in biological fluids was analyzed utilizing the method of May et al .  (10) 
and Ellin and coworkers (11,12). The analytical procedure of Roe et al. 
(18) as modified by Schreiner (14) was employed for determining the 
inulin content in the aqueous solution. In all cases, the standard curves 
obeyed the Beer-Lambert law. 
In Situ Gut Technique-The experimental technique used to study 

drug transfer kinetics was a modification of a method described previ- 
ously (15). The earlier technique did not account for intestinal volume 
changes. To overcome this difficulty, the ilia1 syringe was replaced with 
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Table I-Intestinal Disappearance of Hexamethonium Chloride 
(I) in the Presence of Different Anions fo r  the In Situ Gu t  
Technique * 

Molar Ratio of I 
Anion to Anion k * X lo3, min-' 

1 Cholate 
Desoxycholate 

C Taurocholate 
Phoscholate 

[Dehydrocholate 
C Hyodesoxycholate 

Bromide 
Clycocholate 
Phosphate 
Iodide 
Chloride 
Trichloroacetate 
Glycotaurocholate 
Tartrate 
Propionate 
Lactate 
Acetate J CSulfide Citrate 

1:5 
1:5 
1:5 
1:5 
1:5 
1:5 
1:4 
1:5 
1:5 
1:5 
1:3 
1:5 
1:4 
1:5 
1:5 
1:5 
1:5 
1:5 
1:5 

8.33 f 0.13 
8.10 f 0.17 
6.10 f 0.40 
5.35 f 0.18 
5.14 f 0.26 
4.85 f 0.11 
4.03 f 0.05 
3.85 f 0.12 
3.53 f 0.09 
3.40 f 0.11 
3.05 f 0.07 
3.00 f 0.32 
2.98 f 0.25 
2.81 f 0.15 
2.76 f 0.15 
2.62 f 0.11 
2.28 f 0.13 
1.95 f 0.05 
0.99 f 0.14 

Statistical results of Duncan's new multiple range procedure. 

a 10.0-ml graduated pipet. At various times, the drug solution from the 
intestine was emptied gently into the pipet, the volume was measured 
accurately, a 0.1-ml aliquot was withdrawn for analysis, and the solution 
was returned to the intestine. 

In S i tu  Loop Technique-This method was an adaptation of the in 
situ gut technique. The experimental procedure and setup were identical 
up to the point where the drug solution was to be introduced into the 
washed intestine. At this stage, the syringe was disconnected from the 
duodenal cannula and replaced with a 5.0-ml pipet containing exactly 
5.0 ml of drug solution. This solution was allowed to flow into the intes- 
tinal lumen, and the intestine was ligated a t  the tip of the duodenal 
cannula. Similarly, the intestine at  the ilia1 cannula was ligated, with care 
taken to ensure that no drug solution was in the receiving pipet. The pipet 
and cannulas then were removed. 

After 3 hr, the entire section of small intestine was removed and placed 
in a beaker containing -50 ml of distilled water. After the intestine was 
cut into thin rings, the contents in the beaker were stirred vigorously for 
30 min. The mixture was filtered, and the solution was diluted to a desired 
volume. An aliquot of this solution was analyzed for drug content as de- 
scribed previously. The difference between the amount of drug intro- 
duced and the amount remaining a t  the completion of the experiment 
yielded the drug lost from the intestinal segment. 

At the completion of the experiment, a blood sample was obtained uia 
heart puncture from the same animal in which the loop technique was 
studied. The drug concentration in the plasma was determined as de- 

Table  11-Intestinal Disappearance of Pralidoxime Chloride (11) 
i n  the Presence of Different Anions for  the In Situ Gu t  
Techniaue 

Molar Ratio of 
Anion I1 to Anion k *  X lo?, min-I 

~~ 

C Phoscholate 1:3 7.37 f 0.30 
CTrichloroacetate 1:2 6.56 f 0.14 

Taurocholate 1:2 5.64 f 0.10 
Glycotaurocholate 1:l 5.49 f 0.21 
H yodesoxycholate 1:2 5.42 f 0.15 
Iodide 1:2 5.25 f 0.1 2 
Cholate 1:2 5.23 f 0.27 
Dehydrocholate I : ]  5.18 f 0.51 
Glycocholate 1: 1 5.19 f 0.14 
Bromide 1:2 4.75 f 0.71 
Chloride 1:2 4.58 f 0.11 
Acetate 1:2 3.73 f 0.72 
Desoxycholate 1:2 3.51 f 0.13 
Tartrate 1:2 3.32 f 0.12 
Propionate 1:2 3.29 f 0.33 
Lactate 1:2 3.24 f 0.06 
Sulfate 1:2 3.16 f 0.15 
Phosphate 1:2 3.07 f 0.21 

1:2 2.57 f 0.38 

1 
I'_ 

CCitrate 

0 Statistical results ol Duncan's new multiple range procedure 

scribed. The blood volume of the rat was estimated from its body weight 
using the chart published previously for blood volume uersus the body 
weight of male rats (16). The product of the plasma drug concentration 
and the plasma volume yielded a measure of the amount of drug in the 
plasma of the rat. 

Membrane Permeabili ty Study-The experimental setup was the 
same as that used in the in situ gut technique. The drug solution was 
introduced into the intestine; simultaneously, a sterile solution of 20 mg 
of inulin was injected into the femoral vein. At the end of 3 hr, the volume 
of the intestinal solution was measured accurately, and an aliquot was 
taken for inulin analysis. 

T h e  amount of inulin determined in the sample aliquot and the volume 
of the intestinal contents yielded the amount of inulin transferred from 
the blood to the intestinal lumen. 

Histological Study-The in situ gut technique was utilized to obtain 
the intestinal tissue samples. The drug solution was introduced into the 
intestine; after 3 hr, segments from different intestinal areas were re- 
moved, gently flushed out with distilled water, and then fixed for a t  least 
24 hr in a 10% formalin and 1% CaC12 solution. These sections were fixed 
permanently for later use. 

RESULTS AND DISCUSSION 

Intestinal Disappearance-The kinetics of intestinal disappearance 
of the two quaternary ammonium drugs, hexamethonium chloride (I) 
and pralidoxime chloride (111, in the presence of various anions were 
observed for 3 hr. The kinetics between 30 and 180 min followed apparent 
first-order disappearance and, therefore, could be represented mathe- 
matically by: 

m = moe-b' (Eq. 1) 

where m is the amount of drug in the intestine a t  any time t ,  rno is the 
initial amount of drug in the intestine, and k is the disappearance rate 
constant. 

Preliminary studies indicated that the intestinal disappearance rate 
of the drugs and their combinations with various anions for the initial 
30 min did not follow simple first-order kinetics. For this reason, the 
constant was redefined as an apparent disappearance rate constant and 
designated ask*.  The behavior during the initial period was studied in 
detail and will be discussed later. The k *  values for I and I1 were esti- 
mated using linear regression to be 3.05 f 0.07 X and 4.58 f 0.11 X 
10-3 min-1, respectively. 

The influence of an excess of chloride ions while utilizing hexame- 
thonium iodide and pralidoxime iodide also was investigated. The dis- 
appearance rates of these iodide salts in the presence of an excess of 
chloride anions were identical to those of the chloride salts of the drugs. 
Similarly, another study showed that the apparent rates of 1 and I1 in the 
presence of an excess of iodide ions were not different from the rates for 
the iodide salts of these drugs. The results indicate strongly that the in- 
testinal disappearance kinetics of I and 11 are affected by the presence 
of foreign anions and that the drugs behave as the salt of the excess anion 
present. A possible reason for such behavior is that  the quaternary am- 
monium salts are ionized completely at  all physiological pH values to their 
corresponding cations and anions, and an excess of foreign anion will 
swamp the anion of the salt. 

All anions, except bromide, when used in the molar ratios of drug to 
anion of 1:2 to 1:5 had the same effect on I and 11. With bromide. a pro- 
gressive increase in the anion concentration caused a corresponding in- 
crease in the disappearance rate of I but not of 11. The molar ratio of drug 
to anion was maintained within the range of 1:2 to 1:5; in a few instances, 
it was necessary to change (flWo) the anion concentration to achieve an 
isotonic solution to prevent drastic intestinal volume changes. The pH 
of the solutions during this investigation ranged from 7.5 to 8.3; only the 
desoxycholate and taurocholate systems gave slightly lower values. 

The results for hexamethonium chloride and pralidoxime chloride in 
the presence of various anions are presented in Tables I and 11, respec- 
tively. The brackets enclosing the anion or anions in the first column 
indicate the results of the statistical analysis by Duncan's new multiple 
range procedure. The effects on the apparent disappearance rate constant 
of the drug for the anions included in the same bracket do not differ 
statistically a t  p = 0.05; however, the effects of the anions grouped in 
different brackets are significantly different a t  p = 0.05. 

The simple ion, bromide, increased the disappearance of I hut had no 
effect on the rate constant of 11. Iodide increased the value of I1 and had 
no significant effect on the value of I. The results of the hexamethonium 
studies agree with Harington's findings (4); however, the results of the 
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Figure 1-Intestinal disappearance of hexamethonium chloride ( A ,  
0 )  and pralidoxime chloride ( B ,  0) in rats. 

pralidoxime experiments differ from those of Levine and Steinberg 
(17). 

Another anion that had opposing effects on the drug transfer rate was 
phosphate. It increased the disappearance constant of I while it decreased 
the value of I1 appreciably. 

Citrate, sulfate, lactate, propionate, tartrate, and acetate had similar 
effects; they all decreased or had no effect on the disappearance rate 
constants of I and 11. These findings parallel those in the literature, al- 
though one investigator (18) reported increased intestinal absorption of 
the quaternary ammonium compound benzomethamine in the presence 
of acetate and propionate anions. However, this effect occurred only a t  
high acid concentrations (0.2 M) and a t  relatively low pH values (pH 
3-4). 

Trichloroacetate had no influence on the results of I while it increased 
the corresponding value of 11. This anion increased the pharmacological 
response of isopropamide iodide (6). 

The most dramatic changes were caused by the bile salt anions. For 
example, cholate caused an approximately threefold increase in the rate 
constant for I but only a slight increase for 11. Of the bile anions studied, 
cholate, taurocholate, dehydrocholate, hyodesoxycholate, and glyco- 
cholate increased the disappearance rates of I and 11. Desoxycholate in- 
creased the rate constant of I but was ineffective with 11, while glyco- 
taurocholate had an opposite effect. 

The most promising of the anions studied was phoscholate. This anion, 
which is the conjugate base of phoscholic acid (2,2'-phosphinicodilactic 
acid), significantly increased the disappearance rate constants of both 
I and 11. For example, the rate constant for I in the presence of chloride 
ions was 3.05 X min-l, while its value in the presence of phoscholate 
was 5.35 X 1O-j min-I. Similarly, the k* value of I1 in the presence of 
chloride ions was 4.58 X rnin-' 
wnen the drug was present with phoscholate. 

I t  was stated previously that the intestinal disappearance of I and I1 
and their combinations with various anions followed a definite pattern; 
their initial disappearance rate was rapid and was followed by a slower 
phase. Similar results for other quaternary ammonium drugs (5,19-21) 
and other drugs such as phenothiazines (22). haloperidol (22), and ste- 
roids (23) also were reported. This pattern may be indicative of the 
mechanism by which these quaternary ammonium drugs are absorbed 
through the intestinal barrier. 

Figure 1 illustrates the typical kinetic patterns of the intestinal dis- 

min-I, which increased to 7.37 X 

Table 111-Intestinal Disappearance Ra te  Constants of 
Hexamethonium Chloride (I) in the Presence of Different 
Anions 

Molar Ratio k l  X lo2, k z  X lo2, 
min-I k 3  X lo2, min-' Anion of I to Anion min-' 

1.1 (0.305)" Chloride 1:3 3.3 11.9 
Cholate 1:5 4.4 12.8 4.1 (0.833)O 
Phoscholate 1:5 3.0 6.5 1.7 (0.535)" 

0 Apparent disappearance rate constant, k'. in the in situ gut terhnique 

responsible for the disappearance of the drug from the lumen. Assuming 
that k l ,  k z ,  and k3 are first-order rate constants and solving the differ- 
ential equation for A yield (22,24,25): 

] (Eq. 2) ( k p  + k3 - ( ~ ) e - * ~  - ( k z  + k3 - & - P t  A = Ao 
P - .  

where a and P are given by: 

(Y = ' /Z[(kl + k p  + k 3 )  + J ( k 1  + k z  + k3)' - 4klk3] (Eq. 3) 

and: 

P = ' / z [ ( k l  + k z  t k 3 )  - d(ki + k z  + k 3 ) ' -  4klh31 (Eq. 4) 

This derivation gives a mathematical relationship between the defined 
microconstants kl, k2, and k3 and the disappearance of the drug from the 
intestine. The f l  value obtained from the 0-180-min data is identical to 
the k * constant determined previously. 

The presence of excess chloride did not affect the rate constants of I 
and 11. This finding is in agreement with the results of earlier studies. The 
presence of cholate and phoscholate increased the disappearance rate 
constant, kg, of I and 11. They also caused a corresponding increase in the 
apparent disappearance rate constants of I and I1 in the in situ gut study. 
For comparison purposes, the k* values are listed in Tables 111 and IV 
in parentheses. 

Therefore, it is possible that the quaternary ammonium drugs I and 
I1 may be absorbed in the manner described by the proposed mathe- 
matical model. Nakamura et al. (26-28) investigated the mechanism of 
intestinal absorption of four highly ionized, poorly lipid-soluble dyes and 
noted that these compounds must bind to mucus as the first step in ah- 
sorption. Mucus, which coats the epithelial surface, is secreted by the 
goblet cells of the small intestine. 

Martin et 01. (29) found that the bile salts sodium deoxycholate, sodium 
taurodeoxycholate, and sodium glycocholate cause breakdown of the 
mucus structure. In addition to possibly causing membrane changes, the 
anions also may elicit their effect in this manner. 

The investigation so far indicated that the intestinal disappearance 
of quaternary ammonium drugs can be influenced by the presence of a 
suitable anion and also that the in situ gut technique can he used to study 
such enhancement. Since this method determines only the disappearance 
of drugs from the intestinal lumen, several possibilities could produce 
misleading results. These possibilities are drug degradation, binding of 
the drug to the membrane or intestinal contents, intramemhrane storage, 
and mechanical error during sampling. Therefore, before any definite 
conclusion could be drawn from the study, further investigation of the 
method was warranted. 

To determine the stability of I and I1 in solution, different drug-anion 
solutions were prepared and kept at  room temperature for 1 week. Almost 
100% recovery of each drug from these solutions indicated that the drugs 
were stable in aqueous solutions containing the different anions. Similar 
experiments were conducted using t.he membrane and intestinal contents. 
Again, almost 100% recovery indicated that t.he drugs were stable over 
the experimental period. These results agree with previous reports ( 4 ,  
17). 

appearance of I and 11. The rate was rapid in the initial period and was 
followed by a slower phase between 30 and 180 min. An attempt was made Disappearance Rate Constants Of 

to describe mathematically the kinetics of 1 and 11, Ofthe kinetic mode]s Pralidoxime Chloride (11) in the Presence of Different Anions 

M 01 ar R A t in considered, the model shown in Scheme I gave the best f i t  to the experi- 
mental data. . . - . _ _  -. .. 

of I1 to k l  X 10'. k z  X lo", 
Anion Anion min-' min-' k : ,  x 10'. min-' 

Chloride 1:2 4.2 9.6 1.7 (0.45S)O 
Scheme I Cholate 1:2 3.1 5.5 1.7 (0.523)" 

Phoscholate 1:2 1.9 3.6 2.9 (0.730)" 
In Scheme I. A is the drug in the intestinal lumen. kl  and ku are the 

I 

constants that  are part of the equilibrium step, and k: ,  is the constant " Apparent disappearance rate constant, k' ,  in the in  hrfu gut technique. 
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Table V-Intestinal Disappearance and Appearance in Plasma 
of Hexamethonium Chloride (I)  and Pralidoxime Chloride (11) in 
t he  Presence of Different Anions for  the In Situ Loop Technique 

I I1 
Intestinal Amount in Intestinal Amount in 

Loss after 3 Plasma a t  3 Loss after 3 Plasma at 3 hr, 
Anion hr, mg hr, mg hr, mg mg 

('hlor ide 1 . 6 f 0 . 1  0.46f0.03 3 .6f0 .1  0.038f0.006 
Cholate 2.4 f 0.2 0.74 f 0.10 5.4 f 0.4 0.068 f 0.007 
Phoscholate 2.3 f 0.1 0.81 f 0.07 6.3 f 0.3 0.110 f 0.004 

To determine whether the loss of drug from the intestine was a result 
of absorption, two experiments were conducted. The first experiment 
was a study of the effects of selected anions on the intestinal absorption 
(i f  I and I1 using a conventional in situ loop technique; the second ex- 
periment was a study of the amount of drug transferred from the intestine 
into the blood at  the end of 3 hr. Chloride, cholate, and phoscholate were 
the three anions studied in combination with I and 11. The chloride anion 

elected because it is the most commonly used anion in the synthesis 
of quaternary ammonium drugs. Furthermore, the chloride salts of 
hexamethoninm and pralidoxime frequently are used as therapeutically 
active agents. Cholate was representative of the bile salts, while phos- 
cholate was the most promising anion, and both enhanced the disap- 
pearance rates of I and 11. 

The results for I and I1 in the presence of cholate and phoscholate as 
determined by the loop technique are presented in Table V. Both cholate 
and phoscholate increased the amount. of I and I1 absorbed as compared 
to the standard, chloride. These findings are in agreement with those of 
the in situ gut technique. 

The plasma samples obtained a t  the completion of the loop experi- 
ments indicated the presence of drug, thereby qualitatively substantiating 
that both I and I1 were absorbed to some degree. As seen in Table V, both 
cholate and phoscholate caused increased intestinal loss of I and I1 (as 
compared t o  chloride), and this loss, in turn, increased the quantity of 
drug in plasma. 

The amount of drug lost could be calculated from the in  situ gut 
technique data. This value was the difference between the amount of drug 
known to be present in the intestine at  time zero and the amount re- 
maining i n  the intestine after 180 min. The amount of drug lost was 
converted to a percentage, and this value then was compared to the results 
( i f  the in  si tu loop technique. The gut and loop techniques yielded similar 
values for the percent of drug lost. [Table VI). Both cholate and phos- 
cholate enhanced the disappearance of I and 11. 

During the in  situ gut technique experiments, if the drug had adhered 
to o r  been hound to the intestinal membrane or contents, then the sample 
aliquot obtained at any time would not have truly represented the actual 
amount of drug jii the lumen. This possibility cannot be fully discounted 
since no recovery experiments were conducted. However, the results of 
the two methods were in dose agreement. In the in ~ i t u  loop technique, 
the entire intestine and contents are assayed, so the drug not accounted 
t i r  must he located in areas other than the intestine. Finally, since no 
samples are removed until the conclusion of the experiment, mechanical 
errors such as frequent sampling cannot account for the different kinetic 
results. 

Membrane Permeability--Quaternary ammonium drugs are com- 
pletely ionized a t  all physiological pH values, and these drug solutions 
always ctiritained their corresponding anions. It  seemed reasonable that 
these anions may have affected membrane permeability. This assumption 
was investigated in a study with a sodium chloride solution as the control. 
The molar ratios of  drug to anion were the Same as those of the in situ 
gut technique for all test solutions. Again, t.he anions selected were 
chloride. cholate. and phoscholate. 

Table Vl-Comparison of In Situ and Loop Techniques for  the 
Intestinal Disappearance of Hexamcthonium Chloride (I)  and 
Pralidoxime Chloridc (11) in the Presence of Different Anions 

Drug Lost, '90 
1 -  I1 

1,ciop Loop 
(:Ut Technique (;ut Technique 

Anion Technique al'ter :3 hr Technique after 3 hr 

Tab le  VII-Effect of Different Drug-Anion Combinations on 
Membrane Permeability in the Ra t  Intestine in the Membrane 
Permeabili ty Study 

Inulin in 
Drug-Anion Molar Ratio of Intestine after 3 Percentage 
Combination Drug to Anion hr. mg X lo2 Changen 

Chloride - 

1 + chloride 1:3 
I + cholate 1:5 
I + phoscholate 1:5 
I + sulfate 1:s 
I1 + chloride 1:2 
I1 + cholate 1:2 
I1 + phoscholate 1:2 
11 + citrate 1 2  

61 f 8  Control 
62 f 5 No change 
84 f 10 35 
90 f 12 38 
48 f 9 -26 
64 f 8 No change 
86 f 12 38 
83 f 10 35 
38 f 5 -39 

Percentage change as compared to control. * Negative number indicates less 
than control. 

The drug-anion combinations tested for their possible effects on 
membrane permeability are listed in Table VII. Table VII also shows the 
percentages of inulin in the intestine after an intravenous dose of 20 mg. 
The percentages of inulin reported in Table VII are in terms of the con- 
trol. 

The drug-chloride combinations and the chloride alone (control) gave 
similar results. However, the presence of cholate and phoscholate in the 
drug solutions increased the amount of inulin in the intestine by -35%. 
These results indicate that there were changes in the intestinal membrane 
permeability when the drug solutions containing cholate and phoscholate 
were in the intestine for 3 hr. 

The control solution containing chloride ion apparently affected the 
membrane permeability hecause -:3W of the indin was found in the in- 
testine when this solution was tested. However, this anion in combination 
with the drugs gave the same effect as the chloride ion alone. Further- 
more, the changes in permeability with phoscholate and cholate in the 
presence of both drugs were similar. These findings seem to indicate that 
the anionic components of the solutions were responsible for the per- 
meability changes of the intestinal membrane and not the drug mole- 
cules. 

Feldman and coworkers (30-34) studied the enhancement of drug 
absorption by bile salts; in all cases, the increases were attributed to 
permeability changes. Other investigators (35,36) demonstrated a similar 
effect by the bile salts, resulting in better drug ahsorption. These results 
suggest that the enhancement of the transfer of 1 and I1 caused by cholate 
and phoscholate is the result of permeability changes in the rat intestine. 
Also, it is suggested that the anionic components and not the drug mol- 
ecules are responsible for these effects. 

a b 
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Table VIII-Histological Study of Effect of Drugs and  Anions on the S t ruc tu ra l  Integrity of the Intestinal Membrane 

Anion, Drug, or Loss of Loss of Fusion Edema of Changes in 
Drug-Anion Combination Epithelial Cells Goblet Cells of Villi Lamina Propria Mucous Membrane 

Control 0 0 0 0 0 
I 1 1 2 0 1 
I1 0 1 1 0 0 
Chloride 1 3 1 1 1 
Bromide 
Cholate 
Phoscholate 
I + chloride 
I + cholate 
I + phoscholate 
I1 + chloride 
I1 + bromide 
I1 + cholate 
11 + Dhoscholate 

4 
2 
2 
1 
2 
1 
0 
4 
2 
3 

4 
3 
2 
2 
1 
2 
3 
3 
1 
3 

3 
2 
2 
1 
1 
2 
1 
3 
2 
2 

0 4 
0 3 
0 2 
0 1 
0 1 
0 2 
0 2 
0 4 
0 2 
0 2 

* Key: 0 = normal. 1 = slight, 2 = moderate, 3 = severe, and 4 = very severe. 

Histological Study-This study was undertaken to investigate the 
effect of 1 and 11, selected anions, and their combinations on the mor- 
phology of the intestine. Since the mucous membrane of the intestine 
comes in direct contact with the drug, the changes in its structure were 
of concern. The three layers of importance in absorption are the epithelial 
lining, lamina propria, and muscularis mucosa. The gross morphological 
changes in these layers were studied by the following observations: 

1. Lass of epithelial cells-These cells form the innermost layer of the 
intestine, lining the villi of the intestinal mucosa. The epithelium consists 
of columnar cells and the basement membrane. Since absorption occurs 
through the columnar cells, any damage or loss of these cells could easily 
affect the transfer process. 

2. Loss of goblet cells-Intermingled with the absorptive cells in the 
mucous membrane are goblet cells. These cells secrete mucus, which 
protects the epithelial lining from injury by the materials in the intes- 
tine. 

3. Fusion of villi-The mucosal surface provides a large surface from 
which absorption occurs. Since the fusion of the villi means a reduction 
in the surface area, this fusion possibly could affect the absorption of 
materials from the intestines. 

4. Edema of lamina propria-The lamina propria supports the epi- 
thelium and connects i t  to the muscularis mucosa. I t  carries both the 
blood and the lymphatic capillaries close to the epithelial surface, and 
diffusing materials therefore travel only a short distance through the 
tissue fluid of the lamina propria before gaining entrance into either type 
of capillary. Damage to the lamina propria could affect the transfer of 
drugs and their subsequent entrance into the blood. 

5. Changes in mucous membrane-These changes did not concern any 
particular tissue of the mucous membrane but were overall changes in 
the absorptive surface. 

The results of the morphological changes were classified as: 0 = normal, 
1 = slight, 2 = moderate, 3 = severe, and 4 = very severe. Examples of 
these changes are presented in Fig. 2, and the results of this study are 
shown in Table VIII. 

Compound I alone caused only minimal intestinal morphological 
changes; I1 caused even milder changes. These results can be correlated 
with those of the permeability study where the drugs did not affect the 
permeability of the intestinal membrane. 

The responses elicited by the anions were varied. Chloride ions caused 
considerable loss of goblet cells; however, the overall effect on the mucous 
membrane was slight. This anion, as well as cholate and phoscholate, 
earlier was shown to affect membrane permeability. This study demon- 
strated that these anions had a moderate effect on the morphological 
structure of the membrane. The most dramatic changes were caused by 
bromide ions. Bromide was included since it was found previously that 
increasing the bromide concentration increased the loss of I. 

The effects of drugs in combination with anions on the intestinal 
membrane morphology were similar to the effect of the specific anion 
alone. This finding supports the view that the drug molecule did not cause 
any further morphological changes. 

None of the drugs or the anions or their combinations caused edema 
of the lamina propria, while all caused fusion of the villi to varying de- 
grees. Moreover, some goblet cells were lost in all cases. The phoscholate 
ion and its combination with a drug caused moderate damage to epithelial 
cells. These findings are in agreement with those of Low-Beer et al. (37), 
who demonstrated a similar morphological change in the presence of 
foreign materials in the intestine. Cholate ions had a similar effect on the 
membrane. 

The anions that enhanced the absorption of I and I1 also caused per- 
meability and histological changes in the intestinal membrane. Although 
these results seem to indicate that the permeability change may have been 
caused by histological changes, which then led to enhanced drug ab- 
sorption, they should be viewed cautiously since histological results are 
not available for the anions that actually decreased drug transfer. 
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Abstract  The analysis of tetracycline epimers in tetracycline prepa- 
rations by high-performancci liquid chromatography is described. The  
method uses a microparticulate phenyl column (3.9 mm i.d. X 30 cm) with 
a step gradient of 12-22% acetonitrile in 0.2 M phosphate buffer at pH 
2.2. The analysis takes 22 min. The  relative standard deviations of the 
method (2u, n = 6) for the analysis of chlortetracycline, 4-epitetracycline, 
4-epianhydrotetracycline, and anhydrotetracycline in tetracycline were 
f3.68, f4.47, f7.60, and &2.77?0, respectively. 

Keyphrases 0 Tetracycline-simultaneous high-performance liquid 
chromatographic analysis of tetracycline epimers in tetracycline prepa- 
rations 0 High-performance liquid chromatography-analysis, tetra- 
cycline epimers in tetracycline preparations Antibacterials-tetra- 
cycline, high-performance liquid chromatographic analysis of tetracycline 
epimers in tetracycline preparations 

Pharmaceutical preparations of tetracycline (I) contain 
small quantities of related compounds as impurities. The  
most important compounds are chlortetracycline (II), 4- 
epitetracycline (quatrimycin, III), 4-epianhydrotetra- 
cycline (IV), and anhydrotetracycline (V). Their permitted 
concentrations are listed in the Federal Register (1) for 
tetracycline dosage forms marketed in the United States 
and in the British Pharmacopoeia (2) and European 
Pharmacopoeia (3) for the European markets. The need 
for a simple assay prompted this investigation of the con- 
ditions under which these compounds could be separated 
and quantitated by high-performance liquid chromatog- 
raphy (HPLC) without a solvent gradient system. 

BACKGROUND 

TLC ( 4 , 5 ) ,  paper chromatography (6), and column chromatography 
followed by UV spectrophotometry (7, 8 )  have proved laborious and 
generally are not sufficiently sensitive or precise. A GLC method (9) re- 
quires prior formation of the trimethylsilyl derivative under carefully 
controlled conditions. 

Several H P I X  methods have been applied to separate 111-V from I 
using a cation-exchange column with an ethylenediaminetetraacetic acid 
buffer ( l o ) ,  a CIS column (5-7"' loading) with phosphate buffer and a 
linear gradient of 1040% acetonitrile (11 ), a CIH column (10-18% loading) 
with a linear gradient of met.hanol-water-0.2 M phosphate buffer a t  pH 
2.5 (30:60:10) and methanol-acetonitrile-water-0.2 M phosphate buffer 
a t  pH 2.5 (50:30:20:1(1) (12 ) ,  and a C ~ ~ c o l u m n  with water-acetonitrile- 
perchloric acid in two steps (13). 

I 

111 

Accepted for publication March 12, 

CONH, 

v 
In the present study, a microparticulate phenyl column with a step 

gradient of 12-22% acetonitrile in 0.2 M phosphate buffer at  pH 2.2 (using 
an automatic switching valve) a t  a flow rate of 2.6 ml/min was used to 
separate 11-V from I in 22 min. The method did not require a solvent 
gradient system and needed only one pump. It was tested for the analysis 
of several different tetracycline formulations. 

EXPERIMENTAL 

Apparatus-The liquid chromatographic apparatus shown in Fig. 1 
was used'. 

Reagents a n d  Materials-Ammonium 4-epitetracycline2, 4-epi- 
anhydrotetracycline hydrochloride*, an hydrotetracycline hydrochloride2, 
chlortetracycline hydrochloride:', acetonitriW, phosphoric acid5, po- 
tassium hydroxide?, and ammonium hydroxide? were used. 

A Valcor series SV-72 automatic switching valve, a Waters Associates model 
6000 A ump, a Valco loop injector, a Waters Associates pBondapak henvl column, 
and a \Raters Associates model 440 absorbance detector were u se f  

Bristol reference standards, Bristol Laboratories, Syracuse, N.Y. 
USP reference standard. 
Burdick & Jackson Lahoratories, Muskegon. Mich. 
Fisher Scientific Co.. Fair Lawn, N.d. 
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perchloric acid in two steps (13). 

I 

111 

Accepted for publication March 12, 

CONH, 

v 
In the present study, a microparticulate phenyl column with a step 

gradient of 12-22% acetonitrile in 0.2 M phosphate buffer at  pH 2.2 (using 
an automatic switching valve) a t  a flow rate of 2.6 ml/min was used to 
separate 11-V from I in 22 min. The method did not require a solvent 
gradient system and needed only one pump. It was tested for the analysis 
of several different tetracycline formulations. 

EXPERIMENTAL 

Apparatus-The liquid chromatographic apparatus shown in Fig. 1 
was used'. 

Reagents a n d  Materials-Ammonium 4-epitetracycline2, 4-epi- 
anhydrotetracycline hydrochloride*, an hydrotetracycline hydrochloride2, 
chlortetracycline hydrochloride:', acetonitriW, phosphoric acid5, po- 
tassium hydroxide?, and ammonium hydroxide? were used. 

A Valcor series SV-72 automatic switching valve, a Waters Associates model 
6000 A ump, a Valco loop injector, a Waters Associates pBondapak henvl column, 
and a \Raters Associates model 440 absorbance detector were u se f  

Bristol reference standards, Bristol Laboratories, Syracuse, N.Y. 
USP reference standard. 
Burdick & Jackson Lahoratories, Muskegon. Mich. 
Fisher Scientific Co.. Fair Lawn, N.d. 
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t 1  

I 
w** 

Figure 1-HPLC step-gradient system for determination of tetracy- 
cline epimers. Key: I, 2-liter reseruoirs containing Eluents 1 and 2; 2, 
automatic switching value (miniature three-way solenoid); 3,  delay 
timer; 4 ,  polytef tubing (3.2 mm i .d . )  used to transfer the eluent from 
the reseruoirs to the switching ualue; 5 ,  polytef tubing (16 cm long X 3.2 
mm i .d.)  used to transfer the eluent from the ualue to the pump; 6, pump; 
7,20-p1 loop injector operated at 7000 psi; 8, d o n d a p a k  pheny13.9 mm 
i .d. X 30-cm column; 9, absorbance detector; and 10, recorder. 

Mobile Phase-Eluent 1 was prepared by adding 240 ml of degassed 
acetonitrile and 27 ml of phosphoric acid to 1650 ml of degassed, distilled, 
deionized water. The pH was adjusted to 2.2 with 45% aqueous KOH, and 
the solution was diluted to 2 liters. The solution was degassed for only 
15 sec prior to use. 

Eluent 2 was prepared by adding 440 ml of degassed acetonitrile and 
27 ml of phosphoric acid to 1500 ml of degassed, distilled, deionized water. 
The pH was adjusted to 2.2 with 25% aqueous KOH, and the solution was 
diluted to 2 liters with degassed, distilled, deionized water. The solution 
was degassed for only 15 sec prior to use. 

Standard Solution Preparation-About 20 mg of ammonium 4- 
epitetracycline, 3 mg of epianhydrotetracycline hydrochloride, 3 mg of 
anhydrotetracycline hydrochloride, and 10 mg of chlortetracycline hy- 
drochloride reference standards were weighed accurately into a 50-ml 
volumetric flask, dissolved, and diluted to volume with distilled water. 
Sonication sometimes was necessary for dissolution. 

Sample Preparation-Bulk tetracycline hydrochloride samples were 
prepared by weighing accurately 500 mg of the sample into a 50-ml vol- 
umetric flask. The sample was dissolved and diluted to volume with 
distilled water. 

Tetracycline base samples were prepared by weighing accurately 500 
mg of the sample into a 50-ml volumetric flask. The sample was dissolved 
and diluted to volume with 0.1 N aqueous HCl. 

Samples of hard, filled capsules containing sodium polymetaphosphate, 
phenazopyridine hydrochloride, sulfamethizole, and tetracycline phos- 
phate were prepared by weighing accurately 500 mg of capsule blend into 
a 50-ml volumetric flask. T o  the flask were added 15 ml of distilled water 
and 1 ml of concentrated ammonium hydroxide. The flask was shaken 
until dissolution occurred. The solution was diluted to volume with pH 
4.0 phosphate buffer, allowed to stand for 10 min, and filtered. 

Sample Analysis-The column was conditioned with Eluent 1. The 
delay timer (Fig. 1) was set a t  10 min. Twenty microliters of the standard 
solution or sample solution was injected using a loop. The timer was 
started, and the system was allowed to run. After 10 min, the automatic 
switching value opened to Eluent 2. The system was allowed to run on 
Eluent 2 until all peaks eluted (-15 min). 

Calculations-The areas of the peaks were measured by the peak 
height times the half-width method or by a computer. The percentage 
of each compound was obtained from: 

peak area of standard 
mg of standard 

factor for 11, IV, and V: F = (Eq. l a )  

or: 

peak area of standard 
mg of standard X 1.04 

factor for 111: F = (Eq. l b )  

and the correction factor for tetracycline based on the label claim ( K ) :  

mg of sample 
label claim of tetracycline (mg) 

K =  (Eq. 2) 

, , L/JL~.J 4 - 
20 18 16 14 12 10 8 6 4 2 

MINUTES 
Figure %-Representative chromatogram of sample. 

so that: 

peak area of individual impurity X 100 X K 
mg of sample X F % impurity = (Eq. 3) 

DISCUSSION 

The described HPLC method was developed for use in laboratories 
without a programmed solvent gradient system. The method requires 
one pump and an automatic switching valve. The microparticulate phenyl 
column produced symmetrical peaks without any tailing as compared 
to the CIS (alkyl) column (Figs. 2 and 3). 

Standard linearity was checked over the ranges of 0.114-0.306 mg/ml 
for 11, 0.286-0.620 mg/ml for 111, 0.0215-0.036 mg/ml for IV, and 
0.021-0.084 mg/ml for V. All four compounds responded linearly at the 
reported concentrations, thus providing more than an adequate range 
for their analysis as impurities in tetracycline (I). 

Chromatographic variability was determined by six identical injections 
of a solution containing reference standards 11-V. Standard variability 
was determined by a single injection of six different solutions containing 
reference standards 11-V. Sample variability was determined by a single 
injection of six different preparations of the sample. Procedural vari- 
ability was determined by a single injection of six individual standards 
and sample preparations. Standard deviations (s%) and relative standard 
deviations (2s%) for chromatographic variability, standard variability, 
sample variability, and procedural variability for 11-V are shown in Table 
1 
1. 

!=I 

22 20 18 16 14 12 10 8 6 4 2 

MINUTES 
Figure 3-Representative chromatogram of standard. 
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Table I-Standard Deviations and Relative Standard Deviations 

Chromatographic 0.0075 5.83 0.0663 2.80 0.0083 1.27 0.0183 3.39 

Standard variability 0.0040 1.79 0.0081 2.34 0.0051 6.58 0.0016 2.20 
variability 

Sample variability 0.029 5.44 0.049 4.92 0.0002 8.11 0.0012 4.10 
Procedural 0.023 3.68 0.044 4.47 0.00017 7.60 O.Ooo8 2.77 

variability 

Table  11-Representative Samples a multaneous determination of impurities (11-V) in tetracycline (I). 

Sample * 11, % 111, % IV, % v, % 

Capsule 1 1.95 1.13 1.30 3.19 
Capsule 2 1.08 1.08 0.05 0.16 
Capsule 3 1.98 1.08 0.83 4.01 

Capsule 5 2.05 1.12 0.02 0.13 
Powder 1 1.88 1.09 0.004 0.068 
Powder 2 1.99 1.05 0.005 0.054 

Capsule 4 2.07 1.05 0.06 0.22 

Percentages are based on the labeled claim of tetracycline. * Hard, filled cap- 
hules and bulk powders were used. 

Accuracy of the assay was determined by spike recoveries of impurities 
11-V from I. Tetracycline (I)  was spiked with impurities at 100% of the 
target value. The percent recoveries were 96,102,104, and 85% for 11,111, 
IV, and V, respectively. 

Several tetracycline-containing products were analyzed for impurities 
(11-V) (Table 11). 

In summary, the reversed-phase HPLC method described in this paper 
provides a rapid, sensitive, simple, and quantitative method for the si- 
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Abstract 0 Sodium aminoalkanesulfonates were synthesized from 
suhstituted amines and aldehyde sodium bisulfites a t  40-60O. Nitrosation 
yielded the corresponding N-nitroso derivatives. Mitodepressive activity 
on c‘resse (Lcpidiurn sativurn L.) was determined, and all compounds 
examined possessed growth inhibition activity. The N-nitroso derivatives 
wvre slightly less active hut also showed less toxicity than the parent 
aminoalkanesulfi,nic acids. 

Keyphrases Aminoa1kant:sulfonic acids--synthesis of N-nitroso 
derivatives. evaluation for mitodepressive activity 0 Mitodepressive 
activity--evaluation of amirioalkanesulfonic acids and N-nitroso de- 
rivatives o N-Nit rosoaniinoalkanesulfonic acids-synthesis, evaluation 
f’or mitodepressive activity 

Aminoalkanesulfonic acids are known to have antiviral 
(1, 2) and anticancer (3, 4) activities. Some N-nitroso 
compounds, such as N-nitrosomethylamine, N-nitroso- 
dimethylamine, and N-nitrosodiethylamine, showed 
blastogenic action when applied on Hungarian hamsters 
(5). Some experiments ( 6 )  showed imbalances in DNA and 
histone synthesis during carcinogenesis induced by ni- 
trosamines. On the other hand, some N-nitroso com- 

R,NH, + HO-CH-k -.+ R,NH-CH-& + H,O 

SO,Na 

I-v 

I I 
SOjNa 

Scheme I 

pounds, such as 1,3-bis(2-chloroethyl)-l-nitrosourea 
(carmustine), are useful in the treatment of certain ma- 
lignant diseases (7). 

These findings prompted the synthesis of some new 
derivatives in this series (8-10) to determine their mito- 
depressive activity. 

This report describes the synthesis of some sodium 
aminoalkanesulfonates (I-V) in which m- and p-chlo- 
roanilines were used with the corresponding aldehyde 
sodium bisulfites (Scheme I and Table I) .  In some cases, 
the desired products were obtained by the addition of so- 
dium metabisulfite to azomethine derivatives (Scheme 
11). 

Nitrosation of I-V and sodium p-chloroanilinophenyl- 
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Table I-Standard Deviations and Relative Standard Deviations 

Chromatographic 0.0075 5.83 0.0663 2.80 0.0083 1.27 0.0183 3.39 

Standard variability 0.0040 1.79 0.0081 2.34 0.0051 6.58 0.0016 2.20 
variability 

Sample variability 0.029 5.44 0.049 4.92 0.0002 8.11 0.0012 4.10 
Procedural 0.023 3.68 0.044 4.47 0.00017 7.60 O.Ooo8 2.77 

variability 

Table  11-Representative Samples a multaneous determination of impurities (11-V) in tetracycline (I). 

Sample * 11, % 111, % IV, % v, % 

Capsule 1 1.95 1.13 1.30 3.19 
Capsule 2 1.08 1.08 0.05 0.16 
Capsule 3 1.98 1.08 0.83 4.01 

Capsule 5 2.05 1.12 0.02 0.13 
Powder 1 1.88 1.09 0.004 0.068 
Powder 2 1.99 1.05 0.005 0.054 

Capsule 4 2.07 1.05 0.06 0.22 

Percentages are based on the labeled claim of tetracycline. * Hard, filled cap- 
hules and bulk powders were used. 

Accuracy of the assay was determined by spike recoveries of impurities 
11-V from I. Tetracycline (I)  was spiked with impurities at 100% of the 
target value. The percent recoveries were 96,102,104, and 85% for 11,111, 
IV, and V, respectively. 

Several tetracycline-containing products were analyzed for impurities 
(11-V) (Table 11). 

In summary, the reversed-phase HPLC method described in this paper 
provides a rapid, sensitive, simple, and quantitative method for the si- 
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Abstract 0 Sodium aminoalkanesulfonates were synthesized from 
suhstituted amines and aldehyde sodium bisulfites a t  40-60O. Nitrosation 
yielded the corresponding N-nitroso derivatives. Mitodepressive activity 
on c‘resse (Lcpidiurn sativurn L.) was determined, and all compounds 
examined possessed growth inhibition activity. The N-nitroso derivatives 
wvre slightly less active hut also showed less toxicity than the parent 
aminoalkanesulfi,nic acids. 
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Aminoalkanesulfonic acids are known to have antiviral 
(1, 2) and anticancer (3, 4) activities. Some N-nitroso 
compounds, such as N-nitrosomethylamine, N-nitroso- 
dimethylamine, and N-nitrosodiethylamine, showed 
blastogenic action when applied on Hungarian hamsters 
(5). Some experiments ( 6 )  showed imbalances in DNA and 
histone synthesis during carcinogenesis induced by ni- 
trosamines. On the other hand, some N-nitroso com- 

R,NH, + HO-CH-k -.+ R,NH-CH-& + H,O 

SO,Na 

I-v 

I I 
SOjNa 

Scheme I 

pounds, such as 1,3-bis(2-chloroethyl)-l-nitrosourea 
(carmustine), are useful in the treatment of certain ma- 
lignant diseases (7). 

These findings prompted the synthesis of some new 
derivatives in this series (8-10) to determine their mito- 
depressive activity. 

This report describes the synthesis of some sodium 
aminoalkanesulfonates (I-V) in which m- and p-chlo- 
roanilines were used with the corresponding aldehyde 
sodium bisulfites (Scheme I and Table I) .  In some cases, 
the desired products were obtained by the addition of so- 
dium metabisulfite to azomethine derivatives (Scheme 
11). 

Nitrosation of I-V and sodium p-chloroanilinophenyl- 
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Table I-Physical Properties and Reaction Conditions of Sodium Aminoalkanesulfonates 

Reaction 
Conditions 

(Hours, 
Temp- Recrystal- Molecu- 
erature, Yield, Melting lization Molecular Anal sis, % 

W z i h t  IRv,.x,cm-l 
Com- 
pound R1 Rz Method) % Point Solvent Formula 

I 3-Chloro- H 1, 60°, A 75 210-212' Methanol C7H7ClNNa03S - 261.665 N 5.35 5.25 3600,3320, 

I1 3-Chloro- CH3 2, 40°, A 40 123-125' Ethanol C&ClNNa03S + 275.691 C. 35.00 34.75 3535,3400, 

111 3-Chloro- Phenyl 2,65', B 48 156-158' Ethanol C13H11C1NNa03S - 355.843 C 43.88 43.90 3550,3350, 

IV 4-Chloro- H 1, 60°, A 76 280-284' Ethanol C7H,ClNNa03S - 261.665 N 5.35 5.45 3650,3300, 

V 4- hloro CH3 1, 40-50', 45 117-121' Ethanol CBH&INN~G~S* 275.691 C 35.00 34.91 3535,3400, 

VI" 4-Chloro- Phenyl 1, 40°, A 50,70 144-147' Ethanol C13HI1ClNNa03S 355.843 - - 3600,3350, 

1210-1 180, 

H 4.05 4.19 1210-1180, 

1040 
phenyl Hz0 

phenyl HzO 

phenyl and C HzO H 4.03 4.33 1120-1180, 

chew! Hz0 1200,1050 

N 5.12 4.77 1020 

N 4.38 4.18 1140 

phenyl A HzO H 4.05 4.34 1210-1180, 
N 5.12 5.27 1020 

phenyl and C 1215.1040 
Compound V l  waa synthesized by Neelekantan and Hartung (11). 

Table 11-Physical Properties and Reaction Conditions of Sodium N-Nitrosoaminoalkanesulfonates 

Recrystal- 
Com- Yield, Melting lization Molecular Molecular Analysis, % 
pound Ri Rz I Point Solvent Formula Weight Calc. Found cm-1 

IR urnax, 

VII 3-Chloro- H 

VIII 3-Chloro- CH3 

phenyl 

phenyl 
IX 3-Chloro- Phenyl 

phenyl 

Xa 4-Chloro- H 
phenyl 

XI 4-Chloro- CH3 
phenyl 

XIIa 4-Chloro- Phenyl 
phenyl 

XI11 4-Chloro- Phenyl 
phenyl 

50 250-252' Methanol- C7H7ClNzOS 
water 

83 117-121' Methanol- CsH&lNzNa04S 
ethanol 

56 99-103' Ethanol C13HwClN~Na04S 

25 254-255' Methanol- C7H7ClNzOdS 

31 119-121' Ethanol CaHsClNzNaO4S 
ethanol 

31.5 250' Methanol- C I ~ H ~ O C ~ N Z O ~ S  
ethanol 

58 119-122' Ethanol C13HloClNNaO4S. 
Hz0 

238.212 N 11.76 

286.687 N 9.77 

348.753 N 8.03 

238.213 N 11.76 

286.687 N 9.77 

326.763 C 47.90 
H 3.39 
N 8.57 

366.53 C 42.56 
H 3.29 

11.43 1500-1450, 
1210-1180, 
1040 

1180,1040 

1180, 
1040 

1040 

1190, 

9.42 1460,1210- 

8.17 1470,1220- 

11.38 1460,1210, 

9.38 1450,1205- 

1040 
48.09 3550-3130, 
3.51 1460, 
8.17 1210-1180, 

1040 
42.21 1460,1210- 
3.35 1190,1040 

Isolated in free acid form. 

methane sulfonate' (VI) yielded the corresponding sodium 
N-nitrosoaminoalkanesulfonates (VII-XIII) (Scheme I11 
and Table 11). Compounds X and XI1 were isolated in the 
form of free sulfonic acids. 

All products were tested for mitodepressive activity on 
cresse seeds (Lepidium satioum L.) by a literature method 
(12). 

DISCUSSION 

For the synthesis of the sodium salts of m- and p-chloroanilinoal- 
kanesulfonic acids (I-VI), Method A was used at  lower temperatures and 
shorter reaction times than those described by Neelekantan and Hartung 

N a M  + H20 
RIN=CHTI, R,NH-CH-& 

I 
h p a  

Ill and VI 
Scheme I 1  

Compound V1 was synthesized by Neelekantan and Hartung ( I  1). 

N a w H  + 
R,NH-CH-& 0' RI-N-CH-& 

I I I  
b 3 N a  NO S03Na 

VII-XIII 
Scheme I l l  

(11). These conditions produced higher yields of both m- and p-chlo- 
roanilinoal kanesulfonic acids. 

The method of Greco et al. (13) for nitrosation of a-aminocarboxylic 
acids was modified by employing a significantly shorter reaction time and 
a higher reaction pH to avoid extensive decomposition of the prod- 
ucts. 

In previous work (lo), phytobiological experiments were carried out 
on a group of aminoalkanesulfonates in which 2-aminopyrimidine and 
2-aminopyridine were incorporated. Significant inhibitory properties 
were observed. 

The phytobiological experiments (Tables I11 and IV) showed that in- 
hibitory properties of sodium alkanesulfonates (I-VI) varied between 
50 and 80%. The R1 and R2 substituents did not influence inhibition 
greatly. Inhibition properties of N-nitroso derivatives (VII-XII) tended 
to be somewhat lower than those of the parent compounds. On the other 
hand, aminoalkanesulfonates were more toxic than the corresponding 
A!-nitroso derivatives. Cresse seeds recovered their biological properties, 
such as growth, more readily when treated with N-nitroso compounds. 
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Table 111-Inhibitory Properties of Sodium 
Aminoalkanesulfona tes 

Compound Ri  
Inhibition, % 

Rz 2 mg/ml 1 mg/ml - 
I 3-Chlorophenyl H 56 38 

I1 3-Chlorophenyl CH3 78 75 

IV 4-Chlorophenyl H 48 38 
V 4-Chlorophenyl CH3 80 73 

VIo 4-Chlorophenyl Phenyl 70 53 

I11 3-Chlorophenyl Phenyl 70 61 

Synthesized by Neelekantan and Hartung (11). 

Table IV-Inhibitory Properties of Sodium N- 
Nitrosoaminoalkanesulfonates 

Compound RI  
Inhibition, 70 

R2 2 mg/ml 1 mg/ml - - 
_. 

VII 3-Chlorophenyl H 41 40 
VIII 3-Chlorophenyl CH3 60 52 

IX 3-Chlorophenyl Phenyl 52 41 
X0 4-Chlorophenyl H 40 30 

XI 4-Chlorophenyl CH3 46 28 
XI11 4-Chlorophenyl Phenyl 75 67 

Isolated in free acid form. 

Mitodepressive effects of N-nitroso compounds probably result from 
a combination of the inhibitory effect of the parent sulfonic acids and 
the growth-stimulating activity of the incorporated N-nitroso group in 
VII-XII. Preliminary experiments with carcinoma Hep-2 cells of the 
nasopharynx showed that the parent compounds (I-VI) were predomi- 
nantly cytotoxic while the related N-nitroso derivatives (VII-XIII) had 
mainly cytostatic activity. 

EXPERIMENTALz 

Preparat ion of Sodium m- and p-Chloroanilinoalkanesul- 
fonates-Method A-m- or p-Chloroaniline (6.3 g, 50 mmoles) and 
formaldehyde, acetaldehyde, or benzaldehyde sodium bisulfite (5.2 
mmoles) were mixed in water (10 ml) for 1-2 hr a t  40-50'. The reaction 
mixture was cooled to room temperature, and the crystals that  formed 
were separated and recrystallized. 

Method B-Benzaldehyde (5.3 g, 50 mmoles) was stirred with a solu- 
tion of sodium metabisulfite (5.3 g, 2.8 mmoles) in 30 ml of water at room 
temperature for 1 hr. m- or p-Chloroaniline (6.3 g, 50 mmoles) was added 
to the reaction mixture, and the mixture was stirred and warmed to 60' 
for 1 hr. After cooling, the resulting crystals were removed by suction, 
dried in air a t  room temperature, and recrystallized. 

Method C-Benzylidenechloroaniline (2.2 g, 10 mmoles) was warmed 
in a solution of sodium metabisulfite (2.7 g, 14 mmoles) in 10 ml of water 
for 1 hr a t  40-50". On cooling, the crystals that formed were isolated and 
recrystallized. 

~~~ ~~~~~~ 

Melting points were determined using a Buchi (Totoli) melting-point apparatus 
and are uncorrected. 1R spectra were obtained on a Perkin-Elmer 457 grating in- 
strument using potassium bromide wafers. TLC was carried out mainly on silica 
gel F-254 with butanol-concentrated ammonia (82 )  or benzene-methanol-acetic 
acid ( 7 2 1 )  as the sdvent system. 

Synthesis of Sodium N-Nitrosoaminoalkanesulfonates-A solu- 
tion of sodium nitrite (7 mmoles) in 1 ml of water was added to a sus- 
pension (5 mmoles) of sodium chlorosulfonic acids (I-VI) in 10 ml of water 
at 0'. Dilute (5%) hydrochloric acid was added with mixing a t  0-5' until 
pH 4 was reached. Stirring was continued for an additional 20 min at room 
temperature, and the solvent was removed at  30'. Colored crystals were 
obtained and purified by dissolution in methanol and precipitation in 
ether at room temperature. 

The purity of all products was established chromatographically. 
Phytobiological Experiments-Chromatographically pure products 

were tested for mitodepressive activity on germinating seeds of cresse:' 
( L .  satiuum L.) in concentrations of 1 and 2 mg/ml. The values for in- 
hibitory properties are calculated according to: 

L g  - Lx. % I = -  x 100 
LB 

(Eq. 1) 

where L g  is the mean value of the length of the cresse radicles formed by 
germination a t  25 f 1' in water and L x  is the mean value of cresse rad- 
icles formed in aqueous solutions of the tested compounds. 

The experiments were carried out in the following manner. Twenty 
to  30 cresse seeds were placed on filter paper in a petri dish and covered 
with 15 ml of water. After the seeds were incubated for 24 hr a t  25 f I", 
water was decanted and an aqueous solution of the experimental com- 
pounds was added. One seed sample left in the water was used as a 
blank. 

After further incubation for 24 hr a t  the same temperature, test solu- 
tions were decanted. The seeds were washed several times with water and 
fixed with a solution containing 2 g of salicylic acid, 2 g of zinc sulfate, 
and 15 drops of freshly prepared concentrated sodium phenoxide in 100 
ml of distilled water. After fixation, radicles from 20 seeds were measured 
by using millimetric paper and a lens. A mean value of'the measured 
radicle length was found for each sample, and the inhibitory properties 
were calculated (Tables 111 and IV). 
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Abstract 0 4,5-Dimethylprimaquine and 5-fluoro-4-methylprimaquine 
were synthesized and evaluated against Plasmodium berghei in the 
mouse. Significant blood schizonticidal activity was observed. The 5- 
fluoro-4-methylprimaquine analog also was active as a tissue schizonti- 
cidal agent when evaluated against P. cynomolgi in the rhesus monkey, 
as an antileishmanial agent when evaluated against Leishmania donouani 
in the hamster, and as a causal prophylactic agent when evaluated against 
P. berghei yoelii. 

Keyphrases 0 Primaquine analogs-synthesis and evaluation for an- 
tiprotozoan activity Antiprotozoan agents, potential-prirnaquine 
analogs, synthesis and evaluation for activity 0 8-Aminoquinolines, 
substituted-synthesis and evaluation for antiprotozoan activity 

Although generally quite toxic, 8-aminoquinoline de- 
rivatives related to primaquine (Ia)  are of interest as po- 
tential radical curative and causal prophylactic antima- 
larial agents (I). Primaquine, the tissue schizonticidal drug 
of choice, is used mainly with a strong blood schizonticide 
as a radical cure of relapsing malaria and for chemopro- 
phylaxis or the interruption of transmission (2). A major 
drawback of primaquine is its relatively low therapeutic 
index, and modification of the side chain of the molecule 
exclusively has not resulted in any marked improvement 
of antimalarial activity combined with reduced toxicity (3, 
4). 

Substitution of a methyl group onto the 8-amino-6- 
methoxyquinoline nucleus offers potential for obtaining 
agents with high antimalarial activity and reduced toxicity 
relative to the unsubstituted nucleus. For example, 4- 
methylprimaquine ( Ib)  was reported (5,6) to possess en- 
hanced antimalarial activity and somewhat lower toxicity 
when evaluated against Plasmodium cynomolgi in the 
rhesus monkey (7,8) and P. berghei in mice (9). Similar 
trends were reported when 8-aminoquinoline derivatives 
were screened against P. gallinaceum (10). Thus, 8-[(Z- 
diethylaminoethyl)amino]-6-methoxyquinoline (IIa) had 
a therapeutic index of 1.8 (10) while the 4-methyl (IIb) and 
5-methyl (IIc analogs possessed therapeutic indexes of 
20 and 9.1, respectively. Nuclear substitution and modi- 
fication of the side chain at  position 8 led to further im- 
provement in the therapeutic index, as seen with IId and 
IIe, which had therapeutic indexes of 59 and 33.5 (10). 
Based on these considerations, a program was initiated to 
synthesize and evaluate the potential antimalarial activity 
of 4,5-dimethylprimaquine ( I c ) .  

DISCUSSION 

Chemistry-The synthesis of the key intermediate (VII) required for 
the preparation of 4,5-dimethylprimaquine (Ic ) is outlined in Scheme 
I. 4-Amino-2-tluoro-5-nitroanisole (111) was prepared by the procedure 
of Elderfield et al. (11). Reaction of 111 with methyl vinyl ketone under 
modified Skraup conditions (12) gave 4-methyl-5-fluoro-6-methoxy- 
8-nitroquinoline (IV). Attempts to displace the activated fluorine atom 
at position 5 with a methyl nucleophile [ eg . ,  methylenetriphenylphos- 
phorane (13)] failed. Similarly, attempts to displace the fluorine atom 

RI R Ri R 

HJco* 
H ~ C H J ,  N ( c ~ H ~ ) ~  

I I1 
kr: R = H, R, = H 
Ib: R = CH,, R, = H 
Ic: R = R, = CH, 
Id: R = C H , , R , = F  

IIO: R.= R, = H, n = 2 
IIb: R = CH,, R, = H, n = 2 
IIc: R = H, R, = CH,, n = 2 
IId: R = CH,, R, = H, n = 6 
IIe: R = H, R, = CH,, n = 6 

with a cyanide ion (14) for subsequent reduction (15, 16) to a methyl 
group failed. 

The use of 18-crown-6 ether (17) did not facilitate cyanide-ion dis- 
placement of the fluorine atom. However, by reaction of the anion of ethyl 
malonate and IV in the presence of copper(1) bromide (18) and 18- 
crown-6 ether, it was possible to displace the fluorine atom with formation 
of a carbon-carbon bond (V). Acid hydrolysis of the substituted malonate 
(V) led directly to the desired intermediate (VII). If the hydrolysis step 
was terminated too soon, the substituted acetic acid derivative (V1) could 
he isolated. Reduction of 4,5-dimethyl-6-methoxy-8-nitroquinoline (VII) 
with stannous chloride and alkylation of the amine (VIII) by 4-brorno- 
1 -phthalimidopentane (19) in triethylarnine (20, 21) followed by hy- 
drazinolysis gave the desired analog (Ic). 

Since IV then was readily available, 4-methyl-~-lluoroprimaquine (Id) 
also was prepared. Standard reduction of IV and alkylation of the arnine 
( X )  followed hy hydrazinolysis gave the desired product (Id). 

Direct synthesis of VII by the Skraup reaction of 2-nitro-4-methoxy- 
5-methylaniline (XI) (22) and methyl vinyl ketone (Scheme 11) was at-  
tempted, hut the expected intermediate (XII) was the only isolated 
product; various alterations in experimental conditions o r  reagents did 
not change the course of  the reaction. (Several of these alterations are 
summarized in Scheme 11, and the uncyclized intermediates XI11 and 
XIV were isolated as in the case of' XII.) Steric effects, as well as electronic 
effects, may prevent direct cyclizatior. to V11. Therefore, Skraup cycli- 
zation of111 and methyl vinyl ketone, although in low yield, was possible 
since the Huoro compound (111) presented less of a steric problem than 
XI. 

Antiprotozoan Activity'-The blood schizonticidal activity of the 
potential antimalarials Ic and Id was assessed against P. berghei in mice 
by the method of Osdene et  al. (9). 4,5-Dimethylprimaquine (Ic) was 
active2 in the Rane test: AMST = 7.6 at 160 mg/kg, 9.1 (1C, 2") a t  320 
mg/kg, and 0.0 (3C, 2T) and 10.8 (lC, 3T) a t  640 mg/kg. 5-Fluoro-4- 
methylprimaquine (Id) showed good activity against P. berghei a t  10 
mg/kg (AMST = 6.7). Doses higher than 40 mgkg produced toxic deaths 
in all animals (5T). Primaquine diphosphate was active a t  80 mg/kg 
(AMST = 9.4) with drug-related toxic deaths at 160 (AMST = 10.8,2T) 
and 320 (AMST = 0.0.5T) mg/kg. 

The tissue schizonticidal potential' of Id was evaluated in rhesus 
monkeys by a literature procedure (7,8). Compound Id showed 3/3 cure$ 

I Antipro1ozoan test results were provided hy the Walter Reed Army Institute 
o l  Research. Tests lor hlcwd echironticidal and causal prophylactic activity were 
carried out hy the Rane Lahoratory, Llniversity of Miami, Miami, Fla. Tehts l'or 
tissue schizonticidal activity were carried out hy I l r .  I.. H. Schmidt. S w t  herii R e -  
search Institute. Hirmingham, Ala. Tests for antileishmanial activity were carried 
out hy Dr. W. I,. Henson. University of Georgia. Athens, Ga. 

The mean survival time (MSTI c i f  untreated mice is 6.1 days. A compound is 
active i l  AMST exceeds 6.1 days. Animals that survive 60 days postinl'ecticin are 
considered cured (0. Deaths on Days 2-5 after drug administration are attrihuted 
to drug toxicity (T). 

,'' Monkeys that do not relapse in 90 days are considered cured. 
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Scheme I 
a t  0.5 mg/kg. Primaquine diphosphate cured 90% of the monkeys in this 
test system when administered a t  a dose of 1.3 mg/kg for 7 days in com- 
bination with 5 mg of chloroquine/kg/day. 

The antileishmanial activity' of Id against Leishmania donouani was 
determined in golden hamsters hy the method of Hanson et al. (23). The 
suppressive effects of the test compound were compared to those of the 
reference compound, N-methylglucamine an t im~nia t e~ ,  and a G index5 
was calculated (4, 23).  ~-Fluor1)-4-methylprimaquine (Id) showed sig- 
nificant activity in the antileishmanial screen with a G index of 10.98 a t  
3.25 mg/kg/day. Primaquine possessed a G index of0.96 at the SDyo level, 
whereas some 8-aminoquinolines with a methyl group a t  position 4 were 
reported to have enhanced antileishmanial properties (24); e.g., 8-[(6- 
diethylaminohexyl)amino] -6-methoxy-4-methylquinoline had a G index 
of 472 a t  the SDw level (4). 

Compound Id was tested for causal prophylactic activity'f' against 
sporozoite-induced P. herghei , y o d i i  in rodents (25,261. This agent was 
active at  10 mg/kg when administered subcutaneously (5/5 cures). 

Glucantime. 
The rlucantime index. C.. was calculated usinr C. = dose (SD. 1 of rlucantime/ - .. 

dose CSfir) of test drug. 

Survival o f  40%. (lr more of the treated mice indicates activity. 
fi Prophylactic activity is evidenced by survival (11 drug-treated mice for 30 days. 

io: NO? 

NO, NO, 
XIV xv 

Scheme I1 

Compound Id given orally was active a t  10 and 40 mg/kg (5/5 cures). 
Although Ic was not tested for tissue schizonticidal, antileishmanial, 

or causal prophylactic activity, the data presented confirm that appro- 
priate substituents a t  the 4- and 5-positions can alter significantly the 
antiprotozoan activity of 8-aminoquinolines. In the blood schizonticidal 
test (9), Id was more active a t  lower doses than primaquine, but it also 
was more toxic. Compound Ic was not as active as primaquine in this test 
system, but it was significantly less toxic. 

EXPERIMENTAL? 

4-Methyl-5-fluoro-6-methoxy-8-nitroquinohe (IV)-4-Amino- 
2-fluoro-5-nitroanisole (111) was prepared by the method of Elderfield 
et al. (11). Compound 111 (37.23 g, 0.2 mole), 34.96 g of arsenic pentoxide 
(0.15 mole), and 46 ml of 85% phosphoric acid were mixed to form a vis- 
cous slurry. This slurry was stirred vigorously until a homogeneous paste 
formed. Then 200 ml of 85% phosphoric acid was added gradually while 
stirring. The suspension was heated to 90". This mixture was treated with 
16.8 g (0.24 mole) of methyl vinyl ketone a t  such a rate as to maintain the 
temperature a t  90"; the addition required 0.5 hr. 

The resulting mixture was kept at 85-95O for 1.5 hr and then was 
poured into 800 ml of ice-cold water and slowly made basic with 450 ml 
of concentrated ammonium hydroxide. The dark solid was collected, 
washed with water, and dried at 50" overnight. The product was dissolved 
in chloroform (200 ml), but some tar and by-products remained undis- 
solved. A volume of silica gel approximately equal to the volume of crude 
product was added, and the chloroform mixture was removed in  crac uo 
The brown silica gel complex was transferred onto a short column con- 
taining approximately a double volume of fresh silica gel. This column 

Melting points were determined on a Thomas-Hcmver apparatus (capillary 
method) and are uncorrected. NMR spectra were determined on a Hitachi Per- 
kin-Elmer R20A high-resolution NMR spectrometer using tetramet hylsilane as 
the internal reference. IR spectra were determined on a Perkin-Elmer 467 grating 
spectrophiitometer using the potassium hromide technique. I.:lemrntal analyses 
were determined by Atlantic Microlah, Atlanta, (;a. Mass spectra were determined 
on a DuPont 21-490 low-resolutiun mass spectrometer. 

934 I Journal of Pharmaceutical Sciences 
Vol. 69, No. 8, August 1980 



was eluted with chloroform, and the solvent was evaporated in uucuo to 
give a red impure product. 

Recrystallization from ethyl acetate gave 11.8 g (25% yield) of product, 
mp 142'; NMRs: 6 2.81 (d, 3H, CH3 at  C-4, J = 7 Hz), 3.90 (s,3H, CHsO 
at C-6), 7.26 (d, H at C-3, J = 5 Hz), 8.67 (d, H a t  C-2,J = 5 Hz), and 8.95 
(d ,  H at C-7, J = 8 Hz). Concentration of the mother liquor gave another 
4.3 g (9% yield) for an overall yield of 34%. If the quantity of methyl vinyl 
ketone is doubled, the yield can be raised to 60-70%. 

Anal.-Calc. for CllHgFN203: C, 55.93; H, 3.84; N, 11.85. Found: C, 
55.97; H, 3.88; N, 11.80,11.82. 

Diethyl a-(4-Methyl-6-methoxy-8-nitroquinolyl)malonate 
(V)-Sodium hydride (0.7 g of 50% dispersion in paraffin oil) was added 
over 10 min to a stirred mixture of IV (2.95 g, 12.5 mmoles) and copper(1) 
bromide (0.1 g, 0.7 mmole) in 25 ml qf ethyl malonate. The mixture was 
maintained in an oil bath at  40--45' during the addition of sodium hy- 
dride. Ten drops of 18-crown-6 ether were added to the mixture, and the 
temperature was raised to 80°. Stirring and heating (60-80') under a 
nitrogen atmosphere was continued for 6 hr. 

The red solution was cooled and diluted with 600 ml of water, and the 
pH of the aqueous mixture was adjusted to 10 with 10% NaOH. After 
standing for 48 hr a t  room temperature, a fluffy yellow solid (5.1 g) was 
collected by filtration. The material was recrystallized from benzene- 
petroleum ether (30-60'), mp 162-163' (4.1 g, 87%yield); NMR (CDCld: 
6 1.28 (t, 6H, CH3 groups of esters), 2.88 (s, 3H, CH3 a t  C-4), 3.98 (s,  3H, 
CH3O at  C-6), 4.25 (q, 4H, CH2 groups of esters), 5.7 (8, lH, CH at  C-5), 
7.28 (broads, lH, H at C-3), 7.75 (8, lH, Hat C-7), and 8.65 (broad 8, lH, 
H at  C-2); mol. wt. (maas spectra): calc., 376, and found, 376. 

Anal.-Calc. for C1sH20N207: C, 57.44; H, 5.36 N, 7.44. Found: C, 
57.42; H, 5.38; N, 7.39. 
4,5-Dimethyl-6-methoxy-8-nitroquinoline (VI1)-Compound V 

(2.9 g, 7.7 mmoles) was suspended in 50 ml of water and treated with 10 
ml of acetic acid and 5 ml of concentrated sulfuric acid. The temperature 
of the mixture was raised slowly to reflux. The dark mixture was stirred 
and refluxed for 4 hr (oil bath temperature was maintained between 130 
and 150'), cooled, and poured into 250 ml of water containing sufficient 
10% NaOH to give a pH of 10. A greenish-gray product separated. 

The product was collected by filtration and recrystallized from aqueous 
dimethylformamide after treatment with charcoal to yield fine yellow 
needles, mp 177-179' (1.5 g, 83.7% yield); NMR (dimethyl sulfoxide-d6): 
6 2.66 (s, 3H, CH3 at  C-5), 2.85 (s,3H, CH3 at  C-4), 3.98 (!.3H, CH30 at  
C-6), 7.35 (d, lH, H at  (2-3, J = 4.5 Hz), 8.15 (8, lH, H a t  C-7), and 8.60 
(d, lH, H at  C-2, J = 4.5 Hz). 

Anal.-Calc. for C12H12N203: C, 62.06; H, 5.21; N, 12.06. Found C, 
62.12; H, 5.26; N, 12.04. 

a-(4-Methyl-6-methoxy-S-nitroqubolyl)Pc Acid (W)-When 
the oil bath temperature was not maintained above 130°, hydrolysis and 
decarboxylation of V was incomplete, and VI was obtained in near 
quantitative yield, mp 115-117'; NMR (dimethyl sulfoxide-d6): 8 2.90. 
(s, 3H, CH3 at  C-4), 4.00 (s,3H, CHs0 a t  C-6), 4.30 (s, 2H, CH2 at  C-51, 
7.45 (broad s, lH, H a t  C-3), 8.3 (a, lH, H a t  C-7), and 8.7 (broad s, lH,  
H at C-2). 

When V1 was refluxed with the aqueous acetic acid-sulfuric acid 
mixture at 130-150° for 4 hr, VII was obtained in a 97.6% yield. 
8-Amino-4,5-dimethyl-6-methoxyquinoline (VII1)-A solution 

of stannous chloride hydrate (31.6 g, 0.14 mole) and 15 ml of concentrated 
hydrochloric acid was cooled to -5-0'. After the addition of 0.5 g of mossy 
tin, the mixture was stirred as a precooled solution of VII (8.2 g, 0.035 
mole) in 25 ml of concentrated hydrochloric acid was added at a rate such 
that the temperature remained below 6'. The addition required -45 min. 
The brown suspension was stirred for an additional 15 min at O', and the 
ice bath was removed. 

After stirring at room temperature for 5 hr, the brown suspension was 
poured into 200 ml of water. The yellow solid which precipitated hecame 
gray when the acidic mixture was made basic with 9 N NaOH. The hasic 
solution was covered with 200 ml of ether-ethyl acetate (1:l) and filtered 
through diatomaceous earths to remove some black insoluble material. 
The organic layer was separated from the water layer, and the filter cake 
was washed with ethyl acetate (200 ml) and acetone (200 ml). The 
aqueous layer was extracted with ethyl acetate (2 X 100 ml). All organic 
layers were combined and dried (magnesium sulfate). 

Removal of the solvents in uucuo gave a gold-colored solid. The ana- 
lytical sample was obtained from aqueous ethanol (4.5 g, 63.6% yield), 
mp 127-128'; NMR (CDCl3): 6 2.6 (s, 3H, CH3 a t  C-4), 2.8 (a, 3H, CH3 
at C-5), 3.80 (s,3H, CH3O at  C-6), 4.8 (broads, 2H, NH2, exchanged by 

The solvent was Unisol-D, a blended mixture of deuterated chloroform and 
deuterated dimethyl sulfoxide, Norell Chemical Co., Landisville. N.d. 

9 Celite. 

deuterium oxide), 6.7 (8, lH, H at  C-7), 7.05 (d, lH, H at  '2-3, J = 4.5 Hz), 
and 8.39 (d, lH, H at  C-2, J = 4.5 Hz). 

Anal.-Calc. for C12H14N20 C, 71.26; H, 6.98; N, 13.85. Found: C, 
70.99: H. 6.98; N, 13.85. 

4,5-Dimethyl-6-methoxy -8- [(4-amino-l-methylbutyl)amino]- 
quinoline (Ic) Maleate-A mixture of VIII (4 g, 0.0198 mole), 4- 
bromo-1-phthalimidopentane (8.79 g, 0.0297 mole), and triethylamine 
' 3  g,.0.0297 mole) was stirred and heated at  110-135' for 5 hr. Additional 
4-bromo-1-phthalimidopentane (2.93 g, 0.0099 mole) and triethylamine 
(1 g) were added, and heating was continued for 6 hr. The dark reaction 
mixture was digested in 200 ml of benzene and filtered hot to remove 
triethylamine hydrobromide. The benzene was removed in uacuo to give 
a dark blood-red oil. This oil was treated with ethanol (150 ml) and 15 
ml of 85% hydrazine hydrate. 

The mixture was refluxed for 3 hr, cooled to room temperature, and 
concentrated in uacuo. The residue was treated with methylene chloride 
(200 ml) and filtered to remove phthalhydrazide. The methylene chloride 
filtrate was dried (magnesium sulfate) and concentrated to an oil. The 
residual oil was treated with 50 ml of ethanol and 3 g of maleic acid. Ad- 
dition of ether precipitated a voluminous yellow solid. After recrystalli- 
zation from ethanol-ether, 1.9 g of the maleate of Ic was obtained (23.8% 
yield), mp 135-137'. 

Anal.-Calc. for C21H29N305: C, 62.51; H, 7.24; N, 10.41. Found: C, 
62.49; H, 7.27; N, 10.41. 
4-Methyl-5-fluoro-6-methoxy-8-aminoquinoline (X)-Compound 

IV was reduced by the procedure described for the preparation of VIII. 
Compound X was obtained in a 91% yield (ethanol) as greenish-white 
crystals, mp 129'; NMR (dimethyl sulfoxide-ds): 6 2.64 (d, 3H, CH:, a t  
C-4, J = 7.0 Hz), 3.9 (s,3H, CH30 at  C-6), 6.8 (d, H at  C-7, J = 8.0 Hz), 
7.18 (d, H at  C-3, J = 5.0 Hz), and 8.39 (d, H at C-2, J = 5.0 Hz). 

Anal.-Calc. for CIIHIIFN20: C, 64.06; H, 5.37; N, 13.58. Found: C, 
64.22; H, 5.40; N, 13.56. 
4-Methyl-5-fluoro-6-methoxy-8-[ (4-amino- 1 -methylbutyl)ami- 

nolquinoline (Id) Maleate-The maleate of Id was prepared in a 59% 
yield (ethanol) by the procedure described for Ic, mp 131'. 

Anal.-Calc. for C ~ O H ~ ~ F N ~ O S :  C, 58.95; H, 6.43; N, 10.31. Found: C, 
58.70; H, 6.48; N, 10.25. 
2-Nitro-4-methoxy-5-methyl-N-(3-oxobutyl)aniline (X11)-2- 

Nitro-4-methoxy-5-methylaniline (1.82 g, 0.01 mole), prepared by the 
procedure of Carmack et al. (22), and 40 g of 85% phosphoric acid were 
heated at  85' while 1.05 g (0.015 mole) of methyl vinyl ketone was added 
dropwise with vigorous stirring. After 30 min, the addition was completed 
and the mixture was stirred for an additional 30 min. The brown solution 
was poured into ice-water and filtered, and the orange product was dried. 
After recrystallization from ethanol (1.84 g, 73% yield), XI1 melted at  
138'. [This material was identical to that isolated from the Skraup re- 
action, and no evidence for quinoline (VII) formation was observed.] 

Anal.-Calc. for C12HlfiN204: C, 57.13; H, 6.39; N, 11.10. Found: C, 
57.11; H, 6.43; N, 11.12. 
4-(2-Nitro-4-methoxy-5-methylanilino)but-3-en-2-one (XIII) 

-2-Nitro-4-methoxy-5-methylaniline (3.64 0.02 mole) (22) was mixed 
with 4.0 g (0.04 mole) of 4-methoxybut-3-en-2-one and fused at 150' for 
3 hr. The flask was fitted with a condenser to remove methanol. Red 
crystals were collected when the reaction mixture was cooled and the 
residue recrystallized from ethanol (71% yield), mp 177'. [This product 
was identical to that obtained when Skraup reaction conditions were 
employed, and no evidence of quinoline (VII) formation was ob- 
tained.1 

Anal.-Calc. for C12HllN204: C, 57.59; H, 5.63; N, 11.19. Found C, 
57.55; H, 5.66; N, 11.22. 
Diethyl(3-Methyl-4-methoxy-6-nitroanilino)methylenemalo- 

nate (XIV)-2-Nitro-4-methoxy-5-methylaniline (0.91 g, 0.005 mole) 
(22) and 1.08 g (0.005 mole) of diethyl methoxymethylenemalonic ester 
were fused (27) and kept a t  150' for 45 min. The crude product (XIV) 
was recrystallized from ethanol (1.61 g, 92% yield, mp 127-128'. [No 
evidence for quinoline (XV) formation was obtained.] 

Anal.-Calc. lor  Cl6H20N207: C, 54.54; H, 5.72; N, 7.95. Found: C, 
64.41; H, 5.72; N,  7.96. 
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Abstract  0 The 0-trifluoroaretyl and N,O-trifluoroacetyl derivatives 
of a series of aporphine and noraporphine alkaloids were prepared, and 
their GLC and mass spectrometric characteristics were determined. The 
positional isomers apocodeine and isoapocodeine were resolved chro- 
matographically as their trifluoroacetyl derivatives, and their mass 
sDectra were distinctly different. Mass sDectrometric fraamentation 

aporphine be converted metaboli- 
Ia and cally to their 0-demethylated derivatives (i.e., Id 

Ie -+ Ia) (7). 

BACKGROUND - 
processes apparently unique to N-trifluoroacetyl derivatives of nora- 
porphines were observed. Plausible mechanisms for the formation of the 
major ions in the mass spectra of the various compounds are given. 

N-n-Propylnorapomorphine ( Ib)  was reported to be several times more 
potent than Ia in several biological systems (3). Monohydroxyaporphines 
substituted in either the 10- or 11-position were found to be active do- 

Keyphrases 0 Aporphines-trifluoroacetyl derivatives, GLC and mass 
spect,rometry Noraporphines-trifluoroacetyl derivatives, GLC and 
mass spectrometry 0 GLC-trifluoroacetyl derivatives of aporphines 
and noraporphines 

The need for sensitive and quantitative methods for 
elaborating the metabolism of apomorphine (Ia) (Scheme 
I) has increased due to the biological activity of apomor- 
phine and related alkaloids (1-3). Although conjugation 
was reported as a primary route for the metabolism of Ia 
in the rat (4), apocodeine (Id) and isoapocodeine (Ie) 
formed from 0-methylation have been reported as possible 
metabolites in rat liver preparations (5). N-Dealkylation 
also was reported to give an in oitro metabolite of several 
naturally occurring aporphine alkaloids (6). More recent 
studies in liver microsomal preparations indicated that 

pamine agonists, although they we& less potent than I b  (8,9). It is gen- 
erally accepted that catechol analogs of apomorphine are more potent 
dopamine agonists than are the monohydroxy analogs (10). However, the 
possibility that monohydroxy analogs such as I j  and Ik are converted in  
uiuo into a catechol-like compound (e.g., Ib) cannot be excluded (11). 
Preliminary studies showed no evidence for the microsomal hydroxyl- 
ation of the monohydroxy aporphines l j  and Ik to the corresponding 
catechol, Ib, using TLC to distinguish monophenols from catecholic 
metabolites (7). 

To develop more definitive techniques, specifically GLC-mass spec- 
trometric methods for the detection, identification, and quantitation of’ 
aporphines, the 0-trifluoroacetyl derivatives of a series of‘ N-methyl- and 
N-propylaporphines were prepared. Since N-dealkylation is a common 
metabolic process, the mass spectra of a series of trifluoroacetyl nora- 
porphine derivatives also were considered. I t  was hoped that this exam- 
ination might reveal unique fragmentation processes which could aid in 
the recognition of noraporphine metabolites or natural products in 
general. 

Paper chromatography, GLC, and TLC were used previously to define 
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Abstract  0 The 0-trifluoroaretyl and N,O-trifluoroacetyl derivatives 
of a series of aporphine and noraporphine alkaloids were prepared, and 
their GLC and mass spectrometric characteristics were determined. The 
positional isomers apocodeine and isoapocodeine were resolved chro- 
matographically as their trifluoroacetyl derivatives, and their mass 
sDectra were distinctly different. Mass sDectrometric fraamentation 

aporphine be converted metaboli- 
Ia and cally to their 0-demethylated derivatives (i.e., Id 

Ie -+ Ia) (7). 

BACKGROUND - 
processes apparently unique to N-trifluoroacetyl derivatives of nora- 
porphines were observed. Plausible mechanisms for the formation of the 
major ions in the mass spectra of the various compounds are given. 

N-n-Propylnorapomorphine ( Ib)  was reported to be several times more 
potent than Ia in several biological systems (3). Monohydroxyaporphines 
substituted in either the 10- or 11-position were found to be active do- 
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The need for sensitive and quantitative methods for 
elaborating the metabolism of apomorphine (Ia) (Scheme 
I) has increased due to the biological activity of apomor- 
phine and related alkaloids (1-3). Although conjugation 
was reported as a primary route for the metabolism of Ia 
in the rat (4), apocodeine (Id) and isoapocodeine (Ie) 
formed from 0-methylation have been reported as possible 
metabolites in rat liver preparations (5). N-Dealkylation 
also was reported to give an in oitro metabolite of several 
naturally occurring aporphine alkaloids (6). More recent 
studies in liver microsomal preparations indicated that 

pamine agonists, although they we& less potent than I b  (8,9). It is gen- 
erally accepted that catechol analogs of apomorphine are more potent 
dopamine agonists than are the monohydroxy analogs (10). However, the 
possibility that monohydroxy analogs such as I j  and Ik are converted in  
uiuo into a catechol-like compound (e.g., Ib) cannot be excluded (11). 
Preliminary studies showed no evidence for the microsomal hydroxyl- 
ation of the monohydroxy aporphines l j  and Ik to the corresponding 
catechol, Ib, using TLC to distinguish monophenols from catecholic 
metabolites (7). 

To develop more definitive techniques, specifically GLC-mass spec- 
trometric methods for the detection, identification, and quantitation of’ 
aporphines, the 0-trifluoroacetyl derivatives of a series of‘ N-methyl- and 
N-propylaporphines were prepared. Since N-dealkylation is a common 
metabolic process, the mass spectra of a series of trifluoroacetyl nora- 
porphine derivatives also were considered. I t  was hoped that this exam- 
ination might reveal unique fragmentation processes which could aid in 
the recognition of noraporphine metabolites or natural products in 
general. 

Paper chromatography, GLC, and TLC were used previously to define 
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Scheme I-Possible metabolic pathways of apomorphine 

the metabolism of such compounds in oitro ( 5 , 7 )  and in oioo (12). These 
techniques per se do not necessarily define specificity for such studies. 
Findings obtained in these laboratories indicated that GLC-mass spec- 
trometry permitted unambiguous analysis of a series of hydroxynora- 
porphines as their N-heptafluorobutyryl-0-trimethylsilyl derivatives 
(13), as well as the trimethylsilyl derivatives for N-methyl- and N-pro- 
pylaporphines (14). GLC-mass spectrometry of the trifluoroacetyl de- 
rivatives described in this report offers specific advantages over the use 
of both their trimethylsilyl and heptafluorobutyryl-0-trimethylsilyl 
counterparts. 

EXPERIMENTAL 

The compounds were available in these laboratories as their hydro- 
chloride or hydroiodide salts. A solution of 1 mg/ml or less of the apor- 
phine and noraporphine in trifluoroacetic anhydride was prepared and 
heated for 10 min at 60'. The excess reagent was evaporated under a ni- 
trogen stream, and the derivative was dissolved in methylene chloride 
to yield a 1 - m g h l  solution. An aliquot (1-2 pl) was injected into the 
gas-liquid chromatograph-mass spectrometer system' for analysis. 

A 183-cm X 2-mm i.d. glass column packed with 1% OV-17 on 100- 
120-mesh Supelcoport and temperature programmed for 6'/min from 
200' was used. The gas chromatograph injection port, detector, and 

R6 n 

Varian Aerograph model 2700 interfaced uia a 0.15-mm, 25-cm capillary tube 
to  a Nuclide model 12-90-C mass spectrometer. 

Table I-GLC Retention Data of Aporphine Derivatives 

Trimethylsilyl Trifluoroacetyl 
Derivatives Compound Derivatives 

Ia 27.56 23.78 
Id 28.50 26.62 .- 
Ie 
IIa 
2,10,11 -Trihydroxy-N- 

27.79 
31.60 
29.12 

25.56 
31.00 
24.33 

methylaporphine 

N-methylaporphine 

N-methylaporphine 

2 , l l  -Dihydroxy-10-methoxy- 30.24 26.83 

2,10-Dimethoxy-ll-hydroxy- 30.88 29.33 

Th 28.67 25.04 -- 
If 
:'k 

~~ ~ 

29.52 
29.08 
27.07 

27.67 
25.80 
24.33 

~~ 

Values are in methylene units. 

transfer line were maintained a t  250, 250, and 200°, respectively. The 
mass spectrometer ion source was heated to 225'. Mass spectra were re- 
corded in the electron-impact mode (70 ev) at an accelerating voltage of 
4.5 kv and a trap current of 50 pamp. 

The following compounds were prepared as their 0-trifluoroacetyl 
derivatives and studied by GLC-mass spectrometry: apomorphine (Ia), 
N-n-propylnorapomorphine (Ib), apocodeine (Id), isoapocodeine (Ie), 
N-n-propylnorapocodeine (If), 2,10,11-trihydroxyaporphine (Ig), mor- 
phothebaine (Ih), ll-hydroxy-2,10-dimethoxyaporphine (Ii), 10-hy- 
droxy-N-n-propylnoraporphine (Ij), and Il-hydroxy-N-n-propyInora- 
porphine (Ik). 

Mass spectrometric data also were acquired on the following nora- 
porphines as their N-trifluoroacetyl or N,O- bis(trifluoroacety1) deriva- 
tives: 1l-hydroxy-2,10-dimethoxynoraporphine (11). 10-methoxy- 
2,11 -dimethoxynoraporphine (Im), and 2,10,11-trihydroxynoraporphine 
(In). The naturally occurring aporphine alkaloids sparsiflorine (Io), 
asimilobine (Ip), tuduranine (Iq), bulbocapnine (1101, nandigerine (IIb), 
cassyfiline (IIc), xylopine (IId), anolobine (Ile), and actinodaphnine (II/) 
also were examined2. 

RESULTS AND DISCUSSION 

GLC-N-Propyl- and N-Methylaporphines-The GLC retention 
data of the 0-trifluoroacetyl derivatives of N-propyl- and N-methyla- 
porphines are given in Table I. For comparison, the methylene unit values 
for the corresponding trimethylsilyl derivatives reported previously (13) 
have been included. 

In general, the 0-trifluoroacetyl derivatives of these compounds ex- 
hibited good GLC characteristics. The retention data indicate a marked 
increase in volatility for the 0-trifluoroacetyl derivatives compared to 
the corresponding 0-trimethyhilyl derivatives. For example, this increase 
in volatility for apomorphine represents a 40" difference in the elution 
temperature (280 uersus 240'). This difference not only decreases 
analysis time but also eliminates the problems of thermal sensitivity 
associated with these compounds (14). 

R1 
I 

Ira: R1 = R3 = H, RP = CH3, Rq = OCH3, RS = OH 

IIc: R1 = R4 = OCH3, RZ = Rg = H, R3 = OH 
IIb: R1= R2 = R j  = H, R4 = OH, R5 = OCH3 

2 The aporphine alkaloids lo-lq and IIb-IIf were kindly supplied by Dr. M. 
Shamma, Pennsylvania State University. 
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Table 11-GLC Retention Data of Noraporphine Derivatives 

Mixed Trifluoroacetyl 
Compound Derivativeb Derivative 

Im 30.48 30.60 
In 30.00 28.90 
I0 28.96 26.30 

Values are in methylene units. N-Heptafluorobutyryl-0-trimethylsilyl de- 

Of even greater importance is the ability to separate chromatograph- 
ically, with baseline resolution, the 0-trifluoroacetyl derivatives of ap- 
ocodeine (Id) and isoapocodeine (Ie), as substantiated by the retention 
data in Table I. By contrast, the 0-trimethylsilyl derivatives of these 
compounds coelute, a phenomenon that was observed previously (7). 
Because these two compounds were suggested as possible metabolites 
of apomorphine, it is essential to identify and to distinguish these prod- 
ucts in a biological medium. 

Noraporphines-The retention data for the trifluoroacetyl derivatives 
of noraporphines (11-In) are given in Table 11. These data can be com- 
pared to the methylene units of the corresponding mixed derivatives 
(0-trimethylsilyl-N-heptafluorobutyryl) reported previously (13). The 
general improvement in volatility when trifluoroacetyl derivatives are 
used is apparent. Moreover, temperature variation of the injection port, 
column, detector, and gas chromatograph-mass spectrometer transfer 
line over a wide range gave no indication of thermal sensitivity for the 
trifluoroacetyl derivatives as opposed to their trimethylsilyl counter- 
parts. 

Mass Spectrometry-N-Methyl- and N-Propylaporphirres-The 
complete mass spectra of the trifluoroacetyl derivatives of apomorphine 
(Ia), N-n-propylnorapomorphine ( I b ) ,  apocodeine (Id), and isoapoco- 
deine (Ie) are shown in Figs. 1-4, respectively. Partial mass spectra of 
the compounds in the series are summarized in Tables 111 and IV. 

M+. and (M - I]+ Ions-The mass spectra of the 0-trifluoroacetyl 
derivatives of N-methyl- and N-propylaporphines were noted for the high 
intensity of the molecular ion peaks or those corresponding to the loss 
of a hydrogen a t  [M - 1]+. The [M - 11' ion presumably is formed by the 
loss of the 60-hydrogen to yield a quaternary nitrogen (Scheme 11). In 
general, there were few other ions of any significance in the spectra of the 

rivative. 

0 
Scheme I 1  

Id 

IM - 171' 

0 
Ie 

[M - 991' 
Scheme 111 

N-methylaporphines. The only peak of any significant intensity in most 
cases was (M - 97]+, arising from the loss of CFsC(=O). from M+-. 

Apocodeine and Isoapocodeine-Two significant differences may be 
noted (Figs. 3 and 4 and Table 111) when the mass spectra of these posi- 
tional isomers are compared. The spectrum of apocodeine shows a peak 
a t  (M - 17]+, which was not detected in the spectrum of the trifluoroa- 
cetyl derivative of isoapocodeine. In addition, the relative intensities of 
the peaks at (M - 99]+ in the spectra of these two compounds are sig- 
nificantly different, the [M - 99]+ ion being much more (10 times) 

Table 111-Partial Mass Spectra  of N-Methyl- 0-trif luoroacetyl Derivatives of Aporphines 

Compound M +. [M - 1]+ [M - 151" [M - 17]+ (M - 97]+ (M - 99]+ 

la 4590h 458 444 442 362 360 
(97) (5) (-) (26) (10) 

Id 377 376 362 360 280 278 
(100) 

(26) (21) (-) (5) 
278 

(100) 
le 377 376 362 360 280 

(91) 

(76) (100) (3)  (-) (10) (34) 
322 I In 421 420 406 404 324 

(65) (12) (-) (-) 
472 571 570 556 554 474 

(100) 

(-) (40) (6) 
392 390 

(100) 

(34) (8) (9) (4) 
310 308 

hydroxyaporphine (87) (100) (42) (30) (-) (--) 

(56) 

(85) (6) 
1AJ 

2,ll-Dihydroxy- 10- 489 488 474 472 

2.lO-Dimethoxy-11- 407 406 392 390 
methyoxyaporphine (100) (86) 

The m / e  values * Relative intensity. 
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rn le 
Figure 1-Mass spectrum of the 0-bis(triflu0roacetyl) derivatioe of l a  

abundant in the spectrum of the isoapocodeine derivative. These dif- 
ferences can be explained by the formation of a quinone-type ion struc- 
ture (Scheme 111). The 0-trimethylsilyl derivatives of these compounds 
have virtually identical spectra. 

N-n-Propyl Compounds-In addition to the [M - 1]+ and [M - 99]+ 
ions, there are fragmentation pathways specific for compounds containing 
an N-n-propyl substituent. The base peak in the spectra of the N-n- 
propyl compounds studied occurred at [M - 29]+, which results from 

1 oc 
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2 
w 
0 5c 
p: 
w 
0 
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I 
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Figure 2-Mass spectrum of the 0-trifluoroacetyl derivative of Ib. 
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Figure 3-Mass spectrum of the 0-trifluoroacetyl derivative of I d  

cleavage of the carbon-carbon bond beta to the nitrogen. Subsequent 
fragmentation of this ion gave rise to a peak at  [M - 58]+ (Scheme 
IV). 

Noraporphines-The partial mass spectra of the trifluoroacetyl de- 
rivatives of the noraporphines (I/-In) are listed in Table V. A complete 
mass spectrum of the N,O-bis(trifluoroacety1) derivative of anolobine 
(Me) is shown in Fig. 5. The mass spectrum consists of only a few major 
ions associated with the fragmentation of the trifluoroacetyl group. This 
pattern typifies the general spectral characteristics of the trifluoroacetyl 
derivatives of the noraporphines studied. The ion peaks a t  [M - 69]+ and 
[M - 97]+ correspond to the loss of CF? and CF,C(=O)- from M+.. 

The [M - 126]+ ion is unique to the noraporphine derivatives, and a 
plausible mechanism for its formation is given in Scheme V. It is sug- 
gested that its formation is initiated by a six-membered ring hydrogen 
transfer (McLafferty rearrangement) from C-7 to the carbonyl oxygen, 

M+' 
377 

400 

followed by cleavage of a carbon-carbon bond beta to the heteroatom. 
The proposed y-hydrogen transfer is consistent with the general behavior 
of the structurally related N-acetates of biogenic amines (14). Alterna- 
tively, the possibility of formation of the [M - 126]+ ion by the loss of a 
hydrogen from the ion formed by a retro-Diels-Alder fragmentation of 
M+' cannot a priori be ruled out. 

In a previous publication, Green et al. (15) reported on the GLC-mass 
spectrometry of mixed N-heptafluorobutyryl-0-trimethylsilyl derivatives 
of noraporphines. By comparison, the mass spectra of the trifluoroacetyl 
derivatives reported here are noted for their overall simplicity. The in- 
tensity of the peak a t  (M - 126]+ is rather striking, and this peak usually 
dominates the spectra of these derivatives. The analogous peak is of 
significantly lower relative intensity in the spectra of the N-heptafluo- 
robutyryl-0-trimethylsilyl derivatives. 

In view of the apparent uniqueness of the (M - 126]+ ion, determina- 
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Figure I-Mass spectrum of the 0-trifluoroacetyl derivative of Ie. 
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Figure 5-Mass spectrum of the N,O-bis(trifluoroacetyl) deriuatiue of Ile. 

tion of whether this fragmentation could be used diagnostically to rec- 
ognize the presence of a noraporphine was desired. The type of substi- 
tution on the secondary nitrogen of the underivatized aporphine generally 
is determined on the basis of the retro-Diels-Alder fragmentation. 
However, in noraporphines, this fragmentation is of reduced intensity 
(10% relative intensity) compared to that of the N-alkyl-substituted al- 
kaloids. Accordingly, the mass spectra of the trifluoroacetyl derivatives 
of the following naturally occurring noraporphines were studied: 
sparsiflorine (Io), asimilobine (Ip) ,  tuduranine (Iq), nandigerine (IIb),  
cassyfiline (IIc), xylopine (IId), anolobine (IIe), and actinodaphnine 
Wf). 

The partial mass spectra of these derivatives are listed in Table V, and 
the complete mass spectrum of anolobine is shown in Fig. 5. As with the 
other noraporphines, the mass spectra again were characterized by few 
major ions, of which the [M - 126]+ ion was the most prominent. These 
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findings support the earlier supposition that this fragmentation can be 
used as a diagnostic tool to determine the degree of substitution on the .  
nitrogen of aporphine alkaloids isolated from natural products or as 
possible metabolites in biological fluids. 

CONCLUSIONS 

The trifluoroacetyl derivative formation for aporphine and norapor- 
phine alkaloids represents a reliable technique which has application in 
the analysis of biological fluids in drug metabolism studies, as well as in 
the characterization of naturally occurring aporphine alkaloids. 

The trifluoroacetyl derivative offers the following advantages over the 
corresponding trimethylsilyl derivative: 

Table IV-Partial Mass Spectra  of N-n-Propyl- 0- 
trifluoroacetyl Derivatives of Aporphines 

Compound M+. IM - 11+ [M - 29]+ (M - 58]+ [M - 97]+ 
~~~~ ~ ~ ~ 

Ib 48TU 486 458 429 390 
(100) (42) (24) 

If 405 404 376 317 308 
(Wb (38) 

(77) (45) ( 100) (37) (4) 
Ij  375 374 346 317 278 

(100) (46) (7) 
Ik 375 374 346 317 278 

(49) (41) 

(62) (55) (100) (48) (4) 

The mle values. Relative intensity. 
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Table V-Partial Mass Spectra of Trifluoroacetyl Derivatives of 
Noraporphines 

Compound M+. [M - 69]+ [M - 97]+ [M - 126]+ 

I1 48gRb 420 392 363 
(100) (21) . (5) (46) 
57 1 502 474 445 

436 406 377 
( 100) (6) (30) (99) 

I I C  533 464 436 407 .~ 

(8) 
294 

The mle values. Relative intensity. 

1. The 0-trifluoroacetyl derivatives have increased volatility. 
2. The 0-trifluoroacetyl derivatives of apocodeine and isoapocodeine 

can be separated by GLC. 
3. The mass spectra of the 0-trifluoroacetyl derivatives of ap&odeine 

and isoapocodeine show characteristically different fragmentation pat- 
terns that can be applied to the characterization of 10- or 11-hydroxylated 
aporphines. 

4. A fragmentation leading to the formation of an ion a t  a mass value 
corresponding to [M - 126]+ can be used diagnostically to determine the 
degree of substitution on the nitrogen of aporphine alkaloids. 
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Abstract An aminophylline suppository product, when stored at  room 
temperature, was found to be deficient in ethylenediamine content by 
the USP XIX assay and by a specific method for primary amines. The 
product also had a melting point that was considerably higher than body 
temperature. An accelerated decomposition experiment, conducted on 
normal suppositories of identical original composition, yielded a product 
refractory at  steam bath temperatures and containing no ethylenedi- 
amine measurable by the USP assay. The suppositories from both the 
original sample and the decomposition experiment contained consider- 
able amounts of a white material, which melted at  -150' and which 

During a study by the Food and Drug Administration 
which required the analysis of various dosage forms of 
xanthine derivative drugs, an aminophylline suppository 
formulation was encountered that unexpectedly failed to 
melt when heated in a beaker on a steam bath. In fact, the 
suppositories barely softened, and a composite was pre- 
pared €or assay only with great difficulty. Analysis by the 
USP XIX method (1) showed that the suppository con- 

consisted of the diamide products formed by the reaction of ethylene- 
diamine and the fatty acids present in coconut and palm kernel oils. The 
results, which confirmed the work of Cieszynski, showed that the ethyl- 
enediamine constituent of aminophylline can react with suppository base 
materials to produce insoluble amide decomposition products. 

Keyphrases 0 Aminophylline-decomposition in suppository formu- 
lations 0 Suppositories-aminophylline, decomposition in suppository 
formulations Decomposition-aminophylline in suppository formu- 
lations 

tained approximately the labeled amount of theophylline 
but considerably less than the compendia1 requirement for 
ethylenediamine. The suppository sample had been stored 
at  room temperature for a month before analysis, so the 
original condition of the product was unknown. 

An accelerated decomposition experiment was devised 
to study the phenomenon of hardening and to elucidate 
the decomposition that apparently had occurred. Ci- 
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eszynski (2) had isolated the decomposition products from 
aged aminophylline suppositories and identified them as 
the amide reaction products of ethylenediamine with 
glyceryl esters of the fatty acids in cocoa butter and a 
suppository base composed of the triglycerides of C12-C18 
fatty acids'. Identification was based on extensive TLC, 
GLC, and IR spectral analyses of the isolated amides and 
of products synthesized from authentic materials. 

Cieszynski (2) also conducted an accelerated decom- 
position experiment in which the decomposition reaction 
described was duplicated. He (2) did not give the melting 
characteristics of the decomposed suppositories or ele- 
mental analyses for the impurities found, but this infor- 
mation may be in one of his earlier papers, which was not 
available for translation. 

The work of Cieszynski allowed this laboratory to 
concentrate its attention on a small group of possible de- 
composition compounds. The isolation and identification 
of the agents responsible for the hardening observed in the 
aminophylline suppositories are described here. 

EXPERIMENTAL 

Accelerated Decomposition Study-Fifty 500-mg aminophylline 
suppositories from another commercial sample of an identical formula- 
tion, which originally met all USP XIX requirements, were used. These 
samples had been stored at  room temperature but melted readily on a 
steam bath and showed only a small loss of ethylenediamine by the USP 
XIX assay (1). One package of suppositories was stored at  Oo during the 
experiment, and the remaining units were placed in a 40' convection 
oven. At intervals, four suppository units were removed from the oven. 
Two were placed in a refrigerator (OO), and the other two were assayed 
for theophylline (1) and ethylenediamine2 content. 

Isolation of Amide Decomposition Products-The suppository was 
dispersed in a beaker with 20-30 ml of isooctane3 to dissolve the fatty 
base. The undissolved residue was collected on filter paper', and the 
residue was washed with two additional portions of isooctane. The residue 
on the filter was air dried and washed with two 20-ml portions of hot water 
to remove the aminophylline and any ethylenediamine or theophylline 
present. The washed residue was transferred to a beaker, 10 ml of chlo- 
roform3 was added, and the mixture was heated to boiling. Ethanol (95%) 
was added dropwise until a clear solution was obtained. 

The solution was placed in a refrigerator or freezer until crystallization 
occurred. The precipitate was collected on filter paper and washed with 
methanol3. The material was recrystallized successively from hot 
methanol and methanol-chloroform (ll), and the crystals were air dried. 
Drying was completed in a 105' oven before the melting-point determi- 
nation or IR scan. 

Preparation of Authentic Individual o r  Mixed Fatty Acid Am- 
ides-Method I (3): Synthesis from Fatty Acids-Approximately 0.5 
g of authentic fatty acid or the fatty acid mixture from saponified base 
was dissolved in 5 ml of chloroform, 0.2 ml of thionyl chloride was added, 
and the reaction mixture was cooled. Then 5 ml of chloroform containing 
0.5 ml of eth~lenediamine~ (98%) was added slowly, and the mixture was 
refluxed for an additional 0.5 hr. The mixture was cooled and the pre- 
cipitated product was collected by filtration. The residue was washed on 
the filter with methanol and allowed to air dry for -0.5 hr. 

Method 11: Preparation from Glyceryl Esters of Fatty Acids-This 
reaction requires a 2 3  molar ratio of glyceryl ester to ethylenediamine. 
Approximately 7 g of suppository base was melted in a side-arm test tube 
and cooled until the onset of crystallization. One milliliter of ethylene- 
diamine was added, and the reactants were mixed thoroughly with a 
magnetic stirrer. The test tube was fitted with a cold-finger condenser, 
and the tube was flushed with nitrogen. 

The tube was heated in an oil bath, and the reaction mixture was stirred 

continuously under a nitrogen atmosphere as long as the magnetic bar 
was operable. The melt gradually became cloudy, and a semisolid ap- 
peared as a floating mass. The reaction was allowed to continue until 
complete solidification occurred. The amide was extracted and the re- 
action product was recrystallized as described for the isolation of amide 
decomposition products. 

Saponification of Amid-The appropriate amide, 100-500 mg, was 
placed in a 50-ml round-bottom boiling flask, 10 ml of 20% KOH in pro- 
pylene glycol was added, and the mixture was refluxed for 3 hr. Then the 
mixture was cooled, 10 ml of water was added, concentrated hydrochloric 
acid was added to acidify the solution, and the solution was cooled again. 
The solution was extracted with methylene chloride in a separator, and 
the organic phase was evaporated to dryness on a steam bath. 

I R  Spectra6-Sample spectra were prepared neat or as the trifluo- 
rovinyl chloride polymer' mull of the substance examined. 

GLC (4)-The gas chromatograph8 was equipped with a flame-ion- 
ization detector and a 3.05-mm i.d. nickel column9. The carrier gas was 
helium at  a flow rate of 28 ml/min. The temperature was 250' for the 
column, injector, and detector. 

Derivatization Procedure (Methylation)-(m-Trifluoromethyl- 
phenyl)trimethylammonium hydroxidelo, 200 pl, was added to 10 mg of 
the test substance, and the mixture was allowed to stand for 30 min in 
a covered vial. 

Spectrophotometric Determination of Ethylenediamine in  
Suppositories*-The suppository, or a composite mixture equivalent 
to one unit, was dispersed in 95% ethanol, and the solution was carried 
through the automated procedure. The standard may be prepared from 
a previously analyzed aminophylline drug substance or the USP XIX 
reference standard. The method is specific for primary aliphatic and 
secondary cyclic amines. 

TLC Identification of Amide Reaction Products-A portion of the 
reacted mixture was washed with three portions of cold isooctane. The 
residue was dissolved in boiling chloroform-methanol (1:l) and spotted 
on 75-mm silica gel plates". Solutions of authentic aminophylline and 
of the diamide reaction product were spotted adjacent to the sample 
spots. The chromatogram was developed with chloroform-methanol (91) 
and viewed directly under UV light or by daylight after treatment with 
iodine vapor. Typical Rf values for aminophylline and the diamide are 
0.45 and 0.60, respectively. 

The isolation of the high-melting substance from the hardened sup- 
positories was based on consideration of the solubility properties of 
aminophylline, theophylline, ethylenediamine, and the suppository b a d 2  
used in this product. 

The fatty base in the formulation was derived from coconut and palm 
kernel oils (51, which are rich in the glycerides of lauric and myristic acids, 
along with smaller amounts of the glycerides of oleic, palmitic, capric, 
and stearic acids (6). Myristic and palmitic acids were selected as rep- 
resentative of the group, and the pure substances were used for the 
preparation of authentic amide products by reaction with ethylenedi- 
amine after their conversion to acid chlorides. 

Authentic suppository base also was used to prepare the amide product 
by direct reaction with ethylenediamine at 40 and 100". The higher 
temperature was used to expedite the reaction and to increase the yield 
of amide. This experiment was repeated using aminophylline. In all ex- 
periments, IR spectrophotometry and TLC were used to monitor the final 
stages of the amide syntheses. 

A portion of the purified high-melting substance isolated from the 
original, decomposed suppositories and a portion of the synthetic amide 
mixture prepared from the authentic suppository base were saponified 
to obtain the free acid mixture from each. These mixtures, another por- 
tion of suppository base, and individual lauric, myristic, palmitic, stearic, 
and oleic acid samples were derivatized and chromatographed by GLC 
for comparison of acid content. 

RESULTS AND DISCUSSION 

The results accumulated after storage of the samples a t  40' for 3 
months showed a progressive diminution of the ethylenediamine content, 
as measured by both colorimetric amine2 and USP XIX titration (1) 

1 Witespol. * P. A. McCullen, National Center for Drug Analysis, personal communica- 

Glass-distilled isooctane, chloroform, and methanol were used throughout the 
tion. 

study. ' Whatman No. 1. 
5 Mallinckrodt. 

Perkin-Elmer model 337 spectrophotometer. 
Fluorolube. 

8 Hewlett-Packard model 5830A. 
9 Packed with 10% War-1OC on Gas Chrom Q. Applied Science Laboratories, 

State College, Pa. 
lo Applied Science Laboratories, State College, Pa. 
11 No. 60F-254, E. Merck, Darmstadt, West Germany. 
l2 Wecobee M. 
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Table I-Assay Results on Individual Suppository Units af ter  
Incubation a t  40" 

Table 111-Elemental Composition of Analyzed Products a 

Melting 
Point H N  Ethylenediamine, Aminophylline, Prodxc C 

Elapsed Time, % of 
months aminophylline 

0 (original analysis) 12.6 
1.0 (start of study) 11.8 
1.5 11.9 
2.0 8.9 

% of 
declared 

100.2" 
100.0 
102.0 
95.8 

Isolated diamide mixture 74.49 12.67 5.84 148.5-149.5' 
Synthetic diamide mixture 74.05 12.33 5.73 148.5-150.0" 
Calculated for diamide 74.93 12.55 5.79 

mixtiire _.__ .. - -. - 
Synthetic bispalmitamide 76.21 13.41 5.04 147.5-148.0' 
Calculated for- N,N'-(1,2- 76.06 12.77 5.21 

3.5 0 99.2 ethanediyl) bis- 
4.0 0 93.2 palmitamide 

a Average of six individual suppository assays; results ranged from 97.8 to Based on ratio rcent distribution of fatty acids found in suppository base by 
106.9%. GLC, expressed asEsamides. 

methods. The theophylline content showed little or no loss until late in 
the study (Table I). 

The suppositories hardened during the accelerated decomposition 
experiment, but the increase in their melting point was not readily dis- 
cernible until the melting point exceeded the steam bath temperature. 
The accelerated decomposition study had been in progress for 10 weeks 
by this time, and the ethylenediamine assay results were zero. 

A large amount of a white, waxy substance, mp 145-147', was isolated 
from the original sample of hardened suppositories. The high melting 
point of this substance could easily account for the refractory behavior 
of the suppositories a t  steam bath temperatures. 

The IR spectrum of the trifluorovinyl chloride polymer mull of the 
dried, extracted material exhibited the following absorption bands: 3290 
(NH stretch, amide), 3120 (NH stretch, purine from theophylline), 2930, 
2850 (CH:! symmetrical and unsymmetrical stretch), 1740 (C=O stretch, 
ester from fatty base), and 1640 (C=O stretch, amide) cm-'. The inter- 
pretation was made with the aid of additional IR spectra of the neat 
suppository baseI2, neat ethylenediamine, and the trifluorovinyl chloride 
polymer mulls of a refrigerated suppository fragment, trimyristin, and 
the reaction product of myristic acid and ethylenediamine uia myristoil 
chloride. 

The IR spectrum of the isolated high-melting product is consistent with 
that of a mixture of an alkyl amide and an alkyl ester (7) and includes all 
of the principal bands found by Cieszynski (2) in his spectra of amide 
decomposition products. An alkyl ester band found at  1750 cm-I in the 
spectrum is believed to be due to unreacted suppository base since the 
band was absent in the spectrum obtained from the substance recrys- 
tallized from hot methanol, A minor NH amide band at  3290 cm-l was 
found in the spectrum of the refrigerated suppository, which indicates 
that a small amount of decomposition may have occurred during storage 
after the original analysis; this observation accounts for the small re- 
duction in the ethylenediamine content of the suppositories between the 
time of the original analysis and the start of the study. 

The recrystallized A',"-( 1,2-ethanediyl)bisamides, synthesized from 
myristic and palmitic acids, had melting points of 150-152' and 
147.5-148.0', respectively, and gave IR spectra that showed the same 
prominent bands at 3290 and 1640 cm-I that had been obtained from the 
high-melting substance previously isolated from the suppository. 

The purified substance, obtained by direct reaction of myristin and 
ethylenediamine, melted at 148.5-150' and showed the same prominent 
IR bands at 3290 and 1640 cm-'. 

The spectra of the amide products that had been synthesized directly 
from aminophylline exhibited strong bands at  3290 and 1640 cm-', 
confirming the generation of an amide product by a reaction between 
aminophylline and the suppository base. 

The distribution of fatty acid peaks found by GLC of the substance 
isolated from the suppositories was the same in kind and ra'nk order as 
that of the authentic suppository base, confirming the source of the acyl 
components of the amides (Table 11). It was not expected that the ratio 
percentage of each acid would be the same in both, because the suppos- 
itory base material is derivatized directly whereas the amide must be 
saponified and the acids must be extracted before derivatization and 
GLC. 

The amide decomposition products isolated from the suppositories 
are believed to be the 1,2-ethanediamides based on the following exper- 
imental evidence. A single stretching band was found at  3290 cm-1. If 
any primary amide were present, a doublet would have been seen in the 
region of 3300-3500 cm-' in the IR spectrum. No color reaction was seen 
with the 2,3-dichloro-1,4-naphthoquinone reagent (8). No monoamide 
precipitated upon neutralization of the hydrochloric acid extract of the 
solid material. There was no blue color change when the spot separated 
by TLC was sprayed with bromcresol green. 

Additional confirmation of the presence of diamides was obtained by 
quantitative elemental microanaly~es'~ (Table 111). 

The results obtained in this study confirm the finding of Cieszynski 
(2) that the ethylenediamine moiety of aminophylline is capable of re- 
acting with the glyceryl esters of some suppository bees to form insoluble, 
high-melting amide decomposition products. In a concurrent study 
conducted in this laboratory, a chemically similar decomposition occurred 
in rectal theophylline ethanolamine solutions preserved with para- 
bens14. 

The reactions were carried out with authentic materials under condi- 
tions likely to exist during the commercial manufacture of suppositories. 
The reaction between the suppository base and free ethylenediamine at 
40° began within 1 hr under an atmosphere of nitrogen, which also 
showed that prior rancidity was not a necessary condition for the for- 
mation of amide products. The reaction of the suppository base with 
aminophylline at  40' was much slower. Conditions that initiate the re- 
action, other than heat, have not been determined. 

The significance of these results becomes apparent when the manu- 
facturing process for suppositories (3) is examined. Aminophylline is 
stirred into molten suppository base; the melt is poured into heated molds 
and slowly cooled to minimize the formation of an unwanted a-state of 
the base. The maximum batch temperature exceeds 50" for a short time 
before the addition of drug substance and is kept just above the melting 
point of the base during pouring. The total elapsed heating time may last 
up to 1 day, depending on the size of the batch. 

The manufacturing process could result in the formation of amide 
reaction products if temperature aad process times are not controlled 
carefully, especially for the units poured at  the end of a large batch run. 
The same reaction takes place slowly if the finished suppositories are not 
kept refrigerated, especially under summer temperatures. 

A limited number of current commercial products was examined by 
IR spectrophotometry, which showed the presence of small quantities 
of amide reaction products. These products were indicated by a weak 
amide band at  3290 cm-' and a shoulder a t  1640 cm-I in most of these 
spectra. The formulations containing hydrogenated coconut and palm 
kernel oil mixtures appear to be the most susceptible to decomposition. 
This observation may be due to the manufacturing process or it may be 
inherent in the product. 

An IR limit test for 1,2-ethanediamides or a melting-point test is rec- 
ommended for inclusion in the USP monograph for aminophylline sup- 
positories. 
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Abstract  0 Degradation ~ t ‘  hydrocortisone in attapulgite suspensions 
was monitored by high-pressure liquid chromatography and LJV spec- 
t rophotometry. The rate of oxidative degradation of hydrocortisone was 
accelerated significantly in the presence of  attapulgite. In addition, 
degradation appeared to be composed of two apparent first-order reac- 
tions rather than the single apparent first-order degradation reaction 
ohserved for hydrocortisone solutions. However, the same degradation 
prcducts were obtained in both hydrocortisone solutions and attapulgite 
suspensions, indicating that interaction with attapulgite did not alter 
the degradation pathway. Kinetic and adsorption studies suggested that 
hydrocortisone is adsorhed weakly by attapulgite and undergoes oxidative 
degradation, which is catalyzed by adsorbed iron oxides or hydroxides 
as well as by structural ferric iron a t  the clay surface. Since clay minerals 
generally contain surface ferric iron, the potential for accelerating the 
oxidative degradation of drugs should be considered whenever clays and 
drugs are combined. 

Keyphrases Attapulgite-effect on hydrocortisone degradation, ki- 
netic and adsorption studies Hydrocortisone-oxidative degradation 
in attapulgite suspensions High-pressure liquid chromatography- 
monitoring of degradation of hydrocortisone in attapulgite suspensions 

Adsorption-hydrocortisone onto attapulgite, oxidative degradation 
of hydrocortisone 

A recent study of the interaction of montmorillonite 
with digoxin revealed that the clay surface, through its 
ability to concentrate both digoxin and protons, acceler- 
ated the acid-catalyzed hydrolysis of digoxin and suggested 
that other neutral drugs which are degraded by acid-cat- 
alyzed hydrolysis may be affected similarily by interaction 
with a clay (1). Since oxidation also is a major mechanism 
of drug degradation, a study was undertaken to determine 
if interaction with a clay surface could result in accelerated 
oxidative degradation. 

BACKGROUND 

Montmorillonite, a member of the smectite group of clays, promotes 
the oxidation of a number of organic compounds, including the conversion 
of pyrogallol to quinones of poorly defined structure (2), of dihydroxy- 
quinones to  p-benzoquinone (3), and of benzidine to a blue monovalent 
semiquinone (4). In addition, hectorite, a clay belonging to the same 
structural group as montmorillonite, catalyzes the oxidation of benzidine 
(5,6). Surface-adsorbed contaminants or structural ferric iron a t  the clay 
surface have been suggested as being responsible for the oxidation of 
organic materials by these clays. 

Attapulgite was chosen for this study because: (a) i t  belongs to the fi- 
brous group of minerals whose effect on oxidative degradation has not 
been studied extensively, ( b )  the oxidizing action of Fe3+ in attapulgite 
has been demonstrated (7), and ( c )  i t  is used in pharmaceuticals as a GI 
adsorbent (8) or excipient. Hydrocortisone was chosen as the model drug 
because i t  is known to degrade by oxidation, it may be coadministered 
orally with a clay-containing pharmaceutical, and it is used in topical 
dosage forms that also may contain a clay. 

Degradation of the C-17 dihydroxyacetone side chain of corticosteroids 
has been studied extensively (9-13). Transformations and elimination 
of the side chain occur in both the presence and the absence of oxygen 
(12). However, autoxidation appears to be the major mechanism of deg- 
radation of corticosteroids in pharmaceutical dosage forms (12). 

Factors intluencing the degradation of prednisolone in aqueous solution 
were investigated, and trace metals present as contaminants in the buffer 
reagents were indicated as the cause of accelerated degradation (11). 

EXPERIMENTAL 

Materials-All chemicals were official or reagent grade. Attapulgite 
was obtained commercially1. X-ray diffraction of the clay sample con- 
firmed that attapulgite was the major mineral but that  a small amount 
o f  quartz also was present. 

The effect of surface ferric iron was studied by treating the attapulgite 
by the citrate-dithionite procedure (14), which extracts nonstructural 
iron from the clay surface. The iron extracted was quantified by the o-  
phenanthroline method (15), and the total iron content was determined 
by the hydrofluoric acid dissolution procedure (16). 

Hydrocortisone Assay-A high-pressure liquid chromatographic 
(HPLC) method, which was recommended for the analysis of hydrocor- 
tisone tablets (171, was modified slightly for this study. The liquid 
chromatograph2 was equipped with a UV detector operating a t  254 nm 
and a 2O-pl injector loop3. A commercially packed octade~ylsilane~ col- 
umn was used with acetonitrile-water (3565) as the mobile phase. The 
operating parameters were: flow rate, 1 ml/min; pressure, 1oOO-1200 psi; 
temperature, ambient; and UV attenuator, 0.02 aufs. Linear calibration 
curves were used to quantify hydrocortisone, while the relative concen- 
tration of the observed degradation products was characterized by peak 
heights. 

Changes in the A-ring of hydrocortisone were monitored by UV spec- 
trometry a t  254 nm. 

Self-supporting films were prepared far IR analysis5 by.pipetting ap- 
propriate volumes of either the attapulgite or the hydrocortisone-atta- 
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the degradation pathway. Kinetic and adsorption studies suggested that 
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with digoxin revealed that the clay surface, through its 
ability to concentrate both digoxin and protons, acceler- 
ated the acid-catalyzed hydrolysis of digoxin and suggested 
that other neutral drugs which are degraded by acid-cat- 
alyzed hydrolysis may be affected similarily by interaction 
with a clay (1). Since oxidation also is a major mechanism 
of drug degradation, a study was undertaken to determine 
if interaction with a clay surface could result in accelerated 
oxidative degradation. 

BACKGROUND 

Montmorillonite, a member of the smectite group of clays, promotes 
the oxidation of a number of organic compounds, including the conversion 
of pyrogallol to quinones of poorly defined structure (2), of dihydroxy- 
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semiquinone (4). In addition, hectorite, a clay belonging to the same 
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surface have been suggested as being responsible for the oxidation of 
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has been demonstrated (7), and ( c )  i t  is used in pharmaceuticals as a GI 
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orally with a clay-containing pharmaceutical, and it is used in topical 
dosage forms that also may contain a clay. 
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has been studied extensively (9-13). Transformations and elimination 
of the side chain occur in both the presence and the absence of oxygen 
(12). However, autoxidation appears to be the major mechanism of deg- 
radation of corticosteroids in pharmaceutical dosage forms (12). 

Factors intluencing the degradation of prednisolone in aqueous solution 
were investigated, and trace metals present as contaminants in the buffer 
reagents were indicated as the cause of accelerated degradation (11). 

EXPERIMENTAL 

Materials-All chemicals were official or reagent grade. Attapulgite 
was obtained commercially1. X-ray diffraction of the clay sample con- 
firmed that attapulgite was the major mineral but that  a small amount 
o f  quartz also was present. 

The effect of surface ferric iron was studied by treating the attapulgite 
by the citrate-dithionite procedure (14), which extracts nonstructural 
iron from the clay surface. The iron extracted was quantified by the o-  
phenanthroline method (15), and the total iron content was determined 
by the hydrofluoric acid dissolution procedure (16). 
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(HPLC) method, which was recommended for the analysis of hydrocor- 
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chromatograph2 was equipped with a UV detector operating a t  254 nm 
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umn was used with acetonitrile-water (3565) as the mobile phase. The 
operating parameters were: flow rate, 1 ml/min; pressure, 1oOO-1200 psi; 
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curves were used to quantify hydrocortisone, while the relative concen- 
tration of the observed degradation products was characterized by peak 
heights. 
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Table I-Stability of Hydrocortisone in Presence of Attapulgite 

Dithionite-Citrate-Treated 
Attapulgite Suspension" Attapulgite Suspension" 

Aqueous Solution a t  pH 8.4 a t  pH 8.4 
Temperature a t  pH 8.4, k 1 ,  hr-l k 1, hr-' k2, hr-l k 1, hr-' k l ,  hr-' 

23" - h 20.2 x 10-:1 4.4 x 10-3 8.10 X 2.3 x 10-:1 
:+so - h 25.7 x lo-:< 8.3 x 10-3 - - 

69' 1.5 x 10-:1 93.6 X lo-" 22.2 x 10-:1 - - 
- - 500 0.8 x lo-:' 67.0 X 14.3 X 

For comparalive purposes, the complex degradatiim pattern ol hydrocortisone in attapulgite suspension was treated as consisting of' an initial first-order phase char- 
acterized hv /<,, which was tollowed hy a slower, first-order phase characterized by kz.  No measurable degradation d hydrocortisone occurred in 180 hr. 

ao2.1 

04 

t =  

8; 
2.0 

1.9 (32 
9 8  

1.8 

pulgite suspension onto polyethylene terephthalate6 and air drying them 
a t  room temperature (18). 

Hydrocortisone was prepared for IK analysis as a potassium bromide 
pellet. 

Kinetic Studies-The attapulgite concentration was selected as 
representative of the range of clay usually used in pharmaceuticals; the 
hydrocortisone concentration was below the solubility limit, 280 pg/ml 
at  2 5 O  (19), to ensure complete solubility during the kinetic studies. Thus, 
:I60 mg of attapulgite was mixed with 30 ml of' an aqueous solution of 
hydrocortisone (200 pg/ml) in a 50-ml stoppered centrifuge tube. The 
samples were aged in a constant-temperature shaker bath a t  23,38,50, 
or 69O. At appropriate intervals, aliquots were centrifuged a t  6000 rpm, 
and the supernate was filtered7 and analyzed by HPLC. 

The pH of each suspension was measured and found to be 8.4 at each 
sampling interval. 

Aqueous solutions of  hydrocortisone (200 pg/ml), adjusted to pH 8.4 
with sodium hydroxide, were aged with the drug-clay suspensions and 
served as controls. 

The supernate from a suspension of 360 mg of attapulgite in 30 ml of 
water was filtered and used to prepare a hydrocortisone solution (200 
pg/ml). The stability of hydrocortisone in this solution was monitored 
during aging a t  23". 

A hydrocortisone-attapulgite suspension was monitored for 1 week 
while aging a t  2:P. After 1 week, the solid phase (attapulgite) was sepa- 
rated by centrifugation and washed three times with distilled water. The 
washed attapulgite was used to prepare a fresh hydrocortisone-atta- 
pulgite suspension whose stability at  23" was monitored as described. 

- 

-*.. -1 
-. 0 =.. - 
.--.. --._ 

0 1%. 
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RESULTS AND DISCUSSION 

Hydrocortisone exhibited very slow degradation in aqueous solution 
at  pH 8.4, which is consistent with previously reported stability results 
(20). A hydrocortisone solution a t  pH 8.4 was monitored every 2 days for 
42 days while aging a t  69O. During this time, the hydrocortisone con- 
centration decreased from 200 to 33 pg/rnl. A plot of log hydrocortisone 
concentration uersus time gave a straight line ( r  = 0.981), indicating that 
degradation of hydrocortisone in solution a t  pH 8.4 occurs by apparent 
first-order kinetics (Table I). Earlier reports (9-12) suggested that hy- 
drocortisone degrades by apparent first-order kinetics, although Pitman 
et a / .  (20) used the t,etrazolium assay and observed complex kinetics for 
the degradation of hydrocortisone in 0.05 M NaOH. 

Hydrocortisone degraded rapidly in the presence of attapulgite a t  pH 
8.4. For example, the hydrocortisone content of an attapulgite suspensibn 
a t  pH 8.4 decreased from 200 to 100 wg/ml after aging a t  23' for -2 days 
(Fig. 1). During the same period, the hydrocortisone content of an 
aqueous solution a t  pH 8.4 and 23" remained at 200 pg/ml (Table I). The 
relationship between the hydrocortisone concentration or the logarithm 
of' the hydrocortisone concentration and time was not linear a t  any 
temperature studied. T o  characterize the hydrocortisone degradation 
rate for comparative purposes, the degradation profile (Fig. 1) was treated 
as consisting of an initial first-order phase, characterized by k l  which was 
followed by a slower, first-order phase characterized by k p  (Table I). 

This approach appears to he justified since both kl and k2 followed the 
Arrhenius equation and the activation energy for the degradation of 
hydrocortisone was the same regardless of  whether it was calculated from 
k l  or k z  ( i . e . ,  7.13 and 7.16 kcal/mole, respectively). 

When the solubility of hydrocortisone was monitored by UV spectro- 
photometry, no change in absorbance a t  254 nm was observed in the 
control solutions. Similarly, except for a small initial decrease, no change 
i n  absorbance a t  254 nm was observed when the hydrocortisone-atta- 

Mylar. ' Nip. 12. Whatman Inc., Vlitton, N.J 

0 

,isx 0 5 10 f5 

MINUTES 
Figure 2-Typical high-pressure liquid chromatograms for hydrocor- 
tisone in attapulgite suspension at pH 8.4. Key: A, 23,38, and 50";and 
R ,  69'; HC represents the hydrocortisone pcak. 
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Figure B-Relatiiw concentration OJ/  hgdr(JcOrtiS(Jfle and i t s  degradation 
products during aging i n  a n  attapulgile suspension at pH 8.4 and 23”. 
K q f :  0, hydrocortisone; A, acidic degradation product with retention 
t ime Of2.5 min; and 0, neutral degradation product with retention time 
o/ I 1  min. 

8 min corresponded to the hydrocortisone reference standard. No attempt 
was made to identify the other two peaks. However, the degradation 
profile seen in Fig. 3 suggests that compounds with retention times of 2.5 
and 11 min arise directly from hydrocortisone and that the former com- 
pound is the acidic product while the latter compound is the neutral 
product noted in previous studies. Similar degradation profiles were 
obtained a t  38 and 50”. 

A third degradation product having a retention time of 7 min was ob- 
served at  69” (Fig. 2B). This compound did not appear until the hydro- 
cortisone was suhstantially degraded. The third degradation product 
began to appear after the degradation product with a retention time of 
2.5 min (acidic product) reached its maximum concentration (Fig. 4). This 
type of degradation profile suggests that  the third degradation product 
arises from further decomposition of the acidic product. 

The increased degradation rate of hydrocortisone in an attapulgite 
suspension is not due to any soluble impurity or extractable component 
of attapulgite since virtually no degradation of hydrocortisone occurred 
in a solution prepared using the supernate from an attapulgite suspension 
(Fig. 1). Thus, the accelerated degradation of hydrocortisone in atta- 
pulgite suspensions requires contact with the clay surface. 

I t  was hypothesized that oxidation of the C-17 side chain was the 
mechanism responsible for the accelerated degradation and that the 
source of the oxidizing action occurring a t  the surface of attapulgite was 
ferric iron. Surface ferric iron in attapulgite, as in other clay minerals, 
may exist either as surface-adsorbed iron oxides or hydroxides or as 
structural ferric iron, which is located mainly in the octahedral sites of‘ 
attapulgite. To verify this hypothesis, a portion of attapulgite was treated 
by the citratedithionite method to extract nonstructural ferric iron. The 
amount of ferric iron extracted was 0.62 mg/g, which represents 2.3% of 
the total iron (26.6 mg/g) in the sample. Hydrocortisone was much more 
stable in a suspension of the treated attapulgite, although the degradation 
was substantially greater than that occurring in aqueous hydrocortisone 
solutions. The degradation profile did not f i t  either zero- or first-order 
kinetics; for comparison, it also was treated as consisting of two first-order 
phases (Table I). The twofold reduction in the degradation rate of hy- 
drocortisone when surface ferric iron was removed from the attapulgite 
indicates that  nonstructural ferric iron catalyzes the degradation of hy- 
drocortisone. However, structural ferric iron probably also is involved 
in the catalysis since accelerated degradation occurred in the presence 
of treated attapulgite. 

The IR spectrum of the hydrocortisone-attapulgite suspension did 
not show any evidence of adsorption of hydrocortisone. However, the 
small initial decrease in the hydrocortisone content of the supernate o f  
a hydrocortisone-attapulgite suspension (Fig. 1) suggests that  hydro- 
cortisone is adsorbed weakly by attapulgite and undergoes oxidative 
degradation, which is catalyzed by both nonstructural and structural 
ferric iron a t  the clay surface. 

The catalytic potential of attapulgite appears to be readily regenerated. 
The degradation rate of hydrocortisone in an attapulgite suspension was 
determined a t  23’ (Table I). The attapulgite was recovered and, after 
washing, was used to prepare a fresh hydrocortisone-attapulgite sus- 

20 60 HOURS 100 140 

Figure 4-Relatioe concentration of hydrocortisone and its degradation 
products during aging in an attapulgite suspension at pH 8.4 and 69’. 
Key:  0, hydrocortisone; A, acidic degradation product rcith retention 
l ime  of2.5 min; 0. neutral degradation product cuith retention time of 
I 1  min; and V, unknown degradation pruduct with r e t ~ n t i o n  t ime of 
7 min 

pension. The rate profile and k l  and k z  values were identical to the results 
obtained for the original suspension. 

I t  is hypothesized that the two-phase degradation reaction of hydro- 
cortisoneobserved in the presence of attapulgite may be an indication 
that two kinds of sites for iron exist in attapulgite. As the oxidizing po- 
tential of the more accessible sites is exhausted, the degradation rate 
decreases. 

The rate of diffusion of oxygen to the iron sites may he the rate-limiting 
factor. In this case, the rapid, initial degradation of hydrocortisone causes 
the oxidative potential of the iron sites to be exhausted. The regeneration 
of the sites is limited by the diffusion of‘ oxygen to the sites, and a slower 
second phase is ohserved. 

A third possible mechanism that may produce the two-phase degra- 
dation profile could occur if the hydrocortisone degradation products 
are adsorbed more strongly by attapulgite than hydrocortisone and 
preempt the catalytic sites on attapulgite. The two phases also may arise 
if both an oxidative and a nonoxidative degradation reaction occurs a t  
the C-17 side chain. 

Since clay minerals generally contain surface lerric iron, the potential 
for accelerating the oxidative degradation of drugs should he considered 
whenever clays and drugs are combined. 
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Abstract  0 A faster, simpler, more sensitive, and semiautomated method 
was developed for the analysis of thyroid in individual thyroid tablets 
and composite samples. The  sample is cornbusted in a Schoniger flask 
in a n  oxygen atmosphere, and the liherated iodine is trapped in a dilute 
sodium hydroxide solution. The  solution is acidified with sulfuric acid 
(1:1),  and the iodine is determined colorirnetrically rising a suitahle 
s1,ectrophotometer equipped with an automated analyzer. The  proposed 
methodology was applied to tablets containing 32.4-324 mg of’ thyroid. 
Recoveries ranged from 90.0 to  125.0% of the amount of iodine added as 
potassium iodide. T h e  proposed method is sensitive to  2.5 ng of iodine/ 
ml. 

Keyphrases  0 Thyroid-semiautomated colorimetric analysis in in- 
dividual tablets 0 Iodine--semiautomated colorimetric analysis in in- 
dividual thyroid tablets 0 Colorimetry -analysis, thyroid in individual 
thyroid tahlets 

This paper describes a simple method for the determi- 
nat.ion of thyroid in individual thyroid tablets and com- 
posite samples. The method is fast and reliable. I t  permits 
more samples to be analyzed in an equivalent amount of 
time than previously reported methodology (1-3) and gives 
comparable results when applied to  individual thyroid 
tablets and composite samples. 

B A C K G R O U N D  

The USP XI>( procedure for content uniformity (1) employs an empty 
sample wrapper. which is cornbusted and used as the blank preparation. 
When t.hese sample wrappers are  used for the oxygen flask combustion 
i n  the  developed procedure, high and erratic hlanks are  recorded. Ex- 
periments (4) indicated that  the high blanks are  due  to the black dye 
incorporated in  the  sample wrappers and can be minimized by washing 
the sample wrappers several times with distilled water and drying hefore 
use. For reliable results, the blank must have <3 ng of iodine/ml for this 
procedure. 

In the procedure developed by Graham (2). iodine is determined 
spectrophotometrically as the triiodide ion, following the  oxygen flask 
ignition of Moody et a/ .  ( 3 ) ,  from a sample equivalent to 30 mg of thyroid. 
The USP assay (1 )  utilizes essentially the same chemical transformation 
but requires a sample equivalent to 1 g of t.hyroid and a final thiosulfate 
tit ration. Both procedures give comparable results. 

Luchtefeld (5) developed a semiautomated procedure, which was based 
on the kinetic procedure of Sandell and Knlthoff (6 ,7)  for the  determi- 
nation of iodine in the Total Diet market basket. By combining the 
procedures and making selected modifications, a method has been de-  
veloped that is taster. simpler, more sensitive, and  capable of being au-  
tomated. 

E X P E R I M E N T A L  

Apparatus-The automated analyzer’ system consisted of a water 
hath maintained a t  40°, heating coils [6.1-m (20-ft) inner coil and 12.2-m 
(40-ft) outer coil of 1.6-mm i.d. glass tubing], tubing S2 and ‘P, a spec- 
trophotometer4 (gears must  be adjusted to permit chart scan with s ta-  
tionary wavelength a t  405 nm),  and 10-mm flowcells. T h e  schematic di- 
agram in Fig. 1 shows the coils, tubing, and fittings. 

T h e  combustion system utilizes sample wrappers5 (which must he 
washed prior to use), sample carriers6, stoppers7, 1-liter Schoniger oxygen 
combustion flasks8, clampsg, and an oxygen flask igniter’”. 

S a m p l e  W r a p p e r  Preparat ion-The sample wrappers were placed 
in a beaker and covered with distilled water. T h e  beaker was placed in 
a stmic vibrator for 10-15 min, and the water was discarded. The  proce- 
dure was repeated five times t o  decrease the amount of iodides present 
in the sample wrappers. Then the wrappers were placed on a paper towel 
and allowed to  dry a t  room temperature. 

Reagents--Ceric Ammonium Nitrate  Solution-Ceric ammonium 
nitrate, 8.66 g, was dissolved in 100 ml of water in a 2-liter flask, 56.8 ml 
of sulfuric acid (1:l) was added, and the  solution was cooled and diluted 
to  2 liters with water. 

Arsenous Acid Solution-Arsenic trioxide, 15 g, was dissolved in 500 
ml of water (made basic with 10 ml of 50% NaOH) by heating on a steam 
hath. T h e  snlution was cooled, 56.8 ml of sulfuric acid (1:l) was added, 
and the  solution was cooled and diluted to 2 liters with water. 

Sodium Sulfate Solution-To prepare the  sodium sulfate solution. 
60 ml of 50% NaOH was transferred to a 2-liter flask with 1 liter ofwater. 
Sulfuric acid ( l : l ) ,  100 ml, was added cautiously. The solution was cooled 
and diluted to 2 liters with water. 

Sodium Chloride Solution-The sodium chloride solution was a 0.5% 
aqueous solution. 

S t a n d a r d  Preparat ion-To prepare the  standards, 0.1308 g of cer- 
tified ACS grade potassium iodide11 was dissolved in water, and the  so- 
lution was diluted to  l liter to  give a concentration of 0.1 mg of iodine/ml. 
This  solutitrn was diluted with the sodium sulfate solution to give a 
concentration o f  0.1 gg of iodindml. Standards containing 2.5,5.0, 10.0, 
15.0, 20.0, and  25 ng of iodindml were prepared from the resulting so- 
lution and t h e  sodium sulfate solution. These solutions are used for the 
s tandard curve and should be prepared fresh daily. 

AutoAnalyzer, liquid sampler 1. and proportioning pump 1. Technicon In- 

Solvallex. Technicon Instruments, Tarrytown. N.Y. 
Tygon, Plastics and Synthetics Division, Norton Co., Tallmadge, Ohio. 
Model DK-PA, Berkman Instruments. Fullerton, Calif. 
Block, Catalog KO. 6414-F7O, Arthur H. Thomas Co.. Philadelphia, Pa. 
Ogg. Catalog No. 6514-F45, Arthur H. Thomas Co., Philadelphia, Pa. 

struments, Tarrytown, N.Y. 

’ Thomas-Ogg, Catalog No. 6514-F45. Arthur H. Thomas CII., Philadelphia, 
Pa. 

Catalog No. 4980, Arthur H. Thomas Co.. Philadelphia, Pa. 
Thomas-Ogg, No. 35, Arthur H. Thomas Co., Philadelphia, Pa. 

lo Thomas-Ogg, model 11, Arthur H. Thomas Co., Philadelphia. Pa. 
I I  Fisher Scientific Co., Pittsburgh, Pa. 
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Abstract  0 A faster, simpler, more sensitive, and semiautomated method 
was developed for the analysis of thyroid in individual thyroid tablets 
and composite samples. The  sample is cornbusted in a Schoniger flask 
in a n  oxygen atmosphere, and the liherated iodine is trapped in a dilute 
sodium hydroxide solution. The  solution is acidified with sulfuric acid 
(1:1),  and the iodine is determined colorirnetrically rising a suitahle 
s1,ectrophotometer equipped with an automated analyzer. The  proposed 
methodology was applied to tablets containing 32.4-324 mg of’ thyroid. 
Recoveries ranged from 90.0 to  125.0% of the amount of iodine added as 
potassium iodide. T h e  proposed method is sensitive to  2.5 ng of iodine/ 
ml. 
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This paper describes a simple method for the determi- 
nat.ion of thyroid in individual thyroid tablets and com- 
posite samples. The method is fast and reliable. I t  permits 
more samples to be analyzed in an equivalent amount of 
time than previously reported methodology (1-3) and gives 
comparable results when applied to  individual thyroid 
tablets and composite samples. 

B A C K G R O U N D  

The USP XI>( procedure for content uniformity (1) employs an empty 
sample wrapper. which is cornbusted and used as the blank preparation. 
When t.hese sample wrappers are  used for the oxygen flask combustion 
i n  the  developed procedure, high and erratic hlanks are  recorded. Ex- 
periments (4) indicated that  the high blanks are  due  to the black dye 
incorporated in  the  sample wrappers and can be minimized by washing 
the sample wrappers several times with distilled water and drying hefore 
use. For reliable results, the blank must have <3 ng of iodine/ml for this 
procedure. 

In the procedure developed by Graham (2). iodine is determined 
spectrophotometrically as the triiodide ion, following the  oxygen flask 
ignition of Moody et a/ .  ( 3 ) ,  from a sample equivalent to 30 mg of thyroid. 
The USP assay (1 )  utilizes essentially the same chemical transformation 
but requires a sample equivalent to 1 g of t.hyroid and a final thiosulfate 
tit ration. Both procedures give comparable results. 

Luchtefeld (5) developed a semiautomated procedure, which was based 
on the kinetic procedure of Sandell and Knlthoff (6 ,7)  for the  determi- 
nation of iodine in the Total Diet market basket. By combining the 
procedures and making selected modifications, a method has been de-  
veloped that is taster. simpler, more sensitive, and  capable of being au-  
tomated. 

E X P E R I M E N T A L  

Apparatus-The automated analyzer’ system consisted of a water 
hath maintained a t  40°, heating coils [6.1-m (20-ft) inner coil and 12.2-m 
(40-ft) outer coil of 1.6-mm i.d. glass tubing], tubing S2 and ‘P, a spec- 
trophotometer4 (gears must  be adjusted to permit chart scan with s ta-  
tionary wavelength a t  405 nm),  and 10-mm flowcells. T h e  schematic di- 
agram in Fig. 1 shows the coils, tubing, and fittings. 

T h e  combustion system utilizes sample wrappers5 (which must he 
washed prior to use), sample carriers6, stoppers7, 1-liter Schoniger oxygen 
combustion flasks8, clampsg, and an oxygen flask igniter’”. 

S a m p l e  W r a p p e r  Preparat ion-The sample wrappers were placed 
in a beaker and covered with distilled water. T h e  beaker was placed in 
a stmic vibrator for 10-15 min, and the water was discarded. The  proce- 
dure was repeated five times t o  decrease the amount of iodides present 
in the sample wrappers. Then the wrappers were placed on a paper towel 
and allowed to  dry a t  room temperature. 

Reagents--Ceric Ammonium Nitrate  Solution-Ceric ammonium 
nitrate, 8.66 g, was dissolved in 100 ml of water in a 2-liter flask, 56.8 ml 
of sulfuric acid (1:l) was added, and the  solution was cooled and diluted 
to  2 liters with water. 

Arsenous Acid Solution-Arsenic trioxide, 15 g, was dissolved in 500 
ml of water (made basic with 10 ml of 50% NaOH) by heating on a steam 
hath. T h e  snlution was cooled, 56.8 ml of sulfuric acid (1:l) was added, 
and the  solution was cooled and diluted to 2 liters with water. 

Sodium Sulfate Solution-To prepare the  sodium sulfate solution. 
60 ml of 50% NaOH was transferred to a 2-liter flask with 1 liter ofwater. 
Sulfuric acid ( l : l ) ,  100 ml, was added cautiously. The solution was cooled 
and diluted to 2 liters with water. 

Sodium Chloride Solution-The sodium chloride solution was a 0.5% 
aqueous solution. 

S t a n d a r d  Preparat ion-To prepare the  standards, 0.1308 g of cer- 
tified ACS grade potassium iodide11 was dissolved in water, and the  so- 
lution was diluted to  l liter to  give a concentration of 0.1 mg of iodine/ml. 
This  solutitrn was diluted with the sodium sulfate solution to give a 
concentration o f  0.1 gg of iodindml. Standards containing 2.5,5.0, 10.0, 
15.0, 20.0, and  25 ng of iodindml were prepared from the resulting so- 
lution and t h e  sodium sulfate solution. These solutions are used for the 
s tandard curve and should be prepared fresh daily. 

AutoAnalyzer, liquid sampler 1. and proportioning pump 1. Technicon In- 

Solvallex. Technicon Instruments, Tarrytown. N.Y. 
Tygon, Plastics and Synthetics Division, Norton Co., Tallmadge, Ohio. 
Model DK-PA, Berkman Instruments. Fullerton, Calif. 
Block, Catalog KO. 6414-F7O, Arthur H. Thomas Co.. Philadelphia, Pa. 
Ogg. Catalog No. 6514-F45, Arthur H. Thomas Co., Philadelphia, Pa. 
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’ Thomas-Ogg, Catalog No. 6514-F45. Arthur H. Thomas CII., Philadelphia, 
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Catalog No. 4980, Arthur H. Thomas Co.. Philadelphia, Pa. 
Thomas-Ogg, No. 35, Arthur H. Thomas Co., Philadelphia, Pa. 

lo Thomas-Ogg, model 11, Arthur H. Thomas Co., Philadelphia. Pa. 
I I  Fisher Scientific Co., Pittsburgh, Pa. 
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Figure 1-Flow diagram of semiautomated system for determination 
of iodine in thyroid tablets. 

Sample Preparation-An amount of tablet or composite sample 
equivalent to 12-40 mg of thyroid was weighed accurately on a washed 
sample wrapper. The wrapper was folded, and the sample was transferred 
to the sample carrier. Thirty milliliters of 0.5 N NaOH was placed in a 
1-liter Schoniger combustion flask, and the flask was deaerated with a 
rapid oxygen stream for 4 min with shaking. The mouth of the flask was 
moistened with water, and the stopper containing the sample was placed 
immediately in the flask and clamped securely. The joint of the flask 
around the stopper was moistened with water, and the sample was ignited 
with the igniter. 

After combustion was completed, the flask was shaken vigorously for 
1 min and then was allowed to stand for a minimum of 15 min with in- 
termittent shaking. The solution in the flask was transferred quantita- 
tively with water to a 200-ml volumetric flask containing 1 ml of sulfuric 
acid (Ll) ,  and the solution was diluted to volume with water. Then a 4-ml 
aliquot was transferred to a 100-ml volumetric flask, and the solution was 
diluted to volume with the sodium sulfate solution. 

Blank Preparation-An empty sample wrapper was subjected to the 
same procedure as described for sample preparation. 

Determinative Step-The automated analyzer pump manifold was 
set up as shown in Fig. 1. From the water bath, which was maintained at 
40 f l o ,  the solution passed through a 10-mm flowcell in a suitable 
spectrophotometer adjusted to maintain a constant wavelength a t  -405 
nm and to scan the chart a t  or near the slowest speed. The reference beam 
contained an empty 10-mm flowcell. 

The instrument was zeroed by placing Tubes 1,3,5,  and 11 (Fig. 1) in 
a container of distilled water. The water was pumped through the auto- 
mated analyzer pump manifold through a 10-mm flowcell in the sample 
compartment of the spectrophotometer for 30 min. Then the tubes were 
removed from the water and placed in the following solutions: Tube 1, 
sodium sulfate solution; Tube 3, sodium chloride solution; Tube 5, ar- 
senous acid solution; and Tube 11, ceric ammonium nitrate solution. The 
solutions were pumped through the automated analyzer as in zeroing the 
instrument to establish a baseline (usually from 0.7 to 0.9 absorbance 
unit). A standard curve (Fig. 2) was obtained by placing the iodine 
standard solutions in successive cups using a rate of 20/hr. The sample 
blank and the samples were run in the same manner as the standards. 

The iodine content of the samples was determined from the standard 
curve. Figure 3 shows typical signal peaks used to construct the iodine 
standard curve. 

The percent of iodine per tablet based on the label declaration of 
thyroid was calculated from: 

(’ - B ,  X DF X ATW X 100 
1,000,ooo 

% iodine = (Eq. 1 )  S W X D  
where S is the nanograms of iodine found in the sample from the standard 
curve, R is the nanograms of iodine found in the blank from the standard 
curve, D F  is the dilution factor of the sample (5000), ATW is the average 
tablet weight (grams), l,O00,000 is the factor converting nanograms of 

5 10 15 20 25 
IODINE CONCENTRATION, n g h l  

Figure 2-Standard curve for semiautomated determination of io- 
dine. 

iodine to milligrams, S W is the sample weight (grams), and D is the label 
declaration of thyroid per tablet (milligrams). If the label declaration of 
thyroid is given in grams per tablet instead of milligrams per tablet, 64.8 
mg should be taken as equal to 1 gr. 

RESULTS 

The efficiency of the method was determined by adding known 
amounts of iodine to the 0.5 N NaOH in the combustion flask before the 
sample combustion and calculating the percent recoveries (Table I). 

0.90 I <  I 0.881 

I 
il 

PO 

I 
CONCENTRATION, ng/ml 

Figure 3-Typical signal peaks for iodine at 2 .5 ,5 ,  10, 15,20, and 25 
nglml. Peaks are scanned from right to  left .  
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Tab le  111-Comparison of Analytical Data with and without 
Solvents Used to Reduce the  Amount of Iodine in the Sample 
Wrappers  

Table  I-Recovery of Iodine Added to Composite Samples 

Compos- Added, Found, Recovery, 
Sample ite PPm PPm % 

Iodine 
Sample Solvent Absorbance Pound, fig A, 32.4 mghablet 1 200 230 115 

2 400 410 102 
3 400 410 102 
4 400 490 122 
5 500 570 114 

1 Water 0.765 0.1 
2 Acetic Acid 0.410 20.8 
3 Ethanol 0.382 22.6 
4 Methanol 0.351 25.0 
5 None 

Control (1) 0.535 12.4 
(2) 0.515 13.7 

A series of four experiments (4) was designed to check experimentally 
the apparatus as well as the solutions and sample wrappers. The analysis 
of these results indicated that the high iodine blanks were caused by the 
black dye incorporated in the paper used to wrap the samples. 

The sample wrappers were washed with distilled water, alcohol, 
methanol, acetic acid, chloroform, acetone, benzene, and heptane in glass 
beakers of convenient size. The solvents were decanted from the wrap- 
pers, and all wrappers were dried first on a steam bath under a current 
of air and then in a convection oven a t  105' (except the wrappers from 
the water wash, which were allowed to dry a t  room temperature). 

The wrappers from the chloroform, acetone, benzene, and heptane 
washes were brittle after drying and were discarded. The remaining 
wrappers (one from each of the water, acetic acid, ethanol, and methanol 
washes) and two unwashed sample wrappers (controls) were assayed by 
the proposed procedure, and the amount of iodine remaining in the 
wrappers was calculated from a standard iodine curve. The results of the 
analysis (Table 111) indicate that the methanol, ethanol, and acetic acid 
were contaminated with iodine; distilled water was the solvent of choice 
for decreasing the amount of iodine in the sample wrappers to give neg- 
ligible iodine blanks. 

Several factors influence the determination of iodine in thyroid tablets. 
One is the increase in absorbance as the temperature is increased. This 
phenomenon implies that  the standards and the sample should be run 
a t  the same temperature. This effect also was observed and demonstrated 
by Moran (8). Another factor is the ionic strengths of the cerium(1V) and 
arsenic(lI1) solutions. These solutions should be prepared and maintained 
as proposed in this procedure if the analysis is to he valid and useful. A 
previous study (9) supported these views. The final factor is the tubing 
(S and T); it should he changed when the absorbances of the standard 
iodine solutions change significantly while the other parameters remain 
the same. 

The reaction rate is not directly proportional to the iodine concen- 
tration; therefore, a calibration curve with a slight curvature is obtained 
(Fig. 2). 

In developing this procedure for the analysis of thyroid in thyroid 
tablets, 0.25 N NaOH was used first as the absorbing solution to trap the 
liberated iodine after the oxygen flask combustion. Low recoveries of 
iodine were obtained. The next attempt was with 0.5 N NaOH, and the 
recoveries were much improved (Table IV). This contrast in recoveries 
probably is due to the lower sodium hydroxide concentration not ab- 

Average 
6 600 550 92 

108 
B, 64.8 mg/tablet 1 200 210 

2 200 190 
105 
95 

125 3 200 250 
4 400 460 
5 600 590 

A-1.64.8 mghablet 1 400 360 
R-I ,  120 mg/tablet 1 500 460 
C-l,180 mghablet 1 222.2 244.5 
D-1, 240 mghablet 1 425.5 468 
E-l,300 mghablet 1 375 400 

Average 

115 
98 

108 
90 
92 

110 
110 
107 

Four concentrations of uncoated thyroid tablets labeled in milligrams 
(32.4,64.8,130, and 180 mg) and five concentrations of uncoated thyroid 
tablets labeled in grains (1,2, :3,4, and 5 gr) were assayed by the proposed 
proredure for individual tablets and composite samples. The results were 
compared to those obtained from the USP assay (1) on the composite 
samples and are in close agreement (Table I!). 

DISCUSSION 

The primary considerations in developing this semiautomated pro- 
redure for content uniformity of individual tablets were its reliability, 
sensitivity, speed, and simplicity. The proposed procedure addresses all 
of  these concerns. 

While this procedure was being developed, much experimentation was 
required to determine the cause of high blanks. Blanks obtained hy using 
the sample wrappers as received were high, inconsistent. and erratic. In 
some instances, the absorbance of the blanks indicated that more iodine 
was present than in the samples; therefore, the quantity of thyroid in the 
thyroid tablets could not he determined with any accuracy. 

Table  11-Comparison of Individual Thyroid Tablets and 
Composite Samples Assayed by the Proposed Procedure and  
U S P  (1) Assay for Percent  of Labeled Amount of Thyroid 

Individual USP 
Composite Tablet Composite 

Sample Sample, % Assaya, % Assay, % 

0.206 
f0.019 

0.214 
f0.009 

0.216 
f0.005b 

0.200 
40.019* 

0.207 
f0.0086 

0.213 
40.007 

0.208 
f0.008 

0.209' 

SD 
Table IV-Comparison of Percent Recovery of Iodine Added to 
Composite Samples Using Two Concentrations of Sodium 
Hydroxide 

0.214 
f0.002 

Sodium 
Hydrox- 

ide 
Concen- 
tration, Compos- Added, Found, Recovery, 

Sample N ite ppm ppm 7% 

SD 

0.216 
f0.017 

0.204 
f0.016 

0.198 
f0.012 

0.212 
f0.012 

0.207 
f0.007 

0.200 
f0.002d 

0.200' 0.203 
f0.002d 

Mean 
SD 

Mean 
sn 
Mean 
S I I  

C-1, 180 mg/tablet 

D-1, 240 mghablet 

A 23 A multnhlet 0.25 1 400 280 70 
2 400 284 71 
3 400 300 

0.5 1 400 410 102 
2 400 410 102 

0.195c 0.204 
40.002d 

0.203' 0.204 
f0.004d 3 400 490 122 

R. 64.8 rnqhablet 0.25 1 200 118 59 
2 200 124 62 

E-lr300 mghablet 
Mean 
SD 

0.205 
f0.005d 

0.214c 

" Assay of 10 individual tablets. * n = 6. One determination of composite 
samples A-1, B-1, C-1, D-1, and E-l was performed using the proposed methodology. 
d n  = 3 .  

3 200 
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sorbing all o f  the iodine released t’rom the oxygen tlask combustion ofthe 
tablets. 

The combustion apparatus and glassware must he scrupulously cleaned 
before and after use with distilled water, dilute sodium hydroxide (0.1-0.6 
N ) ,  and again with distilled water to prevent contamination of iodine 
adsorbed onto these surfaces. 

The proposed procedure was not used on coated thyroid tahlets, hut 
it  should work if  a homogeneous sample is ohtained. 
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Abstract A semiautomated fluorometric method for the analysis of 
enteric-coated and plain coated diethylstilbestrol tablets is presented. 
To eliminate interferences from tablet excipients, diethylstilbestrol is 
extracted into an organic solvent and then into a basic aqueous solution. 
After UV irradiation, a product of diethylstilbestrol is formed from which 
a fluorophore is produced chemically. The fluorescence is measured a t  
an excitation wavelength of 335 nm and an emission wavelength of 410 
nm. The coefficient of variation measured for the semiautomated pro- 
cedure was 0.59%. Assay results agreed well with the USP procedure for 
tablets containing >1 mg of diethylstilbestrol. Tablet dyes and excipients 
interfered in the USP procedure, which yielded low results for tablets 
containing <1 mg of diethylstilbestrol. Standard recovery data and assays 
of tablet composites showed that dyes and other excipients do not in- 
terfere with the semiautomated procedure. 

Keyphrases Diethylstilbestrol-semiautomated fluorometric analysis 
of enteric-coated and plain coated tablets Fluorometry-semiauto- 
mated analysis of enteric-coated and plain coated diethylstilbestrol 
tablets R Estrogens-diethylstilbestrol, semiautomated fluorometric 
analysis of enteric-coated and plain coated tablets 

Diethylstilbestrol is one of several synthetic estrogens 
whose use has been the subject of many clinical studies. 
The estrogenic activity of this stilbenediol derivative was 
discovered in 1938 (1 ). In recent years, diethylstilbestrol 
has been administered for estrogen replacement therapy 
and treatment of mammary carcinoma and as a contra- 
ceptive. 

BACKGROUND 

The USP (2 )  content uniformity requirement for diethylstilbestrol 
tablets increased the analytical workload of many pharmaceutical lab- 
oratories. The individual tablet assay described in the monograph is te- 
dious and, because of excipient interference, cannot he used to assay 
enteric-coated tablets containing <1 mg of diethylstilbestrol. The sem- 
iautomated method developed by Hussey et a!. (3) is similar in principle 
to the USP XIX procedure (2) but is limited to the analysis of plain 
tablets and the cores of enteric-coated tablets of dosage levels of >0.25 
mg. 

The semiautomated method described in this report utilizes a fluo- 
rometric determinative step to achieve greater sensitivity for the analysis 
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of low dosage tablets. After UV irradiation of diethylstilbestrol, a fluo- 
rophore is produced quantitatively by reducing the irradiation product 
(4) with an alcoholic hydrochloric acid solution containing 2% pyrocat- 
echo1 and heating to form a phenanthrenediol. The pyrocatechol increases 
the fluorescence intensity slightly, which adds to the overall stability of 
the automated system. 

Use of the irradiation product itself as the fluorophore for analysis was 
investigated by Goodyear and Jenkinson ( 5 ) .  Excipients in enteric 
coatings were reported to cause some interference, and the fluorescence 
intensity of the irradiation product without the addition of acid and 
without heating was not sufficient for quantitation of low dosage tablets 
in the automated system. However, an intense fluorophore, 3,6-dihy- 
droxy-9,10-diethylphenanthrene, is produced when the UV irradiation 
product is heated with an alcoholic hydrochloric acid solution containing 
2% pyrocatechol. Umberger et al. (6) performed a similar reduction by 
heating the UV irradiation product with acid and bisulfite in alcohol 
solution to form the phenanthrenediol. 

The need to analyze low dosage, enteric-coated diethylstilbestrol 
tablets from various manufacturers prompted the development of this 
semiautomated system. The method utilizes the principles and materials 
of the methods cited, and an extraction step was added to eliminate in- 
terferences from tablet excipients. 

EXPERIMENTAL 

Principles-A solution of diethylstilbestrol in 0.05 M alcoholic dibasic 
potassium phosphate was acidified with 1 N HCI and extracted with 
isooctane-butanol. The drug in the organic phase then was extracted with 
1 N NaOH. The extract was mixed with phosphoric acid and dibasic 
potassium phosphate, and the mixture was irradiated with UV light. The 
irradiation product was reacted with a 2% solution of pyrocatechol in 2 
N HCI a t  70”. The fluorophore thus produced was measured a t  an exci- 
tation wavelength of 335 nm and an emission wavelength of 410 nm. 

Apparatus-The automated analyzer’ system consisted of a sampler, 
two proportioning pumps, a heating bath a t  TOo,  a fluorometer with a 
primary2 and a secondary3 filter, and a recorder utilizing linear chart 
paper to record the relative fluorescence intensity. Typical fluorometer 

AutoAnalyzer with sampler 11, proportioning pump I, and fluorometer 11, 

No. 72786, maximum transmittance at 335 nm, Beckman Instruments, Ful- 
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Abstract A semiautomated fluorometric method for the analysis of 
enteric-coated and plain coated diethylstilbestrol tablets is presented. 
To eliminate interferences from tablet excipients, diethylstilbestrol is 
extracted into an organic solvent and then into a basic aqueous solution. 
After UV irradiation, a product of diethylstilbestrol is formed from which 
a fluorophore is produced chemically. The fluorescence is measured a t  
an excitation wavelength of 335 nm and an emission wavelength of 410 
nm. The coefficient of variation measured for the semiautomated pro- 
cedure was 0.59%. Assay results agreed well with the USP procedure for 
tablets containing >1 mg of diethylstilbestrol. Tablet dyes and excipients 
interfered in the USP procedure, which yielded low results for tablets 
containing <1 mg of diethylstilbestrol. Standard recovery data and assays 
of tablet composites showed that dyes and other excipients do not in- 
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whose use has been the subject of many clinical studies. 
The estrogenic activity of this stilbenediol derivative was 
discovered in 1938 (1 ). In recent years, diethylstilbestrol 
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of low dosage tablets. After UV irradiation of diethylstilbestrol, a fluo- 
rophore is produced quantitatively by reducing the irradiation product 
(4) with an alcoholic hydrochloric acid solution containing 2% pyrocat- 
echo1 and heating to form a phenanthrenediol. The pyrocatechol increases 
the fluorescence intensity slightly, which adds to the overall stability of 
the automated system. 
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investigated by Goodyear and Jenkinson ( 5 ) .  Excipients in enteric 
coatings were reported to cause some interference, and the fluorescence 
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in the automated system. However, an intense fluorophore, 3,6-dihy- 
droxy-9,10-diethylphenanthrene, is produced when the UV irradiation 
product is heated with an alcoholic hydrochloric acid solution containing 
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solution to form the phenanthrenediol. 
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of the methods cited, and an extraction step was added to eliminate in- 
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N HCI a t  70”. The fluorophore thus produced was measured a t  an exci- 
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Apparatus-The automated analyzer’ system consisted of a sampler, 
two proportioning pumps, a heating bath a t  TOo,  a fluorometer with a 
primary2 and a secondary3 filter, and a recorder utilizing linear chart 
paper to record the relative fluorescence intensity. Typical fluorometer 
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Figure 1-Section of quartz irradiation coil. The coil consists of 22 
37-cm lengths of quartz tubing, 2 mm i.d. X 3 mm o.d., connected by 
tubing and glass U-tubes. The coil is formed into top and bottom grids, 
each haoing 1 I lengths of quartz tubing. The grids are shifted out of line 
to  maximize exposure to UV light. 

parameters were: sample aperture, 3; reference aperture, 2; and full-scale 
recording, 110. 

The UV irradiation assembly consisted of clear quartz tubing4, 2 mm 
i.d. X 3 mm 0.d. and -9 m long, made into a coil as described by Hussey 
et al. (3) and connected by tubing5 and glass U-tubes6 (Fig. l), and a 15-w 
germicidal lamp7 mounted -10 cm above the quartz coil. Aluminum foil 
was placed under the coil to provide a reflective background. The entire 
UV irradiation assembly was covered with aluminum foil for maximum 
internal reflectance and to prevent leakage of harmful UV radiation. 

Reagents-The alcohol used was 95% ethanol. 
To prepare 0.05 A4 alcoholic dibasic potassium phosphate, 8.7 g of 

anhydrous dibasic potassium phosphate was dissolved in 500 ml of water, 
and the solution was diluted to 1 liter with alcohol. 

The 1 N HCl was prepared by diluting 83 ml of concentrated hydro- 
chloric acid to 1 liter with wat.er. 

For the alcoholic hydrochloric acid, 83 ml of concentrated hydrochloric 
acid was diluted to 500 ml with water, and the mixture was diluted to 1 
liter with alcohol. 

The 1 N NaOH was prepared by diluting 50 ml of 50% (w/v) NaOH to 
1 liter with water. 

For the alcoholic phosphoric acid solution, 250 ml of alcohol was added 
to 60 g of 85% HsP04, and the mixture was diluted to 1 liter with water. 
The strength of this reagent was adjusted, if necessary, to obtain the 
correct pH after irradiation. 

To prepare the pyrocatechol solution, 20 g of pyrocatechol was dis- 
solved in 500 ml of water, and 178 ml of hydrochloric acid and 250 ml of 
alcohol were added. The solution was mixed and diluted to 1 liter with 
water. 

The organic solvent was prepared by adding 200 ml of n-butanol to 1 
liter of isooctane with mixing. n -Rutanol and distilled-in-glass isooctane 
that are suitable for spectrophotometry and chromatography were 
used. 

Diethylstilbestrol Standard Solution-Approximately 25 mg of 
diethylstilbestrol USP reference standard was weighed into a 250-ml 
volumetric flask. The standard was dissolved and diluted to volume with 
the alcoholic dibasic potassium phosphate. A 10.0-ml aliquot of the stock 
standard solution was transferred to a 100-ml volumetric flask and diluted 
to  volume with the alcoholic dibasic potassium phosphate; this solution 

W. A. Sales. Deerfield, Ill. 
Acidflex. Technicon Corp., Tarrytown, N.Y. 
No. 116-0223, Technicon Corp., Tarrytown, N.Y. 
No. E-15763, Crescent Manufacturing Co., Philadelphia, Pa. 

was stable for a t  least 10 days. T o  assay tablets containing <1 mg of di- 
ethylstilbestrol, a 10.0-ml aliquot of the stock standard solution was 
placed in a 100-ml volumetric flask, 40 ml of the alcoholic dibasic po- 
tassium phosphate reagent was added, and the mixture was diluted to 
volume with the alcoholic hydrochloric acid. 

Sample Preparation-For tablets containing 1 mg or more of di- 
ethylstilbestrol, individual tablets were disintegrated or weighed com- 
posites were dispersed in an accurately measured volume of the alcoholic 
dibasic potassium phosphate reagent to give a concentration of 0.01 
mg/ml. Samples were placed in an ultrasonic generator for -15 min with 
intermittent swirling to ensure tablet disintegration. Enteric-coated 
tablets were sonicated until visual examination indicated no trace of 
intact tablet particles when the sample was swirled. Up to 30 min was 
required for some products, depending on the enteric-coating formula- 
tion. The alcoholic dibasic potassium phosphate reagent was used as the 
wash solution for the automatic analyzer. 

For tablets containing <1 mg of diethylstilbestrol, individual tablets 
were disintegrated or weighed composites were dispersed in an accurately 
measured volume of the alcoholic dibasic potassium phosphate reagent 
to give half of the final volume of the sample solution. The diethylstil- 
bestrol from the tablet material was dissolved by ultrasonic treatment 
as described. An accurately measured equal volume of the alcoholic hy- 
drochloric acid reagent was added to give a final diethylstilbestrol con- 
centration of 0.01 mg/ml. The solution was allowed to stand until the 
precipitate had settled. For the automatic analyzer, a wash solution of 
dibasic potassium phosphate reagenbalcoholic hydrochloric acid reagent 
(1:1) was used. 

Procedure-The automated system was assembled as shown in Fig. 
2. The first manifold (Pump A) is the extraction manifold. The second 
manifold (Pump B) is the irradiation and fluorescence manifold. 

The automated system was equilibrated as follows. With the fluores- 
cence manifold pump turned off, the proper reagents were pumped 
through the extraction manifold. When the B4 fitting on the fluorescence 
manifold was filled with aqueous and organic layers, the fluorescence 
manifold pump was turned on and all of the reagents were pumped 
through the system. Approximately 30 min was allowed for system 
equilibration. The pH of the phosphate solution was checked after irra- 
diation by collecting, on pH paper, a few drops from the waste line off the 
C3 resample fitting. A pH of 7-8 was desired. 

Portions of the prepared sample and standard solutions were placed 
in 8.5-ml polystyrene cups on the sampler, which was set to a rate of 20 
sampleshr and a sample-to-wash ratio of 2:l. The sampling pattern was 
three cups of standard, five cups of sample, one cup of standard, five cups 
of sample, etc. Two cups of standard were placed at the end of each run. 
In the calculations, the first two and the last standard peaks were disre- 
garded. 

In the automatic analyzer, the sample was withdrawn, segmented with 
air, and acidified with 1 N HCI. Isooctane-butanol was added and mixed, 
and the aqueous and organic phases were separated. The organic phase, 
which contained the drug, was resampled, segmented with air, and mixed 
with 1 N NaOH. The aqueous phase, which then contained the diethyl- 
stilbestrol, was separated and mixed with alcoholic dibasic potassium 
phosphate and phosphoric acid. The solution was irradiated in a quartz 
coil under a germicidal lamp. The solution was resampled, mixed with 
2% pyrocatechol in 2 N HCl and alcohol, and heated a t  70°. The solution, 
which then contained a fluorophore of the diethylstilbestrol irradiation 
product, was cooled and passed through the fluorometer. The fluores- 
cence was measured at an excitation wavelength of 335 nm and an 
emission wavelength of 410 nm. Typical peaks from the analyzer are 
shown in Fig. 3. 

RESULTS AND DISCUSSION 

Four diethylstilbestrol standard solutions having concentrations of 
50,100,150, and 200 pg/ml were passed through the analyzer. A graph 
of the fluorescence intensities of these solutions versus concentration 
result,ed in a straight line that passed through the origin. 

A sampling rate of 25 cupsh r  was tested with standard solutions. 
However, the coefficient of variation for the system increased to 2.00% 
a t  25 cups/hr from 0.60% a t  20 cupshr.  Moreover, the percentage of 
steady state (defined as 100 times the ratio of the sample peak intensity 
to the steady-state signal intensity) achieved by the peaks decreased from 
94.4 to 84.0%. 

A composite sample of enteric-coated, 1-mg tablets was prepared from 
a commercial product. Twenty weighed portions of this composite, each 
equivalent to a single tablet, were assayed by the semiautomated method. 
The coefficient of variation obtained was 1.09% (Table I). In addition, 
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a single determination on each of 10 days was performed on the same 
composite to test the day-to-day reproducibility of.the system, and the 
coefficient of variation obtained was 0.59%. The individual standard 
solutions used in the tests were assayed by comparison to freshly prepared 
standard solutions. All of the standard solutions were stoppered and 
stored on a hench top, exposed to room light and to changes in temper- 
ature and humidity. These solutions were reexamined after 8 days, and 
no decomposition was observed. 

Table  I-Reproducibility Data  for 1-mg Diethylstilbestrol 
Enteric-Coated Tablets Using the  Semiautomated Method a 

Reproducibility 
Same Day Day- to-Day 

102.4 
101.3 
100.1 
101.1 
104.6 
102.3 
100.6 
100.8 
99.9 

100.9 
101.3 
101.2 
102.2 
99.6 

100.7 
101.9 
100.2 
101.8 
101.1 
101.3 

Mean (20) 101.3 
SD 1.11 
cv, % 1 .09 

102.0 
102.2 
102.3 
102.2 
102.3 
102.4 
102.2 
103.2 
101.0 
101.3 

(10) 102.1 
0.60 
0.59 

a Results are reported as percent of label declaration 

Figure 2-Flow diagram 
for t h e  determinat ion o f  
diethylstilbestrol in tab- 
lets. Key:  A ,  1X mixer, ? 
turns ,  1.0 mm i.d.; R,  1 X 
mixer, fice turns,  2 mm 
id . ;  C ,  1 X mixer, 1.4 turns, 
2 m m  i.d.; D. jacketed 
mixer ,  14 turns,  2.4 mm 
i.d.; E ,  delay (set t l ing)  
coil, 5.5 turns, 2.4 mm id.; 
F,  irradiation assembly, 
consisting of quartz coil 
(Fig. I )  and 1.5-u~ IJV 
lamp;  G, heating bath,  
containing 12-m ( 4 0 - f t )  
glass coil, 1.6 mm i.d., set 
at 70°; H ,  polyethylene 
tubing,  0.82 mm (0.034 
in.) i.d.; and J ,  Tygon 
tubing,  1.59 mm (0.0625 
i n . )  i .d. Transmission 
tubing is glass, 2 mm i.d. 
For the p u m p  tubes, R A  
is red Acidf lex ,  T is 
T-vgorz, and Si is silicon; 
W indicates flow to waste 
re,seruoir. 

Seventy-six cups of a solution prepared from a composite of plain 
coated tablets were passed through the system. No serious evaporation 
effects were observed. However, since the samples were dissolved in a 50% 
alcoholic solution and the sampler was set a t  20 cups/hr, the cups were 
filled and the trays were loaded just before analysis. 

Enteric-coated tablets usually are difficult to disintegrate. Normally, 
an enteric-coated tablet must be crushed or the outer shell must be 
cracked before the solvent is added; otherwise, tablet disintegration with 
an ultrasonic generator proceeds slowly and a uniform dispersion of tablet 
material is not obtained. Use of alcoholic dibasic potassium phosphate 
as a solvent proved successful for the disintegration of enteric-coated 
diethylstilbestrol tablets. With the aid of an ultrasonic generator, this 
solvent disintegrated the tablets into a fine dispersion; the outer shell 
disintegrated, the tablet core slowly disintegrated, and complete tablet 
disintegration occurred in a reasonable period. The task of cracking the 
outer shell of each tablet before solvent addition thus was eliminated. 

7 0 1  

+TIME 
Figure 3-Standard rpproducibility curve for automated analysis of 
diethylstilbestrol. 

Journal of Pharmaceutical Sciences I 953 
Vol. 69, No. 8, August 1980 



Table 11-Comparison of the  Semiautomated Method with the 
USP XIX Method for Assay of Diethylstilbestrol Tabletsa  

Dosage 

Plain coated, 5 mg 
Plain coated, 5 mg 
Plain coated, 1 mg (mean) 

Enteric coated, 5 mg (mean) 

Enteric coated, 1 mg (mean) 

Enteric coated, 0.25 mg (mean) 

Enteric coated, 0.1 mg (mean) 

c‘v, 70 

cv, % 

CV,  % 

cv, ?&I 

c v, % 

Semiauto- 
mated USP 

96.0 
100.0 
99.3 (5) 

0.32 
100.2 ( 5 )  

0.48 
99.2 (5) 

0.54 
99.0 (5) 
0.68 

99.8(5) 
1.24 

96.5 
99.8 
98.6 (2) 

97.7 (2) 

98.7 (1) 

95.6 (2) 

86.1 (2) 

0 Results are reported in percent of lahel declaration. Numbers of samples ana- 
lyzed arc given in parentheses. 

A white precipitate formed in the coils when the enteric-coated tablets 
from one manufacturer, which contained <1.0 mg of diethylstilbestrol, 
were assayed. The inner coating of the tablet contained a plasticizer that 
precipitated when treated with acid on the extraction manifold. The 
problem was solved by addition of the alcoholic hydrochloric acid reagent 
to the sample, which previously had been treated with the alcoholic di- 
basic potassium phosphate reagent, before sampling on the automatic 
analyzer. The precipitate formed and was allowed to settle, and a portion 
of t.he supernate then was placed in a cup and sampled. 

The extraction manifold was designed to eliminate excipient inter- 
ference. A mixture of isooctane and butanol was selected as the organic 
solvent; butanol was added to isooctane to achieve increased polarity for 
complete extraction of diethylstilbestrol. Dyes present in the outer shells 
of t.he enteric-coated tablets remained in the aqueous layer and proceeded 
to the waste reservoir. 

In initial experiments, a coil made from polytetrafluoroethylene8 
tubing was used in the irradiation assembly. However, this tubing was 
unsuitable; pulsing occurred in the coil because of the presence of air 
between sample and wash segments. A quartz irradiation coil similar to 
that described by Hussey e t  al. (3) resulted in a more even flow and more 
complete irradiation. The extraction step provided a cleaner solution for 
irradiation and decreased the possibility of interferences in the fluoro- 
metric measurement. A 70° temperature in the heating bath for the re- 
action with pyrocatechol produced the maximal fluorescence. 

Results from the semiautomated method compared closely with results 
from the CJSP XIX content uniformity method (2) when ground com- 
posites of enteric-coated and plain coated 1-mg diethylstilbestrol tablets 
were analyzed. Ten determinations by the semiautomated method on 
a ground composite of enteric-coated tablets resulted in a mean of 102.1% 
of the label declaration and a coefficient of variation of 0.59%. Five de- 
terminations on the same composite by the USP method gave a mean of 
102.5% of the label declaration and a coefficient of variation of 1.31%. 
Twenty determinations of a ground composite of plain coated tablets by 

8 Teflon. 

the semiautomated method resulted in a mean of 95.4% of the label 
declaration and a coefficient of variation of 0.66%. Five determinations 
on the same composite by the USP method resulted in a mean of 96.0% 
of the label declaration and a coefficient of variation of 0.91%. 

Composites of enteric-coated and plain coated tablets, obtained from 
four manufacturers and labeled as containing 0.1-5 mg of diethylstil- 
bestrol, were analyzed by the semiautomated and IJSP assay methods. 
Results agreed closely for plain coated and enteric-coated tablets con- 
taining 1 mg or more of diethylstilbestrol (Table 11) but were low when 
enteric-coated tablets containing <1 mg of diethylstilbestrol were assayed 
by the USP method. The large amount of tablet material required for the 
assay of low dosage, enteiic-coated tablets interfered with the USP ex- 
traction procedures. Two major problems were encountered: emulsions 
occurred in the extraction step, and tablet dyes interfered with the color 
produced by irradiation. These problems were not encountered in the 
semiautomated method. 

A recovery experiment was performed on solutions containing di- 
ethylstilbestrol reference standard plus tablet dye and excipients using 
the semiautomated and manual assay procedures. Two standard solu- 
tions, each containing dye to simulate a sample solution of a 0.1-mg di- 
ethylstilbestrol tablet, were analyzed by the semiautomated method, and 
a standard recovery of 100.7% was obtained from each. Two similar 
standard solutions, containing both dye and excipients, were analyzed 
by the semiautomated method and gave standard recoveries of 100.8 and 
100.6%. The automated analysis of two additional standard solutions of 
diethylstilbestrol and dye, each equivalent to a sample solution of a 
0.25-mg diethylstilbestrol tablet, yielded standard recoveries of 100.1 
and 100.3%. A standard solution of diethylstilbestrol, assayed by the USP 
method, gave a 100.8% standard recovery a t  a level of 0.1 mg of diethyl- 
stilbestroVtablet. However, a standard solution corresponding to the 
same diethylstilbestrol level but containing dye and excipients resulted 
in recovery of only 92.4%. These results indicated that tablet excipients 
that  gave problems in the USP method did not interfere in the semiau- 
tomated procedure. 

The addition of an extraction and a lluorometric determination to a 
previously published automated method has made it possible to assay 
low dosage, enteric-coated tablets without interference from tablet dyes 
and other excipients. The semiautomated method is reproducible, ac- 
curate, and precise and was used to analyze 1500 enteric-coated and 800 
plain coated diethylstilbestrol tablets in a survey for content unifor- 
mity. 
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Abstract Changes in the melting range of several semisynthetic sup- 
pository bases were studied over time. X-ray diffraction studies char- 
acterized the changes as amorphous to crystalline transitions, with likely 
polymorphic effects occurring concurrently. Use of a modified Krow- 
czynski apparatus to test.pure base and single-ingredient suppositories 
showed dramatic hardening of the materials over periods as short as 6 
weeks. Data were obtained by differential scanning calorimetry on freshly 
solidified, incrementally aged, and equilibrated samples. These methods 
may be used as both predictive and ongoing physical stability tests in the 
evaluation of suppository bases and formulas. 

Keyphrases 0 Suppositories-physical stability of semisynthetic 
suppository bases 0 Physical stability-semisynthetic suppository 
bases 

Krowczynski (1) noted changes in the deformation time 
of suppositories during storage using an apparatus of his 
own design (2). He also noted hardening in polyethylene 
glycol suppositories (3) but pointed out that plasticizers 
prevented the phenomenon. Ritschel-Beurlin (4) reported 
aging in suppository bases by studying the change in 
“spreading.” Torrado-Valeiras (5) studied the stability of 
suppositories using a hardness tester as well as the 
Krowczynski device and found that certain excipients 
could stabilize the “melting point” by a “lubricant action” 
and stabilization of the metastable form. Mezey et al. (6), 
using a cone flow device, had results similar to those of 
Torrado-Valeiras. Other studies (7,8) showed that sup- 
pository aging affects the in uitro and in uiuo drug release 
rates. 

Whittam and Rosano (9) studied short-term physical 
aging in pure monoacid triglycerides using X-ray diffrac- 
tion analysis, differential thermal analysis, and polarizing 
microscopy. Lovegren et al. (10, 11) utilized differential 
scanning calorimetry to investigate the polymorphic na- 
ture of cocoa butter. Differential scanning calorimetry was 
employed by Rossell(l2) to study cooling phenomena in 
palm kernel oil products. Correlation to dilatometric 
means of studying the solids content of fats was shown in 
a differential scanning calorimetric procedure developed 
by Miller et al. (13). 

The aim of this research was to elucidate the aging or 
hardening phenomena observed in suppositories prepared 
from semisynthetic suppository bases. The hardening ef- 
fect, resulting in little or no suppository melting, can cause 
local irritation, a defecatory reflex, or bowel obstruction. 
Development of procedures as both predictive and ongoing 
physical stability tests for both bases and formulated 
products was undertaken. It was thought that studying the 
changes through thermal analysis and comparing these 
results with physical hardening data would allow predic- 
tions of shelflife hardening from the initial thermal data. 
Pure bases and bases with ingredients added were studied. 

The combination of the modified Krowczynski proce- 
dure, X-ray diffraction analysis, and differential scanning 
calorimetry gave this study specificity, reproducibility, 
versatility, and direct application to the dosage form. 

EXPERIMENTAL 

Materials-Five semisynthetic, commercially available bases were 
chosen. Table I summarizes their chemical properties and the processes 
by which they were produced, and Fig. 1 compares their solid fat in- 
dexes. 

Three excipients were chosen to study the ingredient addition effect. 
Zinc oxide’ was selected because of its insolubility, its amorphous nature, 
and its thickening property in oils. ResorcinoP was studied for its crys- 
talline nature and its miscibility with fats. A neutral oil3, consisting of 
triglycerides with fatty acid moieties between C-8 and C-12, was used 
because of its fatty nature and because it was claimed by Mezey et al. (6) 
to inhibit hardening. 

Softening Time-The apparatus was a slight modification of 
Krowczynski’s device (2). The original device has a constricted glass tube, 
with a stoppered bottom, in a glass mantle with an inlet and outlet for 
thermoregulated water. The suppository sits on the constriction, and a 
glass rod (29-31 g) is placed on the suppository. When the rod reaches 
the constriction, the melting time is read. Modifications (Fig. 2) included 
the use of a constricted U tuhe to avoid possible back pressure on melting 
past the constriction, use of a water bath4 with both refrigeration and 
heating units (accuracy of f0.05O), and reduction of the weight of the 
glass rod from 30 to 14 g. 

The first experiment was a screening study of the five bases at 3T,36.5, 
36, and 35.5’. Freshly molded suppositories and incrementally aged 
samples were tested in triplicate. Following Krowczynski’s approach, the 
test was expanded to additional samples if a significant variation was 
noted. Softening times in excess of 90 min were not continued to the 
end-point during the screening trials but were noted as such. 

Two bases, Bases 1 and 3, were chosen for continuing study because 
of their stability and instability, respectively, a t  37.0°. 
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Figure I-Solid fa t  indexes of the five test bases. Key: ., Rase 1, 0,  
Base 2; A, Base 3; 0, Base 4; and 0, Base 5. 

Zinc oxide IJSP, Westwood Chemical Co., Middletown, N.J. 
Kesorcinol USP, Koppers, Pittsburgh, Pa. 
Miglyol 812, Dynamit Nobel, Witten, West Germany. 
Model NK-22, Haake, Saddle Brook, N.J. 
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T a b l e  I-Chemical Components  and M e t h o d  of M a n u f a c t u r e  of Suppos i tory  Hases 

Fatty Acid Moiety Content, % Di- Mono- 
Base C" ClO c12 c14 cl6 Cix Cl8.l esters, O/o esters, % Process 

~ 

0.5 Reesterified 
0.0 Solvent fractionation 

1 "  0.5 2.0 49.0 19.0 14.0 15.0 0.5 9 4  
2 b  3.0 3.0 55.0 21.0 9.0 9.0 0.0 0.0 
:1 c 2.1 1.9 38.0 13.0 14.8 30.0 0.2 0.0 0.1 Interesterified 
4 d  0.0 0.0 0.2 0.6 17.5 14.4 67.3 0.0 0.0 Solvent fractionation 
5' 4.0 4.0 48.0 16.0 8.1 17.9 1.4 3.0 0.3 lnteresterified 

~ ~~ 

Witepsol H-175,  Dynarnit Nobel, Witten, West Germany. * Satina 111. Glidden-llurkee. Rockville Centre, X.Y. ' Suppocire BCM, Gattefosse, Saint Priest, France. 
d liaornel, Glidden-Durkee, Rockville Centre, N.Y. Hydrokote 2-7, Capital City Products, Columbus, Ohio. 

The second s tudy tested the effect of several parameters on t h e  hard- 
ening characteristics of Base 3 since this base was the least stable a t  37". 
The  parameters studied were st.orage temperature after molding, cooling 
rate during molding, and ingredient addition. T h e  storage temperatures 
used were room temperature (22'1, refrigeration (4O), and freezer (-5"). 
For cooling variation, the  suppositories were molded using dry ice, re- 
frigeration, and standing a t  room temperature, varying the  molding time 
(cooling from 50 to 20') from 5 to  15 to 30 min, respectively. T h e  ingre- 
dient  addition studies were carried out  using 5, 10, and 20% zinc oxide 
USP, -5% neutral oil, and 0.2,0.5, 1, and 2% resorcinol USP. Samples were 
tested a t  the  beginning of the study and after 1-, 2-, 4-, and  6-week pe- 
riods. 

All suppositories were molded in 50-cavity brass molds. All masses were 
prepared in a 2-liter beaker nested in a 4-liter beaker containing water 
on a hot plate. Zinc oxide USP was passed through a comminuting ma- 
chine5 a t  high speed with hammers forward before incorporation. Dis- 
persion was accomplished hy a laboratory homogenizing mixer6. 

Different ia l  Scanning  Calorimetry-A thermal analyzer' was used 
with the differential scanning calorimeter cell attachment. Samples be- 
tween 7.0 and 10.0 mg were prepared in tightly covered aluminum cups 
and were tested against an empty, covered cup blank. Sample weight was 
determined hy subtracting the tare weight of the  container. T h e  cell 
containing the blank and sample cups was chilled to  -20' using liquid 
nitrogen. The  test runs then were carried out  a t  a heating rate of 2.0°1min 
over the  range of -10-+45O. 

Three samples of each base were tested as  individual continuous ex- 
periments. T h e  experimental design allowed the  same samples to be 
tested a t  all incremental age periods (initial, 1, 2, 4, and 6 weeks and 6 
months or equilibrium). 

CONSTANT 
TEMPERATURE 

f 0 . I 0  

Pitzpatrick nii~lel  M mill with NO00 screen 

l h p o n t  mrdrl 900. 
" Arde-Harinco model (',I-:{. 

After t h e  equilibrium testing of a sample (e.g., 6 months old), the  
melted sample was held a t  45' for 5 min and then cooled back to room 
temperature  using compressed air or nitrogen through t h e  cell over -20 
min. T h e  test then was repeated immediately, with freezing to  -20' and 
running as outlined to establish the initial endotherm. After holding and 
cooling to room temperature a second time, the sample was stored a t  the 
desired temperature for 1, 2, 4, or 6 weeks. Retesting and continued 
storage were repeated, resolidifying the sample each time, so that  full 
testing of all time periods took 13 weeks. If any test periods were missed, 
a longer period was measured, and the desired period was repeated that  
many weeks later. 

Bases 1 and 3 then were retested in triplicate a t  equilibrium, a t  the 
initial point, and a t  6 weeks, bu t  they were stored at. 4,20, and 30'. Base 
3 then was tested with 5% neutral oil (duplicate), 10% zinc oxide USP 
(duplicate), and 2% resorcinol IJSP (duplicate as  well as  single samples 
with 1,0.5, and 0.2% resorcinol USP). As hefore, these samples were tested 
only a t  equilibrium, a t  the  initial point, and a t  6 weeks. 

The  recorded endothernis were examined for the position and height 
of the major peak. This height was measured vertically from the peak tip 
to  a horizontal line drawn between the two equilibrium points a t  the 
beginning and end of the  run. T h e  height in centimeters was converted 
to  degrees, divided by the sample weight, and recorded as  degrees per 
gram. Heats  of fusion, AH,, for t.he samples were determined by cutting 
and  weighing sample endotherms wrsus  a gallium standard. 

X-Ray Diffraction-An X-ray diffractornetera was used. Samples 
of each hase were prepared by melting the base and molding it in a 
0.2-mm thick aluminum frame backed by masking tape. The  frame 
opening created a sample surface measuring 2.0 X 1.0 cm. All five bases 
were studied initially upon m!)lding and after 1,2,4, and 6 weeks. Since 
this test is nondestructive to the sample, a study could be run in 6 weeks. 
A second study was done on Hases 1 and 3 stored a t  4,20, and 30' ~lersus 
a polypropylene control since variability was seen in the amplifier frcim 
week to week. 

R E S U L T S  A N D  DISCUSSION 

Softening Time Testing-Table I1 summarizes the results of the base 
screening study performed with the modified Krowczynski apparatus. 
Observed softening times were noted :is a function of temperature for 
suppositories stored for up to  54 days. Hases 2 and 5 showed no increases 
in softening time throughout the range of rectal temperature. While Bases 
1 (Fig. 3 )  and 4 showed only slight hardening a t  37', the  softening times 
.were increased significantly a t  lower body t.emperatures. Base 3 (Fig. 4)  
showed drastic hardening a t  all temperatures studied. 

Table 111 summarizes the  results of the  eftects of cooling time, storage 
temperature, and adjuvant addition on the rise in softening time of Bases 
1 and 3 at  37'. Cooling t ime had no effect on the  degree of hardening 
noted a t  the t.est periods, whereas storage temperature had an initial 
separating effect on the  samples but not a lasting one. This  finding sug- 
gested a discrete, point-to-point process that occurred more slowly as the 
temperature was lowered as  opposed to an ongoing, continuous process. 
As a control, Base 1 showed little change. 

Ingredient addition studies showed the  effect on the  hardening rate 
of the three additives: neutral oil. resorcinol ESP, and zinc oxide USI'. 
T h e  two oil-soluhle materials yielded more dramatic results than the 
insoluble zinc oxide due  t.o the viscosity-imparting property of  this dis- 
persed powder in the melted base. Therefore. the smallest addition of 
zinc oxide was the most effective in reducing hardening. 

Conversely, reducing the  concentration of soluble resorcinol reduced 
it,s effect on prevention of hardening. 

X-Ray Diffract ion Studies--In the initial study, all five bases showed 
similar results both upon molding and after storage. 

" North American Phillips Co. (Norelc<i) 
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Table  11-Base Screening Study: Softening Time Stabili ty a f t e r  
S torage  at 22" 

Age of Time to Soften at  Test Temperature, min 
Base, days 37.0' 36.5' 36.0' 35.5" 

Base 1 
1 8.5 

11 14.5 
3 8 16 
53 16 

12 6.5 
28 7 
54 8 

Base 2 

Base 3 
1 14.5 
9 38 

18 49 
Base 4 

1 8.5 
10 11 
28 11 
43 14 

Base 5 
7 9 

15 9 
33 9 
48 9 

10 12 
21 31 
22 33 
20 28 

17 21.5 
75 > 100 

>lo0 > 100 

12 18 
17 30 
21 32 
25 35 

11 13.5 
11.5 15 
11 13.5 
11.5 15 

14.5 
60 
72 

100 

12 
12 
14 

35 
> 100 
> 100 

32 
44 

>lo0 
85 

90 
22 
30 
22 

All bases, upon molding, exhibited a broad peak (-2.2' wide at  mid- 
height) at a 20 value centering at 20.3-20.6'. A sharper peak (-0.6' wide 
a t  half-height) also was seen at a 28 value of 22.7-23.0'. I n  the initial 
samples, the low point between the two peaks was a t  -37°C of the height 
of the peak a t  20.5'. 

After storage, no new major peaks were seen. However, the peak at  
20.3" grew sharper and more distinct from the peak at  22.7", eventually 
having a smaller width similar to the other peak. The low point between 
the peaks after 6 weeks approached the baseline (Fig. 5). In Bases 3 and 
4, peaks that appeared initially as shoulders on the major peak at  20.5' 
became more distinct, but in no case did any shift occur to a new position 
nor did any peak evolve that was not observed initially. 

These observations suggest an amorphous to crystalline shift in the 
materials studied rather than polymorphic changes. Figure 5 shows a 
typical initial and aged sample scan made on Base 3. 

In interpreting these data, it must be kept in mind that all commercial 
fat products, including semisynthet ic suppository bases, are mixtures 
of many fatty molecules. Thus, these data may not be examined in the 
same depth as the data for a pure compound or a single crystal. Never- 

Tab le  111-Effect of Cooling Time, S torage  Tempera tures ,  and  
Adjuvants on t h e  Softening Time Stabili ty of Rases 1 and 3 at 37" 

Cooling Storage Softening Time, min 
Time, Temper- Ini- 2 4 6 

Base Excipient min ature tial Weeks Weeks Weeks 

I *  

None 

Neutral oil 
Resorcinol, 

Kesorcinol. 

Kesorcinol, 

Resorcinol, 

Zinc oxide, 

Zinc oxidc. 

0.2vo 

0.5%. 

1 .I" 

2.09 

5%t 

lo%, 
Zinc oxide, 

None 
20% 

15 
30 

15 
7 

15 
15 
15 

15 

15 

15 

15 

15 

15 

15 
30 
15 

68 103 205 
70 112 208 
I I 95 200 
:14 90 202 
7" 

28 2; 5 190 
34 40 :19 
35 38 42 

:3:1 37 39 

:11 :3:3 :35 

'6 27 27 

105 106 10" 

78 95 130 

80 108 150 

12 20 20 
10 12 If 
x 10.5 10 

" Suppocirr BCM. * Witepsd H-175. 

100 

80 

0 I 1 I 
37.0° 36.5' 36 0' 35.5O 

TEMPERATURE 
Figure  3-Softcning timc stability for Rase 1 storcd nt 22". K P ~ :  D, 1 
day; A ,  11 days;  0,JX days ;  arid W ,  5 3  days .  

theless, the graphs are definitely characteristic. Therefore, while it would 
be presumptuous to claim that no polymorphism contributes to (or de- 
tracts from) the phenomenon under study, it still is obvious from the 
scans generated that the mechanism responsible for the effect heing 
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Figure 5-Comparison uf X-ray  diffractometer scans for initial and 
6-rcwk-old samples  of Basc 3 stored at 22". 

measured is a crystallization phenomenon. This result reinforces the 
observation made on comparisons of softening times that a discrete 
process charact,erized by a t.emperature-dependent rate of hardening was 
taking place. 

The hardening rate dependence on temperature was reinforced by the 
second X-ray study, which showed more rapid peak sharpening a t  higher 
storage temperatures in samples aged for 6 weeks at 4, 20, and 30". 

Differential Scanning Calorimetry-Accuracy in melting-range 
determinations was gained by utilizing a heating rate of Zo/min. The poor 
heat transfer characteristics of fats (14) prevented the use of faster speeds 
due to the lag time in the return to a AT equilibrium. Speeds of S"/min 
and higher totally washed out and shifted the sharp peaks observed at  
2'/min. In an experiment where changes in the peak positions of 1' were 
being sought and metastable transformations were not, this choice was 

Table IV-Base Screening Study: Temperature  Position of 
Major Endotherm Peak * 

Storage Time at Room Temperature 
1 2 4 6 6 

Base Sample Initial Week Weeks Weeks Weeks Months 

1 A 33.0 34.0 34.5 35.0 34.0 36.0 
B 32.0 34.0 35.0 34.0 34.0 36.0 
C 32.0 32.0 32.0 32.0 32.0 36.5 

2 A 31.5 31.5 31.5 32.0 31.0 33.0 
B 31.5 31.5 32.0 31.5 32.0 34.0 
C 31.0 33.5 34.0 34.0 34.0 32.0 

3 A 33.0 84.5 36.0 37.5 37.5 37.5 
B 33.5 37.0 37.0 36.5 36.5 37.5 
C 33.0 35.0 37.5 37.0 37.0 37.5 

4 A 33.0 33.5 34.0 36.0 34.5 36.0 
B 32.0 33.5 34.0 34.0 34.0 37.0 
C 32.0 34.0 34.0 34.0 34.0 37.0 

5 A 33.0 33.0 35.0 35.5 36.0 36.5 
B 32.5 33.0 34.0 35.5 35.5 36.5 
c 32.5 33.5 35.0 35.0 34.0 36.5 
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TEMPERATURE 
Figure 6-Diffrrential scanning calorimetr3 eridotherm stability scan 
of Rase 1 storrd at  22'. T h e  hrczting rate  u1a.s 2.0°/min. 

mandatory since slower heating rates yielded sharper endo- or exotherms 
and located an equilibrium transformation temperature more accurately 
(10). 

Figures 6 and 7 show the general trend observed for Rases 1 and 3 in 
the initial study conducted with samples stored at room temperature. 
In all bases, regardless of the initial peak position, a 2.5-3.0" shift upward 
in the peak positon, a sharpening of the peak, and an increase in peak 
height were observed over the test period. Tables IV and V summarize 
the data collected to quantify the measurable parameters of the endo- 
therms in the initial study. Table IV lists the changes in temperature 
positions of the major peak. Table \' lists the ratio of the major peak 

Table  V-Base Screening Study: Ratio of Height of Major Peak 
to  Sample Weight * 

Storage Time a t  Room Temperature 
1 2 4 6 6 

Base Sample Initial Week Weeks Weeks Weeks Months 

A 65.6 79.2 70.1 90.9 66.7 109.5 8 ?? r 
I I . , )  85.2 59.4 56.8 63.3 148.4 

C 63.6 82.0 79.8 68.5 65.8 88.2 
2 A 77.9 75.7 106.6 71.2 112.1 92.9 

13 79.7 80.7 80.2 81.'7 72.3 87.2 

1 

:i 
c 85.7 48.6 i8.1 45.2 48.6 67.2 
A 51.7 ,53.3 -58.0 73.5 81.1 79.6 
B 47.2 73.7 66.1 66.4 68.1 86.2 
C 42.1 42.1 K4.2 71.4 68.1 79.3 

4 A 40.6 51.8 6i1.9 44.3 49.5 50.6 
B 35.:< 48.2 47.6 42.9 40.5 58.8 
C 40.5 64.8 67.8 78.7 72.8 65.4 

5 A 32.7 40.7 70.9 60.6 54.2 58.6 
H 34.4 33.9 30.4 42.4 38.4 54.8 
C 33.7 35.4 42.2 43.4 47.4 51.4 

~~ ~ 

a Values are in degrees Values are in degrees per gram 
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Figure 7-Differential scanning calorimetry endotherm stability scan 
of Base 3 stored a t  2 2 O .  The heating rate was 2.0°/min. 

height to the sample weight and the changes in this parameter over 
time. 

The changes in sample endotherms over the 6-week period correlated 
perfectly with the observations of Krowczynski softening times and X-ray 
diffraction patterns. In all cases, a gradual change was seen. As seen in 
the X-ray diffraction data, changes were observed in all five bases, re- 
gardless of the production method or chemical composition. 

The differential scanning calorimetry data explain the base to base 
variation observed in Krowczynski softening times through a correlation 
to the solid fat index. The solid fat index is determined dilat~metrically~ 
on samples immediately after solidification and may be considered only 
as an initial collection of data subject to change upon aging. A correlation 
between initial differential scanning calorimetry data and the solid fat 
index was shown by Miller et al. (13). Therefore, it is a reasonable as- 
sumption that an upward shift in the differential scanning calorimetry 
endotherm represents a similar upward shift in the solid fat index, i.e., 
a higher solids content a t  any measured temperature. A higher solids 
content a t  any given temperature would raise the viscosity of the sup- 
pository melt a t  that point and, in turn, increase its softening time in the 
Krowczynski test. 

A correlation between the degree of hardening of the five bases and 
their solid fat indexes a t  - 3 3 O  was seen (Fig. 1). Base 3, which hardened 
the most a t  37', had the highest solid fat index a t  33O (42%). Bases 1 and 
4 were next in hardening and next in decreasing solid fat index values a t  
this temperature (37 and 35%). Base 5 at 33% and Base 2 at  17% hardened 
the least and were the lowest in the solid fat index a t  33O. 

While this correlation assumes a total shift of the curves by 4', this shift 
is not necessarily the case since the shape of the curve could be changing. 
Until a method to measure the solid fat index of an aged sample is readily 
available, the procedure used for this study provides adequate correlation 
for prediction of hardening effects, rationalized through an upward shift 
in the solid fat index. In comparison, initial chemical and process infor- 
mation provides only the most general clues as to the melting behavior 
of the finished base a t  any age after resolidification. No useful conclusions 
could be drawn from the heat of fusion data collected or the peak height 
to sample weight ratios measured. 

~~ 

9 American Oil Chemists' Society Test Method 113a. 
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Figure &-Effect of storage temperature on differential scanning cal- 
orimetry endotherm stability for 6-week-old samples of Base 3. The 
heating rate WQS 2.0°/min. 

The effect of the storage temperature on the hardening rate was con- 
firmed by measurements of the endotherms of Bases 1 and 3 stored for 
6 weeks at 4,20, and 30'. The comparative endotherms for Base 3 are 
shown in Fig. 8. The samples stored at temperatures closer to, but below, 
their melting ranges reached equilibrium crystallinity more rapidly. This 
phenomenon is similar to the annealing or tempering process used in 
metal alloy and glass preparation. 

The ingredient addition trial endotherms of Base 3 showed no variation 
from the endotherms of Base 3 tested without additives either initially 
or after storage. Thus, it can be concluded that not only is there no sig- 
nificant freezing-point depression but that  the mechanism involved in 
slowing the hardening rate, as evidenced by changes in softening time, 
is not involved with the phenomenon itself. Since the endotherm still is 
changing, the amorphous to crystalline shift is still occurring and, like- 
wise, so is the shift in the solid fat index. The explanation lies in the fact 
that  the overall phenomenon being prevented is an increase in the vis- 
cosity of the melting suppository since that is what the softening time 
is measuring. Addition of ingredients provides numerous pockets of 
discontinuity in the gross crystalline structure of the fatty solids present, 
lowering the gross viscosity of the semisolid suppository under testing. 

This explains the effect seen from different concentrations of resor- 
cinol. As less resorcinol was employed, there was less of a decrease of 
hardening. With zinc oxide, which is not soluble in the base, diminished 
hardening was noted a t  smaller concentrations, but this trend began to 
reverse when the powders began to add to the viscosity of the melt at 
higher concentrations. 

CONCLUSIONS 

The hardening phenomenon has been characterized by multiple test 
methods to he a finite amorphous to crystalline transition. The rate of 
this transition is storage temperature dependent but is independent of 
cooling time during solidification within the bounds of suppository 
molding rates. This transition is manifested in an upward shift in the solid 
fat index in the range of body temperatures. This rise in the percent solids 
in the melt a t  the temperature under examination results in a rise in 
viscosity a t  that  temperature, which is perceived as hardening. In other 
words, there are less meltable solids at  body temperature in a suppository 
that has hardened. Ingredients added to the base do not hinder the 
transition but may have one of two effects. Base-soluble ingredients 
disturb the gross crystalline structure of the fatty solids, lowering the 
achieved viscosity upon melting. Base-insoluble ingredients, in higher 
concentrations, may raise the viscosity of the melt simply by providing 
a higher solids content. 

Suppository base selection may be simplified in two ways. First, ex- 
amination of the solid fat index for potential problems upon shifting is 
an easy investigative early-warning device to narrow the field of choice. 
Second, differential scanning calorimetric examination of an aged base 
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sample (as received from a potential supplier) and an instantaneous rerun 
yield initial versus aged data on melting-range shifting after an invest- 
ment in testing time of <1 hr. Even though the formula ingredients may 
retard the rate of transition, this test produces a best and worst case 
melting range to evaluate. 

The results of this study in no way reflect on the quality of any base 
tested or on the ability of any of the manufacturers to supply a range of 
bases suitable to individual needs. 
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Abstract The reactions of blue tetrazolium (I)  with methylpred- 
nisolone and hydrocortisone and their hemisuccinate esters a t  ambient 
temperature under USP assay conditions in alcohol USP and in absolute 
alcohol were followed by high-pressure liquid chromatography (HPLC) 
and spectrophotometry. The disappearance of the ester and the increase 
and then decrease in the alcohol, as well as the formation of several re- 
action products with time, were observed by HPLC analysis. The re- 
duction of I was observed spectrophotometrically. A sequential kinetic 
model was used to describe the overall reaction. The rate constants for 
the hydrolysis of‘the hemiester ( k l ) ,  the reaction with I (h2) ,  and the 
degradation of the parent steroid (k:3 were determined by discrete kinetic 
experiments using HPLC. The following observations were made: ( a )  k l  

is proportional to [H20] and is the rate-limiting step, ( b )  k 2  is about 100 
times the value of k3 ,  and ((,) k2 for methylprednisolone is about the same 
as for hydrocortisone and appears to be independent of the concentration 
of water. With these rate constants, simulated time-concentration pro- 
files for the reaction of  the esters with I favorably compared with ex- 
perimental data in alcohol LISP and absolute alcohol. This study shows 
that the USP blue tetrazolium assay with these esters has potential for 
variability and is not stability indicating. 

Keyphrases Methylprednisolone-and hemisuccinate ester, high- 
pressure liquid chromatographic and spectrophotometric monitoring 
of USP assay with blue tetrazolium Hydrocortisone-and hemisuc- 
cinate e?ter, high-pressure liquid Chromatographic and spectrophoto- 
metric monitoring of USP assay with blue tetrazolium High-pressure 
liquid chromatography-kinetic study of USP blue tetrazolium assay 
with methylprednisolone and hydrocortisone and their hemisuccinate 
esters 

The official USP assay for the corticosteroids, including 
their esters, is the blue tetrazolium (I)  reaction (1). The 
base-catalyzed reduction of I by the C-17 side chain of 
corticosteroids is a classical reaction in steroid analysis ( 2 ) .  
Meyer and Lindberg (3)  established that the cu-ketol 

moiety in corticosteroids is responsible for the reduction 
of I. However, the reaction mechanism for the C-21 esters 
of corticosteroids is unknown. 

BACKGROUND 

Johnson et al. (4) reported that color development was unusually slow 
with hydrocortisone hemisuccinate compared to other steroids. In a study 
of the reaction of I with cortisone acetate, a C-21 ester, Guttman (5) 
showed that as the concentration of base catalyst was decreased, the lag 
time increased and the sigmoid shape of the curve was emphasized. He 
concluded that hydrolysis of the ester was a prerequisite to a reaction 
resulting in the generation of formazan. Graham et al. (6) also suggested 
that ester hydrolysis occurs prior to and during formazan development. 
Their conclusions were derived from graphical kinetic treatment of the 
spectrophotometric data. 

The hydrolysis of the hemiester of corticosteroids in aqueous media 
has been studied by several investigators. Mauger et a!. (7) reported that 
the degradation of its hemisuccinate ester to hydrocortisone was first 
order. Further degradation to a species devoid of the 17-dihydroxyacetone 
also was observed. This degradation was followed by separation of the 
alcohol and ester and subsequent reaction with 1. Garrett (8) studied the 
alkaline hydrolysis of hydrocortisone hemisuccinate by constant pH ti- 
tration. 

High-pressure liquid chromatography (HPLC) has been used recently 
to study the degradation of hydrocortisone (9). An HPLC method was 
descrihed (10) that determined simultaneously hydrocortisone ( I I a )  and 
its hemisuccinate ester ( I I la )  or methvlprednisolone ( I l h )  and its 
hem isucci nat e ester ( I1 1 b ). 

This paper reports a kinetic study ot’the reaction of I with I 1  and I l l  
using this HPLC method. The hydrolysis rates of 111 to I I  under com- 
pendial hlue tetrazolium assay conditions also are reported. 

The effect of water in the final reaction mixture of 1 has been studied. 
The percentage of  water in the official USP method [due to the use of 
alcohol USP and 10% aqueous tetramethylamnwnium hydroxide (IV) 
in the preparation ot reagents and samples] is 5.8 (11). Hechnagel and 
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sample (as received from a potential supplier) and an instantaneous rerun 
yield initial versus aged data on melting-range shifting after an invest- 
ment in testing time of <1 hr. Even though the formula ingredients may 
retard the rate of transition, this test produces a best and worst case 
melting range to evaluate. 

The results of this study in no way reflect on the quality of any base 
tested or on the ability of any of the manufacturers to supply a range of 
bases suitable to individual needs. 
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action products with time, were observed by HPLC analysis. The re- 
duction of I was observed spectrophotometrically. A sequential kinetic 
model was used to describe the overall reaction. The rate constants for 
the hydrolysis of‘the hemiester ( k l ) ,  the reaction with I (h2) ,  and the 
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showed that as the concentration of base catalyst was decreased, the lag 
time increased and the sigmoid shape of the curve was emphasized. He 
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resulting in the generation of formazan. Graham et al. (6) also suggested 
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Their conclusions were derived from graphical kinetic treatment of the 
spectrophotometric data. 

The hydrolysis of the hemiester of corticosteroids in aqueous media 
has been studied by several investigators. Mauger et a!. (7) reported that 
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also was observed. This degradation was followed by separation of the 
alcohol and ester and subsequent reaction with 1. Garrett (8) studied the 
alkaline hydrolysis of hydrocortisone hemisuccinate by constant pH ti- 
tration. 
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to study the degradation of hydrocortisone (9). An HPLC method was 
descrihed (10) that determined simultaneously hydrocortisone ( I I a )  and 
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alcohol USP and 10% aqueous tetramethylamnwnium hydroxide (IV) 
in the preparation ot reagents and samples] is 5.8 (11). Hechnagel and 

960 I Journal of Pharmaceutical Sciences 
Vol. 69, No. 8, August 7980 

0022-3549/80/0800-0960$0 1.00/0 
@ 1980. American Pharmaceutical Association 



CH,OH 
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Ila 
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R3 
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IIO: R, = R, = R, = H 
IIb: R,  = R, = missing (un- 

saturated),  R, = CH, 
0 

IIIn: R, = R, = R, = H 
IIIb: R, = R, = missing (unsaturated),  

R, = CH, 

Litteria (12) found that water inhibits the reaction of I and that the extent 
of inhibition increases as the concentration of water in the final reaction 
increases. However, Graham and Kenner (11) showed that the effect of 
water is essentially negligible if i t  is present at <6%. This paper reports 
the effect of the water content of the reaction mixture on the rate con- 
stants involved in the reaction of I with I1 and 111. 

EXPERIMENTAL 

Reagents-Acetonitrile', acetic acid2, anhydrous methanol3, blue 
tetrazolium3 (I), and tetramethylammonium hydroxide3 (IV) were re- 
agent grade. Alcohol and absolute alcohol were USP grade. Compounds 
IIa, IIIa, and IIIb were USP reference standards. Compound IIb was an 
NF reference standard. 

Apparatus-A high-pressure liquid chromatograph4 equipped with 
a 100-11 injector5, a fixed-wavelength detector6 (A  = 254 nm) or a vari- 
able-wavelength detector7, a digital integrators, a strip-chart recorders, 
and a scanning spectrophotometer10 were used. 

HPLC Conditions-A microparticulate (5-jm) octadecylsilane col- 
umnll was used. The mobile phase was acetonitrile-water-acetic acid 
(35:65:2) a t  a flow rate of 1 ml/min. 

Sample Preparation-Fifty milligrams of IIIa or IIIb and 39 mg of 
1111 and I l b  were dissolved separately in 100 ml of alcohol (absolute or 
USP). Then 12 ml of these solutions was diluted to 500 ml with alcohol 
(absolute or USP) to a final concentration of -20 1A4 for each sample. 

Reagent Preparation-Compound I ,  500 mg, was dissolved in 100 
ml of anhydrous methanol. A 10% solution of IV in water was diluted 1:10 
with alcohol USP. A 5% acetic acid solution was prepared by diluting 
acetic acid 1:20 with water. 

Glass distilled. Burdick & Jackson. 
Mallinckrodt. 
J.  T. Baker Chemical Co. 
Model 3500, Chromatronix, Spectra-Physics, 
Valco, Houston, Tex. 
Model 8200, Spectra-Physics. 
Model 970A ( A  242 nm), Tracor, Austin, Tex. 

Model S130A, Hewlett-Packard. 
* Autolab Minigrator, Spectra-Physics. 

lo Coleman 570. Perkin-Elmer. 
I I  Spherisorb 5-pm ODS. Spectra-Physics. 

Santa Clara. 
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Figure 1-Chromatograms of the reaction of hydrocortisone (Ila) with 
blue tetrazolium in alcohol USP a t  1 and 16 min; X ,  Y,  and Z are the 
products of the reaction. 

Kinetic Experiments-Experiments with [--Twenty milliliters of 
the solution of I and 40 ml of diluted IV were added to 200 ml of each 
sample preparation. The solution was mixed and stored in the dark. At 
timed intervals, 15 ml of solution was withdrawn and 0.6 ml of acetic acid 
was added. The absorbance of this solution a t  525 nm uersus a blank 
preparation was recorded. A portion of the withdrawn solution also was 
diluted 1:l with 5% acetic acid and injected onto the HPLC column, and 
the chromatograms were recorded. 

Experiments without I-Twenty milliliters of anhydrous methanol 
and 40 ml of diluted IV were added to 200 ml of each sample preparation. 
The solution was mixed. At timed intervals, 15 ml was withdrawn and 
0.6 ml of acetic acid was added. This withdrawn solution then was diluted 
1:l with 5% acetic acid and injected onto the HPLC column. 

RESULTS AND DISCUSSION 

The reactions of1 with Ila, I lb ,  IIIa, and II lb  a t  ambient temperature 
under USP assay conditions for 111 (13) in alcohol USI' as well as in ab- 
solute alcohol were followed by HPLC and spectrophotometry. The 
identity and quantitation of each peak were made with respect to stan- 
dard solutions of IIa, Ilb, M a ,  and IIIb. 

The percent of water, as determined by the Karl Fischer reaction, was 
6.0% in alcohol USP and 0.04% in absolute alcohol. Based on these values, 
the percent of water in the reaction mixture was calculated to be 6.9% 
when alcohol USP was used in the sample preparation and 2.3% when 
absolute alcohol was used. 

Chromatograms of these reaction mixtures in alcohol USP a t  various 
times are given in Figs. 14. Figures 1 and 3 (the reaction of I with IIa and 
IIb) show a decrease in I1 with a subsequent increase in peaks X, Y, and 
Z (possible oxidation products of II) with time. Figures 2 and 4 (the re- 
action of I with IIIa and IIIb) show a decrease in 111 with a subsequent 
increase and then decrease in I1 and an increase in peaks X and Y with 
time. These observations suggest that the reaction of the esters of corti- 
costeroids with I is sequential. The intermediate in the reaction sequence 
is 11. Since Gupta (9) showed that Ila is degraded under strongly basic 
conditions, the decomposition of IIa and IIb under USP assay conditions 
with alcohol USP and absolute alcohol also was studied. 

A kinetic model to describe the overall reaction sequence is given here; 
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Figure 2--('hromatograms O/  the reaction of hydrocortisone hem- 
i,wc.crriatc ( I l l a )  with blue tetrazolium in alcohol USP at 2, 12,22, and 
32 niin: X and X arc the reaction products and Ila is hydrocortisone. 

1 MINUTE 
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13 MINUTES 

0 2 4 6  8 1 0  
TIME 

Figure 3-('hromatogran7.s ( J /  thc reaction of  methylprrdnisolone ( I lh)  
ii i t h  hluc, tc~tra~oliurn iri n/(whol ( I s P a t  1 and 13 niin; X ,  Y ,  and Z arc 
~ h c r  rcacfiori products. 
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Figure 4-Chrornatograrns of the reaction of rnethylprednisolone 
hernisuccinate (I l lb)  with blue tetrazolium in  alcohol USP at 2,6,15, 
and 28 rnin; X and Z are the reaction products and Ilb is rnethylpred- 
nisolone. 

the reformation of I from formazan as postulated by Graham et a /  (14) 
is not included. Experimental data of the reaction of 110 and IIb with I 
in 95% alcohol or absolute alcohol suggested that the rate of reformation 
of I is much slower than the rate of reaction of I1 with I (Scheme I). 
Therefore, the loss of formazan (within 100 min of reaction time) would 
be negligible. 

D 
Scheme I 

P is reduced I: C and D are decomposition products of 11; [OH-] = [IV]. 
and h l ,  hz. and hn are pseudo-first-order rate-constants. 

The disappearance of I 1 1  and the appearance of I1 and P can he de- 
scribed by: 

-- dl l l  - -k,III 
d t  

_ -  dP - k211 
dt 



1006- Table I-Rate Constants of the Blue Tetrazolium-Corticosteroid 
Reaction 

Corticosteroid 
and Rate Constant, min-' 

Its Ester Alcohol USP Absolute Alcohol 

IIa + 1110 
k i  
k 2  
k 3  

k i  
k z  
kn 

IIb + IIIb 

0.036 
0.10 
0.0015 

0.041 
0.12 
0.0021 

0.014 
0.10 
0.0007 

0.018 
0.13 
0.0018 

Solutions for these differential equations are: 

IIIt = IIIoe-klt (Eq. 4) 

The rate constants k l ,  k z ,  and k3 were determined experimentally by 
following each discrete reaction under USP conditions using either al- 
cohol USP or absolute alcohol as the solvent. The hydrolysis of 111, the 
decomposition of I1 in IV, and the reaction of I1 with I were followed in- 
dependently by HPLC. The results of these kinetic experiments are given 
in Table I. 

These rate constants were used to generate time-concentration profiles 
for 11,111, and P to simulate the reaction of 111 with I under specified 
solvent conditions. Normalized experimental data obtained by HPLC 
for the reaction of IIIa and IIIb with I were superimposed on these gen- 
erated time-concentration profiles (Figs. 5-8). The colorimetric data ( P )  
were normalized by dividing each observed absorbance hy the absorbance 
after the reaction was complete (>3 hr). For each ester of I1 in alcohol 
USP and absolute alcohol, the predicted concentrations of 11,111, and 
P closely agreed with the experimental values. Some estimation of the 
experimental data (111) occurred since the decomposition products of I1 
(Y and Z) were not totally resolved from 111. These observations of the 
reaction of the hemiester with I corroborate conclusions (5,6) that hy- 
drolysis of the ester is a prerequisite to the reaction with I. 

The following observations can be made about the rate constants for 
each pseudo-first-order reaction: 

1. The rate of decomposition of I1 in a base (k3) is -1% of the rate of 
reaction with I ( k 2 )  and can be ignored. 

2. The rate constants (kz) under USP assay conditions are about the 
same for IIa and IIb and are in agreement with the results reported by 
Graham et al. (15) (i.e., k z  [Ha] = 0.090 and k:! [IIb] = 0.096). 

3. In the ester reaction sequence, ester hydrolysis is the rate-deter- 
mining step. 
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Figure 5-Time-concentration profile of blue tetrazolium reaction with 
methylprednisolone hemisuccinate in alcohol USP (6.9% water); E 
represents the normalized data for methylprednisolone hemisuccinate 
(Illb), A represents the normalized data for  methylprednisolone (IIb), 
P represents the  normalized data for reduced blue tetrazolium (for- 
mazan), and -, +, and .  . . are computer-generated curves for E ,  A, and 
P, respectively, using rate constants determined independently. 
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Figure 6-Time-concentration profile of blue tetrazolium reaction with 
hydrocortisone hemisuccinate in alcohol USP (6.9% water); E repre- 
sents the  normalized data for hydrocortisone hemisuccinate (Illa), A 
represents the  normalized data for hydrocortisone (Ila), P represents 
the normalized data for reduced blue tetrazolium (formazan), and -, 
+, a n d .  . . are computer-generated curves for E, A, and P, respectively, 
using rate constants determined independently. 
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Figure 7-Time-concentration profile of blue tetrazolium reaction with 
hydrocortisone hemisuccinate in absolute alcohol (2.3% water); E 
represents the normalized data for hydrocortisone hemisuccinate ( I l la ) ,  
A represents the normalized data for hydrocortisone (Ila), P represents 
t he  normalized data for reduced blue tetrazolium (formazan),  and -, +, a n d .  . . are computer-generated curves for E,  A, and P, respectively, 
using rate constants determined indzpendently. 
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Figure I-Time-concentration profile of blue tetrazolium reaction with 
methylprednisolone hemisuccinate in absolute alcohol (2.3% water); 
E represents the normalized data for methylprednisolone hemisuccinate 
(Il lb),  A represents the normalized data for methylprednisolone (Ilb), 
P represents the  normalized data for reduced blue tetrazolium (for- 
mazan),  and -, +, and .  . . are computer-generated curves for E, A, and 
P, respectively, using rate constants determined independently. 
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4. The water content of the reaction mixture has little effect on the 
rate of reaction of the corticosteroid (11) with I within the range 
studied. 

5. The hydrolysis rate of the ester (Ill - 11) and subsequently the 
overall reaction rate appear to be proportional to the water content of 
the reaction mixture. 

These kinetic results imply that the USP blue tetrazolium assay for 
these corticosteroid hemisuccinate esters has a high variability potential 
since it is a timed measurement (90 min). These results show that 111 does 
not react directly with I and that I1 must be formed. Therefore, the USP 
blue tetrazolium assay cannot differentiate between the corticosteroid 
(11) and its ester (111) and thus is not a stability-indicating assay of 111. 
In fact, if hydrolysis of the ester of these corticosteroids occurred, the 
results might show an increase in corticosteroid since the reaction rate 
of the corticosteroid is about three times as fast as the hemiester in alcohol 
USP. 

CONCLUSIONS 
1. The reaction of corticosteroid esters (111) with I is sequential. The 

ester is hydrolyzed first, and the resulting corticosteroid (11) reacts with 
I. The hydrolysis step is the rate-determining step. 

2. The USP blue tetrazolium assay is not stability indicating for the 
esters of these corticosteroids. 

3. As the percent of water in the reaction mixture decreases, the time 
for complete reaction increases for the USP blue tetrazolium assay of C-21 
hemisuccinate esters of corticosteroids. 
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Abstract  A biological assay was developed to evaluate rapidly the 
relative efficacy of marketed and experimental mercurial scavengers. 
Rat liver mitochondrial protein (1.0 mg) was titrated against methyl- 
mercuric chloride to the inhibitory level of mitochondrial respiration. 
Respiration induced by adenosine 5’-diphosphate with succinate (plus 
rotenone) as the substrate was inhibited consistently by 20.7 f 3.9 nmoles 
of methylmercury/mg of protein. Adenosine 5’-diphosphate-~timulated 
respiration (State 3) was restored with dimercaprol, penicillamine, and 
cysteine but not with serine. The antagonists glutathione, 3-mercapto- 
propionic acid, 2-mercaptoethanol, dithiothreitol, thioglucose, mer- 
captosuccinic acid, and thiosalicylic acid were effective. Glutathione was 
significantly superior to thiosalicylic acid and mercaptosuccinic acid. 
Sodium sulfide, thioacetamide, and ethylenediaminetetraacetic acid were 
completely inactive. Substitution of glutamate (plus malate) for succinate 
(plus rotenone) as the substrate did not alter the responses significantly. 
The rat liver mitochondrial assay provides preliminary information about 
the efficacy and toxicity of water-soluble thiols. Investigations utilizing 
encapsulated water- and lipid-soluble mercaptans are in progress. 

Keyphrases Mercurial scavengers-thiol-containing compounds, 
evaluation of efficacy and toxicity using rat liver mitochondrial assay 0 
Mercaptans-evaluation of efficacy and toxicity as mercurial scavengers 
using rat liver mitochondria1 assay 

Agents currently used t,o alleviate clinical symptoms and 
to facilitate the rapid removal of methylmercury include 
chelators such as dimercaprol, penicillamine, and eth- 
ylenediaminetet,raacetic acid (1-3). Unfortunately, the ef- 
fectiveness of these antidotes is limited by their toxicity, 
chemical instability, and relatively short circulation time. 

Polythiol resins, thioacetylated steroids, mercaptosteroids, 
and lipid encapsulation of ethylenediaminetetraacetic acid 
have been proposed to  improve on these mercurial scav- 
engers (4-9). 

BACKGROUND 

Reports on the analysis of subcellular distribution of labeled mercury 
indicate significant accumulation of mercury by mitochondria (10). 
Furthermore, dose and time dependence of the mercurial in relation to 
the extent of damage incurred”by isolated mitochondria has been docu- 
mented (11-13). In addition, the technique for isolation of viable rat liver 
mitochondria is well known. 

Early reports demonstrating reversal of mercurial inhibition by mer- 
captans dealt with isolated enzymes (14,15). Thompson and Whittaker 
(14) showed significant protection of pigeon brain pyruvate oxidase ac- 
tivity against mercuric chloride inhibition by the addition of dimercaprol 
and glutathione. Barron and Kalnitsky (15) demonstrated 75% reacti- 
vation of mercuric chloride-inhibited succinoxidase by the addition of 
various dithiols. Sone et al.  (11) recently studied the effects of methyl- 
mercuric chloride on mitochondrial respiration and found nearly com- 
plete restoration of succinate oxidation with t.hiol-containing reagents 
such as 2-mercaptoethanol, glutathione, cysteine, and dithiothreitol. The 
concentration required for reversal was not given. Less than 10% recovery 
of nicotinamide-adenine dinucleotide oxidation was restored by these 
reagents (11). 

In summary, direct effects of mercurials on rat liver mitochondria have 
been demonstrated (10-13). Furthermore, reactivation of mercurial- 
inhibited enzymes by thiols has been shown (14, 15). In addition, relief 
of mercurial intoxicat,ion in mitochondria by thiols has been shown but 
has not been quantified (15). This report describes the use of mito- 
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4. The water content of the reaction mixture has little effect on the 
rate of reaction of the corticosteroid (11) with I within the range 
studied. 

5. The hydrolysis rate of the ester (Ill - 11) and subsequently the 
overall reaction rate appear to be proportional to the water content of 
the reaction mixture. 

These kinetic results imply that the USP blue tetrazolium assay for 
these corticosteroid hemisuccinate esters has a high variability potential 
since it is a timed measurement (90 min). These results show that 111 does 
not react directly with I and that I1 must be formed. Therefore, the USP 
blue tetrazolium assay cannot differentiate between the corticosteroid 
(11) and its ester (111) and thus is not a stability-indicating assay of 111. 
In fact, if hydrolysis of the ester of these corticosteroids occurred, the 
results might show an increase in corticosteroid since the reaction rate 
of the corticosteroid is about three times as fast as the hemiester in alcohol 
USP. 

CONCLUSIONS 
1. The reaction of corticosteroid esters (111) with I is sequential. The 

ester is hydrolyzed first, and the resulting corticosteroid (11) reacts with 
I. The hydrolysis step is the rate-determining step. 

2. The USP blue tetrazolium assay is not stability indicating for the 
esters of these corticosteroids. 

3. As the percent of water in the reaction mixture decreases, the time 
for complete reaction increases for the USP blue tetrazolium assay of C-21 
hemisuccinate esters of corticosteroids. 
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Abstract  A biological assay was developed to evaluate rapidly the 
relative efficacy of marketed and experimental mercurial scavengers. 
Rat liver mitochondrial protein (1.0 mg) was titrated against methyl- 
mercuric chloride to the inhibitory level of mitochondrial respiration. 
Respiration induced by adenosine 5’-diphosphate with succinate (plus 
rotenone) as the substrate was inhibited consistently by 20.7 f 3.9 nmoles 
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Agents currently used t,o alleviate clinical symptoms and 
to facilitate the rapid removal of methylmercury include 
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and lipid encapsulation of ethylenediaminetetraacetic acid 
have been proposed to  improve on these mercurial scav- 
engers (4-9). 

BACKGROUND 

Reports on the analysis of subcellular distribution of labeled mercury 
indicate significant accumulation of mercury by mitochondria (10). 
Furthermore, dose and time dependence of the mercurial in relation to 
the extent of damage incurred”by isolated mitochondria has been docu- 
mented (11-13). In addition, the technique for isolation of viable rat liver 
mitochondria is well known. 

Early reports demonstrating reversal of mercurial inhibition by mer- 
captans dealt with isolated enzymes (14,15). Thompson and Whittaker 
(14) showed significant protection of pigeon brain pyruvate oxidase ac- 
tivity against mercuric chloride inhibition by the addition of dimercaprol 
and glutathione. Barron and Kalnitsky (15) demonstrated 75% reacti- 
vation of mercuric chloride-inhibited succinoxidase by the addition of 
various dithiols. Sone et al.  (11) recently studied the effects of methyl- 
mercuric chloride on mitochondrial respiration and found nearly com- 
plete restoration of succinate oxidation with t.hiol-containing reagents 
such as 2-mercaptoethanol, glutathione, cysteine, and dithiothreitol. The 
concentration required for reversal was not given. Less than 10% recovery 
of nicotinamide-adenine dinucleotide oxidation was restored by these 
reagents (11). 

In summary, direct effects of mercurials on rat liver mitochondria have 
been demonstrated (10-13). Furthermore, reactivation of mercurial- 
inhibited enzymes by thiols has been shown (14, 15). In addition, relief 
of mercurial intoxicat,ion in mitochondria by thiols has been shown but 
has not been quantified (15). This report describes the use of mito- 
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chondria in the evaluation of mercaptans as scavengers of methylmercuric 
chloride. 

EXPERIMENTAL’ 

All mercaptans were dissolved in deionized, distilled water just prior 
to use. These reagents, as well as methylmercury, exhibit chemical in- 
stability and volatility. For example, a dilute solution of methylmercuric 
chloride loses 20% of its capacity to inhibit mitochondrial respiration after 
standing for 5 hr at room temperature. 

Preparat ion of Mitochondria-Mitochondria were prepared by 
decapitation of rats (Sprague-Dawley strain) and rapid transfer of the 
liver to 0.25 M sucrose plus 1 mM ethylenediaminetetraacetic acid (pH 
7.2) a t  4O, followed by washing, homogenization, and centrifugation ac- 
cording to the method of Blair (16). The final pellet was resuspended in 
sucrose-ethylenediaminetetraacetic acid and assayed for total protein 
by the biuret method (17). The total amount of protein, the volume of 
material, and the final protein concentration were recorded for each ex- 
periment. 

Measurement of Redox Reactions-The intactness of isolated mi- 
tochondria was determined by incubation of 1.0 mg of mitochondrial 
protein first with 15 mM glutamate plus 0.15 mM malate and then with 
20 mM succinate plus rotenone (500 ng/ml) in a medium containing 250 
mM sucrose, 5.0 mM monobasic sodium phosphate, and 3.0 mM MgClz 
(Medium 1). State 3 respiration2 was initiated by the addition of 1.5 
pmoles of adenosine 5’-diphosphate and recorded on an oxygraph3 
equipped with a test platinum electrode and a 2.0-ml partially enclosed 
reaction vessel maintained at 30’ by a circulating water bath. A respi- 
ratory control ratio of 5.0 for succinate (plus rotenone) as the substrate 
was used as a minimum standard. All mitochondria batches were 
subjected to control runs a t  the beginning of each experiment. 

Inhibition of Mitochondria1 Oxidative Metabolism-The mini- 
mum level of methylmercury required to inhibit State 3 respiration to 
the level of State 4 respiration4 was determined by incubating 1.0 mg of 
rat liver mitochondrial protein with succinate (20 mM) plus rotenone (500 
ng/ml) in Medium 1 to which an excess of adenosine 5’-diphosphate (3.0 
pmoles) had been added. Approximately 1 min after the initiation of State 
3 respiration, methylmercury was pipetted into the reaction vessel. 
Observations were terminated after several minutes of State 4 respiration 
or when the rate of State 3 respiration was indistinguishable from State 
4 respiration. Titrations were conducted at the beginning of each ex- 
periment to evaluate interbatch variation. 

The relative efficacy of the water-soluble thiols was examined using 
succinate plus rotenone as the substrate, adenosine 5’-diphosphate to 
initiate State 3 respiration, and a constant level of methylmercury in 
Medium 1. Thiols were titrated to a concentration sufficient to reinstate 
State 3 respiration. Values reported in Table I represent 50% recovery. 
These values were calculated by subtracting the State 4 rate from the 
recovery scavenger rate and dividing by the State 3 rate minus the State 
4 rate of respiration, with subsequent matching of the scavenger con- 
centration used to the appropriate percentage recovery. All agents were 
tested on several preparations of mitochondria. 

RESULTS AND DISCUSSION 

Inhibition of mitochondrial metabolism as a function of the amount 
of methylmercury added was reported previously (11,12). No change in 
respiration was observed below 0.10 nmole of methylmercury/mg of rat 
liver mitochondrial protein. Above 11.0 nmoles of methylmercury, >91% 
inhibition of State 3 minus State 4 respiration was obtained. 

Sone et a/. (1 1) reported that dimercaprol reverses methylmercury- 
induced inhibition of rat liver mitochondrial metabolism. T o  quantify 
the proposed reversal, a series of experiments was conducted as described. 
Figure 1 displays actual tracings obtained when appropriate incubations 
were carried out. Addition of rat liver mitochondria to a reaction medium 

Methylmercuric chloride was obtained from ICN K and K Laboratories. Su- 
crose, succinate, rotenone, glutamate, malate, ethylenediaminetetraacetic acid, 
adenosine 5’-diphosphate, 2-mercaptoethanol, thioglucose, thiosalicylic acid, glu- 
tathione. and dithiothreitol were purchased from Sigma Chemical Co. Dimercaprol, 
penicillamine, and serine were products of Aldrich Chemical Co. Cysteine and 
mercaptosuccinic acid were supplied by Eastman Organic Chemicals. 3-Mercap- 
topropionic acid was obtained from Evans Chemetics. Thioacetic acid and thio- 
acetamide were products of Matheson, Coleman and Bell. 

2 Active respiration of mitochondria in the presence of excess added substrate 
and adenosine 5’-diphosphate. 

Gilson model M5P. 
Respiration of mitochondria after added adenosine 5‘-diphosphate has been 

phosphorylated but in the presence of exogenous substrate. 

Table I-Titration of Methylmercury Scavengers * 

With Methylmercury 

Recoverv Control Run 
50% Without Methylmercury 

Concen- Concen- 
tration, tration, 

nmoledmg Ratio of pmoles/mg 
of rat liver Mercaptan of rat liver Effect on 
mitochon- to Methyl- mitochon- State 3 

Mercaptan dria mercury dria Respiration 

Glutathione 14.5b 0.54 0.70 None 
Thiosalicylic 30.4 1.15 2.40 Inhibition 

3-Mercaptopro- 41.5 1.76 0.40 None 
acid 

pionicaccd 
2-Merca~toeth- 58.9 2.85 2.40 None 

anol 

nic acid 

Dithiothreitol 65.1 2.48 4.50 None 
Mercaptosucci- 69.2 2.80 2.52 Inhibition 

Thioglucose 126b 4.81 2.20 None 
Sodium sulfide - - 1.17 Inhibition 
Thioacetamide - - 33.2 None 

Results are given for the assay of mitochondrial incubations with mercaptans 
in the presence and absence of methylmercury. Titrations of mercaptans were 
carried out according to procedures outlined for penicillamine and dimercaprol. 
Results are reported as 50% recovery levels because of the greater sensitivity in this 
region of the titration curve to small changes in the concentration of the scavenger. 
Control runs were conducted in the absence of methylmercury using higher levels 
of the scavenger than required to produce recovery. Qualitative effects on State 
3 respiration are included in the last column. p < 0.05 (standard t test); individual 
50% recovery concentrations were compared to the mean of all 50% recovery 
levels. 

containing the substrate initiated State 2 respiration5. When adenosine 
5’-diphosphate was added, State 3 respiration began. Without further 
additions, State 3 respiration terminated to give State 4 respiration (curve 
A). If 1.0 pmole of dimercaprol/mg of rat liver mitochondrial protein was 
mixed with actively respiring mitochondria, no change was observed 
(curve B). Introduction of a predetermined level of methylmercury slowed 
the State 3 rate to a pseudo-State 4 rate. Finally, a sufficient quantity 
of dimercaprol added to the medium immediately relieved mercurial 
inhibition (curves C-E). With levels of >50 nmoles of dimercaprol/mg 
of rat liver mitochondrial protein, >60% recovery routinely was ob- 
tained. 

Since penicillamine has been an alternative therapy for acute mercurial 
intoxication (IS), the efficacy of this compound was compared to di- 
mercaprol with the mitochondrial assay procedure. Cysteine was included 
as a test reagent because of its close structural similarity to penicillamine 
and its qualitative scavenger capacity (11,14). Serine also was selected 
because it structurally resembles penicillamine but contains a hydroxyl 
group instead of a sulfhydryl group. 

Results of several experiments are shown in Fig. 2. Titration with 
penicillamine and cysteine produced similar results, although a slightly 
higher scavenger capacity was demonstrated by penicillamine. The op- 
timal concentration of penicillamine and cysteine required to elicit a given 
percentage recovery of respiration was significantly higher than the di- 
mercaprol concentration required to produce the same response. Serine 
has no capacity to reverse mercurial inhibition, thereby substantiating 
the requirement for sulfhydryl groups on scavenger molecules. 

Compounds such as 3-mercaptopropionic acid and glutathione were 
able to relieve mercuric chloride inhibition of isolated enzyme -ystems. 
The scavenger efficacy of these mercaptans, as well as others selected for 
their variation in carbon chain length, extent of ionization, and location 
of sulfhydryl groups, was examined (Table I). T o  verify the requirement 
of reduced thiols for activity against methylmercury, sodium sulfide and 
thioacetamide were tested. Because ethylenediaminetetraacetic acid has 
been used in the treatment of heavy metal poisoning, it was tested 
also. 

Glutathione, a tripeptide containing one sulfhydryl group, exhibited 
the greatest efficiency in relieving 50% of the mercurial-induced inhibi- 
tion. Thiosalicylic acid showed 50% recovery with an average of 30.4 
nmoles/mg of rat liver mitochondrial protein, making it nearly as effective 
as glutathione, although it inhibited State 3 respiration during the control 
run. 3-Mercaptopropionic acid exhibited a slightly superior mercaptan 

Mitochondrial respiration in the presence of added substrate and phos- 
phate. 
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Figure I-Titration of dimercaprol against methylmercury inhibition 
of oxidative metabolism. Experimental runs were conducted with Me- 
dium I (20 mM succinate, 500 ng of rotenonelml, 20 mg of mitochon- 
drialml, and 3.0 pmoles of adenosine 5'-diphosphate). Key: A ,  control 
run without methylmercury or dimercaprol; R, scaupnger control run 
of 1.0 pmole of dimercaprollmg of protein added to mitochondria after 
the initiation of State 3 respiration; and C-E, inhibitory effect of 
methylmercury (200 Fglml) and the level of recovery using 0.05 ( C ) ,  0.10 
( D ) ,  and 10 ( E )  pmoles of dimercaprollmg of rat  h e r  mitochondrial 
protein. Each run required -10 min. SPM = 250 mM sucrose, 5.0 mM 
monobasic sodium phosphate, and 3.0 mM MgC12; RLM = rat  liver 
mitochondria; ADP = adenosine 5'-diphosphate; and BAL = British 
anti-lewisite. 

to methylmercury ratio to those of 2-mercaptoethanol and dithiothreitol, 
but the concentrations required were not statistically different. Mer- 
captosuccinic acid relieved 50% of the observed inhibition, although the 
scavenger capacity was reduced by a progressive increase of State 3 in- 
hibition. Thioglucose was markedly less efficient as a mercurial scavenger. 
Sodium sulfate and thioacetamide proved to be ineffective scavengers 
and inhibitory at  sufficient levels. Ethylenediaminetetraacetic acid was 
neither effective as a mercurial scavenger nor toxic a t  a concentration 
of 168 nmoleslmg of rat liver mitochondrial protein. 

To compare the effect of an alternative substrate on mercurial scav- 
enger efficacy, glutamate plus malate was substituted for succinate plus 
rotenone and several experiments were conducted as outlined. The test 
compounds were 3-mercaptopropionic acid, 2-mercaptoethanol, mer- 
captosuccinic acid, and thioacetamide. In each case, the assay responded 
as observed when succinate plus rotenone was used as the substrate. 
Furthermore, levels required for 50% recovery were statistically indis- 
tinguishable from those reported here. Thioacetamide was ineffective, 
as expected. 

Dimercaprol proved to be a significantly superior methylmercury 
scavenger to penicillamine in t.he assay. The improved efficacy of di- 
mercaprol compared to penicillamine also was observed in whole animal 
studies (8). Because dimercaprol has a relatively greater lipid solubility 
than penicillamine and contains an additional thiol group, the differences 
ohserved are reasonable. Nevertheless, doubling the number of sulfhydryl 
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Figure 2-Titration of penicillamine, cysteine, and serine against 
methylmercury. Mitochondria (20 mglml) were incubated in the pres- 
ence of Medium I (20 mM succinate and 500 ngof rotenonelml). State  
3 respiration was initiated with excess adenosine 5'-diphosphate (3.0 
pmmles). Inhibition of State  3 respiration to the l e d  of State 4 respi- 
ration was obtained using 200 pg of methylmercury/ml. Aliquots of 
cysteine (0). penicillamine ( O ) ,  and serine (A) were added to the re- 
action uessel, which was observed for reestablishment of State 3 respi- 
ration. The calculation of the percent recovery is described under Ex- 
perimental. 

groups per molecule does not strictly increase its effectiveness by a factor 
of two. Thus, the potential of dimercaprol to bind heavy metals perhaps 
is antagonized by its characteristic tendency to form intermolecular di- 
sulfide bridges (18). 

In this assay, glutathione was a significantly better mercurial scavenger 
than are the other mercaptans. Glutathione contains some ionized groups 
at  physiological pH, so ease of transport through the inner mitochondrial 
membrane is not an applicable explanation. Furthermore, no damage 
to respiratory components was observed when glutathione was incubated 
with mitochondria (Table I). The explanation for the enhanced scavenger 
capacity of glutathione remains undetermined but is under investiga- 
tion. 

With the exception of glutathione and thioglucose, the mercaptans 
tested were not statistically different, indicating no minimal requirement 
for structural design beyond the availability of a free sulfhydryl group 
and water solubility. The inactivity of thioacetamide and sodium sulfide 
against methylmercury was predictable (14). 

The assay is a new approach for preliminary testing of mercurial 
antidotes. Information is obtained not only about the efficiency of the 
mercurial scavenger but also about its behavior under control conditions. 
Although mercaptans such as thiosalicylic acid and mercaptosuccinic 
acid are effective scavengers, they also inhibit respiration in this system 
(Table I). The advantages of time and the number of animals involved 
make this assay attractive for first approximations of scavenger capacity. 
These studies are being extended to encapsulation of water-soluble 
merraptans and lipid-soluble thiols. 

REFERENCES 

(1) L. Magos, Br. J .  fnd. Med., 25,152 (1968). 
(2) W. T. Longcope, J .  A. Leutscher, Jr., E. Calkins, D. Grob, S. W. 

(3) H. Matsumoto, A. Suzuki, and C. Norita, Life Sci., 6, 2321 

(4) T. W. Clarkson, H. Small, and T. Norseth, Arch. Enuiron. Health, 

( 5 )  L. Magos and T. W. Clarkson, Chem.-Rid. Interact., 14, 325 

(6) H. Selye, T. Mels, and S. Szabo, fnt. Urol. Nephrol., 2, 287 

(7) V. Eybl, J. Sykora, M. Koutenska, J. Koutensky, and F. Mertl, 

Bush, and H. Eisenberg, J .  Clin. Invest., 25,557 (1964). 

(1967). 

26, 173 (1973). 

(1976). 

(1970). 

Arzneim.-Forsch., 23,867 (1973). 

966 / Journal of Pharmaceutical Sciences 
Vol. 69, No. 8, August 7980 



(8) L. K. Steinrauf, B. Cox, E. Foster, and R. T .  Blickenstaff, J .  

(9) V. E. Rahman, M. W. Rosenthal, and E. A. Cerny, Science, 180, 

(10) T. Norseth and M. Brendeford, Biochem. Pharmacol., 20,1101 

(11) N. Sone, M. K. Larsstuvold, and Y. Kagawa, J .  Riochem., 82,859 

(12) J. H. Southard and P. Nitisewojo, Biochem. Biophys. Res. 

(13) J. H. Southard, P. Nitisewojo, and D. E. Green, Fed. Proc. Fed. 

(14) R. H. S. Thompson and V. P. Whittaker, Biochem. J., 41,346 

Pharm. Sci., 67,1739 (1978). 

300 (1973). 

(1971). 

( 1977). 

Commun., 52,921 (1973). 

Am. Soc. Exp. Riol., 33,2147 (1973). 

(1947). 

(15) E. S. Barron and G. Kalnitsky, ibid., 41,351 (1947). 
(16) P. V. Blair, Arch. Riochem. Biophys., 181,550 (1976). 
(17) G. A. Gornall, C. J. Bardawill, and M. M. David, J .  R i d  Chem., 

177,751 (1949). 
(18) “The Pharmacological Basis of Therapeutics,” 5th ed., L. 

Goodman and A. Gilman, Eds., Macmillan, New York, N.Y., 1975, pp. 
944-958. 

ACKNOWLEDGMENTS 

Supported by National Science Foundation Grant 74 22992 Al. 
The authors thank Dr. P. V. Blair, Department of Biochemistry, In- 

diana University School of Medicine, Indianapolis, Ind., for advice and 
support. 

Aspirin-A National Survey IV: In Vitro Dissolution of 
Aspirin Formulations 

WILLIAM E. JUHLX and ROSS D. KIRCHHOEFER 
Received October 29,1979, from the National Center for Drug Analysis, Food and Drug Administration, St. Louis, M O  63101. 
publication March 26,1980. 

Accepted for 

Abstract  The results of a national survey of the i n  uitro dissolution 
rates of aspirin tablets are presented. Dissolution profiles by both the 
proposed USP XX basket method and a paddle method are compared. 
The methods were used to analyze 59 tablet formulations representing 
38 manufacturers. Each tablet was subjected to the dissolution procedure 
in 500 ml of pH 4.5 buffer solution, and an aliquot was sampled auto- 
matically and analyzed by an automated system. In 30 min, 22% of the 
samples tested using the basket method failed the proposed USP XX 
dissolution requirement. Seventy-five percent of the samples tested by 
the paddle method also failed the proposed dissolution requirement. 

Keyphrases Aspirin-in uitro dissolution, comparison of basket and 
paddle methods 0 Analgesics-in uitro dissolution of aspirin formula- 
tions Dissolution-aspirin formulations, in  uitro, basket and paddle 
methods compared 

A national survey (1) of aspirin tablet products was 
conducted at  the National Center for Drug Analysis during 
the summer and fall of 1978. The purpose of the survey was 
to ascertain the quality of these products and the adequacy 
of the USP monograph (2). The USP presented a disso- 
lution test in the Pharmaceutical Forum (3) that specifies 
use of a basket and requires 80% dissolution in 30 min. 

During the survey, selected aspirin samples representing 
each manufacturer and dosage level were assayed for their 
dissolution rates in uitro using both a basket and a paddle 
and the dissolution medium (pH 4.5 buffer) and speed of 
rotation (50 rpm) specified in Ref. 3. The guidelines (4) for 
the dissolution testing were followed. The dissolution rate 
for each sample was determined by taking aliquots auto- 
matically (5) every 10 min over 60 min and analyzing the 
dissolution medium for aspirin by an automated proce- 
dure. The purpose of this experiment was to compare the 
dissolution characteristics of the selected marketed sam- 
ples by the proposed USP XX dissolution test using the 
proposed basket method and the paddle method. The 
paddle method also was used because it has been a more 
discriminating test for differentiating drug products than 
the basket method in this laboratory. 

EXPERIMENTAL 

Apparatus-A dissolution apparatus’ and a 76-liter aquarium tank 
with a constant-temperature water bath maintained a t  37” were used. 

For the sampling2, an automatic analyzer with a sampler:’, three 
pumps4, a manifold, and a timer5 was used together with a cycle timer6 
for the sampling interval timer. Six sampling probes with filters7 were 
required. 

For the determinative step, an automatic analyzer with a sampler3, 
pumps8, a manifold, and a timer5 was connected to a spe~trophotometer~ 
equipped with a quartz flowcelllo. A 100-mv recorder” was connected 
to the spectrophotometer. 

Reagents-ACS grade chloroform was washed with water and filtered 
through paper on the day of use. The pH 2.2 buffer solution was prepared 
by diluting 250.0 ml of 0.2 M KCI and 39.0 ml of 0.2 M HCI to 1 liter with 
water. The 0.2 M KCI was prepared by dissolving 14.911 g of potassium 
chloride in water and diluting it with water to 1 liter. The 0.2 M HCI was 
prepared by diluting 17.0 ml of concentrated hydrochloric acid to 1 liter 
with water. The pH 4.5 buffer solution was prepared by adding 2.99 g of 
sodium acetate to 1.66 ml of acetic acid and diluting to 1 liter with water. 
The buffer solution used for the dissolution medium was boiled to remove 
air bubbles. 

Standard Preparation (324-mg Tablets)-Approximately 325 mg 
of USP reference standard aspirin was weighed accurately and dissolved 
in 5.0 ml of 95% ethanol. This solution was diluted to 1 liter with the pH 
4.5 buffer solution. The standard was prepared fresh daily and was used 
immediately. 

Sample Preparation (324-mg Tablets)-One tablet was placed in 
each dissolution vessel or basket. For 60 min, samples were withdrawn 
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A national survey (1) of aspirin tablet products was 
conducted at  the National Center for Drug Analysis during 
the summer and fall of 1978. The purpose of the survey was 
to ascertain the quality of these products and the adequacy 
of the USP monograph (2). The USP presented a disso- 
lution test in the Pharmaceutical Forum (3) that specifies 
use of a basket and requires 80% dissolution in 30 min. 

During the survey, selected aspirin samples representing 
each manufacturer and dosage level were assayed for their 
dissolution rates in uitro using both a basket and a paddle 
and the dissolution medium (pH 4.5 buffer) and speed of 
rotation (50 rpm) specified in Ref. 3. The guidelines (4) for 
the dissolution testing were followed. The dissolution rate 
for each sample was determined by taking aliquots auto- 
matically (5) every 10 min over 60 min and analyzing the 
dissolution medium for aspirin by an automated proce- 
dure. The purpose of this experiment was to compare the 
dissolution characteristics of the selected marketed sam- 
ples by the proposed USP XX dissolution test using the 
proposed basket method and the paddle method. The 
paddle method also was used because it has been a more 
discriminating test for differentiating drug products than 
the basket method in this laboratory. 

EXPERIMENTAL 

Apparatus-A dissolution apparatus’ and a 76-liter aquarium tank 
with a constant-temperature water bath maintained a t  37” were used. 

For the sampling2, an automatic analyzer with a sampler:’, three 
pumps4, a manifold, and a timer5 was used together with a cycle timer6 
for the sampling interval timer. Six sampling probes with filters7 were 
required. 

For the determinative step, an automatic analyzer with a sampler3, 
pumps8, a manifold, and a timer5 was connected to a spe~trophotometer~ 
equipped with a quartz flowcelllo. A 100-mv recorder” was connected 
to the spectrophotometer. 

Reagents-ACS grade chloroform was washed with water and filtered 
through paper on the day of use. The pH 2.2 buffer solution was prepared 
by diluting 250.0 ml of 0.2 M KCI and 39.0 ml of 0.2 M HCI to 1 liter with 
water. The 0.2 M KCI was prepared by dissolving 14.911 g of potassium 
chloride in water and diluting it with water to 1 liter. The 0.2 M HCI was 
prepared by diluting 17.0 ml of concentrated hydrochloric acid to 1 liter 
with water. The pH 4.5 buffer solution was prepared by adding 2.99 g of 
sodium acetate to 1.66 ml of acetic acid and diluting to 1 liter with water. 
The buffer solution used for the dissolution medium was boiled to remove 
air bubbles. 

Standard Preparation (324-mg Tablets)-Approximately 325 mg 
of USP reference standard aspirin was weighed accurately and dissolved 
in 5.0 ml of 95% ethanol. This solution was diluted to 1 liter with the pH 
4.5 buffer solution. The standard was prepared fresh daily and was used 
immediately. 

Sample Preparation (324-mg Tablets)-One tablet was placed in 
each dissolution vessel or basket. For 60 min, samples were withdrawn 
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Table I-National Survey Results * (Percent of Label Declaration) for Dissolution of Aspirin Tablets 

Tablet Dissolution Time, min 
Manufacturer * Dosage. me: ADDaTaTIIS' 10 20 30 40 50 60 

A 

B 

C 

D 

F 

G 

H 

I 

J 

K 

L 

M 

N 

0 

P 

Q 
R 

S 

T 

U 

V 

W 

X 

Y 

324 
324 
421 
421 
324 
324 
81 
81 

160 
160 
486e 
486' 
324e 
324e 
324e 
324e 
324 
324 
324 
324 
81 
81 
81 
81 

324 
324 
324 
324 
81 
81 

324 
324 
324e 
324e 
324 
324 
324 
324 
324 
324 
324 
324 
324 
324 
324 
324 
324 
324 
81 
81 

324e 
324e 
81 
81 

324e 
324e 
81 
81 

324e 
324e 
81 

324 
324 
324 
324 
81 
81 
81 
81 

324 
324 
486 
486 

81 

P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 

38.6 (2.6) 
71.2 (3.7) 
41.3 (10.9) 
33.6 (4.0) 
41.6 (3.6) 
61.8 (4.2) 
56.6 (4.6) 
55.4 (1.0) 
67.0 (2.4) 
61.8 (2.5) 
89.7 (6.0) 
62.8 (16.9) 
74.0 (12.2) 
85.9 (13.3) 
98.6 (2.2) 
79.7 (2.4) 
17.6 (3.1) 
11.2 (1.0) 
17.2 (8.7) 
37.9 (7.9) 
69.0 (18.7) 
56.2 (7.1) 
9.1 (2.4) 
7.3 (0.4) 

16.0 (2.3) 
36.5 (14.7) 
38.1 (3.2) 
59.9 (7.3) 
12.3 (0.9) 
37.8 (3.1) 
23.2 (2.3) 
62.3 (6.2) 
93.4 (7.4) 
83.7 (5.9) 
31.5 (3.5) 
55.0 (1.8) 
21.0 (4.8) 
43.5 (4.4) 
24.0 (4.8) 
27.5 (6.6) 
22.6 (2.6) 
26.6 (4.9) 
23.6 (2.2) 
40.0 (3.7) 
20.0 (2.1) 
52.3 (7.7) 
38.2 (10.9) 
66.0 (7.7) 
56.4 (8.2) 
45.5 (7.8) 
87.9 (2.3) 
85.7 (2.3) 
46.9 (8.5) 
47.3 (7.8) 

103.7 (5.0) 
90.4 (3.6) 
45.4 (5.6) 
50.5 (8.8) 
74.2 (9.0) 
63.7 (4.8) 
44.6 (2.0) 
77.9 (4.0) 
8.1 (0.7) 
4.1 (1.1) 

16.3 (1.6) 
57.9 (4.9) 
60.5 (5.6) 
76.7 (4.1) 
37.7 (4.7) 
58.2 (6.8) 
19.2 (4.6) 
52.3 (12.0) 
48.3 (8.8) 
35.0 (3.1) 

50.2 (3.8) 
93.4 (2.4) 
51.0 (8.0) 
56.3 (6.7) 
54.6 (8.1) 
94.4 (3.1) 
78.0 (8.1) 
85.2 (1.6) 
80.4 (3.3) 
87.9 (4.0) 
90.7 (5.2) 
77.2 (14.2) 
77.2 (10.0) 
96.3 (4.9) 

100.3 (1.5) 
87.3 (2.4) 
27.0 (5.6) 
20.2 (2.0) 
34.5 (14.8) 
72.9 (7.7) 
90.8 (11.4) 
84.6 (7.5) 
12.5 (1.2) 
12.1 (0.6) 
27.4 (4.7) 
75.2 (13.9) 
59.4 (6.3) 
81.7 (6.9) 
24.1 (2.7) 
86.1 (6.7) 
34.3 (2.9) 
86.5 (5.5) 
95.0 (6.2) 
90.0 (4.5) 
46.7 (5.7) 
85.7 (3.4) 
31.7 (7.0) 
62.5 (5.5) 
42.3 (7.9) 
49.6 (9.2) 
38.1 (5.5) 
45.7 (6.2) 
35.8 (3.8) 
69.6 (4.1) 
29.5 (3.0) 
76.6 (10.5) 
48.2 (11.0) 
93.4 (3.9) 
67.5 (7.2) 
64.9 (8.1) 
88.7 (2.9) 
93.4 (2.3) 
61.9 (9.0) 
63.0 (9.5) 

107.5 (5.7) 
96.4 (4.6) 
67.3 (7.2) 
70.9 (10.1) 
84.8 (7.0) 
98.2 (2.8) 
68.8 (10.8) 
98.8 (3.6) 
14.0 (2.5) 
9.6 (1.5) 

25.9 (2.6) 
83.1 (3.1) 
75.2 (5.2) 
94.6 (1.8) 
56.7 (4.6) 
83.6 (4.0) 
32.1 (4.4) 
78.1 (9.8) 
67.7 (6.4) 
65.5 (9.4) 

59.0d (4.2) 
97.5 (2.0) 
58.1d (7.3) 
72.3d (9.8) 
61.7d (7.9) 

100.3 (1.1) 
88.0 (8.1) 
96.5 (2.0) 
85.0 (3.8) 
98.0 (3.4) 
92.1 (5.5) 
84.7 (10.3) 
78.0d (9.2) 
97.5 (2.6) 

100.8 (1.9) 
91.4 (2.3) 
35.4d (7.6) 
27.5d (3.4) 
47.0d (18.3) 
91.1 (5.2) 
97.1 (7.7) 
93.4 (6.2) 
16.gd (1.5) 
i6.6d io.6j 
36.6d (6.1) 
93.3 (6.2) 
72.2d (7.8) 
90.4 (6.1) 
32.4d (3.3) 

105.7 (8.5) 
41.4d (4.8) 
96.6 (2.6) 
95.4 (6.4) 
93.0 (4.1) 
56.5d (5.9) 
93.6 (1.5) 
39.6d (7.6) 
73.7d (6.5) 
55.8d (9.3) 
64.8d (10.2) 
49.8d (6.2) 
59.5d (6.1) 
45.2d (4.9) 
84.1 (4.3) 
37.1d (3.2) 
88.8 (8.5) 
54.3d (10.4) 
97.6 (2.5) 
75.7d (10.1) 
74.6d (7.8) 
88.2 (2.8) 
93.9 (2.2) 
70.1d (8.5) 
76.2d (10.3) 

105.6 (6.0) 
98.9 (4.3) 

80.0 (10.0) 
86.9 (6.8) 

102.4 (1.4) 
74.2d (13.0) 

101.8 (2.8) 
18.5d (3.5) 
14.4d (2.0) 
33.1d (2.8) 
93.1 (2.0) 
81.9 (5.6) 
98.9 (2.5) 
65.6d (5.2) 
92.7 (3.6) 
40.4d (4.6) 
91.6 (4.7) 
76.9d (5.8) 
80.9 (11.9) 

73.5d (7.5) 

66.3 (4.5) 
97.4 (1.9) 
62.9 (7.3) 
85.4 (12.8) 
66.5 (8.0) 

100.3 (1.4) 
94.4 (7.2) 

100.0 (2.3) 
86.9 (3.7) 

101.2 (3.4) 
92.0 (5.0) 
88.0 (6.7) 
78.9 (8.5) 
97.7 (1.5) 

100.5 (1.6) 
92.1 (2.1) 
42.3 (6.2) 
36.0 (4.8) 
55.4 (19.2) 
96.7 (2.2) 
98.5 (9.1) 
97.6 (6.0) 
20.5 (1.4) 
19.8 (0.4) 
43.6 (6.6) 
99.1 (1.3) 
80.7 (7.6) 
93.9 (5.7) 
38.7 (2.7) 

107.2 (6.1) 
47.3 (5.3) 
99.2 (1.7) 
95.2 (5.6) 
95.6 (3.3) 
64.4 (5.9) 
95.9 (2.1) 
45.4 (8.0) 
80.6 (6.9) 
65.5 (9.3) 
76.8 (9.3) 
58.5 (6.4) 
69.9 (5.8) 
52.0 (6.2) 
91.0 (3.4) 
42.5 (3.3) 
95.6 (7.0) 
59.1 (9.9) 
97.1 (2.7) 
79.8 (8.9) 
80.4 (6.1) 
88.0 (2.9) 
93.7 (2.0) 
74.3 (7.4) 
84.0 (9.4) 

103.6 (4.7) 
99.0 (4.2) 
78.0 (7.7) 
84.6 (8.6) 
87.1 (6.2) 

101.0 (3.0) 
76.9 (13.3) 

101.1 (2.2) 
22.3 (4.3) 
19.2 (2.4) 
39.3 (3.2) 
96.0 (2.5) 
85.0 (5.1) 

100.9 (2.1) 
71.4 (4.8) 
96.7 (1.9) 
47.3 (5.0) 
98.0 (1.5) 
81.7 (5.4) 
87.1 (9.4) 

72.4 (4.3) 
96.8 (2.1) 
65.9 (7.3) 
90.4 (13.2) 
69.6 (7.6) 
99.6 (2.3) 
97.3 (6.8) 

100.8 (2.3j 
88.1 (3.7) 

101.9 (3.6) 
91.9 (4.9) 
90.2 (3.6) 
79.2 (7.7) 
97.6 (1.8) 

100.7 (1.9) 
92.2 (2.6) 
48.2 (7.2) 
44.5 (5.7) 
60.8 (17.8) 
99.4 (1.3) 

100.0 (9.2) 
100.1 (6.1) 
24.2 (2.1) 
22.8 i0.5j 
49.3 (6.7) 
98.8 (0.7) 
84.8 (6.0) 
95.1 (5.2) 
44.2 (3.1) 

108.0 (6.1) 
52.1 (6.5) 

100.1 (1.1) 
95.1 (6.1) 
96.7 (3.1) 
70.6 (5.5) 
96.6 (2.4) 
49.9 (8.0) 
84.8 (6.0) 
72.6 (9.2) 
84.8 (8.2) 
65.4 (6.6) 
77.9 (4.9) 
57.4 (7.2) 
94.5 (2.3) 
46.9 (3.1) 
98.4 (5.4) 
63.0 (9.3) 
97.1 (2.2) 
83.0 (8.0) 
85.1 (5.5) 
88.0 (2.7) 
93.8 (1.6) 
77.3 (7.5) 
89.6 (9.1) 

105.9 (4.6) 
99.9 (4.3) 
79.1 (7.1) 
88.1 (7.9) 
87.6 (5.8) 

100.5 (1.8) 
79.2 (13.6) 
99.7 (2.5) 
25.8 (4.8) 
23.1 (3.0) 
44.5 (3.2) 
97.2 (2.1) 
85.9 (4.5) 

100.3 (1.6) 
73.8 (4.3) 
96.6 (2.5) 
52.6 (5.1) 
99.2 (1.5) 
84.4 (4.4) 
89.4 (5.4) 

77.7 (4.3) 
96.2 (1.7) 
68.6 (5.8) 
92.3 (12.7) 
73.0 (7.2) 
98.6 (1.9) 
98.9 (6.4) 

100.8 (2.2) 
88.9 (3.6) 

102.6 (3.5) 
92.2 (5.1) 
91.4 (2.3) 
79.0 (7.8) 
98.0 (2.0) 
99.2 (2.4) 
92.9 (1.7) 
54.2 (7.3) 
52.4 (6.9) 
65.0 (16.3) 
98.9 (1.4) 

100.3 (8.6) 
102.0 (5.5) 
27.3 (2.5) 
25.7 (0.7) 
54.2 (6.5) 
98.4 (0.5) 
88.2 (5.4) 
95.0 (4.9) 
47.2 (3.4) 

109.4 (6.6) 
55.9 (7.3) 

100.0 (1.5) 
95.8 (5.5) 
95.4 (3.1) 
75.9 (5.0) 
96.7 (2.2) 
53.8 (7.9) 
91.9 (8.5) 
78.2 (8.3) 
90.6 (6.6) 
71.3 (5.5) 
84.2 (3.5) 
61.5 (7.6) 
95.9 (1.1) 
50.7 (3.5) 
99.3 (4.2) 
66.7 (9.0) 
96.7 (2.5) 
84.5 (6.7) 
87.5 (4.0) 
87.4 (2.5) 
93.3 (1.9) 
80.1 (6.3) 
90.8 (7.9) 

107.4 (3.8) 
100.2 (4.4) 
79.4 (7.8) 
90.8 (7.7) 
88.1 (5.1) 

80.2 (13.0) 
100.7 (2.7) 
28.5 (5.1) 
27.3 (4.0) 
48.9 (3.8) 
97.7 (1.3) 
87.9 (4.8) 
99.1 (1.9) 
75.1 (4.7) 
96.5 (1.3) 
57.0 (5.6) 
97.9 (1.5) 
84.9 (4.1) 
91.7 (4.4) 

- 

(continued) 
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Table I-Continued 

Tablet Dissolution Time, min 
Manufacturer * Dosage, mg Apparatusc 10 20 30 40 50 60 

Z 

AA 

BB 

cc 
DD 

EE 

FF 

GG 

HH 

I1 

JJ 

KK 

LL 

648 
648 
324 
324 
486 
486 
300 
300 
81 
81 

324 
324 
324e 
324e 
324e 
324e 
81 
81 

324 
324 
324 
324 
324e 
324e 
81 
81 
81 
81 

320 
320 
65 
65 

324e 
324 
324 
324 
81 
81 

486 
486e 
324e 
324e 

P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 
P 
B 

26.5 (4.9) 
34.4 (6.2) 
25.9 (4.6) 
67.5 (1.9) 
10.8 (2.0) 
5.7 (0.9) 

36.9 (2.7) 
59.9 (2.7) 
33.6 (3.4) 
77.6 (6.3) 
40.8 (2.3) 
47.3 (1.0) 
81.8 (4.5) 
77.7 (3.5) 
90.6 (1.7) 
82.6 (4.0) 
15.8 (4.1) 
56.0 (13.7) 
38.9 (8.4) 
62.1 (6.8) 
40.3 (2.6) 
70.6 (3.9) 
29.0 (2.7) 
50.5 (4.1) 
12.0 (1.7) 
8.1 (1.1) 
8.5 (0.6) 
6.2 (0.4) 

13.7 (1.3) 
33.1 (6.2) 
45.9 (11.0) 
59.1 (24.7) 
47.4 (5.2) 
41.8 (5.0) 
30.5 (2.7) 
66.6 (3.8) 
31.5 (2.6) 
45.9 (7.6) 
81.0 (4.3) 
34.5 (8.5) 
47.8 (2.0) 
38.3 (3.5) 

44.5 (5.6) 
65.3 (10.0) 
36.8 (5.5) 
88.8 (3.9) 
20.8 (5.6) 
10.7 (1.4) 
51.8 (2.8) 
87.7 (2.8) 
50.0 (4.3) 
98.6 (2.9) 
55.1 (3.5) 
74.6 (4.3) 
84.7 (4.1) 
89.5 (4.2) 
89.8 (1.2) 
94.2 (4.1) 
45.8 (7.6) 
85.0 (9.9) 
46.6 (10.1 ) 
92.0 (2.8) 
53.6 (3.3) 
97.3 (1.3) 
48.9 (1.6) 
71.9 (6.8) 
17.6 (2.9) 
17.8 (2.0) 
17.2 (3.9) 
9.9 (0.2) 

22.4 (2.2) 
63.6 (8.0) 
69.6 (11.5) 
79.0 (24.4) 
58.7 (5.4) 
65.2 (4.3) 
44.2 (2.8) 
92.6 (2.9) 
61.5 (9.1) 
74.7 (9.5) 
84.9 (4.8) 
77.5 (11.7) 
62.2 (2.8) 
58.9 (4.1) 

52.8d (6.1) 
85.3 (9.9) 
45.8d (5.8) 
93.1 (2.7) 
28.5d (8.6) 
15.5d (1.8) 
60.6d (3.1) 
98.9 (2.2) 
61.6d (5.6) 
99.5 (1.9) 
63.8d (3.9) 
91.1 (5.6) 
85.3 (3.5) 
92.4 (3.8) 
88.4 (1.7) 
94.3 (3.3) 
67.1d (7.2) 
95.9 (6.3) 
56.5d (6.3) 

100.1 (2.8) 
63.6d (5.0) 

100.4 (1.1) 
63.8d (2.6) 
83.2 (5.2) 
31.7d (5.9) 
33.2d (3.7) 
28.5d (3.8) 
13.8d (0.6) 
29.7d (4.1) 
80.7 (6.9) 
81.7 (9.3) 
88.1 (21.9) 
63.5d (5.4) 
78.6d (5.6) 

97.2 (1.0) 
70.6d (9.6) 
85.6 (8.4) 
87.4 (4.4) 
96.6 (3.4) 
70.2d (3.2) 
70.gd (5.3) 

55.3d (4.9) 

57.5 (7.1) 
97.5 (6.7) 
52.6 (5.8) 
94.5 (2.2) 
35.7 (10.1) 
20.2 (2.2) 
66.8 (3.1) 

100.6 (2.4) 
70.2 (5.1) 
99.1 (2.1) 
69.6 (4.1) 
97.0 (3.8) 
85.0 (3.5) 
93.7 (4.1) 
88.7 (1.9) 
93.1 (2.4) 
79.3 (7.7) 
99.1 (3.7) 
62.6 (6.4) 

101.2 (2.7) 
71.9 (6.4) 
99.6 (1.1) 
73.6 (1.8) 
88.7 (6.5) 
42.3 (4.1) 
54.5 (7.6) 
40.0 (6.4) 
19.8 (1.2) 
34.5 (3.1) 
89.7 (6.9) 
88.0 (7.1) 
92.3 (18.8) 
66.3 (4.9) 
85.3 (7.2) 
65.5 (6.9) 
98.3 (2.8) 
73.5 (8.8) 
90.4 (6.5) 
88.3 (4.3) 
99.2 (2.8) 
74.9 (2.8) 
78.1 (5.6) 

61.2 (6.9) 
103.7 (4.1) 
58.0 (5.9) 
95.2 (2.4) 
41.7 (11.0) 
24.5 (2.9) 
72.4 (2.7) 

100.4 (1.9) 
76.8 (5.0) 
98.5 (2.2) 
73.6 (4.3) 
98.8 (2.1) 
84.8 (3.5) 
94.3 (3.7) 
90.8 (2.1) 
93.8 (4.4) 
82.2 (7.7) 
99.3 (5.0) 
68.1 (5.6) 

101.3 (1.8) 
78.1 (6.2) 
99.7 (1.2) 
77.8 (2.5) 
91.8 (4.5) 
53.1 (3.8) 
78.4 (4.1) 
49.7 (7.0) 
30.9 (1.9) 
39.5 (3.6) 
93.3 (4.2) 
92.6 (6.0) 
93.1 (15.7) 
68.4 (5.0) 
89.5 (8.1) 
74.3 (8.0) 
97.8 (1.3) 
76.3 (8.6) 
92.8 (4.4) 
89.0 (4.4) 
99.8 (3.2) 
78.6 (2.6) 
82.4 (5.4) 

63.7 (6.5 
105.4 (1.2) 
63.1 (5.7) 
95.5 (2.8) 
47.7 (12.2) 
28.8 (3.5) 
76.6 (2.1) 

100.3 (2.0) 
80.6 (4.8) 
98.1 (2.1) 
77.8 (4.5) 
99.3 (2.5) 
84.3 (3.2) 
96.4 (4.4) 
93.2 (2.3) 
95.4 (2.4) 
84.5 (7.3) 
00.4 (4.7) 
72.2 (4.9) 
01.4 (2.4) 
82.6 (5.5) 
98.7 (1.0) 
81.3 (2.3) 
92.5 (4.1) 
64.3 (4.1) 
89.9 (2.3) 
54.3 (6.3) 
46.4 (4.3) 
43.9 (3.7) 
95.6 (3.3) 
94.8 (5.1) 
94.2 (13.5) 
70.2 (5.0) 
91.1 (8.7) 
80.2 (6.9) 
97.8 (1.8) 
76.8 (9.1) 
95.5 (3.1) 
89.8 (4.6) 
99.0 (2.8) 
80.9 (2.6) 
85.0 (5.6) 

a Average of six assays. Numbers in parentheses are standard deviations. A = Bell Pharmacal, Greenville, S.C.; B = Block !)rug Co., Memphis, Tenn.; C = Bowman 
Pharmaceuticals, Canton, Ohio; D = Bristol-Myers Co., New York, N.Y.; F = Otis Clapp & Sons, Boston, Mass.; G = Cord Laboratories, Detroit, Mich.; H = Davis Man- 
ufacturing Co., Knoxville, Tenn.; I = Dewey Products Co., Grand Rapids, Mich.; J = Ferndale Laboratories, Ferndale, Mich.; K = Freeda Vitamins, New York, N.Y.; 
L = ICN Pharmaceuticals, Cincinnati, Ohio; M = Lannett Co.. Philadelphia, Pa.; N = Eli Lilly & Co., Indianapolis, Ind.; 0 = Mallard, Detroit, Mich.; P = Manhattan 
Drug Co., Hillside, N.J.; Q = Marshall Pharmacal Corp., S. Hackensack, N.J.; R = McKesson Laboratories, Fairfield, Conn.; S = Norwich-Eaton Pharmaceuticals, Norwich, 
N.Y.; T = Oak Park Pharmaceuticals, Fredonia, Wis.; U = Pennex Products Co., Pittsburgh, Pa.; V = L. Perrigo Co., Allegan, Mich.; W = Pill Mill, Grand Rapids, Mich.; 
X = Plough, Memphis, Tenn.; Y = Rexall Drug Co., St. Louis, Mo.; Z = Richlyn Laboratories, Philadelphia, Pa.; AA = Stein-Mendez Labs, Rio Peidas, Puerto Rico; 
BB = Stanback Co., Salisbury, N.C.; CC = Standard Pharmacal Co., Chicago, Ill.; DD = Stanley Laboratories, Portland, Ore.; EE = Sterlin Drug, New York, N.Y.; F F  
= E. R. Squibb & Sons, New York, N.Y.; GG = Sun Laboratories, Portland, Ore.; HH = Vale Chemical Co., Allentown. Pa.; I1 = Walgreen Co., Cficago. Ill.; dJ = West-Ward, 
Eatontown, N.J.; KK = Whitehall Laboratories, New York, N.Y.; and LL = Zenith Laboratories, Hoboken, N.J. P = paddle, and B = basket. Failed to meet proposed 
USP XX requirements of 80% dissolution a t  30 min. Buffered tablets. 

at 10-min intervals using the automated sampling system. 
Semiautomated Determination-The automated system was as- 

sembled as shown in Fig. 1. The solutions were sampled at a rate of 30 
cups per hour with a sample-to-wash ratio of 2:l. A sampling pattern of 
three standards, six samples, one standard, six samples, etc., was used. 
Two cups of standard were placed a t  the end. The first two standards and 
the last standard were not used in the calculations. A polytetrafluoro- 
ethylene strip was inserted into the BO fitting to direct the organic phase 
downward. 

To start the system, ethanol was pumped through the chloroform pump 
tube for 5 min, and the tube then was pumped dry. The chloroform line 
was placed in the solution and pumped until the solution reached the 
spectrophotometer cell. The pH 2.2 buffer line was placed in the solution, 
and the system was allowed to equilibrate. 

The sample stream was diluted with pH 2.2 buffer, and chloroform was 
added. The chloroform containing the extracted drug was pumped 
through a flowcell, and the absorbance of the drug was read a t  280 nm. 

RESULTS AND DISCUSSION 

Validation Tests-A series of validation tests was performed on the 
automated system. A linear response was obtained from four standard 

solutions containing 0.3-1.3 mg of aspirin/ml (corresponding to 50-200% 
of the label declaration). The results of an assay of 30 individual cups 
exhibited a relative standard deviation of 0.9%. A standard solution 
containing 0.65 mg of aspirin/ml gave reproducible peaks whose height 
reached -97.0% of the steady state. 

Composite Assays-Portions of tablet composites equivalent to single 
tablets were analyzed by the paddle method and the proposed USP kX 
(3) method. The ground tablet composites were prepared from available 
commercial samples. When four samples were analyzed by the USP and 
the automated methods, the results obtained were (percentage of label 
declaration): 97.9,98.2,101.0, and 100.9 and 99.3.98.2.101.5, and 101.2, 
respectively. Four individual assays of one composite gave an average 
of 101.2% of the label declaration with a relative standard deviation of 
0.27%. 

Effect of Alcohol in Standard-Since aspirin is not very soluble in 
pH 4.5 buffer solution, the aspirin standard was dissolved in ethanol and 
then diluted with the buffer solution. To test the effect of the alcohol, 
solutions containing 1% alcohol and no alcohol were analyzed. There was 
no difference in absorptivity between the two solutions. 

Effect of Boiling pH 4.5 Buffer Solution-Deaerated water usually 
is recommended for dissolution of tablets. In the proposed method, if the 
water is deaerated first and the buffer solution then is prepared using this 
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Figure 1-Flow of automated system for aspirin dissolution. Key: Si, 
silicon pump tube; T, Tygon tube; A, Acidfler pump tube; RA, red Ac- 
idflex pump tube; B, 28-turn X 2.4-mrn i.d. mixing coil; C, 28-turn X 
2.4-mm i.d. mixing coil with one double end; F, 5.5-turn settling coil; G, 
UVspectrophotometer; and H, recorder. Pump tube sizes are in milli- 
liters per minute. 

water, air can be introduced into the solution. A test was performed to 
determine if boiling the pH 4.5 buffer solution affects the pH of the so- 
lution. The pH of the freshly prepared solution and the boiled solution 
was the same. 

Survey Results-The automated method was employed to analyze 
59 tablet formulations representing 37 manufacturers using both the 
basket and the paddle techniques (Table I). Of the total samples tested, 

NOTES 

22% failed the proposed USP XX dissolution requirement using the 
basket method and 75% failed using the paddle technique. 

Of the 59 formulations tested, 49 were plain aspirin tablets and 10 were 
buffered tablets. None of the buffered tablets and 26.5% of the plain 
tablets failed the proposed USP XX requirements by the basket method. 
Eighty-six percent of the plain tablets and 20% of the buffered tablets 
failed the proposed USP XX requirements by the paddle method. 

During this survey, the basket method gave higher results than the 
paddle method for -75% of the samples. For some samples, the basket 
method results were twice as high as those for the paddle method. 
Therefore, if the basket method is used as the USP XX requirement, all 
buffered and most plain tablets would pass the test; but if the paddle 
method is used, some buffered tablets and most plain tablets would fail 
the proposed requirement. These results pose the question of which 
method will predict bioavailability more accurately. 
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Abstract  0 The significant occurrence of thrombophlebitis in patients 
administered diazepam intravenously was described recently. This side 
effect has been attributed to the crystallization of diazepam and its 
subsequent precipitation upon contact with blood or intravenous fluids. 
The current study was designed to reveal whether the solubilizing ca- 
pability of poloxamer 188 reduces the incidence of thrombotic and in- 
flammatory effects of diazepam in rabbits. The incidence of early (3-hr) 
ear vein necrosis was 72% in the diazepam-treated ears, while the inci- 
dence of necrosis in the ears that received poloxamer 188 as a vehicle for 
diazepam was 25%. The occurrence of thrombosis and loss of vessel in- 

tegrity also was higher in diazepam-treated ears than in those treated 
with diazepam plus poloxamer 188. Solubilization of diazepam with 
poloxamer 188 may decrease the incidence of the tested side effects. 

Keyphrases 0 Diazepam-reduction of thrombosis and inflammation 
using poloxamer 188 as vehicle, rabbits 0 Poloxamer 188-use as vehicle 
for reduction of thrombosis and inflammation induced by injectable di- 
azepam, rabbits 0 Sedatives-diazepam, reduction of thrombosis and 
inflammation using poloxamer 188 as vehicle, rabbits 

Diazepam’ is generally accepted as an intravenous 
sedative/anesthetic with usefulness in dentistry and fects. 
medicine (1-6). Its increased use over the past decade has 
resulted in support for its benefits in various procedures, 

but the literature also contains references to side ef- 

Pain upon injection is a frequent side effect of diazepam 
use (3,7-9), and there have been many reports of throm- 
bophlebitis following diazepam injection ( 1-3, 9). These 
side effects have been associated with precipitation of di- Valium Injectahle, Hoffmann-La Roche, Nutley, N.J. 
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Figure 1-Flow of automated system for aspirin dissolution. Key: Si, 
silicon pump tube; T, Tygon tube; A, Acidfler pump tube; RA, red Ac- 
idflex pump tube; B, 28-turn X 2.4-mrn i.d. mixing coil; C, 28-turn X 
2.4-mm i.d. mixing coil with one double end; F, 5.5-turn settling coil; G, 
UVspectrophotometer; and H, recorder. Pump tube sizes are in milli- 
liters per minute. 

water, air can be introduced into the solution. A test was performed to 
determine if boiling the pH 4.5 buffer solution affects the pH of the so- 
lution. The pH of the freshly prepared solution and the boiled solution 
was the same. 

Survey Results-The automated method was employed to analyze 
59 tablet formulations representing 37 manufacturers using both the 
basket and the paddle techniques (Table I). Of the total samples tested, 

NOTES 

22% failed the proposed USP XX dissolution requirement using the 
basket method and 75% failed using the paddle technique. 

Of the 59 formulations tested, 49 were plain aspirin tablets and 10 were 
buffered tablets. None of the buffered tablets and 26.5% of the plain 
tablets failed the proposed USP XX requirements by the basket method. 
Eighty-six percent of the plain tablets and 20% of the buffered tablets 
failed the proposed USP XX requirements by the paddle method. 

During this survey, the basket method gave higher results than the 
paddle method for -75% of the samples. For some samples, the basket 
method results were twice as high as those for the paddle method. 
Therefore, if the basket method is used as the USP XX requirement, all 
buffered and most plain tablets would pass the test; but if the paddle 
method is used, some buffered tablets and most plain tablets would fail 
the proposed requirement. These results pose the question of which 
method will predict bioavailability more accurately. 
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Abstract  0 The significant occurrence of thrombophlebitis in patients 
administered diazepam intravenously was described recently. This side 
effect has been attributed to the crystallization of diazepam and its 
subsequent precipitation upon contact with blood or intravenous fluids. 
The current study was designed to reveal whether the solubilizing ca- 
pability of poloxamer 188 reduces the incidence of thrombotic and in- 
flammatory effects of diazepam in rabbits. The incidence of early (3-hr) 
ear vein necrosis was 72% in the diazepam-treated ears, while the inci- 
dence of necrosis in the ears that received poloxamer 188 as a vehicle for 
diazepam was 25%. The occurrence of thrombosis and loss of vessel in- 

tegrity also was higher in diazepam-treated ears than in those treated 
with diazepam plus poloxamer 188. Solubilization of diazepam with 
poloxamer 188 may decrease the incidence of the tested side effects. 

Keyphrases 0 Diazepam-reduction of thrombosis and inflammation 
using poloxamer 188 as vehicle, rabbits 0 Poloxamer 188-use as vehicle 
for reduction of thrombosis and inflammation induced by injectable di- 
azepam, rabbits 0 Sedatives-diazepam, reduction of thrombosis and 
inflammation using poloxamer 188 as vehicle, rabbits 

Diazepam’ is generally accepted as an intravenous 
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medicine (1-6). Its increased use over the past decade has 
resulted in support for its benefits in various procedures, 

but the literature also contains references to side ef- 

Pain upon injection is a frequent side effect of diazepam 
use (3,7-9), and there have been many reports of throm- 
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Table I-Effect of Poloxarner 188 on the Incidence of Diazeparn- 
Related Rabbit  E a r  Vein Alterations a 

Loss of 
Vascular 

Thrombosis Necrosis Integrity 
16 I1 111 I I1 111 I 11 111 

Morrhuate sodium‘ 0 0 5  1 4  2 4 0 0  
Saline 0 0 0 0 0 0 0 0 0  
Diazepam 0 0 3 4 1 1 4 0 1  
DiazeDamDluspoloxamer 188 0 0 1 2 0 0 0 0 0 

a The values are the number of ears, within each group of ei ht e m  injected, that 
showed the side effect. * Key: I = mild, I1 = moderate, and If1 = severe. Known 
inflammatory agent. 

azepam from the injectable solution in the presence of an 
aqueous medium, including blood (10). 

The present study was designed to reveal whether the 
solubilizing capability of poloxamer 1882 reduces the in- 
cidence of thrombotic and inflammatory effects of di- 
azepam in rabbit ear veins. 

EXPERIMENTAL 

Sixteen male, adult, albino New Zealand rabbit$, 2-3 kg, received an 
injection of a control or test solution in the marginal ear vein. After 180 
min, the animals were sacrificed with ether. Vein cross-section samples, 
beginning 2 cm proximal to the injection site, were taken for pathological 
evaluation of vasculitis, necrosis, hemorrhage, thrombosis, edema, and 
vessel integrity. Standard staining and tissue handling techniques were 
used. 

The animals were divided into two test groups. Group A ( n  = 8) animals 
received 0.9% saline (0.6 ml/kg) in one ear and morrhuate sodium (10 
mg/kg), a known inflammatory agent, in the opposite ear. Group B ( n  
= 8) animals received injectable diazepam4 diluted (2X) with vehicle 
(diazepam, 1.5 mg/kg) in one ear and injectable diazepam diluted with 
water containing 5% poloxamer 1885 (diazepam, 1.5 mg/kg) in the op- 
posite ear. The diazepam vehicle contained 4wo propylene glycol, 10% 
ethanol, 5% sodium benzoate, and 1.5% benzyl alcohol. 

RESULTS AND DISCUS$ION 

Necrosis was more prevalent in diazepam-treated ear veins than in ear 
veins treated with diazepam plus poloxamer 188 (Table I). Necrosis also 
was closely associated with diazepam injectioqin other studies. Schneider 
and Mace (11) described an episode of necrosis associated with throm- 
bosis that  was related to a diazepam injection in a patient. Knill and 
Evans (12) injected diazepam into the central artery of rabbit ears and 
observed consistent necrosis and gangrene. 

Antemortem thrombosis was observed in three of eight ear veins bi- 
opsied 3 hr after diazepam injection, while one ear vein contained a 
thrombus following diazepam plus poloxamer 188 (Table I). In ears 
treated with diazepam, two demonstrated hemorrhage and five showed 
a loss of vessel integrity. These changes were not seen in the e a n  treated 
with diazepam plus poloxamer 188. 

Thrombosis after diazepam injection also was a frequent finding in 
previous studies. Graham et al. (13) found that thrombosis developed 
in the vein used for drug infusion within 48 hr in rats that received at least 
0.25 mg of diazepam. Baker (1) reported a 15% incidence of su erficial 

patient case reports of thrombosis following injection of diazepam also 
were described (14). Brown (15) observed a 15% incidence of thrombo- 
phlebitis or thrombosis following intravenous injection of 35 mg of di- 
azepam and a 30% incidence with 50 mg of diazepam administered in- 

venous thrombosis in 400 patients receiving diazepam anesthesi E . Three 

Pluronic Y68, BASF Wyandotte Corp., Wyandotte, Mich. 
Thompson Research Foundation, Monee, Ill., and Scientific Small Animal 

* Injectable diazepam and placebo for injectable diazepam were generously 
Laboratory and Farm, Arlington Heights, Ill. 

su plied b Hoffmann-La Roche, Nutley, N.J. 
Wyandbtte Corp., Wyandotte, Mich. 

travenously to patients. A 39% incidence of thrombosis was reported in 
patients 7-10 days after intravenous administration of 10 mg of diazepam 
(16). 

The occurrence of thrombophlebitis probably is related to  the insol- 
ubility of diazepam in aqueous media. Langdon (17) decreased the inci- 
dence of phlebitis from 7 to Wo by using 150-250 ml of saline flush. Jusko 
et al. (10) concluded that the thrombophlebitis associated with diazepam 
injection probably is due to precipitation of diazepam from solution when 
injected into a slow intravenous drip or a slow venous stream. Their cal- 
culations indicate that only a high flow rate allows the diazepam to stay 
in solution in an aqueous medium, where i t  is relatively insoluble. 

This flow-related factor may be the reason that some investigators 
experienced fewer problems with diazepam when it was injected into a 
large vein (2) and may explain the lower incidence of thrombophlebitis 
when diazepam was followed by a large volume of saline flush (17). Gra- 
ham et al. (7) reduced the incidence of thrombophlebitis after injection 
of 10 mg of diazepam in patients from 16 to 3% by diluting the drug in 20 
ml of 5% dextrose-Ringer’s lactate solution. 

Ecanow and coworkers6 found that a milky precipitate appeared upon 
introduction of injectable diazepam into whole blood and serum samples 
in uitro. The mixtures were centrifuged, and the precipitate was collected 
and observed under a light microscope; amorphous and needle-shaped 
crystalline particles were seen. A similar type of precipitate was obtained 
by adding the injectable diazepam to distilled water. Reformulation of 
the injectable diazepam was accomplished by adding poloxamer 188 (5% 
and more) to the commercial formulation. When the reformulated di- 
azepam was introduced to the in uitro serum and whole blood solutions, 
no precipitation was apparent. 

Poloxamer 1887 (poly(oxypropy1ene) poly(oxyethy1ene) condensate], 
a surface-active agent with low toxicity, is used intravenously in humans. 
The present data indicate that poloxamer 188-solubilized diazepam 
causes fewer thrombotic and inflammatory effects in rabbit ear veins than 
does the injectable form of diazepam. Further studies are indicated to 
determine if this compound will effectively reduce diazepam side effects 
in patients. 
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Abstract 0 The effect of edetate disodium on the absorption of seco- 
barbital sodium was examined in goldfish. An inverse relationship was 
observed between the concentration of edetate disodium to which fish 
were exposed and the time of death induced by secobarbital sodium. This 
inverse relationship is postulated to be due to an enhanced absorption 
of the ionized form of secobarbital in goldfish. There appears to be a 
period of time after exposure of the fish to the chelating agent in which 
the enhanced permeability of the membrane is absent in most studies. 
However, once the enhanced permeability effect is obtained, it is present 
24 hr after exposure. 

Keyphrases 0 Edetate disdium-effect on absorption of secobarbital 
sodium in goldfish 0 Secobarbital sodium-absorption in goldfish, effect 
of edetate disodium 0 Permeability-effect of edetate disodium on 
goldfish membrane 

Edetic acid is a sequestering agent capable of forming 
chelates with alkaline earth and heavy metal ions. Tidball 
(1) reported a 10-fold increase in the absorption of phe- 
nolsulfonphthalein (phenol red) in rats in the presence of 
edetic acid. Enhanced absorption of heparin and synthetic 
heparinoids from the GI tract of rats and dogs in the 
presence of edetic acid was observed (2). Feldman and 
Gibaldi ( 3 )  reported an -20% increase in the transfer rate 
of salicylate across the everted rat intestine after exposure 
to edetic acid but found no apparent change in the transfer 
rate of salicylamide. They suggested that edetic acid may 
alter the rate-limiting barrier for water-soluble compounds 
but not for lipid-soluble compounds. 

The purpose of this investigation was to examine the 
effect of edetate disodium on the permeability of the 
goldfish membrane. Levy and coworkers (4, 5) utilized 
goldfish to study the effects of surfactants on the absorp- 
tion of alcohols and barbiturates. Nightingale et al. (6) 
used goldfish to assess structure-toxicity relationships of 
some substituted phenothiazines. Feldman et al. (7) used 
goldfish to study various local anesthetic agents and found 
an apparent relationship between the minimum effective 
concentration of drug to produce a response in goldfish and 
the minimum blocking concentration of these agents in 
isolated nerve or muscle fibers (8). 

Therefore, it was of interest to examine the effects of 
edetate disodium on the goldfish membrane to determine 
if the permeability effects were similar to  those reported 
previously (1-3) in other biological models. 

EXPERIMENTAL 

Concentration and Recovery Time Studies-Goldfish (Carassius 
auratus) (1-3 g) were placed in groups of five in tanks containing 2 liters 
of a solution of edetate discdium' a t  0.1.0.2, and 0.4 mg/ml. The solutions 
were made with glass-distilled2 water and were adjusted to pH3 7.4 using 
0.1 N NaOH or H(11. The fish were left in the solutions for 24 hr and then 
were placed for 30 min or 24 hr in recovery tanks containing 2 liters of 
glass-distilled water. Individual fish then were placed into beakers con- 

] Fisher Scientific Co., Fair Lawn, N.J 
Corning model AG-lB. 
Heath model EIJ-302A. 

taining 200 ml of 0.1 mM secobarbital sodium4 in 0.05 M phosphate 
buffer (pH 7.4). Cessation of gill and mouth movements was noted, and 
the time to death was computed. 

Controls were run for each group following the procedure for the ede- 
tate disodium-treated fish, except that the chelating agent was omitted 
I'rom the treatment tank. All investigations were perlormed at  20 * 
20. 

pH Study-Five fish were placed in tanks containing 2 liters of 0.2 
mg/ml edetate disodium in glass-distilled water. The solutions were ad- 
justed to pH 7.4 using 0.1 N NaOH or 0.1 N HCI. The fish were left in the 
tanks for 24 hr and then were placed for 30 min or 24 hr in a recovery tank 
containing 2 liters of glass-distilled water. Individual fish were placed 
in 200 ml of a 0.1 mM secobarbital sodium solution buffered to pH 6.4, 
7.4, or 8.4 with 0.05 M phosphate buffer. Cessation of gill and mouth 
movements was noted, and the time to death was computed. 

Controls were run in the same manner as described previously. All 
experiments were performed a t  20 f 2". 

RESULTS AND DISCUSSION 

The results of the concentration and recovery time study are summa- 
rized in Table I. Comparisons were made within each block using a Stu- 
dent t test. There was no significant difference between the treated an- 
imals and the controls for the 24-hr treatment, 30-min recovery study, 
except a t  the highest concentration of the chelating agent. In the 24- 
hr treatment, 24-hr recovery study, there was a significant difference 
between the treated and control fish a t  all concentrations of edetate di- 
sodium. If it is assumed that the amount of secobarbital necessary to 
produce death is the same for treated and control animals, edetate di- 
sodium apparently increases membrane permeability to the barbiturate, 
as indicated by the shorter times until death for the treated animals. 

Although the reason is unknown, there appears to be a time period after 
exposure in which the enhanced permeability of the membrane is absent, 
except a t  the highest concentration (0.4 mg/ml) of the chelating agent. 
This conclusion is suggested by the fact that there was no significant 
difference between treated and control animals in the 24-hr treatment, 
30-min recovery study for edetate disodium a t  0.1 and 0.2 mg/ml, while 
a significant difference was found for the 24-hr treatment, 24-hr recovery 
study. The fact that the apparent increased permeability of the mem- 
brane, once established, exists 24 hr after exposure suggests that the effect 
on membrane permeability is relatively long, a t  least in the system in- 
vestigated. 

I t  was of interest to determine whether a relationship exists between 
the concentration of the chelating agent and the increased membrane 
permeability. Since the condition of the fish employed may have varied, 
an analysis of variance was performed on the control fish for each con- 
centration of the chelating agent used in the 24-hr treatment, 24-hr re- 
covery study. The results indicated that a significant difference existed 
between the three control groups ( p  < 0.05). An analysis of the means 
using the least significant difference method indicated that the control 
run with the fish treated with 0.2-mg/ml edetate disodium was signifi- 
cantly different (p < 0.05) from the controls run with the fish treated with 
0.1- and 0.4-mg/ml edetate disodium. A comparison of the means for the 
fish treated with 0.1- and 0.4-mg/ml edetate disodium using a Student 
t test showed a significant difference ( p  < 0.05) between the two means. 
Therefore, the higher the concentration of chelating agent to which the 
fish are exposed, the greater is the apparent increase in permeability. 

Studies also were performed in which the fish were treated with 0.2- 
mg/ml edetate disodium solutions and then exposed to secobarbital so- 
dium solutions buffered to pH 6.4, 7.4, and 8.4 (Table 11). There again 
appeared to be a period of time after exposure of the fish to the chelating 
agent in which the enhanced permeability of the membrane was absent. 
This effect was evident in the 24-hr treatment, 30-min recovery study, 
in which no significant difference was observed between the treated and 
the control groups. With the 24-hr treatment, 24-hr control, there was 
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Table I-Effect of Concentration of Edetate  Disodium and Recovery Time on Time of Death of Goldfish in 0.1 .mMSccobarbital  
Sodium 

Concentration of Edetate Disodium 
- 0.1 mg/ml 0.2 mg/ml 0.4 mg/ml 

Mean Time Mean Time Mean Time 
f SD. min Significance f SD, min Significance f S D ,  min Significance 

Treatment 16.56 f 6.63 NS' 20.21 f 3.74 NS 17.66 f 2.23 p < 0.05 
Cont roId 18.93 f 8.51 23.89 f 5.80 21.09 f 4.68 
Treatment 18.88 f 3.85 p < 0.05 23.03 f 1.79 p < 0.05 14.26 f 3.16 p < 0.05 
Controlf 25.07 f 5.88 32.27 f 8.07 20.99 f 2.77 

0 Results given are for 10 determinations. 24-hr treatment, 30-min recovery. Not significant ( p  > 0.05). 24-hr blank, 30-min recovery. 24-hr treatment, 24-hr 
recovery. f 24-hr blank, 24-hr recovery. 

Table 11-Effect of pH and Recovery Time on Time of Death of Goldfish Exposed to  0.2-mg/ml Edetate  Disodium a 

pH 6.4 pH 7.4 pH 8.4 
Mean Time Mean Time Mean Time 
f SD,  min Significance f SD, min Significance f SD, min Significance 

~~~~ ~ ~ 

Treatment 14.88 f 0.99 
Control d 13.49 f 2.51 

NS' 20.21 f 3.74 NS 
23.89 f 5.80 

52.29 f 9.70 N S  
62.30 f 16.93 

TreatmentP 18.73 f 5.92 NS 23.03 f 1.79 p < 0.05 58.83 f 17.31 p < 0.05 
Controlf 15.80 f 3.51 32.27 f 8.07 97.84 f 22.19 

0 Results given are for 10 determinations exce t for the 24-hr blank, 24-hr recovery study at pH 6.4, for which the results of five determinations are given. 24-hr treatment, 
30-min recovery. c Not significant ( p  > 0.05). ? 24-hr blank, 30-min recovery. 24-hr treatment, 24-hr recovery. f 24-hr blank, 24-hr recovery. 

a significant difference between the treated fish and the controls for 
secobarbital sodium a t  pH 7.4 and 8.4. However, there was no difference 
between the treated fish and the controls for the secobarbital sodium 
solution buffered a t  pH 6.4. 

Since secobarbital is a weak acid with a pKa of 7.9, it exists -3, -24, 
and -76% ionized at pH 6.4,7.4, and 8.4, respectively. Thus, the chelating 
agent apparently affected the transport of the ionized barbiturate form. 
However, the increase in the transport rate of the ionized form apparently 
was not enough to compensate for the decrease in the unionized con- 
centration as the pH of the secobarbital sodium solutions increased. This 
result was evident from the apparent increase in time necessary to pro- 
duce death as the pH of the secobarbital sodium solutions increased. 

With a model proposed by Levy and Gucinski (9) (see Appendix) for 
the absorption of both the unionized and ionized drug forms in goldfish, 
a plot of the reciprocal of the response time (lit) as a function of the 
fraction of drug unionized should be linear with a slope equal to Kb(K,  
- K , )  and an intercept equal to KbK,: 

1/t = KbK, + K b ( K ,  - K,)f (Eq. 1) 

where Kb is a constant equal to the quotient of the secobarbital concen- 
tration to which the fish were exposed divided by the amount of barbi- 
turate in the fish at  death and K, and K ,  are the first-order rate constants 
for the ionized and unionized forms of the drug. Figure 1 is the least- 
squares regression of the reciprocal of the response time versus the 
fraction of drug unionized for the 24-hr treatment, 24-hr recovery and 
the 24-hr treatment, 30-min recovery studies. The regression lines are 
l / t  = 0.0050 + 0.0500f ( r  = 0.9999) and l/t = 0.0029 + 0.0644f ( r  = 
0.9960), respectively. 

Dividing the slope by the intercept yields: 

(Eq. 2) 

For tile 24-hr treatment, 24-hr recovery study, Eq. 2 yields: 

11 = KJKj  (Eq. 3) 

For the 24-hr treatment, 30-min recovery, it yields: 

23.3 = K J K ;  (Eq. 4) 

A rather dramatic change in the magnitude of the unionized to ionized 
ratio is observed between the two studies. With the assumption that the 
amount of drug in the fish is the same a t  the end-point: 

C 
K ,  

intercept 1 - amount KiL - (Eq. 5) - - 1 7  -.. 
K ,  2 

K .  
intercept 2 

amount -' 
Thus, there appears to be an -70% increase in the rate constant for the 

ionized drug in the 24-hr treatment, 24-hr recovery study as compared 
to the 24-hr treatment, 30-min recovery study. Substituting the apparent 
increase in the rate constant for the absorption of the ionized form into 
Eq. 2 for the 24-hr treatment, 24-hr recovery study yields 11 = KJ1.7 
K,  or 18.7 = K,/K,. Although the apparent increase of the ionized rate 
constant obtained from the intercept values does not explain completely 
the observed ratio for the 24-hr treatment, 30-min recovery study ( K J K ,  
= 23.3), it does account for -80% of the value. 

Unfortunately, the controls for both recovery time studies do not ap- 
pear to fit the model. Although the exact reason for this result is unknown, 

0.06 

0.04 - 
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E 
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v 

0.02 

8 
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f 
Figure 1-Plot of the reciprocal of the time of death ofgoldfish versus 
the fraction of secobarbital unionized for the 24-hr treatment, 24-hr 
recovery study (@) and the 24-hr treatment, 30-min recovery study 
fW. 
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i n  the experiment by Levy and Guciniki (9)  the fish exposed to seco- 
harhital apparently did fit the model, which led these investigators to 
conclude that  secoharhital was ahsorhed in both the unionized and ion- 
ized forms. For the most part, that experiment was similar to the controls 
in this experiment. 

In summary, there appears to he a period of time after exposure of fish 
t o  the chelating agent in which the enhanced permeahility of the mem- 
hrane to the  harhiturate is ahsent. However, Once the  effect is obtained, 
it is present 24 hr  after exposure. The  chelating agent appears to affect 
the transport of the ionized drug species, but the increase in the transport 
of the ionized form is not enough to compensate for the  reduction of the 
unionized concentration in the pH study. There also appears to he a direct 
relationship between the change in pcrmeahility and the  concentration 
of  chelating agent to which t,he fish are exposed. Further  studies are un- 
derway concerning the effects of edetate disodium on the goldfish 
membrane. 

APPENDIX 

The model proposed hy Levy and Gucinski (9) concerning the ab-  
sorption of hot h the  unionized and ionized drug forms in the goldfish 
is: 

R = K,C, + ti,,C,, (Eq. A l )  

where R is the ahsorption rate, K ,  and K ,  are the first-order ra te  coii- 
st.ants. and C, and ('u are the Concentrations of the ionized and unionized 
species, respectively. T h e  amount of drug in the  fish is equal to the 
product of the ahsorption rate and the time the  fish is exposed to the  
bathing solution: 

amount = Rt (Eq. A?) 

Substituting Eq. A1 for R in Eq. A2 yields: 

amount = ( K , C ,  + K,C,)t (Eq. A3) 

which is equivalent to: 

K,C,  + K,C,, 
amount 

lit = (Eq. A4) 

Since the sum of C, and C, represents the total drug concentration, which 
was constant for these experiments, then: 

(Eq. A5) L 
Ilt =- [K,(1 - f )  + KUfI 

amount  
where C represents the total concentration of drug and f and 1 - f rep- 
resent the fraction of t  he drug present in the unionized and ionized forms, 
respectively. Therefore: 

n 

l / t  = (K ,  - K J  + K u f )  (Eq. A6) 
amount  

and: 
C K  C ( K ,  - K , ) f  

l l t  =-+ (Eq. A7) 

I f  it is assumed tha t  the  amount of drug necessary to  produce death is 
constant regardless of the  p H  employed: 

l / f  = KbK, -I- K b ( K u  - K , ) f  (Eq. A8) 

where Kb is a constant and equals ('/amount. Therefore, a plot of the 
reciprocal of the response time ( l l t )  as a function of the fraction of drug 
unionized should be linear with a slope equal to  K b ( K ,  - K , )  and an in- 
tercept equal to  Kbti,.  

amount  amount 
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Current interest in apomorphine (I) stems from its ac- 
tivity as a dopaminergic agonist and its consequent anti- 
parkinsonian activity (1-3). Its clinical unity has been 

demonstrated when used alone and in combination with 
other agents such as levodopa (4). In addition to parkin- 
sonism, recent studies indicated potential new uses for I 
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Table  I-Effects of Antioxidants on  t h e  Stabil i ty of 
Apomorphine Hydrochloride Solutions * 

Percent I Remainingb 
Ascorbic Acidd. Sodium Bisulfitef, 

CH.! 
I I1 

in treating Huntington's chorea (5), tardive dyskinesia (6, 
7), Gilles de la Tourette's syndrome (8), and schizophrenia 
(9,IO). 

BACKGROUND 

Recent efforts have focused on extending the pharmacokinetic studies 
of I in mice. The disposition of 1 following parenteral administration to 
mice was reported (11-14). Study of the plasma levels of I in mice fol- 
lowing intraperitoneal, intravenous, and oral administrations (15) and 
preliminary investigations (15, 16) suggested a correlation between cir- 
culating levels of I and stereotyped cage climbing (16). Continued work 
is aimed a t  extensive comparisons between circulating levels of I and the 
stereotyped cage climbing and hypothermia induced by I in mice. These 
studies are being conducted to develop pharmacological models that  
might be useful in evaluating the efficacy of apomorphine prodrugs, some 
of which already have been synthesized (17) and evaluated pharmaco- 
logically in rats (18). 

A problem complicating work with apomorphine is its tendency to 
undergo air oxidation. Aqueous solutions of I-HCI rapidly become green 
to  blue green due to the accumulation of oxidation products (19). The 
oxidation process in neutral and acidic media is relatively uncomplicated, 
leading principally to the orthoquinone, I1 (20.21). However, a t  alkaline 
pH values, the degradation is considerably more complex and yields four 
or more products (22, 23). 

Burkman (24, 25) studied the oxidation kinetics of I from pH 5.2 to 6.8. 
The half-lives of I in buffered solutions were 11-166 hr with the more 
acidic solutions being more stable. An unbuffered 1.2% solution of I.HCI 
(pH 5.5) was considerably more stable than its buffered counterpart. 
Various investigators recommended the use of citrate (26), bisulfite (27), 
ascorbic acid (28), thiourea (291, and edetic acid (26) to stabilize aqueous 
solutions of apomorphine. 

The purpose of this investigation was to reevaluate the use of bisulfite 
and ascorbate in stabilizing I solutions maintained at  room temperature 
and under refrigerated conditions. The use of a specific high-performance 
liquid chromatographic (HPLC) assay, developed recently in these lab- 
oratories (30), was expected to facilitate this work. Furthermore, studies 
of the effect of ascorbate and bisulfite on apomorphine-induced stereo- 
typed cage climbing and hypothermia in mice were conducted to deter- 
mine if the antioxidants interfered in these test systems. 

EXPERIMENTAL 

Reagents-(R)-(-)-Apomorphine hydrochloride hemihydrate' [98% 
pure as determined by UV spectrophotometry (31)], ascorbic acid2, and 
sodium bisulfite2 were used as purchased. Apomorphine orthoquinone 
(6-methyl-~,6-dihydro-4H-dibenzo[~e,glquinone-lO,ll-dione) (11) was 
prepared according to a literature method (20). The methanol and ace- 
tonitrile used in the HPLC studies were distilled in glass3. All other sol- 
vents and reagents were analytical reagent grade. Water was double 
distilled in glass. 

HPLC Analyses-The apomorphine content of solutions was analyzed 
using a previously described HPLC method (30). For this application, 
a UV detector4 was used at  273 nm with a setting of 1.28 aufs. Under the 
analytical conditions, authentic 11, ascorbic acid, and sodium bisulfite 
showed no interference in the region of the developed apomorphine 
peak. 

Stability Studies-Samples of 1-HCI were prepared at  a concentration 
of 0.2 mg/ml in water, in a 1-mg/ml aqueous ascorbic acid solution, in a 
lOO-rng/ml aqueous ascorbic acid solution, in a 0.52-mg/ml aqueous so- 
dium bisulfite solution, and in a 20-mg/ml aqueous sodium bisulfite so- 

l McFarland Smith Ltd., Edinburgh, Scotland. 
*Sigma Chemical Co., St. Louis, Mo. 

Burdick & Jackson Laboratories, Muske on Mich. 
Model 995, Tracor Instruments, Austin, 6ei .  

mg/ml mg/ml 
Day WaterC 1 100 0.52 20 

0 100 (3.3) 100 (0.6) 100 (0.3) 100.2(2.0) 100 (0.7) 
1 86.4(3.4) 93.3(3.1)f 90.9(2.2)/ 98.4(0.0)/ 97.4(0.7)f 
3 82.3(0.8) 87.3(0.9)f 93.6(1.7)1 94.3(2.2)1 93.0(0.8)/ 
7 76.9(0.5) 71.3(0.6) 87.0(1.0)f 85.2(0.3)f 
8 63.6(0.9) 59.1(2.7) 92.071.4)f 81.5(1.0)f 80.3(0.8)f 

Results are expressed as the percent of drug on Day 0 (for O.P-mg/ml solutions; 
see Experimental). The initial pH was 5.43. * The initial 
solution pH values were 3.42 (1 mg/ml) and 2.34 (100 mg/ml). The initial solution 
pH values were 5.61 (0.52 mg/ml) and 4.53 (20 mg/ml). f Significantly different than 
the water sample of that day (Neuman-Keuls tests, p = 0.05); samples were 
maintained at room temperature (22-25'). 

Mean f SD, n = 3. 

Table  11-Stability of Apomorphine Solutions Maintained a t  .?I" 

Percent of I Remainingu 
Sodium 

Day Ascorbic Acid' Bisulfite' 

0 100 f 0.5 100 f 1.3 100 f 0.5 
1 
3 
7 

98.4 f 0.5 99.5 f 0.0 100.3 f 0.3 
97.6 f 1.7 98.9 f 0.0 97.6 f 1.0 
98.3 f 1.7 97.0 f 1.7 94.2 f 0.8 

0 I<rsults are expressed as the percent of drug on  Day 0 (0.2 mp/ml; see E x p c n -  
Mean i SD. n = 3. L. Nosignificant decomposition (analynisof variance. r n c ~ l n l ) .  

p = 0.05). 

Table  111-Effects of Antioxidants on Two In Vivo Responses to 
Apomorphine Hydrochloride 

~~ ~ ~ 

Treatment Hypothermiab Cage ('limb Scoree 

I-water a 3.7 f 0 . 5 O  12.7 f 1.4 
I-ascorbic acid 4.0 f 0.4' 11.8 f 1.8 
I-sodium bisulfite 3.2 f 0.4" 13.8 f 1.4 

A solution of 4.7 mg nf apomorphine hydrochloride hemihydrate was prepared 
in distilled water or in aqueous solutions of ascorhate (100 mg/ml) o r  sodium hi- 
wlfite (20 mg/ml). b Body temperature changes were recorded 60 min after drug 
administration; analysis of variance showed no significant effects ( p  = 0.05). 
c Cumulative stereotypic activity for 12 consecutive 5-min periods after drug ad- 
ministration (maximum = 24); analysis of  variance showed no significant effects 
( p  = 0.05). 

lution. Blank and sample solutions were prepared in clear 10-ml glass- 
stoppered containers and maintained at room temperature (22-25') 
under typical laboratory conditions of light exposure. Samples were an- 
alyzed in triplicate a t  time zero and 1,3, 7, and 8 days following prepa- 
ration by direct injection of 100-/.~1 portions into the HPLC column. 
Quantitation was performed by comparison of peak heights to a cali- 
bration curve obtained ( r  = 0.999) from chromatographic development 
of five freshly prepared solutions of apomorphine (in I-mg/ml ascorbic 
acid solution) containing 0.02-0.2 mg of I.HCl/ml. 

Refrigerator Stability-This experiment was performed as was the 
previous study, except that three apomorphine solutions (in water alone, 
in a 100-mg/ml ascorbic acid solution, and in a 20-mg/ml sodium bisulfite 
solution) were kept in a laboratory refrigerator (5') until sampling. 

Pharmacological Studies-Experimentally naive CD-1 male mice5 
weighed 20-36 g a t  the time of testing. Access to food and water was 
provided ad libitum, and the animals were maintained in a 12-hr light- 
dark cycle (lights on from 6 am to 6 pm); all testing was done between 8 
am and 5 pm. 

The  cage climbing and hypothermia experiments were designed sim- 
ilarly. Each experiment consisted of one between-subject factor, the so- 
lution (4.7 mg of I.HCl.l/2H20/kg in water, in lOO-mg/ml ascorbate, or 
in 0.52-mg/ml sodium bisulfite), and one within-subject factor, the re- 
sponse (cage climb scores or body temperature changes after one of the 
three solutions of I). 

Cage Climbing Behavior-A modification of the procedure of Protais 
et al. (32) was used. Animals were placed individually into cylindrical 
cages (12 cm diameter X 14 cm high with walls of vertical bars 2 mm in 

Charles River Laboratories, Wilmington, Mass. 
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diameter and 1 cm apart) surmounted by fine wire mesh for a 20-min 
habituation period. Animals then rec,eived a pretreatment consisting of 
isotonic saline (0.1 ml/lO g of body weight ip). One hour later, the behavior 
of  the animals was recorded on videotape as described previously (33) 
to establish a baseline of activity for each subject. The  mice then were 
injected immediately with IaHCI hemihydrate (4.7 mg/kg) in water, as- 
corhate, or hisulfite. The behavior of each animal was recorded on vid- 
eotape for 30 sec every 5 min for 1 hr and later rated “blind” using a rating 
scale with 0 = four paws on cage floor, 1 = two paws holding the vertical 
bars of the cage, and 2 = four paws holding the vertical bars of the 
cage. 

Hypotherrnia- -Rectal temperatures were taken immediately prior 
to administration of IaHCI by insertion of a rectal probe (1.5 cm) con- 
nected to a telethermometerfi. The mice were injected with one of the 
three IeHCI solutions, and t.emperatures were taken 60 min later. 

RESULTS AND DISCUSSION 

As shown in Table I, both antioxidants tested were effective in delaying 
apomorphine decomposition. The higher levels of each antioxidant were 
most effective, although neither antioxidant could delay significant 
degradation for more than 1-3 days when solutions were stored at  room 
temperature. Refrigeration of apomorphine samples a t  5’ was effective 
in preventing decomposition for 0-7 days, and the addition of antioxi- 
dants was unnecessary under these conditions (Table 11). 

Table I11 shows the lack of influence of the antioridant.s, ascorbic acid 
and sodium hisulfite, on apomorphine-induced hypothermia and ste- 
reot.yping of cage climhing. Neither ascorhate nor sodium bisulfite dis- 
played any significant effects on these in L ~ U O  responses to I. 

I n  summary, ascorbic acid (100 mg/ml) and sodium bisulfite (0.52 and 
20 mg/ml) prevented more than lo%, oxidation of apomorphine hydro- 
chloride in water maintained at room temperature for 1-3 days. Refrig- 
eration at  5” prevented oxidation of 1-HCI in aqueous solutions for over 
1 week. Neither ascorbic acid nor sodium bisulfite affected murine ste- 
reotyped cage cljmhing o r  hypothermia induced hy apomorphine. 
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Abstract The protein binding of  prednisolone in serum from humans, 
rahbits, dogs, and rats was determined by equilihrium dialysis. Two 
nonlinear least-squares regression programs were used to characterize 
transcortin and albumin hinding of the steroid. The animal species dif- 
t'ered markedly i n  their ahility to hind prednisolone, hut the rabbit was 
most similar to  humans in transcortin concentration and affinity con- 
stant. 

Keyphrases o Prednisolone-serum protein binding in humans, rabbits, 
dogs, and rats Serum protein binding-prednisolone in humans, rab- 
hits. dogs. and rats 0 Binding, serum protein-prednisolone in humans, 
rahbits, dogs, and rats 

The serum protein binding of prednisolone is nonlinear 
in humans due to saturation of the high affinity binding 
sites on the tul-glycoprotein, transcortin (1). As serum 
concentrations of the steroid increase, the limited capacity 
o f  transcortin for binding is exceeded and the fraction of 
free drug in serum increases. This nonlinear serum protein 
binding is partially responsible for the dose-dependent 
disposition of prednisolone observed in humans (2). To 
examine its pharmacokinetics further, an animal model 
was sought that would exhibit protein binding character- 
istics for prednisolone similar to those observed in hu- 
mans. 

EXPEHIMENTAL 

The serum protein binding of prednisolone was examined in 
Sprague-Dawley rats, New Zealand White rabbits, a mongrel dog, and 
a normal man. Serum was spiked with prednisolone in concentrations 
ranging from 0.024 to 25 p M .  The tritiated prednisolone was purified by 
high-pressure liquid chromatography (HPLC). A 10-pl aliquot (10,000 
dpni) of [,'H;prednisolone (specific activity of 53 Ci/mmole) was added 
t o  0.8 rnl ofthe serum samples. The samples then were dialyzed against 
an equal volume of isotonic phosphate buffer (pH 7.4) using plexiglass 
cells maintained in a water bath a t  3 7 O .  After dialysis, the counts per 
minute of the buffer and serum samples were converted to disintegrations 
per minute using the sample channel ratio t.echnique. The percent of 
prednisolone bound and the molar concentrations of free (Up) and bound 
( D b )  drug then were calculated for each serum sample. 

The relationship that governs the protein binding of prednisolone 
Is: 

where NT and N A  are the number of binding sites on the transcortin and 
albumin molecules, KT and K A  are the affinity constants for transcortin 
and albumin, and PT and PA are the molar serum concentrations of 
transcortin and albumin (3). Albumin binding apparently was nonspe- 
cific; i.e., the product of K A  and DF for the albumin-prednisolone in- 
teraction was negligible when compared to unity, permitting simplifi- 
cation of Eq. 1 to yield: 

The nonlinear least-squares regression computer program, NONLIN 
(4). was employed to fit the binding data to Eq. 2. The Db and DF vari- 
ables for each serum sample served as the dependent and independent 
variables. Least-squares estimates of K T ,  NTKTPT,  and N A K A P A  then 
were computed. The N T  and N A  values were assumed to he equal to one. 
Albumin concentration ( P A )  was measured chemically' in all serum 

Technicon autoanalyzer 

samples, making solution of Eq. 2 for all binding parameters possible. 
The three computer-generated binding parameters (PT,  KT,  and K A  
are apparent values since endogenous corticosteroids present in the serum 
are likely to compete with prednisolone for protein binding sites. 

Least-squares estimates of K r ,  N T K T P T ,  and N A K A P A  also were 
obtained by the statistical method of Priore and Rosenthal (5). This 
method employs the total drug concentration and the fraction bound as 
the independent and dependent variables. The use of these variables 
minimizes the effects of experimental error on the magnitude of the 
generated binding parameters through the use of the most error-free 
independent variable (total drug concentration). An even distribution 
of  the experimentally determined values around the fitted fraction lwund 
uersu.s the total drug concentration binding curve is produced. 

RESULTS A N D  DISCUSSION 

Figure 1 illustrates the protein binding profile for each species as a 
function of the postdialysis serum prednisolone concentration. All profiles 
exhibited nonlinearity consistent with saturation in transcortin binding 
and linear binding to albumin. Dog and rat serum demonstrated the least 
concentration dependence in the protein binding of prednisolone. The 
therapeutic range of the serum prednisolone concentration extended up 
to -7 pM.  

The binding parameters obtained using the modified NONIJN com- 
puter program (Method I) and using the MACMOL program of I'riore 
and Rosenthal (Method 11) are presented in Table I. The two methods 
yielded binding parameters in the same general range. There was excel- 
lent agreement for all binding parameters in the rabbit and in the K A  
values obtained for each species. Differences between the methods existed 
in the PT and KT values obtained in the dog, rats, and human. A t  low 
serum prednisolone concentrations, where the protein hinding of the 
steroid exhibits concentration dependence, small errors in the determi- 
nation of either the fraction bound or the total drug concentration can 
introduce rather large errors in the calculated values of D, (total drug 
concentration X free fraction). Such errors will affect most profoundly 
the binding parameters obtained using Method I, where .!If is the inde- 
pendent variable. Since this problem is avoided using Method 11, it 
probably generates the closer estimates of the true binding parameters 
for transcortin. 

At high prednisolone concentrations, where albumin is the major 
hinding protein, the values of the prednisolone free fraction are larger 
and do not vary appreciably in any one species. As a result, the errors 
incurred in quantitation of the binding systems a t  high serum concen- 

R 
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PREDNISOLONE CONCENTRATION, f l  
Figure 1-Percent of serum protein binding of prednisolone as a 
function of concentration in the rabbit (O), dog (IY), rat (m), and human 
(0) .  
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Table I-Serum Protein Binding Parameters  for Prednisolone in 
Four  Species Obtained by Methods I and I1 

Species 

Transcortin 

I I1 I I1 
pT.  M x 107 K ~ ,  M - 1  x 10-7 

Albumin 
Ka, M-’ X 

PAb, 10-3 
M x 104 I II 

Rabbit 5.74 6.13 2.33 2.09 4.49 6.22 6.15 
Dog 2.21 1.19 0.284 0.569 5.73 2.62 2.69 
Rat 0.259 1.01 0.653 0.152 3.96 1.51 1.45 
Human 6.19 3.26 0.499 1.63 6.43 1.21 1.400 

Method I is from Ref. 4, and Method I1 is from Ref. 5. Determined by an au- 
tomatic analyzer. 

trations are of less significance, accounting for the good agreement in the 
K A  values between the two methods. 

The binding profile of the rabbit appears most like humans in the de- 
gree of nonlinearity in prednisolone binding (Fig. 1). The binding con- 
stants in Table I (Method 11) confirm this observation. The PT and K T  
values in the rabbit are closest to those values determined in humans, 
producing similar decreases in binding as the serum prednisolone con- 
centration increases. The binding parameters confirm the presence of 
high affinity, low capacity transcortin binding and low affinity, high ca- 
pacity albumin binding in each species. 

The transcortin concentrations and affinity constants for all of the 
species examined are in the general range of values reported by other 
investigators for cortisol. Westphal(6) obtained PT and KT values in the 
rabbit of 3.6 X M and 4 X lo7 M-I, which agree well with the present 
estimates. In contrast, the PT and K T  values determined by Westphal 
in the rat were 6.9 X M and 1 X lo7 M-I.  These discrepancies may 

reflect inherent differences in the interactions of prednisolone and hy- 
drocortisone with transcortin. The use of different strains of the same 
animal species and physiological factors such as age, sex, and endogenous 
corticosteroid level might affect the transcortin-steroid interaction and 
contribute to variability in the binding parameters (7). 

In summary, the animal species studied differed markedly in their 
ability to bind prednisolone. The rabbit was the most similar to humans. 
in transcortin concentration and affinity constant for prednisolone and 
in the range of free drug fractions a t  increasing steroid concentrations. 
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Abstract 0 The effect of sodium bicarbonate on the conversion of fi- 
brinogen to fibrin clot was investigated using fresh human whole blood 
and pure human fibrinogen. In uitro experimental data demonstrated 
that sodium bicarbonate interfered with fibrin clot formation during 
clotting. This study assessed the possibility of synergistic action of sodium 
hicarbonate with sodium citrate. As expected, sodium citrate potentiated 
the anticoagulant action of sodium bicarbonate. 

Keyphrases Sodium bicarbonate-effect on conversion of fibrinogen 
to fibrin, synergistic action with sodium citrate 0 Sodium citrate-effect 
on fibrin clot formation, synergistic action with sodium bicarbonate 0 
Fibrin-effect of sodium bicarbonate and sodium citrate on in uitro 
conversion of fibrinogen 

In uitro experimental results and clinical patient data 
demonstrate that sodium and potassium bicarbonate can 
interfere with the clotting process, as evidenced by pro- 
longation in prothrombin time and thrombin clotting time 
(I) .  The anticoagulant effect appears to be caused pri- 
marily by the specific anion species and an increase in ionic 
strength and to a lesser extent by the effect of pH. 
Thrombin clotting time analyses on citrated whole blood 
samples containing sodium bicarbonate indicate that the 
unavailability of calcium ions is not the direct cause of clot 
inhi bi t.ion. 

Accepted for publication March 12, 1980. 

Since previous work contained no information dealing 
directly with the effect of bicarbonate on clotting (2-9), the 
present study was undertaken to determine the effect of 
sodium bicarbonate on the conversion of pure human fi- 
brinogen to fibrin clot. The possibility of synergistic action 
of sodium bicarbonate with sodium citrate on clot inhibi- 
tion also was investigated. 

EXPERIMENTAL 

Lyophilized human fibrinogen’ was reconstituted with water for in- 
jection USP to a concentration of 20 mg/ml at pH 6. Prior to the addition 
of fibrinogen, a predetermined amount of sodium bicarbonate solution2 
(pH 7.8,7.5%), ranging from 1 to 25 mg in a volume of <0.1 ml, was added 
to each test tube containing 3.0 ml of 7 mM pH 7.4 Sorensen’s phosphate 
buffer (ionic strength 0.017) and 0.4 ml of a 3.8% sodium citrate solution 
(pH 9.85,0.13 M ,  ionic strength 0.078). The resulting mixture contained 
one part of citrate solution to nine parts of test sample. The amount of 
citrate solution used was equivalent to the quantity of anticoagulant 
present in the blood-collecting test tube. When the required amount of 
sodium bicarbonate solution to be added to the test samples exceeded 
0.1 ml, a weighed amount of reagent grade powder3 was dissolved in the 
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trations are of less significance, accounting for the good agreement in the 
K A  values between the two methods. 

The binding profile of the rabbit appears most like humans in the de- 
gree of nonlinearity in prednisolone binding (Fig. 1). The binding con- 
stants in Table I (Method 11) confirm this observation. The PT and K T  
values in the rabbit are closest to those values determined in humans, 
producing similar decreases in binding as the serum prednisolone con- 
centration increases. The binding parameters confirm the presence of 
high affinity, low capacity transcortin binding and low affinity, high ca- 
pacity albumin binding in each species. 

The transcortin concentrations and affinity constants for all of the 
species examined are in the general range of values reported by other 
investigators for cortisol. Westphal(6) obtained PT and KT values in the 
rabbit of 3.6 X M and 4 X lo7 M-I, which agree well with the present 
estimates. In contrast, the PT and K T  values determined by Westphal 
in the rat were 6.9 X M and 1 X lo7 M-I.  These discrepancies may 

reflect inherent differences in the interactions of prednisolone and hy- 
drocortisone with transcortin. The use of different strains of the same 
animal species and physiological factors such as age, sex, and endogenous 
corticosteroid level might affect the transcortin-steroid interaction and 
contribute to variability in the binding parameters (7). 

In summary, the animal species studied differed markedly in their 
ability to bind prednisolone. The rabbit was the most similar to humans. 
in transcortin concentration and affinity constant for prednisolone and 
in the range of free drug fractions a t  increasing steroid concentrations. 
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Abstract 0 The effect of sodium bicarbonate on the conversion of fi- 
brinogen to fibrin clot was investigated using fresh human whole blood 
and pure human fibrinogen. In uitro experimental data demonstrated 
that sodium bicarbonate interfered with fibrin clot formation during 
clotting. This study assessed the possibility of synergistic action of sodium 
hicarbonate with sodium citrate. As expected, sodium citrate potentiated 
the anticoagulant action of sodium bicarbonate. 
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In uitro experimental results and clinical patient data 
demonstrate that sodium and potassium bicarbonate can 
interfere with the clotting process, as evidenced by pro- 
longation in prothrombin time and thrombin clotting time 
(I) .  The anticoagulant effect appears to be caused pri- 
marily by the specific anion species and an increase in ionic 
strength and to a lesser extent by the effect of pH. 
Thrombin clotting time analyses on citrated whole blood 
samples containing sodium bicarbonate indicate that the 
unavailability of calcium ions is not the direct cause of clot 
inhi bi t.ion. 
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Since previous work contained no information dealing 
directly with the effect of bicarbonate on clotting (2-9), the 
present study was undertaken to determine the effect of 
sodium bicarbonate on the conversion of pure human fi- 
brinogen to fibrin clot. The possibility of synergistic action 
of sodium bicarbonate with sodium citrate on clot inhibi- 
tion also was investigated. 

EXPERIMENTAL 

Lyophilized human fibrinogen’ was reconstituted with water for in- 
jection USP to a concentration of 20 mg/ml at pH 6. Prior to the addition 
of fibrinogen, a predetermined amount of sodium bicarbonate solution2 
(pH 7.8,7.5%), ranging from 1 to 25 mg in a volume of <0.1 ml, was added 
to each test tube containing 3.0 ml of 7 mM pH 7.4 Sorensen’s phosphate 
buffer (ionic strength 0.017) and 0.4 ml of a 3.8% sodium citrate solution 
(pH 9.85,0.13 M ,  ionic strength 0.078). The resulting mixture contained 
one part of citrate solution to nine parts of test sample. The amount of 
citrate solution used was equivalent to the quantity of anticoagulant 
present in the blood-collecting test tube. When the required amount of 
sodium bicarbonate solution to be added to the test samples exceeded 
0.1 ml, a weighed amount of reagent grade powder3 was dissolved in the 
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Table I-In Vitro Anticoagulant Action of Sodium Bicarbonate on Fresh Human Blood Samples 

Sodium Bicarbonate Concentration" Prothrombin Thromhin Clotting 
mEq/kg of mEq/ml of Time, Time, 

Sample Body Weight Blood Total p PH sec sec 

Control 
1 
2 

0.00 
0.81 
1.62 

3 2.43 

0.0000 
0.0125 
0.0250 
0.0375 

0.154 
0.167 
0.179 
0.192 

7.40 
7.40 
7.40 
7.50 

11.1 
11.3 
11.8 
12.3 

7.5 
8.1 
9.0 
9.5 

4 3.24 0.0500 0.204 7.65 13.3 10.5 
5 4.05 0.0625 0.217 7.65 14.1 12.1 
6 4.86 0.0750 0.229 7.65 15.3 14.0 
7 5.67 0.0875 0.242 7.65 17.0 16.5 
8 6.48 0.1000 0.254 7.65 19.8 18.0 
9 7.29 0.1125 0.267 7.70 22.5 21.0 

10 8.10 0.1250 0.279 7.74 26.0 32.0 

a The amount of sodium bicarbonate added to the samples ranged from 12.5 to 125 mEqAiter of blood, assuming an average adult blood volume of 65 rnl/kg of body 
weight. The plasma ionic strength, p, was 0.154. All values represent the average of three determinations from three normal healthy volunteers. 

sodium citrate-phosphate buffer mixture. Exactly 0.6 ml of fibrinogen 
solution (12 mg of fibrinogen) was added to each test tube, yielding a final 
concentration of 3 mg of fibrinogedml of sample. (Normal blood fi- 
brinogen concentration ranged from 150 to 350 mg "lo.) Similar samples 
but without sodium citrate were prepared to eliminate any synergistic 
effect of sodium citrate with sodium bicarbonate. 

After thorough mixing, the pH of each sample was determined at 37" 
by a pH meter4 with a combination glass and ceramic electrode. Coagu- 
lation was induced by the addition of 0.1 ml(10 units/ml, pH 6) of topical 
thrombin5 in normal saline to 0.2 ml of the test sample previously incu- 
bated at 37O for 2-5 min. The thrombin clotting time (expressed in sec- 
onds) was recorded mechanically with an automatic clot timer6. Control 
samples were assessed without sodium bicarbonate. The ionic strength 
of the phosphate-buffered fibrinogen solution in the absence of sodium 
bicarbonate and sodium citrate was 0.017. With the addition of sodium 
citrate, the total ionic strength was 0.095. 

T o  determine the effect of sodium bicarbonate on clotting, in uitro 
studies were performed using fresh blood samples collected from healthy 
volunteers by venipuncture. Prior to addition of the whole blood, a pre- 
determined amount of sodium bicarbonate solution or powder was added 
to specimen test tubes used for blood collection, each containing 0.3 ml 
o f  3.8%,0.13 M sodium citrate. Exactly 2.7 ml of the fresh whole blood 
was added immediately to the sample test tube and mixed well. The 
quantity of sodium bicarbonate added to the blood samples was equiv- 
alent to administration of 1-10 mEq/kg to a 70-kg adult, assuming uni- 
form distribution only in the blood. 

The blood sample pH was determined prior to plasma separation. 
Plasma was separated from the whole elements by centrifugation a t  2000 
rpm (540X.g) for 30 min. One-stage prothrombin time, by the addition 
of thromboplastin and calcium ions to 0.2 ml of plasma, was determined 
according to standard laboratory methods. The same plasma sample was 
diluted to 1:lO with Owren's pH 7.4 barbital7 (barbital sodium-sodium 
chloride) buffer.Phrombin clotting time was determined by adding 0.1 
ml (1 unit) of topical thrombin to 0.1 ml of a plasma sample previously 
incubated a t  37". Both the prothrombin time and the thrombin clotting 
time were recorded with an automatic clot timer. The plasma ionic 
strength was assumed to equal that of normal saline (0.9% NaCI), which 
is 0.154. Control samples were tested without the addition of sodium 
bicarbonate. 

RESULTS 

The inhibitory effect of sodium bicarbonate on the conversion of fi- 
brinogen to fibrin clot is illustrated in Fig. 1. At the salt concentration 
used, the ionic strength of the bicarbonate samples increased from a 
control value of 0.017 to 0.317 and that of the sodium citrate-sodium 
bicarbonate samples rose from a control value of 0.095 to 0.395. Thrombin 
clotting time increased gradually from 6.9 to 8.6 sec as the bicarbonate 
concentration increased from 0.012 to 0.12 mEq/ml(I-lO mg/ml). The 
thrombin clotting time of the control sample was 6.4 sec. Increasing the 
bicarbonate content beyond 0.12 mEq/ml caused a sharp rise in the 
thrombin clotting time from 10 to 156 sec. 

As seen in Fig. 1, sodium citrate potentiated the anticoagulant effect 

Instrumentation Laboratory, Lexington, Mass. 
Parke-Davis, Detroit, Mich. 
Fibrometer, Becton-Dickinson, Rutherford, N.J. 
Veronal, Dade Division, American Hospital Supply Corp., Miami, Fla. 

of sodium bicarbonate. While the sodium citrate concentration remained 
constant a t  3.8 mg/ml, the addition of sodium bicarbonate to these 
samples markedly prolonged the thrombin clotting time. 

The pH of the bicarbonate samples gradually rose from 7.2 to 7.8 with 
the increasing amount of salt added. A similar increase in pH, from 7.2 
to 7.7, was observed with sodium citrate-sodium bicarbonate samples. 
However, results from the pH determination did not demonstrate a linear 
relationship between the rise in pH and the sharp increase in the 
thrombin clotting time. 

Table I summarizes the in uitro prothrombin time and thrombin 

0-- 5 10 15 20 25 

SODIUM BICARBONATE CONCENTRATION, 
X 10" mEqlml of fibrinogen solution 
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D 

Figure 1-Inhibitory effect of sodium bicarbonate on the conversion 
of fibrinogen to  fibrin clot as determined by thrombin clotting time 
assay. Sodium citrate potentiated the anticoagulant action of sodium 
bicarbonate. Key: 0. sodium bicarbonate and sodium citrate; and 0 ,  
sodium bicarbonate alone. 
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clotting time data on fresh blood samples containing various amounts 
of sodium bicarbonate. The amount of sodium bicarbonate added to the 
samples ranged from 12.5 to 125 mEq/liter of blood, assuming an average 
adult blood volume of 65 ml/kg. At added bicarbonate concentrations 
of 1-2 mEq/kg, significant changes in clotting were observed. Both the 
prothrombin time and the thrombin clotting time were elevated (Samples 
1 and 2, Table I). Increasing the bicarbonate concentration beyond 2 
mEq/kg inhibited clotting markedly. 

DISCUSSION 

Sodium bicarbonate is used widely as a therapeutic agent for acid-base 
imbalance (10-12). The usual dose of sodium hicarbonate ranges from 
I to 2 mEq/kg and normally is administered intravenously as a 7.5% hy- 
pertonic solution or as a 1.5% isotonic solution. Sodium bicarbonate has 
been regarded as a safe and effective therapeutic agent and is relatively 
tree of serious side effects. With the exception of overdose-induced sei- 
zures or tetany secondary to hvpocalcemia and hyperalkalosis, no known 
adverse reactions have been reported (13, 14). 

Results from the present investigation demonstrate that sodium bi- 
carbonate inhibits the conversion of fibrinogen to fibrin. Although the 
mechanism of clot inhibition is unclear, it is well known that some neutral 
salts retard coagulation and that others accelerate the conversion of fi- 
brinogen to fibrin (2-9). Both cations and anions may hind to the fi- 
hrinogen or fibrin molecules during clot formation, and, depending on 
the individual chemical species, they can either accelerate or inhibit 
coagulation. The degree of clot inhibition also is affected greatly by the 
Concentration and ionic strength of the salt. 

Although data from pH determinations do not correlate well with 
observed changes in the prothromhin time and the thrombin clotting 
time, the effect of increasing pH on clotting cannot he ignored. Previous 
studies revealed that the structure and properties of fibrin clots are 
modified greatly by variations in pH and ionic strength during coagula- 

tion. However, even a t  constant pH and ionic strength, certain ions and 
neutral molecules a t  low concentration greatly affect the structure of the 
fibrin clot and its formation rate. 
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Abstract  A new dosage form was designed whereby a polymeric sili- 
cone elastomer pellet provided sustained delivery of morphine to mice 
over 1 1 days. These pellets, which can be made easily and inexpensively 
with a standard tablet mold, gradually released morphine sulfate into 
the implanted mice. Maximal morphine-induced physical dependence, 
measured by jumping during naloxone-induced withdrawal, was observed 
3 5 days after implantation. At this time, slightly less than 50% of the 
morphine sulfate had been released. Drug release continued through Day 
1 1 and was accompanied by a physical dependence of decreased magni- 
tude compared to that observed on Day 3 or 5. 
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As a representative of the narcotic analgesic drugs, 
morphine has been used to induce tolerance and physical 
dependence in  experimental animals (1). Its relatively 
short half-life in small animals requires frequent injections 
of morphine to sustain drug levels over an extended pe- 
riod. 

BACKGROUND 

Attempts have been made to deliver morphine to experimental animals 
without these injection routines but with the production of maximum 
tolerance and dependence. For example, Collier ef a / .  (2) used an oily 
sustained-release preparation. Hui and Roberts (3) adsorbed morphine 
sulfate onto molecular sieves. Goode (4) used an implanted silicone rubber 
tubing reservoir of morphine solution. Teiger (5) used continuous in- 
traperitoneal infusion. The usefulness of several of these methods is 
marginal as judged by the lack of utilization by fellow researchers. Ac- 
cording to this criterion, employment of implanted tableted pellets that 
slowly release their morphine content appears to he the most accepted 
method to date. 

The most commonly used morphine implant is the microcrystalline 
cellulose pellet described by Gibson and Tingstad (6). However, this pellet 
has several disadvantages as a drug delivery system for morphine. One 
disadvantage is that drug delivery in the animal ceases after 3 days, with 
only half of the drug being released from the pellet for absorption; the 
pellet tends to become encapsulated by membranous tissue, thereby 
diminishing morphine bioavailability (7,8). Another disadvantage is that 
the pellet quickly becomes soft and mushy, so complete removal of the 
implant from the animal is difficult. This result is due to the fact that the 
pellet contains -50% microcrystalline cellulose, a tablet disintegrant. 
Failure to remove all of the implanted pellet gives erroneously high values 
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clotting time data on fresh blood samples containing various amounts 
of sodium bicarbonate. The amount of sodium bicarbonate added to the 
samples ranged from 12.5 to 125 mEq/liter of blood, assuming an average 
adult blood volume of 65 ml/kg. At added bicarbonate concentrations 
of 1-2 mEq/kg, significant changes in clotting were observed. Both the 
prothrombin time and the thrombin clotting time were elevated (Samples 
1 and 2, Table I). Increasing the bicarbonate concentration beyond 2 
mEq/kg inhibited clotting markedly. 

DISCUSSION 

Sodium bicarbonate is used widely as a therapeutic agent for acid-base 
imbalance (10-12). The usual dose of sodium hicarbonate ranges from 
I to 2 mEq/kg and normally is administered intravenously as a 7.5% hy- 
pertonic solution or as a 1.5% isotonic solution. Sodium bicarbonate has 
been regarded as a safe and effective therapeutic agent and is relatively 
tree of serious side effects. With the exception of overdose-induced sei- 
zures or tetany secondary to hvpocalcemia and hyperalkalosis, no known 
adverse reactions have been reported (13, 14). 

Results from the present investigation demonstrate that sodium bi- 
carbonate inhibits the conversion of fibrinogen to fibrin. Although the 
mechanism of clot inhibition is unclear, it is well known that some neutral 
salts retard coagulation and that others accelerate the conversion of fi- 
brinogen to fibrin (2-9). Both cations and anions may hind to the fi- 
hrinogen or fibrin molecules during clot formation, and, depending on 
the individual chemical species, they can either accelerate or inhibit 
coagulation. The degree of clot inhibition also is affected greatly by the 
Concentration and ionic strength of the salt. 

Although data from pH determinations do not correlate well with 
observed changes in the prothromhin time and the thrombin clotting 
time, the effect of increasing pH on clotting cannot he ignored. Previous 
studies revealed that the structure and properties of fibrin clots are 
modified greatly by variations in pH and ionic strength during coagula- 

tion. However, even a t  constant pH and ionic strength, certain ions and 
neutral molecules a t  low concentration greatly affect the structure of the 
fibrin clot and its formation rate. 
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for the percent of morphine absorbed. However, the greatest disadvantage 
is the need for expensive equipment and pharmaceutical expertise to 
produce these tableted pellets. 

McCinity and Mehta (9) recently reported a method l o r  morphine 
delivery in rats utilizing a silicone rubber matrix formulated with algin, 
a water-soluble carrier. This  method has been modified for use in mice, 
and the present study evaluates the ability of this pellet system to render 
mice physically dependent on morphine. 

EXPERI.MENTAL 

Male experimental CD-1 albino mice', 20-35 g, were permitted to  ac- 
climate to  the animal housing and testing facility (adjacent rooms) for 
at least 3 days prior to  experimentation. Food and water were available 
ad [ ibi tum.  T h e  animal quarters were maintained on a 12-hr light-dark 
cycle (lights on at  7 am and off a t  7 pm). All testing was done between 8 
am and 6 pm. 

T h e  drugs and chemicals used were morphine sulfat.e', algin', polydi- 
methylsiloxane", silicone oil5, and stannous octate". 

The  pellets were prepared by the addition o f  silicone oil  to  the  poly- 
diniet.hylsiloxane elastomer in a ratio of' 1:1, followed by homogeneous 
mining with the powders (morphine sulfate and algin). 'I'he method of 
preparation was described previously (10). When the pellets hardened, 
edges were trimmed carefully and the pellets were removed from the 
mold. The  cylindrical pellets were 6 mm in diameter and 3 mm in height. 
Ten  percent of the  pellets were selected a t  random and tested for batch 
uniformity and morphine content. The  morphine content in each pellet 
(both for batch uniformityand for each experimental pellet) was deter- 
mined spectrophotometrically a t  286 nm, and the morphine concentra- 
tion was calculated using a standard curve. 

Light ether anesthesia was used to permit the implantation of two 
morphine pellets in each mouse (pilot studies indicated two pellets would 
induce a satisfactory level of physical dependence). T h e  pellets were 
implanted suhcutaneously along t.he midline of  the  dorsal neck region 
posterior to the ears. Placebo pellets (pellets with lactose substituted for 
morphine) were implanted similarly. 

Fifty mice were implanted, and  groups of eight were challenged with 
naloxone a t  5 mgikg on Days 1 , 3 , 5 ,  7,9, and  I 1  following implantation 
(each group was used for only one challenge). Each animal was placed 
in a large, clear glass (&liter capacity) container and observed for spon- 
taneous jumping off the  floor. This  behavior was videotaped and subse- 
quently quantified by viewing of the  videotapes. Counts for the number 
of spontaneous jumps were recorded for 5-min intervals u p  to 30 rnin after 
the  naloxone challenge. Statistical analysis was done using analysis of 
variance and post hoc tests for differences among means. 

R E S U L T S  AND DISCUSSION 

Figure 1 shows the concentration of morphine remaining in the  pellet 
over time. Twenty-four hours after implantation, 81% of the  morphine 
remained in the pellet, whereas 56% remained 3 and 5 days after surgery. 
The concentration of morphine then decreased to 3540% 7-11 days after 
implantation. 

T h e  spontaneous jumping behavior also is shown in Fig. 1. Approxi- 
mately 25 spontaneous jumps were shown over a 20-min period following 
naloxone challenge on Day 1. The peak withdrawal jumping behavior was 
observed a t  3 and 5 days after implantation (207 and 206 jumps, re- 
spectively). After Day 5, jumping hehavior decreased (Days 7 and 9) to  
approximately 135 jumps, falling to a level not significantly different from 
tha t  of placebo-implanted mice on Day 11 (90 jumps). 

A morphine-containing silicone rubber implant was reported previ- 
ously for use in rats (9). This  pellet was modified and reformulated for 
use in mice in the present study. T h e  time course of development of 
physical dependence agrees well with tha t  obtained by Way et al. (11) 
and Isom ~t al. (12). T h e  former investigators used microcrystalline 
cellulose pellets, first described by Gibson and  Tingstad (6), which con- 
tained 75  mg of morphine base; the latter investigators used silicone 
pellets containing 300 mg of morphine sulfate and  mineral oil. T h e  sili- 
cone pellet described in the present report contained 32 mg of morphine 
sulfate and algin, thus providing the implantation of 64 mg of drug/ 
mouse. The  major advantage in the use of these sustained-release drug 
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delivery systems is the rapid induction of' physical dependence without 
time-consuming repetitive injections. However, the microcrystalline 
cellulose pellets are manufactured uia tablet presses available to relatively 
f'ew investigators interested in this area of study. 

The  silicone pellet containing mineral oil ( 12) required approximately 
five times the amount of morphine used in the silicone pellet developed 
in these laboratories. The  former pellet also produced a relatively low level 
of naloxone-induced jumping (e.g., a peak withdrawal jumping score of 
42 over 30 min compared t,o 247 jumps in 90 min in this study using 4 and 
5 mg of naloxone/kg, respectively). T h e  continuous intraperitoneal 
infusion reported by Teiger ( 5 )  allows reliable, controlled, and easily 
measurable quantities of morphine to  be delivered to an experimental 
animal. However, the extensive surgery, long recovery, and the  possible 
limitation for use in ra ts  or larger animals are  distinct disadvantages of 
this system. 

An advantage of the polydimethylsiloxane pellets reported in this study 
is the use of algin, which causes the pellet to swell in the presence of tissue 
fluid. As the swelling occurs, the slow release of morphine sulfate within 
the  pellet occurs. T h e  incorporation of algin at the 10% level appears to 
be opt imum for the  incorporation and release of morphine sulfate at a 
concentration of 40% of the pellet weight. T h e  manufacture of these 
pellets is extremely simple and inexpensive. In addition, only minor 
surgery and a very brief recovery period are required, thus permitting 
any investigator the opportunity of developing a sustained-release drug 
delivery system for morphine with which to study events associated with 
chronic morphine administration (e.g., tolerance, physical dependence, 
and  morphine-induced alterations of neurotransmitter dynamics). 

T h e  quantification of the level of physical dependence on morphine 
utilizing vertical jumping (as in the  present s tudy)  tiersus platform 
jumping was studied by Takemori and Sprague (18). They reported no 
differences between the two methods. T h e  vertical jumping is a simple 
method of assessing physical dependence induced by morphine, and the 
use of videotape greatly enhances the ahility to  quantitate this behavior 
accurately. 
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Abstract A modification of a high-pressure liquid chromatographic 
method for  the simultaneous determination of procainamide and N- 
acetylprocainamide in plasma is described. The deficiencies in the 
specificity of the existing method were overcome by replacing the cat- 
ion-exchange column and the mobile phase. The  recovery and repro- 
ducibility of both procainamide and N-acetylprocainamide from human, 
dog, and rat plasma and urine spiked with either compound were excel- 
lent in the roncentration range of 0.05-10 pg/ml for plasma and 0.5-20 
pg/ml for urine. The comparison of this method with a specific extraction 
method for sets of plasma samples from human subjects and rats receiving 
N-acetylprocainamide and procainamide, respectively, showed no sta- 
tistically significant difference. 
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chromatographic determination with N-acetylprocainamide in biological 
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High-pressure liquid chromatographic (HPLC) proce- 
dures for the determination of procainamide and its major 
metabolite, N-acetylprocainamide, in plasma have been 
described (1-6). One approach requires selective extraction 
of the drugs from plasma with an organic solvent, followed 
by reextraction or evaporation of the organic solvent prior 
to assay (1-4). The other approach involves deprotein- 
ization of plasma with acetonitrile and direct injection of 
the supernate following centrifugation (5). The former 
procedure usually is tedious. The latter procedure, while 
simple and rapid, may exhibit specificity and recovery 
deficiencies under certain conditions. 

Nation et al. (7) suggested that the extraction method, 
although tedious and time consuming, may be a prudent 
approach for the determination of procainamide and N -  
acetylprocainamide. The present investigators experienced 
similar difficulties in using the deproteinization method. 
The purpose of this report is to  describe a modified de- 
proteinization method which produced consistent results 
and eliminated the lack of specificity and recovery. This 

result was achieved by replacing the cation-exchange 
column and the mobile phase utilized previously (5,7). 

EXPERIMENTAL 

Materials-N-Acetylprocainamide hydrochloride' (an investigational 
new drug), procainamide hydrochloride USP2, dioxane3, toluene3, ace- 
tonitrile?, TLC plates4, heparin USP5, and a carbonated beverage6 were 
obtained from commercial sources. Dioxane, toluene, and acetonitrile 
were glass distilled and purchased commercially. ('4C]Procainamide 
hydrochloride (specific activity 32 pCi/mg) and [14C]-N-acetylprocain- 
amide hydrochloride (specific activity 23.1 pCi/mg) were obtained 
commercially7. The internal standard, p-amino-N-(2-dipropylami- 
noethyl)benzamide, was synthesized in these laboratories. 

Appara tus  and Conditions-The high-pressure liquid chromato- 
graphs was equipped with a 30-cm long X 4-mm i.d. alkylphenyl columng 
and a UV detectorlo a t  280 nm. The column was eluted with a mobile 
phase that was a 6040 mixture of acetonitrile and phosphate buffer (0.01 
M NaHZP04 and 0.005 M NaZHP04, pH 6.6). The final pH of the mobile 
phase was 7.7. The flow rate was 2.0 ml/min. The solutions containing 
the drugs and the internal standard were injected into the chromatograph 
uia an automatic processor". 

The TLC plates were developed in an ascending fashion in a saturated 
chamber containing dioxane-toluene-ammonium hydroxide (80301).  
The  radioactivity on the developed TI,C plates was detected by a radi- 
ochromatographic scanner12, and the activity was determined on a liquid 
scintillation counter'3. 

Prepara t ion  of Standards-The stock solution of the internal 
standard was prepared in methanol a t  a concentration of 2 mg/ml. This 
solution was diluted with acetonitrile to give a working standard solution 
of 1.5 pg/ml. 

The standard solutions in plasma (human, dog, and rat) were prepared 
by spiking known amounts of procainamide and N-acetylpro- 
cainamide from a stock solution containing 1 mg/ml of each drug as the 

1 Napp Chemicals, Lodi. N.J. * Ganes Chemicals, New York, N.Y. 
3 Burdick &Jackson Laboratories, Muskegon, Mich. 
4 Aluminum oxide 603.254, E. Merck. Rahway, N.J. 

6 Coca Cola. 
7 Custom synthesized, New England Nuclear, Boston, Mass. 
8 Model ALCiGPC 204, Waters Associates, Milford, Mass. 
9 WBondapak phenyl column, Waters Associates, Milford, Mass. 

lo  Model 440, Waters Associates, Milford, Mass. 

l2 Model 7201, Packard Instrument Co., Downers Grove, Ill. 
l3  Model 2425, Packard Instrument Co., Downers Grove, Ill. 

Eli Lilly and Co., Indianapolis, Ind. 

Model 710 WISP, Waters Associates, Milford, Mass. 
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Nation et al. (7) suggested that the extraction method, 
although tedious and time consuming, may be a prudent 
approach for the determination of procainamide and N -  
acetylprocainamide. The present investigators experienced 
similar difficulties in using the deproteinization method. 
The purpose of this report is to  describe a modified de- 
proteinization method which produced consistent results 
and eliminated the lack of specificity and recovery. This 

result was achieved by replacing the cation-exchange 
column and the mobile phase utilized previously (5,7). 

EXPERIMENTAL 

Materials-N-Acetylprocainamide hydrochloride' (an investigational 
new drug), procainamide hydrochloride USP2, dioxane3, toluene3, ace- 
tonitrile?, TLC plates4, heparin USP5, and a carbonated beverage6 were 
obtained from commercial sources. Dioxane, toluene, and acetonitrile 
were glass distilled and purchased commercially. ('4C]Procainamide 
hydrochloride (specific activity 32 pCi/mg) and [14C]-N-acetylprocain- 
amide hydrochloride (specific activity 23.1 pCi/mg) were obtained 
commercially7. The internal standard, p-amino-N-(2-dipropylami- 
noethyl)benzamide, was synthesized in these laboratories. 

Appara tus  and Conditions-The high-pressure liquid chromato- 
graphs was equipped with a 30-cm long X 4-mm i.d. alkylphenyl columng 
and a UV detectorlo a t  280 nm. The column was eluted with a mobile 
phase that was a 6040 mixture of acetonitrile and phosphate buffer (0.01 
M NaHZP04 and 0.005 M NaZHP04, pH 6.6). The final pH of the mobile 
phase was 7.7. The flow rate was 2.0 ml/min. The solutions containing 
the drugs and the internal standard were injected into the chromatograph 
uia an automatic processor". 

The TLC plates were developed in an ascending fashion in a saturated 
chamber containing dioxane-toluene-ammonium hydroxide (80301).  
The  radioactivity on the developed TI,C plates was detected by a radi- 
ochromatographic scanner12, and the activity was determined on a liquid 
scintillation counter'3. 

Prepara t ion  of Standards-The stock solution of the internal 
standard was prepared in methanol a t  a concentration of 2 mg/ml. This 
solution was diluted with acetonitrile to give a working standard solution 
of 1.5 pg/ml. 

The standard solutions in plasma (human, dog, and rat) were prepared 
by spiking known amounts of procainamide and N-acetylpro- 
cainamide from a stock solution containing 1 mg/ml of each drug as the 

1 Napp Chemicals, Lodi. N.J. * Ganes Chemicals, New York, N.Y. 
3 Burdick &Jackson Laboratories, Muskegon, Mich. 
4 Aluminum oxide 603.254, E. Merck. Rahway, N.J. 

6 Coca Cola. 
7 Custom synthesized, New England Nuclear, Boston, Mass. 
8 Model ALCiGPC 204, Waters Associates, Milford, Mass. 
9 WBondapak phenyl column, Waters Associates, Milford, Mass. 

lo  Model 440, Waters Associates, Milford, Mass. 

l2 Model 7201, Packard Instrument Co., Downers Grove, Ill. 
l3  Model 2425, Packard Instrument Co., Downers Grove, Ill. 

Eli Lilly and Co., Indianapolis, Ind. 

Model 710 WISP, Waters Associates, Milford, Mass. 
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Table I-Recovery and Reproducibility of Procainamide in Plasma and  Urine 

Concen- Recovery", ?c Reproducihilityb 
tration, Plasma Human Plasma Human 
Ccg/ml Human Dog Rat Urine Human Dog Rat Urine 

0.05 96.3 f 4.98 100.5 f 3.91 93.6 f 9.53 - 94.8 96.1 89.8 - 
0.1 94.3 f 5.01 101.9 f 4.37 96.2 f 1.91 - 94.7 95.7 98.0 ~ 

0.25 103.5 f 1.96 94.7 f 4.32 84.2 f 3.64 - 98.1 95.4 95.7 - 
0.S 99.1 f 0.960 99.9 f 0.808 99.0 f 0.591 94.7 f 1.01 99.0 99.2 99.1 98.9 
0.75 101.0 f 1.58 98.1 f 0.693 96.4 f 0.0 - 
1 .0 96.9 f 1.15 100.1 f 0.700 99.3 f 0.730 102.6 f 1.27 
2.5 97.6 f 2.10 98.6 f 0.650 96.4 f 0.0 100.9 f 0.766 
5.0 100.7 f 2.01 97.9 f 2.00 94.7 f 1.23 99.0 f 1.07 

- c - c 99.1 f 3.39 7.5 99.1 f 1.40 
10.0 100.0 f 1.21 100.0 f 0.2331 100.8 f 0.500 98.3 f 2.54 
15.0 - - - 101.6 f 2.46 
20.0 - - - 102.9 f 0.877 
Mean 98.8 99.1 95.6 99.9 

S I )  3.15 2.99 5.56 3.08 

98.4 99.:3 
98.8 99.3 
97.8 99.3 
98.0 98.0 
98.6 98.6 
98.8 99.8 

- - 

97.7 98.1 
1.60 1.69 

100.0 
99.3 

100.0 
98.7 
98.5 
99.5 
- 
~ 

97.9 
: I .  1 I 

- 

98.8 
99.2 
98.9 
96.6 
97.4 
97.6 
99.1 
98.3 
0.972 

" Mean f SD. n = 4. * Values equal 100 minus percent coefficient of variation. Contaminated aqueous standards 

Table 11-Recovery and Reproducibility of N-Acetylprocainamide in Plasma and Urine 

Concen- Recoverya, (70 Reproducibilityb 
tration, Plasma Human Plasma Human 

Human Dog Rat Urine Human Dog Rat IJrine 
~ ~~~~~ 

0.05 88.9 f 3.62 
0.1 93.8 f 2.88 
0.25 98.8 f 2.19 
0.5 98.3 f 0.681 
0.75 97.3 f 1.26 
1.0 93.4 f 1.10 
2.5 95.6 f 1.15 
5.0 96.8 f 2.08 
7.5 95.8 f 1.54 

10.0 97.3 f 1.65 
15.0 ~ 

20.0 - 

Mean 95.6 
SD 3.33 

95.9 f 6.99 
94.2 f 3.89 
91.2 f 1.98 
93.2 f 0.751 
93.7 f 0.693 
93.6 f 0.800 
92.9 f 0.650 
91.8 f 1.73 

95.5 f 2.38 
e - 

- 
93.6 

2.98 

89.8 f 0.299 
92.9 f 2.05 
81.5 f 0.750 
92.5 f 0.493 
92.7 f 1.10 
93.7 f 0.939 
91.4 f 0.450 
89.4 f 1.14 

95.4 f 0.245 
c - 

_. 

91.0 
3.94 

- 95.9 92.7 99.7 ~ 

- 96.9 95.9 97.8 - 
- 97.8 97.8 99.1 - 

92.2 f 0.503 99.3 99.2 99.5 99.5 
- 98.7 99.3 98.8 - 

101.7 f 2.19 98.8 99.4 99.0 97.8 
100.6 f 1.11 98.8 99.3 99.5 98.9 
97.7 f 1.45 97.9 98.1 98.7 98.5 
98.6 f 3.62 98.4 98.1 98.4 96.3 
96.9 f 2.68 99.8 97.5 99.7 97.2 

101.2 f 2.46 - - - 97.6 
102.0 f 1.27 - - 

~ 98.8 
98.9 98.1 97.7 99.0 98.1 
3.65 1.02 2.08 0.616 1.04 

a Mean f SD, n = 4. * Values equal 100 minus percent coefficient of variation. Contaminated aqueous standards. 

free base in water. The plasma standards were 0.05,0.1, 0.25,0.5,0.75, 
1.0, 2.5,5.0,7.5, and 10 pg/ml of each drug as the free base. 

The standard solutions in human urine were prepared from a stock 
solution containing 1 mg/ml each of procainamide and N-acetylpro- 
cainamide as the hydrochloride salts. The concentrations of the standards 
were 0.5, 1.0, 2.5, 5.0, 7.5, 10, 15, and 20 pg/ml of procainamide hydro- 
chloride and N-acetylprocainamide hydrochloride. 

Preparation of Samples-To compare the deproteinization method 
with the extraction method (7), plasma samples were obtained from a 
clinical study in which a normal subject was given a 500-mg N-acetyl- 
procainamide hydrochloride tablet every 6 hr for 54 hr and from a me- 
tabolism study in which rats received procainamide hydrochloride (1280 
mg/kg/day) mixed in the diet for 6 months. The human plasma samples 
were collected a t  30,36,48,49,50,54.5,55.0,56, 58, and 60 hr following 
the first dose. 

Procedure-To a 0.1- or 0.5-ml plasma or urine sample containing 
0.05-20 pg each of N-acetylprocainamide and procainamide/ml was 
added an equal or double volume, respectively, of acetonitrile containing 
1.5 pg of the internal standard [p-amino-N-(2-dipropylaminoethy1)- 
benzamide]/ml. The mixture was vortexed for 10 sec and then centrifuged 
for 5 min a t  4500 rpm. The supernatant solution was decanted, and 50 
pl was applied for HPLC analysis. 

The solvent extraction method consisted of the following sequences. 
A mixture of 0.1 ml of plasma, 0.5 ml of water, and 0.1 ml of 1 M NaOH 
was vortexed for 1 min with 3 ml of ethyl acetate. After centrifugation, 
most of the organic layer was transferred to a test tube and vortexed for 
1 min with 0.1 ml of 0.5% phosphoric acid. The tube was centrifuged, and 
the aqueous phase was separated, evaporated to dryness, and reconsti- 
tuted in water-acetonitrile (1:2). An aliquot of this solution was in- 
jected. 

The specificity of the HPLC method was examined using [14C]-N- 
acetylprocainamide and [ 14C]procainamide and TLC. Briefly, plasma 
samples containing both drugs were deproteinized with two volumes of 
acetonitrile, vortexed, and centrifuged. Fifty microliters of the supernate 
was spotted on TLC plates, and the chromatograms then were developed. 
The developed plates were examined by a radiochromatographic scanner, 

and the activity corresponding to N-acetylprocainamide and procain- 
amide spots was determined by liquid scintillation. Additionally, 20-sec 
fractions of the HPLC eluate were collected for radioactivity determi- 
nation to establish the entire high-pressure liquid chromatogram. 

RESULTS AND DISCUSSION 

The HPLC retention times of N-acetylprocainamide, procainamide, 
and the internal standard were 3.5,4.4, and 5.6 min, respectively. Tables 
I and I1 summarize the recovery and reproducibility of the assay for 
human, dog, and rat plasma as well as for human urine for a wide range 
of procainamide and N-acetylprocainamide concentrations. The rela- 
tionships between the peak height ratios and drug concentrations were 
linear over the entire range studied for both plasma and urine. The assay 
recovery of procainamide for human, dog, and rat plasma was 98.8,99.1, 
and 95.6%, respectively; the recovery of N-acetylprocainamide was 95.6, 
93.6, and 91.0%, respectively. The recovery of procainamide and N -  
acetylprocainamide for human urine was 99.9 and 98.970, respectively. 
Both plasma and urine recoveries were concentration independent 
throughout the range studied. 

The average reproducibility of the assay for each set of samples ( n  = 
32-40) was -98%. The use of an internal standard with similar physico- 
chemical characteristics to the drugs contributed to the accuracy and high 
reproducibility. The TLC-HPLC comparison produced essentially the 
same results with respect to the specificity and recovery of the assay. 
Additionally, 48-hr incubation of plasma samples containing N-acetyl- 
procainamide and procainamide at  room temperature showed 93.5 f 8.31 
and 95.6 f 3.76% (mean f SD, n = 10) of the spiked values, respectively, 
indicating no significant degradation of either drug. The resolution of 
the column as tested by radioactivity measurement was consistent at  all 
times, regardless of aging of the alkylphenyl column, and symmetrical 
peaks were produced with no indication of interfering compounds. 
Similarly, the radiochromatographic scanning of TLC plates showed no 
interfering peaks. 

Although the lack of specificity of the assay may result from drug 
metabolites, i t  often may be due to the presence of endogenous and/or 
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Table 111-Comparison of Direct Deproteinization Method to Extraction Method for t he  HPLC Determination of Procainamide and 
N-Acetylprocainamide in Plasma 

Clinical S t 9  
Steady-State Plasma 

Concentrations of' 
N -  Acetylprocainamide, 

pglml 
Deprotein- 

Method (1) Method (11) 1/11 
ization Extraction 

3.27 3.33 0.982 
4.10 4.20 0.976 
4.08 4.09 0.998 

Metabolic Study of Procainamide in Ratsb 
Procainamide N-  Acetylprocainamide 
Concentration, Concentration, 

P d m l  P d m l  

Deprotein- Deprotein- 

Method (I)  Method (11) rill Method (I)  Method (11) 1/11 
ization Extraction ization Extraction 

0.720 0.762 0.945 0.672 0.776 0.866 
0.833 0.897 0.929 0.610 0.617 0.987 
2.23 2.06 1.08 0.904 0.970 0.932 

4.39 4.33 1.01 1.67 1.68 0.994 0.877 1.06 0.827 ~ ~~ ~ ~~ ~~ ~. . 

5.65 5.82 0.971 0.698 0.706 0.948 1.09 i . i i  0.948 
4.32 1.52 0.956 0.281 0.351 0.80 1 2.27 2.22 1.02 
4.49 4.58 0.980 0.338 0.310 1.09 0.397 0.411 0.966 
6.96 6.89 1 .o 1 0.737 0.744 0.99 1 0.820 0.823 0.996 
5.54 5.50 1.01 1.34 1.33 1.01 1.17 1.13 1.04 
4 ,34 -1.40 0.986 1.02 
Mean o.!18x 

S D  0.0186 

0.767 0.947 
0.953 
0.066 

A normal suhject received 900 mg of N-acetvlprocainamide hydrochloride every 6 hr for 54 hr.  Rats received procainamide hydrochloride mixed in the diet of 1280 
mg/kg/dav l o r  6 months. 

exogenous compounds. Plasma samples often are heparinized, and traces 
of heparin can he a source of interference with the drug peaks, particularly 
in the deproteinization techniques. This problem was observed with a t  
least two HPLC columns differing in their polarity and under various 
elution systems. Unless a suitable chromatographic system is selected 
for a given compound, heparin probably will be a source of error in the 
assay of drugs. In this method, the retention time of heparin was 2.2 min 
and that of components of coffee or a carbonated beverage was <2 min. 
Previous investigators (8.9) noticed that chemicals contained in vacu- 
tainer stoppers may interfere with extraction procedures for lidocaine 
and procainamide for a GLC measurement. 

The appliration of both methods to human and rat plasma samples 
produced results with no statistically significant differences (paired t test) 
between the method described in this study and the specific extraction 
method (7) with respect to N-acetylprocainamide in humans and pro- 
caiiiamide and N-acetylprocainamide in rats (Table 111). The concen- 
tration ratio of the deproteinization method to the extraction method 
averaged 95.3-97.9%. 

The proposed assay offers the same simplicity of the deproteinization 
procedure published previously (5,7). However, the use of the alkylphenyl 
column with an appropriate mobile phase produces more consistent and 
reliable results. This procedure was tested with numerous samples ob- 

tained from subjects or animals given N-acetylprocainamide, procain- 
amide, or both without any difficulties or specificity problems. 
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Abstract  o p-Hromospiperone was prepared t'rom the reaction of spi- 
perune with bromine. I t  was tested for dopamine receptor binding affinity 
in oitrci and its ability to stimulate prolactin secretion in i ico.  The results 
indicate no significant change of biological activities due to the bromi- 
nation of spiperone. 

Keyphrases 0 Spiperone-p-bromo analog, synthesis and biological 
evaluation as a potential neuroleptic Neuroleptics, potential-p- 
bromospiperone, synthesis and biological evaluation 0 Prolactin serre- 
titm-stimulation by p-bromospiperone 

Spiperone (I) is one of the most potent neuroleptic drugs 
in clinical use. This drugs binds extensively to the dopa- 

mine receptors in the brains of rats and mice (1, 2). At-  
tempts have been made to study the receptor-drug inter- 
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N-Acetylprocainamide in Plasma 

Clinical S t 9  
Steady-State Plasma 

Concentrations of' 
N -  Acetylprocainamide, 

pglml 
Deprotein- 

Method (1) Method (11) 1/11 
ization Extraction 

3.27 3.33 0.982 
4.10 4.20 0.976 
4.08 4.09 0.998 
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least two HPLC columns differing in their polarity and under various 
elution systems. Unless a suitable chromatographic system is selected 
for a given compound, heparin probably will be a source of error in the 
assay of drugs. In this method, the retention time of heparin was 2.2 min 
and that of components of coffee or a carbonated beverage was <2 min. 
Previous investigators (8.9) noticed that chemicals contained in vacu- 
tainer stoppers may interfere with extraction procedures for lidocaine 
and procainamide for a GLC measurement. 

The appliration of both methods to human and rat plasma samples 
produced results with no statistically significant differences (paired t test) 
between the method described in this study and the specific extraction 
method (7) with respect to N-acetylprocainamide in humans and pro- 
caiiiamide and N-acetylprocainamide in rats (Table 111). The concen- 
tration ratio of the deproteinization method to the extraction method 
averaged 95.3-97.9%. 

The proposed assay offers the same simplicity of the deproteinization 
procedure published previously (5,7). However, the use of the alkylphenyl 
column with an appropriate mobile phase produces more consistent and 
reliable results. This procedure was tested with numerous samples ob- 

tained from subjects or animals given N-acetylprocainamide, procain- 
amide, or both without any difficulties or specificity problems. 

REFERENCES 

(1) R. F. Adams, F. L. Vandermark, and G. Schmidt, Clin. Acta, 69, 

(2) K. Carr, R. L. Woosley, and J. A. Oates, J .  Chromatogr., 129,363 

(3) J. S. Dutcher and J. M. Strong, Clin. Chem., 23,1318 (1977). 
(4) A. G. Butterfield, J. K. Cooper, and K. K. Midha, J .  Pharm. Sci., 

(5) M. A. F. Gadalla, G. W. Peng, and W. L. Chiou, ibid., 67, 869 

(6) S. C. Su and W. Y. W. Au, J .  Liquid Chromatogr., 1,783 (1978). 
(7) R. L. Nation, M. G. Lee, S. M. Huang, and W. L. Chiou,J. Pharm. 

(8) A. J. Atkinson, Jr., M. Parker, and J. Strong, Clin. Chem., 18,643 

(9) M. M. Reidenberg, D. E. Drayer, M. Levy, and H. Warner, Clin. 

515 (1979). 

(1979). 

67,839 (1978). 

(1978). 

Sci., 68,532 (1979). 

(1972). 

Pharmacol. Ther., 17,722 (1975). 

Synthesis and Biological Evaluation of 
p -Bromospiperone as Potential Neuroleptic Drug 

C. C. HUANG *x, A. M. FRIEDMAN *#, R. SO 9, M. SIMONOVIC 8, and 
H. Y. MELTZERG 
Received February 19, 1980, from the *Chemistry Diuision, Argonne National Laboratory, Argonne, 1L 60439, and the *Department of 
Radiology and the $Department of Psychratry, Unioersity of Chicago, Chicago, I L  60637 Accepted for publication March 18, 1980. 

Abstract  o p-Hromospiperone was prepared t'rom the reaction of spi- 
perune with bromine. I t  was tested for dopamine receptor binding affinity 
in oitrci and its ability to stimulate prolactin secretion in i ico.  The results 
indicate no significant change of biological activities due to the bromi- 
nation of spiperone. 

Keyphrases 0 Spiperone-p-bromo analog, synthesis and biological 
evaluation as a potential neuroleptic Neuroleptics, potential-p- 
bromospiperone, synthesis and biological evaluation 0 Prolactin serre- 
titm-stimulation by p-bromospiperone 

Spiperone (I) is one of the most potent neuroleptic drugs 
in clinical use. This drugs binds extensively to the dopa- 

mine receptors in the brains of rats and mice (1, 2). At-  
tempts have been made to study the receptor-drug inter- 

904 I Journal of Pharmaceutical Sciences 
Val. 69, No. 8, August 1980 

0022-35491 801 0800-0984$0 1.OOlO 
@ 7980, American Pharmaceutical Association 



R 
I : R = H  

11: R = Br 
action by using suitable gamma or positron radionuclides. 
Since the usual techniques for incorporation of fluorine 18 
into an aromatic ring result in compounds of low specific 
activity, the use of radiobromines (bromine 77,76,  and 7 5 )  
was investigated. Substitution of bromine for hydrogen at 
one aromatic ring may represent a minimum structural 
alteration without much of a change in pharmacological 
activity. As an essential step in this procedure, the non- 
radioactive brominated analog of spiperone was prepared 
to determine the effect of this substitution on its biological 
utility as a neuroleptic compound. 

This report describes the synthesis and biological testing 
of the brominated spiperone (11). 

EXPERIMENTAL' 

Synthesis-To a solution of spiperone (80 mg, 0.2 mmole) in meth- 
ylene chloride (5 ml) was added dropwise bromine (35 mg, 0.22 mmole) 
in carbon tetrachloride (5 ml). The solution was stirred atOo for 30 min. 
At the end of the reaction, an equal volume of an aqueous solution of 5% 
NH40H and 17' NaZS20:t was added. The organic phase was separated 
and dried over anhydrous sodium sulfate. Removal of the solvent gave 
a white powder. Recrystallization from a mixture of methylene chloride 
and carbon tetrachloride gave pure I1 (70 mg, 74%), mp 204-205'. 

Anal.-Calc. for C23H25BrFN302: C, 58.23; H, 5.31; Br, 16.85. Found: 
C, 58.01; H, 5.36; Br, 16.52. 

The mass spectrum of the compound showed molecular ions a t  m/e 
474 (M) and 476 (M + 2) of equal intensity and other fragmentation peaks 
a t  123, 165, 322, 324, 336, and 338; NMR (CDC13): 6 1.5-2.2 (m, AH), 
2.3-3.2 (m, 10H), 4.66 (s, 2H), 6.68 (d, 2H ortho to N, J = 9 Hz), 6.9-7.5 
(m, 4H), 7.97 (q, 2H ortho to carbonyl group), and 8.89 (s, 1H); IR (KBr): 
urnax 814,839,1230,1387,1507,1606, and 1717 cm-';TLC [reversed-phase 
silica gel2 with methanol-water (8020)) R, 0.18 for I1 and 0.23 for I. 

Receptor Binding Assay-The ability of bromospiperone to displace 
['Hlspiperone from its specific binding sites in calf caudate and anterior 
pituitary homogenates was tested by methods described previously (3). 
The tissues were homogenized in cold 50 mM tris(hydroxymethy1)ami- 
nomethane hydrochloride buffer (pH 7.7) and centrifuged twice a t  
50,OOOXg for 10 min, with rehomogenization of the intermediate pellet 
in the same buffer. The final pellet was resuspended in a cold incubation 
medium containing 50 mM tris(hydroxymethy1)aminomethane hydro- 
chloride, 10 mM pargyline hydrochloride, 0.1% ascorbic acid, 120 mM 
NaCI, 5 mM KCI, 2 mM CaC12, and 1 mM MgClz (pH 7.1) a t  25'. 

The final concentration of [SH]spiperone was 0.25 nM for pituitary and 
0.13 nM for caudate. Each tube contained -0.4 mg of protein and was 
incubated a t  37' for 10 (pituitary) or 15 (caudate) min. The assay was 
terminated by rapid filtration through glass fiber filters3. The filters were 
washed with three 3-ml portions of cold 50 mM tris(hydroxymethy1)- 

Melting points were determined with an Electrothermal melting-point appa- 
ratus and are uncorrected. NMR spectra were obtained with a Varian A-60 spec- 
trometer using tetramethylsilane as the internal standard and deuterochloroform 
as the solvent. IR spectra were recorded on a Beckman IR 12 spectrophotometer. 
TLC was perTormed on silica gel with a fluorescence indicator (Eastman) on lastic 
sheets or on reversed-phase silica gel with a fluorescence indicator (Whatman k C d ;  
visualization was with either UV light or iodine vapor. The mass spectrum was 
obtained with a Bendix time-of-flight mass spectrometer. Elemental analyses were 
performed by Galbraith Laboratory, Knoxville, Tenn. [3H]Spiperone was obtained 
from New England Nuclear with a specific activity of 25.64 Ci/mmole. Spiperone 
was a gift of Janssen Pharmaceuticals, Belgium, and Dr. P. Seeman, Toronto, 
Canada, and d-butaclamol was a gift of Ayerst Laboratories. 

* Whatman KCls silica gel. 
3 Whatman GFIB. 

Table I-IC~O Values * fo r  Binding of [3H]Spiperone to Calf 
Anterior Pituitary and Caudate  

IGo, nM 
Drug Caudate Anterior Pituitary 

Spiperone 2.6 2.2 
p-Bromospiperone 2.8 3.2 

The ICw values are concentrations for 50% reduction in binding of [3H]spi- 
perone. 

Table 11-Effect of a Low Dose of Spiperone o r  Its Brominated 
Derivative on Serum Prolactin in  Male Rats  

Prolactin 
Dose, Concentrationo, 

Group mglkg nglml Comparison p 

1 Saline - 2.0 f 1.0 - - 

2 Spiperone 0.01 22.0 f 5.9 1-2 <0.01 
3 Bromospiperone 0.01 30.2 f 8.4 1-3 <0.05 

2-3 N S  

a Mean serum prolactin level f SEM for a group of five rats. The significance 
of the difference was assessed using the Student t test. 

aminomethane hydrochloride buffer (pH 7.7). and the radioactivity 
trapped by the filters was counted with an efficiency of 40-45%. Non- 
specific binding was obtained by displacement using 1 pM d-butaclamol 
(3). Specific binding was defined as the difference between the total and 
the nonspecific binding and ranged from 40 to 50% of the total 
binding. 

Plasma Prolactin Levels-Male Sprague-Dawley rats (175-200 g) 
were housed six per cage in a temperature- (26") and humidity- (60%) 
regulated room with a 12-hr lightdark cycle. The animals had free access 
to rat chow4 and water a t  all times. Rats were decapitated 30 min fol- 
lowing the intraperitoneal injection of a test compound or saline. Trunk 
blood was collected. Serum then was separated and stored a t  -20' until 
it was assayed for prolactin by the double-antibody radioimmunoassay 
as described previously (4). 

RESULTS AND bISCUSSION 

Chemistry-p-Bromospiperone (11) was synthesized by direct bro- 
mination of spiperone with bromine. Structural identification of I1 was 
obtained from various spectral evidence. The mass spectrum of I1 showed 
the molecular ions a t  m/e 474 (M) and 476 (M + 2) of approximately 
equal intensity, characteristic of the presence of a bromine atom. The 
brominated product was assigned a para-position based on the fact that 
the aniline-type structure favors ortho- or para-substitution in the 
electrophilic reaction because of the electron-donating character of ni- 
trogen. In this case, the steric interference would render ortho-substi- 
tution less favorable. In addition, the NMR spectrum showed a charac- 
teristic doublet (6 6.68) for two protons ortho to nitrogen. 

The IR spectrum of I1 did not show much difference from that of I. 
However, careful examination revealed some information as to the 
structural identity of the compound. For example, the disappearance of 
the peak a t  755 cm-I is characteristic of monosubstitution due to a C-H 
bending vibration. This disappearance was accompanied by the ap- 
pearance of the peak a t  814 cm-', which is indicative of 1,4-disubstitution 
due to the bromination (5). The peak at 839 cm-', present in both I and 
11, probably is due to the CH bending from the other fluorine-substituted 
aromatic ring. 

The similarities in the chemical behavior of spiperone and p-bro- 
mospiperone can be demonstrated by TLC. TLC on silica gel in several 
solvent systems (acetone, methanol, methylene chloride, and carbon 
tetrachloride-methanol) did not separate I and 11. However, the sepa- 
ration could be accomplished by reversed-phase TLC2 with methanol- 
water (8020) as the solvent. 

Biological Testing-The ICm values determined by the binding assay 
are shown in Table I. Spiperone and p-bromospiperone were essentially 
equipotent in displacing [3H]spiperone from specific binding sites in both 
calf caudate and pituitary. This finding indicates that bromination does 
not interfere with the binding of the spiperone nucleus to dopamine re- 
ceptors in uitro. 

Dopamine receptor blockers stimulate prolactin secretion in uiuo be- 

4 Purina. 
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cause they interfere with tonic dopaminergic inhibition of  prolactin re- 
lease (6). Previws work showed that spiperone, one of the most potent 
dopamine receptor ant,agonists, elevates plasma prolactin levels in rats 
( 3 ) .  In  the present study, prolactin levels were elevated significantly 30 
min after the administration of a low dose ot’this neuroleptic to male rats 
(Table TI). As shown in Table 11, the same low dose of p-hromospiperone 
resulted in a comparable rise in serum prolactin levels. These results 
indicate that the brominatiun of the spiperone molecule does not sig- 
nificantly affect its ability to act as a dopamine receptor blocker in pi- 
tuitary receptors in ciuo, a finding consistent with results from the in uitro 
hinding study. This brominated analog thus has potential as a neuroleptic 
drug. In addition, the radiobrominated compound may prove to be an 
extremely useful pharmacological tool for dopamine receptor studies in 
humans using positron emission tomography. 
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Abstract  0 N’,N8-Bis(2,3-dihydroxybenzoyl)sperrnidine was synthe- 
sized and evaluated as an iron-chelating drug. Homologs were prepared 
and evaluated together with a series of N,N’-  bis(2,3-dihydroxyhen- 
zoyl)-cu,w-diaminoalkanes. Analogous 2-hydroxybenzoyl compounds also 
were synthesized and evaluated. 

Keyphrases N’.N~-Bis(2,3-dihydroxybenzoyl)spermidine-synthesis 
and evaluation as iron-chelating drug 0 Chelating agents-N1,N8- 
his(2,3-dihydroxybenzoyl)spermidine and analogs, synthesis and eval- 
uation as iron-sequestering agents 

An orally effective, iron-chelating drug is needed to treat 
patients with Cooley’s anemia, Patients suffering from this 
genetic disease must be transfused every 2-4 weeks. Since 
the body lacks a physiological means of excreting the iron 
present in transfused erythrocytes, these patients develop 
a secondary iron overload, which leads to damage of vital 
organs and eventually to death. It was suggested that 
2,3-dihydroxybenzoic acid might be an orally effective, 
iron-chelating drug (1). Although subsequent clinical 
evaluation confirmed this report (2-4), it was not possible 
to maintain patients in iron balance. 

A chelating agent with a greater affinity for iron pre- 
sumably would be more effective. Several iron-sequest- 
ering agents produced by microbes are conjugates of 
2,3-dihydroxybenzoic acid (5-9). These compounds all 
possess affinities for iron that are many orders of magni- 
tude greater than the affinity of the parent compound. One 
of these compounds, N1,N8- bi~(2~3-dihydroxyben- 
zoy1)spermidine (S), removes iron from the ferritin of 
cultured Chang cells and from transferrin, the principal 
iron-binding protein of serum (10). 

The synthesis of N1,N~-bis(2,3-dihydroxybenzoyl)- 

spermidine hydrochloride (XVII) together with a series 
of simpler analogs is presented in this report. Preliminary 
evidence suggests that this type of compound may be 
useful in iron-chelation therapy whereas the corresponding 
2-hydroxybenzoyl derivatives are inactive. The in uitro and 
in uiuo evaluation of these compounds will be presented 
later. 

DISCUSSION 

Prior to the synthesis of XVII, a series of simpler analogs, i.e., N , N -  
bis(2,3-dihydroxybenzoyl)-a,w-diarninoalkanes, was prepared. Like the 
spermidine derivative, these compounds would be expected to bind iron 
strongly, their affinities for iron and perhaps their biological activities 
being related to the separation of the 2,3-dihydroxybenzoyl moieties. The 
compounds were obtained readily in a 40-50% yield uia the reaction of 
2,3-dioxosulfinylbenzoyl chloride (11) with the appropriate a,w-diami- 
noalkane in tetrahydrofuran (Procedure A). Since the goal of this program 
was to obtain enough pure material for biological testing, no attempt was 
made to optimize the yield of this or subsequent reactions. 

All compounds were obtained as solids which were purified by re- 
crystallization. The ethane (I) and propane (11) derivatives were some- 
what unique in that they were crystallized from aqueous methanol as their 
hydrates. Compound I was obtained as a monohydrate, with the water 
of crystallization being lost upon drying under vacuum at 78’ for 4 hr. 
Compound I1 was obtained from aqueous methanol as the dihydrate. 
Drying caused the loss of both moles of water, as evidenced by elemental 
analysis. 

The identity of I, 11, and V was confirmed uia independent synthesis. 
Two moles of 2,3-diacetoxybenzoic acid were condensed with ethylene- 
diamine, 1,3-diaminopropane, or 1,6-diaminohexane uia activation with 
N,N‘- dicyclohexylcarbodiimide (Procedure B). Subsequent hydrolysis 
of the protecting groups yielded products (40%) identical to those ob- 
tained by Procedure A. Compound I1 also was prepared by fusing methyl 
2,3-dihydroxybenzoate and 1,3-diaminopropane a t  130’ under nitrogen 
(Procedure C). The latter procedure was used to prepare an analogous 
series of N , N -  bis(2-hydroxybenzoyl)-a,w-diaminoalkanes (X-XIV). 
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cause they interfere with tonic dopaminergic inhibition of  prolactin re- 
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dopamine receptor ant,agonists, elevates plasma prolactin levels in rats 
( 3 ) .  In  the present study, prolactin levels were elevated significantly 30 
min after the administration of a low dose ot’this neuroleptic to male rats 
(Table TI). As shown in Table 11, the same low dose of p-hromospiperone 
resulted in a comparable rise in serum prolactin levels. These results 
indicate that the brominatiun of the spiperone molecule does not sig- 
nificantly affect its ability to act as a dopamine receptor blocker in pi- 
tuitary receptors in ciuo, a finding consistent with results from the in uitro 
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drug. In addition, the radiobrominated compound may prove to be an 
extremely useful pharmacological tool for dopamine receptor studies in 
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patients with Cooley’s anemia, Patients suffering from this 
genetic disease must be transfused every 2-4 weeks. Since 
the body lacks a physiological means of excreting the iron 
present in transfused erythrocytes, these patients develop 
a secondary iron overload, which leads to damage of vital 
organs and eventually to death. It was suggested that 
2,3-dihydroxybenzoic acid might be an orally effective, 
iron-chelating drug (1). Although subsequent clinical 
evaluation confirmed this report (2-4), it was not possible 
to maintain patients in iron balance. 

A chelating agent with a greater affinity for iron pre- 
sumably would be more effective. Several iron-sequest- 
ering agents produced by microbes are conjugates of 
2,3-dihydroxybenzoic acid (5-9). These compounds all 
possess affinities for iron that are many orders of magni- 
tude greater than the affinity of the parent compound. One 
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zoy1)spermidine (S), removes iron from the ferritin of 
cultured Chang cells and from transferrin, the principal 
iron-binding protein of serum (10). 
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spermidine hydrochloride (XVII) together with a series 
of simpler analogs is presented in this report. Preliminary 
evidence suggests that this type of compound may be 
useful in iron-chelation therapy whereas the corresponding 
2-hydroxybenzoyl derivatives are inactive. The in uitro and 
in uiuo evaluation of these compounds will be presented 
later. 

DISCUSSION 

Prior to the synthesis of XVII, a series of simpler analogs, i.e., N , N -  
bis(2,3-dihydroxybenzoyl)-a,w-diarninoalkanes, was prepared. Like the 
spermidine derivative, these compounds would be expected to bind iron 
strongly, their affinities for iron and perhaps their biological activities 
being related to the separation of the 2,3-dihydroxybenzoyl moieties. The 
compounds were obtained readily in a 40-50% yield uia the reaction of 
2,3-dioxosulfinylbenzoyl chloride (11) with the appropriate a,w-diami- 
noalkane in tetrahydrofuran (Procedure A). Since the goal of this program 
was to obtain enough pure material for biological testing, no attempt was 
made to optimize the yield of this or subsequent reactions. 

All compounds were obtained as solids which were purified by re- 
crystallization. The ethane (I) and propane (11) derivatives were some- 
what unique in that they were crystallized from aqueous methanol as their 
hydrates. Compound I was obtained as a monohydrate, with the water 
of crystallization being lost upon drying under vacuum at 78’ for 4 hr. 
Compound I1 was obtained from aqueous methanol as the dihydrate. 
Drying caused the loss of both moles of water, as evidenced by elemental 
analysis. 

The identity of I, 11, and V was confirmed uia independent synthesis. 
Two moles of 2,3-diacetoxybenzoic acid were condensed with ethylene- 
diamine, 1,3-diaminopropane, or 1,6-diaminohexane uia activation with 
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of the protecting groups yielded products (40%) identical to those ob- 
tained by Procedure A. Compound I1 also was prepared by fusing methyl 
2,3-dihydroxybenzoate and 1,3-diaminopropane a t  130’ under nitrogen 
(Procedure C). The latter procedure was used to prepare an analogous 
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Table I-Physical Constants of N,N'-Bis(aroy1)-a~o-diaminoalkanes 

Melting Recrystallization 
Compound n R1 Rz Method Yield,% Point Solvent 

Analysis, % 
Formula Calc. Found 

I 

I1 

111 

IV 

V 

VI 

VII 

VIII 

IX 

X 

XI 

XI1 

XI11 

XIV 

2 

3 

4 

5 

6 

8 

9 

10 

12 

2 

3 

4 

6 

8 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

H 

H 

H 

H 

H 

A 
B 

C 
A 
B 
A 

A 

A 
B 

A 

A 

A 

A 

C 

C 

C 

C 

C 

43 
41 

42 
59 
44 
45 

40 

55 
38 

38 

53 

51 

54 

46 

38 

42 

45 

49 

220-2210 

168-1690 

210-2120 

174-176O 

184-1860 

172-174' 

146-147' 

148-150° 

130-131 O 

187-1 89' 

181482.5' 

180-181 O 

141-142.5O 

139-140.5' 

Aqueous methanol 

Aqueous methanol 

Aqueous methanol 

Aqueous methanol 

Aqueous ethanol 

Ethyl acetate-petroleum ether 

Ethyl acetate-petroleum ether 

Ethyl acetate-petroleum ether 

Ethyl acetate-petroleum ether 

Ethanol 

Ethanol 

Ethanol 

Ethanol 

Ethanol 

c 57.83 
H 4.85 
N 8.43 
C 58.95 
H 5.24 
N 8.09 
c 59.99 
H 5.59 
N 7.77 
C 60.95 
H 5.92 
N 7.48 
C 61.84 
H 6.23 
N 7.21 
C 63.45 
H 6.78 
N 6.73 
C 64.16 
H 7.02 
N 6.50 
C 64.86 
H 7.20 
N 6.30 
C 66.08 
H 7.68 
N 5.93 
C 63.99 
H 5.37 
N 9.33 
C 64.95 
H 5.77 
N 8.91 
C 65.84 
H 6.14 
N 8.53 
C 67.39 
H 6.79 
N 7.87 
C 68.72 

57.63 
4.86 
8.30 

59.26 
5.27 
8.14 

59.82 
5.55 
7.70 

60.66 
5.95 
7.30 

61.69 
6.24 
7.17 

63.22 
6.70 
6.59 

64.26 
7.04 
6.46 

64.66 
7.22 
6.26 

66.37 
7.77 
5.94 

64.01 
5.41 
9.34 

65.00 
5.71 
8.79 

65.91 
6.15 
8.56 

67.36 
6.73 
7.84 

68.70 
H 7.34 7.44 
N 1.29 7.32 

These compounds chelated iron but failed to induce significant amounts 
of iron excretion when given intraperitoneally to hypertransfused rats. 

Attempts to prepare N1,N8-  bis(2,3-dihydroxybenzoyl)spermidine via 
Procedure A met with little success. Mixtures were obtained from which 
the desired compound could not be isolated. The hydrochloride salt 
(XVII) ultimately was prepared in low yield (14%) oia treatment of the 
fusion products of spermidine and methyl 2,3-dihydroxybenzoate with 
hydrogen chloride (Procedure D). While purification of the free amine 
proved difficult, the hydrochloride could be purified readily by recrys- 
tallization from water. In similar fashion, the corresponding derivatives 
of diethylenetriamine and 3,3'-diaminodipropylamine were prepared. 
These hydrochlorides were obtained as the hydrates from which the water 
was removed upon drying in uacuo. N',N5-Bis(2-hydroxybenzoyl)di- 
ethylenetriamine (XVIII) also was prepared. This compound was readily 
obtained as the free amine using Procedure C. 

EXPERIMENTAL' 

Methyl salicylate, 2,3-dihydroxybenzoic acid, N,N'-  dicyclohexylcar- 

' Melting points were determined with a capillary melting-point apparatus and 
are uncorrected. TI,C was carried out on silica gel with benzene-methanol-acetic 
acid (45:8:1) as the eluent. Compounds were visualized by spraying first with 0.5% 
ferric chloride and then with either 1% basic permanganate reagent or 50%. HpS04 
(charred). For identification, NMR spectra were determined at 60 MHz in ace- 
tone-& or dimethyl su1foxide.de containing a few drops of deuterium oxide. In all 
cases, the integrals and chemical shifts were in agreement with those expected. The  
spectra of representative compounds (V, XIII, and XVII) were determined at 220 
MHz in dimethyl sulfoxide-d,j containing deuterium oxide. Values are reported 
in parts per million ( 8 )  downfield from tetramethylsilane (the internal stan- 
dard). 

bodiimide, and all of the diamines and triamines were obtained com- 
mercially. Methyl 2,3-dihydroxybenzoate was prepared according to the 
method of Clinton and Laskowski (12). whereas 2,3-diacetoxybenzoic 
acid was synthesized as described by Simokoriyama (13). 

Preparat ion of Conjugated Derivatives-The general procedures 
for synthesis of N,N'-bis(aroy1)-a,w-diaminoalkanes and N,N'- his- 
(aroyl)-w,w'-diaminodialkylamines are described as follows. The physical 
constants observed together with the analytical data are summarized in 
Tables I and 11. 

Procedure A-A mixture of 15.4 g (0.1 mole) of 2,3-dihydroxybenzoic 
acid and 35 ml(0.5 mole) of thionyl chloride was heated under reflux for 
8 hr. Upon cooling, the residual thionyl chloride was removed under 
vacuum. T o  the residue was added -10 mi of anhydrous benzene, which 
was evaporated under vacuum. This process was repeated three times. 

The solid residue containing 2,3-dioxosulfinylbenzoyl chloride (1  1) 
then was dissolved in 200 mi of tetrahydrofuran. T o  this solution were 
added 0.04 mole of the diamine and 30 g (0.22 mole) of anhydrous po- 
tassium carbonate. The reaction mixture was heated under reflux for 12 
hr, cooled, and filtered to remove potassium salts. After evaporation of 
the solvent, 250 ml of water was added and the mixture was allowed to 
stand a t  room temperature for 5-6 hr. After the water was decanted, the 
residue was recrystallized from aqueous methanol. 

Procedure R-A solution of 2.1 g (0.01 mole) of N,N'-dicyclohexyl- 
carbodiimide and 4.76 g (0.02 mole) of 2,3-diacetoxybenzoic acid in 200 
mi of acetonitrile containing 2 ml of pyridine was stirred a t  room tem- 
perature for 2 hr. The precipitated dicyclohexylurea was removed by 
filtration, and 0.005 mole of the diamine and 1.75 ml (0.0125 mole) of 
triethylamine were added. The reaction mixture was allowed to stir 
overnight a t  room temperature under nitrogen. 

The solvent was evaporated under reduced pressure, and the residue 
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Table 11-Physical Constants of N,N'-Bis(aroy1)-o,o'-diaminodialkylamines 

Melting Recrystallization 
Compound nl n2 R1 R2 Method Yield,% Point Solvent Formula 

Analysis, % 
Calc. Found 

XV 2 2 OH OH D 18 163-165' Water C ~ ~ H ~ I N ~ O V H C I  C 52.49 52.51 
H 5.34 5.28 
N 10.20 10.12 

XVI 3 3 OH OH D 16 115-117' Water CisHzsN30s-HC1 C 54.69 54.62 
H 5.95 6.02 
N 9.55 9.31 

H 6.17 6.02 
N 9.26 8.98 

XVIII 2 2 OH H C 37 151.5-153' Ethanol Ci8HziN304 C 62.96 63.02 
H 6.16 6.09 
N 12.24 12.27 

XVII 3 4 OH OH D 14 205-207' Water C2&27N306-HC1 c 55.56 55.33 

was taken up in ethyl acetate. This solution was washed with 10% HCI 
(two times), 10% NaHC03, and water. The solvent was evaporated, 
leaving a residual semisolid, which then was dissolved in methanol (30 
ml) to which was added 10 ml of 4 N NaOH. This solution was stirred 
under nitrogen at room temperature for 1 hr, after which it was acidified 
with 10% HCI. The solvent was evaporated, and the residue was crys- 
tallized from aqueous methanol. 

Procedure C-To a 50-ml, round-bottom flask were added 21 g (17.9 
ml, 0.138 mole) of methyl salicylate and 0.067 mole of the diamine (or 
triamine). An immediate reaction took place with generation of heat. 
Precipitation often ensued. The reaction mixture then was heated under 
nitrogen a t  130' for 3 hr. Upon cooling, the residue was recrystallized from 
95% ethanol. 

Procedure D-To a 100-ml, round-bottom flask were added 0.03 mole 
of the triamine and 0.06 mole of methyl 2,3-dihydroxybenzoate. This 
mixture was heated under nitrogen a t  130-140' for 3 hr. Upon cooling, 
the viscous residue was dissolved in 200 ml of methanol. The resulting 
solution was concentrated to -50 ml and poured into 200 ml of anhydrous 
ether. 

After stirring a t  room temperature for 30 min, the precipitate was 
collected by suction filtration and dissolved in 200 ml of methanol. This 
solution was saturated with hydrogen chloride, concentrated to -50 ml, 
and poured into 200 ml of anhydrous ether. After stirring for 30 min, the 
ether was decanted and the residue was recrystallized from water. 
N,N'-Bis(2,3-dihydroxybenzoyl)ethylenediamine (I)-Compound 

1 was prepared according to Procedure A. The solid obtained was re- 
crystallized twice from aqueous methanol to yield 7.6 g (43%) of I as tiny 
tan needles, which were pure as evidenced by TLC. Elemental analysis 
revealed that the material was a monohydrate. Drying in uacuo a t  78' 
for 8 hr caused loss of the water of crystallization. 

Compound I also was prepared according to Procedure B. The syn- 
thesis was carried out. as described, except that pyridine was used in place 
of triethylamine. The semisolid obtained was recrystallized from aqueous 
methanol to yield 0.72 g (41%) of light-tan needles, mp 220-221'. The 
melting point was not depressed upon admixture with the sample pre- 
pared according to Procedure A. TLC and the NMR spectra showed that 
the two samples were identical. Elemental analysis of a sample dried a t  
78' for 8 hr verified it as ClfiHlfiN~Ofi. 
N,N'-Bis(2,3-dihydroxybenzoyl)-1,3-diaminopropane (11)- 

Compound I1 was prepared by Procedure C. Upon cooling, the reaction 
mixture was dissolved in ethanol (50 ml). This solution was poured into 
50 ml of water containing a few drops of acetic acid. After stirring at  room 
temperature for 30 min, the solid (6.3 g) was collected by filtration. TLC 
showed that this solid was nearly pure; it was contaminated with a small 
amount. of methyl 2,3-dihydroxybenzoate together with traces of the 
mono adduct. Addition of' more water to the filtrate gave additional 
product, but it was very impure. 

The solid (6.3 g) was dissolved in 25 ml of ethanol and decolorized with 
charcoal. Addition of 25 ml of water to the pale-orange solution yielded 
the desired compound upon cooling. The pink needles (4.8 g, 42%) melted 
over a wide range, depending on the rate of' heating. Elemental analysis 
revealed that the compound contained 2 moles ofwater. After drying a t  
7X0 for 6 hr, the compound melted a t  168-169'. Both moles of water were 
lost after drying, as evidenced hy elemental analysis. 

A second sample 0 1  I1 was prepared by Procedure A. The semisolid 
ohtained was recrystallized twice from aqueous methanol to yield 9.0 g 
~W'O) of 11. T l f  revealed that the material was pure and that it cochro- 

matographed with a sample of the material prepared by Procedure C. 
This compound also was synthesized from 2,3-diacetoxybenzoic acid 

according to Procedure B. The semisolid obtained was recrystallized twice 
from aqueous methanol to yield 0.85 g (44%) of tiny pink needles. TLC 
revealed that the material was pure and that it cochromatographed with 
the product obtained uia Procedure C. The melting point of a sample 
dried in uacuo at 78" for 4 hr and admixed with a similar sample prepared 
according to Procedure C was not depressed. Likewise, the NMR spec- 
trum was identical to that of a sample prepared according to Procedure 
C. 
N,N'-Bis(2,3-dihydroxybenzoyl)-1,4-diaminobutane (111)- 

Compound I11 was prepared according to Procedure A. The semisolid 
obtained was crystallized from aqueous ethanol and then was recrystal- 
lized from aqueous methanol to yield 5.8 g (45%) of 111 as an amorphous 
tan solid, mp 210-212". The NMR spectrum and elemental analysis were 
in agreement with those expected. 
N,N'-Bis(2,3-dihydroxybenzoyl)-1,5-diaminopentane (1V)- 

Compound IV was prepared according to Procedure A. The semisolid 
residue was dissolved in ethyl acetate and then extracted with 10% 
NaHC03, water, and saturated sodium chloride. After drying over an- 
hydrous magnesium sulfate, the ethyl acetate was removed in uacuo. The 
residual solid was recrystallized from aqueous methanol to give 5.8 g (40%) 
of IV as an amorphous tan solid, mp 174-176'. 
N,N'-Bis(2,3-dihydroxybenzoyl)-1,6-diaminohexane (V)-  

Compound V was synthesized uia Procedure A. The reaction product was 
recrystallized twice from aqueous ethanol, yielding 8.3 g (55%) of a 
cream-colored amorphous solid, mp 184-1236'; NMR (dimethyl sulfox- 
ide-d6-deuterium oxide): 6 7.26 [dd, 2H, "J(Hfi-H5) IS 8.1, 4J(Hfi-H4) 
= 1.2, aromatic Cs-HI, 6.93 [dd, 2H, :?I(Hs-H6) N 7.9, 4J(H4-H6) N 1.2, 
aromatic Cd-H], 6.69 [m, 2H, "J(Hs-H4) N :jJ(HS-Hfi) IS 7.9, 4J(H4-Hfi) 
= 1.2, aromatic Cs-HI, 3.28 (m, 4H, J N 6.8, NHCH21, 1.54 (m, 4H, 
NHCH&H2), and 1.34 (m, 4H, NHCH2CH2CH2). 

Compound V also was synthesized by Procedure B. Pyridine was em- 
ployed rather than triethylamine. The product obtained was recrystal- 
lized twice from aqueous methanol, yielding 0.73 g (38%) of a light-tan 
solid, mp 184-186'. The mixed melting point of this product with that 
obtained uia Procedure A was not depressed. TLC and NMR spectros- 
copy revealed that the two compounds were identical. 

N,N'-Bis(2,3-dihydroxybenzoyl)-l,S-diaminooctane (V1)- 
Compound VI was prepared according to Procedure A. The reaction 
product was taken up in ethyl acetate and washed successively with 10% 
NaHCO:$ (twice), water, and saturated sodium chloride. Recrystallization 
(twice) from ethyl acetate-petroleum ether (60-90") gave 6.4 g (38%) of 
tan crystals, mp 172-174'. 
N,N'-Bis(2,3-dihydroxybenzoyl)-1,9-diaminononane (VT1)- 

Compound VII was prepared exactly as was VI using Procedure A. The 
compound was isolated (9.2 g, 53%) ah tiny cream-colored needles after 
recrystallization (twice) from ethyl acetate-petroleum ether (60-90'). 
The NMR spectrum and elemental analysis were in agreement with the 
theory. 
N,N'-Bis(2,3-dihydroxybenzoyl)- 1 ,lo-diaminodecane (VII1)- 

Compound VIII was prepared exactly as was VI using Procedure A. The 
product was obtained (9.1 g, 51%) as a tan powder, mp 148-150'. TLC 
revealed that the material was pure. The elemental analysis and the NMR 
spectrum were in agreement. 

N,N'-Bis(2,3-dihydroxybenzoyl)-l,l2-diaminododecane (TX) 
--Compound IX was prepared as was VI using Procedure A. The product 
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(10.2 g, 54%) was obtained as a cream-colored powder, mp 130-131'. The 
NMR spectrum agreed with that expected. 
N,N'-Bis(2-hydroxybenzoyl)ethylenediamine (X)-Compound 

X was prepared according to Procedure C. The reaction mixture was 
dissolved in methanol, and this solution then was poured into ether. After 
stirring at rmm temperature for 1 hr, the solid was collected by filtration. 
This solid was recrystallized from ethanol to give 8.3 g (46%) of cream- 
colored crystals, mp 187-189". 
N,N'-Bis(2-hydroxybenzoyl)-l,3-diaminopropane (XI)-Com- 

pound XI was prepared according to Procedure C. Upon cooling, the 
reaction mixture was dissolved in 50 ml of methanol. To this solution was 
added 50 ml of water containing a few drops of acetic acid. Upon stirring 
a t  room temperature, the oily precipitate solidified. The solid (13.5 g) 
was recrystallized twice from ethanol (100 ml) to yield 7.2 g (38%) of white 
crystals, which were pure by TLC, mp 181-182.5'. 
N,N'-Bis(2-hydroxybenzoyl)-l,4-diarninobutane (XI1)-Com- 

pound XI1 was prepared according to Procedure C. The solid reaction 
mixture was dissolved in methanol, and the product was precipitated uia 
the addition of water. The product (15.9 g) was recrystallized from ethanol 
(75 ml) to yield 8.2 g (42%) of shiny white plates, which were pure by TLC, 
mp 180-181'. 
N,N'-Bis(2-hydroxybenzoyl)-l,6-diaminohexane (XII1)-Com- 

pound XI11 was prepared according to Procedure C. The waxy solid 
residue was crystallized from 35 ml of ethanol, yielding 10.9 g of product. 
TLC showed that this product contained some of the mono adduct. Re- 
crystallization from ethanol gave 9.7 g (45%) of pure product as waxy 
white plates, mp 141-142.5'; NMR (dimethyl sulfoxide-ds-deuterium 
oxide): d 7.82 [dd, 2H, "(H6-H5) N 8.1, 4J(H6-H4) N 1.3, aromatic 
CG-H], 7.41 [m, 2H, 3J(H4-H3) = 3J(H4-H5) N 7.7, aromatic Cd-H], 6.90 
[m, 4H, 3J(H3-H4) N "J(H5-H4) N "(H5-H6) N 7.9, aromatic Cs-H and 
C3-H], 3.31 (m, 4H, J = 6.8, NHCHd, 1.57 (m, 4H, NHCHzCHd, and 
1.36 (m, 4H, NHCHzCHzCHz). 
N,N'-Bis(2-hydroxybenzoyl)-l,8-diaminooctane (XIV)-Com- 

pound XIV was prepared according to Procedure C. The solid reaction 
mixture was crystallized from ethanol (50 ml), yielding 12.5 g of product. 
TLC revealed that this product contained a small amount of the mono 
adduct. Recrystallization from ethanol gave 11.4 g (49%) of product as 
waxy white plates, mp 139-140.5'. 
N1,N5-Bis(2,3-dihydroxybenzoyl)diethylenetriamine Hydro- 

chloride (XV)-Compound XV was prepared uia Procedure D from 5.2 
g (0.05 mole) of diethylenetriamine and 16.0 g (0.10 mole) of methyl 
2,3-dihydroxybenzoate. The hydrochloride was obtained as a cream- 
colored powder (3.8 g, la%), mp 163-165'. 
N1,iV-Bis(2,3-dihydroxybenzoyl) -3,3'- diarninodipropylamine 

Hydrochloride (XV1)-Compound XVI was prepared according to 
Procedure D exactly as was XV. The hydrochloride was isolated as a 
cream-colored powder (2.6 g, 16%). After drying a t  78" for 4 hr, the ele- 
mental analysis confirmed its formula as C ~ ~ H ~ ~ N R O , ~ - H C I .  This material 
failed to melt sharply; a phase transition occurred at  85-87", after which 
it melted with decomposition a t  115-117'. 

N1,W-Bis(2,3-dihydroxybenzoyl)sperrnidine Hydrochloride 
(XVI1)-Compound XVII was prepared by Procedure D from 5 g (0.034 
mole) of spermidine and 11.6 g (0.07 mole) of methyl 2,3-dihydroxybenzo- 

ate. The product was obtained as a light-tan powder (2.2 g, 14%), mp 205- 
207O. TLC revealed that the compound was pure. After drying at  78" for 
6 hr, the compound was free from the water of crystallizatidn as evidenced 
by elemental analysis. The NMR spectrum of the hydrochloride (di- 
methyl sulfoxide-&deuterium oxide) gave the following values: d 7.31 
[m, 2H, 3J(H6-H5) N 7.7, 4J(H6-H4) < 1.0, aromatic Cs-H], 6.95 [d, 2H, 
3J(H4-H5) N 7.9, 4J(H4-H6) < 1.0, aromatic C4-H], 6.70 [m, 2H, 
3J(H5-H4) N 3J(H5-H6) N_ 7.9, aromatic Cs-H], 3.36 (m, 4H, 
CONHCH2), 2.93 (m, 4H, CHzNHCHz), 1.91 (m, 2H, 
NHCH~CH~CHZNH) ,  and 1.64 (m, 4H, NHCHzCHzCHzCHzNH). 
N1,N5-Bis(2-hydroxybenzoyl)diethylenetriamine (XV111)- 

Compound XVIII was prepared according to Procedure C. Upon cooling, 
the reaction mixture solidified as a glass. This solid was triturated with 
methanol from which 14.3 g of solid separated. The solid was recrystal- 
lized from ethanol to yield 8.4 g (37%) of slightly orange crystals, mp 
151.5-153'. The NMR spectrum and elemental analysis were in agree- 
ment with those expected. 

REFERENCES 

(1) J .  H. Graziano, R. W. Grady, and A. Cerami, J .  Pharmacol. Exp.  
Ther., 190,570 (1974). 

(2) C. M. Peterson, J. H. Graziano, R. W. Grady, R. L. Jones, H. V. 
Vlassara, V. C. Canale, D. R. Miller, and A. Cerami, Br. J.  Haematol., 33, 
477 (1976). 

(3) C. M. Peterson and R. L. Jones, in "Iron Metabolism and Tha- 
lassemia," D. Bergsma, A. Cerami, C. M. Peterson, and J .  H. Graziano, 
Eds., Alan R. Liss, New York, N.Y., 1976, pp. 187-192. 

(4) C. M. Peterson, J. H. Graziano, R. W. Grady, R. L. Jones, A. 
Markenson, V. Levi, V. Canale, G. E. Gray, A. Cerami, and D. R. Miller, 
E x p .  Hematol., 7,74 (1979). 

(5) T. Ito and J. B. Neilands, J .  Am. Chem. Soc., 80,4645 (1958). 
(6) I. G.  O'Brien, G. B. Cox, and F. Gibson, Riochim. Riophys. Acta, 

( 7 )  J .  L. Corbin and W. A. Bulen, Biochemistry, 8,757 (1969). 
(8) G. H. Tait,Biochem. J., 146,191 (1975). 
(9) I. G. O'Brien and F. Gibson, Biochim. Riophys. Acta, 215, 393 

(1970). 
(10) A. Jacobs, G. P. White, and G. P. Tait, Riochem. Hiophys Res. 

177, 321 (1969). 

Commun , 74,1626 (1977). 
(11) F. W. Weitl and K. N. Raymond, J .  Am. Chem Soc,  101,2728 

(1979). 
(12) R. 0. Clinton and S. C. Laskowski, ibid., 70,3135 (1948). 
(13) V. M. Simokoriyama, Bull. Chem. Soc. Jpn. ,  16,284 (1941) 

ACKNOWLEDGMENTS 

Supported by National Institutes of Health Grant AM-18894, The 
National Foundation March of Dimes Grant 1-615, and grants from 
Cooley's Anemia Volunteers, Cooley's Anemia Foundation, and the 
American Hellanic Educational Progressive Association. 

Journal of Pharmaceutical Sciences I 909 
Vol. 69. No. 8, August 1980 



COMMUNICA TIONS 

Indole-Catechol Charge Transfer  Complexes I 

Keyphrases 0 Catecho1 -charge transfer complex with indoles 0 In- 
doles--charge transter complex with catechol Charge transfer cam 
plexes interaction of catechol and indoles 

To the Editor: 

The involvement of charge transfer phenomena, based 
on UV absorption measurements, was hypothesized be- 
tween catechol-containing substances and the nucleic acid 
bases in the mechanism of action of biogenic amines as well 
as in their storage in the adrenal medulla and other nerve 
endings (I, 2). In continuing efforts to elucidate this effect 
in nerve conduction, the interaction between (-)-trypto- 
phan and catechol was studied by UV absorption and 
emission techniques in aqueous solutions. 

Figure 1 shows that the mixture containing (-)-tryp- 
tophan and catechol is shifted toward longer wavelengths 
and is accompanied by an increase in absorbance from that 
representing the sum of the absorbances of the single pure 
substances, indicating complex formation'. The  increase 
in absorbance is attributed to the (-)-tryptophan-catechol 
complex and is used to calculate the equilibrium constant 
by applying the Benesi-Hildebrand equation: 

where [Ao] and [U,]  represent the total concentrations of 
the reactants, A:" and c t D  are the absorbance and molar 
absorptivity a t  a given wavelength, and Kabs is the equi- 
librium constant. Equation 1 is based on the assumptions 
that a 1:l complex is formed and that  [Ao] << [DO]. A plot 
of [Ao] IAf" uersus 1/[Do], with [Ao] kept constant, gave 
a straight line (Fig. 2). The equilibrium constant calculated 
from the slope and intercept of the plot, when treated by 
the least-squares method, was 0.178 f 10%) M-l in 1O-.'M 
cacodylate buffer a t  pH 5 and 15" while the molar ab- 
sorptivity a t  the wavelength of the measurement (306 nm) 
was 99.2 f 2%. 

Fluorescence measurements f'requently are used t o  
study complex formation ( 3 ) .  To allow meaningful com- 
parison, the system was studied by this method under 
similar conditions in neutral solutions. When (-)-tryp- 
tophan was excited at  275 nrn, the maximum emission 
wavelength observed was 365 nm. The  fluorescence of 
(-)-tryptophan was quenched upon addition of catecho12 
(Fig. 3 ) .  The fraction of the fluorescence intensity re- 
maining is a function of the concentrations of both com- 
pone n ts. 

The eq u i I ihr i u m c( )ns t a n t ( ) I >  t ai ned from the flu ores - 
cence measurements, Ktl,,,,, is calculated from: 

1 - / j  
~- - ~c,,,,,,l[n,Il - "'hIl(1 - ij)l 

1-I 

(Eq. 2) 

where $ represents the relative fluorescence intensity 

290 350 400 500 
WAVELENGTH, nm 

Figure 1-Absorption spectra o f 2  X 10-' M (-)-tryptophan (-X-X), 
1 M catechoi (-), and 2 X M (-)-tryptophan with I M catechol 
(-0-0); the broken line (- - - )  represents the baseline. Allsolutions were 
in M cacodyiate buffer at p H 5 .  Measurements were made in 0.5-crn 
path length cells a t  15'. 

observed. Equation 2 is based on the assumption that a 1:l 
complex is formed; the complex does not fluoresce, and the 
fluorescence intensity is related linearly to  concentration. 
Nearly equal Kfluo values (6.152 X lo3 f 17% M - l )  were 
found when fixed concentrations of (-)-tryptophan (10-5 
and lW4 M )  and varying concentrations of catechol (up 

a 

7 -  

6 -  

s 5 -  
X 

l / [ D , , l ,  M-I 

Figure Z-Plot cif [A(l]/Afu versus 1/[I>,] of catrcho( solutions con- 
taining (-)-tryptophan in cacodylntc buffer ( lo-:{  M )  at p H  5 and 1 5 O .  
The total conccntration of (-)-tryptophan. [A,,]. was 2 X 10- 'M; t l i ~  
total concentration ofcntechol, [Do]. i i i a ~  0.9-1.1 M; A?" represents the 
ab,StJrbflrlcP of t h e  confp/r.r in a I - c m  p a t h  lrngth c e l l  at .3Ofi nm 
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Q O  

assrimed tentatively that catechol acts as an electron donor 
while (-)-tryptophan acts as an electron acceptor. 

To explain the differences between the equilibrium 
constants obtained from the two methods as well as the 
appearance of the quenching constant, it is proposed that 
one pair of (-)-tryptophan-catechol out of several thou- 
sand pairs of molecules, within the concentration limits 
used, exists in close proximity in the form of a real complex 
while the rest remain isolated in solution. 

On the other hand, to justify the charge transfer mech- 
anism for the observed quenching, we propose a hypothesis 
of an electron pump through water. Experimental results 
indicated an observable quenching at concentrations as 
low as M each (5.5%). Simple calculations revealed 
that the distance between molecules a t  2 X 10-5 M is 
436.26 A; the distance between two molecules of water is 
3.1 A. Therefore, under this proposal, an electron can be 
pumped through -140 molecules of water. 

I t  is hoped that the results presented here and the theory 
advanced may help in understanding many important 
biological processes such as conduction through nerves and 
other excitable membranes. 

(1) F. A. Al-Obeidi and H. N. Borazan, J .  Pharm. Sci., 65, 892, 982 

(2) H. M. Taha, F. A. Al-Obeidi, and H. N. Borazan, ibid., 68, 631 
I , , , , . , , , (1976). 

[O,l/[A,l ( 1979). 

0.0 
1 2 3 4 5 6 7 8  

(3) R. Foster, “Organic Charge Transfer Complexes,” Academic, 

(4) M. A. Slifiin, “Charge Transfer Interactions of Biomolecules,” 

Figure 3-Change in the relative fluorescence intensity of ( - ) - t ryp-  
tophan, B, versus the molar ratio of catecho[ t o  (-)-tryptophan, [DO]/ 
[Ao], at  M (-0-0) (-)-tryptophan in CaCo- 
dylate buffer M )  at p H  7and 15”. The  excitation wavelength was 

London, ~ ~ ~ l ~ ~ d ,  1969, pp, 82-89, 

M (-0-0) and Academic, London, England, 1971, pp. 110-149. 

275 nm.  Fluorescence intensity was measured at 365 nm. Hanna N .  Borazan 

to eightfold) were used. Furthermore, catechol did not have 
appreciable fluorescence at  the highest concentration used 
(-5% from the total fluorescence intensitv at the wave- 
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length used). Received August 21,1979. 
In correlating the equilibrium constants obtained by the 

culating the true (thermodynamic) equilibrium constant, 
Kt,  from the simple mathematical model proposed: 

~ ~ ~ ~ ~ : ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ a ~ ~ d a d  for financial support methods, a quenching coefficient, 7, is introduced in cal- of this work. They also thank Dr. Waleed R. Sulaiman for encourage- 
ment. 

- YAD 
K q u e n  - - (Eq. 4, Mass Spectra of Dexamethasone a n d  Y A Y 0  

where Kquen is the quenching constant. When Kquen was 
calculated by assuming Kt  N Kabs, it had a value of 3.4562 

Fluorescence quenching of tryptophan and some other 
fluorescing compounds was attributed to charge transfer 
interactions (4). In those studies, tryptophan was consid- 
ered as an electron donor. I t  was suggested that the cate- 
chol-containing compounds act as electron donors when 
forming charge transfer complexes with nucleic acid bases 
in aqueous acidic solutions (1, 2). I t  may be reasonably 
concluded that  the results presented in this work can be 
interpreted on the basis of charge transfer effects. I t  is 
difficult to  assign the donor or acceptor species of the 
present molecules since precise theoretical data involving 
molecular orbital calculations of the highest occupied or 
lowest empty molecular orbitals are either inconsistent or 
unavailable and the values usually are expressed in terms 
of resonance units (uncertain quantities). However, it is 

x 104. 

Betamethasone 
~ ~~ 

Keyphrases 0 Dexamethasone-mass spectral analysis, comparison 
with mass spectrum of betamethasone Betamethasone-mass spectral 
analysis, comparison with mass spectrum of dexamethasone Mass 
spectrometry-comparison of spectra of betamethasone and dexa- 
methasone 

To the Editor: 
The application of mass spectrometry to the study of 

steroids provides a powerful tool for establishing the 
structure and spatial configuration of these complex 
molecules (1). In particular, the decomposition of steroidal 
alcohols under electron impact often is specific, with the 
position of the hydroxyl group affecting the fragmentation 
pattern of 17-hydroxysteroids, thus allowing discrimina- 
tion between epimeric alcohols and their derivatives. 

However, the occurrence of unwanted phenomena, e g . ,  
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To explain the differences between the equilibrium 
constants obtained from the two methods as well as the 
appearance of the quenching constant, it is proposed that 
one pair of (-)-tryptophan-catechol out of several thou- 
sand pairs of molecules, within the concentration limits 
used, exists in close proximity in the form of a real complex 
while the rest remain isolated in solution. 

On the other hand, to justify the charge transfer mech- 
anism for the observed quenching, we propose a hypothesis 
of an electron pump through water. Experimental results 
indicated an observable quenching at concentrations as 
low as M each (5.5%). Simple calculations revealed 
that the distance between molecules a t  2 X 10-5 M is 
436.26 A; the distance between two molecules of water is 
3.1 A. Therefore, under this proposal, an electron can be 
pumped through -140 molecules of water. 
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fluorescing compounds was attributed to charge transfer 
interactions (4). In those studies, tryptophan was consid- 
ered as an electron donor. I t  was suggested that the cate- 
chol-containing compounds act as electron donors when 
forming charge transfer complexes with nucleic acid bases 
in aqueous acidic solutions (1, 2). I t  may be reasonably 
concluded that  the results presented in this work can be 
interpreted on the basis of charge transfer effects. I t  is 
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molecules (1). In particular, the decomposition of steroidal 
alcohols under electron impact often is specific, with the 
position of the hydroxyl group affecting the fragmentation 
pattern of 17-hydroxysteroids, thus allowing discrimina- 
tion between epimeric alcohols and their derivatives. 

However, the occurrence of unwanted phenomena, e g . ,  
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Table I-Relative Abundances of the Peaks at mle 315 and 343 in 
the Mass Spectra of Betamethasone and Dexamethasone 

Compound m l e  Relative Abundanceo, 70 

I 315 3 f 2 b ,  3 ,  -10 
3 f 26 ,  5, -12 

4 f 2 b .  5. -76 

343 

343 
I1  315 40 f i j b ,  1 2 ,  -15  

Refers to the base peak at  m/e 122. The first value was determined by the 
present investigator, the second value was taken from Ref. 5 ,  and the third value 
was obtained from Ref. 2. 

thermal decomposition of the sample under the rather 
drastic conditions prevailing in the ion source, must be 
given serious consideration with steroids to prevent ex- 
perimental artifacts. 

A case in point is the mass spectral analysis of beta- 
methasone (I) and dexamethasone (II),  which are config- 
urational isomers a t  C-16; their spectra were reported by 
Lodge and Toft (2, 3). According to  these investigators, 
unequivocal discrimination between the epimers is allowed 
by the fragment (M - 49) a t  m/e 343, a major peak (actu- 
ally, the second most abundant ion) in the spectrum of I1 
whose abundance is insignificant in the spectrum of I. 
Formation of the fragment was traced (2, 3) to the pre- 
liminary loss of water from the D-ring followed by cleavage 
of the 20,21-bond, which should he favored in I1 according 
to a mechanism similar to that suggested by Zaretskii et 
al. (4) for the epimers of 17-alkyl-19-nortestosterone. 

While these results and their interpretation remain 
unchallenged in the literature, there are indications (5) of 
unsuccessful attempts to corroborate the occurrence of a 
major peak a t  mle 343 in the mass spectrum of I1 together 
with the suggestion that the spectrum may be affected 
greatly by the thermal decomposition of the sample. In 
view of the pharmaceutical relevance of the epimeric pair 
involved, a systematic investigation was undertaken to  
reconcile the discrepancy and to evaluate the effects of the 
possible instrumental artifacts. 

Authentic samples of I and I1 from different sources, 
whose identity and purity had been checked by melting- 
point determination, IR spectroscopy, and high-pressure 
liquid chromatography (HPLC), were analyzed on a qua- 
drupole spectrometer] and two magnetic sector spec- 
trometers'. An effort was made to duplicate as closely as  
possible the conditions described previously (2, 3), using 
a direct-insertion probe temperature of 180-200' and an 
electron energy of 70 ev. 

The results confirm that the molecular ion is barely 
detectable and indicate that the base peak in the spectra 
o f  both I and I1 is the ion at  m/cj 122. However, other sig- 
nificant features of the spectra, including the peaks at  mle 
31 5 and 343, differ significantly from previously reported 
values (Table I). 

The discrepancies clearly are too large to  be explained 
by instrumental factors and suggest that thermal decom- 
position of the sample plays a significant role. This view 

I Hewlrtt-I'ackard model 5980. 
" AKI miidpl hlS-12 and Varian mudel SIKI' :111A 

is supported by the correspondingly large scatter (-22") 
of the melting points reported in the literature and their 
dependence on the heating rate (5). 

To gather additional evidence on this point, further 
experiments were carried out using thermogravimetric 
analysis and mass spectrometry. A sample of I1 was heated 
in a thermoanaly~er~,  both in a self-induced atmosphere 
and in dry nitrogen, from 25 to 220' a t  rate of 4'fmin and 
then maintained at  220'. A significant (8.1 f 0.1%) weight 
loss occurred above 200", peaking a t  -205'. 

In  a separate experiment, samples of I1 were heated a t  
205" in a glass tube under high vacuum (1.5 X 10-6 torr), 
and a white sublimate was observed immediately above the 
heated portion of the tube. The composition of the subli- 
mate could be taken as representative of the composition 
of the vapors above the heated sample under conditions 
that closely approach those in the ion source. Accordingly, 
the mass spectrum of the sublimate was recorded and was 
significantly different from that of pure 11. In particular, 
the relative abundances of the peaks a t  mle 315 and 343 
were 13 and 7%, respectively, which are very close to the 
values reported in Ref. 5. 

These experiments provide compelling evidence that 
thermal decomposition plays a significant role in the mass 
spectrum of 11, affecting in particular the relative abun- 
dances of the peaks at  mle 315 and 343. Consequently, the 
diagnostic value of the fragment a t  mle 343 in unequivo- 
cally distinguishing between I and I1 is questionable. 

If discrimination between the two epimers has to be 
achieved by mass spectrometry rather than by more suit-  
able techniques, e.g., HPLC, it appears that the most sig- 
nificant diagnostic peak is the one a t  mle 315. In fact, not 
only the present data but also those reported in Ref. 5 show 
that  the fragment a t  mle 315 is consistently and signifi- 
cantly more abundant in the mass spectrum of I1 than of 
I. 

Any mechanistic interpretation of the electron-induced 
fragmentation pattern of complicated molecules, especially 
in those cases where heat-sensitive substances are involved, 
should be made cautiously. 

(1) Z. V. Zaretskii, "Mass Spectrometry of Steroids," Wiley, New York, 

(2)  B. A. Lodge and P. Toft, J .  Phorm. Sci.. 59,1045 (1970). 
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( 4 )  V. I. Zaretskii, N. S. Wulfson, V. G. Zaikin, V. N. Leonov, and I .  
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Index Nominum 1980.10th ed. The Swiss Pharmaceutical Society. 1979. 
xiv + 913 pp. 21 x 29.5 cm. (Available from Drug Intelligence Publi- 
cations, Dept. C78, Hamilton, IL 62341.) (Introduction in French, 
German, and English; text in French.) 
Index Nominum 1980 is an alphabetical list of generic and trade names 

of internationally available drug products containing one active sub- 
stance. Information is given on International Nonproprietary Names 
(INN) and other generic names, trade names and manufacturers, 
chemical names and structures, pharmacopeial monographs on each drug, 
and main therapeutic uses. The 1980 edition lists approximately 3800 
compounds and derivatives, approximately 200 of which are new. More 
than 26,000 references are given. 

As with the previous edition, Index Nominum 1980 is a single volume 
with a single alphabet; readers never have to look up more than one 
cross-reference to find the main entry. Among the other convenient 
features retained in this edition are the listing of monograph titles from 
pharmacopeias of international importance and the distinction of new 
substances published for the first time by a point preceding the name or 
synonym. 

Staff Review 

Selective Toxicity: The Physico-Chemical Basis of Therapy, 6th 
ed. By ADRIEN ALBERT. Wiley, One Wiley Drive, Somerset, NJ 
08873.1979.662 pp. 15 X 23 cm. Price $42.50. 
The first edition of this book appeared in 1951, and the sixth edition, 

published recently, is approximately 10% larger than the fifth edition, 
which was published in 1973. 

The book is divided into two parts. The first part is entitled Topics of 
General Interest and consists of seven chapters (269 pages). The first 
chapter briefly discusses the principle of selectivity, and the second 
chapter outlines various steps in correlating chemical structure with bi- 
ological activity. This account deals mainly with the concept of receptors 
followed by a discussion of how minor molecular modifications by methyl 
or methylene groups may affect biological properties. Chapters 3-5 (129 
pages) deal with three general principles of selectivity: differences in the 
distribution of compounds between “economic and uneconomic cells,” 
a comparison of the biochemistry between the same metabolic routes in 
different biological systems, and comparisons between the structures of 
different cells and cellular components. Chapter 6 describes some prin- 
ciples of chemotherapy, including a succinct account of drug resistance. 
This chapter is prefaced by a short but interesting account of various 
aspects of the history of chemotherapy. The first section of this book 
concludes with a chapter on pharmacodynamics (70 pages), in which the 
theme of selective toxicity of a compound in one organism is ampli- 
fied. 

The second section, Studies, in Depth, of Topics from Part 1 (285 
pages), commences with a chapter on the nature of chemical bonding and 
absorption followed by a chapter on metabolites and antimetabolites. 
Chapters 10 and 11 are particularly valuable and emphasize the impor- 
tance of ionization and chelation of compounds in eliciting biological 
responses. They are followed by two chapters on the covalent bond and 
stereochemistry. Chapter 14 discusses surface activity. The next chapter 
deals with biologi.cal activity that is not related to chemical structure. A 
chapter not appearing in previous editions, entitled The Perfection of 
a Discovery (approximately 5 pages), emphasizes multiple regression 
analyses, molecular orbital calculations, and molecular conductivity. Four 
appendixes follow the second section. 

On the positive side, many medicinal chemists, pharmacologists, bio- 
chemists, and toxicologists will derive some benefit from portions of this 
book. A number of recent developments in medicinal chemistry are in- 
corporated into this monograph, including certain aspects of cancer, 
opioid receptors, and robust metal complexes. The bibliography is ex- 
cellent, and many recent references are included. 

On the negative side, although it is difficult to deal adequately with 
every facet of selective toxicity, there are areas where the present work 

is lacking. While the author states that  regression analysis and other 
mathematical models are much used, he gives only a brief account of 
them. Thus, although he deals with this subject on pages 70-75 and 
557-562, this account will be considered by some to be a somewhat cur- 
sory treatment. Furthermore, a somewhat truncated summary of infor- 
mation is available on prodrugs. Another criticism is the fragmentation 
of information throughout the book; although it is understood that the 
classification of the vast amount of information recorded in this book is 
a difficult art, the value of dividing the book into two parts is not clear 
to this reviewer. Why go back in Part I1 and resurrect a theme that was 
started in Part I? For example, the subject of receptors is introduced on 
pages 23-39, mentioned briefly again on pages 250-261, and outlined 
again in Chapter 13. The same approach is used not only for stereo- 
chemistry, which is described initially on pages 39-46 and then becomes 
the subject of an entire chapter, but also for regression analyses, as noted 
earlier. Presumably, the author would maintain that it is an unreasonably 
large jump, and, thus, the book may be regarded as too undergraduate 
oriented for those who are experienced in the chemical-biological in- 
terface. 

In summary, this book is valuable reading to those interested in 
chemicals producing biological responses, but medicinal chemists and 
others will have to delve into other monographs in many cases to obtain 
a fuller treatment of the subject. 

Reviewed by J. R. Dimmock 
College of Pharmacy 
University of Saskatcheuian 
Saskatoon, Saskatchewan, S7N 0 WO 
Canada 

Atlas of the Three-Dimensional Structure  of Drugs, Vol. 1. By J. P. 
TOLLENAERE, H. MOEREELS, and L. A. RAYMAEKEHS. Else- 
vier/North-Holland Inc., 52 Vanderbilt Ave., New York, NY 10017. 
1979. 322 pp. 17 X 24.5 cm. Price $36.50. 
Medicinal chemists should welcome this volume since it is a successful 

effort to relate appropriate crystallography to the representation of the 
molecular architecture of compounds from a variety of pharmacological 
classes. 

Representative compounds from the following categories are included: 
muscarinic agonists and antagonists; nicotinic agonists and antagonists; 
phenethylamines, catecholamines, and related compounds; H 1- and 
H2-histamine receptor agonists and antagonists; opiate receptor agonists 
and antagonists; serotonin and related compounds; hallucinogens; local 
anesthetics; antiarrhythmic agents; Ca2+-antagonists; anticonvulsants 
and sedative hypnotics; diuretics; nonsteroidal anti-inflammatory agents; 
and anthelmintic, antifungal, and antiprotozoal agents. 

The primary objective was to compare and classify the compounds 
within each class with respect to geometric and conformational charac- 
teristics by using crystallographic data, but it was necessary to visualize 
molecular structures rather than merely rely on interpretations of nu- 
merical data in terms of distances and torsion angles. To determine the 
optimal orientation of so many molecules, interactive computer tech- 
niques were used; an APL (A Programming Language) function PROd 
was developed to generate numerous orientations from which the final 
selection was made. Rotation angles around defined x, y, and z axes, the 
scale, and viewing distance then were transferred and used in the ORTEP 
(Oak Ridge Thermal Ellipsoid Program), which draws the picture on a 
CALCOMP plotter. The ORTEP drawings of‘ the molecular structures 
then were retouched slightly and thus appear very artistically i n  the 
book. 

The authors emphasize the idea o f  pharmacological class relationship 
by representing molecular structure in space in such a manner that 
common moieties within each class can be recognized. I n  many cases, a 
compromise had to be made between strictly analogous orientation of 
key moieties and clarity o f  the representation and the authors’ attempt 
to show the intrinsic beauty of molecular architecture. Due to this com- 
promise, not only medicinal chemists who have expertise in crystallog- 
raphy and three-dimensional structural studies, but also most connois- 
seurs of fine art  and fine science will appreciate the beauty of the struc- 
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tural representations, with one structure per page covering most of the 

The introduction includes very helpful, brief explanations regarding 
the structural data bearing on groups, classes, and subclasses of the 
compounds. Although these comments are not intended to provide 
complete explanations, they strengthen the perception of intra- and in- 
terclass relationships and differences which are reflected by the pictorial 
representations. 

The authors’ intent was for this book “to serve as a bridge between 
crystallographers and structural chemists and those engaged in drug 
research.” This reviewer concludes that the book does in fact provide such 
an effective bridge. This book therefore is recommended not only to 
medicinal chemists but also to graduate and undergraduate students in 
medicinal chemistry and pharmacology. 

page. 

Reviewed by Jaime N. Delgado 
College of Pharmacy 
IJnruPrsity of Texas at Austin 
Austin, TX 78712 

Computer-Assisted Drug  Design. Edited by E. C. OLSON and R. E. 
CHRISTOFFERSEN. (ACS Symposium Series 112.) American 
Chemical Society, 1155 16th St., N.W., Washington, DC 20036.1979. 
619 pp. 15 X 23 cm. Price $40.00. 
This book is a collection of 26 presentations made a t  a recent American 

Chemical Society symposium entitled “Computer-Assisted Drug Design.” 
The articles cover a few of the theoretical structure-activity relationship 
methods in use for drug design. The book is divided into four sections 
covering the assessment of several techniques, drug receptor modeling, 
examples of some techniques, and applications. A 15-page index com- 
pletes the book. 

A number of articles stand out and deserve comment. In the first sec- 
tion, a review of a few of the general structure-activity relationship 
methods is attempted. Unfortunately, it is incomplete in its coverage. 
An article by Topliss et al. is a useful description of chance factors in 
dealing with structure-activity relationship statistics. 

In the second section on drug receptor modeling, Andrews briefly 
discusses transition state analogs. Articles by Cole et al., Marshall et al.,  
and Humber et al. on mapping and modeling are of interest. An article 
by Loew et al. on interaction studies on the opiate receptor is well written 
and of quality. Rohrer et al. describe the use of PROPHET in the same 
section. 

In the third section on examples of techniques, articles by Magee, 
Bersohn, Weintraub, and Stuper et a / .  present useful descriptions of 
computer-assisted methods of analysis. 

The fourth section on applications in drug design contains a refresh- 
ingly thorough and accurate review of theoretical structure-activity re- 
lationship contributions over the past 15 years by Crunewald et al. Ar- 
ticles by Cund et al., Petit et al., and Hodes reveal computer-based ap- 
plications of theoretical structure-activity relationships. 

A number of problems apparent with this book are common to similar 
efforts to publish quickly everything presented a t  a symposium. Because 
of the requirement for speed, there is little opportunity for screening or 
review, leading to a wide range of scholarship and quality. Since every 
presentation is published, the amount of background material that  can 
accompany each article is restricted. As a result, a reader outside of the 
area is not sufficiently informed. In contrast, an investigator in the field 
probably would turn to the original journal articles of the authors. 

The book should be examined by anyone involved or interested in 
theoretical structure-activity relationship studies in medicinal chem- 
istry. 

Reuieuied by Lemont R. Kier 
School of Pharmacy 
Medical College of Virginia 
Virginia Commonwealth Uniuersity 
Richmond, V A  23298 
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xiv + 913 pp. 21 x 29.5 cm. (Available from Drug Intelligence Publi- 
cations, Dept. C78, Hamilton, IL 62341.) (Introduction in French, 
German, and English; text in French.) 
Index Nominum 1980 is an alphabetical list of generic and trade names 

of internationally available drug products containing one active sub- 
stance. Information is given on International Nonproprietary Names 
(INN) and other generic names, trade names and manufacturers, 
chemical names and structures, pharmacopeial monographs on each drug, 
and main therapeutic uses. The 1980 edition lists approximately 3800 
compounds and derivatives, approximately 200 of which are new. More 
than 26,000 references are given. 

As with the previous edition, Index Nominum 1980 is a single volume 
with a single alphabet; readers never have to look up more than one 
cross-reference to find the main entry. Among the other convenient 
features retained in this edition are the listing of monograph titles from 
pharmacopeias of international importance and the distinction of new 
substances published for the first time by a point preceding the name or 
synonym. 

Staff Review 

Selective Toxicity: The Physico-Chemical Basis of Therapy, 6th 
ed. By ADRIEN ALBERT. Wiley, One Wiley Drive, Somerset, NJ 
08873.1979.662 pp. 15 X 23 cm. Price $42.50. 
The first edition of this book appeared in 1951, and the sixth edition, 

published recently, is approximately 10% larger than the fifth edition, 
which was published in 1973. 

The book is divided into two parts. The first part is entitled Topics of 
General Interest and consists of seven chapters (269 pages). The first 
chapter briefly discusses the principle of selectivity, and the second 
chapter outlines various steps in correlating chemical structure with bi- 
ological activity. This account deals mainly with the concept of receptors 
followed by a discussion of how minor molecular modifications by methyl 
or methylene groups may affect biological properties. Chapters 3-5 (129 
pages) deal with three general principles of selectivity: differences in the 
distribution of compounds between “economic and uneconomic cells,” 
a comparison of the biochemistry between the same metabolic routes in 
different biological systems, and comparisons between the structures of 
different cells and cellular components. Chapter 6 describes some prin- 
ciples of chemotherapy, including a succinct account of drug resistance. 
This chapter is prefaced by a short but interesting account of various 
aspects of the history of chemotherapy. The first section of this book 
concludes with a chapter on pharmacodynamics (70 pages), in which the 
theme of selective toxicity of a compound in one organism is ampli- 
fied. 

The second section, Studies, in Depth, of Topics from Part 1 (285 
pages), commences with a chapter on the nature of chemical bonding and 
absorption followed by a chapter on metabolites and antimetabolites. 
Chapters 10 and 11 are particularly valuable and emphasize the impor- 
tance of ionization and chelation of compounds in eliciting biological 
responses. They are followed by two chapters on the covalent bond and 
stereochemistry. Chapter 14 discusses surface activity. The next chapter 
deals with biologi.cal activity that is not related to chemical structure. A 
chapter not appearing in previous editions, entitled The Perfection of 
a Discovery (approximately 5 pages), emphasizes multiple regression 
analyses, molecular orbital calculations, and molecular conductivity. Four 
appendixes follow the second section. 

On the positive side, many medicinal chemists, pharmacologists, bio- 
chemists, and toxicologists will derive some benefit from portions of this 
book. A number of recent developments in medicinal chemistry are in- 
corporated into this monograph, including certain aspects of cancer, 
opioid receptors, and robust metal complexes. The bibliography is ex- 
cellent, and many recent references are included. 

On the negative side, although it is difficult to deal adequately with 
every facet of selective toxicity, there are areas where the present work 

is lacking. While the author states that  regression analysis and other 
mathematical models are much used, he gives only a brief account of 
them. Thus, although he deals with this subject on pages 70-75 and 
557-562, this account will be considered by some to be a somewhat cur- 
sory treatment. Furthermore, a somewhat truncated summary of infor- 
mation is available on prodrugs. Another criticism is the fragmentation 
of information throughout the book; although it is understood that the 
classification of the vast amount of information recorded in this book is 
a difficult art, the value of dividing the book into two parts is not clear 
to this reviewer. Why go back in Part I1 and resurrect a theme that was 
started in Part I? For example, the subject of receptors is introduced on 
pages 23-39, mentioned briefly again on pages 250-261, and outlined 
again in Chapter 13. The same approach is used not only for stereo- 
chemistry, which is described initially on pages 39-46 and then becomes 
the subject of an entire chapter, but also for regression analyses, as noted 
earlier. Presumably, the author would maintain that it is an unreasonably 
large jump, and, thus, the book may be regarded as too undergraduate 
oriented for those who are experienced in the chemical-biological in- 
terface. 

In summary, this book is valuable reading to those interested in 
chemicals producing biological responses, but medicinal chemists and 
others will have to delve into other monographs in many cases to obtain 
a fuller treatment of the subject. 

Reviewed by J. R. Dimmock 
College of Pharmacy 
University of Saskatcheuian 
Saskatoon, Saskatchewan, S7N 0 WO 
Canada 
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vier/North-Holland Inc., 52 Vanderbilt Ave., New York, NY 10017. 
1979. 322 pp. 17 X 24.5 cm. Price $36.50. 
Medicinal chemists should welcome this volume since it is a successful 

effort to relate appropriate crystallography to the representation of the 
molecular architecture of compounds from a variety of pharmacological 
classes. 

Representative compounds from the following categories are included: 
muscarinic agonists and antagonists; nicotinic agonists and antagonists; 
phenethylamines, catecholamines, and related compounds; H 1- and 
H2-histamine receptor agonists and antagonists; opiate receptor agonists 
and antagonists; serotonin and related compounds; hallucinogens; local 
anesthetics; antiarrhythmic agents; Ca2+-antagonists; anticonvulsants 
and sedative hypnotics; diuretics; nonsteroidal anti-inflammatory agents; 
and anthelmintic, antifungal, and antiprotozoal agents. 

The primary objective was to compare and classify the compounds 
within each class with respect to geometric and conformational charac- 
teristics by using crystallographic data, but it was necessary to visualize 
molecular structures rather than merely rely on interpretations of nu- 
merical data in terms of distances and torsion angles. To determine the 
optimal orientation of so many molecules, interactive computer tech- 
niques were used; an APL (A Programming Language) function PROd 
was developed to generate numerous orientations from which the final 
selection was made. Rotation angles around defined x, y, and z axes, the 
scale, and viewing distance then were transferred and used in the ORTEP 
(Oak Ridge Thermal Ellipsoid Program), which draws the picture on a 
CALCOMP plotter. The ORTEP drawings of‘ the molecular structures 
then were retouched slightly and thus appear very artistically i n  the 
book. 

The authors emphasize the idea o f  pharmacological class relationship 
by representing molecular structure in space in such a manner that 
common moieties within each class can be recognized. I n  many cases, a 
compromise had to be made between strictly analogous orientation of 
key moieties and clarity o f  the representation and the authors’ attempt 
to show the intrinsic beauty of molecular architecture. Due to this com- 
promise, not only medicinal chemists who have expertise in crystallog- 
raphy and three-dimensional structural studies, but also most connois- 
seurs of fine art  and fine science will appreciate the beauty of the struc- 
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of internationally available drug products containing one active sub- 
stance. Information is given on International Nonproprietary Names 
(INN) and other generic names, trade names and manufacturers, 
chemical names and structures, pharmacopeial monographs on each drug, 
and main therapeutic uses. The 1980 edition lists approximately 3800 
compounds and derivatives, approximately 200 of which are new. More 
than 26,000 references are given. 

As with the previous edition, Index Nominum 1980 is a single volume 
with a single alphabet; readers never have to look up more than one 
cross-reference to find the main entry. Among the other convenient 
features retained in this edition are the listing of monograph titles from 
pharmacopeias of international importance and the distinction of new 
substances published for the first time by a point preceding the name or 
synonym. 
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Selective Toxicity: The Physico-Chemical Basis of Therapy, 6th 
ed. By ADRIEN ALBERT. Wiley, One Wiley Drive, Somerset, NJ 
08873.1979.662 pp. 15 X 23 cm. Price $42.50. 
The first edition of this book appeared in 1951, and the sixth edition, 

published recently, is approximately 10% larger than the fifth edition, 
which was published in 1973. 

The book is divided into two parts. The first part is entitled Topics of 
General Interest and consists of seven chapters (269 pages). The first 
chapter briefly discusses the principle of selectivity, and the second 
chapter outlines various steps in correlating chemical structure with bi- 
ological activity. This account deals mainly with the concept of receptors 
followed by a discussion of how minor molecular modifications by methyl 
or methylene groups may affect biological properties. Chapters 3-5 (129 
pages) deal with three general principles of selectivity: differences in the 
distribution of compounds between “economic and uneconomic cells,” 
a comparison of the biochemistry between the same metabolic routes in 
different biological systems, and comparisons between the structures of 
different cells and cellular components. Chapter 6 describes some prin- 
ciples of chemotherapy, including a succinct account of drug resistance. 
This chapter is prefaced by a short but interesting account of various 
aspects of the history of chemotherapy. The first section of this book 
concludes with a chapter on pharmacodynamics (70 pages), in which the 
theme of selective toxicity of a compound in one organism is ampli- 
fied. 

The second section, Studies, in Depth, of Topics from Part 1 (285 
pages), commences with a chapter on the nature of chemical bonding and 
absorption followed by a chapter on metabolites and antimetabolites. 
Chapters 10 and 11 are particularly valuable and emphasize the impor- 
tance of ionization and chelation of compounds in eliciting biological 
responses. They are followed by two chapters on the covalent bond and 
stereochemistry. Chapter 14 discusses surface activity. The next chapter 
deals with biologi.cal activity that is not related to chemical structure. A 
chapter not appearing in previous editions, entitled The Perfection of 
a Discovery (approximately 5 pages), emphasizes multiple regression 
analyses, molecular orbital calculations, and molecular conductivity. Four 
appendixes follow the second section. 

On the positive side, many medicinal chemists, pharmacologists, bio- 
chemists, and toxicologists will derive some benefit from portions of this 
book. A number of recent developments in medicinal chemistry are in- 
corporated into this monograph, including certain aspects of cancer, 
opioid receptors, and robust metal complexes. The bibliography is ex- 
cellent, and many recent references are included. 

On the negative side, although it is difficult to deal adequately with 
every facet of selective toxicity, there are areas where the present work 

is lacking. While the author states that  regression analysis and other 
mathematical models are much used, he gives only a brief account of 
them. Thus, although he deals with this subject on pages 70-75 and 
557-562, this account will be considered by some to be a somewhat cur- 
sory treatment. Furthermore, a somewhat truncated summary of infor- 
mation is available on prodrugs. Another criticism is the fragmentation 
of information throughout the book; although it is understood that the 
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Reviewed by J. R. Dimmock 
College of Pharmacy 
University of Saskatcheuian 
Saskatoon, Saskatchewan, S7N 0 WO 
Canada 

Atlas of the Three-Dimensional Structure  of Drugs, Vol. 1. By J. P. 
TOLLENAERE, H. MOEREELS, and L. A. RAYMAEKEHS. Else- 
vier/North-Holland Inc., 52 Vanderbilt Ave., New York, NY 10017. 
1979. 322 pp. 17 X 24.5 cm. Price $36.50. 
Medicinal chemists should welcome this volume since it is a successful 

effort to relate appropriate crystallography to the representation of the 
molecular architecture of compounds from a variety of pharmacological 
classes. 

Representative compounds from the following categories are included: 
muscarinic agonists and antagonists; nicotinic agonists and antagonists; 
phenethylamines, catecholamines, and related compounds; H 1- and 
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molecular structures rather than merely rely on interpretations of nu- 
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optimal orientation of so many molecules, interactive computer tech- 
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was developed to generate numerous orientations from which the final 
selection was made. Rotation angles around defined x, y, and z axes, the 
scale, and viewing distance then were transferred and used in the ORTEP 
(Oak Ridge Thermal Ellipsoid Program), which draws the picture on a 
CALCOMP plotter. The ORTEP drawings of‘ the molecular structures 
then were retouched slightly and thus appear very artistically i n  the 
book. 

The authors emphasize the idea o f  pharmacological class relationship 
by representing molecular structure in space in such a manner that 
common moieties within each class can be recognized. I n  many cases, a 
compromise had to be made between strictly analogous orientation of 
key moieties and clarity o f  the representation and the authors’ attempt 
to show the intrinsic beauty of molecular architecture. Due to this com- 
promise, not only medicinal chemists who have expertise in crystallog- 
raphy and three-dimensional structural studies, but also most connois- 
seurs of fine art  and fine science will appreciate the beauty of the struc- 
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tural representations, with one structure per page covering most of the 

The introduction includes very helpful, brief explanations regarding 
the structural data bearing on groups, classes, and subclasses of the 
compounds. Although these comments are not intended to provide 
complete explanations, they strengthen the perception of intra- and in- 
terclass relationships and differences which are reflected by the pictorial 
representations. 

The authors’ intent was for this book “to serve as a bridge between 
crystallographers and structural chemists and those engaged in drug 
research.” This reviewer concludes that the book does in fact provide such 
an effective bridge. This book therefore is recommended not only to 
medicinal chemists but also to graduate and undergraduate students in 
medicinal chemistry and pharmacology. 

page. 

Reviewed by Jaime N. Delgado 
College of Pharmacy 
IJnruPrsity of Texas at Austin 
Austin, TX 78712 

Computer-Assisted Drug  Design. Edited by E. C. OLSON and R. E. 
CHRISTOFFERSEN. (ACS Symposium Series 112.) American 
Chemical Society, 1155 16th St., N.W., Washington, DC 20036.1979. 
619 pp. 15 X 23 cm. Price $40.00. 
This book is a collection of 26 presentations made a t  a recent American 

Chemical Society symposium entitled “Computer-Assisted Drug Design.” 
The articles cover a few of the theoretical structure-activity relationship 
methods in use for drug design. The book is divided into four sections 
covering the assessment of several techniques, drug receptor modeling, 
examples of some techniques, and applications. A 15-page index com- 
pletes the book. 

A number of articles stand out and deserve comment. In the first sec- 
tion, a review of a few of the general structure-activity relationship 
methods is attempted. Unfortunately, it is incomplete in its coverage. 
An article by Topliss et al. is a useful description of chance factors in 
dealing with structure-activity relationship statistics. 

In the second section on drug receptor modeling, Andrews briefly 
discusses transition state analogs. Articles by Cole et al., Marshall et al.,  
and Humber et al. on mapping and modeling are of interest. An article 
by Loew et al. on interaction studies on the opiate receptor is well written 
and of quality. Rohrer et al. describe the use of PROPHET in the same 
section. 

In the third section on examples of techniques, articles by Magee, 
Bersohn, Weintraub, and Stuper et a / .  present useful descriptions of 
computer-assisted methods of analysis. 

The fourth section on applications in drug design contains a refresh- 
ingly thorough and accurate review of theoretical structure-activity re- 
lationship contributions over the past 15 years by Crunewald et al. Ar- 
ticles by Cund et al., Petit et al., and Hodes reveal computer-based ap- 
plications of theoretical structure-activity relationships. 

A number of problems apparent with this book are common to similar 
efforts to publish quickly everything presented a t  a symposium. Because 
of the requirement for speed, there is little opportunity for screening or 
review, leading to a wide range of scholarship and quality. Since every 
presentation is published, the amount of background material that  can 
accompany each article is restricted. As a result, a reader outside of the 
area is not sufficiently informed. In contrast, an investigator in the field 
probably would turn to the original journal articles of the authors. 

The book should be examined by anyone involved or interested in 
theoretical structure-activity relationship studies in medicinal chem- 
istry. 

Reuieuied by Lemont R. Kier 
School of Pharmacy 
Medical College of Virginia 
Virginia Commonwealth Uniuersity 
Richmond, V A  23298 
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TAKING ANIMALS OUT OF THE LAB 

If we were to ask our readers whether they favor “research modernization,” un- 
doubtedly the response would be one of overwhelming approval. 

If we likewise polled them as to whether or not they favor the elimination of an- 
imals in pharmaceutical research, we expect that  the response would be equally 
overwhelming in opposition. 

Interestingly enough, however, these two apparently different concepts currently 
bear a very close relationship. Specifically, legislation is now being seriously and 
actively considered within the U.S. Congress that bears the title “Research Mod- 
ernization Act” (H.R. 4805), and which has the specific purpose of working toward 
significant reduction or complete elimination of the use of animals in research. 

In itself, legislation of this general nature is not novel, because many bills affecting 
the use of animals in research have been introduced on numerous occasions in the 
past; in fact, there are a t  least three other bills in the present Congress which also 
have as their objective the reduction or elimination of the use of animals in bio- 
medical research (H.R. 282, H.R. 4479, and H.R. 6847). 

What makes H.R. 4805 relatively novel is the appealing approach embodied in 
the preamble of the bill which states that a national center is to be established to 
develop and coordinate “alternative methods of research and testing” which do 
not involve the use of live animals. 

Those of our readers who have occasion to see Science, the weekly publication 
of the American Association for the Advancement of Science, may have noted an 
article which appeared in the May 9,1980 issue. The article was entitled “Legislating 
an End to Animals in the Lab,” and it carried the subtitle “A bill backed by ani- 
mal-rights activists could all but outlaw federally funded research using cats, rats, 
dogs, rabbits . . . .” This article brought into sharp focus the potential impact of 
the legislation should it be successfully enacted. Moreover, the article likewise re- 
vealed the intense support being given the legislation by antivivisectionists and 
other animal-rights activists. 

On the other hand, from our perception we have seen relatively little discussion 
of this legislation in the scientific or technical press, nor have we heard much 
mention of it a t  scientific or technical meetings. Yet, as brought out in the article 
in Science, “Those in the scientific establishment (who have studied the bill) say 
the impact of such legislation would be catastrophic, . . . .” 

Certainly, the basic nature of pharmaceutical research is such that any abrupt 
action to diminish the availability and use of animals for research and testing 
purposes would have a dramatic impact on both drug research and production- 
animals being widely used not only as precursors to human clinical testing in drug 
research but also, in many instances, as test subjects in quality control monitoring 
of drug products in production. 

There is no question but that appropriate care, humane treatment, good housing, 
and a healthy environment must be accorded all research animals. Any noncom- 
pliance calls for stringent measures of regulatory enforcement against the violators. 
Happily, extensive progress had been made in these areas fully a generation ago, 
and present conditions of animal treatment in virtually all research centers are a t  
a high level and generally in compliance with current legislation dealing with hu- 
mane care and housing. 

Furthermore, simple economic considerations have provided the scientific 
community with a strong incentive to devise and adopt in uitro methods to replace 
in uiuo procedures wherever possible. In  uitro methods are generally less expensive 
to conduct; they are more consistent and uniform; and their results are generally 
considerably more accurate. Hence, even in the absence of animal-rights consid- 
erations, there is strong motivation for science to replace animal test procedures 
with alternative methodology wherever possible. 

The primary purpose of this editorial is not to serve as a defense for the use of 
animals in pharmaceutical research and testing. Our readers are fully cognizant 
of the importance of the use of animals for such purposes. Indeed, many of our 
readers are personally engaged in activities which involve their directly working 
with animals on a regular basis. 

What we do wish to achieve by this editorial is the alerting of the pharmaceutical 
scientific community to the existence of this major legislative threat and the 
probable severity of the results if this innocent-sounding legislation were to be 
enacted. 

I t  has only been within the last few months that regulatory measures were fi- 
nalized to eliminate the use of prisoners in drug research as of June 1,1981. This 
development is already having severe impact on human clinical research in the 
United States. If legislation of the sort now before the Congress were enacted relative 
to ending the use of animals in the laboratory, the ultimate impact would even dwarf 
that  resulting from the regulatory action eliminating the use of prisoners. 
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Abstract  0 A number of seiected geometric oxime ethers were synthe- 
sized as potential neuromuscular blocking agents. The study consisted 
of the synthesis, separation, and stereochemical analysis of selected 
compounds followed by a preliminary pharmacological evaluation for 
neuromuscular blockade. Synthesis of the compounds began with the 
double oximination of 4-androstene-3,17-dione followed by TLC, column 
chromatography, and fractional crystallization as the purification 
methods. These procedures yielded two of the possible four isomers. 
Configurational assignments on the isolated pair were based on experi- 
ments using IR, UV, and NMR spectroscopy. Isomerically pure diethers 
were prepared by two methods: (a)  0-alkylation of the stereochemically 
pure dioximes with the appropriate aminoalkyl halide, and ( b )  O-alkyl- 
ation of the dioxime mixture followed by quaternization and subsequent 
isolation of configurationally pure salts uia fractional crystallization. A 
preliminary pharmacological evaluation was conducted by using mice 
on a treadmill apparatus. Some structure-activity relationships are 
discussed. 

Keyphrases 0 4-Androstene-3,17-dione dioximes-E,E- and Z,Z- iso- 
meric 0-ethers, synthesis, stereochemical analysis, and evaluation for 
neuromuscular blocking activity 0 Neuromuscular blocking agents, 
potential-E,E- and Z,Z-isomeric 0-ethers of 4-androstene-3,17-dione 
dioximes, synthesis, stereochemical analysis, and pharmacological 
testing 

Recent reports from these laboratories discussed oxime 
derivatives possessing significant anticholinergic activity 
(1-4). Furthermore, some of the studies (3 ,4)  supported 
the idea that the isomeric character of the oxime function 

results in potency differences among isomeric pairs that 
could characterize further the cholinergic receptor. On the 
basis of these findings, this investigation was initiated to 
study the neuromuscular blockage and receptor activity 
of oxime ethers. 

The oximino ethers chosen were derived from 4-an- 
drostene-3,17-dione dioxime and are bisquaternary am- 
monium compounds (I). These compounds differ from the 
more classical neuromuscular blocking agents in that their 
quaternary nitrogens are bridged by 17 or 19 atoms instead 
of the usual nine to 11 atoms. This feature places the series 
in the second peak of potency reported by Barlow and 
Zoller (5). 

DISCUSSION 

Synthesis and Resolution-The dioximes of 4-androstene-3,17-dione 
were prepared in good yield using a reported method (6). This method 
was applied on the assumption that four geometrical isomers would result 
(11-V). However, numerous attempts by several methods failed to pro- 
duce four compounds. TLC, column chromatography, and fractional 
crystallization proved to be suitable and yielded apparently two iso- 
merically pure compounds (fast and slow’). N M R  spectroscopy (PMR 
and ‘“C-NMR) was utilized to verify their isolation. 

Fast and slow designate the relative migration rates of the two compounds on 
the 7’I.C dates .  
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benzene, methylene bromide, and nitrobenzene. The effect on the imino 
prot.on appears to  be independent of the solvent and the structure. 
Whereas the imino proton can he used confidently to determine ts- and 
Z-configurations, assignments based on a- and 0-protons are complicated 
because the structure as well as the solvent reverses the resonance of E- 
and Z-hydrogens. 

In the present study, preliminary NMR data on the dioximes were 
generated in dimethyl sulfoxide. A previous study on the oximes of iso- 
phorone (compounds resembling the A-ring of the dioximes) supports 
the suggestion that closer proximity of the oxime hydroxyl group causes 
deshielding of protons on adjacent groups of the dioximes (11). 

For the fast isomer, the chemical shifts were d 5.63 and 0.94 for the 
olefinic and 18-methyl protons, respectively. For the slow isomer, the 
chemical shifts were 6 6.26 and 0.98, respectively. 

With the assumption that closer proximity of the oxygen to a group 
causes deshielding of protons on that group, tentative configurational 
assignments of E,E and Z,Z were made for the fast and slow isomers, 
respectively. 

Aromatic Soloent-Induced Shifts-To support the tentative config- 
urational assignments, the two compounds were analyzed uia t.he tech- 
nique of aromatic solvent-induced shifts. Wolkowski et al.  (14) reported 
data derived from this t.echnique that allowed identification of the oximes 
of isophorone. 

Using the formula Ad = vCC4 - uC,&, Wolkowski et a / .  (14) obtained 
Ad values of -21 and -14 Hz for the olefinic proton of the Z-(VII) and 
E-(VI) isomers, respectively. By utilization of the same formula, with the 
substitution of deuterochloroform for the aliphatic solvent and pyridine 
(d-5)  for the aromatic solvent2, similar calculations were conducted on 
dat.a derived from the isolated oximes. The fast isomer demonstrated A6 
values of -24 and -3.4 Hz for the olefinic and 18-methyl protons, re- 
spectively. The slow isomer showed Ad values of -32 and -4.4 Hz for the 
same parameters. Since Wolkowski et al. obtained greater negative values 
for the %-isomer of isophorone oxime, the data indicate that the fast 
isomer has the E,&-configuration and the slow isomer must possess the 
Z,Z-configuration. ~ 

N M R  Shift Studks-Earlier investigations (15) involving the oximes 
of isophorone and the shift reagent tris(dipiva1omethanato)europium 
revealed that a greater shift of the olefinic proton is found in the Z-isomer. 
Wolkowski et al. (14) extrapolated to an equimolar concentration of the 
shift reagent and obtained shifts of 27.0 and 22.0 ppm for the Z-  and 
E-isomers, respectively. However, in the present study, in which the shift 
reagent tris(1,1,1,1,1,2,2-heptafluoro-~,7-dimethyloctanedione~- 
europium and the oximes of isophorone were used, the opposite effect 
was observed (i.e.,  a greater shift of the olefinic proton in the E-isomer). 
No attempt was made to investigate this apparent anomaly. 

Subjecting the dioximes of4-androstene-3,1i-dione to a similar study 
using the shift reagent tris(l,l,l,1,1,2,2-heptatluoro-7,7-dimethyloc- 
tanedione)europium resulted in a greater shift of‘the olef‘inic and 18- 
methyl protons in the fast isomer compared to the shifts in the slow iso- 
mer. Since the olefinic proton of the E-isomer in isophorone oxime also 
exhibited greater movement using the same shift reagent, it  was con- 
cluded that the fast isomer also must possess the E-configuration on the 
A-ring. 

The assignments of E -  and Z-configurations at the D-ring to the fast 
and slow isomers, respectively, unfortunately were not substantiated with 
a model shift study; ronsequently, the evidence is not as strong. 

IR Data-Several factors have been cited as affecting the stretching 

I 
CH, CH 
I I 

R = CH,CH~”-CH, I CH:CH,CH~-+~-CII, 
I 

CH, 
I 
CH,, 

The  isolation (and the apparent existence of only two of the possible 
four isomers) is perplexing since the dioximes that were isolated and 
stereochemically characterized possess all possible configurations at  each 
oxime site. Furthermore, earlier studies (7-10) involving steroid mo- 
nooximes showed that the isomeric pairs are separable and distinguish- 
able using available methods. At present, the possibility of specific ste- 
reochemical conversion of the Z,E- and E,Z-isomers to the E,E- and 
Z,%-isomers, respectively, is under consideration. This conversion may 
be a consequence of the isolation o r  purification procedures. Indirect 
evidence tor this hypothesis comes from PMR data, which clearly show 
that the two zones obtained from a dry silica gel column represent con- 
figurationally pure compounds. The  dioxime mixture is readily distin- 
guishable. with respect to all configurations a t  both oxime sites, when 
subjected to PMR analysis. 

Two general methods were used in the preparation of isomerically pure 
oxime ethers. Method A utilized isomerically pure dioximes followed by 
(1-alkylation with the appropriate aminoalkyl halide. Method B gener- 
ated a mixt.ure of ethers from 0-alkylation of isomerically mixed diox- 
imes. Stereochemically pure material in Method B was obtained by ex- 
haustive quaternization of the free base followed by fractional crystalli- 
zat ion. 

Stereochemical Analysis-Because of the importance of the s te-  
reochemical features of the oxime ethers to the research objectives, several 
methods were used to  identify the configurations a t  each oxime site. 
Configurational characterization was restricted mainly to the dioximes 
and was based on NMR, IR, and UV spectroscopy. 

I’relimiriar3, N M R  Data---There is evidence that, in some cases, 
proximity of an electronegative atom such as oxygen causes deshielding 
of protons on adjacentgroups (1 1,12). Karabotsos et a!. (13) noted that 
the a-methylene protons and the imino proton experience greater de- 
shielding as a consequence of the oxime hydroxyl group being in closer 
proximity: the (3-methylene protons are reported to experience a shielding 
effect under the same conditions (Fragment A).  These effects on the cy- 
and @-protons have been verified for this system in carbon tetrachloride, 

11: E,E I 
OH 

111: z.z 

v: E,Z  
OH 

IV: Z.I.: 

VI I 
HO 

VII 

The equation A6 = valiphaIlc - I ~ ~ , ~ , , , ~ ~ , ~  a l h o  applies 11) the  suhstitution olchlo- 
rot’ornm f o r  carbon tetrachloride and of pyridinr for I~t.nzrnr. 
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frequency of the carbonyl group (16). The position of this particular band 
in the IR spectrum can be affected by the physical state, electrical and 
mass effect, conjugation, hydrogen bonding, and ring strain. Since the 
same factors also are expected to affect the oximino function (C=N) in 
the same qualitative manner, generalities that apply to a carbonyl system 
were extrapolated to the oximino systems of the dioximes. 

Since ring strain tends to raise the frequency of the C=N group, the 
higher frequencies in the region of the C=N frequency were assigned to 
the C=N group of the D-ring. Configurational assignments on the D-ring 
were made on the basis of data reported by Condos et al. (9). After es- 
tablishing the configuration of some 17-oximino steroids uia the Beckman 
rearrangement reaction, these investigators assigned the higher frequency 
to the E-isomer. Thus, the slow isomer in the present work, which ex- 
hibited a frequency of 1681 cm-', was assigned the Z-configuration; the 
fast isomer, which displayed a frequency of 1704 cm-', was assigned the 
E-configuration. 

By inspection of the oxime function on the A-ring using Dreiding 
stereomodels, it was noted that more steric hindrance would be realized 
if the oxime hydroxyl group were in the 2-configuration. Since steric 
hindrance tends to interfere with the coplanarity of the conjugated sys- 
tem, a higher frequency was expected for the isomer with the Z-config- 
uration a t  this site. For the fast isomer, a singlet was recorded at 1634 
cm-l; for the slow isomer, a doublet was found a t  1642 and 1618 cm-l. 

Of significance in these recordings is the fact that  the slow isomer did 
show one elevated frequency (1642 cm-I), but perhaps more informative 
is the observation that a distinct doublet was detected. This observation 
possibly could indicate a hybrid situation where perfect overlap between 
the C=N and C=C groups is not allowed because of the peri-peri in- 
teractions encounted by the oxime hydroxyl group and the olefinic hy- 
drogen. Thus, on this basis, the slow isomer must be assigned the Z-  
configuration and the fast isomer must have the E-configuration. 

UVData-Since oximes show no absorption in the UV spectrum for 
the C=N group unless it is involved in conjugation (171, the UV analysis 
was restricted to the oxime function on the A-ring. In this connection, 
certain cu,P-unsaturated carbonyl compounds have been known to possess 
lower absorptivities when the coplanarity is affected unfavorably (18). 
Therefore, a lower absorptivity for the Z-isomer is expected since, in this 
isomer, the oxime hydroxyl group would interact significantly with the 
olefinic hydrogen. Experimentally, the faster isomer demonstrated an 
absorptivity of 26,898; the slow isomer registered an absorptivity of 
22,943. Therefore, the fast isomer was assigned the E-configuration and 
the slow isomer must have the Z-configuration at the C-3 oxime site. 
These assignments are in complete agreement with NMR and IR data. 

Conclusion-Based on the evidence, it is concluded that the fast and 
slow isomers must possess E,E- and 2,Z-configurations, respectively. 
These assignments are substantiated by the rule predicting the isomeric 
ratio (19). The rule predicts that the more nearly equal in hulk the sub- 
stituent groups attached to the oxime function are, the more nearly equal 
will be the isomeric ratio. 

Oxime Ethers-Studies in these laboratories (3,4) showed that ox- 
imes in general are relatively configurationally stable to the etherification 
reaction. Thus, in the systems investigated, starting with a configura- 
tionally pure oxime will yield a configurationally enriched oxime ether. 
In the present study, etherification of configurationally enriched dioximes 
did not produce detectable levels of alternate configurations, as evidenced 
by PMR spectroscopy. For example, the Z,Z- and E,E-isomers of the 
N,N-dimethylaminopropyl ethers (free bases) are readily distinguishable 
by comparison of the chemical shifts for the olefinic protons and the 
18-methyl protons. In the 2,Z-isomer, the 6 values were 5.56 and 1.03, 
respectively; for the E,E-isomer, the same groups had 6 values of 6.22 and 
1.01. 

NMR analysis also was conducted on the quaternary ammonium salts 
to ensure the configurational purity of the final compounds. 

EXPERIMENTAL3 

Synthesis-4-Androstene-3,17-dione dioximes were prepared ac- 

Oxime Ethers-Two general methods were employed for the prepa- 
cording to the method of Crab& et al. (6). 

ration of isomerically pure oxime ethers. The first method consisted of 
reacting isomerically pure dioximes (as determined by TLC and NMR 
spectroscopy) with the appropriate aminoalkyl halide. No problems with 
configurational conversion were encountered. The second method in- 
volved etherification of the mixture of the two dioximes with the ap- 
propriate aminoalkyl halide followed by quaternization and fractional 
crystallization of the mixture produced. Both methods were reliable. 

All ethers were prepared by first dissolving the appropriate dioxime 
in absolute ethanol followed by the addition of the base, potassium 
tert- butoxide. The proper aminoalkyl halide hydrochloride then was 
added in one portion. All solutions were refluxed and stirred for the 
prescribed time in a three-necked flask. Subsequent to the reaction in- 
terval, the solutions were filtered by suction and evaporated on a rotary 
evaporator in uacuo. This general procedure afforded an oily residue. 
Variations in reactant quantities and specific procedures, a s  applicable 
to the individual ethers, will be given; physical data also are included. 

Quaternization of the free bases was effected by dissolving the oily 
material in absolute ethanol in the presence of excess methyl bromide. 
The salts were purified by crystallization from a mixture of absolute 
ethanol and isopropyl ether. 

E,E-l-Androstene-3,17-di(N,N-dirnethylaminoe~h.y~ uwimino ether) 
Dimethobromide (VIII)-E,E-4-Androstene-3,17-dione dioxime (1.65 
g, 0.0052 mole) was dissolved in 90 ml of absolute ethanol. Potassium 
tert-butoxide (2.33 g, 0.021 mole) and 2-dimethylaminoethyl chloride 
(1.5 g, 0.0104 mole) then were added with constant stirring. After 4.5 hr, 
the solvent was evaporated, giving an oily residue that was treated with 
two 25-ml portions of isopropyl ether. Separation of the isopropyl ether 
layers and evaporation gave a material that subsequently was treated with 
20 ml of petroleum ether. The petroleum ether extract was cooled in an 
acetone-dry ice bath and then removed and allowed to warm to room 
temperature. Decanting and subsequent evaporation of the warmed 
petroleum ether extract yielded the first crop of the dioximino ether. 

All of the material that was not soluble in the petroleum ether or iso- 
propyl ether was solubilized in -20 ml of dimethyl sulfoxide and ex- 
tracted with five 20-in1 portions of petroleum ether. Small amounts of 
water were added between each extraction to reduce the solubility of the 
ether in the dimethyl sulfoxide. The petroleum ether extracts were 
combined and treated as before using the acetone-dry ice bath. Evapo- 
ration of the petroleum ether yielded a second crop. This procedure 
yielded a total of 0.7 g of the dioximino ether (29.3% yield); IR: A,,, (neat) 
1619 (C=N, conjugated), 1667 (C=N, unconjugated), and 1035 (0-C) 
cm-'; NMR4: b 1.04 (s, 3H, 18-methyl), 2.19 (s, 12H, N-methyl protons), 
-2.50 (P-methylene protons from both side chains; two almost overlap- 
ping AzX2 systems), and 5.58 (s, lH,  HC=). 

The methobromide salt melted a t  221' dec. and was analyzed for 
carbon, hydrogen, and nitrogen. 

Anal -Calc. for C29H52BrZN402: C, 53.70; H, 8.08; N, 8.64. Found: C, 
53.79; H, 8.13; N, 8.38. 

Z,Z-l-Androstene-9, I 7-di (N,N-dimethylaminoethyl oximino ether) 
Dimethobromide (IX)-A mixture of Z,Z- and E,E-4-androstene- 
3,17-dione dioximes (3.0 g, 0.0095 mole) was dissolved in 80 ml of absolute 
ethanol. While stirring, potassium tert- butoxide (4.32 g, 0.039 mole) and 
2-dimethylaminoethyl chloride (2.77 g, 0.019 mole) were added. The 
reaction was allowed to proceed for 8 hr, giving an oily residue upon 
evaporation of the solvent. The crude product was extracted with several 
portions of petroleum ether, and the extracts were combined and chilled 
in an acetone-dry ice bath to precipitate impurities. After the petroleum 
ether extracts warmed to room temperature, the solvent was decanted 
and evaporated. This procedure yielded 2.3 g of the ether (40.0% yield). 

The oil obtained was dissolved in -80 ml of absolute ethanol. Excess 
methyl bromide was added to the alcoholic solution followed by standing 
for several hours in a stoppered flask. Isopropyl ether was added to the 
solution of the methobromide salt until cloudiness persisted, and the 
milky solution was placed on a hot plate until the cloudiness dissipated. 
Allowing the solution to cool slowly over -10 hr gave the first crop (0.65 
g) of crystals, characterized (uia NMR) as a mixture of 2,Z- and E,E- 
isomers in a 2:l ratio. 

A second crystallization in the same manner afforded a material in 
which no E,E-isomer was detectable. This material was recrystallized 
four times to ensure the isomeric purity of the product, mp 251' dec.; IR: 
Amnx3 1619 (C=N, conjugated), 1646 (C=N, unconjugated), and 1084 

,3 Melting points are uncorrected; a Thomas-Hoover Uni-Melt apparatus was 
used. Elemental analysis were conducted by Schwarzkopf Mirroanalytical Labo- 
ratory, Woodside, N.Y. IR spectra were obtained with a Beckman IR-8 soectro- 

cm-l; NMR5: "09 ( 'v  3 H 9  18-methy'), 3'10 ('B 18H* N-methyl 
protons), and 6.26 (5, 1H, HC=). 

photometer; spectra of oils were obtained using sodium chloride windows; spectra 
of salts utilized potassium bromide dispersion pellets. PMR spectra were produced 
on Varian A-60, Varian IW-MHz, and Jeol C-60hl spectrometers. 13C-NMR spectra 
were taken on a Bruker WH 90 spectrometer. Optical rotations were obtained with 
a I'erkin-Elmer 141 polarimeter. 

4 Chlor(~form-d; tetramethvlsilane was the reference. 
5 Dirnethyl sulfoxide-d was the solvent; the pentet for dimethyl sulfoxide-d at 

6 2.5 was used as the reference. 
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Anal.-Calc. for C29H~~Br2N402: C, 53.70; H, 8.08; N, 8.64. Found: C, 
53.63; H, 8.20 N, 8.47. 
E,E-4-Androstene-d,l7-di(N,N-dimethylaminopropyl oximino ether) 

Dimethobromide (X)-E,E-4-Androstene-3,17-dione dioxime (3.0 g, 
0.0095 mole) was reacted with potassium tert-butoxide (4.3 g, 0.0383 
mole) and 3-dimethylaminopropyl chloride (3.0 g, 0.019 mole). A reaction 
time of -18 hr was allowed. After filtration and evaporation of the solvent, 
the resulting material was extracted with 150 ml of petroleum ether. The 
extract was cooled in an acetone-dry ice bath, allowed to come to room 
temperature, and decanted; the solvent was evaporated to yield a viscous 
yellow oil. Further purification was effected by redissolving the material 
in 40 ml of petroleum ether followed by a second cooling in the ace- 
tone-dry ice bath, decantation, and evaporation as already described. 

A second crop of the desired material was obtained by dissolving all 
of the material that  was not soluble in the petroleum ether in 17 ml of 
dimethyl sulfoxide. Several extractions of the dimethyl sulfoxide with 
petroleum ether afforded additional material, which was purified by 
employing the acetone-dry ice bath as described. Small amounts of water 
were added between extractions. The total yield was 2.1 g (35.0% yield); 
111: Amax (neat) 1634 (C=N, conjugated), 1730 (C=N, unconjugated), 
and 1044 (C-0) cm-'; N M P :  6 1.03 (s, 3H, 18-methyl), 2.11 (s, 12H, 
N-methyl), 3.88 (y-methylene protons from both side chains; two over- 
lapping AzXz systems), and 5.56 (s, lH ,  HC=). 

Quaternization of the free base followed by crystallization from a 
mixture of absolute ethanol and isopropyl ether gave a salt that  melted 
at  244O dec. 

Anal.-Calc. for C31H56Br2N402: C, 55.02; H, 8.34; N,  8.29. Found: C, 
55.39; H, 8.36; N, 8.28. 

Z,Z-~-Andro,stene-3,27-di(N,N-dimethylaminopropyl oximino ether) 
Dimethobromide (XI)-The 2,Z-dioxime of 4-androstene-3,17-dione 
(2.0 g, 0.0063 mole) was dissolved in 80 ml of absolute ethanol. Potassium 
trrt -butoxide (2.85 g, 0.0254 mole) and 3-dimethylaminopropyl chloride 
(2.0 g, 0.0127 mole) were added, and the mixture was allowed to  reflux 
for 23 hr. The oily residue that resulted after evaporation of the alcohol 
was extracted several times with petroleum ether. The petroleum ether 
extracts were combined, and the solvent was evaporated, yielding an oily 
residue. 

The residue was purified further by retreating it with petroleum ether 
followed by separation of the ether layer and evaporation. This procedure 
was continued until only petroleum ether-soluble material remained. The 
procedure yielded 1.4 g of a viscous yellow oil (35% yield), mp 236' dec.; 
IR: A,,, (neat) 1634 (C=N, conjugated), 1734 (C=N, unconjugated), 
and 1044 (C-0) cm-'; NMR6: 6 1.01 (s, 3H, 18-methyl), 2.11 (s, 12H, 
N-methyl protons), 4.08 (7-methylene protons from both side chains; 
two overlapping A2X2 systems), and 6.22 (s, lH ,  HC=). 

Crystallization of the methobromide salt from absolute alcohol and 
isopropyl ether yielded an analytically pure sample. 

Anal.-Calc. for C:j1H5fiBr2N402: C, 55.03; H, 8.34; N, 8.28. Found: C, 
54.82; H, 8.63; N,  7.98. 

Separation Procedures (Dioximes)-Method I (7'LC)-Separation 
by TLC was accomplished using a cylindrical developing chamber (25 
X 5.5 cm) lined with filter paper to enhance saturation. The developing 
solvent consisted of benzene-ethyl acetate (103).  Silica gel strips7 (20 
cm) were activated for 30 min at 110' and allowed to cool in a desiccator. 
After the system reached equilibrium (1 hr), the plates were developed 
to a distance of 15 cm, resulting in two distinct zones. The fast isomer was 
a t  R, 0.17, and the slow isomer was a t  RI 0.11. 

Method I 1  (Dry Column Chromatography)-With the same solvent 
system described for TLC and silica gel8 as the support, column chro- 
matography afforded semipreparative amounts of isomerically pure 
dioximes. 

Method 111 (Fractional Crvstallization)-4-Androstene-3.17-dione 
dioxime (mixture) (10.7 g) was dissolved in 425 ml of hot acetone and 
filtered. The solution was placed in a 500-ml beaker and covered with 
aluminum foil. Several small holes were provided near the center of the 
foil to allow slow and controlled evaporation of the acetone. When the 
solvent had reached the 350-ml level, the acetone was decanted and the 
crystals that had formed were washed with 5 ml of fresh acetone. 

This first crop amounted to 2.2 g of the fast isomer with traces of the 
slow isomer. A second crystallization from the same solvent afforded 1.7 
g of the fast isomer. The mother liquor was allowed to evaparate further 
in the manner described until the solvent level reached 250 ml. A second 
crop was obtained and identified as the slow isomer (0.8 g). Further 

Carbon tetrachloride; tetramethylsitane was the relerence. 
Eastman 13181 No. 60-60. 
d .  'r. Baker. 60-200 mesh. 

evaporation yielded crystals that  were a mixture of both isomers. This 
procedure gave two analytically pure samples. 

The fast isomer had a melting point of 223" dec.; [a]? +231° (metha- 
nol, 0.32%); UV: A,,, (methanol) 241 ( 6  26,898) nm; IR3: A,,, 1634 (C=N, 
conjugated) and 1704 (C=N, unconjugated) cm-l; NMR5: 6 0.780 (s, 3H, 
19-methyl), 0.940 (s, 3H, lB-methyl), 5.626 (s, lH ,  CH=), 9.930 Is, IH ,  
HO-N=C (D-ring)], and 10.326 [s, lH ,  HO-N=C (A-ring)]. 

Anal.-Calc. for ClgH28N202: C, 72.11; H, 8.92; N, 8.86. Found: C, 
72.02; H, 8.89; N, 8.59. 

The slow isomer melted a t  223-226' dec.; [a]L5 +132' (methanol, 
0.23%); UV: A,,, (methanol) 243 ( 6  22,943) nm; IR? A,,, 1642 and 1618 
(C=N, conjugated) and 1681 (C=N, unconjugated) cm-'; NMR5: 6 0.780 
(s, 3H, 19-methyl), 0.976 (s, 3H, lS-methyl), 6.259 (5, l H ,  CH=), 9.930 
[s, lH ,  HO-N=C (D-ring)], and 10.026 [s, l H ,  HO-N=C (A-ring)]. 

Anal.-Calc. for Cl9Hz8N202: C, 72.11; H, 8.92; N, 8.86. Found: C, 
72.29; H, 9.09; N, 8.79. 

NMR Shif t  Studies (Dioximes)-Five milligrams of each dioxime 
was weighed accurately and dissolved separately in 0.5 ml of deutero- 
chloroform. To each sample was added accurately 0.007 ml of a 10% 
methanol solution in carbon tetrachloride using a micro~yringe~. Minimal 
tetramethylsilane was added to avoid precipitation of the sample. Seven 
spectra were obtained on each sample, with increasing amounts of 
tris(l,l,l,1,1,2,2-heptafluoro-7,7-dimethyloctanedione)europium added 
to effect shifts on the signalsl0 of the olefinic proton and C-18 methyl 
protons. 

PHARMACOLOGY 

Method-The rolling (rotarod) apparatus was used to evaluate neu- 
romuscular blockade. This device was first described by Dunham and 
Miya (20), who mentioned the possibility of using such an apparatus to 
detect muscular relaxation. Subsequent reports (21-24) discussed the 
use of this method to quantify motor incoordination in laboratory animals 
under the influence of various drugs. Although this method is not specific 
for the evaluation of neuromuscular blocking agents, it does provide a 
reliable and simple screening avenue for such agents. 

Female albino mice [Sprague-Dawley SH:AHA (ICR) f], 17-29 g, were 
used to evaluate the neuromuscular blocking activity of the synthesized 
compounds. The mice were injected intraperitoneally with solutions of 
the methyl bromide salts of the compounds in double-distilled water. 
Approximately 0.1 ml of the solution was used to deliver each dose. Im- 
mediately after injection, the mice were placed on a rotating motorized 
drum (7.150 rpm) and the time was recorded. 

T o  eliminate a prolonged training period for each animal, the drum 
design included a screen wire walking surface with a diameter of 11.4 cm 
and partitions (17.8 cm in diameter) isolating each animal. A maximum 
of 30 min was allowed to record observations. If the animal was unable 
to remain on the rotating drum for the allotted time, a positive response 
was recorded; no response was noted if the animal remained the full time. 
No positive responses were observed with the control group that had been 
injected previously with double-distilled water. 

Because the stock solutions lost significant potency over 24 hr, all stock 
solutions were used within 8 hr; dilutions from the stock solution were 
used immediately. All stock solutions were made by weighing at  least 30 
mg of each compound followed by dissolution with an appropriate volume 
of double-distilled water. Four doses (10 animals per dose) were used for 
all compounds tested. 

The Litchfield-Wilcoxon method (24) was employed for the statistical 
evaluation of the data and the fitting of curves. 

Results-The pharmacological data provided the following infor- 
mation. 

1. The slopes of all curves, including the one for decamethonium, were 
not significantly different (95% confidence limits). 

2. The 2,Z-isomers were significantly more potent than the E,E-iso- 
mers. 

3. With respect to potency, the molecular modification from the 
ethylamino side chains to the propylamino side chains was more signif- 
icant in Z,Z-isomerism (the propylamino homolog was more potent). 

4. All of the compounds were considerably more potent than deca- 
methonium. 

5. The oxime ethers had a slower onset of action compared to deca- 
methonium. 

The shift of the proton signal on the hydroxyl group of methanol was used as 
a relative indication of the concentration of tris(1,1,1,1,1,2,2-heptafluoro-7,7- 
dimethy1octanedione)europium; i.e., the greater the concentration of the shift re- 
agent, the farther downfield the proton signal would appear. 

' 0  Varian 100-MHz spectrometer. 

998 I Journal of Pharmaceutical Sciences 
Vol. 69, No. 9, September 1980 



Table I-Summary of Pharmacological Data 

Compounda 

95% 
Confidence Limit, 

P M k  

Average 
Response 
Time, min 

Decamethoniumb 
VIII: E,E-isomer 

IX: Z,Z-isomer 
X: E,E-isomer 

XI: 2,Z-isomer 

1.38 
10.0 x 10-2 
7.05 X lo-* 
9.80 x 10-2 
5.10 X 

1.21-1.57 
8.2-12.2 X 

6.47-7.69 X 
9.30-10.3 X 
4.81-5.41 X lo-* 

5.63 

9.59 
11.5 

11.1 
15.7 

As the methyl bromide salts. * Syncurine, Burroughs Wellcome 

Additionally, from gross observations, it appears that the compounds 
of this study act primarily uia a depolarizing type of mechanism. Table 
I summarizes the pharmacological data. 

Discussion-Since the slopes of the dose-effect curves of the syn- 
thesized compounds and of decamethonium were not significantly dif- 
ferent, the mechanism of action must be mainly depolarizing. This con- 
clusion was supported by gross observation of the similarity in behavioral 
patterns when the animals were under the influence of decamethonium 
or the synthesized compounds. Both decamethonium and the test com- 
pounds resulted in twitching, some piloerection, pronounced heavy deep 
breathing, bulging eyes, and apparent convulsions subsequent to injection 
with an overdose. Death always followed the convulsive episode. The 
behavioral pattern was readily distinguishable from that produced hy 
the antidepolarizing agent (+)-tubocurarine. 

Two observations can be made with respect to possible structure- 
activity relationships implying drug-receptor interactions. First, in both 
the ethylamino and propylamino series, the Z,Z-isomers were signifi- 
cantly more potent than the E,E-isomers. However, the distance between 
the two quaternary nitrogens in the extended conformation was not 
significantly altered by the isomerism in question. Given the ethylamino 
side chain, the intercationic distance was not significantly different be- 
tween the Z,Z- and E,E-isomers. Furthermore, conformational analysis 
using Dreiding molecular models revealed significant conformational 
bulky differences among the side chains of the two isomeric pairs. In the 
extended conformation, the side chains in the Z,Z-isomers could assume 
an almost parallel alignment (with themselves); however, E,E-isomerism 
directed the side chains a t  an angle of -90’. 

Second, the molecular modification from ethylamino to propylamino 
side chains was more significant in Z,Z-isomerism. In this respect, the 
Z,Z-dipropylamino congener was significantly more potent than the 
Z,Z-diethylamino compound.; the E,E-dipropylamino compound was 
equipotent with the E,E-diethylamino congener. 

At least two factors may account for the fact that  the synthesized 
compounds were significantly more potent than decamethonium (one 
compound was -27 times more potent). Because of the greater hydro- 
phobic to hydrophilic ratio, the steroidal compounds may interact more 
favorably with the proposed hydrophobic area within or in close proximity 
to the receptor. Moreover, the steroidal oxime ethers also have the ad- 
vantage of interacting with the proposed esterophilic portions of the re- 
ceptor uia the polarized oximino function; decamethonium obviously is 
not able to interact by a similar mechanism. 

With respect to the onset of action, these compounds were significantly 
slower than decamethonium, probably because their greater lipid char- 
acter leads to poorer transfer in the aqueous medium of the biological 
system. 
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Abstract  The mechanism of the enzymatic decarboxylation of S -  
adenosyl-L-methionine catalyzed by S-adenosyl-L-methionine decar- 
boxylase and its inhibition by methylglyoxal bis(guany1hydrazone) were 
investigated. The results indicate that the carbonyl group of the pyruvate 
cofactor does not form an azomethine bond with an amino group of the 
enzyme protein. The substrate and/or product forms an azomethine bond 
with the pyruvate cofactor, which can be reduced efficiently with sodium 
cyanoborohydride. Methylglyoxal bis(guany1hydrazone) appears t o  in- 
terfere with the formation of the enzyme-substrate complex by com- 
peting with the substrate for binding with the active enzyme site. The 
dimethylaminoethylhydrazone, semicarbazone, and guanylhydrazone 
derivatives of pyruvic acid, ethyl pyruvate, pyruvic acid amide, and py- 
ruvyl glycineamide were synthesized. None of these compounds had 
significant inhibitory activity on the enzymatic decarboxylation of S -  
adenosyl-L-methionine by S-adenosyl-L-methionine decarboxylase from 
rat liver in uitro. These results indicate that the structural requirements 
for binding of methylglyoxal bis(guany1hydrazone) to the enzyme are 
strict and that structural modifications of this compound result in a 
dramatic loss of activity. 

Keyphrases 0 S-Adenosyl-L-methionine decarboxylase-inhibition 
by pyruvate derivatives Enzyme inhibition-effects of pyruvate de- 
rivatives on S -adenosyl-L-methionine decarboxylase 

The polyamines appear to play an essential role in cel- 
lular metabolism and cell proliferation (1). Selective in- 
hibitors of polyamine biosynthesis have produced an- 
tiproliferative activity in cell culture (2) and in  uiuo (3). 
Most of the compounds studied have been inhibitors of 
L-ornithine decarboxylase, the rate-controlling enzyme 
in the biosynthesis of the polyamines (4). Only a few in- 
hibitors of S-adenosyl-La-methionine decarboxylase, the 
second enzyme in the synthetic pathway of polyamines, 
have been studied ( 5 ,  6) .  Therefore, studies to develop 
specific inhibitors of. mammalian, putrescine-activated 
S-adenosyl-L-methionine decarboxylase were initiated. 

This report presents a tentative scheme for catalysis by 
S-adenosyl-L-methionine decarboxylase and a possible 
mechanism of its inhibition by methylglyoxal bis(guan- 
ylhydrazone) (Ia). The synthesis of some pyruvate deriv- 
atives structurally similar to Ia and evaluation of them as 
inhibitors of enzymatic decarboxylation of S-adenosyl- 
L-methionine by the decarboxylase from rat liver also are 
reported. 

BACKGROUND 

The identification of covalently bound pyruvate in rat liver S-adeno- 
syl-L-methionine decarboxylase was reported recently in two studies (7, 
8). The pyruvate group appears to be essential for the catalytic activity 
of the enzyme and probably is involved in the formation of an azomethine 
bond with the amino group of the substrate, S-adenosyl-L-methionine, 
to form an intermediate (IV) (Scheme I). Previous studies with pyridoxal 
phosphate-dependent decarboxylases showed that the pyridoxal phos- 
phate is linked to the r-amino group of a specific lysyl residue by an 
azomethine bond and that the enzyme-substrate complex is formed by 
transaldimination between the enzyme-pyridoxal phosphate complex 
and the substrate. Unlike pyridoxal-dependent decarboxylases, the 

carbonyl group of the pyruvate cofactor does not form an azomethine 
bond with an amino group from the enzyme protein since sodium boro- 
hydride reduction of the purified enzyme results in the formation of lactic 
acid and not an N-substituted alanine. 

Since studies with model systems indicated that transaldimination 
proceeds more rapidly than de nouo Schiff base formation (9). the pos- 
sibility of S-adenosyl-L-methionine decarboxylase activation by putre- 
scine, due to the formation of the ketimine (111) between the pyruvate 
residue and putrescine, was explored. Transketimination between I11 
and the substrate (11) would result in the more rapid formation of the 
intermediate (IV). The decarboxylation product (V) of I1 also may be 
bound to the enzyme by an azomethine bond. 

Imminium compounds such as 111-V could be trapped in the presence 
of free pyruvate residues by selective reduction with cyanoborohydride 
(10). Thus, the presence of such intermediates in an incubation medium 
containing S-adenosyl-L-methionine decarboxylase and the appropriate 
ligand could be demonstrated if a loss of enzymatic activity were observed 
on treatment of the mixture with sodium cyanoborohydride. This ap- 
proach was used by Satre and Kennedy ( 11) t~ demonstrate the formation 
of a Schiff base between the amino group of phosphatidyl serine and the 
pyruvate residue of the enzyme as an essential step in the action of 
phosphatidylserine decarhoxylase. Therefore, experiments were carried 
out to determine the effects on enzyme activity of the addition of sodium 
cyanoborohydride to  S-adenosyl-L-methionine decarboxylase prepara- 
tions containing the activator putrescine and/or the substrate. 

EXPERIMENTAL' 

Melting points were determined in open capillary tubes and are un- 
corrected. NMR spectra were taken in deuterochloroform or deuterium 
oxide with tetramethylsilane or sodium 2,2-dimethyl-2-silapentane- 
5-sulfonate as the internal standard, respectively. Mass spectral analyses 
were performed a t  20-70 ev and chamber temperatures of 25-200". 

Methylglyoxal Disemicarbazone (1b)-Methylglyoxal (2.5 g of a 
40% aqueous solution) was added to a solution of semicarbazide hydro- 
chloride (1.0 g) and sodium acetate (1.5 g) in water (25 ml). The mixture 
was heated on a steam bath for 30 min. The precipitate was collected by 
filtration, washed with warm water, and dried in U ~ C U O  to give Ib (2.4 g, 
95% yield), mp 252' dec. [lit. (12) mp 254'1. 

And-Calc. for C~HloN602: C, 32.25; H, 5.41; N, 45.14. Found: C, 
32.47; H, 5.43; N, 45.10. 

Methylglyoxal Dithiosemicarbazone (1c)-A solution of sodium 
acetate (2.0 g in 10 ml of water) was added to a solution of methylglyoxal 
(2.5 g of a 40% aqueous solution) and thiosemicarbazide (1.0 g) in water 
(25 ml). The mixture was heated on a steam bath for 30 min. A heavy 
orange precipitate was formed and then collected by filtration. The 
precipitate was washed with boiling water and dried in U ~ C U O  overnight 
to give Ic (2.8 g, 93% yield), mp 250' dec. [lit. (12) mp 253'1. 

Anal.-Calc. for C5H10NfiS2: C, 27.51; H, 4.62; N, 38.50. Found: C, 
27.77; H, 4.46; N, 38.47. 

P v r u w l  Glvcineamide Diethvl Ketal (XI)-Ethvl Dvruvate diethvl 
- I  

k e 4  was prepared from ethyl pyrkate  and'ethyl orthofirmate according 
to the procedure of Wermuth and Marx (13). Ethyl pyruvate diethyl ketal 
(5.0 g, 26 mmoles) was treated with a 3% aqueous potassium hydroxide 
solution (50 ml, 30 mmoles) and stirred overnight a t  room temperature. 
The aqueous solution was made acidic by the addition of 5% HCI and 
extracted with ether (2 X 150 ml). The ether extract was concentrated 
in uacuo to give pyruvic acid diethyl ketal(3.5 g, 88% yield); IR (neat): 

Instruments used were a Thomas-Hoover melting-point apparatus, a Perkin- 
Elmer 281 spectrophotometer, Varian A-60D and T-60 NMR spectrophotometers, 
an AEI MS-30 mass spectrometer, and a Beckman LS-1OOC liquid scintillation 
counter. Elemental analyses were performed by M-H-W Laboratories, Phoenix, 
Ariz. 
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\ /  
C P R 

HC-COO- 
0 0  I 
I1 II R 

Iv Enz-C- C-CH3 

m 

'C' 
II 

fZN 

R 
V 

3200 (broad), 2985,2930,2895,1740,1450,1370,1150,1040,950,855, and 
740 cm-'; NMR (deuterochloroform): 6 3.6 (m, 4H), 1.6 (s,3H), and 1.2 
(t, 6H) PPm. 

A cooled (ice-salt bath) solution of pyruvic acid diethyl ketal (2.0 g, 
12 mmoles) in chloroform (100 ml) was treated with triethylamine (1.25 
g, 12 mmoles) and ethyl chloroformate (1.35 g, 12 mmoles), and the 
mixture was stirred for 20 min. The ice-salt bath was removed, and a 
solution of glycineamide (1.0 g, 15 mmoles) in chloroform (100 ml) was 
added slowly over 30 min. The reaction mixture was stirred for 4 hr at 
room temperature, and the chloroform solution was washed with SUC- 
cessive portions of 10% NaHCO3 and brine. The chloroform solution was 
dried over anhydrous sodium sulfate and evaporated to dryness in uacuo. 
The semisolid residue obtained was crystallized from boiling ether to give 
XI (1.6 g, 60% yield), mp 95-96'; IR (melt): 3320,2995,2940,1670,1620, 
1525,1450,1365,1300,1200,1160,1050, and 950 cm-l; NMR (deutero- 
chloroform): 6 7.6,6.9, and 6.2 (broad s, 3H, exchangeable with deuterium 
oxide), 4.0 (d, 2H), 3 5  (q, 4H), 1.5 (s,3H), and 1.3 (t, 6H) ppm; mass 
spectrum: m/e 219 (M+ + l), 217 (M+ - l), 173, 156,128,117,100,89, 
75,61 (loo%), 59,43, And 30. 

Anal.-Calc. for CsHlsNzOh: C, 49.53; H, 8.31; N, 12.84. Found: C, 
49.25; H, 8.49; N, 12.89. 

Monoacetyl Hydrazine-Monoacetyl hydrazine was prepared ac- 
cording to the procedure described by Rabini and Vita (141, mp 64-65' 
[lit. (14) mp 62O]. This compound is hygroscopic and was stored in a 
vacuum desiccator over anhydrous calcium chloride granules. 
N-Acetyl-N-(dimethylaminoethy1)hydrazine Dihydrochloride 

(XIV)-A solution of dimethylaminoacetaldehyde diethyl acetal (XII) 
(5.0 g, 31 mmoles) in concentrated hydrochloric acid (10 ml) was allowed 
to stand overnight a t  4O and then was concentrated under reduced 
pressure at  40'. The viscous residue was dissolved in dry methanol (100 
ml) and treated with acetylhydrazine (2.5 g, 35 mmoles) and sodium cy- 
anoborohydride (1.3 g, 20 mmoles) under nitrogen. The pH of the reaction 
mixture was maintained a t  2-3 by the addition of methanolic hydro- 
chloric acid, using bromcresol green as an indicator, over 6 hr a t  room 
temperature. 

After concentration in U ~ C U O  a t  room temperature, the residue was 
dissolved in cold absolute ethanol and filtered. The filtrate was treated 
with ethanolic hydrochloric acid and stored at  4" overnight. The pre- 
cipitated solid was filtered and dried in U ~ C U O  to give XIV (2.8 g, 42% 
yield), mp 126-128'. An analytical sample was recrystallized from 95% 
ethanol; IR (KBr): 3400 (broad), 300 (broad), 2040,1715,1630,1460,1380, 
1230, 1O00, and 800 cm-'; NMR (deuterium oxide): 6 3.2 (s,4H), 2.8 (9, 

0 
II 

0 
II 
C-fi ,CH, 
I 
PN-NHCH,CH,-N 

I 'CH, 
CH3 

VIa-VId 
0 
I1 
6-R NH 
I II 

C-R 0 

I I 
C=N-NH-C-NH, 

I II 
*N-NH-C-NH, 

VIIIa-VIIIe 

CH3 kH:$ 

VIIa-Wd 

a :  R = OH 
b :  R =  OC,H, 
c :  R = NH, 
d :  R = NHCH,CONH, 
e: R = NHNHCNH, 

II 
NH 

6H), and 2.0 (s, 3H) ppm; mass spectrum: m/e 145 (M+ - 2HC1), 87,71, 
59,58 (loo%), 44, and 36. 

Anal.-Calc. for C ~ H I ~ C I ~ N ~ O :  C, 33.03; H, 7.86; N, 19.26. Found: C, 
33.17; H, 8.07; N, 19.20. 
Dimethylaminoethylhydrazine Dihydrochloride (XV-A solution 

of XIV (2.0 g, 9 mmoles) was dissolved in ethanolic hydrogen chloride 
solution (20 ml) and warmed gently on a steam bath for 45 min. The 
mixture was stored at 4' overnight to give a quantitative yield of XV, mp 
120-121'. The product was hygroscopic; IR (KBr): 3400 (broad), 3000, 
2700,2050,1620,1470,1150, and 800 cm-'; NMR (deuterium oxide): 6 
3.2 (s, 4H) and 2.8 (s, 6H) ppm; mass spectrum: m / e  103 (M+ - 2HC1), 
58 (loo%), 42, and 36. 

Anal.-Calc. for C*H&l*N3: C, 27.28; H, 8.59; N, 23.86. Found: C, 
27.47; H, 8.56; N, 23.96. 

Dimethylaminoethylhydrazone Derivatives (VIa-VId)-The 
ketone (IXa, IXb, or IXc) or XI (3 mmoles) was added to a solution of 
XV (0.5 g, 3 mmoles) in ethanol (20 ml) and allowed to stand overnight 
a t  room temperature. Ether was added dropwise to the clear solution until 
turbidity was observed. The mixture was stored at  4'. The precipitated 
solid was filtered and crystallized to give the desired products (VIa-VId) 
(Table I). 

Semicarbazone Derivatives (VIIa-VIM)-One gram of the ketone 
(IXa, IXb, or IXc) or XI was added to a solution of semicarbazide hy- 
drochloride (1.0 g) and sodium acetate (1.5 g) in water (25 ml). The 
mixture was heated on a steam bath for 15 min and allowed to stand 
overnight. The formed solids were filtered, recrystallized from water, and 
dried in uacuo for 12 hr to give the desired products (VIIa-VIId) (Table 
I). 

Guanylhydrazone Derivatives (VIIIa-VI1Ic)-A suspension of 
aminoguanidine bicarbonate (50 mmoles) in water (50 ml) was adjusted 
to pH 5-6 with concentrated hydrochloric acid. Compound IXa, IXb, 
or IXc was added dropwise to the clear solution of the aminoguanidine, 
and the reaction mixture was stirred overnight a t  room temperature. The 
precipitated solids were filtered, crystallized, and dried overnight in uacuo 
to give the desired products (VIIIa-VIIIc) (Table I). 

Pyruvyl Glycineamide Guanylhydrazone Hydrochloride 
(VII1d)-Aminoguanidine hydrochloride (0.25 g, 2.5 mmoles) was added 
to a solution of XI (0.44 g, 2 mmoles) in water (30 ml), and the mixture 
was heated on a steam bath for 2 hr and stored at 4' overnight. The 
precipitated crystalline solid was filtered and washed with ice-cold water 
to give VIIId (0.41 g, 87% yield) (Table I). 

Pyruvic Acid Guanylhydrazide Guanylhydrazone Dihydro- 
chloride (VI1Ie)-Aminoguanidine hydrochloride (6.6 g, 60 mmoles) 
was added to a solution of ethyl pyruvate (3.5 g, 30 mmoles) in water (25 
ml), and the mixture was heated at  80° overnight. The solution was 
evaporated to dryness, and the residue after two crystallizations from 
aqueous ethanol gave VIIIe (7.3 g, 90% yield), mp 250-251"; IR (KBr): 
3200,2950,1670,1590,1490,1440,1420,1370,1300,1150,1120,900, and 
720 cm-l; NMR (deuterium oxide): 6 1.6 (s, 3H) ppm; mass spectrum: 
m/e 182, 126, 57, 44,43,42, 38, and 36 (100%). 
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Table I-Analytical Data and Enzyme Inhibitory Activities of Pyruvate  Derivatives 

Yield Melting Crystallization Inhibitionb, % Analysis, '% 
Compound Formula % Point Solvent 20 p M  10 F M  Calc. Found 

VIa 

V l b  

VIC 

VId 

VIIQ 
VlIb 
VIIc 
VIId 

VI I la 

Vll lb  

VIIIC 

VIIId 

VlIIe 

69 

50 

78 

70 

95 
93 
90 
80 

87 

90 

85 

87 

90 

169-170' 

104-105' 

152-153' 

190- 192' 

2 15-2 16' 
213-214' 
241-242' 
240-241' 

230-231' 

150-1 51 ' 

255-256' 

260' dec. 

250-251' 

A 

B 

R 

A 

c 
C 
c 
c 

C 

A 

C 

A 

D 

9 

0 

2 

3 

0 
8 
0 
0 

2 

3 

0 

0 

0 

0 

0 

0 

0 

0 
2 
0 
0 

0 

0 

0 

0 

0 

C 40.10 
H 7.69 
N 20.04 
C 45.47 
H 8.48 
N 17.68 
C 40.28 
H 8.21 
N 26.85 
C 40.68 
H 7.59 
N 26.36 

e 
C 

C 

- 
- 
- 

C 35.81 
H 5.51 
N 34.81 
C 26.60 
H 5.12 
N 31.03 
c 34.54 
H 6.30 
N 26.85 
C 26.75 
H 5.61 
N 40.00 
C 28.29 
H 5.93 
N 33.01 
C 21.99 
H 5 1 7  
N 4L03 

40.12 
7.69 

20.20 
45.78 
8.58 

17.86 
40.64 
8.31 

27.16 
40.40 

7.81 
26.12 

35.79 
5.43 

34.50 
26.93 

5.16 
31.27 
34.10 
6.16 

26.69 
26.69 

5.65 
39.82 
28.61 

5.89 
33.21 
21.73 

5.00 
40.79 

0 Solvents used were ethanol (A), ethanol-ether (B), water (C), and ethanol-water (D). Inhibition of enzymatic decarboxylation of (l-14C]-S-adenosyl-~-methionine 
by partially purified .S-aden~isyl-L-methionine derarboxylase from rat liver. Compound la produced 100 and 63% inhibition a t  10 and 1 p M ,  respectively. " See Ref. 
12. 

Anal.-Calc. for C~HlzN80.2HCl: C, 21.99; H, 5.17; N, 41.03. Found: 
C, 21.73; H, 5.00; N, 40.79. 

Enzyme Purification-Rat liver S-adenosyl-L-methionine decar- 
boxylase was purified by the method of Pegg (15) with slight modifica- 
tions. Twelve male Sprague-Dawley2 rats (250 g) were injected intra- 
peritoneally with methylglyoxal bi~(guany1hydrazone)~ (Ia, 80 mg/kg) 
and were sacrificed by cervical dislocation 24 hr later. The livers were 
removed and homogenized in 200 ml of Buffer A [containing 10 mM 
tris(hydroxymethy1)aminomethane hydrochloride (pH 7.5), 2.5 mM 
putrescine, 1 mM dithiothreitol, and 0.1 mM ethylenediaminetetraacetic 
acid disodium] at 4". All subsequent operations were carried out a t  
0-5". 

The homogenate was centrifuged at  105,OOOXg for 90 min. The su- 
pernate was treated with ammonium sulfate, and the protein fraction 
precipitating between 35 and 65% saturation was collected by centrifu- 
gation. The protein pellet was dissolved in the minimum amount of Buffer 
A, and the solution was dialyzed overnight against 4 liters of the same 
buffer. 

A glass column (2.5 X 30 cm) was packed with Sepharose4 linked to Ia 
and washed with 200 ml of Buffer A. The dialyzed protein sample was 
applied to the column a t  a flow rate of 35-40 ml/hr, and the column was 
washed with 100 ml of Buffer A followed by 150 ml of Buffer A containing 
0.3 N NaCI. The protein having S-adenosyl-L-methionine decarboxylase 
activity was eluted off the column with Buffer A containing 0.3 N NaCl 
and 1 mM Ia. The column eluntes were collected in 10-ml fractions, and 
each fraction was assayed for decarboxylase activity using 50 p1 in the 
standard procedure. 

Decarboxylase activity usually was found in fractions 4-6, with >80% 
of the recovered activity in fraction 5 alone. The presence of Ia in the 
elution solvent greatly reduced the apparent activity of these fractions. 
Fractions containing decarboxylase activity were pooled, divided into 
5-ml aliquots, and stored a t  0-5'. The protein solution was dialyzed 
against two I-liter portions of Buffer A, to remove the inhibitor (la),  

Bio-Lab Corp., St.  Paul, Minn. 
Aldrich Chemical Co., Milwairke~. Wis. 
Prepared according t o  the procedure described in Ref. 15; Sigma Chemical Co.. 

St. Louis. MIL 

immediately before use as a source of the decarboxylase enzyme. By using 
this method, an enzyme preparation having a specific activity of -15 
nmoles of carbon dioxide/min/mg of protein routinely was obtained. 

Assay of S-Adenosyl-L-methionine Decarboxylase Activity- 
S- Adenosyl-L-methionine decarboxylase activity was determined by a 
modification of a literature method (16). The assay medium contained 
0.1 M sodium phosphate buffer (pH 7.0). 2.5 mM dithiothreitol, 2.5 mM 
putrescine, 0.2 mM [l-'4C]-S-adenosyl-L-methionine (2.0 X lo5 cpm), 
and the enzyme fraction5 in a total volume of 1.0 ml. Reactions were 
carried out in 16 X 100-mm test tubes sealed with rubber stoppers 
carrying a polypropylene well6 containing 0.3 ml of ethanolamine. 

After incubation for 30 min a t  37', the reaction was terminated and 
[14CJcarbon dioxide was released by the injection of 0.5 ml of 5 N H2S04 
through the rubber stopper. The tubes were incubated for an additional 
45 min a t  25'. and the well and its contents were transferred into a glass 
scintillation vial containing 10 ml of scintillation cocktail'. The samples 
were stored in the dark overnight and then counted. All counts were 
corrected for the nonenzymatic production of [ 14C]carbon dioxide, which 
was determined by replacing the enzyme fraction in the incubation me- 
dium with an equal volume of Buffer A. This method gave the quanti- 
tative recovery of the [14C]carbon dioxide released from sodium [14C]- 
bicarbonate. 

Enzyme Inhibition-The test compounds were dissolved in water 
(10 and VI-VIII) or 5% dimethyl sulfoxide in water (Ib and Ic) to give 1 
mM solutions. The incubation medium contained 0.1 M sodium phos- 
phate buffer (pH 7.0), 2.5 mM dithiothreitol, 2.5 mM putrescine, 0.2 mM 
[l-14C]-S-adenosyl-~-methionine (2.0 X lo5 cpm), the inhibitor a t  con- 
centrations of 50,20,10, and 1 p M ,  and 0.1 ml of the enzyme preparation 
in a total volume of 1.0 ml. The amount of [14C]carbon dioxide released 
was measured as described for the assay of S-adenosyl-L-methionine 
decarboxylase activity and corrected for the nonenzymatic release of 
[14C]carbon dioxide. The presence of dimethyl sulfoxide in solutions of 
Ib and Ic resulted in <5% inhibition of enzymatic activity, and the final 

[,Enzyme fractions were column eluates after recovery of the protein from the 

!Kontes Glass Co., Vineland, N.J. 
Se harose column or dialyzed protein after preincubation (Tables I1 and 111) 

Aquasol 2, New England Nuclear, Boston, Mass. 
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Table 11-Effects of pH and Buffer on the Recovery of S- 
Adenosyl-L-methionine Decarboxylase Activity 

Table 111-Effects of Different Preincubation Conditions on the 
Recoverv of S-Adenosvl-L-methionine Decarboxylase Activity 

Buffer 

Activitv 
Remainingn 

pH 6.5 pH 7.0 pH 7.5 

Tris( hydroxymethy1)aminomethane 69 83 58 

PhosDhate (100 mM) 86 100 75 
hydrochloride (10 mM) 

0 See Experimental. 

results for these compounds were corrected for inhibition by the sol- 
vent. 

Effects of pH and Buffer on Recovery of S-Adenosyl-L-methio- 
nine Decarboxylase Activity-The dialyzed protein fraction containing 
S-adenosyl-L-methionine decarboxylase activity was diluted with Buffer 
A to a concentration of 0.2 mg of protein/ml. Aliquots (0.1 ml) were di- 
luted to 0.4 ml with one of the buffer solutions listed in Table I1 and in- 
cubated at 37O for 30 min. Aliquots (0.1 ml) were removed and assayed 
for S-adenosyl-L-methionine decarboxylase activity as described for the 
assay of S-adenosyl-L-methionine decarboxylase activity. The activity 
of the sample incubated in pH 7.0 phosphate buffer was arbitrarily as- 
signed a value of 100, and the activities of the other samples are reported 
in Table I1 as a percentage of that activity. Incubation in pH 7.0 phos- 
phate buffer resulted in a 10% loss of activity of the original prepara- 
tion. 

Effects of Different Preincubation Conditions on Recovery of 
S-Adenosyl-L-methionine Decarboxylase Activity-Protein frac- 
tions containing S-adenosyl-L-methionine decarboxylase activity were 
dialyzed against a pH 7.5 buffer containing 10 mM tris(hydroxy- 
methy1)aminomethane hydrochloride, 1 mM dithiothreitol, and 0.1 mM 
ethylenediaminetetraacetic acid disodium. Aliquots of the dialyzed 
protein were diluted with buffer solution (pH 7.0) containing the addi- 
tions described in Table 111 and incubated at  37' for 30 min. 

Each sample was dialyzed against Buffer A (two 100-ml portions), and 
0.1-ml aliquots of the dialyzed protein were assayed for S -  
adenosyl-L-methionine decarboxylase activity as described for the assay 
of S-adenosyl-L-methionine decarboxylase activity. The activity of the 
sample preincubated in the buffer with no additions was arbitrarily as- 
signed a value of 100, and the activities of the other samples are reported 
in Table I11 as a percentage of that activity. 

RESULTS 

Incubation of partially purified S-adenosyl-L-methionine decarbox- 
ylase from rat liver a t  37O in a buffer for 30 min resulted in a slight loss 
of activity. This result is consistent with the previously reported insta- 
bility of the enzyme at  elevated temperatures (16). The nature and pH 
of the buffer influenced the degree of activity loss (Table II), with opti- 
mum stability of the enzyme observed in pH 7.0 phosphate buffer. Ad- 
dition of sodium cyanoborohydride at  5 and 50 mM to the incubation 
medium [pH 7.0 tris(hydroxymethy1)aminomethane hydrochloride 
buffer] did not cause additional loss of enzymatic activity (Table 111). 

Incubation of S-adenosyl-L-methionine decarboxylase in pH 7.0 
tris(hydroxymethy1)aminomethane hydrochloride buffer containing 
various concentrations of S-adenosyl-L-methionine at  37O for 30 min, 
followed by dialysis, resulted in a loss of enzymatic activity in the re- 
covered protein. This loss was dependent on the concentration of I1 in 
the initial incubation mixture (Table 111). Addition of Ia at 1.0 p M  to the 
original incubation mixture resulted in protection of the enzyme from 
the substrate-induced deactivation. 

Addition of sodium cyanoborohydride at  5 and 50 mM to a mixture 
of the decarboxylase and I1 (0.2 mM) in pH 7.0 tris(hydroxymethy1)- 
aminomethane hydrochloride buffer, followed by incubation at  37' for 
30 min, resulted in an essentially complete loss of enzymatic activity in 
the dialyzed protein. The use of [S-CSH3]II (10.13 Ci/mmole) in the ex- 
periment resulted in the incorporation of radioactivity in the protein 
fraction. Extensive dialysis of the protein did not dissociate the radio- 
activity from the enzyme. The addition of Ia at  0.1 pM significantly 
lowered the degree of inactivation of S-adenosyl-L-methionine by sodium 
cyanoborohydride treatment in the presence of the substrate and 
putrescine (Table 111). 

Addition of sodium cyanoborohydride to a mixture of S-adenosyl- 
L-methionine decarboxylase and putrescine (2.5 mM) in pH 7.0 
tris(hydroxymethy1)aminomethane hydrochloride buffer and incubation 
at 37O for 30 min did not result in the loss of enzymatic activity of the 

Activity Remaining 
No 5 mM 50 mM 

Additions to Sodium Sodium Sodium 
Incubation Cyanobo- Cyanobo- Cyanobo- 
Medium rohydride rohydride rohydride 

None 
2.5 mM Putrescine 
2.5 mM Putrescine 

100" 97 96 
102 101 104 
75 4 2 

and 0.2 mM S -  
adenosyl-L-methionine 

and 0.1 mM S -  
adenosyl-L-methionine 

and 0.05 mM S -  
adenosyl-L-methionine 

0.2 mh4 s- 
adenosyl-L-methionine, 
and 1.0 FM Ia 

0 See Experimental. b Not determined. 

2.5 mM Putrescine 82 ND * ND 

2.5 mM Putrescine 90 ND ND 

2.5 mh4 Putrescine, 90 43 34 

dialyzed protein (Table 111). The use of [?H]putrescine in the experiment 
did not lead to the incorporation of radioactivity in the enzyme. 

DISCUSSION 

The described experiments confirm that the carbonyl group of the 
pyruvate cofactor does not form an azomethine bond with an amino group 
from the enzyme since sodium cyanoborohydride reduction of the enzyme 
did not result in loss of catalytic activity of the protein. It appears that 
putrescine does not form the intermediate 111 and that the mechanism 
of activation of S-adenosyl-L-methionine decarboxylase by putrescine 
does not involve transketimination between 111 and the substrate as was 
proposed initially. However, these experiments indicate that interme- 
diates IV and/or V are formed during the decarboxylation of I1 by the 
enzyme. 

Methylglyoxal bis(guany1hydrazone) (Ia)  appears to interfere with 
the formation of the enzyme-substrate complex as shown by two exper- 
iments: (a) Ia protected the enzyme from substrate-induced inactivation, 
and ( b )  the degree of inactivation of the enzyme by sodium cyanobo- 
rohydride in the presence of I1 was much lower when Ia was added to the 
incubation medium. These findings and the observation that inhibition 
of S-adenosyl-L-methionine decarboxylase by I may have been com- 
petitive with respect to I1 indicate that Ia  competes with I1 for binding 
at  the enzyme active site. 

The demonstration that IV and/or V are intermediates in the enzy- 
matic decarboxylation of I1 prompted the synthesis of some derivatives 
of pyruvic acid (VI-VIII) and their evaluation as inhibitors of S-adeno- 
sylmethionine decarboxylase. The structural similarities between VI-VIJI 
and intermediates IV and V suggested that these compounds may form 
complexes with the enzyme and act as inhibitors of the reaction. 

Two other factors suggested that VI-VIII may be inhibitors of S- 
adenosylmethionine decarboxylase. First, I a ,  which has structural 
similarities to intermediates IV and V, inhibits S-adenosylmethionine 
decarboxylase by interfering with the formation of the enzyme-substrate 
complex. The very high inhibitory activity of Ia (Ia produced 100% in- 
hibition at  10 pM in the presence of 0.2 mM substrate) suggested that 
it may be a transition-state analog rather than an analog of the substrate 
or product. Second, a number of pyridoxal phosphate analogs, which are 
structurally similar to the intermediate formed between the cofactor and 
the substrate, were potent inhibitors of pyridoxal-dependent decar- 
boxylases. However, the intermediates formed between pyridoxal 
phosphate and substrates are not bound covalently to the enzyme, unlike 
intermediates IV and V, which would be bound covalently to the en- 
zyme. 

Chemistry-The target compounds (VI-VIII) were synthesized using 
a modification of the procedure of Podrebarac et  al. (17) by condensing 
the appropriate pyruvate derivative with the corresponding hydrazine 
salt in aqueous alcohol (Scheme 11). Pyruvyl glycineamide diethyl ketal 
(XI) was obtained by the condensation of pyruvic acid diethyl ketal with 
glycineamide using the mixed carbonic-carboxylic anhydride method 
(18). Condensation of XI with the appropriate hydrazine provided VId, 
VIId, and VIIId (Scheme 111). 
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Acid hydrolysis of dimethylaminoacetaldehyde diethyl ketal (XII) 
provided the free aldehyde (XIII). Treatment of XI11 with acetylhy- 
drazine and sodium cyanoborohydride provided XIV. Acid hydrolysis 
of XIV provided the dihydrochloride salt, dimethylaminoethylhydrazine 
dihydrochloride (XV) (Scheme 1V). Compounds Ib and Ic were obtained 

0 
II 
CH 

X 
I1 x CH= NNH-C-NH 

I II I 
I I CEO + H,NNH-C-NH, - C=NNH-C-NII, 

(‘H 
II 
X CH 1 

I a : X = N H  
Ib:  x = 0 
I c : X =  s 

Scheme V 

by condensing methylglyoxal pyruvaldehyde with either semicarbazide 
or thiosemicarbazide in aqueous alcohol using the method of Shriner et 
al. (19) (Scheme V). 

Enzyme Inhibition-The inhibition by the test compounds of the 
enzymatic decarboxylation of S-adenosyl-L-methionine was measured 
in uitro. A partially purified protein from rat liver was used as the source 
of the S-adenosyl-L-methionine decarboxylase, and the decarboxylase 
activity was measured by determining the amount of [Wlcarbon dioxide 
released from S-adenosyl-L-methionine labeled with carbon 14 on the 
carboxyl group. Under the assay conditions, S-adenosyl-L-methionine 
decarboxylase from rat liver had an apparent K ,  value for S-adenosyl- 
L-methionine of 5.14 X M and a V,, value of 8.72 nmoles of carbon 
dioxide/min/mg of protein. 

The addition of Ia a t  10 rM caused 100% inhibition of the enzymatic 
activity. However, the addition of Ib or Ic a t  100 pM resulted only in 5 
and 3% inhibition of enzymatic activity, respectively. Compounds VI- 
VIII showed little or no inhibitory activity when added to the reaction 
mixture in concentrations of 10 and 20 pM (Table I). 

These results indicate that the structural requirements for binding of 
Ia to the enzyme are strict and that structural modifications of this 
compound result in a dramatic loss of activity. The low inhibitory ac- 
tivities of Ib and Ic underscore the essential role the strongly basic 
guanidino groups play in the binding of Ia to the enzyme. The lack of 
significant inhibitory activities for VI-VIII indicates that the inhibitory 
activity of Ia is not due to its structural similarity to intermediates IV 
and V in the enzymatic reaction. 
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Abstract  0 N-Acetyl-DL-penicillamine (IIIb), a structural analog of 
N-acetyl-L-cysteine (IIIa), did not protect mice from lethal doses of 
acetaminophen (I), whereas IIIa offered protection. This lack of efficacy 
of IIIb probably is due to the decreased nucleophilicity of its sulfhydryl 
group compared to that of IIIa, the probable involvement of cysteine in 
any conjugate addition to the reactive intermediates of I, and the absence 
of metabolic conversion of IIIb to inorganic sulfate. 

Keyphrases N-Acetyl-DL-penicillamine-evaluation for protection 
against acetaminophen toxicity in mice Acetaminophen-toxicity, 
evaluation of protection offered by N-acetyl-DL-penicillamine, mice 0 
Toxicity-acetaminophen, evaluation of protection offered by N-ace- 
tyl-DL-penicillamine, mice 

Acetaminophen (I) is hepatotoxic in large doses (1, 2) 
and can be toxic even in therapeutic doses in patients with 
impaired liver function (3). Renal necrosis also has been 
associated with acetaminophen abuse (1 ,2 ,4) .  

THEORY 

Animal studies have demonstrated that both the hepatotoxicity (5, 
6) and renal toxicity (7) follow cellular glutathione depletion and sub- 
sequent covalent binding of a highly reactive metabolic product of I, 
presumed to be the p-quinoneimide (II), to tissue macromolecules 
(Scheme I). 

Numerous sulfhydryl-containing agents, including cysteamine, L- 
methionine, D-penicillamine, and N-acetyl-L-cysteine (IIIa), have been 
tested and shown to ameliorate acetaminophen toxicity in varying degrees 
(8-15), ostensibly by covalent intervention with the reactive metabolite, 
11. Of these compounds, IIIa has become the currently accepted therapy 
(16.17). The use of N-acetyl-DL-penicillamine (IIIb), a structural analog 
of IIIa, has not been reported. Compound IIIb, which is effective for the 
treatment of mercuric chloride poisoning (18,19), is not catabolized ex- 
tensively and theoretically could form a pseudomercapturic acid conju- 
gate (IVb) by interaction with the quinoneimide (11) via its sulfhydryl 
group. Compound IVb then would be expected to be excreted as an analog 
of the mercapturic acid (IVa) (Scheme 11). 

Accordingly, the effectiveness of 1116 as a protective agent against the 
hepatotoxicity elicited by I in mice was evaluated and compared to the 
protection afforded by IIIa. 

EXPERIMENTAL 

Animals-Randomly bred male Swiss-Webster mice', 20-30 g, were 

0 
II 

0 
II 

binding to 

macromolecules 

OH 
I 

0 
I1 

Scheme I 

Biolabs, St. Paul, Minn. 

111 
I I I a : R = R ' = H  
IIIb: R = R' = CH, 

OH P C W H  

IV 
I V a : R = R = H  
IVb: R = R = CH, 

Scheme I1 

housed individually and fed a standard diet of rat chow and water ad  li- 
bitum. 
Chemicals-N-Acetyl-DL-penicillamine2 (IIIb) was recrystallized 

from hot water. Injection solutions were prepared by dissolving 0.15 g 
in 15.0 ml of water (10 mg/ml). N-Acetyl-L-cysteine (IIIa) was a 20% 
sterile solution3. Solutions for injection were prepared by taking 1.0 ml 
of the 20% solution and diluting it to 20 ml with 0.9% sterile saline (10 
mg/ml). Acetaminophen4 (I) was recrystallized from hot water. Injection 
solutions were prepared by dissolving 1.25 g in 50.0 ml of sterile 0.9% 
saline. The solution was kept at 35-40' for injections. 

T rea tmen t  Protocol and Histological Criteria-All drugs were 
administered intraperitoneally. Mice were treated with 750 mg of I/kg 
and 30 min later were given 400 mg of 1116 or IIIa/kg. Control mice re- 
ceived IIIb, 1110, or 1.0 ml of sterile 0.9% saline. The mice then were ob- 
served for 48 hr with food and water allowed ad libitum. Mice that died 
during this period were examined grossly, and the liver and kidneys were 
excised, sliced, and fixed in 10% formalin for histological examination. 

Survivors were sacrificed by cervical dislocation after the 48-hr period, 
and the liver and kidneys of all mice were processed as described. Paraffin 
sections of these tissues were stained with hematoxylin and eosin. Liver 
injury was graded according to the criteria described by Mitchell et al. 
(20) and quantitated as follows: 0, necrosis absent; It, necrosis of <6% 
of hepatocytes; 2+, necrosis of 6-25% of hepatocytes; 3+, necrosis of 
25-50'70 of hepatocytes; and 4+, necrosis of >So% of hepatocytes. 

RESULTS 

The results of these experiments are summarized in Table I. Mice given 
750 mg of I/kg without sulfhydryl treatment did poorly. At 48 hr, 40% had 
died and 40% had 3-4+ liver necrosis. Mice that were given I and treated 
with IIIb did not fare much better. At 48 hr, 40% of the animals had died 
and 50% had 3-4+ necrosis. However, mice given I and IIIa responded 
well to the latter treatment, as expected. No deaths were noted a t  48 hr; 
no animal had 3-4+ necrosis, and only three of 10 animals had any evi- 
dence of liver injury characterized by mild l+ necrosis. Although the 
doses of IIIb and IIIa were not exactly equimolar due to differences in 
their molecular weights, the results clearly indicated that IIIb was inef- 
fective as a protective agent. Some mice in the control groups given IIIa 
or IIIb alone apparently sustained a low-grade liver injury, an observation 
noted previously with IIIa (21). 

Liver necrosis was of the centrilobular hemorrhagic type in the more 
severe examples and of the centrilobular type in the less severe cases. 

~ ~~~~ 
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Table I-Effect of N-Acetyl-DL-penicillamine (111 b)  and  N-Acetyl-L-cysteine (IIIa) Treatment  on the Hepatotoxicity Induced by 
Acetaminophen (I)  i n  Mice 

Number of Deaths 
Treatment Animals (48 hr) 

Percent of Animals with Necrosis 
4+ 3+ 2 t  1+ 0 

Saline 
I 
I t IIIb 
1116 
I + IIIa 
I I I Q  

10 
10 
10 
10 
10 
10 

0 
40 
50 
0 
0 
0 

0 
0 
0 

10 
0 
0 

0 
10 
10 
0 
0 
0 

0 100 
0 50 

10 30 
10 80 
30 70 
20 80 

Centrilobular hemorrhagic necrosis was reported previously as a com- 
ponent of acetaminophen overdose in the mouse (21). The histological 
pattern of centrilobular hemorrhagic necrosis is more typically seen with 
rapidly progressive congestive heart failure (21). Centrilobular necrosis 
differs from centrilobular hemorrhagic necrosis only in the absence of 
extravasated red cells and also was observed after toxic exposure to car- 
bon tetrachloride, chloroform, or naphthalene (22). 

DISCUSSION 

In a study of the relative nucleophilicities of the sulfhydryl groups in 
thiol amino acids, Friedman et al. (23) observed that the mercaptide ion 
of IIIb was approximately 60 times less reactive with a,@-unsaturated 
systems than was IIIa. Since the pK values of the two sulfhydryl groups 
are similar (9.90 and 9.52, respectively), it was concluded that this dif- 
ferential nucleophilicity was due to steric hindrance in IIIb by the pres- 
ence of the gem-dimethyl groups adjacent to the sulfhydryl group. The 
failure of IIIb to protect mice against toxic doses of I may reflect this low 
relative nucleophilicity of its sterically hindered sulfhydryl group. 

Chasseaud (24) showed that enzymatic deacetylation of IIIa occurs 
prior to reaction with electrophiles. This finding suggests that  cysteine 
itself and not IIIa may be involved in any addition reactions with I1 in 
viuo, a premise supported by the observation that cysteine is approxi- 
mately 2.5 times more nucleophilic than its acetylated derivative, IIIQ 
(23). Moreover, IIIQ is rapidly and nearly quantitatively deacetylated 
to cysteine in the rat (25). When (35S]acetylcysteine was administered 
to rats, the major metabolites were cysteine and cystine at 2 hr. At 24 hr, 
inorganic sulfate was the major product in the urine, with minor amounts 
of mixed disulfide also present. Thus, IIIQ may act as a prodrug form of 
cysteine and release the latter in the liver as a trapping agent or as a 
biosynthetic precursor of glutathione. 

In contrast, other investigators (26-28) presented indirect evidence 
for  the absence of deacetylation of orally administered IIIb in rats and 
humans. The present investigators also observed that rat liver homoge- 
nates did not deacetylate IIIb under conditions where IIIQ was completely 
deacetylated. In any event, D-penicillamine is not a particularly effective 
protective agent for I (14). Since the administration of sodium sulfate 
itself significantly reduced the toxicity of I in mice (29), the efficacy of 
IIIa treatment in acetaminophen overdoses has been suggested to be due 
to increased sulfate generation. D-Penicillamine is not catabolized ap- 
preciably in uiuo, and inorganic sulfate has not been demonstrated as a 
metabolite (30,31). These oLservations and the present results with IIIb 
suggest that the direct formation of conjugates such as IV (as in Scheme 
11) may not be operative in uiuo. 

Based on metabolic (32) and pharmacokinetic considerations (33). a 
dual therapeutic regimen designed to ( a )  eliminate much of the excess 
acetaminophen represented by the overdose uia conjugation mechanisms 
on the preformed phenolic hydroxyl group and (6) sequester the reactive 
metabolite(s) generated during the oxidative metabolism of I by ad- 
ministration of a suitable trapping agent appears to be superior to a 
single-treatment regimen. An obvious choice would be the combination 
therapy of IIIa with sodium sulfate. 
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Abstract Three prostaglandin endoperoxide analogs that possess the 
2,3-diazabicyclo[2.2.l]heptane skeleton were synthesized and evaluated 
for activity in human platelets and in the rat fundus. All three compounds 
were inactive in inhibiting or stimulating platelet aggregation. One 
compound possessed weak contracting activity on the rat fundus. 

Keyphrases 0 Platelet aggregation-evaluation of inhibition and 
stimulation by prostaglandin endoperoxide analogs Prostaglandin 
endoperoxide analogs-synthesis and evaluation for inhibition and 
stimulation of platelet aggregation 

A recent report stated that the prostaglandin endo- 
peroxide analog 9,11-azo-13-oxa-15-hydroxyprostanoic 
acid (I) is a potent inhibitor of, platelet aggregation (1). 
Some of its congeners also possessed antiaggregatory ac- 
tivity. 

Because simple bicyclic systems, such as 2,3-dioxabi- 
cyclo[2.2.l]heptane and 2,3-diazabicyclo[2.2.l]hept-2-ene, 
were reported (2) to inhibit platelet aggregation in the 
millimolar concentration range, determination of whether 
less complex congeners of I containing only one side chain 
exhibit similar activity was of interest. The synthesis and 
biological evaluation of such compounds (11-IV) are de- 
scribed. 

DISCUSSION 

The preparation of I1 was accomplished uca the olefin synthesis of 
Zweifel et al. (3) using diethyl 2,3-diazabicyclo[2.2.l]hept-5-ene-2,3- 
dicarboxylate (V) (4) (Scheme I). Two products, the desired cis-olefin 
(VII) (70%) and a ring-opened product, 4-(N,N'-dicarboethoxyhydra- 
zin0)cyclopentene (VIII) (lo%), were obtained. The isolation of VII and 
VIII can be ratianalized by the formation of an intermediate (VI), which 
can rearrange through two different but competitive pathways. Path a 
is the dominant alkyl carbanion migration pathway and yields VII; path 
b leads to rupture of the bicyclic system to give VIII'. Treatment of VII 
with base followed by air oxidation with cupric acetate as a catalyst (6) 
and acidolysis gave the target compound, 11. 

The coupling constant of the olefinic protons in I1 is -10 Hz, which is 
within the range of the coupling constant for a cis-double bond (7). The 
exo-orientation of the side chain at C-5 is assigned by virtue of the re- 
action mechanism since hydroboration of bicyclic olefins proceeds by 
&-addition (8) from the exo-face (8) and migration of an alkyl group 
from the boron atom to an electron-deficient carbon (path a in VI) occurs 
(9) with the retention of configuration. 

Compounds I11 and IV were synthesized from the exo-mesylate (X) 

' OH 
I 

A similar ring-opened product was reported in the hydroboration-oxidation 
of dimethyl 2,3-diazabicyclo[2.2.l]hept-5-ene-2,3-dicarboxylate ( 5 ) .  

'"yo- 
L 

VI 

/rj' 
H,C,OOC 

VII 

3 

VIII 

lI 
Scheme I 

(Scheme 11) using the aluminum-mediated condensation developed by 
Nagishi and Baba (10). Compound X, which was prepared from the 
corresponding alcohol (IX), was reacted with tri-1-octynylalane to yield 
111 (46%) (Scheme 11). Deprotection and oxidation of 111 gave the azo 
product, IV. 

The NMR spectrum of 111 indicates that the 1-octynyl side chain at  
C-5 is exo. After decoupling of the C-6 2x0-proton and the C-3' methylene 
protons of the alkyne side chain, the C-5 methine proton appeared as a 
broad doublet a t  6 2.65. The coupling constant (J  = 7 Hz) of this doublet 
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2. H,$ 1 

H,C,OOC 

IX 

1 

X 

1 

IV 

is in the range of endo-endo coupling ( J  = 6-7 Hz) in the norbornane 
svstem (11) and is identical to that reported (12) for a related com- 
pound. 

The endo-mcsylate isomer (XIV) (Scheme 11) did not react with tri- 
1-octynylalane under identical conditions. This isomer was prepared by 
a similar procedure (5) and included oxidation of the alcohol (IX) fol- 
lowed by hydride reduction of the resulting ketone (XII) to the endo- 
alcohol (XIII) (Scheme 11). 

The fact that only the em-mesylate underwent this reaction can he 
explained by a carbonium-ion mechanism (10) with the assumption that 
departure of the exo-mesylate group is assisted by the electrons of the 
neighboring carbamate nitrogen. This action would give a symmetrical 
aziridinium-ion intermediate (XI), which opens on reaction with the 
alkyne. A similar type of ring opening was reported (12) with a struc- 
turally related aziridinium ion to give an exo-substituted product. 
Therefore, the predictable stereochemical consequence of the aziridin- 
ium-ion (XI) mechanism is that the newly introduced group at  C-5 in 111 
and IV is em.  In contrast, the stereochemistry of the endo-methane- 
sulfonate group in XIV makes it difficult or impossible to form an aziri- 
dinium ion because departure of the endo-methanesulfonate function 
receives no assistance from the neighboring nitrogen. 

M, none of the compounds (11-IV) induced aggregation of 
human platelets or inhibited the aggregation induced by 8.2 X M 

At 

arachidonic acid or by 8.5 X lo-' M of 9,ll-methanoepoxy prostaglandin 
H22 (13). In view of the finding (1) that all analogs of I that possess the 
carboxyhexyl side chain showed inhibition of the aggregation induced 
by 9,ll-methanoepoxy prostaglandin H2, the carboxyhexyl side chain 
might be more important in receptor or enzyme binding relative to the 
other side chain. The activity of 11-IV on the rat fundus also was evalu- 
ated. Compound I11 showed contracting activity a t  M but was much 
less potent (-3 X 105-fold) than prostaglandin Ez. The other two com- 
pounds were inactive in this test. 

EXPERIMENTAL3 

Diethyl  5-exo-[3-[(l-Ethoxy)ethoxy]-cis-l-octenyl]-Z,3-di- 
azabicyclo[2.2.l]heptane-2,3-dicarboxylate (VI1)-To 9.5 ml of di- 
borane-tetrahydrofuran (1.09 M ,  10 mmoles) a t  0" under nitrogen was 
added 4.8 g (20 mmoles) of V (4) in tetrahydrofuran (10 ml). After the 
mixture was stirred a t  0' for 6 hr, 1.98 g (10 mmoles) of 3-[(l-ethoxy). 
ethoxyloct-1-yne (14) was added dropwise. Stirring was continued for 
1 hr a t  0" followed by 1.5 hr a t  25'. The mixture then was cooled too", 
and migration of the diazabicyclic system was induced by addition of 
sodium hydroxide (6 N, 6 ml) followed by iodine (2.54 g, 10 mmoles) in 
15 ml of tetrahydrofuran. 

The mixture was maintained at  ice temperature for 5 hr and a t  25" for 
an additional 3 hr. Excess iodine in the mixture was destroyed by addition 
of an aqueous solution of sodium thiosulfate. The organic layer was 
separated, and the aqueous phase was extracted three times with ether 
(50 ml). The organic layers were combined and dried (anhydrous mag- 
nesium sulfate), and the solvent was removed in uacuo. The crude 
product was chromatographed on silica gel (100 g, 3 X 35 cm) using (a)  
20% ethyl acetate in petroleum ether (30-60') (300 ml), ( b )  ethyl acetate 
in petroleum ether (30-60') (200 ml), (c) ethyl acetate (300 ml), and (d )  
2% methanol in ethyl acetate (300 ml). 

The major product, VII, was eluted with ethyl acetate fractions (3.08 
g, 70%). Rechromatography of VII on silica gel (100 g, 3 X 35 cm) using 
3% isopropanol in chloroform afforded analytically pure VII; IR (liquid 
film): 1700 and 1750 (C=O) cm-'; NMR (carbon tetrachloride): 6 0.7- 
1.57 (m, 25H, CsHll, 2 COOCH2CH3, CHCH3,OCH2CH3, and 2 meth- 
ylene protons a t  C-6), 1.65 (broad s, 3H, 2 bridge protons at C-7 and 1 
methine proton at C-5), 3.2-3.7 (m, 2H, OCHZCH~), 3.9S4.8 (m, 8H, 2 
COOCH2CH3, bridgehead protons a t  C-1 and C-4, C=CCH, and 0- 
CH-O), and 5.0-5.65 (m, 2H, olefinic protons); mass spectrum (70 ev): 
mle 440 (M+). 

Anal.-Calc. for C23H40N206: C, 62.70; H, 9.15; N, 6.36. Found: C, 
62.53; H, 9.28; N, 6.18. 

The ring-opened product (VIII) (0.48 g, 10%) was isolated from the 2% 
methanol in ethyl acetate eluent; IR (liquid film): 3300 (NH) and 1510 
(CON) cm-'; NMR (chloroform-ds): 6 1.13 (t, 6H, 2 COOCH2CH3), 2.39 
(d, 4H, CH2C=CH2), 4.05 (q,4H, 2 COOCH2CH3), 4.8 (m, lH,  >CHN), 
5.5 (s,2H, CH=CH), and 6.8 (s, lH ,  NH); mass spectrum (70 ev): m/e 
242 (M+\. . 

And-Calc. for CllH18N204: C, 54.53, H, 7.49; N, 11.57. Found C, 
54.73: H, 7.63: N, 11.32. 
5- exo-( 3-Hydroxy- cis- 1 -oc tenyl) -2,3- diazabicyclo[ 2.2.1 Ihept- 

2-ene (11)-Compound VII (0.44 g, 1 mmole) was dissolved in ethylene 
glycol (1 ml) and mixed with a solution of potassium hydroxide (0.336 
g, 6 mmoles) in ethylene glycol (6 ml). The mixture was heated at  115' 
for 4.5 hr followed by the addition of water (50 ml). The aqueous solution 
was extracted with two 100-ml portions of ether. The volume of the ether 
was reduced to -10 ml and mixed with methanol (10 ml) containing a 
catalytic amount (0.01 g) of cupric acetate. Air was hubbled into the 
mixture a t  0" for 2 hr. 

The resulting mixture was partitioned between water (50 ml) and ether 
(2 X 200 ml). The ether layer was separated and removed in uucuo to give 
an oil, which was chromatographed on silica gel (10 g, 1.3 X 30 cm) with 
ether to afford 5-ewo- [3-(l-ethoxy)ethoxy-cis-l-octenyl]-2,3-diazabi- 
cyclo(2.2.l]hept-2-ene (0.183 g, 65%); IR (liquid film): 1490 (N=N) cm-'; 
mass spectrum (70 ev): m/e 294 (M+). Deprotection of the alcohol was 
achieved by dissolving this product in ethyl acetate-water-tetrahydro- 
furan (3:l:l) (10 ml) and heating to 45' for 3 hr. 

U4titillJ. 
Melting points were determined with a Thomas-Hoover melting-point appa- 

ratus and are uncorrected. Elemental analyses were performed by M-H-W Labo- 
ratories, Phoenix, Ariz. IR spectra were obtained with a Perkin-Elmer model 237H 
grating spectrophotometer. NMR data (13) were recorded with Varian models A-60D 
and T-60 spectrometers. Mass spectral analyses were performed with a Hitachi 
Perkin-Elmer model RMU-6D spectrometer by the Mass Spectrometry Service 
Laboratory, School of Chemistry, University of Minnesota. 
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The solvents were removed in uacuo a t  25" to leave an oily residue, 
which was chromatographed on silica gel (10 g, 1.3 X 30 cm) with ether 
to give I1 (0.13 g, 59%). This product was a mixture of two racemates; IR 
(liquid film): 3400 (OH), 1700 (cis-C=C), and 1490 (N=N) cm-'; NMR 
(carbon tetrachloride): 6 1.95-2.2 (broad d,  l H ,  methine proton at  C-51, 
3.9-4.5 (m, 1H, CHOH), 4.75,4.9 (2 broad s, lH, bridgehead proton as- 
signed to the two diastereomers a t  C-4). 4.95-5.6 (m, 2H, cis-CH=CH, 
J = 10 Hz), and 5.13 (broad s, l H ,  bridgehead proton a t  '2-1); mass 
spectrum (70 ev): m/e 176 (M+ - Nz - HzO); UV: Amax 338 (N=N) 
nm. 

Anal.-Calc. for C ~ ~ H Z ~ N ~ O :  C, 70.22; H, 9.98; N, 12.60. Found: C, 
70.07; H, 9.87; N, 12.54. 
Diethyl5-exo-Hydroxy-2,3-diazabicyclo[2.2.l]heptane-2,3-di- 

carboxylate (1X)-Compound IX was obtained from diethyl2,3-dia- 
zabicyclo[2.2.l]hept-5-ene-2,3-dicarboxylate (V) (4) (1 g, 3.7 mmoles) 
by hydroboration and oxidation oia a procedure similar to that described 
by Allred and Smith (5). The oily product was chromatographed on silica 
gel and eluted with ethyl acetate-ether (3:2) to give 0.7 g (75%) of the 
eno-alcohol (IX) as a colorless oil, Rf 0.31 (silica gel, 10% ethanol in ether); 
IR (liquid film): 3475 (OH), 1720, and 1750 (C=O) cm-'; NMR (carbon 
tetrachloride): 6 1.27 (t, 6H, 2 COOCHZCH~), 1.58 (m, 2H, bridge protons 
a t  C-7), 1.78-2.2 (m, 2H, CHOH-CHz), 4.1 (broad s, l H ,  bridgehead 
proton a t  C-1). and 4.47 (broad s, l H ,  bridgehead proton at C-4); mass 
spectrum (70 ev): mle 258 (M+). 

Anal.-Calc. for CllHlsN205: C, 51.15; H, 7.02; N, 10.85. Found: C, 
50.96; H, 7.24; N, 10.69. 

Diethyl 5-exo-Methanesulfonyl-2,3-diazabicyclo[2.2.l]hep- 
tane-2,3-dicarboxylate (X)-To a solution of IX (3.64 g, 14.1 mmoles) 
in pyridine-toluene (1:l) (40 ml) was added 1.78 g (15.5 mmoles) of 
methanesulfonyl chloride in pyridine (20 ml) at 0'. The mixture was al- 
lowed to stir a t  25' for 12 hr, and the pyridinium hydrochloride salt which 
precipitated was removed by filtration. The filtrate was concentrated 
in uacuo, and the residue was partitioned between water (50 ml) and 
methylene chloride (2 X 100 ml). Removal of the methylene chloride 
afforded an oil, which was chromatographed on silica gel (50 g, 2.3 X 35 
cm) using benzene-ether (8:2) to give X. 

Compound X was crystallized from carbon tetrachloride-ether to af- 
ford a white solid (3.8 g, 8O%), Rf 0.52 (silica gel, ether), mp 87.5-88'; 
NMR (chloroform-ds): 6 1.26 (2 t, 6H, 2 COOCH2CH3), 1.5-2.6 (m, 4H, 
methylene protons at C-6 and bridge protons at C-7), 3.02 (8, 3H, 
OSOZCH~), 4.16 (2 q, 4H, 2 COOCHZCH~), and 4.45-4.9 (m, 3H, 
bridgehead protons at C - l  and C-5 and methine proton at C-5); mass 
spectrum (70 ev): mle 336 (M+). 

Anal.-Calc. for CIZHZON~O~S: C, 42.85; H, 5.99; N, 8.33. Found: C, 
42.58 H, 5.86; N, 8.16. 

Diethyl5-exo-( l-Octynyl)-2,3-diazabicyclo[2.2.l]heptane-2,3- 
dicarboxylate (111)-To a solution of n-oct-1-yne (0.9 g, 9.6 mmoles, 
purified by distillation over anhydrous sodium sulfate) in dry n-hexane 
(15.4 ml) was added, under nitrogen, 3.84 ml of n-butyl lithium (2.5 M ,  
9.6 mmoles) in hexane a t  0'. The suspension was stirred a t  0' for 0.5 hr, 
and 0.43 g (3.2 mmoles) of aluminium chloride was added. The resulting 
mixture was stirred a t  OD for 0.5 hr, and the solvent was removed in uucuo 
a t  25' to give a residue of trioctylalane; this residue was dissolved in 25 
ml of dry dichloroethane (dried over phosphorus pentoxide and distilled) 
under nitrogen. 

The trioctylalane solution was cooled to  O', and a solution of 1.0 g (3 
mmoles) of X in 5 ml of dichloroethane was added. After stirring at 25' 
for 24 hr, the mixture was added to another batch of freshly prepared 
trioctylalane (9.6 mmoles). Stirring was continued a t  25' for another 24 
hr, and the mixture then was partitioned between 2% HCl(50 ml) and 
chloroform (2 X 100 ml). The organic layer was separated, dried (anhy- 
drous sodium sulfate), and filtered, and the solvent was removed in uacuo 
to give an oil; this oil was chromatographed on silica gel (10 g, 1.3 X 30 
cm) with ether-pentane (4:l) to afford I11 (0.43 g, 46%). 

Compound 111 showed a single peak on GLC (3% OV-l,1.8 m; 200'; 
nitrogen flow rate, 10 mllmin; retention time, 5 min); NMR (carbon 
tetrachloride): 6 0.66-1.06 (m, 3H, CH~CHB),  1.65 (broads, 2H, protons 
a t  C-7), 1.83 (broad s, lH,  endo-proton a t  C-6), 2.06 (broad s, 3H, 2 
C=C-CHz and C-6 exo-proton), and 2.65 (broad s, lH ,  >CH-C=C-; 
after decoupling of the 6 2.06 peak, J = 7 Hz); mass spectrum (68 ev, high 
resolution): calc. M+ for ClsHsoNzOa. mle 350.2205: found. 350.2212. 

Anal.-Calc. for C19H~ON204: C, 65.16; H, 8.64; N, 8.00. Found: C, 
65.47; H, 8.82: N. 7.97. 
5-exo-(l-Octynyl)-2,3-diazabicyclo[2.2.1]hept-2-ene (1V)- 

Compound 1V was prepared from I11 (0.7 g, 2 mmoles) by base hydrolysis 
and oxidation according to the procedure employed for the preparation 
of 11. The product was extracted with ether after oxidation. The ether 

was removed in uacuo, and the residue was chromatographed on silica 
gel (10 g, 1.3 X 30 cm) with 10% iqppropanol in petroleum ether (3-0') 
to give IV (0.37 g, 90%); IR (liquid'hm): 1590 (N=N) cm-'; NMR (carbon 
tetrachloride): 6 1.7-2.3 (m, 3H, C H - C d - C H z )  and 4.9-5.15 (m, 2H, 
bridgehead protons at  C-1 and (2-4); mass spectrum (70 ev): mle 204 
Of+). 

Anal.-Calc. for C13Hza2: C, 76.42; H, 9.87; N, 13.72. Found: C, 76.64; 
H, 9.96; N, 13.75. 

Diethyl 2,3-Diazabicyclo[2.2.l]heptane-5-one-2,3-dicarboxylate 
(XI1)-A mixture of chromium trioxide (8.92 g, 88.2 mmoles), 200 ml of 
methylene chloride (dried over a 3-A molecule sieve), and 7.0 g (88.2 
mmoles) of pyridine (dried over potassium hydroxide pellets) was allowed 
to stir a t  25' for 15 min. A solution containing 3.93 g (14.7 mmoles) of Ix 
in methylene chloride (10 ml) was added to this mixture and stirred for 
15 min. The reaction mixture then was filtered, and the methylene 
chloride was removed in oacuo. The residue was dissolved in ether (100 
ml) and filtered again to  obtain a clear filtrate. 

Removal of the ether afforded an oily product (XII) (7.2 g, 82%), which 
was relatively pure as judged by NMR analysis. This product was used 
without further purification for the synthesis of XI11 because of its in- 
stability. A small quantity of pure XI1 was isolated by using a Florisil 
column (50 g, 2.3 X 35 cm) with methylene chloride; IR (liquid film): 
1775 (C-0) cm-'; NMR (carbon tetrachloride): 6 1.3 (2 t ,  6H, 2 
COOCH&H3), 1.98 (s, 2H, bridge protons at C-7), 2.22 (s, 2H, CH&=O), 
4.15 (2 q, 4H, 2 COOCH~CHB), 4.22 (broad s, IH,  bridgehead proton at  
C l ) ,  and 4.8 (s, lH,  bridgehead proton at C-4); mass spectrum (70 ev): 
mle 256 (M+). 

Anal -Calc. for CllH16Nz05: C, 52.30; H, 6.29; N,  10.93. Found: C ,  
52.17; H, 6.50; N, 10.80. 

Diethyl 5-endo-Hydroxy-2,3-diazabicyclo[2.2.1 Iheptane-2,3- 
dicarboxylate (XII1)-To a solution of bicyclic ketone (XII) (4.1 g, 1.6 
mmoles) in methanol (46 ml) maintained a t  -25' were added divided 
portions of sodium borohydride (0.6 g, 16 mmoles) in methanol-water 
(80:20) (49 ml). After stirring a t  -25' for 15 min, the reaction was 
quenched by addition of dilute hydrochloric acid to pH 7. The methanol 
was removed in oacuo, and the remaining aqueous solution was extracted 
with methylene chloride (2 X 50 ml). Removal of the methylene chloride 
in UQCUO afforded an oily product (XIII), which was purified by column 
chromatography using silica gel (60 g, 2.3 X 3.5 cm) and eluted first with 
250 ml of ether and then with 10% ethanol in ether to obtain the pure 
alcohol (XIII) (2.26 g, 55%), R f  0.51 (silica gel, 10% ethanol in ether); IR 
(liquid film): 3475 (OH) cm-'; NMR (carbon tetrachloride): 6 1.25 (t, 6H, 
2 COOCHZCH~), 1.66 (s,2H, bridge protons a t  C-7), 1.5-2.4 (m, 4H, 2 
bridge protons a t  C-6 and 2 bridge protons a t  C-7), 4.15 (2 q, 4H, 2 
COOCHzCHd, 4.2 (m, lH ,  methine proton at C-5 observed after de- 
coupling of the 6 1.25 triplet), 4.28 ( s ,  lH ,  bridgehead proton at C-l) ,  and 
4.44 (s, lH ,  bridgehead proton a t  C-4); mass spectrum (20 ev): m / e  258 
(M+). 

Anal.-Calc. for CllH18N205: C, 51.15; H, 7.02; N, 10.85. Found: C, 
51.14; H, 6.99; N, 10.88. 

Diethyl 5-endo-Methanesulfonyl-2,3-diazabicyclo[2.2.l]hep- 
tane-2,3-dicarboxylate (X1V)-Compound XIV was prepared from 
XI11 (0.85 g, 3.3 mmoles) in the manner described for the preparation of 
X. The crude product was purified on silica gel (10 g, 1.3 x 30 cm) with 
20% ethyl acetate in ether to afford an oil. This oil was crystallized from 
carbon tetrachloride to give pure XIV (10 g, 92%), Rf 0.37 (silica gel, 
ether), mp 120-120.5'; NMR (chloroform-ds): 6 3.05 (s, 3H, OSOZCH~), 
4.48 (broad s, lH ,  bridgehead proton at C-1). and 4.92-5.2 (m, 2H, 
bridgehead proton a t  C-4 and methine proton a t  C-5); mass spectrum 
(70 ev): mle 336 (M+). 

Anal.-Calc. for CIZH~ONZO~S: C, 42.85; H, 5.99; N, 8.33. Found: C, 
42.72; H, 6.02; N, 8.28. 

Platelet  Aggregation Studies-Platelet-rich plasma was prepared 
according to the method of Gerrard et  al. (15) and was incubated with 
11-IV M )  a t  37.5' for 1.5 min. I t  then was added to a cell containing 
a standard quantity of arachidonic acid or 9,ll-methanoepoxy prosta- 
glandin Hz. Aggregation (or inhihition of aggregation) was monitored for 
5 min on a dual-channel aggregometefl. 

R a t  Fundus Studies-A 0.2 X 2.5-cm section of the fundus was cut 
from the outer curvature of the stomach from male Sprague-Dawley rats 
and suspended in a tissue bath. The tissue bath was perfused contin- 
uously with Krebs solution, and one end of the stomach was tied to an 
isotonic heart-smooth muscle transducer connected to a recordel5. 
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Beckman R411 Dynograph. 
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Compounds 11-IV were added to the bath, and muscle contraction was 
monitored for 1.5 min. Prostaglandin Ez was used to obtain standard 
contraction. 
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Abstract  0 Iodinated and radioiodinated analogs of propranolol and 
N,N-dimethylpropranolol were synthesized wherein an iodophenyl 
moiety replaced the naphthalene ring of the parent drug. These new 
compounds were evaluated not only for their 0-adrenergic blocking and 
antiarrhythmic activities but also for their ability to accumulate selec- 
tively in myocardial tissue. Like propranolol, the iodinated analogs dis- 
played comparable P-blocking and antiarrhythmic activity, and the order 
of potency was ortho- > meta- > para-iodophenyl. Quaternization of 
propranolol and the iodinated analogs eliminated the 0-adrenergic 
blocking activity but retained the antiarrhythmic property of the sec- 
ondary amine precursors. Among the quaternary salts, the antiarrhythmic 
potency was meta- > ortho- > para-iodophenyl. Tissue distribution of 
the radioiodinated derivatives revealed that only the quaternary deriv- 
atives were selectively accumulated in myocardial tissue. These results 
demonstrate that an iodophenyl ring can substitute for the naphthalene 
ring in propranolol and its quaternary salt without significant alteration 
of pharmacological properties. The radioiodinated quaternary derivatives 
may be useful pharmacological tools in experiments aimed at relating 
antiarrhythmic activity to myocardial uptake. 

Keyphrases Antiarrhythmic agents-iodinated and radioiodinated 
analogs of propranolol and N,N-dimethylpropranolol, synthesis and 
evaluation of activity, tissue distribution of radioiodinated analogs, po- 
tential as myocardial imaging agents 0 Propranolol-iodinated and ra- 
dioiodinated analogs, synthesis and testing for 0-adrenergic blocking and 
antiarrhythmic activity, tissue distribution of radioiodinated analogs, 
potential as myocardial imaging agents 0 Radionuclide imaging-ra- 
dioiodinated analogs of propranolol and N,N-dimethylpropranolol, tissue 
distribution, potential as myocardial imaging agents 

The synthesis of a compound that selectively concen- 
trates in the myocardium and that also can act as a carrier 
molecule for a y-emitting nuclide has been a goal of this 

laboratory for several years (1-3). The approach has been 
to select a compound with known or suspected propensity 
for the target organ and then to modify the structure to 
allow incorporation of a y -emitting nuclide while retaining 
the localizing properties of the parent compound. 

BACKGROUND 

One possible carrier molecule for myocardial localization is the P- 
adrenergic blocking agent propranolol (I). Its antiarrhythmic actions were 
demonstrated in a wide variety of experimentally induced arrhythmias 
(4,5) as well as in clinically occurring arrhythmias (6,7). Tissue distri- 
bution studies with [*4C]propranolol (8,9) demonstrated its uptake by 
the heart, but not to the degree expected in view of the potent action of 
propranolol in blocking the cardiac effects of catecholamines (8). Instead, 
other tissues such as the lungs and brain contained higher levels of ra- 
dioactivity (8,9). 

Previous studies in this laboratory showed that quaternization of 
propranolol produced a drug (11) that retained the antiarrhythmic activity 
but eliminated the 8-adrenergic blocking property of propranolol(10). 
Subcutaneous administration of 14C-labeled I1 to rats revealed a rapid 
and selective localization of radioactivity in the heart (23 times the blood 
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Compounds 11-IV were added to the bath, and muscle contraction was 
monitored for 1.5 min. Prostaglandin Ez was used to obtain standard 
contraction. 
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Abstract  0 Iodinated and radioiodinated analogs of propranolol and 
N,N-dimethylpropranolol were synthesized wherein an iodophenyl 
moiety replaced the naphthalene ring of the parent drug. These new 
compounds were evaluated not only for their 0-adrenergic blocking and 
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tively in myocardial tissue. Like propranolol, the iodinated analogs dis- 
played comparable P-blocking and antiarrhythmic activity, and the order 
of potency was ortho- > meta- > para-iodophenyl. Quaternization of 
propranolol and the iodinated analogs eliminated the 0-adrenergic 
blocking activity but retained the antiarrhythmic property of the sec- 
ondary amine precursors. Among the quaternary salts, the antiarrhythmic 
potency was meta- > ortho- > para-iodophenyl. Tissue distribution of 
the radioiodinated derivatives revealed that only the quaternary deriv- 
atives were selectively accumulated in myocardial tissue. These results 
demonstrate that an iodophenyl ring can substitute for the naphthalene 
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of pharmacological properties. The radioiodinated quaternary derivatives 
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The synthesis of a compound that selectively concen- 
trates in the myocardium and that also can act as a carrier 
molecule for a y-emitting nuclide has been a goal of this 

laboratory for several years (1-3). The approach has been 
to select a compound with known or suspected propensity 
for the target organ and then to modify the structure to 
allow incorporation of a y -emitting nuclide while retaining 
the localizing properties of the parent compound. 

BACKGROUND 

One possible carrier molecule for myocardial localization is the P- 
adrenergic blocking agent propranolol (I). Its antiarrhythmic actions were 
demonstrated in a wide variety of experimentally induced arrhythmias 
(4,5) as well as in clinically occurring arrhythmias (6,7). Tissue distri- 
bution studies with [*4C]propranolol (8,9) demonstrated its uptake by 
the heart, but not to the degree expected in view of the potent action of 
propranolol in blocking the cardiac effects of catecholamines (8). Instead, 
other tissues such as the lungs and brain contained higher levels of ra- 
dioactivity (8,9). 

Previous studies in this laboratory showed that quaternization of 
propranolol produced a drug (11) that retained the antiarrhythmic activity 
but eliminated the 8-adrenergic blocking property of propranolol(10). 
Subcutaneous administration of 14C-labeled I1 to rats revealed a rapid 
and selective localization of radioactivity in the heart (23 times the blood 
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concentration a t  2 hr postinjection) with no marked concentration of 
radioactivity in the lungs and brain'. Similar results were obtained in dogs 
(11). 

Since I1 and other quaternary antiarrhythmic drugs, such as bretylium, 
persist in the myocardium long after blood levels have declined, it is be- 
lieved that the uptake and retention of these drugs by the myocardium 
account for their antiarrhythmic action (11,12). In any event, it is clear 
that plasma levels of these drugs cannot be used to guide individualization 
of dosage. As a consequence, the purpose of the present study was to 
synthesize not only a myocardial imaging agent but also an antiar- 
rhythmic drug whose pharmacokinetic properties could be monitored 
in intact animals by external counting equipment. 

Most rectilinear scanners and cameras currently available are used in 
conjunction with y-emitting nuclides with an energy of G O O  kev. Iodine 
has two radionuclides, iodine 123 and iodine 131, that  fulfill this re- 
quirement and that are widely used in nuclear medicine. Accordingly, 
the present research focused on the synthesis and biological evaluation 
of iodinated analogs of propranolol and N,N-dimethylpropranolol. Since 
completion of this study, two reports (13,14) appeared concerning pro- 
pranolol as a carrier for y-emitting radionuclides for myocardial 
imaging. 

RESULTS AND DISCUSSION 

Chemistry-The synthesis of the iodinated analogs of propranolol 
(IV) and their methylated congeners (V and VI) followed conventional 
paths as outlined in Scheme I (a  = ortho, b = rneta, and c = para).  For 
synthesis of the corresponding radioiodinated derivatives, iodine 125 was 
selected for the initial studies because its longer half-life (60 days) and 
weak y-radiation (35 kev) minimized handling and storage problems. In 
addition, a subsequent switch to iodine 123 or iodine 131 would represent 
no major change in methodology. 

Radioactive iodine was introduced by the isotope-exchange method 
and involved refluxing an aqueous or ammonium hydroxide solution of 
IV or V to which the appropriate amount of sodium [1251]iodide had been 
added. Higher yields of radioisotope incorporation usually were achieved 
when the exchange reactions were performed in ammonium hydroxide 
solution. The radioiodinated quaternary salts were obtained by treating 
the radioiodinated tertiary amine with methyl iodide in methanol at  room 
temperature. 

Pharmacology-The results of the pharmacological studies are 
summarized in Table I. 

@-Adrenergic Receptor Blockade-Five of the synthesized compounds 
were tested for P-adrenergic receptor blocking activity against isopro- 

OH 
I 

111 

Iv 
1. HCHO 

I- I 

v VI 
Scheme I 

' A. Buswink, M. Johnson, F. Kniffen, and R. E. Counsell, unpublished data. 

Table I-Pharmacological Activity of Radioiodinated Analogs of 
Propranolol (I)  and N,N-Dimethylpropranolol (11) 

@- Adrenergic 
Receptor 
Blockina Antiarrhythmic 
Activity, 

Compound PA2 
Activity 

n Dose, mg/kg 

I 
I i  

IVa 
IVb 
IVC 
VIa 
VIb 
V l r  

8.7" 
I(4.4)' 
10.0 
8.5 
6.6 

Id 
I 

NTe 

6.1 
2-3c 

5/5 5.0 
.?I.? 9.0 

a Data from Ref. 15. * Data from Ref. 4. 
conditions described under Experimental. 

terenol in isolated rabbit right atrial strips. The iodinated propranolol 
analogs (IVa-IVc) all showed P-adrenergic blocking activity. The order 
of activity was ortho > meta > para.  The PA:! value of 8.7 reported for 
propranolol by Blinks (15) was comparable to that observed for the 
rneta-isomer (IVb). Accordingly, the ortho-isomer (IVa) was somewhat 
more active than propranolol as a P-adrenergic blocker. N,N-Di- 
methylpropranolol, as well as both of the iodinated analogs tested, lacked 
significant 0-adrenergic receptor blocking activity. 

Antiarrhythrnic Actiuity-All of the compounds tested were effective 
in converting the ouabain-induced ventricular tachycardia to normal 
sinus rhythm. Propranolol analogs IVa-IVc required doses of 4.8-10.0 
mg/kg for conversion compared to 6.1 mg/kg required for propranolol 
(4). The iodinated analogs of N,N-dimethylpropranolol converted the 
ouabain-induced arrhythmias a t  doses of 5.0-9.0 mg/kg as compared to 
2-3 mg/kg for the parent compound (10). In these preliminary studies, 
the rneta-isomer (VIb) was the most potent antiarrhythmic agent among 
the iodinated analogs, followed in turn by the ortho-isomer (VIa) and 
the para-isomer (VIc). 

Tissue Distribution-Based on the pharmacological results, the 
rneta-iodinated analogs of propranolol and N,N-dimethylpropranolol 
were radioiodinated. The results of tissue distribution studies with these 
compounds are summarized in Table 11. Administration of propranolol 
analog IVb resulted in no selective accumulation of radioactivity in 
myocardial tissue. On the other hand, there was marked uptake of activity 
in the lungs and liver. However, administration of the quaternary am- 
monium salt (VIb) resulted in selective concentration of radioactivity 
in rat myocardial tissue. Adrenal, lung, and thyroid tissues also showed 
high levels of uptake. The high levels of activity seen in the thyroid were 
believed to be due to in uiuo deiodination of the compounds. 

These results indicate that replacement of the naphthalene ring system 
in propranolol and NJ"dimethylpropranolo1 with an iodophenyl moiety 
does not markedly modify the pharmacological properties of the parent 
compounds. The iodinated analogs of propranolol all possessed p- 
adrenergic receptor blocking activity. However, the position of the iodine 
on the phenyl ring altered the potency of this activity. The &blocking 
activities of propranolol and the rneta-iodinated analog (IVb) were about 
equal and intermediate between the activities noted for the ortho-isomer 
(IVa) and the para-isomer (IVc). 

This relationship also was observed for the antiarrhythmic activity of 
the three propranolol analogs. The doses needed to convert the oua- 
bain-induced arrhythmia were about equal for propranolol(6.1 mg/kg) 
and the rneta-iodinated analog, whereas lower and higher doses were 
required for the ortho- and para-isomers, respectively. Thus, the anti- 
arrhythmic activity of these compounds paralleled their @-adrenergic 
receptor blocking activity. Since other drugs without 0-adrenergic activity 
have antiarrhythmic properties, there may be no relationship between 
these two effects in the propanolol series; the antiarrhythmic action may 
be due to a direct membrane effect (5). 

The absence of any significant localization of radioactivity in the heart 
following injection of radioiodinated IVb also paralleled the absence of 
marked localization of radioactivity in the myocardium reported after 
injection of I4C-labeled propranolol(8). Similarly, other radioiodinated 
analogs of @-adrenergic antagonists have failed to demonstrate appre- 
ciable myocardial uptake and retention of radioactivity (13,14). 

Similar to the parent compound, the iodinated analogs of N,N-di- 
methylpropranolol (VI) were devoid of P-adrenergic receptor blocking 
activity. However, these analogs retained the antiarrhythmic activity of 
N,N-dimethylpropranolol, although larger doses of the analogs were 

Data from Ref. 10. 
Not tested. 

Inactive under 
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Table 11-Tissue Distribution Profiles of Radioiodinated Analogs of Propranolol and  N,N-Dimethylpropranolol a f t e r  Subcutaneous 
Administration to Rats  

Percent of Administered Dose per Gram of Tissuea 
IVb VIb 

Tissue 2 hr 6 hr 2 hr 6 hr 

Adrenal 
Blood 
Brain 
Heart 

Auricle 
Ventricle 

Kidney 
Liver 
Lung 
Skeletal muscle 
Thvroid 

0.362 f 0.035 
0.140 f 0.012 
0.318 f 0.033 
0.166 f 0.004 

~ 

- 

0.621 f 0.025 
1.2ii f 0.110 
1.048 f 0.068 
0.111 f 0.005 

0.121 f 0.016 
0.172 f 0.009 
0.033 0.010 
0.068 f 0.012 

- 
0.390 f 0.065 
0.345 f 0.051 
0.195 f 0.061 
0.044 f 0.004 

- 

1.680 f 0.134 
0.422 f 0.027 
0.037 f 0.003 

2.755 f 0.320 
4.254 f 0.201 
0.854 f 0.069 

- 

0.776 f 0.093 
1.190 f 0.121 
0.190 f 0.041 
7.762 f 1.452 

0.996 f 0.224 
0.261 f 0.030 
0.013 f 0.002 

0.604 f 0.095 
1.013 f 0.041 
0.330 f 0.015 
0.237 f 0.016 
0.479 f 0.020 
0.114 f 0.019 
9.016 f 1.595 

- 

Values represent the mean f SEM; n = 3. 

Table 111-Experimental Data 

Boiling Point (mm Hg) or Analysis, 9'0 
Compound Melting Point (Solvent) Yield, % Formula Calc. Found 

IIIa 

IIIb 

IIIC 

IVa 

IVb 

IVC 

Va 

Vb 

vc 

VIa 

VIb 

VIC 

118-123" (0.2) 

12.5' (0.3) 

120° (0.2) 

97-98' (acetone) 

89-90" (acetone) 

112-113" (acetone) 

116-117' (methanol-ether) 

131-132' (methanol-ether) 

114-116" (methanol-ether) 

153-155' (acetone) 

165-166" (acetone) 

215--216' (methanol-acetone) 

44 

64 

64 

60 

60 

83 

68 

70 

70 

82 

81 

78 

C 
H 
C 
H 
C 
H 
C 
H 
C 
H 
C 
H 
C 
H 
C 
H 
C 
H 
C 
H 
C 
H 
C 
H 

39.16 39.08 
3.28 3.13 

39.16 39.00 
3.28 3.47 

39.16 39.12 
3.28 3.12 

43.00 43.02 
5.41 5.13 

43.00 42.79 
5.41 5.36 

43.00 43.04 
5.41 5.44 

40.48 40.33 
5.49 5.51 

40.48 40.74 
5.49 5.60 

40.48 40.84 
5.49 5.72 

34.23 34.15 
4.72 4.54 

34.23 34.16 
4.72 4.65 

34.23 34.22 
4.72 4.68 

required to convert the ventricular tachycardia to normal sinus rhythm. 
The tissue distribution profile of radioiodinated VIb was comparable to 
that of 11. At 2 hr after administration to rats, the heart to lung ratio of 
VIb was 3.6 whereas the ratio for the parent drug was 2.7. Studies are in 
progress using VIb labeled with iodine 131 as a probe for relating the 
antiarrhythmic activity of these quaternary drugs to their uptake and 
retention in the myocardium. 

EXPERIMENTAL2 

General procedures are described for the synthesis of 111-VI, and ex- 
perimental data are furnished in Table 111. 

I - (  o-Iodophenoxy)-2,3-epoxypropane (1IIa)-Epichlorohydrin 
(2.7 g, 30 mmoles) was added dropwise at room temperature to a stirred 
solution of o-iodophenol (4.4 g, 20 mmoles) in 5% NaOH (25 ml). The 
reaction mixture was allowed to stir overnight. The oily layer that resulted 
was extracted with chloroform. This extract was washed with water and 
dried over anhydrous sodium sulfate. Removal of the solvent gave an oily 

2 Melting points were taken on a Fisher-Johns melting-point apparatus and are 
corrected. Elemental analyses were performed by Midwest Microlab, Indianapolis, 
Ind., or by Spang Microanalytical Laboratory, Ann Arbor, Mich. IR spectra (Per- 
kin-Elmer 337 spectrophotometer, either neat or as potassium bromide pelleta) 
and NMR spectra (Varian A-60 spectrometer, taken in deuterated chloroform or 
dimethyl sulfoxide) were consistent with the proposed structures. TLC analyses 
were run on silica gel plates (Eastman Kodak), and spots were detected under UV 
light. Radiochemical purity of radioiodinated compounds was confirmed by TLC 
analysis, and they were scanned with an Atomic Associates RCS-363 radiochro- 
matogram scanner. The corresponding authentic nonradioactive compound was 
cochromatographed with the radioiodinated compounds. Total radioactivities were 
determined with a Picker nuclear isotope calibrator. 

residue which, upon distillation in uacuo, afforded a colorless oil (2.5 
9). 

1-( o-Iodophenoxy)-3-isopropylamino-2-propanol (1Va)-A so- 
lution of Ia (5.4 g, 20 mmoles) and isopropylamine (8 ml) in isopropanol 
(60 ml) was stirred overnight a t  room temperature. The solution was 
evaporated to dryness, redissolved in 10% HCI, and washed with ether. 
The aqueous layer was made basic with sodium hydroxide and extracted 
with ether. The extract was washed with water, dried over anhydrous 
sodium sulfate, and concentrated to yield a solid. Upon recrystallization 
from acetone, this solid afforded a colorless solid (4.0 9). 
l-(o-Iodophenoxy)-3-methylisopropylamino-2-propanol (Va) 

-Formaldehyde solution (37%, 0.8 ml) was added with stirring to a so- 
lution of IIa (0.67 g, 2 mmoles) in absolute methanol (10 ml), and the 
reaction mixture was stirred a t  room temperature for 2 hr. Sodium 
borohydride (1.2 g) was added with stirring at ice bath temperature. The 
mixture was allowed to come to room temperature and then was poured 
into ice-water (100 ml). The mixture was extracted with ether, and the 
ether layer was washed with water, dried over anhydrous sodium sulfate, 
and evaporated to dryness in uacuo. The residue was dissolved in 
methanol-hydrochloric acid and diluted with ether. Filtration resulted 
in the hydrochloride salt (0.48 g), which was recrystallized from meth- 
anol-ether. 

N,N-Dimethyl-1-( o-iodophenoxy) -3- isopropylamino-2-propanol 
Iodide (VIa)-A mixture of IVa (3.35 g, 10 mmoles), sodium carbonate 
(1.1 g), and methyl iodide (5 ml) in absolute methanol (50 ml) was re- 
fluxed with stirring for 1 day. Additional methyl iodide (5 ml) was added, 
and refluxing was continued for 2 days. The solvent was removed under 
reduced pressure, and the resulting oily residue was washed with water. 
The residue was triturated with ethyl acetate and allowed to stand 
overnight. The resulting solid was filtered, washed with ethyl acetate, 
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Table IV-Isotope-Exchange Conditions and Results 

Compound 
Parameter IVb Vb 

Starting material, mg 
Sodium ['251]iodide, mCi 
Solvent (ml) 

200 200 
5 6 

Water Ammonium 
(4.5) hydroxide 

(2.0) 
Temperature 100" 100" 
Reaction time 48 hr 5 days 
Extract solvent Chloroform Ether 
Resulting compound, mg 200 160 
Total activitv. uCi 600 2500 
Percent excgaige 12.0 41.7 

and dried. Recrystallization from acetone or methanol-acetone afforded 
a colorless solid (3.0 9). 

Isotope Exchange-Radioactive iodine was incorporated by heating 
a solution of the secondary (IV) or tertiary (V) amine in the presence of 
sodium [1251]iodide. Table IV lists the experimental data. The quaternary 
derivative (VI) was formed by refluxing a methanolic solution of V in the 
presence of excess methyl iodide for 2 hr. Radiochemical purity was as- 
certained by TLC analysis of the compounds on silica gel plates3 devel- 
oped in ether-methanol (5:l) for IV and V or chloroform-methanol (31) 
for VI. 

Pharmacology-P-Adrenergic Receptor Blocking Actiuity- 
Chronotropic concentration-effect curves to isoproterenol in sponta- 
neously beating rabbit atrial strips were obtained using the procedure 
described by Schuster et al. (10). Probit analysis (16) was used to compute 
the median effective dose (ED50) for each concentration-effect curve, 
and these values then were used to calculate the pA2 values for the 
compounds tested according to the method described by Schild (17). The 
pA2 value is defined as the negative logarithm of the antagonist concen- 
tration that doubles the agonist concentration required to achieve a given 
effect. 

Antiarrhythmic Activity -Arrhythmias were induced in anesthetized 
male mongrel dogs (9-13 kg) with ouabain according to the procedure 
described by Schuster et al. (10). After establishment of ventricular 
tachycardia, a saline solution of the test material was administered in- 
travenously until conversion to normal sinus rhythm was attained for 
at least 30 min with failure of right vagal stimulation to expose automatic 
ectopic ventricular activity during vagal-induced sinoatrial nodal ar- 
rest. 

Tissue Distribution-Radioiodinated IVb and VIb were given by 
subcutaneous injection to male Sprague-Dawley rats4, 180-330 g. The 
doses of radioactivity ranged from 22 to 25 pCi/rat (1.8-8.0 mg/rat) in 
0.25 ml of vehicle. The vehicle was saline for VIb and 0.1 N HCI for IVb. 
A t  2 and 6 hr after administration of the compounds, groups of three rats 
were killed by exsanguination while under ether anesthesia. Adrenal, 
blood, brain, heart, kidney, liver, lung, muscle, and thyroid samples were 
removed. Tissue samples were placed in liquid scintillation vials and 
weighed. Duplicate samples were taken. 

The contents of each vial were digested overnight in 0.3-0.5 ml of 2.5 
N NaOH. The vials were heated at  40-60" for 5-10 min to complete di- 
gestion. Four drops of hydrogen peroxide (30% solution) were added to 

each cooled vial to decolorize the samples. Enough 0.9-1.1 M acetic acid 
to neutralize the base and 10 ml of scintillation cocktail5 were added to 
each sample, and the vials were shaken on a vortex mixer. The samples 
were assayed for radioactivity in a liquid scintillation countefi for 5 min 
or until enough counts had accumulated to reduce the counting error to 
1%. Maximum counting error for samples that counted the full 5 min was 
7%. Efficiency for iodine 125 was 45%. 

Results are expressed as the percentage of the administered dose per 
gram of tissue and were calculated from: 

x 100 sample dpm X 1000 mg/g 
sample weight (mg) X 2.22 X lo6 dpm/FCi X dose (pCi) 

REFERENCES 

(1) R. E. Counsell, T. Yu, V. V. Ranade, and A. Buswink, J .  Med. 
Chem., 16,1038 (1973). 

(2) R. E. Counsell, T. Yu, V. V. Ranade, A. A. Buswink, E. A. Carr, 
Jr., and M. Carroll, J. Nucl. Med., 15,991 (1974). 

(3) R. E. Counsell, V. V. Ranade, W. Kline, B. H. Hong, and A. A. 
Buswink, J .  Pharm. Sct., 65,285 (1976). 

(4) B. R. Lucchesi, L. S. Whitsitt, and N. L. Brown, Can. J .  Physiol. 
Pharmacol., 44,543 (1966). 

(5) B. R. Lucchesi, L. S. Whitsitt, and J. L. Stickney, Ann. N. Y. Acad. 
Sci., 139,940 (1967). 

(6) D. J. Rowlands, G. Howitt, and P. Markman, Br. Med. J., 1,891 
(1965). 

(7) D. C. Harrison and J. R. Griffin, Ann. N. Y.  Acad. Sci., 139,997 
(1967). 

(8) D. Masuoka and E. Hansson, Acta Pharmacol. Toxicol., 25,447 
(1967). 

(9) A. Hayes and R. G. Cooper, J. Pharmacol. Exp. Ther., 176,302 
(1971). 

(10) D. P. Schuster, B. R. Lucchesi, N. L. Nobel, M. N. Mimnaugh, 
R. E. Counsell, and F. J. Kniffen, ibid., 184,213 (1973). 

(11) J. K. Gibson, N. J. Korn, R. E. Counsell, and B. R. Lucchesi, Fed. 
Proc., Fed. Am. SOC. Exp.  Biol., 38,697 (1979). 

(12) D. H. Namm, C. M. Wang, S. El-Sayad, F. C. Copp, and R. A. 
Maxwell, J. Pharmacol. Exp. Ther., 173,344 (1975). 

(13) A. Bobik, E. A. Woodcock, C. I. Johnston, and W. J.  Funder, J. 
Labelled Compd. Radiopharm., 12,605 (1977). 

(14) V. W. Jiang, R. E. Gibson, W. J. Rzeszotarski, W. C. Eckelman, 
R. C. Reba, F. Vieras, and P. 0. Alderson, J .  Nucl. Med., 19, 918 
(1978). 

(15) J. R. Blinks, Ann. N.Y. Acad. Sci., 135,673 (1967). 
(16) A. Goldstein, "Biostatistics: An Introductory Text," Macmillan, 

(17) H. 0. Schild, Br. J. Pharmacol., 2,189 (1957). 
New York, N.Y., 1964, pp. 153-174. 

ACKNOWLEDGMENTS 

Supported in part by U.S. Public Health Service Grant CA-08349 and 
National Heart, Lung, and Blood Institute Grant HL-05806-19. J. K. 
Gibson was supported by a Research Fellowship from the Michigan Heart 
Association. 

The authors thank Mr. Parvis Afiatpour for assistance in the tissue 
distribution studies. 

Eastman Kodak, Rochester, N.Y. 
Spartan Research Animals, Haslett. Mich. 

Aquasol. New England Nuclear, Boston, Mass. 
6 Beckman LSZOO. 

Journal of Pharmaceutical Sciences 1 1013 
Vol. 69, No. 9, September 1980 



Potential Organ- or Tumor-Imaging Agents XX: 
Ovarian Imaging with 19-Radioiodinated Cholesterol 

N. KORN, G. NORDBLOM, E. FLOYD, and R. E. COUNSELL" 
Received April 16,1979, from the Department of Pharmacology, Medical School, Uniuersity of Michigan, Ann Arbor, MI 48109. 
for publication August 22, 1979. 

Accepted 

Abstract  Cholesterol is stored in the ovaries where i t  is a precursor 
in the biosynthesis of the female sex hormones progesterone and estradiol. 
The purpose of this study was to determine whether a radioiodinated 
analog of cholesterol, *251-labeled 19-iodocholesterol, would mimic cho- 
lesterol in this capacity and thus offer a means for imaging the ovaries 
of intact animals. Aside from the thyroid, the adrenal glands and ovaries 
of the female rat retained the highest levels of radioactivity at 4 days 
following the intravenous administration of '251-labeled 19-iodocho- 
lesterol. Moreover, the levels of radioactivity were sufficient t o  obtain 
clear images of the adrenal glands and ovaries with a small animal scan- 
ner. Folch analysis of these tissues revealed that >Woof  the radioactivity 
was associated with the sterol ester fraction. 

Keyphrases 0 Cholesterol--19-radioiodinated analog, evaluation as 
ovarian imaging agent Radionuclide imaging-19-radioiodinated 
cholesterol, evaluation as ovarian imaging agent 

19-Radioiodinated cholesterol originally was synthesized 
as an adrenal imaging agent (1). Since that time, this agent 
and its close relatives have been used in clinical diagnostic 
procedures for visualization of the adrenal glands and as- 
sociated tumors (2). 

The synthesis of radioiodinated cholesterol as a 
radiodiagnostic agent was based on the knowledge that the 
adrenal cortex stores cholesterol for ultimate use in cor- 
ticosteroid hormone biosynthesis. The ovary is another 
mammalian organ that is rich in cholesterol and that uti- 
lizes this lipid as a precursor for steroid hormone syn- 
thesis. 

It is generally accepted that the synthesis of steroid 
hormones in the adrenal gland and ovary is controlled 
mainly by the trophic hormones adrenocorticotropic 
hormone and luteinizing hormone, respectively. While 
many details regarding their modes of action are unclear, 
they appear to influence the conversion of stored choles- 
terol ester to free cholesterol and the transformation of the 
latter compound to pregnenolone (Scheme I) (3). 

This similarity between the ovary and the adrenal gland 
in the storage and utilization of cholesterol suggested that 
19-iodocholesterol might accumulate in the ovaries and 
steroid-secreting ovarian tumors in addition to its predi- 
lection for adrenal cortical tissue. Thus, the purpose of this 
study was to compare the disposition of 19-radioiodinated 
cholesterol in the adrenal and ovarian tissues of the female 
rat. 

EXPERIMENTAL 

Radioiodinated Ch~lesterol-~~~I-Labeled 19-iodocholesterol was 
prepared as described previously (I), yielding 14 mg with an estimated 
specific activity of 400 pCi/mg. The compound was dissolved in 5.0 ml 
of benzene and stored a t  4" until just prior to use, at which time the 
material was formulated for injection as follows. An aliquot of the benzene 
solution was placed in a multidose vial, and the solvent was evaporated. 
The compound was redissolved in saline containing 1.6% polysorbate 80 
and 10% ethanol. Prior to use, one aliquot of the solution was assayed for 
radioactivity to determine the radioactive concentration, and another 

HMG-CoA 

Ac T - CoA 

aliquot was analyzed by TLC using silica gel G plates' developed in 
benzene-ethyl acetate (9:l). 

Two solutions were prepared. Solution A, used for tissue distribution 
studies, was made using 1 ml of the benzene solution. The final volume 
of this solution was 10 ml (103 pCi/ml). Solution B, used for scanning, 
was prepared using 2.0 ml of the benzene solution. The final volume of 
this solution was 5.0 ml (350 pCi/ml). Both solutions showed only one 
radioactive peak when scanned with a radiochromatogram scanner2. The 
location of this peak was coincident with that of the authentic unlabeled 
material cochromatographed with the radioiodinated sample. 

Tissue Distribution-Ten adult female Sprague-Dawley rats3, 
173-185 g, each received an intravenous injection of 25.8 pCi of lZ5I- 
labeled 19-iodocholesterol in 0.25 ml of vehicle (Solution A) uia the tail 
vein while under ether anesthesia. Rats were either in estrus or metestrus 
a t  the time of injection as determined by vaginal smear. Half of the rats 
were killed 1 day postadministration and half were killed 4 days post- 
administration by exsanguination from the heart while under ether an- 
esthesia. 

Tissues of the adrenal cortex and medulla, liver, ovary, blood, uterus, 
and thyroid were removed at sacrifice. Samples of the adrenal cortex, 
ovary, liver, and blood from each rat were placed on ice for subsequent 
extraction studies. All tissue samples were placed in tared cellulose ace- 
tate capsules and weighed. The capsules then were placed in polystyrene 
y-counting tubes and assayed for radioactivity in a well scintillation 
counter' for 10 min or until 100,000 counts had accumulated. Counting 
efficiency for iodine 125 was 87% in all cases, except when glass culture 

Eastman Kodak, Rochester, N.Y. 

Spartan Research Animals, Hasslett, 
2 Berthold model 6000. 

' Searle 1185 y-spectrometer. 
Mich. 
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Table I-Distribution of Radioactivity following Intravenous 
Administration of '2SI-Labeled 194odocholesterol to Female 
Rats 

Percent of Dose per Gram" 
1 Day 4 Days 

Tissue Postinjection Postinjection 

Adrenal cortex 10.195 f 0.251 9.572 f 0.349 
Adrenal medulla 3.002 f 0.438 1.990 f 0.554 
Blood 0.252 f 0.010 0.021 f 0.002 
Liver 0.431 f 0.026 0.059 f 0.003 ~. . _. 

Ovary 
Uterus 
Thvroid 

5.929 f 0.343 
0.238 f 0.010 

199.096 f 18.263 

2.736 f 0.437 
0.055 f 0.005 

152.042 f 10.606 

a Values represent the mean f SEM for five rats 

tubes were used to hold samples. In the latter case, the counting efficiency 
was 17%. 

Folch Extraction-Radioactivity was extracted from selected tissues 
using a variation of the procedure described by Folch et al. (4). The 
samples of the liver, adrenal cortex, and ovary were weighed and placed 
in a ground-glass homogenizer with sufficient distilled water to bring the 
combined volume of tissue and water to 0.5 ml(1 g of tissue was assumed 
to be equal to 1 ml). The samples were homogenized in 2-5 ml of chlo- 
roform-methanol (2:l) and filtered through filter paper5. The homoge- 
nizers then were rinsed twice with 2 4  ml of the solvent, and these rinses 
were filtered. The combined volume of the homogenizing vehicle plus the 
rinses for each sample was 10 ml. 

Aliquots of blood (0.5 ml) were shaken with 5 ml of chloroform- 
methanol (2:l) in a conical centrifuge tube. The solvent was filtered, and 
the tube was rinsed with an additional 5 ml of solvent, which also was 
filtered and combined with the original filtrate. Similar to the tissue 
samples, the volume of the combined filtrates for each blood extract was 
measured and adjusted to 10 ml by addition of chloroform-methanol 
(2:l). 

The filter paper with each precipitate was air dried, placed in a poly- 
styrene y-tube, and assayed as described to ascertain radioactivity as- 
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Figure 1-TLC analysis of lower chloroform phase radioactivity at 
1-day interval. Key: a, free sterol standards; and 0 ,  esterified stan- 
dards. S.F. = soluent front. 
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Figure 2-TLC analysis of lower chloroform phase radioactiuity at 
4-day interual. Key: ., free sterol standards; and 0, esterified stan- 
dards. S.F. = solvent front. 

sociated with precipitable material. Each filtrate was placed in a 15-ml 
conical centrifuge tube. Distilled water (2.0 ml) was added, and the tube 
was shaken. The tubes then were centrifuged at  low speed for 10 min to 
separate the phases. The upper phase of each sample was removed; the 
lower phase was washed with two 1.0-ml portions of Folch's upper phase 
solvent (chloroform-methanol-water, 3:48:47), which were combined 
with the upper phase from each sample. Each upper phase was adjusted 
to 10 ml by addition of the upper phase solvent, and a 1.0-ml aliquot of 
each upper phase was placed in a polyethylene microfuge tube, which 
then was placed in a polystyrene y-tube and assayed for radioactivity 
as described. 

Each lower phase was evaporated to dryness under nitrogen at 20-30", 
and the residues were redissolved in 1.0 ml of benzene. An aliquot (100 
pl) of each benzene fraction was placed in a glass culture tube, which then 
was placed in a polystyrene counting tube and assayed for radioactivity 
as described. The remainder of the benzene solution for each sample was 
stored overnight in a capped vial at 4'. The benzene then was evaporated, 
and the residues were redissolved in ether (10 drops) and spotted on TLC 
plates6. The vials were rinsed with another 10 drops of ether, which also 
was spotted on the plates. The plates then were developed once in n -  
hexane-ether-acetic acid (9O:lOl) to 16 cm, air dried, and redeveloped 
in the same direction with n-hexane-ether-acetic acid (75:25:2). The 
plates were cut into 1-cm wide strips, starting 1 cm below the origin and 
continuing to the solvent front. Each strip was placed in a counting tube 
and assayed for radioactivity as described. Unlabeled lBiodocholestero1, 
cholesterol, 19-iodocholesteryl palmitate, cholesteryl oleate, and preg- 
nenolone were cochromatographed with the radioactive samples and 
visualized with iodine vapor to serve as reference standards. 

Scintiscan of Female Rat-Two adult female Sprague-Dawley rats, 
212 and 218 g, each received an intravenous injection of 245.4 pCi of 
1251-labeled 19-iodocholesterol in 0.7 ml of vehicle (Solution B) uia the 
tail vein while under ether anesthesia. At 1 and 4 days postadministration, 
one rat was anesthetized with pentobarbital sodium by intraperitoneal 
injection (0.2 ml, 50 mg/ml) and scanned in the prone position using a 
small animal scanner. Following removal of the left ovary and adrenal 
gland, the rat was rescanned. The rat then was killed, and samples of the 
adrenal gland, ovary, and liver were assayed for radioactivity as described 
previously. 

6 Whatman No. 1. ITLC, Gelman, Ann Arbor, Mich. 
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A d r o n a l s  

O v a r  i o  s 

Figure 3-Scintiscan of female rat 4 days after administration of 1251-labeled 19-iodocholesterol ( A )  and rescan of the  same rat following remoual 
o f  the  left ovary and left adrmal  gland ( B ) .  

RESULTS 
Tissue Distribution-The distribution of radioactivity following 

intravenous administration of lZ5I-labeled 19-iodocholesterol to female 
rats is summarized in Table I. High levels of radioactivity were noted in 
the adrenal cortex, ovaries, and thyroid at both times studied. The ovary 
to blood and ovary to liver ratios were 23 and 14 at 1 day postinjection 
and 138 and 47 a t  4 days postinjection, respectively. The adrenal cortex 
to blood and adrenal cortex to liver ratios were 41 and 24 a t  the 1-day 
interval and 479 and 165 a t  the 4-day interval, respectively. 

Folch Extraction-The results of the Folch extraction studies are 
summarized in Table I1 and Figs. 1 and 2. Greater than 90% of the ra- 
dioactivity in the adrenal cortex was extractable into the lower chloroform 
phase a t  both the 1- and 4-day intervals. The remaining activity was 
found predominantly in the precipitated material, with only trace 
amounts in the upper aqueous phase. At the 1-day interval, 88% of the 
lower phase activity comigrated with the esterified standards; this activity 
increased to 95% by 4 days. While >90% of the radioactivity in the ovary 
also was extractable into the lower phase, only 58% of this activity co- 
migrated with the esterified standards a t  the 1-day interval. Activity that 
comigrated with free sterol standards represented 25% of the lower phase 
activity. However, by 4 days, 86% of the activity was seen in the ester peak 
and only 10.4% was seen in the free sterol peak. Again, the remaining 
radioactivity was associated with the precipitated material. 

For blood and liver samples, only 56-78% of the radioactivity was ex- 
tractable into the lower phase. The remaining activity was found in both 
the precipitate and the upper phase. TLC analysis of the lower phase 
radioactivity showed that two distinct peaks were present; one peak 
corresponded to the free sterol standards, and one corresponded to the 
esterified sterol standards. However, unlike the adrenal gland and the 
ovary, most of the radioactivity was located in the free sterol peak. 

Scintiscan of Female Rats-Attempts to scan the rat 1 day after 

administration of '251-labeled 19-iodocholesterol did not delineate the 
ovary or adrenal gland. Radioactivity present in the nontarget tissues 
of the abdominal cavity (e.g., liver) as well as the adrenal glands and 
ovaries resulted in one large area of abdominal radioactivity. Removal 
of the left ovary and adrenal gland resulted in no detectable change in 
the image. Scintiscan of the rat 4 days after administration of lZ5I-labeled 
19-iodocholesterol (Fig. 3) resulted in the visualization of four areas of 
radioactivity. Removal of the left adrenal gland and ovary resulted in the 
corresponding disappearance of two radioactive areas when the rat was 
rescanned. The percent of dose per gram values for this animal were: 
adrenal, 10.707; ovary, 4.564; and liver, 0.062. 

DISCUSSION 

Results of tissue distribution and Folch extraction studies in rats 
showed that radioactivity was selectively accumulated and retained in 
an esterified form in the ovary as well as in the adrenal cortex following 
administration of lZ5I-labeled 19-iodocholesterol. This finding is con- 
sistent with the reported similarities between the adrenal gland and ovary 
with regard to storage and utilization of cholesterol (3). 

The retention of high levels of radioactivity in the adrenal gland and 
ovary several days after administration provides target to nontarget ratios 
necessary for resolution and visualization of these small organs. Although 
the level of radioactivity in the liver a t  24 hr was considerably lower than 
that in either the adrenal gland or ovary, it was sufficient to interfere with 
imaging. However, after 4 days, the nontarget levels of radioactivity 
dropped significantly so that the target organs could be visualized. 

The extremely high levels of radioactivity in the thyroid were noted 
previously (1) and are thought to be the result of in uiuo deiodination and 
subsequent accumulation of free iodide in the thyroid where it becomes 
protein bound. Evidence for this conclusion lies in the blocking of thyroid 
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Table 11-Percent of Radioactivity * Found in Each Phase following Folch Extraction of Tissue Radioactivity at 1 and  4 Days 
Postadministration of *251-Labeled 19-Iodocholesterol 

Day 1 Day 4 
Tissue PreciDitate Uooer Lower Precioitate UDwr Lower 

5.47 f 2.36b 0.40 f 0.42b 94.14 f 2.48b 9.02 f 3.54b 0.12 f 0.14b 90.87 f 3.65b Adrenal 
14.54 f 4.98 56.47 f 14.02 Blood 19.50 f 4.74 13.87 f 0.96 66.63 f 5.21 29.00 f 13.09 

76.30 f 3.87 Liver 8.83 k 2.00b 13.60 f 2.04* 77.58 f 2.2gb 12.53 f 1.91 11.18 f 2.37 
Ovary 7.89 f 2.21 0.92 f 0.53 91.19 f 1.82 8.81 f 3.71 0.35 f 0.10 90.84 f 3.70 

Each value represents the mean f SD for five rats unless noted. * Four rats. 

uptake of radioactivity by pretreatment with potassium iodide solution 
(1) and in Folch extraction studies where >98% of the thyroid radioac- 
tivity was associated with the precipitated fraction7. 

The TLC systems used gave good separation of the free and esterified 
sterol. No further identification of radioactive products was attempted. 
Therefore, the esterified sterol peak could be made up of 19-iodocho- 
lesterol esterified with different saturated and unsaturated fatty acids. 
Similarly, slight alterations in the sterol portion of the molecule also could 
go undetected. Thus, [W]cholesterol and lz5I-labeled 19-iodocholesterol 
have the same R f  value in these systems. 

Despite these limitations, these studies support the view that 1940- 
docholesterol mimics cholesterol with regard to esterification and storage 
and that this property is a factor in its accumulation and retention for 
long periods in the adrenal cortex and ovary. In addition to its use in 

- 

7R. E. Counsell, N. Korn, R. Langdon, and J. L. McGauley, unpublished 
data. 

adrenal imaging, 19-radioiodinated cholesterol or related compounds 
may have clinical utility for the diagnosis of ovarian disorders. 
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Abstract 0 The Claisen rearrangement of 4-0-allylzearalenone led to 
only one principal product, which was identified as 3-allylzearalenone 
with the aid of photochemical isomerization and PMR spectroscopy. This 
general method is useful for distinguishing %substituted zearalenone 
isomers from 5-substituted isomers. Hydrogenation of 3-allylzearalenone 
gave 3-( I-propy1)zearalanone. 

Keyphrases 0 Zearalenone-ally1 derivatives, synthesis 0 Anabolic 
agents-zearalenone, synthesis of allyl derivatives 

Zearalenone (I), a metabolite of Gibberella zeae, is 
produced uia an industrial fermentation process (1). 
Several derivatives of I were synthesized to enhance its 
anabolic activity (2,3).  Zeranol (VI), a tetrahydro deriva- 
tive, is used commercially as an anabolic agent in feedlot 
steers. The same fungus also produces four structurally 
related minor metabolites, one of which was characterized 
as 3-formylzearalenone (11) (4). 

DISCUSSION 

Isomeric 3- and 5-substituted zearalenones are not distinguished 
readily from each other by standard spectroscopic methods. Bolliger and 
Tamm (4) formylated zearalenone, and extensive PMR spectral scrutiny 
of the resulting 3- and 5-formylzearalenones and their corresponding 
dimethyl ethers led to the unequivocal assignment of Structure I1 to the 
metabolite (4). In another instance, 111, the Kolbe-Schmitt reaction 
product of zearalenone, was subjected to extensive degradation (5). 

This report describes a simple photochemical method coupled with 
PMR spectroscopy for a facile structural assignment. 4-O- Allylzearale- 
none (IV) was subjected to the Claisen rearrangement at  190-195’, and 
the principal product, V (mp 116-118’), was isolated in a 48% yield. It 
was isomerized to 3-allyl-cis-zearalenone (VIII) via the photochemical 
method of Peters (6). In the comparative PMR spectra of V and VIII, the 
upfield shift (13 Hz) of the aromatic proton of C-5 was very distinct, while 
the shifts of the allyl group protons were practically unchanged (6). Such 
an upfield shift of the aromatic proton of C-3 is not expected to occur in 
5-substituted derivatives. The Claisen product thus was identified as 
3-allylzearalenone (V). Low-pressure hydrogenation of VI gave 3-( 1- 
propy1)zearalanone (VII). 

EXPERIMENTAL’ 

4-0-Allylzearalenone (1V)-Compound I (15.9 g, 0.05 mole), allyl 
bromide (24.2 g, 0.2 mole), and potassium carbonate (10.0 g, 0.07 mole) 
were stirred and refluxed in acetone (200 ml) for 8 hr. The filtered inor- 
ganic salts were washed well with more solvent. The combined washings 
and filtrate were evaporated under reduced pressure. The residue was 
crystallized from 2-propanol to give 10 g of IV, mp 123-125’. In the PMR 
spectrum, a peak a t  6 12.00 indicated the presence of the chelated hy- 
droxyl proton a t  the 2-position; the absence of a peak a t  about 6 8.00 of 
the hydroxyl proton at  the 4-position indicated allylation of this site. With 
two aromatic protons at  6 6.38 and 6.48 (J  = 2.5 Hz), the rest of the 
spectrum was consistent with the assigned structure. 

I Melting points (uncorrected) were measured with a Thomas-Hoover apparatus. 
PMR spectra were recorded on a Varian A 60-A instrument in deuterochloroform 
with tetramethylsilane as the internal standard. Elemental analyses were carried 
out by Microanalyses Inc. 

0022-35491 801 0900- 10 17$0 1.001 0 
@ 1980, American Pharmaceutical Association 

Journal of Pharmaceutical Sciences I 1017 
Vol. 69, No. 9, September 1980 



Table 11-Percent of Radioactivity * Found in Each Phase following Folch Extraction of Tissue Radioactivity at 1 and  4 Days 
Postadministration of *251-Labeled 19-Iodocholesterol 

Day 1 Day 4 
Tissue PreciDitate Uooer Lower Precioitate UDwr Lower 

5.47 f 2.36b 0.40 f 0.42b 94.14 f 2.48b 9.02 f 3.54b 0.12 f 0.14b 90.87 f 3.65b Adrenal 
14.54 f 4.98 56.47 f 14.02 Blood 19.50 f 4.74 13.87 f 0.96 66.63 f 5.21 29.00 f 13.09 

76.30 f 3.87 Liver 8.83 k 2.00b 13.60 f 2.04* 77.58 f 2.2gb 12.53 f 1.91 11.18 f 2.37 
Ovary 7.89 f 2.21 0.92 f 0.53 91.19 f 1.82 8.81 f 3.71 0.35 f 0.10 90.84 f 3.70 

Each value represents the mean f SD for five rats unless noted. * Four rats. 

uptake of radioactivity by pretreatment with potassium iodide solution 
(1) and in Folch extraction studies where >98% of the thyroid radioac- 
tivity was associated with the precipitated fraction7. 

The TLC systems used gave good separation of the free and esterified 
sterol. No further identification of radioactive products was attempted. 
Therefore, the esterified sterol peak could be made up of 19-iodocho- 
lesterol esterified with different saturated and unsaturated fatty acids. 
Similarly, slight alterations in the sterol portion of the molecule also could 
go undetected. Thus, [W]cholesterol and lz5I-labeled 19-iodocholesterol 
have the same R f  value in these systems. 

Despite these limitations, these studies support the view that 1940- 
docholesterol mimics cholesterol with regard to esterification and storage 
and that this property is a factor in its accumulation and retention for 
long periods in the adrenal cortex and ovary. In addition to its use in 

- 

7R. E. Counsell, N. Korn, R. Langdon, and J. L. McGauley, unpublished 
data. 

adrenal imaging, 19-radioiodinated cholesterol or related compounds 
may have clinical utility for the diagnosis of ovarian disorders. 
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Abstract 0 The Claisen rearrangement of 4-0-allylzearalenone led to 
only one principal product, which was identified as 3-allylzearalenone 
with the aid of photochemical isomerization and PMR spectroscopy. This 
general method is useful for distinguishing %substituted zearalenone 
isomers from 5-substituted isomers. Hydrogenation of 3-allylzearalenone 
gave 3-( I-propy1)zearalanone. 

Keyphrases 0 Zearalenone-ally1 derivatives, synthesis 0 Anabolic 
agents-zearalenone, synthesis of allyl derivatives 

Zearalenone (I), a metabolite of Gibberella zeae, is 
produced uia an industrial fermentation process (1). 
Several derivatives of I were synthesized to enhance its 
anabolic activity (2,3).  Zeranol (VI), a tetrahydro deriva- 
tive, is used commercially as an anabolic agent in feedlot 
steers. The same fungus also produces four structurally 
related minor metabolites, one of which was characterized 
as 3-formylzearalenone (11) (4). 

DISCUSSION 

Isomeric 3- and 5-substituted zearalenones are not distinguished 
readily from each other by standard spectroscopic methods. Bolliger and 
Tamm (4) formylated zearalenone, and extensive PMR spectral scrutiny 
of the resulting 3- and 5-formylzearalenones and their corresponding 
dimethyl ethers led to the unequivocal assignment of Structure I1 to the 
metabolite (4). In another instance, 111, the Kolbe-Schmitt reaction 
product of zearalenone, was subjected to extensive degradation (5). 

This report describes a simple photochemical method coupled with 
PMR spectroscopy for a facile structural assignment. 4-O- Allylzearale- 
none (IV) was subjected to the Claisen rearrangement at  190-195’, and 
the principal product, V (mp 116-118’), was isolated in a 48% yield. It 
was isomerized to 3-allyl-cis-zearalenone (VIII) via the photochemical 
method of Peters (6). In the comparative PMR spectra of V and VIII, the 
upfield shift (13 Hz) of the aromatic proton of C-5 was very distinct, while 
the shifts of the allyl group protons were practically unchanged (6). Such 
an upfield shift of the aromatic proton of C-3 is not expected to occur in 
5-substituted derivatives. The Claisen product thus was identified as 
3-allylzearalenone (V). Low-pressure hydrogenation of VI gave 3-( 1- 
propy1)zearalanone (VII). 

EXPERIMENTAL’ 

4-0-Allylzearalenone (1V)-Compound I (15.9 g, 0.05 mole), allyl 
bromide (24.2 g, 0.2 mole), and potassium carbonate (10.0 g, 0.07 mole) 
were stirred and refluxed in acetone (200 ml) for 8 hr. The filtered inor- 
ganic salts were washed well with more solvent. The combined washings 
and filtrate were evaporated under reduced pressure. The residue was 
crystallized from 2-propanol to give 10 g of IV, mp 123-125’. In the PMR 
spectrum, a peak a t  6 12.00 indicated the presence of the chelated hy- 
droxyl proton a t  the 2-position; the absence of a peak a t  about 6 8.00 of 
the hydroxyl proton at  the 4-position indicated allylation of this site. With 
two aromatic protons at  6 6.38 and 6.48 (J  = 2.5 Hz), the rest of the 
spectrum was consistent with the assigned structure. 

I Melting points (uncorrected) were measured with a Thomas-Hoover apparatus. 
PMR spectra were recorded on a Varian A 60-A instrument in deuterochloroform 
with tetramethylsilane as the internal standard. Elemental analyses were carried 
out by Microanalyses Inc. 
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I: R ,  = R, = H 
11: R, = H, R, = CHO 
111: R, = H, R, = COOH 
IV: R, = CH,CH=CH,, R, = H 
V: R ,  = H, R, = CH,CH=CH, 

VI: R, = H, R, = AH .._ 
-'OH 

VII: R, = CH,CH,CH,, R, = =O 

VIII 

Anal.-cak. for C21H2605: C, 70.37; H, 7.31. Found: C, 70.63; H, 
7.13. 

3-Allylzearalenone (V)--Compound IV (5.0 g) was placed in an oil 
bath maintained a t  190-195" for 5 hr. TLC examination revealed only 
one principal product. The melt was chromatographed over a silica gel 
column2 (100 g, 28 X 3.3 cm) and eluted with benzene and chloroform 
mixtures of increasing polarity. The fractions containing the product were 
evaporated together, and V was crystallized from methanol-water to give 
2.5 g of white crystals, mp 116-118O. In the PMR spectrum, only one 

Baker No. 3404. 

aromatic proton appeared as a singlet a t  6 6.48 and two peaks of phenolic 
proton resonances appeared a t  6 12.00 and 8.64. The C-1' olefinic proton 
appeared as a doublet a t  6 7.12 ( J  = 15 Hz). 

Anal.-calc. for C~IH?,~OS: C, 70.37; H, 7.31. Found: C, 70.47; H, 
7.33. 

3-Allyl-cis-zearalenone (VII1)-Compound V (1.3 g) was pho- 
toisomerized3 in methanol (100 ml) for 60 hr according to the method of 
Peters (6). Evaporation gave a glassy substance (1.2 g), which could not 
be purified by crystallization. The peak ratio of the C-5 aromatic protons 
in the PMR spectrum (deuterium oxide was added to remove the inter- 
fering resonance of the C-4 phenolic proton) indicated a 90-9570 con- 
version. The singlet resonance of the C-5 aromatic proton appeared a t  
6 6.26, and the doublet resonance of the C-1' olefinic proton ap- 
peared at 6 6.65 ( J  = 12 Hz). This observation was consistent with that 
of  Peters (6). 

3 4  1-Propy1)zearalanone (VI1)-Compound V (1.0 g) was hydro- 
genated under 50 psi in methanol (100 ml) for 3 hr in the presence of 
palladium-on-carbon (59'0,O.l 9). The catalyst was removed uia filtration, 
and the filtrate was evaporated under reduced pressure. The residue was 
crystallized from methanol-water to yield 1.1 g of white crystals, mp 
161-162.5'. There were no resonances of olefinic protons in the PMR 
spectrum. The singlet resonance of the C-5 aromatic proton appeared 
at  6 6.27, and the pseudotriplet resonance of the methyl protons (of the 
propyl group) appeared a t  6 1.00 ( J  = 6 Hz). 

Anal.-calc. for C ~ I H : ~ " O ~ :  C, 69.58; H, 8.34. Found: C, 69.70; H, 
8.40. 
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The photoisomerization process does not need to be complete. For example, 
the shifts at 6 6.48 and 6.26 of the C-5 aromatic protons were distinct in the PMR 
spectrum of the reaction mixture containing approximately equal amounts of V 
and VI11. 
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Abstract Carbocyclic analogs of arabinofuranosylguanine (VII) and 
2,6-diamino-9-P-arabinofuranosylpurine (VIII) and the corresponding 
8-azapurine analogs, 5-amino-7-hydroxy-3-[2a,3P-dihydroxy-4a-(hy- 
droxymethyl)cyclopent-la-yl]-v-triazolo[4,5-d]pyrimidine (X) and 
5,7-diamino-3-[2cu,3P-dihydroxy-4a - (hydroxymethy1)cyclopent - la-yl] - 
v-triazolo[4,5-d]pyrimidine (XI), were prepared. Carbocyclic nucleoside 
analogs VII and X exhibited significant cytotoxicity against P-388 mouse 
leukemia cells in culture. In  uitro testing against herpes simplex type 1 
(strain HF) indicated that only VIII exhibited significant antiviral ac- 
tivity. 

Keyphrases 0 Arabinosylpurine nucleosides-carbocyclic analogs, 
synthesis and evaluation for antitumor and antiviral activity 0 Antitumor 
activity-carbocyclic analogs of arabinosylpurine nucleosides, synthesis 
and testing Antiviral activity-carbocyclic analogs of arabinosylpurine 
nucleosides, synthesis and testing 

The significant antiviral and antitumor activities ex- 
hibited by the adenosine deaminase-resistant carbocyclic 
analog of arabinofuranosyladenine (1) prompted the 
synthesis of a variety of carbocyclic arabinosylpurine nu- 
cleosides. Recent studies with other antiviral nucleosides 
suggested that purine derivatives other than adenine 
should be explored in cases where an adenine nucleoside 
exhibits antitumor or antiviral properties (2,3). In the case 
cited, the antiviral activity of the guanine analog in a series 
of 9- (2-hydroxyethoxymethy1)purines was two orders of 
magnitude greater than that of the corresponding adenine 
analog. In addition, Elion et al. (4) demonstrated high 
antiviral activity with 2,6-diamino-9-P-arabinofurano- 
sylpurine. However, this analog was deaminated rapidly 
by adenosine deaminase. These results provide an excel- 
lent rationale for the synthesis of the guanosine and 2,6- 
diaminopurine derivatives of carbocyclic arabinosyl nu- 
cleosides. 

RESULTS AND DISCUSSION 

The synthesis of the carbocyclic purine nucleosides is outlined in 
Scheme I1. Condensation of (f)-4cu-amino-2~,3a-dihydroxy-la-cyclo- 
pentanemethanol (I) (1) with 2-amino-4,6-dichloropyrimidine (11) gave 
the corresponding pyrimidinylamino derivative (111). The 5-(p-chloro- 
pheny1azo)pyrimidine (IV) was prepared with p-chlorobenzenediazonium 
chloride by the method of Shealy and Clayton (5). Reduction of IV with 
zinc and acetic acid gave the pyrimidine V, which subsequently was 
converted to the 9-substituted 2-amino-6-chloropurine (VI) by ring 
closure with diethoxymethyl acetate and subsequent mild acid hydrolysis. 
Treatment of VI with 1 N HCl under reflux conditions gave carbocyclic 
arabinosylguanine (VII), while treatment of VI with liquid ammonia gave 
carbocyclic arabinosyl2,6-diaminopurine (VIII). 

The 8-azapurihe analogs were obtained as illustrated in Scheme 11. 
Ring closure of V with sodium nitrite and hydrochloric acid gave an ex- 
cellent yield of (f)-5-amino-7-chloro-3-[2a,3~-dihydroxy-4a-(hy- 
droxymethyl)cyclopent-la-yl]-v-triazolo[4,5-d]pyrimidine (IX). Acid 
hydrolysis of IX gave the 8-aza analog (X) of carbocyclic arabinosyl- 
guanine, whereas treatment of IX with liquid ammonia gave the 8-aza 
analog (XI) of carbocyclic arabinosyl2,6-diaplinopurine. 

The EDw cytotoxicity concentrations of VI-XI in P-388 mouse leu- 
kemia cell'culture are listed in Table I. Carbocyclic arabinosylguanine 

Structures I-XI depict only one enantiomer of the racemic form that actually 
was obtained. 
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(VII) and 8-aza carbocyclic arabinosylguanine (X) exhibited significant 
cytotoxicities in this assay. All purine analogs were examined for in uitro 
antiviral activity against herpes simplex virus type 1 (strain HF) by 
quantitating the inhibition of virus-induced cytopathogenic effects in 
infected cultures. 

The virus was propagated and assayed for infectivity in continuous- 

Table  I-Inhibitory Concentrations of Carbocyclic Purine 
Arabinosides for P-388 Leukemia Cells in Cul ture  

Compound EDSOr PM 

VI 
VII 

VIII 
IX 
X 

XI 

166.0 
4.6 

251.0 
33.3 
6.5 

258.0 
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6 H  
Ix X : R = O H  

XI: R = NH, 
Scheme I1  

passage, human epidermoid carcinoma of the larynx (H. Ep.-2) cells. 
Virus ratings were calculated for the activity of each compound using a 
modification of the method of Ehrlich et al. (6) that was described pre- 
viously (7, 8). Only the carbocyclic arabinosyl2,6-diaminopurine analog 
(VIII) exhibited significant antiviral activity with a virus rating of 
1.5'. 

EXPERIMENTAL3 

TLC was performed using 0.25-mm layers of silica gel4, and column 
chromatography was performed on silica gel". PMR spectra were taken 
with a 60-MHzfi or 10@MHz7 spectrometer with tetramethylsilane as the 
internal standard. Melting points were determined in capillaries with 
a melting-point blockB and are uncorrected. 

(&)-2-Amino-4- N-[ 2u,3fl-dihydroxy-4t-(hydroxymethyl)cyclo- 
pent-la-yl]amino-6-chloropyrimidine (111)-A mixture of ami- 
noalcohol I [obtained from hydrolysis of 20 mmoles of (fI-4cu-acet- 
amido-2~,3a-diacetoxy-la-cyclopentanemethyl acetate as described in 
Ref. 11, 2-amino-4,6-dichloropyrimidine (4.92 g, 30 mmoles), and tri- 
ethylamine (20 ml) in 1-butanol(100 ml) was refluxed under nitrogen 
gas for 2 days (9). The solvent was removed under reduced pressure, and 
the residue was dissolved in water (200 ml). The aqueous solution was 
washed with methylene chloride (2 X 200 ml) to remove excess 2- 
amino-4,6-dichloropyrimidine. The aqueous solution was stirred briefly 
with anion-exchange resing (40 ml), evaporated under reduced pressure, 
and azeotroped with absolute ethanol to dryness. 

The liquid residue was dissolved in methanol-methylene chloride (1:4, 
20 ml) and refrigerated. A pale-yellow crystalline product was collected 
by filtration, and recrystallization from methanol-methylene chloride 
(1:l) gave 111 as white granules (4.3 g, 78% from the acetamido acetate), 
mp 189-190'; UV: A,,, (c X 310 (9.0), 274 (11.4), 238 (17.0), and 
210 (28.0) in 0.1 N HC1,284 (11.5), 239 (13.0), and 210 (30.0) in water, and 
284 (11.3) and 236 (13.3) in 0.1 N NaOH; IR (KBr): 3500-3200 (NH and 
OH), 1640 (NH), and 1585 (C=C and C=N) cm-'; PMR (100 MHz, di- 
methyl sulfoxide-d~): d 1.1-2.2 (m, 3!3, CH and CHz), 3.1-3.8,4.0-5.1 (m, 
all other protons with water in the solvent), 5.87 (s, lH,  H a t  pyrimidine 
C-5), 6.33 (s, 2H, NH1), and 6.74 (broads, lH ,  NH). 

Anal.-Calc. for C10H15ClN403: C, 43.72; H, 5.50; C1,12.91; N, 20.40. 
Found: C, 43.51; H, 5.41; C1, 12.94; N, 20.24. 

( f )-%-Amino-l-N-[ 2a,3&dihydroxy-4~ - (hydroxymethy1)cyclo- 
pent-la-yl]amino-5-p-chlorophenylazo-6-chloropyrimidine (IV) 
-A cold (0-5") solution of p-chlorobenzenediazonium chloride was 
prepared by adding a solution of sodium nitrite (0.65 g, 9.5 mmoles) in 
water (5 ml) to a solution of p-chloroaniline (1.15 g, 9 mmoles) dissolved 
in 12 N HCl(5 ml) and water (15 ml) and cooled in an ice-salt bath (5). 
The cold solution of p-chlorobenzenediazonium chloride was added 
dropwise to a mixture of 111 (2.15 g, 7.8 mmoles), sodium acetate trihy- 
drate (17 g), acetic acid (40 ml), and water (40 ml) a t  room temperature. 
A yellow precipitate formed immediately, but the reaction mixture was 
stirred a t  room temperature overnight. The mixture was cooled in an ice 

2 Virus rating'(VR) is a weighted measurement of antiviral activity based on the 
in oitro inhibition of virus-induced cytopathogenic effects and the cytotoxicity 
exhibited by the drug as described in Ref. 6. A VR of >1.0 indicates definite (+) 
antiviral activity, and a VR of <0.5 indicates no (-) apparent antiviral activity. 

Elemental analyses were performed by M-H-W Laboratories, Phoenix, 
Ariz. 

Merck 60 F-254. 
Merck 60. 

6 Varian A-60D and T-60. 
7 Varian XL-100. 

Mel-Temp apparatus. 
Amberlite IRA-400 (OH-).  

bath; the yellow precipitate was filtered, washed with cold water, and 
dried. 

The solid product was crystallized from methanol to yield yellow 
crystals (2.5 g, 77.6%, mp 243-246'), which were homogeneous by TLC 
and were used for the next reaction without further purification. An 
analytical sample of IV was obtained by recrystallization from methanol, 
mp 256-258'; UV: Amax (c X 372 (27.6), 266, and 228 (24.0) in 0.1 
N HC1,386 (29.8), 278 (11.6), and 226 (17.5) in water, and 386 (30.5) and 
267 (13.8) in 0.1 N NaOH; IR (KBr): 3450-3100 (OH, NH), 1650 (NH), 
and 1570 (C=C and C=N) cm-'; PMR (100 MHz, dimethyl sulfoxide- 
d6): 6 1.15-2.43 (m, 3H, CH:! and CH in cyclopentane ring), 3.29-3.92 (m, 
5H, 3 CH, OH, and HOD),4.33-4.72 (m, 2H,CH2), 4.85and 5.51 (2d, 2H, 
2 OH), and 7.37-7.91 (m, 7H, aromatic, NH2, and NH). 

Anal.-Calc. for C16H&l2N60~: c, 46.50; H, 4.39; c l ,  17.16; N, 20.34. 
Found: C, 46.55; H, 4.38; C1,17.42; N, 20.23. 

(f)-2.5-Diamino-4- N-[2~,3fl-dihydroxy-4~ - (hydroxymethy1)- 
cyclopent-la-yl]amino-6-chloropyrimidine (V)-A mixture of IV 
(2.5 g, 6.1 mmoles), zinc dust (200 mesh, 4 g), and acetic acid (2 ml) in 
ethanol (100 ml) and water (100 ml) was refluxed under nitrogen until 
the yellow color of IV disappeared (5 hr) (5). Excess zinc was removed 
by filtration, and the solvent was evaporated under reduced pressure. 
The brown residue was dissolved in water (150 ml), and the aqueous so- 
lution was washed with methylene chloride to remove p-chloroaniline. 
After removal of water under reduced pressure, the residue was dissolved 
in ethanol-ethyl acetate and the solution was refrigerated overnight. 

Filtration and dryness gave a crude brown productlo (1.545 g, mp 
213-215'). Repeated crystallization (three times) from water-ethanol 
(1:4) gave V as a slightly pink powder, mp 236-238'; UV: Amax (c X 
298 (7.9) and 234 (18.9) in 0.1 N HCl, 302 (9.3), 242,226, and 202 (19.1) 
in water, and 302 (9.0) and 244 in 0.1 N NaOH; IR (KBr): 34W3200 (NH 
and OH), 1650, 1615, 1575, 1505, and 1470 cm-'; PMR (100 MHz. di- 
methyl sulfoxide-d6): 6 0.82-2.17 (m, 3H, CHz and CH in cyclopentane 
ring), 3.1-3.8 and 4.0-4.82 (m, other protons with HOD), 5.40 (broads, 
2H, NH1), and 5.87 (d, lH ,  NH). 

Anal.-Calc. for C10H&lN503: C, 41.45; H, 5.57; C1,12.24; N, 24.17. 
Found: C, 41.64; H, 5.68 C1,12.05; N, 24.39. 
(f)-2-Amino-6-chloro-9-[2~,3fl-dihydroxy-4~ - (hydroxymeth- 

y1)cyclopent-la-yllpurine (V1)-Compound V (200 mg, 0.7 mmole) 
in diethoxymethyl acetate (20 ml) was stirred a t  room temperature for 
1 hr, and the clear solution was heated at  80' for 24 hr with stirring. The 
solvent was removed under reduced pressure, and the oil residue was 
dissolved in 0.5 N HCl(10 ml) and stirred at room temperature for 30 
min. The reaction solution was neutralized with anion-exchange resing 
(pH 7-8), and the water was evaporated and azeotroped with absolute 
ethanol. The residue was purified by passing it through a silica gel column 
with methanol-methylene chloride (3:17) as the eluent. 

Evaporation of the solvent of the corresponding fraction left 145 mg 
(69%) of a pink solid, mp 208-209', which was homogeneous by TLC. 
Recrystallization from methanol-methylene chloride gave the analyti- 
cally pure VI as a pink powder, mp 209-210"; UV: A,,, (c X 312 
(7.0), 242, and 218 (29.2) in 0.1 N HCI, 306 (8.2), 246, and 222 (28.2) in 
water, and 306 (8.1) and 246 in 0.1 N NaOH; IR (KBr): 3490,3350 (br), 
3220,1658 (NH), 1610,1565 (C=C and C=N), and 1035 ( C z O )  cm-I; 
PMR (100 MHz, dimethyl SUlfOXide-d6): 6 1.65-2.35 (m, 3H, CH2 and 
CH in cyclopentane ring), 3.11-4.01,4.41-5.31 (CH20,2 CHO, CHN, 3 
OH, and HOD in dimethyl sulfoxide-d,j), 6.86 (s, 2H, NHz), and 8.12 (s, 
l H ,  H a t  purine C-8). 

Anal.-Calc. for CllH14ClN503: C, 44.08; H, 4.71; C1,11.83; N, 23.37. 
Found: C, 44.24; H, 4.78; C1, 11.93; N, 23.50. 
(f)-9-[2a,3~-Dihydroxy-4a-(hydroxymethyl)cyclopent - la- 

yllguanine (VI1)-A solution of VI (146 mg, 0.49 mmole) in 1 N HC1 
(10 ml) was refluxed for 5 hr, and then the water was evaporated and 
azeotroped with absolute ethanol. The liquid residue was dissolved in 
a small amount of water, and the solution was neutralized (pH 6-7) with 
6 N NaOH. The white precipitate formed immediately, but the solution 
was refrigerated for 1 hr. The solid product was collected by filtration 
and washed with cold water to yield 130 mg (94.3%) of a white powder, 
mp 290-293". 

Recrystallization from water gave VII as a white powder, mp 292-294'; 
U V  A,, (t X 227 (sh) and 252 (14.1) in 0.1 N HCI, 270 (sh) and 251 
(13.5) in water, and 267 (12.0) and 254 (sh) in 0.1 N NaOH; IR (KBr): 
3470,3320,3210,2940-2500 (br), 1735 (C=O), 1630, and 1610 cm-I; PMR 
(100 MHz, dimethyl sulfoxide-d6): 6 1.6-2.3 (m, 3H, CH2 and CH in cy- 
clopentane ring), 3.31 (s, OH and HOD), 3.4-3.9 (m, 4H, CHO, CHN, and 

10 The crude brown products usually were contaminated with zinc acetate di- 
hydrate (mp 237") so that yields were variable. 
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CH20),4.56-5.20 (m,4H,3 OH and CHOh6.38 (s,2H, NHd,and 7.68 
(s, l H ,  H at  purine C-8). 

Anal.-Calc. for CllHIGN&Oa: C. 46.97: H. 5.38 N. 24.90. Found: C. _ _  ._ - . I , .  , .  
46.74; H, 5.42; N, 24.89. 

la-ylladenine (VII1)-The chloropurine VI (390 mg, 1.3 mmoles) was 
stirred in excess liquid ammonia in a steel bomb at  75' for 42 hr. The 
bomb was cooled in a dry ice bath, and the reaction'mixture was trans- 
ferred to a beaker using methanol. The ammonia was allowed to evaporate 
a t  room temperature, and evaporation of methanol left a white 
powder. 

Crystallization from water gave VIII as pink crystals (323 mg, 83.3%), 
mp 266-268"; UV: A,,, (t X 10-3) 290 (11.0),251 (12.7), and 216 (27.0) 
in 0.1 N HCI, 280 (10.5), 254 (8.7), and 214 (273). in water, and 279 (11.5) 
and 254 (9.4) in 0.1 N NaOH; IR (KBr): 3470, 3410, 3330, 3210, 3130, 
290CL2500 (br), 1670,1630, and 1600 (NH, C=C and C=N) cm-'; PMR 
(100 MHz, dimethyl sulfoxide-ds): 6 1.71-2.31 (m, 3H, CH:! and CH in 
cyclopentane ring), 3.27-3.91 (m, 8H, CHO, CNH, CH20, and HzO), 
4.57-5.33 (m,4H,3 OH and CHO),5.77 (s,2H,NH:!),6.63 (s,2H, NHz), 
and 7.71 (s, lH,  H a t  purine C-8). 

Anal.-Calc. for CllH1,jN60~H20: C, 44.28; H, 6.0s; N, 28.18. Found: 
C, 44.04; H, 6.12; N, 28.56. 
(f)-5-Amino-7-chloro-3-[2a,3~-dihydroxy-4a-(hydroxymethyl)- 

cyclopent-la-yl]-v-triazolo[4,5-d]pyrimidinc (1X)-A solution of 
V (180 mg, 0.62 mmole) in 1 N HCI (1.3 ml) and water (4 ml) was cooled 
in an ice-salt bath, and sodium nitrite (45 mg, 0.65 mmole) was added 
with stirring. After 5 min (the solution was frozen), the ice-salt bath was 
removed and the solution was stirred a t  room temperature for 1 hr. The 
reaction solution was neutralized with sodium bicarbonate (109 mg, 1.3 
mmoles) and then evaporated to  dryness by azeotroping with absolute 
ethanol. The remainder was passed through a silica gel column with 
methanol-methylene chloride (1:4) as the eluent and gave a solid product 
(152 mg, 82%), mp 209-210'. 

Recrystallization from methanol gave IX as a white powder, mp 210' 
dec.; UV: Amax (t X 314 (7.5) and 223 (27.0) in 0.1 N HCI, 314 (7.5) 
and 223 (22.9) in water, and 276 (12.4) in 0.1 N NaOH; IR (KBr): 3360, 
3320,3200 (OH and NH), 2960,2920,1640 (NH), 1600,1570,1510 (C=C 
and C=N), and 1110 ((2-0) cm-I; PMR (100 MHz, dimethyl sulfox- 
ide-de): 6 1.80-2.46 (m, 3H, CH and CH2 in cyclopentane ring), 3.40414 
(m, 4H, CHO, CHN, and CH:!O), 4.54-5.14 (m, 4H, CHO and 3 OH), and 

Anal.-Calc. for C10H13ClN603: C, 39.93; H, 4.35; C1,11.79; N, 27.95. 
Found: C, 39.66; H, 4.31; C1, 11.79; N, 28.03. 
(f)-5-Amino-7-hydroxy-3-[ 2a,3&dihydroxy-4a-( hydroxymeth- 

yl)cyclopent-la-yl]-v-triazolo[4,5-d]pyrimidine (X)-A solution 
of IX (139 mg, 0.46 mmole) in 10 ml of 1 N HC1 was refluxed for 5 hr, and 
the solvent was removed under reduced pressure and azeotroped with 
absolute ethanol. The solid residue was dissolved in a small amount of 
water, and the aqueous solution was refrigerated. Filtration afforded a 
fine crystalline product (pale brown, 80 mg, 62%), mp 210-215'. 

Recrystallization from water gave X as pale-brown fine crystals, mp 
215-217' (shrinking) and 275277' dec.; U V  A,, ( 6  X 270 (sh) and 

(f)-2-Amino-9-[2a,3~-dihydroxy-4a-(hydroxymethyl)cyclopent- 

7.56 (s, 2H, NH2). 

252 (15.2) in 0.1 N HCI, 270 (sh), 252 (13.5), and 202 (24.0) in water, and 
277 (13.0) in 0.1 N NaOH; IR (KBr): 3480,3400,3360,3300,3200 (OH 
and NH), 2940,2880,2800,2740,1700 (C=O), 1640,1590,1530 (C=C 
and C=N), and 1035 (C-0) cm-l; PMR (100 MHz, dimethyl sulfox- 
ide-d6): 6 1.70-2.44 (m, 3H, CH and CH2 in cyclopentane ring), 3.34 (s, 
OH and HOD), 3.40-4.10 (m, 4H, CHO, CHN, and CHzO), 4.46-5.00 (m, 
4H, 3 OH and CHO), and 6.80 (s, 2H, NH2). 

Anal.-Calc. for C10H14N604: C, 42.55; H, 5.00; N, 29.78. Found: C, 
42.21; H, 5.07; N, 29.52. 
(f)-5,7-Diamino-3-[2a,3&dihydroxy - 4a.- (hydroxymethy1)cy- 

clopent-la-yl]-v-triazolo[4,5-d]pyrimidine (XI)-The chloro com- 
pound IX (202 mg, 0.67 mmole) was shaken with excess liquid ammonia 
in a steel bomb a t  room temperature for 2 days. Evaporation of ammonia 
left a solid residue, which was dissolved in hot water (10 mi). Refrigeration 
of the aqueous solution yielded a solid product (147 mg, 75.6%), mp 
245-247'. 

Recrystallization from water afforded XI as a white powder, mp 
260-262'; UV: A,,, (c X 282 (9.2), 252 (13.0), and 211 (32.8) in 0.1 
N HCI, 283 (11.7), 250 (sh), and 222 (27.2) in water, and 283 (12.6) and 
254 (sh) in 0.1 N NaOH; IR (KBr): 3500,3400,3320,3140 (OH and NH), 
2940,2880,1675 (NH), 1610,1490 (C=C and C=N), and 1050 (C-0) 
cm-I; PMR (100 MHz, dimethyl sulfoxide-ds): 6 1.76-2.40 (m, 3H, CH2 
in cyclopentane ring), 3.40-4.12 (m,  4H, CHO, CNH, and CH20). 
4.50-5.04 (m, 4H, 3 OH and CHO), 6.28 (s, 2H, NHy), and 7.46 (s, 2H, 
NHd. 

Anal.-Calc. for C ~ ~ H I S N ~ O ~ * ~ / ~ H Z O :  C, 41.37; H, 5.56; N, 33.78. 
Found: C, 41.62; H, 5.56; N, 33.63. 
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Abstract  b N-(y-L-Glutamy1)adamantanine (Ic) and N-hydroxy- 
adamantanine (Ib) were synthesized as latentiated forms of the trans- 
port-inhibitory cu-amino acid adamantanine (Ia), and their biological 
properties were evaluated. Inhibition of the growth of P-388 tumor cells 
by Ih was comparable with that of the antitumor agent N-hydroxycy- 
cloleucine (IIb). In rontrast, Ic was inactive in this system, presumably 
because it was not a substrate for y-glutamyltranspeptidase. Neverthe- 
less, the concept proposed here of using the enzyme, y-glutamyltrans- 
peptidase, to latentiate drugs in oivo by synthetic y-glutamylation of an 
amino or hydroxyl group on the drug molecule appears to be worthy of 
further exploration. 

Keyphrases 0 Adamantanine-synthesis of latentiated forms and bi- 
ological evaluation 0 Antitumor activity-latentiated forms of ada- 
mantanine, synthesis and biological evaluation o Transport inhibi- 
tors-latentiated forms of ru-amino acid adamantanine, synthesis 

The tricyclo aliphatic a-amino acid adamantanine (2- 
aminoadamantane-2-carbqxylic acid, Ia), a structural 
analog of the transport-inhibitory and antitumor amino 
acid cycloleucine (IIa), is highly effective in inhibiting the 
transport of ],-methionine and I,-leucine into Ehrlich as- 
cites carcinoma cells in vitro (1). However, the bioavail- 
ability of Ia is compromised severely by its extreme in- 
solubility. Accordingly, methods to convert Ia systemati- 
cally to latentiated forms have been sought. The C-ter- 
minal and N-terminal glycine and leucine conjugates (di- 
peptides) of Ia were inactive, reflecting the inertness of 
these derivatives to cleavage by leucine aminopeptidase 
(2). 

BACKGROUND 

tr-Amino acids and certain natural products that  are conjugated on 
the amino group as y-L-glutamyl derivatives can be considered as la- 
tentiated forms of the amino acid or natural product, since the y-glutamyl 
group can be cleaved in uioo by y-glutamyltranspeptidase, an enzyme 
that is abundant in transport-active organs such as the kidneys (3). 
Synthetic N-(y-glutamy1)-a-amino acids were shown to be substrates 
for y-glutamyltranspeptidase to varying degrees (4-6). N4-( 1-Hydrox- 
ycyclopropy1)-L-glutamine, a compound found in the edible mushroom 
species Coprinus atrarnentarius, inhibits aldehyde dehydrogenase in 
vivo but not i n  uitro (7). N-(y-rJ-Glutamyl)dopamine (8) and N-(y-L- 
glutamy1)levodopa (9), both prodrugs of dopamine, have demonstrable 
renal vasodilator activities due to the release of the dopamine moiety in 
uiuo. 

I 
R 

I a : R = H  
Ib :  R = O H  
Ic: R = COCH,CH,CHCOOH 

I 
NHl 

I I a : R =  H 
IIb: R = O H  

N-Hydroxylated a-amino acids (a-hydroxyamino acids) also can be 
considered as precursors of the respective amino acids since the latter 
compounds can be generated on reduction of the hydroxyamino function 
in uiuo. The antitumor agent 1-hydroxyaminocyclopentanecarboxylic 
acid (N-hydroxycycloleucine, IIb) is active against Ehrlich ascites car- 
cinoma cells in uioo (10) and L-1210 leukemia (11); although no precise 
data are available to suggest the conversion of IIb to IIa, rat liver contains 
an enzyme that can reduce N-alkylhydroxyamines to the corresponding 
N-alkylamines (12). 

Based on these considerations, several derivatives of Ia, the y-glutamyl 
derivative N-(y-glutamy1)adamantanine (Ic) and the N-hydroxylated 
analog N-hydroxyadamantanine (Ib), were synthesized as latentiated 
forms. These compounds were evaluated with respect to their ability to 
be released or converted to Ia by enzymatic action. 

EXPERIMENTAL’ 

Chemistry-N- (y-L-GlutamyUadamantanine (Ic) was synthesized 
by coupling N-phthaloyl-L-glutamic anhydride (111) with the N,O-bis- 
(trimethylsilyl) derivative of adamantanine (IV), both prepared in situ 
(Scheme I). The procedure for the preparation of 111 was a modification 
(13) of the method of King and Kidd (14). Hydrazinolysis of the phthaloyl 
group of a-N-phthaloyl-y-L-glutamyladamantanine (V) afforded Ic in 
a 74% yield. The fact that  Ic was a y-glutamyl peptide and not the iso- 
meric a-peptide can be assessed by the method of synthesis, a procedure 
known to yield y-glutamyl peptides (15), and was verified by chemical- 
ionization mass spectrometryz. 

N-Hydroxyadamantanine (Ib) was prepared uia a three-step procedure 
(16-18) from adamantan-2-one oxime (VI) (Scheme 11). Addition of 
hydrogen cyanide to VI gave 2-hydroxyamino-2-cyanoadamantane (VII), 
which was hydrolyzed successively to the carboxamide (VIII) with cold 
concentrated sulfuric acid and then to the desired Ib under more vigorous 
conditions. 

Attempts to hydrolyze VII in one step to Ib at elevated temperatures 
led to considerable decomposition and reversion (19) to adamantan-2- 
one. Compound Ib was stable to acid but rapidly decomposed above pH 
8, an alkaline instability typical for a-hydroxyamino acids (17). Com- 
pound Ib also gave a strong color test for hydroxylamine with triphen- 
yltetrazolium chloride (20) and gave a quasimolecular ion (MH+, base 
peak) a t  the expected mle 212 on chemical-ionization mass spectrom- 
etry. 

cy-N-Phthaloyl- y-L-glutamyladamantanine (V)-To  a solution of 
N-phthaloyl-L-glutamic acid (14) (19.25 g, 0.069 mole) in tetrahydrofuran 
(250 ml) was added dicyclohexylcarbodiimide (14.33 g, 0.070 mole), and 
the reaction mixture was stirred a t  room temperature for 2 hr. The 
mixture then was filtered. The filtrate was added to a solution of the 
trimethylsilyl derivative (IV), which was prepared i n  situ by heating Ia 
(13.56 g, 0.069 mole) and N,0-bis(trimethylsily1)trifluoroacetamide (17.88 
g, 0.069 mole) in 300 ml of acetonitrile under reflux for 2 hr. Heating under 
reflux was continued for 2 hr, and the solvent was evaporated to dry- 
ness. 

The residue was suspended in 300 ml of water, and the solution was 
brought to pH 10 with 5% NaZC03 solution. Ether (200 ml) was added 

Melting points were determined on a Mettler FP-2 hot-stage apparatus and 
are corrected. All solvent evaporations were carried out in uncuo on a mechanical 
rotating evaporator using a water aspirator. Microanalyses were performed by 
Galhraith Laboratories. Knoxville, Tenn. IR spectra were determmed on a Heckman 
1R-10 IR spectrophotometer, and the chemical-ionization mass spectra were pro- 
vided by Dr. R. Foltz. Battelle Columbus Laboratories, Columbus, Ohio, using an 
AEI-MS-902 mass spectrometer equipped with an SKIC model CIS-2 combined 
chemical-ionization-electron-ionization ion source. 

R. Foltz, Battelle Columbus Laboratories, Columbus, Ohio, personal commu- 
nication. The diagnostic value of chemical-ionization mass spectrometry for dis- 
tinguishing y-glutamyl dipeptides from the isomeric n-glutamyl dipeptides will 
be discussed in a separate report. 
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Table I-Formation of y-Glutamylhydroxamate Catalyzed by 
y-Glutamyltranspeptidase 

y -Glutamylhydroxamate Formed, 
gmoleshg of proteinho min y-Glutamyl Donor 

Ic, 10 mM <0.02 

Glutathione + Ic, both at  10 mM 
Glutathione, 10 mM 4.62 

4.79 

t 

1. couple. 
acetonitrile 

b 

2. water 

hydrazine 

ethanol 
- Ic 

v 
Scheme 1 

to the cloudy solution, and the three-phase system which contained solids 
was filtered. The collected solids were dissolved in fresh pH 10 aqueous 
sodium carbonate, and the solution was extracted with ether. The alkaline 
aqueous phases were combined, concentrated to remove the ether, and 
then acidified to pH 3 to precipitate V, which was collected and air dried 
to yield 23.4 g (74%), mp 135-137". 

Anal.-Calc. for C Z ~ H Z ~ N ~ O ~ . H Z O  C, 61.01; H, 5.97; N, 5.93. Found: 
C, 61.18; H, 5.80; N, 5.94. 
N-(y-L-Glutamyl)adamantanine (Zc)-Compound V (6.00 g, 0.013 

mole) was dephthaloylated by heating it with 95% hydrazine (0.440 g, 
0.013 mole) in 100 ml of ethanol for 2 hr. After evaporation of the solvent 
to dryness, the residue was extracted four times with 50 ml of boiling 
water. The aqueous extracts were combined, heated to boiling, and then 
filtered to remove residual solids, and the filtrate was evaporated nearly 
to dryness. The residue was suspended in 50 ml of hot ethanol, and the 
insoluble solids (1.25 g) were collected by filtration. 

Concentration of the filtrate gave a total of 2.70 g of additional solids 

VI 

I 
OH 

VII 

1. 36 N H I S O ,  

2. 6 N H C l .  
w 

1 ooo 

OH 
Ib: X = OH 

VIII: X = NH, 

in three successive crops. Since the latter solids were yellow, they were 
dissolved in 50% ethanol and decolorized with charcoal. The decolorized 
solution was evaporated to dryness, and the solid residue was recrystal- 
lized from ethanol-acetone. This recrystallized product was combined 
with the 1.25 g of product isolated earlier and once again was recrystal- 
lized from ethanol-water to give a powder. This powder was dried under 
vacuum at 75" to give 2.78 g (63% yield), mp 220-224'; [a13 +18.3" (c, 
1.0 mg in 1.0 N HC1, calculated as the monohydrate). 

Anal.-Calc. for C ~ ~ H Z ~ N ~ O ~ - H ~ O :  C, 56.13; H, 7.65; N, 8.18. Found: 
C, 56.01; H, 7.45; N, 7.87. 
2-Hydroxyamino-2-cyanoadamantane (Vl1)-To a 500-ml glass 

pressure-reaction bottle were added adamantan-2-one oxime (VI) (21) 
(25.0 g, 0.15 mole), monobasic potassium phosphate (120 g, 0.88 mole), 
100 ml of water, 25 ml of ethanol, and 25.0 g (0.51 mole) of sodium cya- 
nide. The bottlewas sealed with a silicone rubber stopper fitted with a 
dial thermometer and placed in a shaking apparatus. The reaction mix- 
ture was heated gradually with shaking to 70" over 30 min, and the 
temperature was maintained at  70-78' for another 30 min. 

The reaction mixture then was cooled, diluted with 2 liters of water, 
and continuously extracted with chloroform in a liquid-liquid extractor 
for 4 hr. The chloroform extract was treated with charcoal, and the solvent 
was evaporated to dryness. The yellow residue was dissolved in methylene 
chloride, and the solution was treated again with charcoal and filtered. 
The filtrate was concentrated to -20 ml and diluted with 40 ml of hexane 
to give 5.70 g (19.8% yield) of pale-yellow crystals, mp 141-142O; IR 
(potassium bromide): 3455 (OH), 3270 (NH), and 2210 (CN) cm-'. 

Anal.-Calc. for C l l H ~ N 2 0 :  C, 68.72; H, 8.39; N, 14.57. Found: C, 
68.70; H, 8.39; N, 14.52. 

2- Hydroxyaminoadamantane-2-carboxamide ( VIII)-Compound 
VII (2.00 g, 0.010 mole) was added slowly to 10 ml of 36 N HzS04 with 
stirring, and the mixture was allowed to stand a t  room temperature for 
90 min. The clear solution then was poured into 100 ml of ice-cold water, 
and the solution was brought carefully to pH 8 with 6 N NaOH. The solids 
which precipitated were collected, air dried, and then recrystallized from 
tetrahydrofuran to give 1.65 g (75% yield) of colorless plates, mp 177- 
178O; IR (potassium bromide): 3430 (OH), 3350,3320,3245,3170 (NH2, 
NH), 1635 (C=O, amide I), and 1600 (NH deformation, amide 11) cm-I. 
An analytical sample was recrystallized from tetrahydrofuran and dried 
for 18 hr under vacuum, mp 177.5-178.5". 

Anal.-Calc. for CllH18N202: C, 62.83; H, 8.63; N, 13.32. Found: C, 
62.94; H, 8.49; N, 13.34. 

N-Hydroxyadarnantanine (1b)-Compound VIII (0.300 g, 1.43 
mmole) and 6 N HCl(3 ml) were added to each of three pressure-reaction 
tubes. The tubes were sealed and heated for 3 hr a t  110". The cooled re- 
action mixtures were filtered into a common receiver, and the filtrate was 
evaporated to dryness in uacuo. The residue was dissolved in 20 ml of 
water and applied to a column of cation-exchange resin3 (80 g). The col- 
umn was washed with water until the eluate was chloride free (300 ml) 
and then eluted with 2 N NH40H (400 ml). 

Evaporation of the eluate in uacuo gave 170 mg of crude product. This 
product was dissolved in 5 ml of ethanol, and the solution was decolorized 
with charcoal. By concentration to 2 ml, dilution with water (1 ml), and 
further evaporation of the solvent in uacuo, crystals precipitated. The 
crystals were collected and dried under vacuum at  65" for 18 hr to give 
0.060 g (6.6% yield), mp 173.5-174.5". The chemical-ionization mass 
spectrum of Ib exhibited peaks at  m/e (relative intensity) 212 (MH+, 
loo), 196 (16). 166 (251, and 150 (60). 

Anal.-Calc. for CnH17N03: C,62.54; H, 8.11; N, 6.63.Found C, 62.54, .. ~ 

H, 8.15; N, 6.56. 
In Vivo Metabolism Studies-Solutions of Ic dissolved in dilute 

aqueous hydrochloric acid (2.5 ml, pH 1) were administered orally at 40 
and 400 mg/kg to male rats4 weighing -250 g, and 24-hr urine samples 
were collected in stainless steel metabolism cages. The 24-hr urine sam- 

3 Amberlite IRC-50 (H+). 
4 Sprague-Dawley strain. Scheme I1 
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1’ ++ 2 

Figure I-Composite two-dimensional chromatogram of the urine from 
a rat given 400 rng of y-glutamyladamantanine ( I c ) / k g  and of a control 
urine sample t o  which Ic  (shaded spot )  ( I  rnglml) had been added. 
Solvent 1 was chloroform-methanol-1 7% ammonia (2;2;1); Soluent 2 
was I-butanol-acetic acid-water (4;I:I). T h e  point of application is 
represented by +. Thc shaded spot was not seen in the urine of the  rat 
treated rcith Ic, the chromatograms being otherwise similar. 

ples from each rat prior to administration of the peptide served as control 
urine. The urine samples were spotted on 8 X 8-cm fluorescent silica gel 
plates and developed two dimensionally, first in chloroform- 
methanolLl7Y~ ammonia (2:2:1) and then in 1-butanol-acetic acid-water 
(4:l:l). The chromatograms were visualized with 0.3% ethanolic ninhydrin 
spray reagent. These chromatograms were compared to those of control 
urine and control urine to which the peptide was added. The results with 
the high dose are shown in Fig. 1. 

In Vitro Enzyme and  Growth Inhibition-7-Glutamyltranspep- 
tidase was isolated from hog kidney cortex (41, and the transfer of the 
y -glutarnyl group of Ic to hydroxylamine was determined spectropho- 
tometrically (22). Glutathione, the natural substrate for this enzyme, was 
used as the standard. The results are recorded in Table I .  

Growth inhibition of P-388 lymphoid leukemia cells in tissue culture 
was determined as described previously (21) using varying concentrations 
of Ib, Ic, and IIb (Table 11). Compound Ic in hydroxypropylcellulose also 
was administered intraperitoneally to host BDFl mice bearing 105 L-1210 
lymphoid leukemia cells a t  doses of 400 mg/kg once daily for 9 days. 

RESULTS AND DISCUSSION 

Test doses of N - ( ~ - I .  glutamy1)adamantanine (Ic) administered to 
rats at  40 and 400 mg/kg did not give rise to the excretion of the intact 
dipeptide (Fig. l ) ,  in contrast to the metabolically inert dipeptides, leucyl- 
and glycyladamantanine, which were excreted intact in the urine (2). This 
result suggested that the compound was metabolized in uiuo or else was 
poorly (or not a t  all) absorbed from the GI tract. Although Ic gives a 
strong ninhydrin chromophore (Fig. l),  the amino acid Ia is not chro- 
mogenic with ninhydiin or fluorescamine (23); hence, i t  was not possible 
to detect the free amino acid in the urine or plasma. 

These results encouraged the evaluation of Ic for substrate activity with 
a partially purified preparation of y-glutamyltranspeptidase from hog 
kidney cortex (22). However, Ic did not transfer its y-glutamyl moiety 
to the test acceptor hydroxylamine (Table I). Under the same conditions, 
glutathione, the natural substrate for this enzyme, readily formed 
y-glutamylhydroxamate, indicating that the enzyme preparation was 
active. Moreover, Ic did not inhibit the latter reaction when present a t  
equimolar concentrations with glutathione. 

As can be seen from Table 11, Ic did not inhibit the growth of P-388 
leukemia cells i n  uitro, nor did Ic increase the survival time of host BDFl 
mice bearing lo5 L-1210 leukemia cells, even a t  daily doses of 400 mg/kg 

1024 1 Journal of Pharmaceutical Sciences 
Vol. 69, No. 9, September 1980 

Table 11-Inhibition of Growth of P-388 Lymphoid Leukemia 
Cells In Vitro 

150 
Compound Pg/ml mM 

Ib 168 0.80 
Ic > 1000 >3 

IIb” 50 0.34 
N-Hydroxvurea* 2.3 0.03 

a Prepared according to a combination of literature rocedures (17, 18), mp 
19G198” dec. (corrected) [lit. (26) mp 2W202° dec.]. * &hwartz/Mann Division, 
Becton-Dickinson and Co., Orangeburg, N.Y. 

for 9 days (data not shown). However, N-hydroxyadamantanine ( Ib)  had 
activity comparable to N-hydroxycycloleucine (IIb) in the P-388 system 
(Table 11). although these compounds were nearly 10 times less active 
in this system than N-hydroxyurea, which was the standard test com- 
pound. 

The lack of substrate activity of Ic for y-glutamyltranspeptidase 
probably is due to steric hindrance a t  the peptide bond. Various glycine 
and leucine dipeptides of adamantanine (both N-terminal and C-terminal) 
also are resistant to hydrolysis by leucine aminopeptidase (2). Meister 
(24) showed that y-glutamyl derivatives of a-alkyl-substituted a-amino 
acids, eg . ,  y-glutamyl-a-aminoisobutyrate, are not good substrates for 
y-glutamyltranspeptidase. Since Ia also may be considered as a-alkyl 
substituted, the present example provided by Ic reinforces this obser- 
vation. 

Although the latentiation of Ia as peptide derivatives has not yet been 
achieved, perhaps due to the unique structure of this amino acid, the 
concept of y -glutamyltranspeptidase-mediated amino acid release should 
be capable of extension appropriate to the latentiation of biologically 
active molecules other than amino acids, e.g., drugs. By utilizing this 
enzyme from the y-glutamyl cycle (24), selected drugs may be transported 
in uiuo as chemically conjugated synthetic y-glutamyl derivatives with 
subsequent release a t  target organ sites. The successful use of this ap- 
proach to the development of dopamine prodrugs was alluded to previ- 
ously (8,9). For the moiety attached to the y-glutamyl end of the mole- 
cule, there is a low order of specificity. For example, whereas the natural 
substrate is glutathione itself, y-L- or y-D-glutamyl-p-nitroanilide (4) 
and S-substituted glutathione derivatives (25) are active substrates for 
the transpeptidase. Furthermore, the amide linkage is not mandatory 
since y-esters of L-glutamic acid also serve as substrates (4). Since a large 
number of pharmacological agents possess free amino or hydroxyl groups, 
the applications of this concept appear to be unlimited. These possibilities 
are under study. 
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Abstract Amine cyanoboranes and amine carboxyboranes (boron 
analogs of a-amino acids) were shown to inhibit inflammation. The an- 
alogs effectively blocked general inflammation, induced arthritis, and 
the writhing reflex associated with inflammation pain, while the in- 
flammation associated with pleurisy was marginally inhibited. The boron 
analogs were shown in uitro to inhibit the release of lysosomal enzymes 
from liver and polymorphonuclear neutrophils. Furthermore, prosta- 
glandin synthesis was blocked by these agents at a low concentration, i.e., 

M .  Liver oxidative phosphorylation processes also were uncoupled 
by these agents, but the migration of polymorphonuclear neutrophils was 
unaltered at  M. The elevation of cyclic adenosine monophosphate 
levels in polymorphonuclear neutrophils correlated positively with in 
uiuo antiarthritic activity. Initial studies in rodents demonstrated that 
these boron analogs can be used at  safe therapeutic doses. 

Keyphrases Anti-inflammatory activity-evaluation of amine cy- 
anoboranes, amine carboxyboranes, and related compounds 0 Amine 
cyanoboranes and amine carboxyboranes-evaluation for anti-inflam- 
matory activity 

The antineoplastic activity of some a-amino boron an- 
alogs was reported previously (1). While studying their 
metabolic effects on tumor cell metabolism, it was noted 
that these agents interfered with oxidative phosphoryl- 
ation processes of mitochondria, inhibited lysosomal en- 
zymatic hydrolytic activities, and elevated cyclic adenosine 
monophosphate levels. Since commercially available 
anti-inflammatory agents, e.g., phenylbutazone, salicy- 
lates, and indomethacin, have similar effects on cellular 
metabolism, testing of the boron analogs for anti-inflam- 
matory activity in rodents was undertaken and the data 
are reported here. 

EXPERIMENTAL 

Chemistry-Consideration of the isoelectronic formalism between 
carbon and boron results in the prediction of boron analogs of dipolar 
a-amino acids, e.g., glycine ammonia carboxyborane, alanine ammonia 
carboxymethylborane, and betaine triethylamine carboxyborane. Interest 
in these boron analogs lies mainly in their potential biological activity 
when compared with the enormous biological activity of the a-amino 

acids. A highly significant step toward demonstrating the existence of 
this class of compounds was the synthesis of trimethylamine carboxy- 
borane, the protonated boron analog of betaine (2) (Scheme I). 

(CH~CH&O+BF,- + - NaOH 
(CH,),NBH,CN CH,CI, (CH,,),lNBH,CNCH,CH,,BF, - 

v 
0 
II HCI 

(CH ,)iNBH,CNHCHiCH, --t (CHJjNBHLCOOH 
VII VIII 
Scheme I 

Trimethylamine carboxyborane, a white, crystalline solid whose X-ray 
crystal structure was determined, is stable in air and water. 

Amine Cyanoborams-One approach to the synthesis of boron analogs 
of the a-amino acids involves the conversion of an amine cyanoborane 
to a boroamino acid according to the procedure outlined in'scheme I. To 
provide adequate quantities of the precursor amine cyanoboranes, a 
general, convenient, high-yield synthesis (3,4) of this class of compounds 
was developed (Scheme 11). 

tetrahydrofuran 
amine-HCl+ NaBH&N A amine-BHzCN + NaCl 

Scheme I1 
All previous syntheses (5-9) of amine cyanoboranes were limited as 

to the yield and reaction scale. Several synthetic procedures were de- 
veloped (5, 6) following initial reports from these laboratories (10, ll) 
on the preparation of cyanoborane oligomers, i.e., (BHPCN),, by the 
addition of dry hydrogen chloride to a solution containing cyanohydro- 
borate in ether. Thus, addition of amines to solutions of cyanoborane 
[which also can be prepared (8) by the reaction of cyanohydroborate and 
halogens] gives the amine cyanoborane. Typical yields have been -25%, 
whereas yields up to 90% have been obtained with the amine hydro- 
chloride procedure. 

Following Scheme 11, amine cyanoboranes were prepared where the 
amine was trimethylamine (V), dimethylamine (VI), pyridine (XV), 3- 
dimethylaminopropionitrile (XIX), or N-methylmorpholine (XIV). 
Bis(cyan0boranes) (XI and XX) were prepared (4) from ethylenediamine 
and tetramethylethylenediamine. However, attempts to prepare the 
parent ammonia cyanoborane (XVII) by this procedure were not suc- 
cessful. The only other report of the preparation of XVII (7) involved the 
reaction of trimethylamine iodoborane (Do with sodium cyanide in liquid 
ammonia. Attempts to repeat this reaction in these laboratories resulted 
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Abstract Amine cyanoboranes and amine carboxyboranes (boron 
analogs of a-amino acids) were shown to inhibit inflammation. The an- 
alogs effectively blocked general inflammation, induced arthritis, and 
the writhing reflex associated with inflammation pain, while the in- 
flammation associated with pleurisy was marginally inhibited. The boron 
analogs were shown in uitro to inhibit the release of lysosomal enzymes 
from liver and polymorphonuclear neutrophils. Furthermore, prosta- 
glandin synthesis was blocked by these agents at a low concentration, i.e., 

M .  Liver oxidative phosphorylation processes also were uncoupled 
by these agents, but the migration of polymorphonuclear neutrophils was 
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levels in polymorphonuclear neutrophils correlated positively with in 
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The antineoplastic activity of some a-amino boron an- 
alogs was reported previously (1). While studying their 
metabolic effects on tumor cell metabolism, it was noted 
that these agents interfered with oxidative phosphoryl- 
ation processes of mitochondria, inhibited lysosomal en- 
zymatic hydrolytic activities, and elevated cyclic adenosine 
monophosphate levels. Since commercially available 
anti-inflammatory agents, e.g., phenylbutazone, salicy- 
lates, and indomethacin, have similar effects on cellular 
metabolism, testing of the boron analogs for anti-inflam- 
matory activity in rodents was undertaken and the data 
are reported here. 

EXPERIMENTAL 

Chemistry-Consideration of the isoelectronic formalism between 
carbon and boron results in the prediction of boron analogs of dipolar 
a-amino acids, e.g., glycine ammonia carboxyborane, alanine ammonia 
carboxymethylborane, and betaine triethylamine carboxyborane. Interest 
in these boron analogs lies mainly in their potential biological activity 
when compared with the enormous biological activity of the a-amino 

acids. A highly significant step toward demonstrating the existence of 
this class of compounds was the synthesis of trimethylamine carboxy- 
borane, the protonated boron analog of betaine (2) (Scheme I). 
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Trimethylamine carboxyborane, a white, crystalline solid whose X-ray 
crystal structure was determined, is stable in air and water. 

Amine Cyanoborams-One approach to the synthesis of boron analogs 
of the a-amino acids involves the conversion of an amine cyanoborane 
to a boroamino acid according to the procedure outlined in'scheme I. To 
provide adequate quantities of the precursor amine cyanoboranes, a 
general, convenient, high-yield synthesis (3,4) of this class of compounds 
was developed (Scheme 11). 

tetrahydrofuran 
amine-HCl+ NaBH&N A amine-BHzCN + NaCl 

Scheme I1 
All previous syntheses (5-9) of amine cyanoboranes were limited as 

to the yield and reaction scale. Several synthetic procedures were de- 
veloped (5, 6) following initial reports from these laboratories (10, ll) 
on the preparation of cyanoborane oligomers, i.e., (BHPCN),, by the 
addition of dry hydrogen chloride to a solution containing cyanohydro- 
borate in ether. Thus, addition of amines to solutions of cyanoborane 
[which also can be prepared (8) by the reaction of cyanohydroborate and 
halogens] gives the amine cyanoborane. Typical yields have been -25%, 
whereas yields up to 90% have been obtained with the amine hydro- 
chloride procedure. 

Following Scheme 11, amine cyanoboranes were prepared where the 
amine was trimethylamine (V), dimethylamine (VI), pyridine (XV), 3- 
dimethylaminopropionitrile (XIX), or N-methylmorpholine (XIV). 
Bis(cyan0boranes) (XI and XX) were prepared (4) from ethylenediamine 
and tetramethylethylenediamine. However, attempts to prepare the 
parent ammonia cyanoborane (XVII) by this procedure were not suc- 
cessful. The only other report of the preparation of XVII (7) involved the 
reaction of trimethylamine iodoborane (Do with sodium cyanide in liquid 
ammonia. Attempts to repeat this reaction in these laboratories resulted 
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instead in the isolation of the novel complex hexakis(ammonia cyano- 
borane)sodium iodide (X) (12). The complex, which was characterized 
by X-ray crystallography, consists of six ammonia cyanoborane (XVII) 
molecules coordinated octahedrally around the sodium cation. However, 
pure ammonia cyanoborane could be obtained by dissolution of the 
complex in water and extraction of the ammonia cyanoborane into ether 
(13). The compound also was prepared (13) by base displacement 
(Scheme 111). 

In both cases, ammonia cyanoborane as prepared in these laboratories 
differs from that reported previously (71, which was characterized only 
partially. Ammonia cyanoborane possesses considerable hydrolytic 
stability, suffering only an 8% loss of hydrogen in concentrated hydro- 
chloric acid after 70 hr a t  room temperature. In general, the amine cy- 
anoboranes are quite stable to air and moisture. 

Amine Carboxyboranes-By using the general synthetic route illus- 
trated in Scheme I, amine carboxyborane compounds where the amine 
was pyridine (XVI) or N-methylmorpholine were prepared (4) from the 
corresponding amine cyanoborane. Tetramethylethylenediamine bis- 
(carboxyborane) (XII) and its intermediate (XIII) were synthesized (4). 
Trimethylamine carboxyborane (VIII) derivatives can be prepared 
readily by the preparation of the ethyl ester. The ethyl ester, a white solid 
(mp 45-47'), can be prepared in a 34% yield according to Scheme IV. 

\OCH,CH, 
XVIII 

Scheme IV 

The ethyl ester was obtained by allowing a solution of 95% ethanol (200 
ml), concentrated aqueous hydrochloric acid (8 ml), and the N-ethylni- 
trilium salt [prepared by refluxing for 24 hr a solution of trimethylamine 
cyanoborane (0.2 mole) and 400 ml of 1 N triethyloxonium tetrafluoro- 
borate in methylene chloride (2)) to reflux for 48 hr. After neutralization 
with a saturated sodium bicarbonate solution and removal of ethanol 
under reduced pressure, the product was extracted from the aqueous 
solution with methylene chloride. Drying the organic portion over mag- 
nesium sulfate and solvent removal produced a yellow liquid. Purification 
by recrystallization from ethanol or ether or by sublimation afforded the 
ester as a white crystalline solid (9.9 9). Satisfactory carbon, hydrogen, 
nitrogen, and boron analyses were obtained'. The PMR signals (deut- 
erochloroform) were those expected for the trimethylamine (6  2.78 sin- 
glet) and ethyl ( 6  1.2 triplet and 6 4.10 quartet) functions; strong B-H 
(2380 cm-') and C=O (1660 cm-') stretches were present in the IR 
spectrum. 

The structures of the boron analogs and references for their syntheses 
are given in Table I. 

Pharmacology-Toxicity Studies-Acute LDm toxicity studies were 
carried out in CF, male mice (-30 g) using the method of Litchfield and 
Wilcoxon (14). 

Anti-lnflammatory Screen-CF1 male mice (-30 g) were adminis- 
tered the test drugs a t  10 mg/kg ip in 0.05% polysorbate 80-water 3 hr 
and then 30 min prior to injection of 0.05 ml of 2% carrageenan in 0.9% 
saline into the plantar surface of the right hindfoot. Saline injected into 
the left hindfoot served as a baseline. After 3 hr, both feet were excised 
at  the tibiotarsal (ankle) joint according to the modified (15) method of 
Winter, resulting in a net weight increase of 87 mg in the feet of the 
control animals. 

Antipyretic Screen-Sprague-Dawley rats (-200 g) were administered 
2 ml of a 44% solution of baker's yeast subcutaneously (15) 18 hr prior 
to the injection of drugs a t  2.5 or 5 mg/kg ip, resulting in an elevation of 
3.46' F. Alternatively, rats were administered 0.25 mg of killed and dried 

~ 

And-Calc.:  C. 49.70; H, 11.12; B, 7.46; N, 9.66. Found: C, 49.66; H, 11.04; B, 
7.56 N, 9.56. 

Table I-Structures of Boron Analogs 

Compound Formula 

~ 

Synthetic 
Reference 

I 
I1 

111 
IV 
V 

VI 
VII 

VIII 
IX 
X 

XI 
XI1 

XI11 
XIV xv 
XVI 

XVII 
XVIIl 

XIX xx 
Alfa Products. 

"3 

1; 6 
1,12 
4 
4 
4 
3-5 
3-5 

4 
13 
Text 
4 
4 

Table 11-Zn Vivo Anti-Inflammatory Activity of Boron Analogs 

Percent of Control 
Anti-Inflam- Writhing Antiarthritic 

Compound mg/kg 10 mg/kg X 2 20 mghg 2.5 mg/kg/day 

I1 475 55 15 33 
I11 740 65 47 12 
IV 200 66 37 61 
V I0  42 18 4 

LD60, matory Screen, Reflex, Screen, 

- - I 16 41 

.. ._ - _  
VI 39 49 24 25 

VII 320 63 29 64 
VIII 1800 79 29 53 

IX 250 66 37 22 

.. ._ - _  
VI 39 49 24 25 

VII 320 63 29 64 
VIII 1800 79 29 53 

IX 250 66 37 22 
X 100 57 12 0 

XI 200 95 16 I1 ~~- _ _  . _  . .  

XI1 > 1000 58 54 19 
XI11 >loo0 65 55 24 
XIV 23 91" 78' 16 

25 83 a 80 45 
XVI xv >200 14" 44 

Indomethacin 28 22 43 27 
Control - 100 100 100 

a One-third dose. Tested at 10 mg/kg. 

Mycobacterium butyricum2 (16) subcutaneously prior to drug admin- 
istration. Rectal temperatures were taken immediately before and 2,4, 
and 6 hr after drug administration. 

Writhing Reflex-CF1 male mice were administered the test drugs 
a t  20 mg/kg ip 20 min (17) prior to the administration of 0.5 ml of 0.6% 
acetic acid (18). After 5 min, the number of stretches, characterized by 
repeated contractures of the abdominal musculature accompanied by 
hindlimb extension, was counted for the next 10 min. Control mice had 
78 stretch reflexes/lO min. 

Chronic Adjuvant Arthritic Screen-Male Sprague-Dawley rats 
(-160 g) were injected a t  the base of the tail with 0.2 ml of a solution of 
killed and dried M. butyricum and digitonin in mineral oil (19). Test 
drugs were administered intraperitoneally on Days 3-20 at  2.5 mg/kg/day. 
Animals were sacrificed on Day 21, and the feet were excised and weighed. 
Control animals had a net weight gain of 0.830 g. 

Antipleurisy Screen-Sprague-Dawley rats were administered the 
test drugs a t  2.5 mg/kg ip 1 hr before injection and 3 hr postinjection of 
0.05 ml of a solution of 0.316% Evan's blue and carrageenan into the 
pleural cavity (20). After 6 hr, the rats were sacrificed and the fluid was 
collected from the pleural cavity. Control rats produced 2.5 ml of fluid. 

Difco. 
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Table Ill-Effects pf Boron Analogs on lo Vitro Lysosomal Enzymatic Activities and Cyclic Adenosine Monophosphate Levels at 5 

Percent of Control 
Polymorphonuclear Neutrophils 

I h e r  Cyclic -- 
Percent of Free Percent of Free Percent of Free Percent of Free Adenosine 

Acid Phosphatase Cathepsin Monophos- 
Compound Activity (pH 5) Activity (pH 5) Activity (pH 5) Activity (pH 5.0) phate Level 

Acid Phosphatase Cathepsin 

I 
I1 

I11 
IV 

77 f 4 
75 f 8 
72 f 6 
82 f 3 

58 f 5 
107 f 6 
17 f 4 
67 f 3 

100 f 9 
79 f 5 
57 f 4 
82 f 6 

100 f 4 58 
93 f 7 107 
18 f 3 145 
65 f 5 80 

V 6s f 4 O f 2  35 f 5 4 f 2  245 
73 f 4 32 f 5 89 f 4 22 f 1 98 

VII 7 8 f 7  - 100 f 2 22 f 5 98 
VI 

VIII 82 f 5 56 f 6 50 f 3 14 f 4 99 
IX 7 1 f 6  14 f 3 7 1 f 5  40 f 4 133 
X 65 f 3 3 f l  34 f 6 O f 3  361 

XI 80 f 6 50 f 7 84 f 5 16 f 5 94 
XI1 69 f 5 23 f 6 84 f 4 52 f 4 155 

XI11 74 f 4 - 1 0 0 f 7  70 f 6 92 
XIV 68 f 7 1 3 f 5  50 f 3 37 f 5 165 
xv 79 f 3 57 f 4 57 f 4 49 f 7 110 

XVI 77 f 8 58 f 4 100 f 5 3 1 f 4  100 
75 f 5 48 f 6 1 0 0 f 2  26 f 4 93 
- - - 16 f 3 - XVII 

XVIII 
XIX 66 f 4 15 f 3 100 f 9 17 f 5 199 xx 77 f 8 80 f 7 100 f 10 57 f 2 28 

Indomethacin 86 f 4 67 f 6 1 0 0 f 2  1 0 0 f 1  80 

0 0.753 mg of inorganic phosphate released/hr/g of wet tissue. 

Control 100 f 7= 100 f 6b 100 f 8 C  100 f 6d 100e 

2.69 mg of protein released/hr/g of wet tissue. 0.26 pg of inorganic phosphate released/hr/107 cells. 
d 0.225 mg of protein released/hr/l07 cells. e 48 prnoles of cyclic adenosine monophosphate/107 cells. 

Polymorphonuclear neutrophil migration studies were carried out ac- 
cording to Nelson et al. (21). The analogs were tested in uitro at  

Ulcerogenic tests were carried out in Sprague-Dawley rats (-160 g); 
they were administered 11, V, X, XIV, and XIX at 2.5 mg/kg for 3 weeks. 
After the rats were fasted for 18 hr, the last dose on Day 21 was admin- 
istered. After 4 hr, the rats were sacrificed and the gastric and duodenum 
mucosa were examined for bleeding and ulcers (22). In an analogous ex- 
periment, animals were bled on Day 21 by the tail vein; the red and white 
blood cells were counted in a hemocytometer and expressed as the 
number of cells X lo6 per cubic centimeter. Hematocrib also were ob- 
tained (23). 

Biochemistry-Lysosomal Enzymatic Assays-Sprague-Dawley 
rats (-160 g) were sacrificed, the liver was excised, and a 10% homogenate 
(four times) in 0.25 M sucrose and 0.001 M ethylenediaminetetraacetic 
acid (pH 7.2) was prepared. 

Polymorphonuclear neutrophils were collected from the peritoneal 
cavity 4 hr after injection of 35 ml of 0.5% oyster glycogen in isotonic saline 
(24). The polymorphonuclear neutrophils were centrifuged at  800Xg for 
20 min, washed, and resuspended in minimum essential mkdium with 
10% fetal calf serum (pH 7.4). 

Acid phosphatase activity (25) was determined by incubating 0.1 M 
0-glycerol phosphate in 0.1 M acetate (pH 5.0) with 5 pmoles of the test 
drugs in 1% carboxymethylcellulose sodium for 20 min with the liver 
homogenate and for 60 min with the resuspended polymorphonuclear 
neutrophils. Lysosome enzymes were released by 0.02% alkylphenoxy 
polyethoxyethanol1003 to obtain the total enzymatic activity. The re- 
action was stopped with 10% trichloroacetic acid, and the solution was 
centrifuged. Aliquots of the supernate were assayed for inorganic phos- 
phate content by the method of Chen et al. (26). The percentage of free 
acid phosphatase was calculated. 

Cathepsin activity was determined in an analogous manner, except 
that the substrate was 2% azocasein (27) and 0.1 M acetate buffer (pH 
5.0). The supernate was assayed for acid-soluble peptide fragments a t  
366 nm. The percentage of free cathepsin activity was calculated. 

Cyclic Adenosine 3’,5’-Monophosphate Leoels-Isolated polymor- 
phonuclear neutrophils were incubated with the test drugs at 5 pmoles 
for 1 hr at 37’ in minimum essential medium at pH 7.4. The reaction was 
stopped with 6% trichloroacetic acid. The cycli~-3’,5’-adenosine mono- 
phosphate levels were determined by the radioimmunoassay of Gilman 
(28) using [3H(G)]cyclic adenosine 3’,5’-monophosphate (39.8 Ci/mmole). 

10-4 M. 

Results were calculated in picomoles per lo7 polymorphonuclear neu- 
trophils. 

Prostaglandin Synthetase Actiuity-The incubation medium of 
Tomlinson et al. (29) was used to determine [3H]prostaglandin formation 
(prostaglandins E, Fa, and D) from [3H(N)]arachidonic acid (86.2 Ci/ 
mmole) and 10 mg of purified commercial prostaglandin synthetase from 
beef seminal vesicles*. After 1 hr at 37O, the reaction was stopped with 
1 N HCl and the solution was extracted with ether and evaporated. The 
residue was taken up in ethyl acetate and spotted on silica gel TLC plates, 
which were eluted with chloroform-methanol-water-acetic acid (W8 
1:O.a) (30). The plates were dried and developed in iodine vapor; with the 
use of prostaglandin standards, the appropriate areas were scraped and 
counted for tritium content. Indomethacin was used as a standard at 
M. The test drugs were used at  

Oxidative Phosphorylation Studies-The basal respiration and 
adenosine diphosphate-stimulated respiration on 10% liver homogenates 
were measured using succinate or a-ketoglutarate as the substrate (31). 
The reaction vessel contained sucrose (55 pmoles), potassium chloride 
(22 pmoles), dibasic potassium phosphate (22 pmoles), test compounds 
at 5 pmoles in 1% carboxymethylcellulose sodium and sodium succinate 
(90 pmoles) or a-ketoglutarate (60 pmoles) in a total volume of 1.8 ml. 
After the basal metabolic (State 4) level was obtained, 0.257 pmole of 
adenosine diphosphate was added to obtain the adenosine diphos- 
phate-stimulated rate (State 3). The respiration rate was calculated as 
microliters of oxygen consumed per hour per milligram (wet weight) of 
liver. 

M. 

RESULTS 

The boron analogs afforded significant anti-inflammatory activity in 
rodents. Administration of I, V, and VI resulted in at least 50% inhibition 
of the carrageenan-induced edema in mouse footpads (Table 11). while 
11, X, XII, and XVII resulted in a t  least 40% inhibition. Administration 
of 11, V, and X caused 80% inhibition of the writhing reflex, which is 
similar to inflammation pain. Compounds VI-VIII caused 70% inhibition 
of the reflex. In the induced arthritic screen in rats, 3 weeks of dosing of 
111, V, X ,  XIV, and XIX caused >SO% inhibition, with X and V causing 
100 and 96% inhibition, respectively. Compound V was administered at 
1.25-10 mg/kg/day ip. Doses at  1.25 mg/kg/day caused 75% inhibition, 
doses of 2.5 mg/kg/day caused 96% inhibition, and doses of 5 or 10 mg/ 
kg/day resulted in 100% inhibition. Compounds VI, IX, XIII, and XVIII 

3 Triton X-100. 4 Miles Research Products. 
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Table IV-Effects of Boron Analogs on In Vitro Prostaglandin Synthesis and  Oxidative Phosphorylation Processes 

Compound - 
I 

I1 
111 
IV 
V 

VI 
VII 

VIII 
IX 
X 

XI 
XI1 

XI11 
XIV xv 
XVI 

XVII 
XVIII 

XIX xx 
Indomethacin M) 
Control 

Percent of Control 
Oxidative Phosphorylation (5 pmoles) 

Prostaglandin Succinate a-Ketoglutarate 
Synthesis, X M State 4 State 3 State 4 State 3 

100 f 3 
100 f 5 
61 f 3 

100 f 5 
59 f 6 
63 f 4 

100 f 7 
93 f 3 
67 f 5 
42 f 5 
85 f 4 
60 f 6 

100 f 4 
38 f 3 
58 f 3 
76 f 5 
55 f 6 

53 f 7 
81 f 5  
64 f 2 
l o o n  

- 

118 f 11 
115 i 15 
117 f 11 
119 f 9 
133 f 20 
126 f 19 
114 f 13 
122 f 14 
120 f 12 
110 f 5 
116 f 8 
80 f 11 

117 f 8 
62 f 10 

124 f 16 
110 f 13 
112 f 7 
119 f 18 
43 f 16 
1 3 f 5  

100 f 6* 
- 

63 f 8 
66 f 10 
56 f 12 
82 f 4 
51 f 20 
61425 
7 4 f 9  
63 f 4 
63 f 9 
31 f 10 

122 f 13 
57 f 16 
66 f 8 
36 f 5 
57 f 16 
75 f 15 
60 f 11 
61 f 19 
24 f 7 
10 f 5 

100 f 4 c  
- 

160 f 35 
97 f 29 
7 1 f 8  
67 f 18 
85 f 21 

128 f 25 
113 f 37 
127 f 22 
102 f 16 
101 f 25 
168 f 38 
122 f 15 
162 f 43 
140 f 47 
112 f 42 
109 f 30 
149 f 27 
126 f 51 
105 f 33 
50 f 18 

100 f Bd 
- 

63 f 14 
5 0 f  11 
28 f 10 
53 f 16 
42 f 9 
45 f 12 
45 f 18 
70 f 20 
70 f 13 
37 f 10 

106 f 21 
48 f 30 
50 f 24 
51 f 16 
52 f 15 
63 f 15 
40 f 9 
54 f 8 
33 i 8 
25 f 8 

100 f 9e 
- 

6564 dpm of prosta landin E formedhdmg of enzyme. * 9.19 pl of oxygen consumed/hr/mg of wet tissue. 13.66 PI  of oxygen consumed/hr/mg of wet tissue. 3.38 
pl of oxygen consumedhrlmg of wet tissue. 4.93 pl of oxygen consumedhrlmg of wet tissue. 

afforded >70% inhibition of the induced arthritic state, and I1 and XVII 
caused 60% inhibition. 

In the antipyretic test, V a t  5 or 10 mg/kg caused no inhibition of ele- 
vated body temperature. In the antipleurisy screen, inhibition of 33,35, 
49, and 39% was demonstrated for 111, V, X, and XIX, respectively. Boron 
analogs had no effect on the chemotactic migration of polymorphonuclear 
neutrophils. Dosing for 3 weeks with 11, V, X, XIV, and XIX intraperi- 
toneally resulted in no alteration of the red or white blood cell count per 
cubic millimeter and in no gastric or duodenum mucosa irritations or 
bleeding. 

The percentage of free lysosomal enzymatic activities in the liver and 
polymorphonuclear neutrophils was inhibited by the presence of boron 
analogs (Table 111). Free acid phosphatase activity in the liver was in- 
hibited 28-35% by 111, V, IX, X, XII, XIV, and XIX; in polymorphonu- 
clear neutrophils, inhibition of 43,65,50,66, and 50% was found for 111, 
V, VIII, X, and XIV, respectively. Free proteolytic cathepsin activity of 
the liver was inhibited at least 75% by 111, IX, XII, XIV, and XIX, with 
100% inhibition by V and 9710 inhibition by X. Inhibition of polymor- 
phonuclear neutrophil cathepsin activity of a t  least 82% was exhibited 
by 111, VIII, X, XI, XVIII, and XIX, with 96% inhibition by V and 100% 
inhibition by X. 

Cyclic adenosine monophosphate levels in polymorphonuclear neu- 
trophils were elevated after in vitro incubation with drugs (Table 111). 
The increases were 45.145,33,261,55,65, and 99% for 111, V, IX, X, XII, 
XIV, and XIX, respectively. 

At M in uitro. 111. V. VI. IX. X. XII. XIV. XV. XVII. and XIX 
blocked prostaglandin synthesis by >30% (Table IV). Compound X re- 
sulted in 58% inhibition, and XIV caused 62% inhibition. The presence 
of boron analogs a t  5 Fmoles caused uncoupling of the oxidative phos- 
phorylation processes of liver mitochondria. Several agents (e.g., XX) 
suppressed basal (State 4) as well as adenosine diphosphate-stimulated 
respiration (State 3) with both substrates. Uncoupling of the electron 
transport chain was seen with the substrate succinate, a flavin adenine 
dinucleotide-linked dehydrogenase, with I-X, XIII, and XV-XVIII. This 
uncoupling was observed as an increase in State 4 respiration and as a 
decrease in State 3 respiration. With a-ketoglutarate as the substrate, 
a nicotinamide diphosphate-linked dehydrogenase, uncoupling was seen 
with I, VI-VIII, and XII-XVIII. Both States 3 and 4 respiration were 
inhibited with succinate in the presence of XII, XIV, XIX, and XX and 
with a-ketoglutarate by 111-V and XX. Compounds that demonstrated 
potent antiarthritic activity also demonstrated potent inhibitory effects 
on State 3 respiration, e.g., 111, V, X, XII, XIV, and XIX with either 
succinate or a-ketoglutarate. The exception to this observation was 
xx. 

DISCUSSION 

Inflammation is a process associated with the release of chemical 

vasoamines, e.g., histamine, serotonin, slow-reacting substance, and 
bradykinin, the release of lysosomal hydrolytic enzymes by leukocytes, 
the synthesis and relkase of prostaglandins, and the modulation of cyclic 
nucleotide levels of lymphocytes and leukocytes (32-36). These agents, 
in turn, cause increased vascular permeability, chemotaxis of polymor- 
phonuclear neutrophils and macrophages, erythema, dermatitis, hy- 
persensitivity, complement fixation, allergy reactions, and edema, and 
they elicit pain together with increasing the local and body tempera- 
ture. 

The commercially available anti-inflammatory agents are known to 
interfere with some of these processes, thus retarding the development 
of inflammation. For example, indomethacin decreases the polymor- 
phonuclear neutrophil motility, uncouples oxidative phosphorylation 
processes, inhibits prostaglandin synthetase and histidine decarboxylase 
activities, mucopolysaccharide biosynthesis, and platelet function, sta- 
bilizes lysosomal membranes, and thus inhibits hydrolytic enzymatic 
activity (32). A number of agents are known to inhibit cyclic adenosine 
monophosphate phosphodiesterase activity (37) and increase cyclic 
adenosine monophosphate, which supposedly stabilizes the lysosomal 
membranes, blocks immunoglobulin E-dependent antigen-induced 
vasoamine release, and inhibits hypersensitivity (38-43). 

As seen from the current studies, compounds having potent antiar- 
thritic effects, e.g., 111, V, X, XII, XIV, and XIX, also were significant 
inhibitors of lysosomal-free hydrolytic activity both from the liver and 
polymorphonuclear neutrophils, indicating membrane stabilization. The 
inhibition of cathepsin activity was particularly high by the boron analogs. 
Increased levels of activity of this enzyme have been linked with a number 
of inflammation states. The boron analogs at the same concentration as 
indomethacin were more effective in inhibiting polymorphonuclear 
neutrophil lysosomal rupture. 

Prostaglandin synthetase activity also was suppressed by 111, V, X, XII, 
XIV, and XX at M. Indomethacin a t  low6 M resulted in only 24% 
inhibition in this system; at 10-4 M, indomethacin caused 36% inhibition. 
Analogs V, X, XIV, XV, XVII, and XIX were more potent than indo- 
methacin in inhibiting prostaglandin synthesis by the isolated enzyme 
system. Oxidative phosphorylation processes were uncoupled at 5 pmoles 
for the boron compounds, which demonstrated potent in uivo antiar- 
thritic activity in rats. The uncoupling and suppression of energy pro- 
duction needed for migration and phagocytosis of polymorphonuclear 
neutrophils and macrophages were seen with all of the boron analogs; 
however, the migration of polymorphonuclear neutrophils a t  M 
demonstrated no inhibition by boron analogs. Thus, it was more difficult 
to demonstrate positive correlation of uncoupling of respiration with in 
uiuo antiarthritic activity. Nevertheless, excluding XX, those compounds 
possessing potent antiarthritic activity all suppressed adenosine di- 
phosphate-stimulated respiration (State 3) by 40% or better. 

The effects of boron analogs on respiration may be secondary to other 
metabolic effects. A more positive correlation with in uiuo antiarthritic 
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activity is seen with the ability of the drug to elevate intracellular levels 
of cyclic adenosine monophosphate, which could account for the ability 
of these agents to block lysosomal enzyme release and prostaglandin 
synthesis and release. Elevated levels of cyclic adenosine monophosphate 
have been correlated with the ability to block the release of lysosomal 
enzymes (25,41). The exact mechanism by which boron analogs cause 
elevations in cyclic adenosine monophosphate levels needs further study. 
Toxicity and side effects did not appear to be problems with boron ana- 
logs at the required therapeutic doses. 
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Abstract 0 The use of pattern recognition methods to classify a set of 
steroids into five therapeutic categories was investigated. First-order 
fragment molecular connectivity values were determined for 10 positions 
on each molecule using a template-based method of position assignment. 
Learning set and test set classifications were performed. Although the 
numbers of compounds misclassified were comparable for all of the 
methods, the identities of the misclassified compounds varied depending 
on whether the classification method assumed a local or a global view of 
the data. The best classification results were comparable to those ob- 
tained by linear and quadratic discriminant analyses. For this set of 
compounds, it was concluded that pattern recognition methods offer no 
advantages over traditional discriminant analysis methods if classification 
alone is considered, especially since most discriminant analysis proce- 
dures utilize stepwise variable selection, which is not as common in pat- 
tern recognition analyses. 

Keyphrases Steroids-pattern recognition using fragment molecular 
Connectivity 0 Fragment mdecular connectivity-pattern recognition 
of steroids Pattern recognition methods-classification of steroids in 
therapeutic categories using fragment molecular connectivity 

The use of fragment molecular connectivity values as 
position descriptors in a template-based discriminant 
analysis has been demonstrated as a means of classifying 
structures according to their type of pharmacological ac- 
tivity (1). The use of statistical discriminant analysis in 
such classification problems is optimal for multivariate, 
normal random variables (2) .  For observations that are not 
distributed normally with respect to the descriptor vari- 
ables, a discriminant analysis may not be the optimal 
classification method; certain distribution-free pattern 
recognition techniques may be more suitable (3). Although 
pattern recognition methods are not used as commonly in 
medicinal chemistry as are regression analysis and analysis 
of variance (4), the application of these techniques is in- 
creasing (5-9). 

Accordingly, a number of classification-type pattern 
recognition procedures were applied to a set of steroidal 
compounds studied previously using linear and quadratic 
discriminant analysis'. These compounds show markedly 
nonnormal distributions with respect to many of the po- 
sition variables used to describe them (Table I), It was felt 
that better classification results and greater insight into 
the value of molecular connectivity in classification 
problems possibly could be gained with pattern recognition 
methods. 

Four such methods were selected: Andrews function 
curves (lo), K nearest neighbor analysis (11, 12), multi- 
category linear learning machine analysis (13), and sta- 
tistical isolinear multicomponent analysis (SIMCA)2 (14, 
15). The use of the Andrews function for representing 
multivariate data in statistical research is well documented 
(16). The remaining methods were used as part of AR- 
THUR, a pattern recognition program (17, 18). 

I See D. R Henry and d.  H.  Rlnck, Eur J .  Med. Chem.. in press. ' The term SIMCA also can serve as an acronym for SIMilarity Components 
Analysis, SImple Modeling by Class Analogy, and other methods. 

EXPERIMENTAL 

A learning set of 46 steroidal compounds, classified into five therapeutic 
categories, was used (Table I). A test set of nine steroids also was selected 
(I-IX) (19). The pharmacological categories of these compounds are es- 
trogens (E or ESTR), progestogens (P or PROG), androgens (A or 
ANDR), corticosteroids (C or CORT), and cardiac steroids (H or CARD). 
A template structure (6) was designated, and 10 positions of interest were 
selected. Each compound in the study was superimposed on the template 

/OH 

0 & s 
11: c 

@ 
?H 

I: c 
0 

C=CH 

0 C'H,O# 

111: c IV: E 

HO 
VII: A VIII: H 

IX: H 
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Table I-Raw First-Order Molecular Connectivity Values of Compounds in the Analyses 

Position 
Compound" Classb a b C d e f g h I j 

1 Diethylstilbestrol 
2 Dienestrol 
3 Methallestril 
4 Benzestrol 
5 Promethestrol 
6 Estradiol 
7 :  
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

Estrone 
Estriol 
Equilin 
Equilinin 
Progesterone 
17-a-Hydroxyprogesterone 
Medroxyprogesterone 
Dihydroprogesterone 
Ethisterone 
Norethindrone 
Norethynodrel 
Dimethisterone 
Norgestrel 
Ethynodiol 
Testosterone 
a-Methyltestosterone 
Oxymetholone 
Nandrolone 
Dromostanolone 
Stanozolol 
Ethylestrenol 
Methandrostenolone 
Oxandrolone 
Hydrocortisone 
Prednisone 
Methylprednisolone 
Triamcinolone 
Fluorandrenolone 
Dexamethasone 
Paramethasone 
Flumethasone 
Fluprednisolone 
Halcinolone 
Digitoxigenin 
Digoxigenin 
Gitoxigenin 
Ouabain 
Strouhanthidin 

45 Proshlaridin 
46 Bufogenin B 
Mean 
SD 

E 
E 
E 
E 
E 
E 
E 
E 
E 
E 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
A 
A 
A 
A 
A 
A 
A 
A 
A 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 
H 
H 

0.801 
0.801 
0.781 
0.801 
0.742 
0.801 
0.801 
0.801 
0.801 
0.801 
0.846 
0.846 
0.846 
0.846 
0.846 
0.846 
0.846 
0.846 
0.846 
0.999 
0.846 
0.846 
0.808 
0.846 
0.846 
0.827 
0.908 
0.781 
0.762 
0.846 
0.781 
0.781 
0.781 
0.781 
0.781 
0.781 
0.781 
0.781 
0.846 
1.052 
1.052 
1.052 
1.052 
1.052 
0.927 
1.075 
0.853 
0.090 

0.622 
0.622 
0.827 
0.622 
0.577 
0.892 
0.892 
0.892 
0.892 
0.827 
0.892 
0.892 
0.827 
0.827 
0.827 
0.892 
0.931 
0.931 
0.931 
0.931 
0.892 
0.892 
1.105 
0.931 
1.105 
1.105 
0.931 
0.892 
1.105 
0.931 
0.892 
0.827 
0.892 
0.827 
0.892 
0.827 
0.827 
0.827 
0.827 
1.105 
1.105 
1.105 
1.181 
1.181 
0.892 
1.105 
0.908 
0.141 

0.827 
0.827 
0.827 
0.866 
0.866 
0.827 
0.827 
0.827 
0.827 
0.789 
1.392 
1.392 
1.392 
1.392 
1.392 
1.392 
1.030 
1.030 
1.030 
1.030 
1.392 
1.392 
1.430 
1.030 
1.431 
1.431 
1.030 
1.327 
1.431 
1.030 
1.327 
1.327 
1.289 
1.327 
1.288 
1.327 
1.288 
1.327 
1.354 
1.431 
1.431 
1.431 
1.181 
1.181 
1.392 
1.431 
1.196 
0.234 

0.707 
0.577 
0.622 
0.707 
0.707 
0.854 
0.854 
0.854 
0.854 
0.622 
0.854 
0.854 
1.274 
0.622 
0.622 
0.854 
0.854 
0.854 
0.854 
0.854 
0.854 
0.854 
0.908 
0.854 
0.908 
0.908 
0.854 
0.854 
0.908 
0.854 
0.854 
1.274 
0.854 
0.567 
0.854 
0.567 
0.567 
0.567 
0.854 
0.908 
0.908 
0.908 
0.854 
0.854 
0.854 
0.908 
0.835 
0.162 

1.061 
0.204 
0.707 
1.115 
1.115 
0.908 
0.908 
0.908 
0.908 
0.854 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
0.908 
1.000 
0.846 
1.000 
0.955 
1.000 
0.955 
1.000 
0.955 
1 .ooo 
0.955 
0.908 
0.816 
0.908 
0.999 
0.908 
0.908 
0.908 
0.912 
0.121 

0.827 
0.827 
1.105 
0.866 
0.866 
1.030 
1.030 
1.030 
1.030 
0.986 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.030 
1.075 
1.030 
1.030 
1.030 
1.116 
1.116 
1.116 
1.116 
1.116 
1.116 
1.116 
1.029 
0.056 

0.622 
0.622 
1.115 
0.622 
0.622 
1.431 
1.392 
1.431 
1.392 
1392 
1.392 
1.392 
1.392 
1.431 
1.431 
1.392 
1.392 
1.246 
1.246 
1.392 
1.430 
1.392 
1.392 
1.431 
1.431 
1.392 
1.392 
1.392 
1.392 
1.392 
1.392 
1.392 
1.392 
1.392 
1.392 
1.030 
1.392 
1.392 
1.392 
1.392 
1.193 
1.392 
1.392 
1.392 
1.392 
1.392 
1.310 
0.227 

0.622 
0.622 
1 .ooo 
0.622 
0.622 
0.908 

0.999 
0.854 
0.854 
0.854 
0.854 
0.854 
0.908 
0.908 
0.854 

0.854 
0.854 
0.854 
0.908 
0.854 
0.854 
0.908 
0.908 
0.854 
0.854 
0.854 
0.854 
0.854 
0.854 
0.854 
0.955 
0.955 
1.274 
1.274 
1.274 
0.854 
0.955 
0.908 
0.908 
0.999 
0.908 
0.908 
0.908 
0.977 
0.892 

0.854 

0.854 

0.801 
0.801 
0.854 
0.801 
0.781 
0.955 
0.808 
0.880 
0.808 
0.808 
1.077 
1.077 
1.077 
0.986 
0.986 
1.077 
1.077 
1.077 
1.077 
1.077 
0.955 
1.327 
1.327 
0.955 
0.955 
1.327 
1.181 
1.327 
1.327 
1.077 
1.077 
1.077 
1.012 
1.012 
1.012 
1.051 
1.012 
1.077 
1.012 
0.986 
0.986 
0.911 
0.986 
0.986 
0.986 
0.911 
1.016 

0.224 
0.224 
0.781 
0.224 
0.408 
0.258 
0.204 
0.258 
0.204 
0.204 
0.954 
0.954 
0.954 
0.933 
0.993 
0.224 
0.224 
0.224 
0.224 
0.224 
0.258 
0.224 
0.224 
0.258 
0.258 
0.224 
0.224 
0.224 
0.224 
0.808 
0.808 
0.808 
0.808 
0.808 
0.808 
0.808 
0.808 
0.808 
0.808 
0.931 
0.931 
0.931 
0.931 
0.931 
0.781 
0.866 
0.538 

0.131 0.147 0.324 

a Structures may be found in Refs. 25 and 26. * Key: E = estrogen, P = progestogen, A = androgen, C = corticosteroid, and H = cardiac steroid. 

structure, and a value of the descriptor index was assigned to each of the 
10 positions on the molecule. 

The selected descriptor was first-order molecular connectivity ( ' x u ) .  
which was calculated as the sum of the first-order terms for each bond 
joining the position of interest (20). This descriptor was selected because 
this index, when compared to molar refraction and a number of other 
fragment molecular connectivity indexes, showed lower rates of mis- 
classification when used in linear and quadratic discriminant analyses 
(1). Using the molecules in the learning set, each position variable was 
standardized to zero mean and unit variance prior to use. An observation 
to variable ratio of about 10 was sought. Accordingly, variable selection 
was performed using both the Fisher and variance weighting methods 
(18). 

The top five variables from a variance-weighted standpoint were, in 
order of importance, positions j ,  a, i, c ,  and b. These variables were the 
same as those selected in the stepwise discriminant analysis of the data. 
Using Fisher weighting, the same variable subset was selected, except 
that position f replaced b, which assumed sixth place in significance. Since 
position f had a constant value for three of the groups in the analysis 
(estrogens, progestogens, and cardiac steroids), the five-variable subset 

selected by variance weighting was adopted as a basis for performing the 
pattern recognition analyses. 

RESULTS AND DISCUSSION 

Andrews Functions-Andrews (21) introduced a trigonometric series 
expansion with orthonormal coefficients, which is useful for representing 
multivariate data in two dimensions. This function takes the form: 

F ( x )  = X I  0.707 + x2 sin t + x g  cos t 
+ xq sin 2t + x.5 cos 2t +. . . (Eq. 1) 

where the x values are the values of the respective variables for a given 
observation. For each observation, a plot of this function over the interval 
1 = [-.,TI radians gives a curve that is unique to the ohservation hut 
similar in shape and amplitude to the curves of observations having 
similar x values (i.e.,  observations close to each other in multidimensional 
space). The order of the x variables in Eq. 1 usually is determined based 
on the contribution of the variable to the between-group differences, with 
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Table 11-Classification by Andrews Function a 

Predicted Group Percent 
TrueGroup ESTR PROG ANDR CORT CARD Correctb 

ESTR 10 0 0 0 0 100.0 
PROG 0 7 3 0 0 66.7 
ANDR 0 2 5 0 2 55.6 
CORT 0 4 0 6 0 60.0 
CARD 0 0 1 0 6 85.7 
Mean ofgroup -3.65 0.30 1.22 -0.07 3.33 
SD 0.98 0.67 1.29 0.24 0.90 
~~ ~~~~ ~~ 

a For t = 0.28 rad, F ( x )  = 0.707 a + 0.267 j + 0.964 c + 0.514 i + 0.858 6. Variables 
are ordered according to their contribution to the between-group variation. 

Learning set results showed 74.5% correct. Compounds misclassified (predicted 
group) were: 11-13 (ANDR), 21 (PROG), 23 (CARD), 26 (CARD), 27 (PROG), 31 
(PROG), 34 (PROG), 37 (PROG), 39 (PROG), and 45 (ANDR). Test set results 
showed 77.8%) correct. Compounds misclassified (predicted group) were I1 (PROG) 
and 111 (ESTR). 

the most significant variable being assigned to x1 and the least significant 
variable assigned to the last term in the series. 

Andrews function plots of prototypes of each therapeutic class are 
shown in Fig. 1. For this purpose, the group centroids (mean values) of 
each class were considered to he representative of the class. Other 
possibilities would he to use median or mode values of the variables for 
a given group. Each curve in Fig. 1 represents a typical member of its class. 
There are points along the t axis where between-group separations are 
large. 

Figure 2 shows a plot of the total squared separation, summed over all 
possible pairs of groups (10 terms). The maximum in overall between- 
group separation occurs a t  0.28 radian. By fixing t at this value, the An- 
drews function becomes a form of the discriminant function. A histogram 
of the values of this function for all of the observations is seen in Fig. 
3. 

Table I1 shows detailed classification results for the compounds. The 
results were obtained by determining the distance, in standard deviation 
units, of the Andrews function value for each observation from the mean 
value of each group. The observation then was classified into the group 
for which the absolute value of this distance was the smallest. 

A comparison of the results in Table I1 with the corresponding results 
of a linear discriminant analysis (Table 111) shows that the single Andrews 
discriminant. function performed slightly worse in classifying the learning 
set (74% correct) compared to a discriminant analysis in which three 
canonical discriminant functions were used (83% correct). However, for 
the test set, the Andrews method correctly classified seven out of nine 
cases while the discriminant analysis was correct in only six cases. 

Better classification results might be obtained from the Andrews 
function by selecting more than one value o f t  and generating several 
discriminant functions. Other values of t for which the between-group 
separation is large are indicated in Fig. 2. As an alternative, a separate 
value of t  and its corresponding function could be selected for each pair 
of groups, and an observation could be classified based on the number 
of' pairwise comparisons. Neither approach was tried during the present 
work. 
K Nearest  Neighbor Analysis-This classification method con- 

ceptually is one of the simplest in the pattern recognition literature (22, 

4.1 I 

-4.5 I 
Figure 1-Andrcus function plots of the group centroids of each 
thrrapeutic category. The  mean values of the position variables a, j, c, 
i ,  and b u'ere used as cocfficients in the Andrews function in the order 
RI  i'en. 

Table 111-Discriminant Analysis Results for  Compounds in the 
Learning Set * 

Discriminant Score Coefficients 
Variable ESTR PROG ANDR CORT CARD 

a -9.36 2.08 -0.36 -3.36 15.67 
b -1.02 -0.73 1.16 -0.38 1.56 
C -7.09 1.06 2.87 -0.99 6.35 
i -4.24 1.19 2.29 0.50 0.71 
i -1.14 -0.14 -3.16 2.10 2.89 
Constant -13.76 -2.08 -5.60 -3.50 -21.97 

Linear classification results were obtained using BMDP7M (27); average results 
were 82.6% correct. Quadratic classification results were calculated using the Uni- 
versity of Wisconsin MULTDIS program (28); average results were 89.l%correct. 
Test set classification results (both linear and quadratic classification) were 66.7% 
correct. 

23). It differs from most minimum-distance classifiers in that the group 
centroid is not selected as the prototype of a given class. Instead, an ob- 
servation is classified into the group to which a majority of its K nearest 
neighbors in multidimensional space belong. Values of K usually range 
from one to 10, but classification results suffer whenever the value of K 
approaches the average class size. In ties, the group showing the smallest 
aggregate distance is selected. 

Table IV shows the results of K nearest neighbor analyses for the 
learning and test sets of compounds. For the learning set, the results a t  
all levels of K were comparable to the best results obtained bydiscrimi- 
nant analysis. For the test set, four compounds were misclassified for all 
values of K except the first value. This total is one misclassification more 
than was found with the linear and quadratic discriminant analysis 
methods. 

Multicategory Linear Learning Machine Analysis-In a manner 
similar to linear discriminant analysis, a linear learning machine seeks 
to define a function or boundary that will maximally separate a given 
group of Observations from all other observations (13). However, instead 
of relying on a fixed statistical criterion (such as maximizing the ratio of 
between-group variation to within-group variation), a learning machine 
generates the classification function by iteration and feedback (24). A 
vector of weighting coefficients is derived for each group. Then, for each 
observation, a discriminant score is calculated for each group, and the 
observation is classified into the group for which the discriminant score 
is highest. 

Table V summarizes the results of a multicategory linear learning 
machine analysis of the steroid data. A total of 201 iterations was per- 
formed, although the classification results ceased to improve after 186 
cycles through the data. Thirty-nine of the learning set (84.8%) and six 
of the test set (66.7%) compounds were classified correctly by this method. 
In each case, the misclassified compounds and the groups into which they 
were placed were identical to those misclassified in a linear discriminant 
analysis of the data. This result occurred in spite of the fact that some 
notable differences existed both in the relative magnitude and in the sign 
between the weighting vectors derived by the learning machine (Table 
V) and those calculated in the discriminant analysis (Table 111). 

All of the misclassified compounds were placed by the learning machine 

I4'*O5 0.28 radian I f \  

- I 
-3.14 3.14 

Figure 2-Plot of  the total sum of  squares of differences between each 
possible pair of curves s h o w  in Fig. 1.  Values in parentheses are values 
o f t  (radians) for which local maxima exist; these calues o f t  could br 
used to  generate additional discriminant functions. 
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Table IV-Results of K Nearest  Neighbor Analysis 
~~ ~~~ 

K 
Percent Correct 

Learning Set Test Set* 

87.0 
89.1 
89.1 
89.1 
87.OC 

66.7 
55.6 
55.6 
55.6 
55.6d 

Table V-Multicategory Linear Learning Machine Results: 
Final Weighting Vectors 

Group 
Variable ESTR PROG ANDR CORT C ARD 

a 0.357 0.646 0.469 -0.442 1.522 
b -1.250 0.747 1.392 -0.992 0.219 

-0.828 0.373 0.719 -0.498 0.191 
-0.643 0.194 0.113 0.010 0.209 

0.527 0.283 -0.10:! 0.610 0.781 
Constant 0.147 0.643 0.601 0.150 0.194 

; 
i 

Table VI-Principal Component Models f rom a SIMCA Study 

Percent 
Correct 

Compo- Variable in 
Group nenta a b C 1 i Groupb 

ESTR 

PROG 

1 -0.099 -0.150 -0.228 -0.189 -0.110 100.0 
2 -0.091 -0.967 0.052 -0.231 -0.004 
1 0.023 -0.018 0.025 0.004 -0.006 100.0 
2 0.208 0.177 -0.526 0.112 -0.797 

ANDR i -0.039 0.092 0.080 0.174 -0.139 55.6 
2 0.220 -0.235 -0.307 -0.895 0.035 

CORT 1 -0.097 -0.054 0.060 0.026 0.125 80.0 
CARD 1 0.299 0.199 0.101 -0.052 0.167 85.7 

2 0.550 0.770 -0.271 -0.027 0.176 
3 0.429 -0.032 0.841 -0.327 0.045 

a Cross-validation was performed to select the optimum number of components 
for each group, based on a partial F test that measures the significance of an added 
component, given the components already present. b Average learning set results 
were 84.8% correct. Compounds misclassified (predicted group) were 21 (PROG), 
24 (PROG), 25 (PROG). 27 (PROG), 30 (PROG), 39 (PROG), and 45 (PROG). 
Average test set results were 66.7% correct. Compounds misclassified (predicted 
group) were IV (PROG), VI (CORT), and VII (PROG). 

into the progestogen category. Examination of two- and three-dimen- 
sional scatter plots and Andrews curves of the progestogens revealed that 
this class of compounds showed wide within-group variation with respect 
to the position variables selected. T o  be classified successfully by a linear 
learning machine, the compounds must be linearly separable in the space 
of the descriptor variables, which perhaps is not the case here. 

Statistical Isolinear Multicomponent Analysis-A more sophis- 
ticated method of pattern recognition than those mentioned previously 
was developed by Wold (14). The SIMCA method involves generating 
a separate principal components model for each class of observations. 
Components are generated iteratively, and the number of components 
retained for each class may vary. For each group, the model so obtained 
is solved by least-squares techniques to determine the relationships be- 
tween the original variables and the derived principal components. 

An observation can be classified, and goodness of fit can be determined, 
by calculating the principal component scores of the observation for each 
group and then determining the theoretical x values the observation 
should have if i t  Were a member of the given group. The sum of squares 
of the differences between the calculated x values and the observed ones 
(ix., the residuals from the regression models) is a measure of how well 

A 

L 
C 
C A  8 
L 
C 
C A  
C C P  H 0 @ c  C P  H 
C C P  

@ c  C P  
E E P C A P H  H 
E @ EB P C A P A m  A H H  

0 
8 H 

H 

E E E  E E  A P C P P P A A A H H  

E 
Figure 3-Histogram of Andrews function values for the compounds 
in this study. Groups are estrogens ( E ) ,  progestogens (P), androgens 
(A ) ,  corticosteroids (C), and cardiac steroids ( H ) .  Circled entries are 
test set compounds. Group means ( f S D )  are shown below the axis. 

the observation fits the model for a particular group. An observation can 
be placed into the group for which this deviation is smallest or, depending 
on some preset criteria, it may be placed into a new class instead of into 
any existing group. 

Table VI summarizes the results of a SIMCA study of the data. The 
number of compounds misclassified by the SIMCA method for both the 
learning and test sets was the same as for the multiclass separator and 
the discriminant analysis techniques. However, the identities of the 
compounds misclassified were different. Those misclassified by the 
SIMCA method had more in common with the compounds misclassified 
by the K nearest neighbor analysis. This result may reflect a fundamental 
difference between the multiclass separator and discriminant analysis 
on the one hand and SIMCA and K nearest neighbor analysis on the 
other. The SIMCA and K nearest neighbor methods rely more on local 
properties of the data set (i.e., the distribution of compounds in the im- 
mediate neighborhood of the compound being classified). By contrast, 
the discriminant function methods rely on a more global view of the data 
set, considering all groups a t  once or, in the case of the multiclass sepa- 
rator, comparing a given group with all other groups combined. 

CONCLUSIONS 

First-order molecular connectivity values contain information that 
can be used, with varying degrees of success, in the classification of mo- 
lecular structures into their correct therapeutic categories using pattern 
recognition techniques. This has been demonstrated using a template- 
based method of variable assignment. Of course, any method of assigning 
position variables may be criticized on the basis of its subjectivity. An 
alternative method, involving whole-molecule molecular connectivity 
terms, is being studied, and encouraging results have been obtained“. 

For the compounds in this study, pattern recognition methods did not 
give better classification results than those obtained with the traditional 
discriminant analysis techniques. The latter methods, due to their sta- 
tistical nature, have the advantage that stepwise procedures may be 
employed for variable selection. Such stepwise techniques are not used 
as commonly in most pattern recognition research. 

The classification of observations per se is not usually considered a 
sufficient goal for research of the type reported here. The use of model- 
building methods of analysis, such as SIMCA, provides a basis for ex- 
tending such investigations to include both qualitative and quantitative 
predictions (9). However, i t  is important that  a variety of descriptor 
variables be studied to determine which variables are most suitable for 
particular purposes. Molecular connectivity indexes, because of their close 
relationship to molecular structure, have unique potential for classifi- 
cation problems. 
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Abstract  The molecular connectivity 4xpc index was examined for 
its ability to describe uniquely molecules containing substituted benzene 
rings. The subgraphs comprising this index were shown to encode in- 
formation about the number, placement, and type of ring substituents. 
Several examples illustrate the ability of the index to describe struc- 
ture-influencing properties. 
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Since the development of a new method of molecular 
structure quantitation called molecular connectivity, it has 
been utilized in numerous structure-activity relationship 
studies (1-7). The numerical indexes computed for each 
molecule are rich in information content; hence, constel- 
lations of indexes are of considerable value in describing 
structural features contributing to the numerical value of 
a physical property or biological activity. This study ex- 
plored the information content of one important index, 
4xpc, and revealed how it plays a prominent role in several 
structure-activity relationship analyses. 

THEORY 

The molecular connectivity description of molecular structure gives 
rise to several numerical indexes of the general form ’”xt, where m is the 
order of the molecular fragment and t is the type. Indexes may be of the 
simple connectivity (unweighted adjacency) or valence level. The indexes 
are weighted counts of fragments within a molecule, conveying infor- 
mation about topological features such as molecular size, branching, 
cyclization, unsaturation, and heteroatom location and type. 

One distinct advantage of a molecular connectivity analysis of structure 
in a structure-activity relationship study is that  the indexes correlating 
with activity in a regression analysis can be interpreted directly in terms 
of structural fragments meaningful to the medicinal chemist (8-10). 
Depending on the study, various indexes will emerge from searches with 
one or more variables, each conveying various amounts of structural in- 
formation. 

It has become apparent in the studies conducted in these laboratories 
that  certain patterns of index appearance are found in analyses of mo- 
lecular structure using molecular connectivity. One noteworthy ap- 
pearance is the 4xpc (or the 4 x $ ~ )  index in studies on the structures of 
molecules containing substituted benzene rings. This index frequently 
is important as a second or third variable in regression analyses on mol- 
ecules in which the benzene rings possess different numbers, positions, 
and types of substituents. 

This recurrence led to the belief that  the 4xpc index carries a high 
degree of information content in these structural classes that is common 
to many drug molecules. The purpose of this report is to analyze and 
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been utilized in numerous structure-activity relationship 
studies (1-7). The numerical indexes computed for each 
molecule are rich in information content; hence, constel- 
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structural features contributing to the numerical value of 
a physical property or biological activity. This study ex- 
plored the information content of one important index, 
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structure-activity relationship analyses. 
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The molecular connectivity description of molecular structure gives 
rise to several numerical indexes of the general form ’”xt, where m is the 
order of the molecular fragment and t is the type. Indexes may be of the 
simple connectivity (unweighted adjacency) or valence level. The indexes 
are weighted counts of fragments within a molecule, conveying infor- 
mation about topological features such as molecular size, branching, 
cyclization, unsaturation, and heteroatom location and type. 

One distinct advantage of a molecular connectivity analysis of structure 
in a structure-activity relationship study is that  the indexes correlating 
with activity in a regression analysis can be interpreted directly in terms 
of structural fragments meaningful to the medicinal chemist (8-10). 
Depending on the study, various indexes will emerge from searches with 
one or more variables, each conveying various amounts of structural in- 
formation. 

It has become apparent in the studies conducted in these laboratories 
that  certain patterns of index appearance are found in analyses of mo- 
lecular structure using molecular connectivity. One noteworthy ap- 
pearance is the 4xpc (or the 4 x $ ~ )  index in studies on the structures of 
molecules containing substituted benzene rings. This index frequently 
is important as a second or third variable in regression analyses on mol- 
ecules in which the benzene rings possess different numbers, positions, 
and types of substituents. 

This recurrence led to the belief that  the 4xpc index carries a high 
degree of information content in these structural classes that is common 
to many drug molecules. The purpose of this report is to analyze and 
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Table I-Molecular Connectivity Indexes for Several Substituted Benzenes 
4 u  Molecule Number of 3xc Terms 3xc 3x ? Number of *XPC Terms 4 X P C  x PC 

v1 +- 
v11 & 

VIII + 
IX -+ 
xb- 
5+ 

XI11 $-& 
XIV -+ 
XI1 

\ 

xv -Ith 
XVI * 

XVII + 
E? XVIII 

XIX * 
L 

XXI 9 

1 

2 

2 

2 

3 

3 

3 

3 

3 

3 

4 

4 

4 

4 

4 

5 

5 

5 

6 

2 

2 

0.204 

0.402 

0.493 

0.493 

0.595 

0.691 

0.691 

0.607 

0.676 

0.781 

0.787 

0.883 

0.800 

0.896 

0.868 

0.980 

0.992 

0.992 

1.098 

0.333 

0.333 

0.118 

0.102 

0.285 

0.285 

0.371 

0.413 

0.413 

0.377 

0.407 

0.451 

0.496 

0.538 

0.502 

0.544 

0.531 

- 

- 

- 

0.713 

0.204 

0.204 

3 

7 

5 

5 

11 

9 

9 

11 

9 

7 

15 

13 

15 

13 

13 

19 

19 

19 

25 

8 

8 

0.433 

1.020 

0.777 

0.841 

1.638 

1.360 

1.369 

1.500 

1.514 

1.047 

2.245 

1.919 

2.127 

1.772 

2.053 

2.800 

2.673 

2.693 

3.448 

0.992 

0.943 

0.219 

0.561 

0.390 

0.412 

0.942 

0.729 

0.732 

0.856 

0.821 

0.535 

1.317 

1.089 

1.240 

1.001 

1.173 

1.673 

1.593 

1.601 

2.192 

0.554 

0.524 

(continued) 



Table I-Continued 

4 L' Molecule Number of 3 x ~  Terms 3xc X C  Number of 4 x p c  Terms 4XPC x PC 
3 u  

XXII * 2 0.408 0.236 

2 0.408 0.236 

0.873 

0.813 

1.020 

0.777 

0.841 

1.020 

0.455 

0.421 

0.404 

0.314 

0.331 

0.356 

/- 

XXIV (-+ 
NH: 

xxv 
/ 
SH 

XXVI HN- 

xxvll +- OH 

xxvlll l4( 1 * 
xxx ct-- ('I 

XXIX IlO+&- 

XXXI 

5 0.777 0.291 

5 

7 

0.841 0.305 

1.020 0.633 

5 0.777 0.425 
/ 

CI 

XXXII CI* 

XXXIII * 5 

8 

0.841 0.449 

0.992 0.400 

xxxlv OCH F)i 0.873 

0.813 

0.813 

0.352 

0.332 

0.385 
xxxvl CHIOCH P- 

reveal the information about benzene ring substitution encoded in the 
4 x p c  index. 

The 4 x p c  index describes the molecular fragment represented as 
Fragment A. 

Y 
Fragment A 

The index is calculated using the standard algorithm described previously 
(1,7,8) Each atom in the fragment is assigned a 6 value based on the 
number of atoms bonded to it (adjacency) in the original molecule. A 
valence delta (6") is assigned on the basis of adjacency or, in the case of 
heteroatoms or unsaturated carbons, use of the prescription 6"  = 2" - 
h ,  where Z" is the number of valence electrons and h is the number of 
attached hydrogen atoms. The 4 x p ( -  (or 4 x " p )  index then is computed 
as the sum of the reciprocal square roots of the products of delta values: 
4 x ~ c  = 2 ( 6 , 6 , 6 k f i 1 ) - " * .  The 4yVpc index likewise is computed using 6" 
values. 

The index carries information about the number of benzene ring 
substituents, the substitution pattern, the length of the substituents up 
to three bond lengths, and the heteroatom type of substituent. Each 
category of information will be described, followed by examples of 
structure-activity relationship studies in which the 4 x p c  index is 
prominent. 

RESULTS AND DISCUSSION 

Number of Ring Substituents-The 4 x p c  index appears whenever 
a branch point in a chain or a ring substituent occurs in a molecular 
structure. Each ring substituent contributes at least two terms to this 
index. With substituents longer than one bond length, neglecting hy- 
drogens, the number of terms per substituent is a t  least three. 

Table I presents a number of substituted phenethylamines that were 
chosen to illustrate the information content of the 4xpc  index. In the first 
19 entries, the number of 4xpc  terms and the 4 x p ~  and 4x5c values for 
all possible methyl derivatives are reported. By plotting the number of 
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Table 11-Solubility of Alkyl Benzenes 

Observed Calculated 
Molecule In S" In S 

Benzene 1.64 
Toluene 2.25 
Ethylbenzene 2.84 
o-Xylene 2.78 
m -Xylene 2.76 
p-Xylene 2.73 
Propylbenzene 3.34 
Isopropylbenzene 3.38 
1,2,4-Trimethylbenzene 3.32 
But lbenzene 3.94 
sec -ku t  ylbenzene 3.67 
tert -Butylbenzene 3.60 
tert -Amvlbenzene 4.15 

1.66 
2.24 
2.76 
2.71 
2.84 
2.82 
3.34 
3.26 
3.31 
3.89 
3.79 
3.69 
4.08 

~~~ ~ ~ 

a Molal solubility in water. 

methyl substituents uersus the 4xpc value in Fig. 1, it is obvious that the 
4 x p ~  values correlate closely with the number of methyl substituents. 
In other words, the 4xpc index carries significant information about the 
number of single-atom ring substituents (exclusive of hydrogen). 

This information content is not unique to  the 4xpc index. I t  also is 
encoded in the O x ,  'x. and 3xc indexes. However, the information about 
the number of substituents encoded in 4xpc establishes a base from which 
the greater utility of this index can be established in molecules containing 
benzene rings. The Ox, lx, and 3xc indexes fail to perform as well as the 
4xpc index in encoding additional structural information among sub- 
stituted benzenes. 

Orientation of Ring Substituents-The 4 x ~  index encodes infor- 
mation about the orientation of ring substituents. In general, the greater 
the adjacency or crowding of single-vertex substituents, the larger is the 
numerical value of the 4xpc index. This effect is illustrated in Fig. 2. In 
considering the six trisubstituted rings (V-X) in Table I, a plot of the 
number of adjacent pairs uersus the 4xpc values shows an increase in 
value with an increased pairing of the substituents. The same effect is 
illustrated in Fig. 2 with the five tetrasubstituted rings (XI-XV) in Table 
I. Since there is no quantitative way of describing crowding, it is difficult 
to illustrate this effect in quantitative terms. In fact, the use of 4xpc may 
be a more meaningful way of quantifying crowding or adjacency of ring 
substituents. 

Other indexes fail to discriminate among substitution isomers in every 
case. Molecule pairs 111, IV; VI, VII; and XVII, XVIII have identical 3xc 
index values. 

An examination of the 4xpc terms in these cases makes it apparent why 
it encodes this information. In Fig. 3, the skeletons of I11 and IV are 
shown. The 3xc fragments for each skeleton are identical with respect 
to the atomic 6 values. As a result, the 3xc indexes for 111 and IV are 
equivalent. 

3.0 4.1 
t 
t 
b 

t 

0 
0 1 2 3 4 5 6 

NUMBER OF RING SUBSTITUENTS 

Figure 1-Relationship of the 'xpc index to the number of ring sub- 
stituents. 

Table  111-Cytochrome P-450 Conversion by Substi tuted 
Phenols 

Substituent 
Observed Calculated 

DC" D C  

None 
3-Hydroxy 
4-Methyl 
4-Carboxy 
3-Methyl 
2-Chloro 
3-Ethyl 
4-Bromo 
2-Iodo 
2.4-Dichloro 
2,4,6-Trichloro 
2.3.4.6-Tetrachloro 

1.07 
0.81 
1.48 
i.15 
1.50 
1.60 
1.82 

1.02 
1.09 
1.40 
1.30 
1.44 
1.36 
1.83 

2.04 2.03 
2.09 
2.1 1 
2.21 
2.65 

2.23 
1.89 
2.33 
2.59 

Pentachloro 2.90 2.92 

From Ref. 12. 

In contrast, 111 and IV give rise to differing sets of 4xpc fragments 
because 4xpc fragments b and c of 111 contain ring atoms that are posi- 
tions of substitution. Compound IV does not have such fragments. Since 
a 4xpc fragment has a path-three feature, it is able to distinguish ortho-, 
meta-, and para-substitution patterns. Thus, in Fig. 3, the 4 x p ~  index 
differentiates between the structures, thereby conveying information 
in numerical form. 

Length of Ring Substituents-The effect on the numerical value of 
4xpc is illustrated by two series of compounds, 11, XX, and XXI and 111, 
XXII, and XXIII. With the ortho-substitution series (11, XX, and XXI), 
lengthening the chain by one atom results in a consistent decrease in the 
4 x p ~  value. With the meta-substitution series (111, XXII, and XXIII), 
there is a decline in the 4xpc value beyond one bond length. Substituents 
with bond lengths of four or more are not distinguishable from those of 
three-bond length. On the other hand, a branched substituent such as 
an isopropyl group gives rise to additional 4xpc fragments and, hence, 
an increased numerical value of this index. 

An interesting observation can he made about the 4xpc indexes and 
structures discussed in these two series. A ranking of these six compounds 
based on the extent of interaction between substituent groups is specu- 
lated as 11, XX, XXI, XXIII, XXII, and 111. This ranking closely parallels 
the decline in the value of their respective 4xpc indexes. 

Heteroatom-Type Substituent-From Table I, it can be seen for 
XXIV-XXXVI that the 4xpc index is equivalent for all similarly sub- 
stituted derivatives with the same number of bonds. Thus, XXIV, 
XXVII, and XXX have identical 4 ~ p c  indexes. The valence level index 
4xVp~ must be employed to differentiate between substituents containing 
atoms of differing 6" values; XXIV, XXVII, and XXX have different 4 ~ y -  
indexes. The larger the 6"  for the heteroatom vertex in these molecules, 
the smaller is the numerical value of  the 'x$? index. 

The 4xVp~ index thus can add to the information encoded in the 4xpc 
index the presence of heteroatoms of various kinds in the substituent 
groups. In addition, the 4xUp~ index can distinguish between substituents 

3.01 

1 .o i.1 i 

8 
8 
8 
b 
b 

0 1  
0 1 2 3 4 

NUMBER OF ADJACENT PAIRS OF 
RING SUBSTITUENTS 

Figure 2-Relationship of the 4xpc index to the number of adjacent 
pairs of ring substituents, showing the disubstituted (A) and trisub- 
stituted (0) phenalkylamines in Table I. 
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Compound 

Graph 

3xc subgraphs 
(numbered Dositions) 

3 ~ c  subgraphs 
(with 6 values) 

'XC 

4xpc subgraphs 
(numbered positions) 

4 x p ~  subgraphs 
(with 6 values) 

I11 IV 
10 

4 &- 1 7  

5 6  

')i 4 k 7  

2 k2 ).d 

k 7  6 b  

'f 2 h 2  2 

5 -k7 2 y 3 7 - 7  h 7  :H 

1 
2 1 1 - -  I -- 

( 1 . 2 . 2 . 2 . 3 )  + ( 1 . 2 . 2 . 3 . 3 )  + ( 2 . 2 . 2 . 3 . 3 ) - 2  2 ( 1 . 2 * 2 . 2 . 3 ) - - 2  + 

Figure 3-Comparison of 3xc and 4xpc subgraphs for two  molecules. 

containing the same heteroatoms but in different group positions (e.g., 
XXXV and XXXVI). 

Examples of 4 x p ~  Indexes in  Structure-Activity Relationship 
Studies--Propyl Phenyl Ethers-The first reported use of 4 x p ~  in a 
structure-activity relationship equation was a study on a series of sub- 
stituted phenyl propyl ethers active against the fungus Trichophyton 
mentagrophytes (1). The same study later was employed in a detailed 
subgraph analysis (11). 

The compounds in the study included mono-, di-, and tri-ring-sub- 
stituted derivatives including methyl and chloro groups in varying 
numbers and ring positions. 

0- CHZ- CH - CH2 
I I  

Y X  
These 28 molecules are related to log l/c by: X =  H, OH Y = H, OH R =  Cl, CH, 

log = 2.44 'X - 3.29 3 X P  -t 2.71 4 x k  - 1.31 (Eq. The 4x$c index conveys the type of information described previously. 
The greater its magnitude, the greater is the calculated log l/c value. r = 0.957 s = 0.149 n = 28 F = 87.4 
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Table IV-Inhibition of Aspergillus niger by Substituted Benzyl 
Alcohols 

Table V-Inhibition of Mycobacterium tuberculosis by 
Substituted Phenols 

Substituent 
Observed Calculated 
log l/cQ log l lc  

None 1.51 1.29 
4-Chloro 2.07 1.93 
2,4-Dichloro 3.07 2.61 
3,4-Dichloro 3.07 2.66 
2,4,5-Trichloro 3.32 3.34 
3,4,5-Trichloro 3.63 3.35 
2-Bromo 2.15 2.38 
4-Bromo 2.27 2.32 
4-Iodo 2.75 2.61 
4-Methyl 1.79 1.83 
2,4-Dimethyi 2.14 2.41 
3,5-Dimethyl, 4-chloro 3.05 3.15 
3,5-Dimethyl, 4-iOdO 3.42 3.83 
2-Nitro 2.49 2.13 
4-Nitro 2.00 2.13 
4-Cyano 1.67 1.83 
2-Hydroxy 1.39 1.62 
3-Hydroxy 1.39 1.54 
4-Hydroxy 1.39 1.56 

From Ref. 13. 

Thus, the 4xVpc index indicates that multiple substitution of the ring, 
particularly in the ortho-position and in adjacent ring positions, enhances 
log l/c. Furthermore, the 4xVp~ index describes the favorable role of 
chlorine over methyl as the substituent. 

Amphetamines-The 4x jb, index emerged as one of three molecular 
connectivity indexes in a structure-activity relationship study of 23 
ring-substituted amphetamines tested as hallucinogenic agents (8). The 
ring substituents were methoxy and methylenedioxy with a few alkyl 
groups and a bromo group. 

The regression analysis presented the ‘x“pc index in reciprocal 
form: 

45.16 4.30 
XP x PC 

log MU = 7 + 1.29 6 ~ p  - - 5.59 (Eq. 2) ’ 

r =0.92 s =0.25 n = 23 F = 35 

The 4xUp~ index describes the favorable role of substituent orientation, 
substituent length, and heteroatom presence. 

Alkyl  Benzenes-Molal solubility data are available for 13 alkylben- 
zenes (Table 11). A two-index equation including the 4xpc index gives 
an excellent correlation with In S: 

In S = 0.782 Oxu - 0.344 ‘xpc - 1.051 (Eq. 3) 

r = 0.994 s = 0.086 n = 13 F =  394 

The calculated results in Table I1 reveal the role played by the 4xpc 
index, in concert with the Oxu index, in describing the various types and 
orientations of substituents on the benzene ring. The 4xpc index predicts 
the favorable influence of substituent branching on solubility. The in- 
fluence on this physical property is revealed by the quality of the corre- 
lation with In S. 

Phenols-A series of heteroatom-substituted phenols are effective in 
the cytochrome P-450 conversion (12). These derivatives were subjected 
to molecular connectivity analysis (Table 111). The 50% inhibitory con- 
centration, pC, was found to be related to  the two indexes by: 

pC = 0.628 Oxu - 4.99 ‘xpc - 1.81 (Eq. 4) 

r’= 0.971 s = 0.161 n = 13 F = 82 

The 4 x ~  index describes the number, orientation, and complexity of 
the substituents to the extent that it accounts for 94% of the variation 
in the data. . 

Benzyl Alcohols-A series of benzyl alcohol derivatives modified in 
the ring are known to inhibit Aspergillus niger (13). The molecular 
connectivity description reveals a correlation with lxu and 4xpc ac- 
counting for 88% of the variance in the data: 

Observed Calculated 
Su bsti tue,nt PCn PC 

None 0.95 1.02 
4-Bromo 1.94 1.92 
2-Methyl, 4-bromo 2.35 2.32 
2-Ethyl, 4-bromo 2.70 2.70 
2-Propyl,4-bromo 3.18 3.10 

2-Pentyl, 4-bromo 3.99 3.88 
2-sec-Pentyl,4-bromo 3.54 3.80 
2-Hexvl. 4-bromo 4.26 4.27 

2-Butyl, 4-bromo 3.76 3.49 

2-Cycfohexy1,I-brorno 3.75 3.88 
2-Bromo 1.78 1.83 

2-Bromo, 4-hexyl 4.11 4.20 
2-Bromo. 4-oroovl. 3.5-dimethvl 3.69 3.61 

2-Bromo, 4-tert -pentyl 3.39 3.37 

a From Ref. 14. 

log l lc  = 0.341 4 ~ p c  + 0.979 ‘xu - 1.404 

r = 0.940 s = 0.268 n = 19 F = 61 

(Eq. 5) 

The results (Table IV) reveal the role of 4xpc in describing the number 
and orientation of ring substituents. 

Phenols-A series of alkyl bromophenols was reported as effective in 
inhibiting Mycobacterium tuberculosis (14). A molecular connectivity 
analysis reveals a high correlation with two variables, including the 4xUp~ 
index: 

pC = 0.551 Oxu - 0.434 ‘X$C - 1.052 (Eq. 6) 

r =0.992 s =0.134 n = 1 4  F = 357 

The results in Table V show the role of the 4xpc index in describing 
structural information in the relationship. 

Conclusion-Because of the structure of the molecular fragment 
described by 4xpc, this index is ideally suited to quantifying structural 
features associated with ring substitution. The fragment may contain 
up to three consecutive phenyl ring bonds; as a consequence, ortho-, 
meta-, and para-substitution give rise to different terms, resulting in 
different ‘xpc indexes in each case. 

The structural information encoded in the “xpc index should make 
it possible to interpret the structure-activity relationship from molecular 
connectivity descriptions when this index appears. 
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Abstract  Methods are described for the preparation of [8,9-2Hz]- 
apomorphine and [ 1,3,8,9-*H4]apomorphine based on reaction of apo- 
morphine in trifluoroacetic acid-d. The mass spectral properties of these 
compounds and of the 0,O- bis(heptafluor0butyrate) ester and the 
0,O- bis(trimethylsily1) and 0,O-  bis(tert-butyldimethylsilyl) ethers of 
apomorphine, .using electron impact and chemical ionization, are re- 
ported. [ 1,3,8,9-2H4]Apomorphine was used to elaborate the I3C-NMR 
chemical shifts of the proton-bearing carbons of apomorphine. 

Keyphrases Apomorphine-synthesis of deuterated analogs for PMR, 
'T-NMR, and mass spectral analyses Mass spectrometry-analysis, 
deuterated analogs of apomorphine NMR spectroscopy-analysis, 
deuterated analogs of apomorphine 

There is a resurgence of interest in the aporphine alka- 
loid apomorphine (I) because of i ts  utility in the treatment 
of Parkinson's disease (1-3), tardive dyskinesia (4), Hun- 
tington's chorea (5, 6), and schizophrenia (7). As part of 
ongoing studies of the mammalian metabolism of I (8-ll), 
methods were desired for the preparation of its specifically 
deuterated analogs. The latter compounds were envisioned 
as being potentially useful in mass spectral assays of I and 
metabolites in biological fluids (12). 

Early studies on the deuteration of I gave conflicting 
evidence on the site and extent of deuteration (13) or 
provided methodology requiring total synthesis of the 
aporphine skeleton (14). One report (13) suggested that 
deuterated analogs of I would not be suitable for use in a 
mass spectral assay due to proton scrambling during va- 
porization. Therefore, mass spectral studies were initiated 
with deuterated I to develop conditions suitable for use in 
biological assays. 

During preliminary analysis, PMR analysis of I in tri- 
fluoroacetic acid-d showed facile exchange of the 8- and 
9-protons with the deuterium ions from the solvent (15). 
The kinetics for the deuterium exchange of I were studied 
using PMR spectroscopy, and conditions were developed 
for the selective preparation of I1 and 111 using trifluo- 
roacetic acid-d. The ester and silyl ether derivatives of I 
were used to study the electron-impact and chemical- 
ionization mass spectral characteristics of I1 and I11 for 
potential use as internal standards in qualitative and 

I: R = R ' = H  
11: R = R' = D 

111: R = H, R = D 

quantitative determinations of I. Finally, I1 was employed 
to analyze the I3C-NMR spectrum of I. 

RESULTS AND DISCUSSION 

The deuteration of apomorphjne (I) in trifluoroacetic acid-d was 
studied a t  various temperatures and in the presence of a transition metal 
catalyst (5% rhodium on aluminum oxide). Products with increasing 
deuterium substitution a t  the aromatic positions were isolated (Table 
I). PMR spectroscopy was used primarily to determine the sites of sub- 
stitution, while the extent of incorporation was assessed through mass 
spectral and PMR analysis. When I was dissolved in trifluoroacetic 
acid-d, there was a collapse of the pair of doublets a t  6 6.72 and 6.92 in 
the PMR spectrum, which is attributable to the exchange of the C-8 and 
C19 protons, respectively. Careful analysis of this exchange in excess 
trifluoroacetic acid-d showed that it followed first-order kinetics (Fig. 
1) and that C-8 H exchanged significantly faster ( t 1 / 2  69.4 min) than C-9 
H (t112 115 min). This later observation may reflect differences in the 
resonance stabilization of cationic transition-state intermediates a t  C-8 
and C-9 and correlates with previous work on the bromination of apo- 
morphine dimethyl ether (16). 

The protonated amine of apomorphine hydrochloride also underwent 
exchange in trifluoroacetic acid-d as expected. However, it was surprising 
that the exchange of the amine proton was more than one order of mag- 
nitude slower (k = 0.0325 hr-l, r = 0.996, a = 87%, t 1 / 2  = 21.3 hr) than 
the exchange of the aromatic protons at C-8 and C-9. 

In contrast to the C-8 and C-9 protons, the exchange of the C-1 and C-3 
protons for deuterium in trifluoroacetic acid-d was relatively slow a t  room 
temperature. With PMR spectroscopy, it appeared that no more than 
a 15% exchange occurred a t  C-1 and C-3 in excess trifluoroacetic acid-d, 
even after 216 hr.'Elevated temperatures were required to prepare a 
product significantly enriched in 11, and no improvement in incorporation 
was observed with a rhodium catalyst (Table I). The exchange of the C-l  
and C-3 protons for deuterium was observed through loss of the doublets 
a t  6 8.15 and 7.11, respectively. These changes were accompanied by an 
expected collapse of the triplet observed for C-2 H a t  d 7.31 into a singlet 
integrating for one proton. 

The noted assignments parallel those made by Ginos et al. (13) for I 
and I1 in dimethyl sulfoxide-ds. These investigators studied the deu- 
teration of apomorphine in 85% D3P04 (in deuterium oxide) and found 
that I1 was formed after heating a t  95" for several hours or a t  140" for 30 
min. Convincing PMR evidence was provided for the purity and assign- 

Table  I-Deuteration of Apomorphine 

Percent Formation under Various 
Deuterated Conditions" 
Analog of I A B  C D E  

dz 
d3 
d i  

10 11 4 6 1  
83 85 19 22 7 

7 2 41 35 32 
- 2 30 29 44 

d i  - - 6 6 16 
Atompercentofdeuteriurn* 39 39 63 60 74 
Percent of theoretical yieldc 84 14 42 40 44 

a Key: A, conditions as indicated under Experimental for 111; H, same as A only 
with 50 mg of 5?h rhodium on aluminum oxide; C, 5 ml of trifluoroacetic acid-d and 
0.66 mmole of I-HCI with agitation at 140' for 72 hr; D, identical to C only with 50 
mg of 5% rhodium on aluminum oxide; and E, conditions as indicated under Ex- 
perimental for XI. * Calculations are based on mass spectral analysis and are the 
atom percent of deuterium of aromatic protons only. Isolated product. 
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Table 11-Mass Spectral Characteristics of Apomorphine, Its Deuterated Analogs, and Some Potentially Suitable Derivatives for GLC-Mass 
Spectral Analysis 

Parent or 
Pseudoparent Other Important 

Ionization Base Ion (Relative '. Fragments 
Compound Mode Scanned Peak Abundance) [M - l]+/M+ (Relative Abundance) 

I (free base) 
I-HC1 
11-HCl 
111-HC1 

I1 trimethylsfiyl etherC 
111 trimethylsilyl etherc 
I trimethylsilyl etherc 
I1 trimethylsilyl etherC 
111 trimethylsilyl ethere 
I tert-butvldimethvlsilvl etherd 

EI 
EI 
EI 
EI 
CI 
CI 
EI 
EI 
El 
El 
CI 
CI 
CI 
El 

36-350 266 267 (64) 
50-350 266 267 (72) 
70-310 270 271 (75) 
70-350 268 269 (70) 

70-350 270 270 (100) 
100-730 169 659 (37) 
100-450 410 411 (72) 
100-450 414 415 (90) 
100-450 412 413 (75) 
100-450 412 412 (100) 
100-450 416 416 (100) 
100-450 414 414 (100) 
100-530 322 495 (4) 

a 70-350 268 268 (100) 

1.55 
1.39 
1.33 
1.43 
- 
- 
1.03 
1.38 
1.11 
1.33 
- 
- 
- 
0.3 

- 
- 
- 
- 

267 (9) 
269 (25) 
658 (38) 
322 (79) 
326 (80) 
324 (66) 
396 (61) 
400 (46) 
398 (34) 
438 (15) 

a Essentially identical results were obtained when methane or isobutane was used as the ionizing as All other chemical-ionization determinations were made with 
methane. 0,O-Bis(heptafluor0butyrate) ester. c O,O-Bis(trimethylsilyl) ether. d 0,O-Bis(tert- butyhimethylsilyl) ether. 

ment of deuterium atoms in 11. However, mass spectral examination of 
this product proved to be somewhat anomalous; the mass spectrum in- 
dicated that -55% of the aromatic protons had been exchanged for 
deuterium (do, 23; dl, 0; dz, 11; da, 19; dd, 41; and db, 6), while the PMR 
spectrum indicated that 80% of the aromatic protons had been exchanged. 
The relatively high proportion of undeuterated product shown by the 
mass spectrum was attributed to the exchange between the proton from 
hydrogen chloride and the deuterium atoms on the aromatic rings (I1 was 
analyzed as its hydrochloride salt) during vaporization in the mass 
spectrometer. The PMR determinations of I1 and I11 performed during 
the present studies were in agreement (within f4%)  with the composi- 
tions estimated by mass spectral analysis (Table I). 

The exchanges of the C-1 and C-3 protons in trifluoroacetic acid-d were 
facile compared to the exchange of C-2 H. Indeed, no exchange of C-2 H 
could be detected when I was treated with trifluoroacetic acid-d (Table 
I) or allowed to stand in trifluoroacetic acid-d for 9 days at  25'. The ease 
of exchange of C-1 and C-3 H relative to C-2 H probably results from the 
influence of the 11-hydroxyl group, which causes resonance stabilization 
of the developing positive charges at C-1 and C-3. In contrast, a resonance 
interaction of the 10-oxygen atom across both rings is prevented because 
of its meta-relationship to the A-ring. Furthermore, the 10-hydroxyl 
group of I may be protonated preferentially in trifluoroacetic acid, which 
could have important implications for selective 0-acylations of I in this 
solvent (17). 

Since I1 and 111 are proposed for use in biological disposition studies, 
indication of their stability (with respect to the deuterium-hydrogen 
exchange) in aqueous media was desired. To determine if the aromatic 
protons of I a t  C-8 and C-9 would exchange under mildly acidic condi- 
tions, -60 pmoles of LHCl was dissolved in 1 ml of 0.02 and 0.3 M ascorbic 
acid (to prevent oxidation of I) prepared in deuterium oxide (pH 2.92 and 
2.28, respectively) and stored in screw-capped test tubes at  room tem- 
perature for 14 days. No incorporation of deuterium was detected after 
this treatment following GLC-mass spectral analysis of the isolated 
product as its bis(trimethylsily1) ether derivative. 

The use of I1 and 111 as GLC-mass spectral internal standards in- 
metabolic studies requires derivatization to improve volatility and pre- 
vent thermal decomposition. Furthermore, the production of suitable 
(high molecular weight) fragment or parent ions that retain the deuterium 
label is desired, and these ions should be formed in sufficient amounts 
(i.e., they should represent a significant proportion of the total ionization 
current) to permit sensitive detection. Previous work with I (18,19) in: 
dicated that the 0,O- bis(trimethylsily1) ether and the 0,O-bis(hepta- 
fluorobutyrate) ester derivatives are readily formed quantitatively and 
may be applicable to GLC-mass spectral determinations. Compounds 
converted to tert- butyldimethylsilyl ethers frequently form intense ions 
at  high mle values due to loss of a tert-butyl radical (M - 57) using 
electron-impact (EI) conditions, and this derivative was evaluated as well. 
The electron-impact and chemical-ionization (CI) mass spectral char- 
acteristics of 1-111 and their derivatives are presented in Table 11. 

A common fragment ion observed in the electron-impact mass spec- 
trum of aporphines is an [M - 11' species, which is due to loss of the 
6a-proton. As indicated in Table 11, I and its derivatives, except for 
apomorphine 0,O- bis(tert-butyldimethylsilyl) ether, give rise to a 
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Figure 1-Kinetics of exchange 0fC-8 H (0 )  (k = 0.60 hr-l, r = 0.992, 
a = 97.0%, t l / z  = 69.4 min) and C-9 H (m) (k = 0.36 hr-l, r = 0.989, a 
= 101.076, t l / z  = 114.6 min) of apomorphine in trifluoroacetic acid-d 
a t  25'. 
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Table III-J3C-NMR Spectral  Characterist ics of Apomorphine 
in Trifluoroacetic Acid 

Carbon Chemical Shift, 6 Integrated Area' 

c-1 
C-la 
C-lb 
c-2 
c - 3  
C-3a 
c -4  
c - 5  
C-6a 

130.8 
130.8 
128.9 
129.2 
129.7 
133.5 
27.5 
55.4 
65.7 

912 
860 
840 

1004 
c -7  33.4 731 
C-7a 
C-8 
c -9  
c-10 
c-11 
C- l l a  
N- Methyl 

127.5 
122.4 
118.0 
143.7 

1049 
-c.e 

940 
957 

144.8 1031 
122.1 - f . B  
43.5 1183 

0 From broad-band decoupled spectrum. Not sufficiently resolved from C-lb  
for accurate area measurement. Peak height significantly less than that of qua- 
ternary carbons. d Not sufficiently resolved from C-2 for accurate area measure- 
ment. Not sufficiently resolved from C-lla for accurate area measurement. / Not 
sufficiently resolved from C-8 for accurate area measurement. 8 Peak height sig- 
nificantly greater than aromatic carbons bearing hydrogens. 

prominent [M - 11' peak. The bis(heptafluor0butyrate) derivative of 
I under electron-impact conditions gave a moderate parent ion (mle 659) 
in addition to extensive formation of the imine fragment (mle 658). 
However, a drawback in using the heptafluorobutyrate derivative is the 
possibility of exchange of the deuterium atoms a t  C-8 and C-9 due to 
small quantities of heptafluorobutyric acid present during derivatization 
(19). 

The electron-impact mass spectrum of the 0,O-bis(trimethylsily1) 
ether of I showed a parent ion that was 75% of the base peak and ac- 
counted for 3% of the total ion current. A strong fragment ion was ob- 
served a t  rnle 322 for apomorphine as its trimethylsilyl derivative, and 
corresponding ions at rnle 326 and 324 were noted for the same derivative 
of I1 and 111, respectively. However, in all of these cases, the fragment-ion 
peaks represented <lo% of the total ion currents. 

When I was treated with excess tert-butyldimethylimidazole, it formed 
a diether derivative, as evidenced by a parent peak a t  mle 495. The for- 
mation of this derivative was somewhat unexpected since there is sig- 
nificant steric crowding in the resulting derivatized catechol. As antici- 
pated, the parent ion was rather weak in the elkctron-impact mass 
spectrum of I as its tert-butyldimethylsilyl ether derivative, but there 
was a fragment ion of moderate intehsity a t  mle 438 ([M - 57]+), which 
probably arose due to the loss of a tert- butyl radical (20). This fragment 
ion was 15% of the base peak but accounted for only 1% of the total ion- 
ization current. A second fragment ion a t  mle 322 served as the base peak 
but represented only 6% of the total ionization current. The intensity of 
these ions may have been enhanced by the use of lower ionization po- 
tentials; however, the use of the tert-butyldimethylsilyl derivative in 
GLC-mass spectral work is complicated by its GLC characteristics. Even 
on a short column (50 cm, 3% methylphenylsiloxane; see Experimental), 
this derivative has long retention times (e.g., 44 min a t  210° with a carrier 
flow rate of 20 mllmin). 

Since none of the derivatives had the desired characteristics for 
quantitative GLC-mass spectral work employing electron-impact con- 
ditions, chemical-ionization mass spectrometry was evaluated. The 
chemical-ionization mode has two advantages over electron-impact 
spectra. First, it usually is more sensitive than the electron-impact mode. 
In a typical electron-impact spectrum, the base peak may account for only 
20'70 or less of the total ion current, while many chemical-ionization 
spectra display base peaks representing as much as 70-80% of the total 
ion current. Apomorphine proved to be no exception. With the elec- 
tron-impact mode, the base peak for I was at  mle 266 ([M - 1]+) and was 
22% of the total ion current; with chemical-ionization mass spectrometry 
(isobutane), the base peak at rnle 268 ([M + 1]+) was 59% of the total ion 
current. 

A second advantage to the chemical-ionization mode is that  it often 
gives a strong pseudoparent ion ((M + 1]+), which may, because of its high 
molecular weight, be less likely to suffer interference from other com- 
ponents of biological extracts. Apomorphine and its dideuterated analog, 
111, gave intense pseudoparent ions a t  mle 268 and 270, respectively, 
which were the base peaks in both cases. Even when isobutane was used, 

M+ and [M - 11' ions a t  mle 266 and 267, respectively, were observed 
in the chemical-ionization mass spectrum of I. These ions were in ap- 
proximately the same relative proportion to one another as seen in the 
electron-impact mass spectrum of I. I t  has been observed, especially with 
tertiary amines using methane as the reactant gas, that the amine can 
undergo electron transfer with one of the reactant ions, giving an M+ ion 
(21,22). This transfer apparently occurs with I. A similar observation was 
made with glaucine, a related aporphine (23). This observation restricts 
the use of underivatized I for qualitative work because the noted phe- 
nomenon could lead to errors in quantitative determinations. 

Of the three derivatives studied, the trimethylsilyl ethers were the most 
suitable for GLC-mass spectral work. With methane as the GLC carrier 
gas and the chemical-ionization reactant gas, the chemical-ionization 
mass spectrum of the trimethylsilyl ethers of I, 11, and 111 showed base 
peaks a t  mle 412, 416, and 414, respectively; the ions accounted for 
25-32% of the total ion currents for these compounds. However, as was 
seen with underivatized I, the trimethylsilyl ethers underwent electron 
transfer with the reactant ions, giving appropriate M+ and [M - 1]+ ions 
(m/e 411 and 410 for I as its trimethylsilyl derivative) that  were quite 
intense (59 and 29% of the base peak, respectively, for the trimethylsilyl 
derivative of I). In addition, there appeared to be significant hydrogen 
abstraction, most likely of the 6a-proton. This phenomenon is observed 
with tertiary amines in which the hydride loss is enhanced by referring 
the charge to an adjacent nitrogen atom (22,24), and it makes the pseu- 
doparent ions of the trimethylsilyl ethers of 1-111 less desirable for se- 
lective-ion monitoring. Fortunately, there are strong and clean fragment 
ions for the aporphines as their trimethylsilyl derivatives at mle 396 (I), 
400 (111, and 398 (111) which account for -15% of the total ion current in 
each case. These ion fragments probably occur through the loss of 
methane from pseudoparent ions, probably from the trimethylsilyl 
groups. In conclusion, it appears that  I1 and 111 can function as internal 
standards for I if chemical-ionization mass spectrometry is used and the 
noted fragment ions of their trimethylsilyl derivatives are monitored. 

The availability of I1 presented an opportunity to elaborate chemical 
shifts of the proton-bearing carbons of I. By use of broad-band de- 
coupling, off-resonance white noise decoupling, and selective-proton 
decoupling, the W - N M R  data listed in Table I11 were compiled. 

The broad-band decoupling spectrum of I contained only 16 lines; 
however, the signal a t  6 130.8 integrated for two carbons. The off-reso- 
nance white noise decoupling spectrum indicated that the signals a t  6 
144.8, 143.7, 133.5, 130.8, 128.9, 127.5, and 122.1 were nonprotonated 
carbons. Chemical shifts assigned to aliphatic carbons in I (Table 111) were 
deduced from data reported previously for similar aporphines (25,26). 
The 13C-NMR spectrum of I1 had a single aryl CH signal a t  S 129.2. 

The use of selective-proton decoupling of the aromatic protons in tri- 
fluoroacetic acid presented some problems. Irradiation (0.3 w) at  d H 7.31 
to enhance C-2 and 6 H 7.11 to enhance C-3 caused enhancement of all 
of the protonated aromatic carbon signals. In contrast, irradiation a t  6 
H 8.15 to enhance C-1 caused collapse of all of the protonated aromatic 
carbon signals represented by lines integrating for one carbon; this effect 
was especially noticeable for the signal a t  6 129.7. However, during this 
experiment, the signal at 6 130.8 (which integrates for two carbons) still 
integrated for two carbons, indicating that the protonated carbon reso- 
nating a t  6 130.8 is C-1. By de,fault, the carbon signal a t  6 129.7 corre- 
sponds to  C-3. 

Assignment of the carbon signals for C-8-C-11 are based on reported 
assignments in similar aporphines (25,26). The carbon assignments for 
nuciferine and isocorydine suggest that  C- l l a  (ortho to phenol) should 
be the farthest upfield while C-3a should be the farthest downfield of the 
signals possible for these nuclei. The remaining nonprotonated carbons 
are provided with proposed assignments (Table 111) based on the chemical 
shifts suggested for analogous carbons in isocorydine (25). 

An unusual observation was made with respect to carbon resonance 
intensities when trifluoroacetic acid was used as the solvent. All of the 
nonprotonated aromatic carbons possessed intensities greater than or 
equal to those of the protonated aromatic carbons (during broad-band 
decoupling); the opposite usually is true because of nuclear Overhauser 
enhancement. This observation may have general applicability in dif- 
ferentiating nonprotonated from protonated carbons and is under further 
investigation in these laboratories. 

EXPERIMENTAL 
Reagents-(R)- (-)-Apomorphine hydrochloride hemihydrate was 

used as purchased'. Trifluoroacetic acid-d was generated from trifluo- 

1 McFarland Smith Ltd., Edinburgh, Scotland. 
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roacetic anhydride2 with deuterium oxide3 (99.7 atom % D). All other 
solvents and reagents were analytical reagent grade. 

Mass Spectral  and  GLC-Mass Spectral  Studies-Mass spectra 
were determined in the electron-impact and chemical-ionization modes 
using an automated GLC-mass spectrometric4 system consisting of a 
microprocessor-controlled gas chromatograph coupled (all glass jet 
separator) to a quadrapole mass spectrometer and data system. Mass 
spectra of 1-111 (free base and hydrochloride salts) were obtained by in- 
troduction of the sample on a solid probe programmed from 100 to 300’ 
(30’/min). GLC-mass spectral determinations were implemented with 
a U-shaped glass column (50 cm X 2 mm i.d.1 packed with 3% methyl 
phenyl siloxane on a specially treated silaceous support5 (100-120 
mesh). 

Helium (20 ml/min) was the carrier gas in all electron-impact studies; 
methane was the carrier gas (20 ml/min) in most chemical-ionization 
work. GLC-mass spectral analyses were carried out with a column tem- 
perature of 180-220’. The mass spectrometer was operated with an 
electron energy of 70 ev, an emission current of 350 pamp, an ion source 
temperature of 220°, and a scan rate of 30 scandmin from m/e 50 or 100 
to 700. The final spectrum of each compound was an averaged sum of 10 
or more spectra with the average background subtracted. 

Trimethylsilyl derivatives were prepared by dissolving -1 mg of I, 11, 
or 111 in 100 p1 of N,O-bis(trimethylsily1)acetamide and heating at 65’ 
for 30 min. The tert-butyldimethylsilyl derivative of I was prepared by 
reaction of -1 mg of IeHCI with 200 p1 of tert-butyldimethylsilylimid- 
mole reagent6 at 65’ for 1 hr. Apomorphine 0,O-  bis(heptatluorobutyrate) 
was formed by a method reported previously (18). 

NMR Studies-PMR and kinetic studies were performed with a 
100-MHz7 instrument, and chemical shifts are reported relative to tet- 
ramethylsilane. The rates of deuterium exchange were determined 
through analyses of integrated areas for C-8 and C-9 H relative to C-2 
H in apomorphine hydrochloride. When I.HC1 was reacted for 9 days a t  
25’ in trifluoroacetic acid-d (containing 2 mg of dithionite/ml to prevent 
oxidation of I), the integrated area for C-2 H relative to the aliphatic 
protons remained constant within experimental error. 

13C-NMR spectra were obtained with a 90-MHz Fourier transform 
systems, and chemical shifts are reported relative to tetramethylsilane. 
Solutions containing 200 mg of I.HCl/ml of trifluoroacetic acid and 75 
mg of II.HCl/ml of trifluoroacetic acid-d were analyzed with an external 
deuterium oxide capillary for locking. For selective-proton decoupling 
experiments, approximate proton chemical shifts relative to carbon 
resonances were determined from analysis of acetone-& solutions of I. 
HCI. The sample for 13C-NMR analysis then was irradiated at the ap- 
propriate chemical shift with the source set a t  0.3 w. 

[ 1,3,8,9-2H~]Apomorphine (II)-(R)- (-)-Apomorphine hydro- 
chloride hemihydrate (400 mg, 1.2 mmoles) was dissolved in trifluo- 
roacetic acid-d (5 ml, 67.3 mmoles) in a silylated 16 X 100-mm polytef- 
lined screw-capped culture tube and placed in a pipe bomb at 140’ for 
96 hr. The trifluoroacetic acid-d was removed under a nitrogen stream, 
leaving a pale-brown oil. The oil was treated with a saturated solution 
of sodium bicarbonate, and the mixture was extracted with ether (4 X 
5 ml). The ether was removed under reduced pressure, and the residue 
was redissolved in dry ether (15 ml). The hydrochloride salt, obtained 
by bubbling hydrogen chloride through the ether solution, was filtered 
and dried under vacuum to give 88 mg (44% of theoretical yield) of 
pale-green powder. Recrystallization from methanol-acetone gave off- 
white to pale-green crystals. 

Purity was >99% as determined by UV. spectrophotometry using 
spectral comparisons and absorbance values a t  273 nm from authentic 
LHC1 [A,, (water) 273 nm, c = 17,3001. The GLC retention time of I1 
as its heptafluorobutyrate derivative was identical to that obtained from 
similarly derivatized I. The parent peak of I1 as the free base was a t  m/e 
271 ( C ~ T H ~ ~ D ~ N O ~ )  with a base peak a t  mle 270 (C17H12DdNOd and a 
retro-Diels-Alder peak at mle 228 (C15H8D402). PMR analysis (triflu- 
oroacetic acid-d) showed a signal at 6 7.42 (s, C-2 H) and residual signals 
a t  6 8.24 and 7.20 from I-da (Table I). 

[8,9-2Hz]Apomorphine (III)-(R)- (-)-Apomorphine hydrochloride 

Matheson, Coleman and Bell, Norwood, Ohio 
Merck & Co., Rahway, N.J. * Finni an 4023 system complete with model 9610 g+ chromatograph, model 

4000 quacfrapole mass spectrometer, and model 2300 INCOS data system, Finnigan 
Instruments, Sunnyvale, Calif. 

OV-17 on Chromosorb WHP, Analabs, North Haven, Conn. 
A plied Science Laboratories, State College, Pa. 

7 &del HA-100, Varian Associates, Palo Alto, Calif. 
8 Model WH 90, Bruker Instruments, Billerica, Mass. 

hemihydrate (200 mg, 0.66 mmole) was dissolved in trifluoroacetic acidd 
(5 ml, 67.3 mmoles) and kept in the dark a t  room temperature for 72 hr. 
The workup was the same as that described for 11 and gave 140 mg (70% 
of theoretical yield) of 111-HC1 as an off-white to pale-green powder. 
Purity was >99% as determined by UV spectrophotometry, and the GLC 
retention time of the heptafluorobutyrate derivative of I11 was identical 
to that of the corresponding derivative of I. The parent peak of 111 as the 
free base was a t  m/e 269 (ClTH15D2NOZ), the base peak was a t  mle 268 
( C ~ ~ H ~ ~ D ~ N O Z ) ,  and the retro-Diels-Alder peak was a t  m/e 226 
(‘C15H10D202); PMR (trifluoroacetic acid-d): 6 8.24 (d, lH ,  J = 8.0, C-1 
H), 7.42 (t, lH ,  J = 8.0, C-2 H), 7.20 (d, l H ,  J = 8.0, C-3 H),  6.96 (s, C-9 
H, due to the presence of a trace amount of C-8 2H1), and 6.83 (s, C-8 H, 
due to the presence of a trace amount of C-9 2HI) (Table I). 

Use of Rhodium Catalyst-Reactions were performed as indicated 
except that 50 mg of 5% rhodium on aluminum oxideg was added and the 
reaction mixtures were agitated for the times indicated. Workup proce- 
dures were identical to those outlined. 
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Abstract 0 The antitumor sesquiterpene lactones microhelenins-A, B. 
and C, microlenin acetate, and plenolin were isolated from Helenium 
microcephalum. The structures and stereochemistry of these lactones 
were determined by physical methods as well as by chemical transfor- 
mations and correlations. Microlenin acetate appears to be the first novel 
dimeric sesquiterpene lactone demonstrated to have significant anti- 
leukemic activity. 

Keyphrases Antitumor agents-microheIenins, microlenin acetate, 
and plenolin, isolation from Helenium microcephalum, determination 
o f  structure and stereochemistry 0 Microhelenins-isolation from 
Helrnium microcephalurn, determination of structure and stereo- 
chemistry Sesquiterpene lactones-microhelenins, microlenin acetate, 
and plenolin, isolation from Helenium microcephalum, determination 
of structure and stereochemistry 

Search for an ample supply of helenalin for investigation 
into the relationship between the structure of sesquiter- 
pene lactones and their cytotoxic antitumor activity led 
to the use of the plant Helenium microcephalum’ (1). 
Preexamination of the whole plant extract revealed that 
the removal of helenalin Ieft a mother liquor, which re- 
tained significant inhibitory activity against Walker 256 
carcinosarcoma in rats and P-388 lymphocytic leukemia 
in mice. Further work with the chloroform extract resulted 
in the isolation2 and structural determination of the new 
antitumor agents microhelenins-A (I) (2), B (VI) (3), C 
(VIII) (3), and D (mexicanin-E, XIV) (3) and microlenin3 
(4, 5 ) ,  which were described in preliminary reports. 

The purpose of this paper is to describe fully the isola- 
tion and structural elucidation of microhelenins-A, B, and 
C, the new dimeric antileukemic agent microlenin acetate3 
(X), and the companion pseudoguaianolide plenolin (VII) 
(7). 

’ The constituents of lf. microwphdum were examined previously and reported 
10 cmtain helenalin in good yield (1). 

Helenalin also was isolated from this chloroform extract. 
Mirrohelenins-A, B. C ,  and 1) and microlenin showed significant (T/C 2 125%) 

inhibitory activity against Walker 256 carcinosarcoma in rats at T/C = 148, 138, 
159. 144. and 172% at  2.5 mgikg, respectively. Microlenin and microlenin acetate 
dcmonstratrd significant (T/C 2 120%) inhibitory activity against P-388 lym- 
phocytic leukemia in mice a t  T/C = 167 and 14790 a t  12.5 mg/kg, respectively, ac- 
cording to a literature method (6). Plenolin showed T/C = 138% at  25 rng/kg in the 
1’-:388 screen. 

RESULTS AND DISCUSSION 

The final chloroform extract of the whole plant of H. microcephalum 
was chromatographed on silica gel using chloroform and chloroform-ethyl 
acetate (91)  as the eluents. The initial chloroform eluate afforded a gum 
of several components. Further silica gel column chromatography and 
preparative TLC of this mixture led to the isolation of microhelenins-A, 
B, C, and D. Subsequent elution with chloroformethyl acetate (91) gave 
plenolin and microlenin as well as helenalin. Microlenin acetate was 
isolated from the mother liquor after the removal of helenalin. 

Microhelenin-A (I)-Microhelenin-A (I), C15H1~04 (high-resolution 
mass spectral and elemental analyses), mp 140-141°, [a]:: +89.0°, showed 
the partial structure A, with the lactone ring closed at  C-7 and C-8 and 
the methylene group of CHzOCH attached a t  C-5 on the basis of IR and 
NMR (Table I) evidence as reported previously (2). 

The circular dichroism and optical rotatory dispersion data of micro- 
helenin-A are listed in Table I1 together with data for 2,3-dihydrohele- 
nalin (11) (8), whose absolute configuration has been established. Simi- 
larities in the sign and magnitude of ketone Cotton effects indicated that 
I possessed the same trans-fused cyclopentanone ring system (C-la, 
C-SP-CH20) as 11. Determination of the cis-stereochemistry of the 
y-lactone ring in I was based on the generalization that cis-fused lactones 
closed toward C-8, exhibiting a positive lactone Cotton effect, as exem- 
plified by I1 (9,lO). In addition, Samek’s rule (11) (J7.13 trans-lactone 
2 3 2 5 7 . 1 3  cis-lactone), which generally has been applicable to 
guaianolides, also indicated that I contains a cis-fused lactone since J7,13e  
= 2.53.0 and 57.13f = 2.0-3.04. This evidence led to postulation of possible 
conformations of the seven-membered ring of I (C and D). 

H, 

D: chair C: boa t  and  half-chair 

n 0’ 

E: boat F: half-chair 

The cou ling constants of 57.13 were changed by the conditions of the NMR 
instrument 1!XL-100), as shown in the data. 
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Search for an ample supply of helenalin for investigation 
into the relationship between the structure of sesquiter- 
pene lactones and their cytotoxic antitumor activity led 
to the use of the plant Helenium microcephalum’ (1). 
Preexamination of the whole plant extract revealed that 
the removal of helenalin Ieft a mother liquor, which re- 
tained significant inhibitory activity against Walker 256 
carcinosarcoma in rats and P-388 lymphocytic leukemia 
in mice. Further work with the chloroform extract resulted 
in the isolation2 and structural determination of the new 
antitumor agents microhelenins-A (I) (2), B (VI) (3), C 
(VIII) (3), and D (mexicanin-E, XIV) (3) and microlenin3 
(4, 5 ) ,  which were described in preliminary reports. 

The purpose of this paper is to describe fully the isola- 
tion and structural elucidation of microhelenins-A, B, and 
C, the new dimeric antileukemic agent microlenin acetate3 
(X), and the companion pseudoguaianolide plenolin (VII) 
(7). 

’ The constituents of lf. microwphdum were examined previously and reported 
10 cmtain helenalin in good yield (1). 

Helenalin also was isolated from this chloroform extract. 
Mirrohelenins-A, B. C ,  and 1) and microlenin showed significant (T/C 2 125%) 

inhibitory activity against Walker 256 carcinosarcoma in rats at T/C = 148, 138, 
159. 144. and 172% at  2.5 mgikg, respectively. Microlenin and microlenin acetate 
dcmonstratrd significant (T/C 2 120%) inhibitory activity against P-388 lym- 
phocytic leukemia in mice a t  T/C = 167 and 14790 a t  12.5 mg/kg, respectively, ac- 
cording to a literature method (6). Plenolin showed T/C = 138% at  25 rng/kg in the 
1’-:388 screen. 

RESULTS AND DISCUSSION 

The final chloroform extract of the whole plant of H. microcephalum 
was chromatographed on silica gel using chloroform and chloroform-ethyl 
acetate (91)  as the eluents. The initial chloroform eluate afforded a gum 
of several components. Further silica gel column chromatography and 
preparative TLC of this mixture led to the isolation of microhelenins-A, 
B, C, and D. Subsequent elution with chloroformethyl acetate (91) gave 
plenolin and microlenin as well as helenalin. Microlenin acetate was 
isolated from the mother liquor after the removal of helenalin. 

Microhelenin-A (I)-Microhelenin-A (I), C15H1~04 (high-resolution 
mass spectral and elemental analyses), mp 140-141°, [a]:: +89.0°, showed 
the partial structure A, with the lactone ring closed at  C-7 and C-8 and 
the methylene group of CHzOCH attached a t  C-5 on the basis of IR and 
NMR (Table I) evidence as reported previously (2). 

The circular dichroism and optical rotatory dispersion data of micro- 
helenin-A are listed in Table I1 together with data for 2,3-dihydrohele- 
nalin (11) (8), whose absolute configuration has been established. Simi- 
larities in the sign and magnitude of ketone Cotton effects indicated that 
I possessed the same trans-fused cyclopentanone ring system (C-la, 
C-SP-CH20) as 11. Determination of the cis-stereochemistry of the 
y-lactone ring in I was based on the generalization that cis-fused lactones 
closed toward C-8, exhibiting a positive lactone Cotton effect, as exem- 
plified by I1 (9,lO). In addition, Samek’s rule (11) (J7.13 trans-lactone 
2 3 2 5 7 . 1 3  cis-lactone), which generally has been applicable to 
guaianolides, also indicated that I contains a cis-fused lactone since J7,13e  
= 2.53.0 and 57.13f = 2.0-3.04. This evidence led to postulation of possible 
conformations of the seven-membered ring of I (C and D). 

H, 

D: chair C: boa t  and  half-chair 

n 0’ 

E: boat F: half-chair 

The cou ling constants of 57.13 were changed by the conditions of the NMR 
instrument 1!XL-100), as shown in the data. 
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Table I-Decoupling Experiment Data fo r  IXb in PMR Spectrume 

Irradiation Position 
C-11 CH3 H-7 H-11 H-8 H-6 

Changed Signal Position (6  1.47) (6 2.74) (6  2.74) (6 4.71) (6 5.38) 

C-11 CH3 

H-7 

H-11 

H-8 

d, J = 7.5 
1 

br dd, J = 6.0 and 10.0 
S 

br dd, J = 6.0 and 10.0 br dd, J = 6.0 and 10.0 
i i 

d, J7,11 = 10.0 sharp dd, and 
J = 6.0 and 10.0 

dq, J = 1.5 and dq, J = 7.5 and 
11.0 q . 0  

1 4 
d, 511.13 = 7.5 

br t 
1 

d, 57.11 = 10.0 

m 
br s, WIIp = 2.5 

H-6 i 
sharp s 

aValues are expressed in parts per million. Multiplicities are indicated by the usual symbols: d, doublet; m, multiplet whose center is given; br s, broad singlet; hr t, 
broad triplet; dd, doublet of doublets; and dq, doublet of quartets. The values are in Hertz. Measurements were recorded with a 100-MHz instrument and were taken 
in deuterochloroform. 

G 
4 a O H  

H 
4-OOH 

C-CH--O-C H ,-C 
1 2  

0' 0' 

I 

4 a H  
J K 

4-POH 4-&OH 
\ / 

C-CH-O--CH,-C 
2 3  

The conformation of the seven-membered ring was determined by a 
series of INDOR5 experiments. The magnitude of J6.7 determined the 
relative configuration a t  C-6 (Ha) and C-7 (H,); hence, if the configura- 
tion of H, were established as a, then the configurations for Ha and Hb 
at C-6 would be known accordingly. When the quartet lines of I& (6 1.67) 
were monitored, they gave the INDOR signals arising from Hb at 6 - 
2.30-2.50 (2). The J values observed between Ha and H, ( J  = 13.0 Hz) 
cleady indicated a diaxial relationship between H, and H,, and the value 
between Hb and H, ( J  = 3.0 Hz) indicated a dihedral angle of -60°, as 
illustrated in C. Consequently, the conformation of I was assigned the 
boat or half-chair form. 

In addition, the coupling constant (57,s = 9.0 Hz) between H, and Hd 
indicated an eclipsed relationship between H, and Hd, as illustrated in 
E, and not a dihedral angle of -60°, as illustrated in the half-chair form 
F. Thus, the boat form shown in B was the preferred conformation of the 
seven-membered ring of I. The linkage position of the remaining methine 
proton in CH20CH was determined as follows. The physical data of I 
suggested that the methine proton in CH20CH could be placed only at 
C-2 or C-3; in this case, the possible configuration relationships between 
C-3 and C-4 could be shown as G, H, J, and K (Structure B). 

Internal Nuclear Double Resonance. 

Treatment of I with sodium borohydride afforded a monohydroxy 
11,13-dihydro derivative (IIIa) in which the methylene group of CH2OCH 
was linked at C-5 on the basis of spectral evidence (2). 

The protons a t  C-2 and C-4 appeared as a multiplet a t  6 4.0. However, 
the NMR spectrum of IIIa measured in deuterated chloroform-benzene 
(1:l) showed the presence of H-2 as a multiplet a t  6 3.77 and of H-4 as a 
doublet of doublets of doublets a t  6 3.49 ( J  = 2.0,4.0, and 10.0 Hz), which 
indicated that the methine proton of CHpOCH was placed a t  C-2, as il- 
lustrated in G. 

The configuration of the methyl group a t  C-10 was assigned on the basis 
of NMR data. If the C-10 methyl group were in the 0-axial configuration, 
the C-2 P-oxygen group would be expected to deshield the C-10 0-methyl 
group (6 1.341, as was shown for bipinantin (IV) (12). On the other hand, 
a C-2 a-hydroxyl group, as found in ivoxathin (V) (13), would be expected 
to have little or no effect on it (6 1.11). In addition, a positive Nuclear 
Overhauser Effect (NOE) between a C-10 fl-methyl group and the 50- 
axial proton (Hh) should be observed. 

The C-10 methyl group of I was observed as a doublet at 6 1.17 and 
showed no NOE in the NMR spectrum. Therefore, the C-10 methyl group 
was assigned to an a-configuration and thus gave the complete Structure 
I3 for microhelenin-A. The high-resolution mass spectral data of I shown 
in Scheme I supported this structural assignment. 

Microhelenins-B (VI) and C (VII1)-Microhelenin-B (VI), 
CzoH2805 (high-resolution mass spectrum), mp 111-113°, [a]? -84.91'. 
was recrystallized as colorless needles from chloroform. The IR (tetra- 
chloromethane) and NMR spectra (Table 111) showed the presence of 
an a,P-unsaturated cyclopentenone and an a-methyl-y-lactone, as found 
in plenolin (VII) (7) as described previously (3). 

The remaining two oxygen atoms of the empirical formula were as- 
signed as part of a five-carbon saturated ester side chain (IR bands at  
1741,1230, and 1190 cm-'), as evidenced by the facile loss of a C5H1002 
fragment and the appearance of a CsH&+ ion as the base peak in the 
mass spectrum (Scheme 11). The nature of this ester side chain was re- 
vealed by the NMR spectrum, which had the same characteristic peaks 
of a 2-methylbutanoate, as found in tetrahydrobrevilin-A (IXa) (14). 
Based on the physical data, Structure VI was postulated for microhele- 
nin-B. The attachment of the 2-methylbutanoyl side chain at C-6 (6 5.50, 
br s, W1/p = 3.0 Hz, H at C-6) and the closing of the lactone ring at C-8 
(6  4.80, br t-like, J = 6.0 Hz, H a t  C-8) were based on comparable sub- 
stitution patterns found in other pseudoguaianolides. The high-resolution 
mass spectral data supported the-structural assignment (Scheme 11). 

Microhelenin-C (VIII), C20Hp605 (high-resolution mass spectrum), 
[a13 -85.0°, was isolated in small quantity as a gum by silica gel column 
chromatography and preparative TLC. The IR (tetrachloromethane) 
and NMR spectra (Table 111) indicated the presence of an a-methyl-y- 
lactone ring, an a&-unsaturated cyclopentenonelof the type found in VI 
and VII, and a tiglate6 ester moiety as reported preyiously (3). In addition, 

6 In general, the PH and PCH3 protons in methyl tiglate were observed at 6 6.73 
and 1.73, respectively, and the protons in methyl tiglate were observed at 6 5.98 and 
1.97. respectively (15). The NMR spectrum of VllI indicated the presence of a tiglate 
ester group, as shown in Table 111. 
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NMR (CDCI,): 
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VI: R = -C-CH-CH,CH, 

I I  I 

I t  I 'CH3 

0 CH, 
0 H  VIII: R = - C - c e  

0 CH, 

0 

A 

IIIa: R = H 
IIIb:  R = COCH, 

H 

H 

V 

NMR (CDCl,):  
6 1 . 1 1  (d ,  1 0 - C H 3 )  

0-C -CH- CHCH I 

11 I 
0 CH, 

1 x 0 :  R = a C H ,  
KXb: R = OCH, 

the PMR spectrum showed the presence of two methyl signals (6 1.05 (s, 
5-CH3) and 1.25 (d, J = 6.0  Hz, 10-CH~)l .  In accordance with these de- 
ductions, the high-resolution mass spectrum exhibited diagnostically 
important peaks a t  mle 346.1782 (C20H2605, M+), 246.1252 (M+ - 
CsHa02, base peak), 123.0808 (CaH110+), and 83.0494 (CsH?O+). Con- 
sequently, the structure of microhelenin-C was formulated as VIII, and 
the stereochemistry was established by direct comparison (TLC and 
superimposable IR, NMR, and mass spectra) with the synthetic plenolin 
tiglate prepared from plenolin (VII) and tigloyl chloride in pyridine- 
benzene. 

Catalytic hydrogenation of VI and VIII with 10% palladium-on-carbon 
in ethanol yielded theaame amorphous compound (IXb). The IR, PMR, 
and mass spectra reflected changes resulting from saturation of a cyclo- 
pentenone chromophore and a tigloyl side chain. In addition, the PMR 
spectrum (Table 111) was strikingly similar to that of tetrahydrobrevilin-A 
(lXa), which differed only in the stereochemistry of the methyl group 
a t  C-11. Thus, the conformations of the seven-membered ring and the 
configurations of Il-CHB could be described as shown in L-N. 

The complete assignments of protons for C-6, C-7, C-8, and C-11 of 
1x6 were achieved by extensive decoupling experiments (Table I). If the 
usual assumption is made that the C-7-C-11 bond is equatorial and p a s  
in all sesquiterpene lactones of documented stereochemistry, then the 
observed large value of 5 7 . 1 1  requires that H-11 be cis to H-7 and a and 
the small value of J6,T requires that H-6 be cis to H-7 and 6. Thus, the 
lactone ring must be cis-fused and the seven-membered ring must be in 
the chair conformation, as shown in L. In addition, the stereochemistry 
of tetrahydromicrohelenins-B and C was confirmed to be identical to the 

C ,  .H, .O. 

- CK'C'O H 
H 

._ ." - 
-.A 

ni Found :  2 6 2 . 2 9 3  
Calc.: 2 6 2 . 2 9 4  

l? 
HO H H  

H H  0 HO 

H H  H 

C I O H l  0'3 

mle 1 7 8  (47%) 

I 

HO' 
C,H.O 

II 
C,H,O, 

mle 94 (34%) 
m/e 84 ill%) 
Scheme I-Mass Spectrum of Microhelenin-A B 

1046 I Journal of Pharmaceutical Sciences 
Vol. 69, No. 9, September 1980 



Table 11-Optical Rotatory Dispersion and Circular  Dichroism Curves of Microhelenin-A (I) and 2.3-Dihydrohelenalin (11) a 

Optical Rotatory Dispersion Circular Dichroism 
First Extreme Second Extreme Amplitude Ketone Lactone 

Comnound nm nm @ ( a  ) L a x ,  nm e Amax, nm 8 
+5633 277 -4821 +104.5 297 +7598 253 -3144 

262 -3749 
I 313 

I1 315 +5016 283 -1457 +63.41 300 +5280 

ODetermined on a Cary 60 recording spectrometer in methanol ( c ,  0.1). 

hydrogenation product prepared from plenolin tiglate by direct com- 
parison of TLC results and IR and NMR spectra. Thus, the stereo- 
chemistry of tetrahydromicrohelenins-B and C was established as IXb. 
The foregoing evidence led to the establishment of the structures of mi- 
crohelenins-H and C as VI and VIII, respectively. 

Microlenin Acetate (X)-Microlenin acetate (X), C~H3608, m/e 536 
(M+), mp 289-291’ dec., was isolated from the mother liquor after the 
removal of helenalin and recrystallized as colorless needles from chlo- 
roform-ether. In the PMR spectrum of X, the presence of one acetyl 
singlet (6 1.97), one methyl singlet (6 0.94), and two methyl doublets [6 
1.18 and 1.23 (d, 3H each, J = 7.0 Hz)] coupled with the characteristic 
signals corresponding to one cyclopentenone [a 7.67 (dd, J = 2.0 and 6.0 
Hz) and 6.06 (dd, J = 3.0 and 6.0 Hz)] and one a-methylene-y-lactone 
moiety [ b  6.28 (d, J = 3.0 Hz) and 5.52 (d, J = 3.0 Hz)] suggested an 
acetylated dimeric sesquiterpene lactone possessing a cyclopentenone 

H H  
‘1 S H l  8’3 

W O  

m/e 246 (41.9%) 
Found :  246.1258 
Calc.: 246.1255 VI 

C,OH,8O, 
m/e 348 (10.5%) [CH3--CH2-cH-c--]’ 

Calc.: 348.1435 CH, 0 
Found :  348.1437 I II 

C,H,O (100%) 
Found :  85.0655 
Calc.: 85.0653 

-I* 
1 

b H  0 LOH 

9 / /  10 

C,HllO 
m/e 123 (15.8%) 
Found :  123.0807 
Calc.: 123.0809 U 1 

+LOH 

m/e 124 (9.9%) 
Scheme 11-Mass Spectrum of Microhelenin-B 

11-BH ” 

L: chair 
H-6 

(or  l l -aCH, )  

M: boat 
” H-6 

(or  l l a C H , )  

N: half-chair 

and an a-methylene-y-lactone for the structure of X. Final identification 
of X with an acetate of microlenin (XI), prepared by acetylation of XI 
with acetic anhydride-pyridine, was established by direct comparison 
(IR, NMR, and mass spectra). 

Plenolin (VI1)-Plenolin (VII), C15H2004, m/e 264 (M+), mp 222- 
224O, was isolated from the chloroform-ethyl acetate (9:l) eluate and 
recrystallized as colorless needles from chloroform. The IR and NMR 

X: R = COCH, 
XI: R = H  

XI1 

g-J& Qo 

I 0 H 
b H  
XI11 XIV 
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Table 111-PMR Spectra  of Microhelenins-A (I) ,  B (VI), and C (VIII) and  IXb a 

Assignment I VIb VIII IXb 

H-2 6 4.53 (mJ 
H-3 
H-6 

6 7.79 (dd, 2.3 and 6.0) 
6 6.14 (dd, 3.0 and 6.0) 
6 5.50 (s-like, W1/2 = 

6 7.76 (dd, 2.0 and 6.0) 
6 6.06 (dd, 3.0 and 6.0) 
6 5.46 (s-like, Wllz = 6 1.67 (dd, 13.0 and 15.0, H,) 

6 2.44 (dd, 3.0 and 15.0, Hh) 

6 5.38 (br s) 
3.0) 3.0) 

H-7 6 3.12 (m) 6 2.74 (dd, 6.0 and 10.0) 
H-8 6 4.77 (ddd, 4.0, 9.0, and 11.0) 6 4.80 (m) d 4.78 (m) 6 4.71 (br t-like, 6.0) 
H-11 6 3.03 (dq, 7.5 and 10.0) 
H-13e 6 5.77 (d, 3.0) 
H-13f 6 6.34 (d, 3.0) 
H-15 
5-CH3 6 1.08 (s) 6 1.05 (s) 6 0.84 
10-CHs 6 1.17 (d, 7) 6 1.28 (d, 6.0) 6 1.25 (d, 6.0) 6 1.06 (d, 7.0) 
11-CH:a 6 1.55 (d, 6.0) 6 1.50 (d, 6.0) 6 1.47 (d, 7.5) 
2'-CH3 6 1.08 (d, 7.5) 6 1.73 (hr s) 
3'-CHx 
H-3' 6 6.64 (m) 

d 3.64 and 3.85 (ARq, 9.0) 

6 1.74 (br d,  7.0) 

2'-CH3 
3'-CH:< 
H-3' 

6 1.08 (d, 7.5) 
c - 

- c  

6 1.73 (br s) 
6 1.74 (hr d, 7.0) 
6 6.64 (m) - 

6 1.06 (d, 7.0) 
- 

c 

"Values are in parts per million. Multiplicities are indicated by the usual symbols: d, doublet; m, multiplet whose center is given; and hr, slight1 broadened singlet. 
Unmarked signals are singlets. Figures in parentheses are coupling constants in Hertz. Measurements were recorded with a 100-MHz instrument andwere taken in deut- 
rrochlorofurm. *Measured a t  60 MHz (in deuterochloroform). CObscured signal. 

spectra of this compound were identical with those of synthetic dihy- 
drohelenalin prepared by catalytic hydrogenation of helenalin. T o  con- 
firm further the structure of VII, its identity with natural plenolin, iso- 
lated from Florida Hdeniurn autumnale (15), was established by direct 
comparison (TLC and superimposable IR, NMR, and mass spectra). 

EXPERIMENTAL7 

Isolation of Microhelenins-A (I), B (VI),  C (VIII), and D (XIV), 
Microlenin Acetate (X), and Plenolin (VII) f rom H. microcepha- 
hm--The H. rnicrocephalurn (Compositae) used was from a collection 
made in June 1972 in Burleson County, Tex". The ground, air-dried, 
whole plant material (7 kg) was extracted exhaustively with chloroform 
and worked up in the usual manner (16), affording 181 g of a dark-brown 
gum. The gum (146 g) was chromatographed on silica gel (10 X 70 cm) 
with chloroform, chloroform-ethyl acetate (9:1), and acetone. Fractions 
of 250 ml were collected (Fractions a, b, and c) and examined by TLC. 

The first chloroform eluate (fractions 7-15 = Fraction a) gave a gummy 
solid (10 g) upon evaporation of the solvent. The subsequent chloroform 
eluate (fractions 16-25 = Fraction h) yielded a gum which, upon chro- 
matography on silica gel [200 g, eluted with benzene-chloroform (1:l) 
and collected a t  75 ml/fraction], gave 0.2 g of microhelenin-A upon re- 
crystallization of fractions 13-32 with ether. Recrystallization with 
ether-tetrachloromethane of the mother liquor after the removal of mi- 
crohelenin-A afforded 0.2 g of microhelenin-r). The chloroform-ethyl 
acetate (9:l) eluate (fractions 50 and 51 = Fraction c) yielded helenalin 
(XII) and plenolin (VII, 80 mg) in addition to a gummy solid (1 g), which 
was recrystallized from chloroform-ether to give 400 mg of niicrolenin 
(XI) as colorless needles. Microlenin acetate ( X ,  28 rng) was isolated from 
the mother liquor after the removal of helenalin. 

The first chloroform eluate (Fraction a, 10 g) was rechromatographed 
on silica gel (200 g) with benzene-acetone (25:l) (collected a t  20 ml/ 
fraction) Fractions 50-60, after evaporation of the solvent, left a semi- 
solid residue (318 mg). This residue was purified by preparative TLC 
(benzene-chloroform -acetone (4:4:1), UV detection] to yield a mixture 
of microhelenins-B and C (205 mg) as indicated by NMR and mass 
spectra. Further purification of this mixture was achieved by a second 

Melting points were determined on a Thomas-Hoover melting-point apparatus 
and are uncorrected. Specific rotations were on a Perkin-Elmer model 141 polar- 
imeter (1 = 1 dm). I R  spectra were recorded with a Perkin-Elmer model 257 grating 
Ilt spectrometer. The PMR spectrum was determined with either a Jeolco C60 HL 
o r  a Varian SL- 100 NMR spectrometer (tetramethylsilane as the internal standard). 
Mass spectra were determined on an AEI MS-902 instrument at TO ev using a di- 
rect-inlet system. Optical rotatory dispersion and circular dichroism spectra were 
measured on a Cary model 60 spectrometer. Silica gel was used for column chro- 
matography (Mallinckrodt CC-7,200-325 mesh) and for TLC (Merck silica gel G). 
Iletection of components was made by spraying with 1% cerium sulfate-lO% sulfuric 
acid solution followed by heating. F:lemental analyses were performed by Atlantic 
Micrulah, Atlanta, Ca. 

Dr. John ,I. Sperry, Texas A & M University, rollected and identified the plant 
material. A voucher specimen (d. . I .  Sperry, No. 4020) is available for inspection 
at  the Herharium. Department (if  Hotany, University of North Carolina at  Chapel 
Hill. 

preparative TLC procedure [silica gel impregnated with silver nitrate, 
chloroform-ethyl acetate (3:l). developed twice and detected with UV 
light] to give 109 mg of microhelenin-B (VI) and 50 mg of microhelenin-C 
(VIII). Fractions 81-180 gave microhelenin-D (mexicanin-E) (1.8 g )  after 
recrystallization from ether-tetrachloromethane. Fractions 190-250 
yielded microhelenin-A (30 mg) upon recrystallization from chloro- 
form. 

+89.0° (c, 1.00 in methanol), C, 68.47; H, 6.88 (C15Hl804 requires C, 68.68; 
H, 6.92); IK (tetrachloromethane): no hydroxyl group, 1772, 1665 (n-  
methylene-y-lactone), and 1758 (cyclopentanone) cm-I; mass 'jpectrum: 
m/e (%) 262.293 (M+, 100) (calc. 262.294). 220 [M+ - 42 (CH2=CO), 981, 
178 [M+ - (42 + CH&H=CH?), 471, 136 (M+ - (42 + 841, 171, 94 
(C5H501, 34), and 84 (C5H80+, 11). The PMR data (100 MHz, deutero- 
chloroform) are shown in Table 111. 

Microhelenin-B (VI)-The analytical data for VI were: mp 111-1 13", 
[a]? -84.91' ( c ,  1.75 in methanol); IR (tetrachloromethane): 1782 (y- 
lactone), 1741 (ester), 1726, and 1586 (cyclopentenone) ern-'; mass 
spectrum: m/e (%) 348.1937 (M+, 6.9) (C20H2805 requires 348.1935). 
246.1258 (M+ - C5H1002,41.9) (C15H1803 requires 246.1255), 123.0807 
(CaH110+, 15.8) (C8H110 requires 123.0809). and 85.0655 
[CH3CH#H(CH&=O)?, 1001 (CsH90 requires 85.0653). The PMR 
data (60 MHz, deuterochloroform) are shown in Table 111. 

Microhelenin-C (VZII)-The analytical data for VIII (a gum) were: 
[a]? -85.0" (c. 1.30 in methanol); IR (tetrachloromethane): 1782 (n- 
methyl-y-lactone), 1725, 1583 (cyclopentenone), 1725, 1651, 1260, and 
1182 (tigloyl ester) cm-'; mass spectrum: rnle (%) 346.1782 (M+, 11.8) 
(CzoH2605 requires 346.1779), 246.1252 (M+ - C5H802,lOO) (C15H1801 
requires 246.1255), and 83.0494 [CH3CH&H(CH:j)C=O!, 98.1) (C5H70 
requires 83.0496). The PMR data (60 Hz, deuterochloroform) are shown 
in Table 111. 

Sodium Borohydride Reduction of Microhelenin-A (I)-To a 
solution of I (40 mg) in methanol (2 ml) was added sodium borohydride 
(20 mg). The total mixture was kept stirring a t  room temperature for 25 
min, treated with acetone (5 ml) and methanol (3 ml), stirred further for 
10 min, and worked up in the usual manner. The reaction product was 
purified by preparative TLC (benzene-methanol (202), detection with 
iodine) to give a monohydroxy dihydro derivative (IIIa) (15 mg), mp 
138-140' (chloroform); IR (chloroform): 3590 (OH) and 1762 (y-lactone) 
cm-'; mass spectrum: n l e  (%) 266.1518 (M+, 9.8) (C15Hz204 requires 
266.1518) and 248 (M+ - H20,4.5); PMR (100 MHz, deuterochloroform): 

(dq, lH,  J = 7.5 and 10.0 Hz, H-l l ) ,  3.50 (dd, IH, J = 2.0 and 8.0 Hz, C-6 
CHzO), 4.18 (d, lH ,  J = 8.0 Hz, lH ,  C-5 CHzO), 4.0 (m, 2H, H-2 and H-4), 
and 4.78 (m, l H ,  H-8); PMR (100 MHz, deuterated chloroform and 
benzene, deuterated water treatment): 6 0.81 and 0.99 (d, 3H each, J = 
7.0 Hz, 10-CH3 and 11-CH3), 3.23 (dd, lH ,  J = 2.0 and 8.0 Hz, C-5 CHzO), 
3.49 (ddd, 1 H , J  = 2.0,4.0, and 10.0 Hz, H-4), 3.77 (m, lH ,  H-2), 3.98 (d, 
l H ,  J = 8.0 Hz, C-5 CHzO), and 4.29 (m, l H ,  H-8). 

Acetylation of IIIa-Acetylation of IIIa (7 mg) with acetic anhydride 
(0.5 ml) and pyridine (0.5 ml) at  room temperature for 20 hr followed by 
the usual workup yielded a product (5 mg). This product was purified 

Microhelenin-A ([)-The analytical data for I were: mp 140-141'. 

6 1.07 (d, 3H, J = 7.0 Hz, 10-CHB), 1.18 (d, 3 H , J  = 7.5 Hz, Il-CHB), 2.84 
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with preparative TLC [chloroform-methanol (40:1), detection with io- 
dine] to give an acetylated derivative (IIIb, 3.5 mg) of IIIa. The analytical 
data for IIIb were: mp 135-138" (chloroform); mass spectrum: rn/e (%I 
308.1620 (M+, 100) (C17HZ40j requires 308.1624) and 248 (M+ - 
CH3COOH, 33); PMR (100 MHz, deuterochloroform): 6 2.14 (s, 3H, C-4 
OCOCHB), 4.09 (m, lH,  H-2), 4.7, and 5.1 (m, 2H, H-4 and H-8). 

Catalytic Hydrogenation of Microhelenin-C (VII1)-A solution 
of VIII (50 mg) in ethanol (8 ml) was shaken with hydrogen a t  room 
temperature (22O) and atmospheric pressure in the presence of 10% 
palladium-on-charcoal (50 mg). The reaction mixture was filtered after 
the initial rapid absorption slowed. Removal of ethanol in uacuo resulted 
in a gum (49 mg), which was purified by preparative TLC [benzene- 
chloroform-acetone (44:1), detection with iodine] to give an amorphous 
compound (IXb, 36 mg) from acetone; IR (tetrachloromethane): 1782 
(a-methyl-y-lactone), 1749, and 1740 (sh) (ester and cyclopentanone) 
cm-I; mass spectrum: m / e  (%) 350.2091 (M+, 7.0) (C20H2005 requires 
350.2093), 248 [M+ - CHZCH~CH(CH~)COOH, 58.31, 85 
[CH&H2CH2C=O)f, 58.33 and 57 (CH~CHZC+HCH~, 100); PMR (100 
MHz, deuterochloroform): 6 0.84 (s, 3H, 5-CH3), 1.06 (d, 6H, J = 7.0 Hz, 
10-CH3 and 2'-CH3), 1.47 (d, 3H, J = 7.5 Hz, 11-CH3), 2.74 (dd, lH,  J = 
6.0 and 10.0 Hz, H-7), 3.03 (dq, lH ,  J = 7.5 and 10.0 Hz, H- l l ) ,  4.71 (br 
t-like, lH,  J = 6.0 Hz, H-8), and 5.38 (br s, lH ,  H-6). The methyl triplet 
of the side chain was submerged in the methyl and methylene enve- 
lope. 

Catalytic Hydrogenation of Microhelenin-B (V1)-The hydro- 
genation of VI was repeated under the described conditions. The product 
was identical to 1Xb according to TLC (three solvent systems), IR 
(tetrachloromethane), and PMR spectra (deuterochloroform). 

Synthesis of Microhelenin-C (VIII) from Plenolin and  Tigloyl 
Chloride-A solution of plenolin (120 mg) in dry benzene (2 ml) and dry 
pyridine (I ml) was treated with tigloyl chloride (0.2 ml). The solution 
was heated under reflux for 3 hr. Evaporation to dryness under reduced 
pressure left a solid residue, which was suspended in 5% sodium bicar- 
bonate, extracted with ether, and worked up in the usual manner. The 
product obtained from the ether extract was purified by silica gel (40 g, 
eluted with chloroform) column chromatography to give plenolin tiglate 
(54 mg) as a gum. This gum was identified as VIII by direct comparison 
with the material isolated previously from this plant; IR (tetrachloro- 
methane): 1781 (a-methyl-y-lactone), 1725,1583 (cyclopentenone), 1725, 
1651,1262, and 1182 (tigloyl ester) cm-I; PMR (60 MHz, deuterochlo- 
roform): 6 1.05 (s, 3H, 5-CH3), 1.23 (d, 3H, J = 6.0 Hz, 10-CH3), 1.51 (d, 
3H, J = 6.0 Hz, Il-CHB), 1.70 (br s, 3H, 2'-CH3), 1.71 (br d, 3H, J = 6.5 
Hz, 3'-CH3), 4.75 (m, lH ,  H-8). 5.47 (s-like, lH,  W,/z = 3.0 Hz, H-6), 6.04 
(dd, lH,  J = 3.0 and 6.0 Hz, H-3), 6.65 (m, l H ,  H-39, and 7.70 (dd, lH,  
J = 2.0 and 6.0 Hz, H-2). 

Catalytic Hydrogenation of Plenolin Tiglate-A solution of the 
plenolin tiglate (45 mg) in ethanol (8 ml) was hydrogenated with 10% 
palladium-on-charcoal until hydrogen absorption ceased and then was 
treated as described. The product was purified by preparative TLC 
[benzene-chloroform-acetone (4:4:1), detection with iodine] to give an 
amorphous compound (30 mg) from acetone. The compound was iden- 
tical with IXb, which was obtained previously by hydrogenation of VI 
and VIII. The IR spectra were superimposable, and the TLC behavior 
was identical; PMR (60 MHz, deuterochloroform): 6 0.83 (s, 3H, 5-CH3), 
1.05 (d, 3H, J = 6.75 Hz, 10-CH3), and 1.46 (d, lH ,  J = 6.75 Hz, H- 
10). 

Microlenin Acetate (X)-The analytical data for X were: mp 289- 
291' dec., [a];? +47.9' ( c ,  1.90 in methanol); IR (chloroform): no hydroxyl 
group, 1757 (y-lactone), 1741, 1662 (a-methylene-y-lactone), 1715, and 
1580 (cyclopentenone) cm-l; NMR (100 MHz, deuterochloroform): 6 0.94 
(s, 3H, 5-CH3), 1.18 and 1.23 (d, 3H each, J = 7.0 Hz, 10-CH3 and 10'- 
CH3), 1.97 (s, 3H, C-6 OCOCHs), 2.48 (d, lH,  J = 8.0 Hz, H-7), 3.29 (m, 
lH,  H-7'),4.71 (m, lH ,  H-8'), 4.95 (m, lH, H-8), 5.52 and 6.28 (d, 1H each, 
J = 3.0 Hz, H-13'1, 5.62 (s, lH,  H-61, 6.06 (dd, lH,  J = 3.0 and 6.0 Hz, 
H-3), and 7.67 (dd, lH, J = 2.0 and 6.0 Hz, H-2). The IR and NMR 
spectra of X were identical to those of microlenin acetate prepared from 
acetylation of microlenin (XI) with acetic anhydride in pyridine (5). 

Plenolin (VI1)-The analytical data for VII were: mp 222-224'; IR 

(chloroform): 3450 (hydroxyl), 1752 (y-lactone), and 1690 (cyclopen- 
tenone) cm-1; NMR (100 MHz, deuterochloroform): 6 0.96 (s, 3H, 5-CH3), 

(d,1H,J=4.0Hz,H-6),4.80(m,1H,H-8),6.05(dd,1H,J=3.0and6.0 
Hz, H-3), and 7.70 (dd, lH,  J = 2.0 and 6.0 Hz, H-2); mass spectrum: rn/e 
264 (M+). 

Catalytic Hydrogenation of Helenalin (XI1)-A solution of XI1 (60 
mg) in ethyl acetate (25 ml) was hydrogenated with hydrogen at  room 
temperature and atmospheric pressure in the presence of 5% palla- 
dium-on-carbon (25 mg). After the reaction mixture was filtered and the 
solvent was removed in uacuo, the residue was purified by column 
chromatography [silica gel, chloroform-ethyl acetate (9:1)] and prepar- 
ative TLC [chloroform-ethyl acetate (1:1)] to give rise to the dihydro (23 
mg, mp 222-224') and the tetrahydro (XIII, 25 mg, mp 175-176") de- 
rivatives. 

The IR and NMR spectra of the dihydro derivative were identical to 
those of plenolin (VII) (7). The spectral data of the tetrahydro derivative 
were in accord with the structure of 2,3,11,13-tetrahydrohelenalin (XIII) 
(8,17); mass spectrum: m/e 266 (M+); IR (chloroform): 3580 (hydroxyl), 
1750 (y-lactone), and 1720 (cyclopentenone) cm-'; NMR (deutero- 
chloroform): 6 0.80 (s, 3H, 5-CH3), 1.04 (d, 3H, J = 7.0 Hz, lO-CH:J, 1.36 
(d, 3H, J = 7.0 Hz, 11-CH3), 4.30 (br s, lH,  H-6), 4.75 (t-like, lH,  J = 6.0 
Hz, H-81, and 2.95 (m, 2H, H-3). 

1.21 (d, 3H, J = 7.0 Hz, lO-CHs), 1.35 (d, 3H, J = 7.0Hz, 11-C&), 4.40 
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Abstract The ethanolic extract of Elephantopus mollis yielded three 
novel cytotoxic antitumor germacranolides, molephantin, molephantinin, 
and phantomolin. The extract also yielded three inactive known triter- 
penes, @-amyrin acetate, lupeol acetate, and epifriedelanol, as well as 
stigmasterol. The structure and stereochemistry of the cytotoxic anti- 
tumor agents molephantin, molephantinin, and phantomolin were de- 
termined on the basis of chemical transformations and spectral evidence. 
Preliminary in uivo tumor assays indicated that molephantinin and 
phantomolin were potent inhibitors of Ehrlich ascites carcinoma and 
Walker 256 carcinosarcoma. Molephantinin also showed significant an- 
tileukemic activity in the P-388 lymphocytic leukemia screen. 

Keyphrases o Elephantopus mollis-isolation and structural deter- 
mination of molephantin, molephantinin, and phantomolin 0 Antineo- 
plastic agents, potential-molephantin, molephantinin, and phanto- 
molin, isolation from Elephantopus mollis, structural determination 
Molephantin-isolation from Elephantopus mollis and structural de- 
termination 0 Molephantinin-isolation from Elephantopus mollis and 
structural determination Phantomolin-isolation from Elephantopus 
mollis and structural determination 

During a continuing search of Formosan plants for 
agents with potential antitumor activity (l), the alcoholic 
extract of Elephantopus mollis’ (Compositae) showed 
significant reproducible inhibitory activity in both in uitro 
(KB cell culture) and in uiuo (Walker 256 carcinosarcoma) 
screens2. Preliminary reports described the structural 
determination of three novel cytotoxic antitumor germa- 
cranolides, molephantin (I) (4), molephantinin (11) (9, and 
phantomolin (111) (6). The present report fully describes 
the isolation and structural elucidation of these novel an- 
titumor sesquiterpene lactones as well as the companion 
triterpenes 0-amyrin acetate (IV), lupeol acetate (V), 
epifriedelanol (VI), and stigmasterol (VII). 

RESULTS AND DISCUSSION 

The active alcoholic extract of the whole plant (winter growth) was 
concentrated and partitioned between water and chloroform. Guided by 
the assay in KB cells (Scheme I and Table I), the active principles were 
concentrated in the chloroform extract (Fraction C). Partitioning of this 
extract between 33% aqueous methanol and hexane concentrated the 
activity in the aqueous methanolic layer (Fraction D). The aqueous 
methanolic layer was concentrated and extracted further with chloroform. 
Chromatography of the active chloroform extract (Fraction G) over silica 
gel isolated the active principles, molephantin (I), molephantinin (II), 
and phantomolin (111). Compounds I and 111 were isolated a t  0.025 and 
0,0234, respectively, as the major components in this winter collection. 
In a spring collection of the same plant, I was isolated a t  -0.020% as the 
major cytotoxic principle. 

I E mollis is known as “PBh-Teng-Khia-U” in Formosan folklore as an herbal 
remedy for human rheumatism as well as an antipyretic and anti-inflammatory 
agert (2). 

~ In iritro and in uiuo assays were performed according to literature procedures 
(3).  

Compound I, mp 212-213O, CIsH2206 (mass spectrum and elemental 
analysis), contained an a-methylene-y-lactone, as evidenced by the 
characteristic NMR signals (Table 11) for the methylene protons [6 6.36 
(d, J = 2.5, H,-13) and 5.83 (d, J = 2.0, Hb-13)) and the IR bands [1773 
(y-lactone) and 1650 (C=C) cm-l]. The UV spectrum of I showed, in 
addition to the a-methylene-y-lactone at  210 nm (c  30,960), a dienone 
system a t  242 nm (6 18,210, shoulder). The presence of an a,@-unsatur- 
ated ester group in I was indicated by IR absorption at 1713 and 1650 
(C=C) cm-l and was supported by the base peak at mle 69 
[CH2=C(CH&O+] in the mass spectrum. The NMR spectrum of I 
suggested a methacrylate pattern for the acid portion of the ester since 
it showed two multiplets at 6 6.15 and 5.68 (ZH, H-19) and one vinyl 
methyl multiplet a t  6 1.96 (H-18)3, which are typical signals for the 
methacrylate group (8,9). Thus, I is an a-methylene-y-lactone sesqui- 

I b  

0 
I: R ,  = R, = H 
Ia: R ,  = COCH,, R, = H 

Ie: R ,  = SO, BY. R ,  = H 

I b : R = H  
IIb: R = CH, 

0 
I f  

The assignment of 6 1.96 to H-18 was confirmed by the double-resonance ex- 
periment carried out on molephantin acetate (Ia). 
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Table I-In Vitro Cytotoxicity and I n  Vivo Antitumor Activity of Fractions and Constituents from E. mollis 

I n  Vivo Antitumor Activity (n  = 6)b 

Ehrlich Walker 256 P-388 
Ascites Carcino- Lewis Lymphocytic 

Leukemia, 
T/C 

(25 w / k d  
%I??* 

Carcinoma, sarcoma, 
% inhibition T/C 
(33.3 mg/kg) (2.5 mg/kg) (25 mg/kg) 

Fraction EDSO (KB)a, 
Constituent r d m l  

- - - - 
- - - - A 5.35 

B > 20 
C < 20 
D <11.50 
E > 15 
F 12.50 
G 3.60 

- - - - 
- - - - 
- - - - 

- - - - 
- - - - - 

I 
I1 
I11 
Fluorouracil 
Me1 halan 
C y cfophos phamide 
0.05% Polysorbate 80 

-. . ~ 

1.05 
0.90 
4.03 

7 5  
88 
8 7  - 
96 

0 
- 

149 
397 
378 - 
317 

1 0 0  
- 

80 
123 
1 2 3  
- 

1 4 0  
1 0 0  

118 
146 
113 
186 
168 

100 
- 

U K B  refers to human carcinoma of the nasopharynx. Cytotoxicity was 
average ED,, is <4 fig/ml for the pure compound. b n  = number of animals 

terpene lactone that possesses an additional dienone system and a 
methacrylate ester. 

Compound I also possesses a secondary hydroxyl group. It showed an 
IR absorption band at  3420 cm-I and a M - 18 (water) peak at m/e 
328.13054 in the mass spectrum. The CHOH proton ( ix . ,  H-5) was seen 
as a one-proton singlet a t  6 5.46 and was displaced to 6 6.57 in the NMR 
spectrum of molephantin acetate [Ia, mp 169'. rn/e 388.1522 (M+) for 

IY  

iH2 CH I 

II) 

0 
n1a 

16 

'0 
IIIb 

4 The calculated mle value for C19Hm05 was 328.1311, which further confirmed 
the composition of C19H2206 for I. 

assayed according to a literature method (3). Acompound is active if the 
per group. These in uiuo data were reported previously (7). 

C Z ~ H ~ ~ O , ] ,  obtained by acetylation of I with acetic anhydride in pyridine. 
Since the lactonic proton at  C-6 was seen as a doublet ( J  = 3.5 Hz each) 
at 6 4.26 in I and 4.35 in la, it indicated that there was almost no coupling 
between H-5 and H-6 (k, the dihedral angle between H-5 and H-6 is 
-90') and that C-4 should be tetrasubstituted, i .e.,  a vinyl methyl or a 
carbonyl group was attached at  C-4 in I or Ia. 

The assignment of protons at C-7, C-8, C-9, and C-1, as well as the three 
vinyl methyl groups at  C-17, C-10, and C-4, was made possible by spin- 
decoupling experiments of Ia. Thus, irradiation at  the frequency of H-7 
(multiplet) at 6 3.42 collapsed the two doublets of H,-13 and Hb-13 at 
6 6.35 and 5.79 to two singlets, the doublet of H-6 (J5.6 = 0 and J6,7 = 3.5 
Hz) a t  6 4.35 to a singlet, and the doublet of triplets of H-8 (57.8 = 10.5 
Hz, 58,d = 4.0 Hz, and J8,c = 0) to a pair of doublets (J8.d = 4.0 Hz and 
Jc,d = 11.0 Hz). Conversely, irradiation of H-8 sharpened the multiplet 
of H-7 as well as converted the doublet (Jc,d = 11.0 Hz) of H,-9 at 2.58 
and the doublet of doublets (Jc,d = 11.0 Hz and J & , d  = 4.0 Hz) of Hd-9 
at 2.79 to a pair of doublets (Jc ,d  = 11.0 Hz), thereby suggesting a 
tetrasubstitution at C-10. 

Since most sesquiterpene lactones, especially the germacranolides, 
contain methyl groups at  C-4 and C-10, the two vinyl methyl groups at  
6 1.98 (d, J = 1.5 Hz) and 1.80 (d, J < 1.0 Hz) were assigned to these C-4 
and C-10 positions, respectively. Consequently, the last oxygen function 
was placed at C-2, the last position available, as the dienone carbonyl' 
group. This assignment was confirmed by the fact that H-1 and H-3 ap- 
peared as a low-field singlet and multiplet at 6 6.37 and 6.05, respectively. 
Irradiation of the C-4 methyl group at  6 1.98 collapsed the H-3 multiplet 
to a singlet. Irradiation of the (2-17 methyl group at  6 1.94 changed the 
two one-proton multiplets of H-19 at  6 6.14 and 5.67 to two doublets ( J  
= 1.8 Hz each), confirming the presence of the methylacrylate ester side 
chain. The remaining narrowly split three-proton doublet a t  6 1.79 then 
was assigned to the vinyl methyl group at  C-10. 

The foregoing evidence led to the formulation of Structure I for mo- 
lephantin, exclusive of the complete stereochemistry. A consideration 
of the relationship between the J value and the dihedral angle (10) with 
the aid of a Dreiding model established the stereochemical relationships 
among protons at  C-5, C-6, C-7, C-8, and C-9, as shown in If. These as- 
signments were based on the assumption of a 0-oriented H-6, followed 
by the dihedral angles shown between H-5 and H-6, H-6 and H-7, H-7 
and H-8, and H-8 and H-9 deduced from their corresponding J values, 
i .e.,  $5.6 90" (55,6 = o), @6,7 N 120' (56.7 = 3.5 HZ), $7.8 N 140' (J7.8 = 
10.5 HZ), @S,d 50' (J8.d = 4.0 HZ), and $8,~ N 90" (J8.c = 0). 

The establishment of these relationships was possible only when the 
C-10 methyl group was forced to lie close above the *-electron cloud of 
the C-3-C-4 double bond. This arrangement was supported by the NMR 
spectra of I and Ia, in which the C-10 methyl group (6  1.79 in I and 1.80 
in Ia) was shifted upfield by 0.23 to 0.18 ppm by the C-3-C-4 double bond 
compared to the C-4 methyl group ( 6  2.02 in I and 1.98 in 10). A similar 
upfield shift of H-6 in I and Ia (6 4.26 in I and 4.35 in Ia) further con- 
firmed that H-6 was located close above the C-1-C-10 double bond. When 
C5-OH was oxidized to the corresponding ketone [i.e.,  dehydromole- 
phantin (Ib), C I ~ H ~ O O ~ ,  mp 132-133', A,,, 211 nm (c 29,070)] by Jones 
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powdered whole plant of winter growth of E. mollis 
(4.33 kg) 

ethanol 1 
ethanolic extract A (190 g) 

(active against Walker 256 carcinosarcoma in rats) 

partitioned between water and chloroform I 
aqueous extract chloroform extract 

B C ( 1 7 5 g )  
partitioned between 
aqueous methanol 
(1:3) and hexane I 

aqueous methanol extract 
D (45 g) 

concentrated and 
partitioned between 
water and chloroform I 

hexane extract 
E ( 1 3 8 g )  

silica gel 
chromatography I 

1 - IV-VII (inactive in Walker 
1 

aqueous extract 
F 

v 256 screen) chioroform extract 
G (35g) 

silica gel column 
chromatogra h and 
preparative ~ L E  

1(0.025% 

Scheme I-Fractionation of cytotoxic antitumor alcoholic extract of E. mollis 

reagent, H-6 (6 4.73 in Ib) was shifted downfield by 0.38 to 0.47 ppm 
compared to the ones found in I and Ia. This shift, coupled with the sig- 
nificant downfield shift of the C-10 methyl group (6 1.92) in Ib, suggested 
that a conformational change had occurred in Ib. 

An examination of the conformation of the 10-membered ring of Ib 
based on the dihedral angles derived from the J values of H-6 to H-9 in 
Ib (Table 11) as illustrated in A-C led to the conclusion that Ig was the 
preferred conformation of dehydromolephantin, in which the C-10 methyl 
group was in an a-axial configuration and now was deshielded by the 
C-3-C-4 double bond. The H-1 (6 5.98) was in a (3-axial position and was 
shielded by the @-oriented C-5 carbonyl group by 0.24-0.39 ppm com- 
pared to those found in I (6 6.22) and Ia (6 6.37). The C-1-C-10 double 
bond was in proximity to the P-oriented C-5 carbonyl group, and this 
arrangement gave rise to the intramolecular cyclization products when 
Ib was treated with sulfuric acid in acetone. These products, which were 
formed via a mechanism shown in Scheme 11, were characterized as two 
guaianolides, Ic and Id. 

Compound Ic, CLgH2207, mp 168-170°, showed IR (mineral oil) bands 
at 1750, 1640 (a-methylene-y-lactone), and 1715 and 1700 (two 
a,P-unsaturated carbonyl groups) cm-l. The presence of two hydroxyl 
groups was revealed by IR bands at  3440 and 3320 cm-', the disappear- 
ance of two signals a t  6 3.90 (1H) and 2.90 (s,lH) in the NMR spectrum 
on the addition of deuterated water, and by an ion of mle 344.12655 (M 
- 18) in the mass spectrum. The NMR spectrum of Ic disclosed the 
presence of three methyl groups. The three-proton doublet (J  = 2.0 Hz) 
at 6 2.31 was assigned to the cyclopentenone &methyl group at C-4. The 
multiplet at 6 1.98 was attributable to the methacrylate methyl group 
at C-17 as seen in I, Ia, and Ib. The methyl singlet in the higher field a t  
6 1.40 was assigned to the methyl group attached to the carbon bearing 
a hydroxyl group at  C-10. The lactonic proton at  C-6 appeared as a 
doublet with a larger coupling constant compared to that found in I, Ia, 
and Ib and indicated the presence of a second hydroxyl group at  C-5 in 
a guaianolide structure. Assignment of other protons (Table 11) was 
achieved by extensive decoupling experiments. For example, the multi- 
plets a t  6 6.22 and 5.74 were assigned to the protons at  C-19 since, upon 
irradiation of the C-17 methyl group at  6 1.98, both changed to two 
doublets (J = 1.5 Hz each). Irradiation of the C-4 methyl group at  6 2.31 
collapsed the multiplet of H-3 at 6 6.09 to a singlet. 

Compound Id, mp 188-189', had a composition of C19HzoOs and 
showed IR (chloroform) bands at 3400,1770,1713 (double strength), 1650, 
and 1625 cm-I. The NMR spectrum of Id indicated the absence of the 
(2-10 methyl group as seen in Ic and the presence of one additional ter- 
minal methylene group at C-10 at  6 5.21 compared to Ic, suggesting that 
Id was the dehydrated form of Ic. Further assignment of protons (Table 
11) that supported Id as the structure for this product also was achieved 
by extensive NMR decoupling experiments. 

The assignment of a 8-hydroxyl and an a-methyl group at  C-10 in Ic 
as well as the (3-oriented proton at C-1 and the (3-oriented hydroxyl group 
at  C-5 in both Ic and Id was based on the mechanism involved in the in- 
tramolecular cyclization of Ib to Ic and Id, in which the hydroxyl ion could 
only make a nucleophilic attack at C-10 of a trans-C-1-C-10 double bond 
from the sterically less hindered (3-side since the C-5 carhonyl group was 
(3-oriented. Thus, it gave rise to a &hydrogen and a (3-hydroxyl group at 
C-1 and C-5, respectively. 

This evidence led to the establishment of Ib for dehydromolephantin, 
Ia for molephantin acetate, and I for molephantin. Further unequivocal 
proof of the structure, stereochemistry, and absolute configuration of I 

Ha 

A B 
.Jtd - 4.0 

c LO 
C 

~~ __ 

5 The calculated m/e value for ClsHmOs was 344.1260. 
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for molephantin was achieved by a single-crystal X-ray analysis of mo- 
lephantin p -  bromobenzenesulfonate (Ie, C25H25Br08SI mp 165-167') 
(4). 

Molephantinin (111, mp 223-225', had a composition of C20H2406 and 
showed IR, NMR, and mass spectra similar to those of molephantin (I), 
except for the difference in the acid portion of the ester side chain. The 
ester moiety in I1 was identified as a tigloyl group instead of a methac- 
rylate as in 1. This assignment was based on the characteristic NMR 
signals shown in I1 for the tigloyl group as the broad vinyl multiplets a t  
6 6.92 ( lH,  H-19) and the vinyl methyl multiplets a t  6 1.83 (6H, H-18 and 
H-20) (1 1,12), as well as a base peak in the mass spectrum a t  m/e 83 due 
to the cleavage of a tiglic acid ester (13). 

Molephantinin yielded an acetate [Ha,  mp 131', C22H2607 (m/e  
402.1670, M+)] upon acetylation with acetic anhydride in pyridine and 
a dehydro derivative (IIb, mp 136', C20H2206) upon oxidation with Jones 
reagent. The IR, NMR (Table II), and mass spectral data, especially the 
data obtained from the extensive NMR decoupling experiments6, of 
molephantinin, molephantinin acetate, and dehydromolephantinin were 
in accordance with the assigned structures of 11, IIa, and IIb, respectively. 
The circular dichroism curve of I1 showed a strong positive Cotton effect 
a t  244 nm, indicating that molephantinin possessed the same stereo- 
chemistry and absolute configuration as molephantin. Accordingly, 
molephantinin acetate and dehydromolephantinin carried exactly the 
same stereochemistries as those of molephantin acetate (Ia) and dehy- 
dromolephantin (Ib), as depicted in IIa and IIb. 

Phantomolin (111) was isolated as a colorless oil and had a composition 
of C21H2606 on the basis of high-resolution mass spectrometry (M+ a t  
mle 374.1880). It was an a-methylene-y-lactone compound (IR (chlo- 
roform) bands at  1770 and 1664 cm-'1 and contained a methacrylate ester 
(1719 and 1640 cm-') side chain. The NMR spectrum (Table 11) con- 
firmed these assignments, showing the a-methylene group of the y-lac- 
tone at  6 6.33 (d, J = 3.0 Hz) and 5.80 (d, J = 3.0 Hz) and the methacryl 
methyl group at  C-17 as a multiplet a t  6 1.99 and the two protons a t  '2-19 
as multiplets at  6 6.17 and 5.72. The assignment of the one-proton signals 
a t  6 5.25 (J5.6 = 4.0 Hz) for H-5,4.65 (dd, 55.6 = 4.0 and 56,7 = 6.0 Hz) for 
H-6,3.14 (m) for H-7, and 5.24 (m) for H-8 was based on decoupling ex- 
periments. Thus, irradiation a t  the frequency of H-7 a t  6 3.14 collapsed 
two doublets for H-13 to two singlets, changed the doublet of doublets 
a t  6 4.65 to a doublet with J = 4.0 Hz, and sharpened the multiplet at 6 
5.24 for H-8. Conversely, irradiation a t  H-6 sharpened the H-7 and H-8 
multiplets. 

Irradiation a t  d 5.25 (H-5)  converted H-6 to a doublet with J6,7 = 6.0 
Hz. The one-proton broad singlet a t  d 5.51 was assigned to H-1 since, upon 
irradiation of the (2-10 methyl group (6 1.79, d, J = 1.5 Hz), it gave rise 
to a sharp singlet. The remaining low-field one-proton mukiplet a t  6 5.67 
then was assigned to H-3, which coupled with the C-4 methyl group (6 
1.73, m). The characteristic two-proton quartet ( J  = 7.0 Hz) at d 3.48 and 

0 
Id 

Scheme I!  
the three-proton triplet ( J  = 7.0 Hz) at  6 1.20 were assigned to an 0-ethyl 
group7. The location of this group a t  C-2 rather than C-9 was suggested 
by the fact that  no known germacranolide contained oxygenation a t  C-9. 
This assignment also was substantiated by a one-proton multiplet at  6 
5.24 for H-8, indicating two protons a t  C-9. Thus, the last oxygen was 
placed between C-2 and C-5 as an ether linkage, as shown in 111. 

Consideration of the cooccurrence of phantomolin (III), molephantin 
(I), and molephantinin (11) suggested the similar tram-axial arrangement 
among protons a t  C-6, (2-7, and C-8. If the configuration of H-6 was 
0-oriented, as was likely, then H-7 was a and H-8 was p. The coupling 
constants of J6,7 = 6.0 Hz and J5.6 = 4.0 Hz were suggestive of the ap- 
proximate dihedral angles of 38 and 128' for H-6 and H-7 and 51 and 122" 
for H-5 and H-6. A Dreiding model indicated the feasibility of only one 
conformation, i .e.,  with H-5 as 0-oriented, CH3CH20 as 0-oriented and 
a C-10 vinyl methyl group cis to H-1, as shown in IIIb in which the di- 
hedral angles were -128' for H-6 and H-7 and -50' for H-5 and H-6. 

Further proof of the structure and relative stereochemistry of 111 was 
achieved by an X-ray analysis (6) of a cis-1,lO-epoxide of phantomolin 
(IIIa), prepared from epoxidation of 111 with m-chloroperbenzoic acid 
in chloroform. 

Fractionation of the inactive hexane extract (Scheme I) led to the 
isolation of four colorless crystalline substances, IV (mp 239-241°, 
C32H5202). V (mp 218', C32H5202), VI (mp 285', C ~ O H ~ O O ) ,  and VII (mp 
170°, C29H4802), which were identified as triterpenes 0-amyrin acetate, 
lupeol acetate, epifriedelanol, and stigmasterol, respectively (15, 16). 

The in uitro cytotoxic molephantin, molephantinin, and phantomolin 
were tested for in uioo antitumor activity against four tumor lines (7). 
As shown in Table I, molephantinin and phantomolin were potent in- 
hibitors of Walker 256 ascites carcinosarcoma in Sprague-Dawley rats 
a t  2.5 mg/kg/day and of Ehrlich ascites tumor in CF1 male mice a t  33.3 
mg/kg/day. Molephantinin also showed significant (T/C 2 125%) anti- 
leukemic activity in the P-388 lymphocytic leukemia screen a t  T/C = 
146% (DBAI2 mice a t  25 mg/kg/day). Further studies on the structure- 
activity relationships and mechanism of action among compounds related 
to molephantinin and phantomolin are in progress (17). 

EXPERIMENTAL* 

Isolation of Molephantin (I), Molephantinin (II), and Phanto- 

~~~~ ~ 

The presence of an ethyl ether is novel and appears to represent the first ex- 
ample in naturally occurring germacranolides and the second instance of the 
sesquiterpene lactone lactal hymenolide (14). 

8 Unless otherwise specified, melting points were determined on a Thomas- 
Hoover melting-point apparatus and are uncorrected. Specific rotations were taken 
on a Perkin-Elmer model 141 polarimeter (1 = 1 dm). 1R spectra were recorded with 
a Perkin-Elmer 257 grating IR spectrometer in chloroform. NMR spectra were 
determined in deuterochloroform with a Varian XL-100 NMR spectrometer (tet- 
ramethylsilane as the internal standard). Mass spectra were determined on an A.E.I. 
MS-902 instrument at 70 ev using a direcl-inlet system. Circular dichroism was 
measured on a Cary model 60 spectrometer, Silica gel was used for column chro- 
matography (Mallinckrodt CC-7,200-325 mesh), TLC (Merck silica gel G ) ,  and 
preparative TLC (Merck silica gel CF 254, 'LOO0 pm). Elemental analyses were 
performed by Atlantic Microlab, Atlanta, Ga. 

6 Data on NMR decoupling experiments of molephantinin acetate were reported 
previously ( 5 ) .  
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molin (111) from E. m o l l i s T h e  E. mollis (Compositae) used was from 
a collection made in January 1973 in Chia-Sen, Kaohsiung, Taiwang. The 
ground, air-dried, whole plant material (4.33 kg) was extracted exhaus- 
tively with ethanol. Guided by the bioassay in KB cells (Scheme I and 
Table I), the final active chloroform extract (35 g, Fraction G )  was 
chromatographed on silica gello (100 mesh, 7 X 32-cm column) with 
chloroform, chloroform-acetone (l:l), and acetone as the eluting solvents. 
Fractions of 1 liter each were collected and examined by TLC. 

Fractions 1-4 gave traces of residue upon solvent evaporation. Frac- 
tions 5-10 yielded 1.44 g of colorless needles, which later proved to be a 
1:l mixture of I and I1 after a careful NMR analysis, although they 
showed only a single spot with different solvent systems. Rechromatog- 
raphy of the mother liquor (9 g) after the isolation of the mixture on a 
silica gel column (3 X 50 cm) in chloroform (1.5 liters) afforded 270 mg 
of the same mixture as crystalline solids. A final separation of this mixture 
was achieved by column chromatography on silica gel (4 X 60-cm column) 
and elution with chloroform to yield 550 mg (0.011%) of pure I1 from the 
first 450 ml of the chloroform eluate and 1.26 g (0.025%) of pure I from 
the second 600 ml of the chloroform eluate. The mother liquors (5 g), after 
the isolation of pure I and 11, were combined and rechromatographed on 
silica gel (70-230 mesh, 4 X 70-cm column). The chloroform eluates, 
which showed a new spot different from I and I1 on TLC, were combined 
and chromatographed again on silica gel (70-230 mesh, 2.6 X 60-cm 
column). Evaporation of the solvent resulting from elution with ben- 
zene-chloroform (3:2) yielded pure 111 (1.035 g, 0.023%). 

Isolation of 1-111 from spring growth of the same plant (collected on 
March 19,1972 a t  the same site) using the described procedure gave rise 
to different yields, i.e., 0.0199% of I, 0.0086% of 11, and 0.015% of 111. 

Molephantin (I)-Molephantin was recrystallized from chloro- 
form-ethyl acetate, mp 212-213'; mass spectrum: mle 346 (M+), 328.1305 
(M - 18) (C19H2005 requires 328.13111, and 69 [base peak, 
CH2=C(CH3)CO+]. Table I1 shows the NMR data. 

Anal.-Calc. for ClgH2206: C, 65.88; H, 6.40. Found C, 66.48; H, 
6.67. 

Molephantin Acetate (la)-Molephantin (10 mg) was acetylated with 
acetic anhydride (0.2 ml) and pyridine (0.2 ml) for 15 hr at  room tem- 
perature to yield 10 mg of Ia after usual workup and one recrystallization 
from ether, mp 169'; I R  1770, 1745, 1720, 1650, and 1620 cm-I; mass 
spectrum: mle 388.1522 (M+, C21Ha07 requires 388.1527), 346 [M - 42 
(COCH3)], 328 [M - 60 (CH3COOH)], 319 [M - 69 [COC(CH3)=CH2]], 
302 [M - 86 [HOOCC(CH3)=CH2]], 277 (M - 42 - 69), 260 (M - 42 - 
861,242 (M - 60 - 86). and 69. The NMR data are shown in Table 11. 

Anal.-Calc. for C21H2407: C, 64.93; H, 6.23. Found: C, 64.84; H, 
6.38. 

Dehydromolephantin (Ib)-A solution of molephantin (300 mg) in 
acetone (5 ml) was cooled to >lo' with stirring and treated with 20 drops 
of Jones' reagent. After 5 min, methanol (5  ml) was added and the solution 
was extracted with ether. The ethereal extract was washed with water, 
dried (anhydrous sodium sulfate), and evaporated in uacuo to afford Ib 
(145 mg) as colorless prisms after one recrystallization from acetone-ether 
(1:2), mp 132-133'; IR (mineral oil): 1770, 1720, 1705, 1660, and 1640 
cm-'; mass spectrum: m/e 344.1256 (M+, C19H2006 requires 344.1260). 
The NMR data are shown in Table 11. 

Treatment of Dehydromolephantin with Sulfuric Acid: Compounds 
Ic and Id-A mixture of dehydromolephantin (70 mg) in 0.5% sulfuric 
acid-acetone (5 ml) was stirred for 30 min at  room temperature. The 
mixture was evaporated in uacuo, extracted with chloroform, and dried 
(anhydrous sodium sulfate). The dried chloroform extract was evaporated 
to furnish a residue showing two spots on TLC. Separation of this residue 
was achieved by preparative TLC [chloroform-acetone ( lOl)]  to yield 
Ic (14 mg) as colorless prisms (from ether) and Id (40 mg) as colorless 
needles (from ether). 

For Ic, the analytical data were: mp 168-170'; IR (chloroform): 3530, 
3410,1772,1712,1692, and 1629 cm-I; mass spectrum: rnle 362 (M+) and 
344.1265 (M - 18) (C1gHzoOs requires 344.1260). The NMR data are 
given in Table 11. 

For Id, the analytical data were: mp 188-189'; IR: 3400, 1770, 1713 
(double strength), 1650, and 1625 cm-'; mass spectrum: rnle 344.1256 
(M+, C19HzoOs requires 344.1260). The NMR data are given in Table 
11. 

Molephantin p-Hromobenzenesulfonate (Ie)-A solution of mole- 
phantin (25 mg) in dry pyridine (0.5 ml) was added with p-bromoben- 
zenesulfonyl chloride (35 mg), and the reaction mixture was allowed to 

A voucher specimen is available for inspection at the herbarium of the School 
of Pharmacy, Kaohsiung Medical College, Kaohsiung, Taiwan. 

lo Mallinckrodt. 

stand at  5". After 12 hr, the mixture was diluted with water and extracted 
with chloroform, dried, and evaporated to give a product. Recrystalli- 
zation from isopropanol-ether (1:l) afforded colorless needles, mp 
165-167'. 

Molephantinin (11)-The analytical data for I1 were: mp 223-225' 
(ethanol); I R  3420, 1775, 1713,1650, and 1615 cm-'; mass spectrum: mle 
360 (M+), 342.1462 (M - 18) (C20H2406 requires 342.1467), and 83 [base 
peak, CH3CH=C(CH3)C=O+]. The NMR data are shown in Table 11. 

Molephantinin Acetate (IIa)-Acetylation of molephantinin (10 mg) 
with acetic anhydride in pyridine in the usual way gave IIa as colorless 
prisms in quantitative yield, mp 131' (ether); I R  1775,1745,1713,1655, 
and 1615 cm-l; mass spectrum: rnle 402.1670 (M+) (C22H2607 requires 
402.1679), 360 [M - 42 (COCH3)], 342 [M - 60 (CH3COOH)], and 83 
[base peak, CH&H=C(CH3)CO+]. The NMR data are shown in Table 
11. 

Dehydromolephantinin (IIb)-Molephantinin (26 mg) in acetone (2 
ml) was oxidized with Jones' reagent (0.3 ml) in the manner described 
for Ib. The product was purified by preparative TLC [developed with 
chloroform-acetone (5:1)] and recrystallized from ether to give IIb (24 
mg) as colorless pillars, mp 136'; IR: 1776, 1710, 1660, and 1620 cm-I; 
mass spectrum: mle 400 (M+). The NMR data are shown in Table 11. 

Anal.-Calc. for C2oHz206: C, 67.02; Found: C, 67.25: H, 
6.23. 

Phantomolin (Ill)-Phantomolin was isolated as a colorless oil; IR: 
1770, 1725, 1719, 1664, and 1640 cm-l; mass spectrum: mle 374 (M+). 
The NMR data are shown in Table 11. 

Anal.-Calc. for C21H2606: C, 67.36; H, 7.00. Found: C, 67.40; H, 
6.98. 

Phantomolin cis-l,lO-Eponide (IIla)-A solution of phantomolin (15 
mg) in chloroform (1 ml) was treated with a solution of m-chloroper- 
benzoic acid (20 mg) in chloroform (1 ml), and the mixture was allowed 
to stand at  room temperature for 48 hr. The chloroform was evaporated 
under reduced pressure, and the residue was dissolved in ether. The ether 
solution was washed with 1% sodium bicarbonate and water, dried, and 
evaporated in uacuo to yield a product. This product, upon preparative 
TLC separation, yielded IIIa as colorless needles (6 mg) after one re- 
crystallization from ether-hexane (3:1), mp 172'; IR: 1775, 1725, 1672, 
1660, and 1643 cm-I; mass spectrum: rnle 390 (M+). The NMR data are 
shown in Table 11. 

Anal.-Calc. for CZlH2607: C, 64,60; H, 6.71. Found: C, 64.31; H, 
6.68. 

Isolation and Characterization of 8-Amyrin Acetate (IV), Lupeol 
Acetate (V), Epifriedelanol (VI), and Stigmasterol (VI1)-The 
nonpolar n-hexane extract (-80 g) was chromatographed on a silica gel 
columnlo (silicic acid, 100 mesh, 10 X 100 cm) with n-hexane and then 
n-hexane-chloroform (9:l) as the eluents. 

The first eluate from n-hexane was evaporated to dryness. Recrys- 
tallization of the residue from n-hexane afforded 400 mg of IV as colorless 
needles, mp 239-241', [a]b +74' (c, 1.0 in chloroform). The IR spectrum 
of IV was identical to that of an authentic sample of 0-amyrin acetate" 
(15). 

Anal.-Calc. for Ca2Hs202: C, 81.99; H, 11.18. Found: C, 81.99; H, 
11.33. 

The second eluate from n-hexane was evaporated to dryness. Re- 
crystallization of the residue from n-hexane-ether (1:l) afforded V (10 
mg) as colorless needles, mp 218O, [a]$ +40.1' (c, 1.0 in chloroform). The 
IR spectrum (in potassium bromide) of V was identical to that of an au- 
thentic sample of lupeol acetate". 

Anal.-Calc. for C32H52O2: C, 81.99; H, 11.18. Found: C, 81.89; H, 
11 .oo. 

The first eluate from n-hexane-chloroform (9:l) was evaporated to 
dryness. Recrystallization of the residue from chloroform gaveVI (20 mg) 
as colorless prisms, mp 285', [a18 +21' (c ,  1.0 in chloroform). The IR 
spectrum of VI was superimposable with that of an authentic sample of 
epifriedelanol" (16). 

Anal.-Calc. for C30H520: C, 84.04; H, 12.33. Found: C, 84.24; H, 
12.43. 

The second eluate from n-hexane-chloroform (9:l) was evaporated 
to dryness. Recrystallization of the residue from acetone yielded VII (400 
mg) as colorless silky needles, mp 170', [nlg -50.0' (c, 1.0 in chloroform); 
mass spectrum: mle 412 (M+). A mixed melting point of VII with au- 
thentic stigmasterol (16) showed no depression, and the IR spectra were 
identical. 

Anal.-Calc. for C29H4802: C, 84.40; H, 11.72. Found: C, 84.23; H, 
11.79. 

11 Provided by Dr. T. Kikuchi. 
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Abstract A method was devised for preparing (S)-(+)-apomorphine 
from (R)-(-)-apomorphine. Dehydrogenation of the dimethyl ether of 
(R)-(-)-apomorphine with 10% palladium-on-carbon followed by re- 
duction with sodium cyanoborohydride under acidic conditions resulted 
in quantitative racemization to give (R,S)-apomorphine dimethyl ether, 
which then was resolved with (-)-tartaric acid. Ether cleavage of ( S ) -  
(+)-apomorphine dimethyl ether (-)-tartrate with hydriodic acid in 
acetic anhydride yielded (S)-(+)-apomorphine, which was isolated as 
the hydrochloride salt in 99% enantiomeric excess. 

Keyphrases Apomorphine--synthesis of (S)-(+)-stereoisomer from 
(R)-(-)-stereoisomer 0 Dopaminergic agonists-apomorphine, synthesis 
of  ( S ) - (  +)-stereoisomer from (R)-(-)-stereoisomer 0 Stereoisomers- 
apomorphine, synthesis of (S)-(+)-stereoisomer from (R)-(-)-stereo- 
isomer 

Current interest in apomorphine (I) stems from its ac- 
tivity as a dopaminergic agonist and its consequential 
antiparkinsonism activity (1-3). Clinical utility has been 
demonstrated for I alone and in combination with other 
agents such as levodopa (4). Further studies are aimed a t  
preparing suitable prodrug derivatives to overcome the 
drawbacks to its use ( 5 ) .  In addition to parkinsonism, re- 
cent studies indicated potential new uses for I in amelio- 
rating the symptoms of Huntington’s chorea (6)’ tardive 
dyskinesia (7), Gilles de la Tourette’s syndrome (8), and 
schizophrenia (9, 10). 

BACKGROUND 

Most work to date involved the use of (-)-apomorphine (R-configu- 

ration), synthesized commercially by the acid-catalyzed rearrangement 
of (-)-morphine (11). Investigations into the pharmacological properties 
of (S)-(+)-apomorphine (11) have been limited to in oiuo assays including 
dog emesis, a caudate brain-lesioned mouse preparation (12, 13), and 
evaluation of the racemate in comparison to (R)-(-)-I in these assays as 
well as on overt behavior in the monkey (13,14). Previous reports utilized 
a de nouo synthesis of (R,S)-I uia Pschorr cyclization followed by reso- 
lution of the racemate (12,15). 

Molecular pharmacologists have extended the knowledge of dopami- 
nergic mechanisms by the examination of several receptor assays, cul- 
minating in the postulation of several distinct dopamine receptors (16). 
Along with other criteria, these receptors are distinguished from one 
another by the differential action of dopaminergic agonists and antago- 
nists, including (R)-(-)-I. Thus, apparently difficult to rationalize effects, 
such as the improvement of schizophrenic symptoms with exceedingly 
low doses of I, possibly can be understood on the basis of presynaptic 
dopamine receptors modulating dopaminergic transmission and, con- 
sequently, postsynaptic dopaminergic activity (9). 

Because of the renewed interest in apomorphine pharmacology and 
the known differential receptor activity of stereoisomeric pharmacological 
agents (17), a reexamination of the two antipodes of I was desired. Also, 
a more direct method was sought for the synthesis of I1 from the com- 
mercially available (R)-(-)-antipode rather than the de nouo synthesis. 
The synthesis of I1 reported here is patterned after an earlier procedure 
for racemization of the related aporphine alkaloid glaucine (18). 

EXPERIMENTAL 

Reagents-(R)-(-)-Apomorphine hydrochloride hemihydrate’, ~ W G  
palladium-on-carbon2, sodium cyanoborohydride“, (+) - and (-)-tartaric 
acid3, p-tolylsulfonylmethylnitrnsamide”, and heptafluorobutyric an- 
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Abstract A method was devised for preparing (S)-(+)-apomorphine 
from (R)-(-)-apomorphine. Dehydrogenation of the dimethyl ether of 
(R)-(-)-apomorphine with 10% palladium-on-carbon followed by re- 
duction with sodium cyanoborohydride under acidic conditions resulted 
in quantitative racemization to give (R,S)-apomorphine dimethyl ether, 
which then was resolved with (-)-tartaric acid. Ether cleavage of ( S ) -  
(+)-apomorphine dimethyl ether (-)-tartrate with hydriodic acid in 
acetic anhydride yielded (S)-(+)-apomorphine, which was isolated as 
the hydrochloride salt in 99% enantiomeric excess. 

Keyphrases Apomorphine--synthesis of (S)-(+)-stereoisomer from 
(R)-(-)-stereoisomer 0 Dopaminergic agonists-apomorphine, synthesis 
of  ( S ) - (  +)-stereoisomer from (R)-(-)-stereoisomer 0 Stereoisomers- 
apomorphine, synthesis of (S)-(+)-stereoisomer from (R)-(-)-stereo- 
isomer 

Current interest in apomorphine (I) stems from its ac- 
tivity as a dopaminergic agonist and its consequential 
antiparkinsonism activity (1-3). Clinical utility has been 
demonstrated for I alone and in combination with other 
agents such as levodopa (4). Further studies are aimed a t  
preparing suitable prodrug derivatives to overcome the 
drawbacks to its use ( 5 ) .  In addition to parkinsonism, re- 
cent studies indicated potential new uses for I in amelio- 
rating the symptoms of Huntington’s chorea (6)’ tardive 
dyskinesia (7), Gilles de la Tourette’s syndrome (8), and 
schizophrenia (9, 10). 

BACKGROUND 

Most work to date involved the use of (-)-apomorphine (R-configu- 

ration), synthesized commercially by the acid-catalyzed rearrangement 
of (-)-morphine (11). Investigations into the pharmacological properties 
of (S)-(+)-apomorphine (11) have been limited to in oiuo assays including 
dog emesis, a caudate brain-lesioned mouse preparation (12, 13), and 
evaluation of the racemate in comparison to (R)-(-)-I in these assays as 
well as on overt behavior in the monkey (13,14). Previous reports utilized 
a de nouo synthesis of (R,S)-I uia Pschorr cyclization followed by reso- 
lution of the racemate (12,15). 

Molecular pharmacologists have extended the knowledge of dopami- 
nergic mechanisms by the examination of several receptor assays, cul- 
minating in the postulation of several distinct dopamine receptors (16). 
Along with other criteria, these receptors are distinguished from one 
another by the differential action of dopaminergic agonists and antago- 
nists, including (R)-(-)-I. Thus, apparently difficult to rationalize effects, 
such as the improvement of schizophrenic symptoms with exceedingly 
low doses of I, possibly can be understood on the basis of presynaptic 
dopamine receptors modulating dopaminergic transmission and, con- 
sequently, postsynaptic dopaminergic activity (9). 

Because of the renewed interest in apomorphine pharmacology and 
the known differential receptor activity of stereoisomeric pharmacological 
agents (17), a reexamination of the two antipodes of I was desired. Also, 
a more direct method was sought for the synthesis of I1 from the com- 
mercially available (R)-(-)-antipode rather than the de nouo synthesis. 
The synthesis of I1 reported here is patterned after an earlier procedure 
for racemization of the related aporphine alkaloid glaucine (18). 

EXPERIMENTAL 

Reagents-(R)-(-)-Apomorphine hydrochloride hemihydrate’, ~ W G  
palladium-on-carbon2, sodium cyanoborohydride“, (+) - and (-)-tartaric 
acid3, p-tolylsulfonylmethylnitrnsamide”, and heptafluorobutyric an- 
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hydride4 were used without further purification. All other solvents and 
reagents were analytical reagent grade or better. 

Spectral Studies-PMR spectra were obtained on a 60-MHz5 or a 
100-MHz6 spectrometer, and chemical shifts are reported relative to 
tetramethylsilane. Optical rotations were analyzed on a spectropolari- 
meter7. Melting points were taken on a digital melting-point analyzer8 
and are corrected. Mass spectra were obtained on a medium-resolution 
mass spectrometerg by direct-probe insertion. 

TLC was performed on 0.25-mm silica gel platesl0 that were developed 
with benzene-methanol (4:l). Plates were visualized under short (254 
nm) and long (280 nm) wavelength UV light. GLC of apomorphine was 
conducted as its 0.0-heptafluorobutyryl derivative as described previ- 
ously (19). Apomorphine dimethyl ether also was analyzed using this GLC 
procedure. 

Synthesis of (R)-(-)-Apomorphine Dimethyl Ether (III)-(R)- 
(-)-Apomorphine hydrochloride was converted to I11 by the method of 
Neumeyer et al. (13) using ethereal diazomethane. The free base was 
crystallized from n-hexanell to yield pale-yellow needles, mp 75-77' [lit. 
(20) mp 77.5-79'1, [a18 -142' ( c ,  1.59 in absolute ethanol) [lit. (21) [a]:: 
-148' (c, 1.64 in absolute ethanol)]; PMR (100 MHz, CDC13): d 2.54 (s ,  
3H, N-CH3), 2.15-3.30 (m, 7H, aliphatic), 3.71 (s, 3H, C11-OCHs), 3.88 
( s ,  3H, Clo-OCH3), 6.84 (m, 2H, H-8 and H-9), 7.07 (m, lH, H-2), 7.25 (m, 
l H ,  H-3). and 8.25 (dd, lH,  H-1). identical in all respects to the reported 
spectrum (15); mass spectrum: m/e (%) 295 (68) (M+), 294 (loo), 281 (201, 
264 (18), and 252 (18). 

Synthesis of Ga,7-Dehydroapomorphine Dimethyl Ether (1V)- 
Compound 111 (2 g, 6.8 mmoles) was refluxed with 2 g of 10% palla- 
dium-on-carbon in 100 ml of acetonitrile under a dry nitrogen atmosphere 
according to the method of Cava et  al. (22). TLC analysis indicated 
complete conversion in 8 hr (Rf  of 111 = 0.50, Rf of IV = 0.85). The catalyst 
was removed by filtration through sintered glass and was washed re- 
peatedly with acetonitrile. The filtrate was taken to dryness in uacuo to 
give a dark-green oil (1.9 g). This product gave a single spot on TLC and 
was used without further purification; PMR (60 MHz, CDCl3): 6 3.09 ( s ,  

Clo-OCHs), 6.68 ( s ,  lH ,  H-7), 7.0-7.6 (m, 4H, aromatic), and 9.65 (dd, lH,  
H-1); mass spectrum: m/e (a) 293 (100) (M+), 278 (801,263 (12), 250 (25), 
and 235 (50). 

Synthesis of (S)-(+)-Apomorphine Dimethyl Ether  (V)-Com- 
pound IV (1.9 g, 6.5 mmoles) was dissolved in 250 ml of absolute ethanol 
with heat. The solution and the reaction mixture to follow were purged 
continuously with dry nitrogen and constant stirring. Sodium cyanobo- 
rohydride (2.0 g, 32 mmoles) was added, and the reaction was initiated 
and maintained a t  an apparent pH of 5.0 by periodic additions of etha- 
nolic hydrochloric acid. After 18 hr, an additional 2 g of sodium cyano- 
borohydride was added and the reaction was allowed to continue for 2 
hr, at which time TLC analysis indicated a complete conversion to 
(R,S)-apomorphine dimethyl ether. The reaction mixture was taken to 
dryness in uacuo, and the residue was solubilized in 150 ml of water, al- 
kalinized with potassium carbonate, and extracted with ethyl acetate (3 
X 200 ml). The organic layer was washed with 50 ml of water, dried with 
anhydrous sodium sulfate, and taken to dryness in uacuo to give a gold 
oil (1.85 g). [a];' -9.2' (c ,  1.5 in absolute ethanol, indicating 97% race- 
mization). The PMR and mass spectra were identical to those given for 
111. 

The racemate (1.85 g) was dissolved in 10 ml of absolute ethanol and 
filtered. A filtered solution of 1.2 g (-)-tartaric acid (8.0 mmoles) in 17 
ml of absolute ethanol was added, and the cloudy solution was heated 
to clarification. The white granular crystals that separated (1.15 g) were 
washed with ethyl acetate and recrystallized repeatedly from absolute 
ethanol to yield 0.635 g of (S)-(+)-apomorphine dimethyl ether (-)- 
tartrate, [a]g +62.1' ( c ,  2.06 in water) [lit. (12) [a]g +64.0° ( c ,  I in 
water)], mp 189-191' dec. [lit. (12) mp 179-184' dec.]. Authentic ( R ) -  
(-)-apomorphine dimethyl ether (+)-tartrate prepared from pure 
(R)-(-)-IV (prepared as described) gave [a]:: -60.0' (c,  1 in water) [lit. 
(12) [a]:: -59.6' ( c ,  1 in water)], mp 186-187' [lit. (12) mp 177-183'1. 

S-(+)-Apomorphine (11) Hydrochloride-The free base V was 
generated from 300 mg of the (-)-tartrate salt prepared by extraction 
from 10 ml of saturated sodium bicarbonate solution with ethyl acetate 

3H, N-CH3), 3.35 (s, 4H, CHzCHz), 3.94 (s, 3H, CIi-OCH3), 4.00 (s, 3H, 

Pierce Chemical Co., Rockford, Ill .  
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Model HA-100, Varian Associates, Palo Alto. Calif. 
Model 241MC, Perkin-Elmer Corp., Norwalk, Conn. 
Model 355, Fisher Scientific Co., Houston, Tex. 
Model 21491, Dupont Instrument Products Division, Wilmington, 

lo Polygram silica G/Vza, Brinkmann Associates, Westbury, N.Y. 
l L  Skelly B. 

Del. 

(3 X 25 ml). The organic layer was washed once with 10 ml of water, dried 
in uacuo, and dried further by azeotroping twice with 10 ml of benzene. 
The ether functions were cleaved using hydriodic acid-acetic anhydride 
according to the method of Neumeyer et al. (15) as modified by Saari et 
al. (12). The reaction was monitored by TLC and was complete in 30 min. 
The reaction was adjusted carefully to pH 7-8 with saturated sodium 
bicarbonate containing 20 mg of dithionite as an antioxidant and ex- 
haustively extracted with ether. The ethereal extract was dried over 
anhydrous sodium sulfate and taken to dryness in uacuo. 

The product was dissolved in ether and filtered, and hydrogen chloride 
was passed through to yield the hydrochloride salt as a white powder. This 
powder was collected by filtration and dried in U ~ C U O  a t  65' for 18 hr to 
give 104 mg (50%) of 11-HCl, [a]:: 47.4' (c, 1.13 in 0.02 N HCl) ( ( R ) -  
(-)-apomorphine hydrochloride gave [a]g -48.7O; lit. (23) [ a ]g  -49- 
-51'1, indicating 99% enantiomeric excess. UV comparison to (R)- 
(-)-apomorphine indicated 98.8% purity (A,,, 275 nm, e 17,3001, mp 
249-260' dec. [lit. (12) mp 258-268' dec.]; mass spectrum: m/e (%) 267 
(78) (M+), 266 (loo), 250 (22), 224 (34), and 221 (23), identical to the 
spectrum of (R)-(-)-apomorphine hydrochloride. GLC analysis indicated 
cochromatography with authentic (R)-(-)-apomorphine [as the hep- 
tafluorobutyryl derivative (19)] and >99% purity. 

RESULTS AND DISCUSSION 

Interest in racemizing and resolving aporphines continues because 
naturally occurring aporphines and aporphines generated from natural 
products [e.g., (-)-apomorphine from (-)-morphine (1111 usually exist 
as single antipodes. A recent study (24) allowed for the racemization and 
resolution of the catatonic aporphine (+)-bulbocapnine by a route similar 
to that described in this study (Scheme I). 

CH3 
I 

10% palladium-on-carbon 
t 

H3c0* CH,CN 

H I  
CH, 

m 

NaCNBH, -m+ H3c0&% I PH 3-5 

H $ o a  (-)-tartaric acid 

H I  
CH, 

CH, 
11. HCI 
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This reported preparation of (S)-(+)-apomorphine represents a facile 
conversion of the readily available (R)-(-)-antipode rather than a de nouo 
synthesis of the aporphine skeleton by Pschorr cyclization (12,15). Due 
to the instability of the catechol, a protecting group was necessary for 
subsequent reactions; the dimethyl ether was chosen because of its ease 
of preparation and subsequent removal (12, 15). 

The racemization of 111 was accomplished in the manner used previ- 
ously for the preparation of racemic glaucine, which involved oxidation 
to the dehydroaporphine followed by nonstereospecific reduction (18). 
While the first step was accomplished earlier by oxidation with iodine 
and sodium acetate (25) or with mild permanganate oxidation (26), the 
method described recently (22) of refluxing the aporphine in acetonitrile 
with 10% palladium-on-carbon proved to be a clean and facile route to 
IV. The dehydroaporphine corresponding to 111 exhibited a characteristic 
PMR spectrum consisting of a relatively deshielded N-methyl substituent 
( 6  3.09 uersus 2.54 in 111) as well as the signal for the H-1 proton ( 6  9.65 
uersus 8.25 in 111) (26). In addition, the four H-4 and H-5 protons of IV 
resonated as a broad singlet ( 6  3.35) and the H-7 proton resonated as a 
singlet a t  6 6.68. The same characteristics were observed in 6a,7-dehy- 
droglaucine (18) and O,O-diacetyl-6a,7-dehydroapomorphine (27). 

The dehydroaporphine IV is reduced easily using sodium cyanobo- 
rohydride at  acidic pH, probably due to an increased development of 
6,6a-quaternary imine character under acidic conditions. Other reduction 
methods such as dissolving metal (28) and catalytic reduction with 
Adam’s catalyst in acetic acid have been used. Some investigators re- 
ported a sluggish reaction in the latter case (28). The sodium cyanobo- 
rohydride procedure provided a facile and nearly quantitative racemi- 
zation of IV with inexpensive reagents. The method of Kametani et al. 
(29) also has been used for similar reactions, but this method requires 
longer reaction times, an apparatus for hydrogenation a t  atmospheric 
pressure, and, in most cases, a weight of the expensive Adam’s catalyst 
equal to the weight of the alkaloid. 

Resolution of the racemate of apomorphine dimethyl ether was ac- 
complished in a manner similar to that of Saari et al. (12). In the present 
study, however, oiling was encountered repeatedly using ethanol-ethyl 
acetate as recommended by these investigators (12). Recrystallization 
from ethanol ultimately was more satisfactory. Repeated recrystallization 
gave V as the (-)-tartrate salt in 99% enantiomeric excess. The protecting 
groups were removed by hydriodic acid in acetic anhydride (12.15). In 
alternative experiments, TLC and GLC evidence indicated smooth 
cleavage using boron trihromide in methylene dichloride using a literature 
method (30) ( i . e . ,  when the solvent was not freed of ethanol prior to 
use). 

The (S)-(+)-apomorphine hydrochloride isolated through the reactions 
indicated in Scheme I was in >99% enantiomeric excess and was >98% 
pure by UV spectroscopy when compared to authentic I. Considerable 
variability of t.he optical rotaf.ion was observed with high dilutions of the 
salt (from -74O at c 0.16 to -49’ at  c 1.03 or above in 0.02 N HCI). Thus, 
a minimum c value of 1.0 was necessary for obtaining accurate optical 
rotation data. This phenomenon may be attributable to the saltfree base 
equilibrium, which favors the latter at high dilution. Indeed, when 
samples were run in 0.2 N HC1, lower values were obtained (-63--47’ 
for the concentration range). 

The (5’)-(+)-compound prepared was submitted for preliminary i n  
~iitro pharmacological evaluation. In the presynaptic dopaminergic re- 
ceptor assay of Steinsland and Heible (31), the agent exhibits 1% of the 
activity of (R)-(-)-I, as expected based on its optical purity and its ex- 
pected inactivity as a dopaminergic agonist (12). However, preliminary 
results in the receptor assay of Seeman et a / .  (32) show an unexpected 
affinity similar to that of I. Complete pharmacological evaluation of I1 
will be the subject of a subsequent report from these laboratories. 
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Abstract  Based on review and examination of recent additions to 
dopaminergic structure-activity relationships, a topographical model 
of the renal vascular dopamine receptor is presented. The implications 
of this model for the design of new dopaminergic drug candidates are 
discussed briefly. 

Keyphrases 0 Dopamine-topographical model of renal vascular re- 
ceptor Drug-receptor interactions-topographical model of renal 
vascular dopamine receptor 0 Structure-activity relationships- 
dopaminergic drugs 

Several reports (1-4) suggested that the preferred con- 
formation for dopamine, when it is interacting with its 
biological receptor sites, resembles the fully extended 
trans-form (I). In this conformation, the catechol ring and 
amine function are in an antiperiplanar arrangement. 
Cannon and coworkers (5-7) suggested that a biologically 
significant conformer has the m-hydroxy group rotated 
toward the amine, as depicted in I. This arrangement has 
been designated as the a-rotamer, and the antiperiplanar 
conformation having the m-hydroxy group rotated away 
from the amine function has been designated as the p-ro- 
tamer (5). Both a dihedral angle approximating 180' (8, 
9) and near coplanarity ( 5 ,  7) of the catechol ring and 
ethylamine system have been implicated as important 
structural features for dopaminergic activity. 

BACKGROUND 

The benzazepine derivative I1 recently was reported to possess sig- 
nificant renal dopaminergic-mediated vasodilator properties' (10). In 
this molecule, the catechol and amine functions can exist only in gauche 
and eclipsed conformations, while the phenyl ring and amine system can 
assume a nearly antiperiplanar arrangement. Although there are exam- 
ples of nonoxygenated 2-aminotetralins that show central dopaminergic 
activity (11, 12), there is no precedent for such systems having renal 
dopaminergic activity where an intact catechol function appears to he 
a requisite structural feature for agonist action. Therefore, the phar- 
macological profile for I1 seems to contradict the hypothesis that an an- 
tiperiplanar arrangement of the key pharmacophoric groups is important 
in determining dopaminergic activity. Alternatively, as shown in its side 
view, there is a partially eclipsed conformation for I1 in which the amine 
function lies within the plane established by the catechol ring. 

Examination of various dopamine agonists reveals that aryl-amine 
coplanarity or very near coplanarity is a feature common to all of the 
agents, whereas the dihedral angle varies considerably. Even certain 2- 

OH 

kO" 
HO TNH2 

OH NH2 
I 

1 Comparison between intravenous injection of I1 and injection 0111 directly into 
the renal artery (10) indicates that 11 itself is an active drug and not dependent on 
aromatic hydroxylation or any other metabolic process for its activation. 

HO 

PH 

HN g 
indanamine derivatives (111), previously regarded as an enigma (3, 51, 
possess aryl ring-amine coplanarity when assuming an envelope con- 
formation (13). 

In addition to coplanarity, structure-activity relationships indicate 
that specific nitrogen to hydroxyl group distances are optimal for inter- 
action with certain dopaminergic receptor populations (5,9, 14). Because 
of the noted differences in dopamine receptors (15-19), it is important 
to specify which receptor population is under consideration when ad- 
dressing this structural parameter. Table I indicates the nitrogen to p- 
hydroxy and nitrogen to m-hydroxy distances and the renal dopaminergic 
activity for several dopamine analogs. In active compounds, the m- and 
p-hydroxy groups reside -7-8 A away from the amine function. Apo- 
morphine, which has a somewhat shorter nitrogen to rn- hydroxy group 
distance, is an exception. However, its pharmacological profile also is 
somewhat different; apomorphine is best classified as a weak, partial 
agonist in the renal dopaminergic system (16). Furthermore, its activity 
may be partially derived from additional binding contributions from its 
molecular portions outside of its apparent dopaminergic pharmacophore 
(17). 

More interesting is the inactivity observed for isoapomorphine, which 
satisfies both coplanarity and amine-hydroxy group distance criteria. 
Two receptor models were proposed to account for this finding. Grol and 
Rollema (21) suggested that a receptor boundary is present which ham- 
pers interaction with molecules bearing bulky groups on the side of the 
molecule opposite the m-hydroxy group. Goldberg et  al. (16, 17) also 
attributed isoapomorphine inactivity to a steric parameter and further 
emphasized an improper orientation of its amine free electron pair for 
preferred interaction with a stereospecific amine recognition site on the 
receptor. 

Recent experiments in these laboratories provided additional insight 
into dopaminergic structure-activity relationships. The synthesis (24, 
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Table I-Amine-to-Hydroxy Group Distances a for Selected Dopamine Analogs 

Renal 
Distance, 8, Dopaminergic 

Compound Nitrogen to p-Hydroxy Nitrogen to m-Hydroxy‘ Activity 

Apomorphine 
Isoapomorphine 
Tetrahydroisoquinolinesd 
11 
Do amine, antiperiplanar, 

Dopamine, partially 

2-Amino-6,7-dihydroxytetralin“ 
2-Amino-5.6-dihydr~xytetralin~ 
IV 

frotamer 

eclipsed‘ 

7.8 
7.8 
6.0 
7.0 
7.8 

7.0 

7.8 
7.8 
7.7 

6.5 
7.3 
6.4 
7.0 
7.3 

7.0 

7.3 
6.5 
7.4 

Partial agonist (16) 
Inactive (16, 17) 
Inactive (14) 
Active (10) 
Activee 

Active A 

Active (14) 
Inactive (14) 
Inactive (23) 

(I Determinations agree with various literature values within f O . l  A (3-5,20,21). All compounds can possess aryl ring-amine coplanarity or near coplanarity. c Analogous 
to the meta- and para-positions of dopamine. 6,7-Dihydroxytetrahydroisoquinoline and N-methyl-6,7-dihydroxytetrahydroisoquinoline. Although the preferred con- 
formations for these systems are such that the arnine function resides above or below the plane of the aromatic ring (22), coplanarity of these groups is not thermodynamically 
precluded, especially when considering that drug-receptor associations may produce a net energetically favored situation. The p-rotamer is thought (14) to he optimal 
for interaction with renal dopaminergic receptors. f Conformation superimposed on that  depicted for 11. g By analogy to 11. Determined with the nitrogen in a pseudo- 
equatorial orientation, as  is thought to be the active conformer (6,9). 

OH 

HorNH2 H O + ~ ~ - N H ~  

HO HO 
NH> 

Iv 
25) and pharmacological activity (23, 25, 26) of E -  and Z-2-(3,4-dihy- 
droxyphenyi)cyclopropylamines, two semirigid analogs of dopamine, were 
reported. Since the E-isomer (IV) is similar to conformer I in terms of 
aryl-amine coplanarity, its inactivity as a renal dopaminergic agonist or 
antagonist was surprising. However, the additional steric bulk resulting 
from incorporation of the methylene unit forming the cyclopropyl system 
resembles that present in a-methyldopamine, which also is inactive as 
a renal dopaminergic agonist (27). In m-methyldopamine and in IV, the 
bond between the P-carbon and the aryl ring is free to rotate such that 
both the a- and @-rotameric conformers are accessible. Furthermore, this 
rotation should proceed with minimal thermodynamic constraint; con- 
formational considerations, therefore, seem an unlikely explanation for 
the inactivity of these compounds. 

Alternatively, if one observes IV from the side as shown, it is apparent 
that  the methylene unit protrudes perpendicularly out from the plane 
established by the aryl ring and amine function. This protrusion results 
in a molecular thickness of -2 8, midway between the aromatic ring and 
the amine moiety. If a steric boundary were localized in a corresponding 
location above the receptor, then this protrusion would be expected to 
preclude effective receptor binding. The fact that  this boundary must 
be localized specifically in this region is apparent from the activity ob- 

2 

0 
7-0 A 

X 

Figure I-Topographical model of the renal vascular dopamine re- 
ceptor The rigid representation in this model is not meant to  imply that 
a more dynamic relationship, such as mutual molding, is not operative 
during drug-receptor interaction. 

served for compounds such as apomorphine, 2-amino-6,7-dihydroxy- 
tetralin, and 11, whose somewhat smaller but similar bulk in this region 
is directed toward the LY- and P-carbons. Interestingly, Sheppard and 
Burghardt (28), employing Newman projections, also referred to a steric 
parameter localized specifically in the “9 o’clock position” to explain 
certain structure-activity relationships observed for aryl-substituted 
analogs derivatized in the 2-position. 

THEORETICAL 

Combining the structural parameters discussed affords a three-di- 
mensional map (29) of the renal dopamine receptor that contains the 
following topographical features (Fig. 1): 

1. A single plane containing amine (A) and catechol (Hm, Hp, and C) 
recognition sites. 

2. A distance between the amine recognition site and p- (Hp) and m- 
(Hm) hydroxy group recognition sites of -7-8 8,. 

3. A steric parameter (S l )  located to one side of the principal phar- 
macophoric recognition site. Depending on the a- or /I-rotameric rela- 
tionship, this parameter could limit the bulk on the side opposite to the 
m-hydroxy group of molecules attempting to align with the receptor 
properly (21). An additional hydrophobic binding region (B) located on 
the same side as the analogous m-hydroxy group also may be present in 
the plane established by A, C, Hp, and Hm (17). 

4. A second steric parameter (S2) located -2 8, above the plane of the 
receptor and localized specifically along the analogous a- and 8-carbon 
chain region. 

DISCUSSION 

Although conceptual in nature, topographical mapping of receptors 
can be useful in the design of new drug entities. In this regard, the re- 
ceptor model described here implies that new renal dopaminergic 
structural candidates should possess overall planarity and a somewhat 
narrow molecular thickness, especially in the analogous a- and @-carbon 
region. Concern about an appropriate dihedral angle or even about a 
classical two-carbon bridge between the amine and aromatic functions 
is not necessary as long as key nitrogen-to-catechol hydroxyl group dis- 
tances are maintained. Furthermore, significant steric bulk opposite the 
position analogous to the dopamine m-hydroxy group should be avoided, 
while incorporation of hydrophobic character on the same side as the 
analogous m-hydroxy group could be beneficial for receptor binding. 

REFERENCES 

(1) A. S. Horn and S. H. Snyder, Proc. Nat/. Acad. Sci. IJSA, 68,2325 

(2) R. F. Hekker, D. J. C. Engel, and G .  G. Nys,J .  Pharm. Pharmacol., 

( 3 )  R. M. Pinder, Ado. Neurol., 3 ,  295 (1973). 
(4) R. Miller, A. Horn, L. lversen, and R. Pinder, Nature, 250.238 

(5) J. G. Cannon, Ado. Neurol., 9, 177 (1975). 
(6) J .  G. Cannon, R. V. Smith, M. A. Aleem, and J. P. Long, J .  Med 

(1971). 

24,589 (1972). 

(1974). 

1060 I Journal of Pharmaceutical Sciences 
Vol. 69. No. 9, September 1980 



Chem., 18, 108-(1975). 

19,987 (1976). 

Natl .  Acad. Sci. USA, 75,2641 (1978). 

(1978). 

Pharmacol., 51.19 (1978). 

(7) J. G. Cannon, G. J. Hatheway, J .  P. Long, and P. M. Sharabi, ibid., 

(8) H. I,. Komiskey, J. F. Bossart, D. D. Miller, and P. N. Patil, Proc. 

(9) D. D. Miller, Fed. Proc. Fed. Am. Soc. Exp.  B i d ,  37, 2392 

(10) R. G. Pendleton, L. Samler, C. Kaiser, and P.  T. Ridley, Eur. J .  

(11) J. D. McDermed, G. M. McKenzie, and A. P. Phillips, J .  Med. 
Chem., 18,362 (1975). 

112) J. G. Cannon. T. Lee. H. D. Goldman. B. Costall, and R. J. Naylor, 
ibid.,’20,1111 (1977). 

Allinger, Eds., Wiley, New York, N.Y., 1978. 

Lee, Proc. Natl. Acad. Sci. USA, 74,3602 (1977). 

(13) B. Fuchs, in “Topics in Stereochemistry,” vol. 10, E. Eliel and N. 

(14) P. H. Volkman, J. D. Kohli, L. I. Goldberg, J. G. Cannon, and T. 

(15) R. G. Pendleton and P. E. Setler, Gen. Pharmacol., 8 , l  (1977). 
(16) L. I. Goldberg, P. H. Volkman, and J. D. Kohli, Ann Reu. Phar- 

(17) L. I. Goldberg, J. D. Kohli, A. N. Kotake, and P. H. Volkman, Fed. 
m a d .  Toxicol., 18,57 (1978). 

Proc. Fed. Am. SOC. Exp. Biol., 37.2396 (1978). 

J .  Pharmacol., 50,419 (1978). 
(18) P. E. Setler, H. M. Sarau, C. L. Zirkle, and H. L. Saunders, Eur. 

(19) J. W. Kebabian and D. B. Calne, Nature, 277,93 (1979). 
(20) B. Costall, R. J. Naylor, and R. M. Pinder, J.  Pharm. Pharmacol., 

(21) C. J. Grol and H. Rollema, ibid., 29, 153 (1977). 
(22) ,J. Knabe, Arch. Pharm., 292,416 (1959). 
(23) K. J. Borgman, P. W. Erhardt, R. J. Gorczynski, and W. G. An- 

(24) P. W. Erhardt,J .  Org. Chem., 44,883 (1979). 
(25) P. W. Erhardt, R. J. Gorczynski, and W. G. Anderson, J .  Med. 

(26) R. J. Gorczynski, W. G. Anderson, P. W. Erhardt, and D. M. Stout, 

(27) L. I. Goldberg, P. F. Sonneville, and J. L. McNay, ibid., 163,188 

(28) H. Sheppard and C. R. Burghardt, Mol. Pharmacol., 10, 721 

(29) P. Pauling and T.  J. Petcher, Chem. Bid.  Interact., 6, 351 

26,753 (1974). 

derson, J.  Pharm. Pharmacol., 30,193 (1978). 

Chem., 22,907 (1979). 

J .  Pharmacol. Exp.  Ther., 210.252 (1979). 

(1968). 

(1974). 

(1973). 

Thalifaurine and Dehydrodiscretine, New Quaternary 
Protoberberines from Thalictrurn fauriei 

CHUNG-HSIUNG CHEN x, TZER-MING CHEN, and CHRISTINE LEE 
Received March 26, 1979, from the School of Pharmacy, National Taiwan University, Taipei, Taiwan, Republic of China. 
publication May 4, 1979. 

Accepted for 

Abstract  0 Two new quaternary protoberberines, thalifaurine and 
dehydrdiscretine, were isolated from the ethanolic extract of Thalictrum 
fauriei Hayata. Based on spectral analysis and correlation with com- 
pounds of known structure, thalifaurine was shown to be 3-hydroxy-2- 
methoxy-l0,ll-methylenedioxyberbinium chloride and dehydrodis- 
cretine was established as 3-hydroxy-2,10,11-trimethoxyberbinium 
chloride. The structural assignment was confirmed by synthesis of both 
compounds. Magnoflorine also was isolated and identified. 

Keyphrases Thalifaurine-new quaternary protoberberine isolated 
from Thalictrum fauriei, structural determination Dehydrodiscre- 
tine-new quaternary protoberberine isolated from Thalictrum fauriei, 
structural determination 0 Protoberberines, quaternary-thalifaurine 
and dehydrodiscretine, isolation from Thalictrum fauriei, structural 
determination 0 Thalictrum fauriei-isolation of thalifaurine and 
dehydrodiscretine and their structural determination 

Thalictrum fauriei Hayata (Ranunculaceae) is a pe- 
rennial herb that is distributed widely over the moun- 
tainous area of Taiwan, especially in wet places (1). In view 
of an increasing interest in the biological activity of some 
Thalictrum alkaloids (2), a study was initiated on the al- 
kaloidal constituents of T. fauriei. 

Previous reports from this laboratory described the 
isolation and characterization of three known aporphines, 
(+)-oconovine (Ia) (3), (+)-isocorydine (Ib) (31, and 
(+)-corydine’ (Ic), from the tertiary base fraction. Con- 
tinuing investigation of the quaternary base fraction has 
provided two new protoberberinium salts, thalifaurine 
(IIa) and dehydrodiscretine (IIb), in addition to the known 
aporphine magnoflorine (111). The isolation and structural 
characterization of these quaternary salts are described 
in this report. 

l C.-H. Chen, T.-M. Chen, and C. Lee, unpublished data. 

RESULTS AND DISCUSSION 

The ethanolic extract of the whole plant material of T fauriei was 
processed by the usual acid-base treatment and solvent partitioning to 
separate the quaternary alkaloid fraction from the tertiary base fraction. 
The quaternary salt was precipitated with Mayer reagent and then was 
exchanged by an anionic resin into the chloride form. Extensive frac- 
tionation of this chloride salt on silica gel columns yielded three crys- 
talline compounds, designated as alkaloids Q-3, $ 4 ,  and Q-6 according 
to their increasing polarity on TLC plates. 

Alkaloid Q-4-Alkaloid Q-4 was isolated as the chloride salt, mp 
258-260°, and was optically inactive. The UV spectrum appeared as a 
complicated pattern with absorption maxima a t  241,263,291, and 341 
nm and shoulders a t  310 and 380 nm. This pattern was characteristic of 
quaternary protoberberine salts, and the shoulder a t  310 nm suggested 
a 2,3,10,11-substituted pseudoprotoberberinium pattern (4). Batho- 
chromic shifts in the presence of bases and the broad IR absorption bands 
a t  3510 and 3326 cm-’ indicated the phenolic nature of Q-4. The NMR 
spectrum of Q-4 revealed one methoxy group a t  6 4.02, one methy- 
lenedioxy group a t  6 6.33, two triplets of two protons each a t  6 3.17 and 
4.74 ( J  = 6 Hz), and six aromatic protons a t  6 6.87 (s, IH),  7.51 (s, 2H), 
7.64 (s, IH),  8.59 (s, lH),  and 9.25 (s, 1H) ppm. 

Simanek et al. (5) made a detailed analysis of the chemical shifts for 
each aromatic proton on various protoberberinium and pseudoproto- 
berberinium salts. The data for pseudopalmatinium (He) and pseu- 
doepiberberinium (IIf) salts were taken from their report and compared 
with those of Q-4 (Table I); the data for Q-4 were consistent with the 
2,3,10,1l-substitution pattern. In the chemical-ionization mass spectrum 
of Q-4 with isobutane as the reagent gas, the molecular ion M+ appeared 
a t  m/e 322 and base ion c appeared at m/e 320; both were highly abun- 
dant, which reflected the unusual stability of the parent ion under the 
chemical-ionization mode. Ion a a t  m/e 323 and ion b at  mle 337 repre- 
sented the result from thermal disproportionation of the parent ion (M+), 
a fact proven for berberine derivatives by Habermehl et a/.  (6). Ions d 
(mle 177). e (m/e 178), and f (m/e 176) suggested the presence of hydroxy 
and methoxy groups on ring A. Ion g (mle 148) served to locate the 
rnethylenedioxy group on ring D. 

Two structures were compatible with the evidence: 3-hydroxy-2- 
methoxy-l0,l I -methylenedioxyberbinium chloride (IIa) and 2-hy- 
droxy-3-methoxy-10,ll-methylenedioxyberbinium chloride (IIc). 
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Thalictrum fauriei Hayata (Ranunculaceae) is a pe- 
rennial herb that is distributed widely over the moun- 
tainous area of Taiwan, especially in wet places (1). In view 
of an increasing interest in the biological activity of some 
Thalictrum alkaloids (2), a study was initiated on the al- 
kaloidal constituents of T. fauriei. 

Previous reports from this laboratory described the 
isolation and characterization of three known aporphines, 
(+)-oconovine (Ia) (3), (+)-isocorydine (Ib) (31, and 
(+)-corydine’ (Ic), from the tertiary base fraction. Con- 
tinuing investigation of the quaternary base fraction has 
provided two new protoberberinium salts, thalifaurine 
(IIa) and dehydrodiscretine (IIb), in addition to the known 
aporphine magnoflorine (111). The isolation and structural 
characterization of these quaternary salts are described 
in this report. 

l C.-H. Chen, T.-M. Chen, and C. Lee, unpublished data. 

RESULTS AND DISCUSSION 

The ethanolic extract of the whole plant material of T fauriei was 
processed by the usual acid-base treatment and solvent partitioning to 
separate the quaternary alkaloid fraction from the tertiary base fraction. 
The quaternary salt was precipitated with Mayer reagent and then was 
exchanged by an anionic resin into the chloride form. Extensive frac- 
tionation of this chloride salt on silica gel columns yielded three crys- 
talline compounds, designated as alkaloids Q-3, $ 4 ,  and Q-6 according 
to their increasing polarity on TLC plates. 

Alkaloid Q-4-Alkaloid Q-4 was isolated as the chloride salt, mp 
258-260°, and was optically inactive. The UV spectrum appeared as a 
complicated pattern with absorption maxima a t  241,263,291, and 341 
nm and shoulders a t  310 and 380 nm. This pattern was characteristic of 
quaternary protoberberine salts, and the shoulder a t  310 nm suggested 
a 2,3,10,11-substituted pseudoprotoberberinium pattern (4). Batho- 
chromic shifts in the presence of bases and the broad IR absorption bands 
a t  3510 and 3326 cm-’ indicated the phenolic nature of Q-4. The NMR 
spectrum of Q-4 revealed one methoxy group a t  6 4.02, one methy- 
lenedioxy group a t  6 6.33, two triplets of two protons each a t  6 3.17 and 
4.74 ( J  = 6 Hz), and six aromatic protons a t  6 6.87 (s, IH),  7.51 (s, 2H), 
7.64 (s, IH),  8.59 (s, lH),  and 9.25 (s, 1H) ppm. 

Simanek et al. (5) made a detailed analysis of the chemical shifts for 
each aromatic proton on various protoberberinium and pseudoproto- 
berberinium salts. The data for pseudopalmatinium (He) and pseu- 
doepiberberinium (IIf) salts were taken from their report and compared 
with those of Q-4 (Table I); the data for Q-4 were consistent with the 
2,3,10,1l-substitution pattern. In the chemical-ionization mass spectrum 
of Q-4 with isobutane as the reagent gas, the molecular ion M+ appeared 
a t  m/e 322 and base ion c appeared at m/e 320; both were highly abun- 
dant, which reflected the unusual stability of the parent ion under the 
chemical-ionization mode. Ion a a t  m/e 323 and ion b at  mle 337 repre- 
sented the result from thermal disproportionation of the parent ion (M+), 
a fact proven for berberine derivatives by Habermehl et a/.  (6). Ions d 
(mle 177). e (m/e 178), and f (m/e 176) suggested the presence of hydroxy 
and methoxy groups on ring A. Ion g (mle 148) served to locate the 
rnethylenedioxy group on ring D. 

Two structures were compatible with the evidence: 3-hydroxy-2- 
methoxy-l0,l I -methylenedioxyberbinium chloride (IIa) and 2-hy- 
droxy-3-methoxy-10,ll-methylenedioxyberbinium chloride (IIc). 

0022-3549/80/0900-1061$01.00/0 
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H,CO 
I 

Ia: R, = OH, R, = R, = OCH, 
Ib:  R,  = OH, R, = OCH,, R,  = H 
Ic: R,  = OCH,, R, = OH, R, = H 

R4 
rv 
I1 

IIa: R ,  = OCH,, R, = OH, R, = R, = OCH,O 
IIb: R ,  = R, = R, = OCH,, R, = OH 
IIc:  R,  = OH, R,  = OCH,, R, = R, = OCH,O 
IId: R ,  = OH,  R ,  = R, = R, = OCH, 

111 (as iodide) 

% 
IV 

'Q-Rl 

Table I-Comparison of the NMR Data of Q-4 and 6 - 3  with 
Pseudoprotoberberinium Salts IIe  and I I f  in the Aromatic 
Region 

Ha R, = OCH , R2 = OH, R, - R, - OCH 0 
If6 R , -R , -R , -OCH, ,R , -OI f  
IIe R, = R, = I& = R, = OCHJ 
I l l  R, = = OCHI, R , =  R = W H O  

R2 

R, 

R, 
R4 

Proton 
Compound H-4 H-12 H-1 H-9 H-13 H-8 Solvent 

Ilea 7.07 7.60 7.63 7.67 8.83 9.50 Dimethyl 

IIf" 7.07 7.55 7.62 7.67 8.80 9.47 Dimethyl 

IIa (Q-4) 6.87 7.51 7.51 7.64 8.59 9.25 CD3OD 
IIb (Q-3) 6.53 7.33 7.43 7.43 8.27 9.07 CD3OD 

sulfoxide- 
dfi 

sulfoxide- 
dfi 

a Values f o r  IIe and IIf were taken from Ref. 5. 

4'-methylenedioxybenzyI)-1,2,3,4-tetrahydroisoquinoline (Va) was 
synthesized and condensed with formaldehyde to give IVa, which also 
was found to he identical to Q-4-H. Further oxidation of IVa with mer- 

R4 

IIa: m / e  322 (93.8%) 
IIb: m / e  338 (0 .3%)  

IIa: m / e  323 (40.3%) 
IIb: m / e  339 (0.3%) 

Ri Ila. m / e  337 (11 .8%)  110: m / e  320  (100%) 
V IIb: m / e  353 (2.0%) 

IVa: R ,  = R, = OCH,O 
IVb: R ,  = R, = OCH, 

V a :  R,  = R, = OCH,O 
Vb: R ,  = R, = OCH, 

Structure IIc is dehydropseudocheilanthifoline, a naturally occurring 
compound isolated from Isopyrurn thalictroides (7).  An authentic sample 
of 1Ic was different from 6 - 4  in all respects. Thus, Structure IIa was as- 
signed tentatively to Q-4. 

On reduction with sodium horohydride, Q-4 yielded a tetrahydro- 
protoherherine, Q-4-H, mp 142-144'. High-resolution mass spectral 
analysis of the molecular ion a t  rnle 325 agreed with a composition of 
C19H19N04. The UV absorption maxima a t  230 and 290 nm were con- 
sistent with the expected chromophore, and a bathochromic shift on hase 
treatment coupled with the IR hands at  3571 cm-' suggested a phenolic 
function. The NMR spectrum showed one methoxy group a t  6 3.85, one 
methylenedioxy group at  6 5.86, and four aromatic protons at 6 6.56 (s, 
2H), 6.65 (s, lH) ,  and 6.82 (s, 1H) ppm. The electron-impact mass spec- 
trum revealed the collapse of ring C to give hase peak k (m/e  148) from 
ring D and ions i (m/e  178) and j (m/e  176) from rings A and R. 

These data were identical to those of an authentic sample of 3-hy- 
droxy-2-methoxy-10,ll-methylenedioxyberbine (IVa), a by-product 
obtained from Suguna and Pai (8) in their synthesis of tetrahydro- 
groenlandicine. By a standard procedure, 6-hydroxy-7-methoxy- 1 -(3',- 

H,CO H,CO H 
d e 

Ila: rn/e 1 7 7  (1 .8%)  
IIb:  m / e  1 7 7  (1 .1%) 

IIa: m / e  1 7 8  (1 .8%) 
ITb: m / e  1 7 8  (1.7%) 

f g k 

110: m / e  1 7 6  (2.7%) I h :  m/e  1 4 8  (4.0%) IIb: mie 1 6 4  (3.0%) 
Chemical-ionization mass spectral fragmentation of Q-4 ( 1 1 ~ )  ( R I  = 
OCH:,, RZ = OH, R:j = R4 = OCH2O) and Q-3 (IIb)  (RI  = HR = R-I = 

OCH:3, R:! = OH) with isohutane as the reagent gas. 
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IVa: m/e 3 2 5  ( 6 2 k % )  
IVb: m/e  3 4 1  (7.8%) 

IVa: m/e 1 7 8  (1.2%) 
IVb: m/e 1 7 8  (2.8%) 

IVa: m/e 1 7 6  (29.2%) k 
IVb: m/e 1 7 6  (12.0%) IVa: m/e 148 (100%) 

OCH, 
1 

(IVb) isolated from Xylopia discreta (9). Following literature procedures 
(10, l l ) ,  IVb was synthesized by condensing 6-hydroxy-7-methoxy-l- 
(3',4'-dimethoxybenzyl)-l,2,3,4-tetrahydroisoquinoline ( V b )  with 
formaldehyde. This synthetic sample of (*)-discretine (IVb) was identical 
with Q-3-H in all respects. In addition, oxidation of IVb with mercuric 
acetate produced a compound, Ilb, that was identical to Q-3. Therefore, 
the structure of 6 - 3  was proven to be 3-hydroxy-2,10,11-trimethoxy- 
berbinium chloride (IIb). Since it is a dehydro form of discretine, it was 
named dehydrodiscretine. 

Alkaloid Q-6-The major alkaloid in the quaternary base fraction was 
Q-6, isolated as the iodide salt, mp 250-252". The spectral properties of 
this compound were identical to those of an authentic sample of mag- 
noflorine (111) iodide. 

EXPERIMENTAL* 

Plant Material-The whole plant of T.  fauriei Hayata? was collected 
during spring 1976 from the mountains near Wulai, Taipei County, 
Taiwan. The whole plant material was dried in an oven at  45" and milled 
to a fine powder. 

Extraction and  Init ial  Fractionation-Powdered plant material 
(3.29 kg) was extracted with 95% ethanol by percolation at  room tem- 
perature until a negative test for alkaloids in the extract was shown with 
Valser reagent. The percolate was concentrated in L'acuo to give 350 g 
of a greenish-brown semisolid residue. This residue was triturated with 
3% citric acid and filtered. The process was continued until the filtrate 
showed a negative Valser test. 

The combined acidic solution (3.5 liters) was extracted with ethyl ac- 
etate (4 liters) to remove the acidic and neutral fractions. The citric acid 

IVb: m/e 1 6 4  (100%) 
Major fragments from electron-impact mass spectra of Q-4-H (IVa) (R1 

= RS = OCHzO) and Q-3-H (IVb) (R1 = Rz = OCH3). 

solution was adjusted to pH 9-10 with concentrated ammonium hy- 
droxide and then extracted successively with ether (2  liters) and chlo- 
roform (3 liters), which removed the tertiary base fraction. The aqueous 
solution was adiusted to pH 4.4 with saturated citric acid solution, and 

curic acetate provided 3-hydroxy-2-methoxy-lO,ll-methylenedioxy- 
berbinium chloride (IIa), which was identical in every respect to Q-4. The 
structure of 6 - 4  therefnre was firmly established as IIa, and, since it was 
a new protoberberine from nature, it was named thalifaurine. 

Alkaloid Q-3-Alkaloid Q-3 was isolated in a minute amount as the 
chloride salt, mp 230-234", and was optically inactive. The UV spectrum 
was similar to that of Q-4, showing maximum absorptions a t  243,264.5, 
289,310 (sh), 341, and 379 (sh) nm. A bathochromic shift on base treat- 
ment and the IR absorption a t  3400 cm-l suggested its phenolic nature. 
The NMR spectrum showed three methoxy groups at  6 4.07,4.01, and 
3.89 ppm and one triplet of two protons a t  6 3.05 ppm (J = 6 Hz), with 
a similar triplet obscured by the solvent peak. In the aromatic region, six 
protons were observed a t  6 9.07 (5, lH) ,  8.27 (5, lH) ,  7.43 (s, 2H), 7.33 (s, 
lH),  and 6.53 (s, 1H) ppm. A comparison in this region with Q-4, IIe, and 
IIf (Table I) suggested that Q-3 is another 2,3,10,11-substituted pseu- 
doprotoberberinium salt. 

Examination of its chemical-ionization mass spectrum revealed the 
molecular ion M+ (mle 338) and the ions from thermal disproportionation 
of M+, a (mle 339) and b (mle 353). all of which supported the skeleton 
of the parent ion, although they were in significantly lower abundance 
than similar ions from 6-4. Ions d (m/e 177), e (mle 178), and h (mle 164) 
were in agreement with the presence of three methoxy groups and located 
the phenolic function on ring A as well. 

Two alternative structures were compatible with these data: 3-hy- 
droxy-2,10,11-trimethoxyberbinium chloride (IIb) and 2-hydroxy- 
3,10,11-trimethoxyberbinium chloride (IId). Structure IId is pseudo- 
columbamine, an alkaloid isolated from I. thalictroides (7). An authentic 
sample of IId was entirely different from Q-3, which required the as- 
signment of Structure IIb to 6-3. 

Further evidence came from the reduction of Q-3 with sodium boro- 
hydride, giving a tetrahydroprotoberberine, Q-3-H, mp 180-182". The 
molecular ion a t  mle 341 was analyzed for C ~ O H ~ ~ N O ~  by high-resolution 
mass spectrometry. In agreement with the expected chromophore, the 
UV spectrum showed maximum absorption a t  225 (sh) and 286.5 nm. A 
bathochromic shift was obseived in the presence of base, which corrob- 
orated the IR phenolic absorption bands at 3570 and 3440 cm-'. The 
NMR spectrum revealed three methoxy groups at 6 3.86 (s, 6H), and 3.89 
(s, 3H) ppm and four aromatic protons a t  6 6.58 (s, lH) ,  6.66 (s, ZH), and 
6.72 (s, 1H) ppm. The major mode of fragmentation in the electron- 
impact mass spectrum was the cyclic collapse of ring C, yielding base peak 
1 (m/e  164) from ring D and ions i (mle 178) and j (mle 176) from rings 
A and B. 

These spectral data were in good agreement with those of discretine 

Mayer reagent was added to precipitate the quaternary alkaloids. 
After standing overnight in a refrigerator, the precipitate was filtered 

and washed with ether. The residue (106 g) then was dissolved in meth- 
anol-acetone-water (3:1:1), and the insoluble material was filtered off. 
The filtrate was stirred with an anion-exchange resin4 for 3 days. After 
removal of the resin by filtration, the filtrate was evaporated under re- 
duced pressure to give a semisolid residue (27.5 g) of the quaternary al- 
kaloids as the chloride salts. Part of this residue (6.6 g) was chromato- 
graphed on a silica gel5 (313 g) column and eluted with methanol in 
chloroform, with the methanol concentration increasing stepwise (1,3, 
7 . 5 ,  1.5, 30,50, and 100%). Each 100 ml of eluate was collected and ana- 
lyzed by TLC. 

Isolation and Identification of Thalifaurine (IIa, Q-l)--The 
residue (260 mg) from column fractions 50-52, eluted with 30% methanol 
in chloroform, was crystallized from methanol and recrystallized from 
the same solvent, yielding Q-4 as fine yellow needles (50 mg), mp 258- 
260°, [4h5 OD (c, 0.2 in methanol); IR (KBr): Y,, 3510 (m), 3326 (m, OH), 
1640 (m, C=N), 1613 (m), and 933 (w, OCH20) cm-'; UV (methanol): 
A,, (log f )  241 (4.31), 263 (4.28), 291 (4.66). 310 (sh, 4.40), 341 (4.23), and 
380 (sh, 3.83) nm; UV (methanol-0.1 N NaOH): A,,, (log 6) 252.5 (4.45), 
311 (4.32), and 380 (4.44) nm; NMR (CDsOD): 3.17,4.74 (2 t, J = 6 Hz, 
CHgCHz), 4.02 (s, OCHB), 6.33 (s, OCH10), 7.51 (s, 2H, aromatic), and 
6.87,7.64,8.59, and 9.25 (4 s, 1H each, aromatic); electron-impact mass 
spectrum: mle ( W )  337 (M+ + 0 - H, 6.2), 336 (8.6), 335 (10.2), 334 (8.5), 
323 (19.4), 322 (M+, 31.4), 321 (71.4), 320 (97.5), 319 (69.91, 318 (91.0). 

202 (6.0), 177 (1.8), 176 (2.7), 160 (7.01, 159 (i.i), 130 (9.4), 52 (32.4). and 
,jO ( 100); chemical-ionization mass spectrum (isobutane as reagent gas): 

:<o: (io.5), 306 (i9.3), 305 (io.i), 278 ( 7 . 2 ~  277 (6.4). 261 w,.:~), 260 (5.5), 

2 Melting points were taken with a Thomas-Hoover apparatus and are uncor- 
rected. UV spectra were determined with a Hitachi model 200-20 spectrophotom- 
eter. IR spectra were taken with a Perkin-Elmer model 577 spectrophotonieter in 
potassium bromide pellets. NMR spectra were recorded in suitable solvents, with 
tetramethylsilane as the internal standard, on a Varian A-60A or Bruker HS-9OE 
spectrometer; chemical shifts are reported as 6 (parts per million) values. 

Optical rotations were measured on a Perkin-Elmer model 241 polarimeter. Mass 
spectra were obtained using a DuPont 21-491 double-focusing spectrometer uin 
a direct-inlet probe, and the chemical-ionization mass spectra employed isobutane 
as the reactant gas. High-resolution mass spectra were determined on an A.E.I. 
MS-902 instrument using a direct-inlet system. Elemental analyses were performed 
by the Laboratory of Microanalysis, Chung-Shan Institute of Science and Tech- 
nology, Chung-Li, Taiwan. 

3 A specimen of this plant was authenticated by Mr. Muh-Tsuen Kao, Depart- 
ment of Botany, National Taiwan University, and a voucher specimen was deposited 
in the School of Pharmacy of that University. 

4 IRA-410, chloride form. 
5 E. Merck No. 7734. 
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rn/e ( o / ) :  378 (M+ + 56,4.0), 376 (2.9),364 (M+ + 42, 10.5), 362 (14.9), 337 
(M+ + 0 - H, 11.8), 336 (16.7), 335 (8.5),324 (12.7), 323 (40.3), 322 (M+, 
93.8), 321 (90.6), 320 (loo), 319 (65.9),318 (16.31, 178 (1.81, 177 (1.8), 176 
(2.7), and 148 (4.0). IR, UV, NMR, and mass spectral comparisons showed 
that this compound was identical to a synthetic sample of 3-hydroxy- 
2-methoxy-10,ll-methylenedioxyberbinium chloride ( H a ) ,  and a mixed 
melting-point determination showed no depression. 

Reduction of IIa to Q-4-H (1Va)-A solution of Q-4 (61 mg) in 
methanol (18 ml) was cooled on an ice bath and treated portionwise with 
sodium borohydride (122 mg). The mixture was stirred a t  room tem- 
perature for 24 hr and then evaporated under reduced pressure to remove 
methanol. The residue was treated with 6% NH40H (30 ml) and extracted 
with chloroform (4 X 30 ml). The combined chloroform extracts were 
washed with water (50 ml), dried (anhydrous potassium carbonate), and 
evaporated to give a syrup. 

Crystallization from chloroform-methanol provided Q-4-H (30 mg) 
as pale-yellow plates, mp 142-144'; IR (KBr): umax 3571 (m, OH), 2930 
(w), 2894 (w), 2853 (w), 2813 (w, trans-quinolizidine bands), 1505 (s), 1477 
(s), and 930 (m, OCH20) cm-'; UV (methanol): A,,, (log 6 )  230 (sh, 4.00) 
and 290 (3.94) nm; UV (methanol-0.1 N NaOH): A,,, (log c )  240 (sh, 4.01) 
and 296 (4.04) nm; NMR (CD:IOD): 6 2.49-3.97 (m, 9H, aliphatic), 3.85 
(s, OCH3), 5.86 (s, OCH;?O), 6.56 (s, 2H, aromatic), and 6.65 and 6.82 (2 
s, 1H each, aromatic); electron-impact mass spectrum: m/e ( W )  326 (13.6), 
325 (M+, 62.5), 324 (24.9), 310 (4.4), 178 (1.2), 177 (5.8), 176 (29.2), 150 
(14.7), 149 (27.4), 148 (100). 147 (21.8), and 146 (4.6). The high-resolution 
mass measurement of m/e 325 (M+) showed a value of 325.1315 for 
CIyHlyNOl (calc. 325.1312). The IR, UV, NMR, and mass spectra and 
a mixed melting-point determination showed that this compound was 
identical to an authentic sample of 3-hydroxy-2-methoxy-10,lI-meth- 
ylenedioxyberbine (IVa). 

Synthesis of IVa-A mixture of 6-hydroxy-7-methoxy-1-(3',4'- 
tnethylenedioxybenzyl)-1,2,3,4-tetrahydroisoquinoline ( V a )  (125 mg as 
the hydrochloride salt) and formaldehyde (4 ml) in acetic acid (4 ml) was 
refluxed for 3 hr. The reaction mixture was evaporated, and the resulting 
residue was made alkaline with 10% NH40H (30 ml). The aqueous so- 
lution was exhacted with chloroform (4 X 30 ml), and the combined ex- 
tracks were washed with water (50 ml), dried (anhydrous sodium sulfate), 
and evaporated to leave a residue (1  10 mg). The residue was purified 
further on a silica gel (7 g) column with the eluent (acet.one in benzene) 
increasing from 1 to 20%. 

Each :K-ml eluate was collected and analyzed hy TLC. The residue 
I'roni column fractions 18-61 was crystallized from rhlorofcirtn-methanol 
10 yield IVa (40 mg), mp 145-116O. The spectral properties of this com- 
pound were identical in every respect to those of an authentic sample 
synthesized by another route (8), mixed mp 144-145'. It also was identical 
to Q-4-H in terms of the IR, IIV, NMK, and mass spectra and the mixed 
melting point (144-145'). 

Arlo/. -Cnlc. tor C~:,H,YNO~: C, 70.14; H, 5.89; N, 4.30. Found: C, 70.02; 
H. 5.115; N, 4.22. 

Synthesis of IIa-A solution of IVa (30 mg) in 25% acetic acid (30 ml) 
was treated with a saturated solution of mercuric acetate in acetic acid 
(1.5 ml), and the resulting mixt.ure was refluxed on a water bath for 1 hr. 
The reaction mixture was evaporated, and the residue was dissolved in 
anhydrous ethanol (30 ml). A stream of hydrogen sulfide gas was intro- 
duced into the solution to precipitate the mercuric ion as the sulfide salt. 
The precipitate was removed by centrifugation and filtration over a layer 
of filter aid. The residue was washed with ethanol (3 X 40 ml) and fil- 
tered. 

The combined ethanolic filtrates were evaporated to leave a residue. 
This residue was dissolved in warm concentrated hydrochloric acid (10 
drops) and set aside to crystallize. The crude crystals were collected and 
recrystallized from methanol t l )  yield fine yellow needles (15 mg) of IIa, 
mp 259-261". Compound Ila was identical to Q-4 in terms of their IK, 
UV,  NMR, and mass spectra. The mixed melting point was 258-260". 

Anal.-Calc. for C19H16C1N04.H20: C, 60.73; H, 4.83; CI, 9.43; N, 3.73. 
Found: C, 60.15; H, 4.67; C1,9.45; N, 3.84. 

Isolation and Identification of Dehydrodiscretine (I1 b, Q-3)-The 
residue from column fractions 46-49, eluted with 30% methanol in 
chloroform, was combined (125 ma) and rechromatographed on a small 
silica gel (15 g )  column. Elution was performed by using methanol in 
chloroform (increasing from 5 to 20%) and collecting each 15-ml fraction. 
Additional CJ-4 (15 mg) was isolated from fractions 34-43. The residue 
from fractions 46-53 was dissolved in a minimum amount of methanol 
and set aside in a refrigerator for 3 days. 

The fine reddish-brown needles of Q-3 (10 mg) were filtered, mp 
230-234', [N]: 0' (c, 0.15 in methanol); 1R (KRr): urnax 3400 (m, OH), 
16:K3 (m), 1611 (m), 1,517 (s), 1500 (s), 1430 (s), 1358 (s), 1290 (s), 1220 (s), 

1128 (m), 1008 (m),  and 880 (m) cm-'; UV (methanol): A,,, (log 6 )  243 
(4.24), 2645 (4.21), 289 (4.48), 310 (sh, 4361,341 (4.19), and 379 (sh, 3.82) 
nm; UV (methanol-0.1 N NaOH): A,,, (log 6 )  254 (4.42). 310 (4.24), and 
378 (4.37) nm; NMR (CDsOD): 6 3.89, 4.01, and 4.07 (3 s, OCH3 each), 
3.05 (t, J = 6 Hz, CH2), 7.43 (s, 2H, aromatic), and 6.53. 7.33, 8.27, and 
9.07 (4 s, 1H each, aromatic); chemical-ionization mass spectrum (iso- 
butane as reagent gas): m/e ( 7 ~ )  353 (M+ + 0 - H, 2.0). 339 (0.3), 338 (M+, 
0.3),208 (1.0),206 (0.7), 178 (1.7). 177 (l . l) ,  169 (3.0), 167 (7.5), 165 (1.2), 
164 (3.0), 163 (1.4), 152 (3.6), 150 (14.5), 149 (14.3), 141 (1431,137 (8.3). 
128 (5.5), 127 (loo), 126 (19.9). 105 (8.2), 103 (3.2), 95 (4.2), 91 (3.2). 85 
(5.3), 76 (6.6), 75 (34.6), 74 (87.8), and 73 (5.1). This compound was shown 
to be 3-hydroxy-2,10,11 -trimethoxyberbinium chloride (IIb) by direct 
comparison with a synthetic sample. 

Reduction of IIb to Discretine (IV b)-A solution of 6 - 3  (8 mg) in 
methanol ( 5  ml) was reduced with sodium borohydride (20 mg) following 
a procedure similar to that described for the reduction of Q-4. The re- 
duced product was crystallized from methanol as colorless needles (3 mg) 
and was designated as Q-3-H. Additional Q-3-H was obtained from re- 
duction of the mother liquid of 6-3,  which also was admixed with Q-4. 
The reduced mixture of Q-3-H and Q-4-H was separated on a preparative 
TLC plate of silica gel5 (1 mm) and eluted with acetone-benzene (1:3). 
The zone corresponding to Q-3-H (RI  0.31) was scraped and extracted 
with methanol-chloroform (1:9). The extract was evaporated, and the 
residue was crystallized from methanol to provide 9 mg of Q-3-H. 

The combined material of Q-3-H was recrystallized from methanol, 
mp 180-182'; IR (KBr): v,,, 3570 (m), 3440 (m, OH), 2940 (m), 2840 (w), 
1615 (m), 1520 (s), 1448 (m), 1350 (m), 1260 (s), 1140 (m), and 1030 (m) 
cm-l; IJV (methanol): A,,,, (log 6 )  225 (sh, 4.18) and 286.5 (3.87) nm; LiV 
(methanol41 N NaOH): A,,, (log c)  245 (4.08), 290.5 (3.96). and 300 
(sh, 3.83) nm; NMR (CDC13): 6 2.50-3.80 (m, 9H, aliphatic), 3.86 (s, 2 
OCHB), 3.89 (s, OCHR), 6.66 (s, 2H, aromatic), and 6.58 and 6.72 (2s, 1H 
each, aromatic); electron-impact mass spectrum: mle (70) 342 (1.9), 341 
(M+, 7.8), 340 (3.4), 339 (3.0), 338 (4.3), 283 (5.3), 181 (3.5), 180 (2.4), 178 
(2.8). 177 (3.6). 176 (12.0), 166 (11,9), 165 (38.1),164 (100),151 (3.0), 150 
(4.7), 135 (4.1). and 133 (4.1). The high-resolution mass measurement 
of m/e 341 (M+) showed a mass for C20H23N04 of 341.1624 (calc. 
341.1626). This compound was identical to a synthetic sample of IVb in 
terms of their IR, UV, NMR, and mass spectra and a mixed melting-point 
determination. 

Synthesis of IIb from IVb-(&)-Discretine was synthesized ac- 
cording to the method of Kametani et  al.  (10, 11) by condensation 
of 6-hydroxy-7-methoxy-1-(3',4'-dimethoxybenzyl)-1,2,3,4-tetrahy- 
droisoquinoline ( V b )  with formaldehyde or  by debenzylation of O-ben- 
zyldiscretine. The pure product of' IVb was crystallized from acetone 
ether as white plates, mp 183-184' (lit. (10) mp 182-184'1. Direct com- 
parison of their IR, UV, NMR, and mass spectra showed that t.his com- 
pound was identical to Q-3-H; a mixed melting point of 182-184' was 
observed. 

A solution of IVb (300 mg) in acetic acid (12 ml) was added to a warm 
solution of mercuric acetate (2.1 g) in acetic acid (14 ml). The resulting 
mixture was refluxed on a water bath for 7 hr. Following a workup similar 
to that described for the synthesis of I la,  a yellow residue was obtained. 
This residue was dissolved in concentrated hydrochloric acid (5 ml). The 
crude crystal was collected and recrystallized from methanol to yield IIb 
as fine reddish-yellow needles (284 mg), mp 232-234'. This compound 
was identical to Q-3 in terms of their IR, NMR, and 1JV spectra, and a 
mixed melting point of 230-233' was obtained. 

Anal.-Calc. for CzoH2oCIN04.H20: C, 61.30; H, 5.66; CI, 9.05; N, 3.57. 
Found: C, 60.95; H, 5.68; CI, 8.84; N, 3.64. 

Isolation and Identification of Magnoflorinc (111) Iodide (Q-6) 
-The crude brown residue (1.76 g) from column fractions 65--118, eluted 
with 75% methanol in chloroform, was dissolved in methanol. To this 
solution was added an excess of saturated methanolic potassium iodide 
solution. The solution was kept at  room temperature for 2 days, and the 
resulting white precipitate was removed by filtration. The precipitate 
was crystallized twice from methanol to yield Q-6 (85 mg) as white crys- 
tals, mp 250-252'. This compound was identified as magnoflorine (111) 
iodide on the basis of its TLC behavior and IR, UV, circular dichroism, 
NMR, and mass spectral data, which were identical to those oht.ained 
for an authentic sample of magnoflorine iodide. In addition, there was 
no depression in the mixed melting-point determination with an au- 
thentic sample of magnoflorine iodide. 
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Abstract o Acetylcarnitine, a naturally occurring compound found in 
high concentration in heart and skeletal muscle of vertebrates, bears 
structural resemblance to acetylcholine, and studies have shown that it 
has slight cholinergic properties. Acetylcarnitine was subjected to con- 
formational analysis by extended Hiickel theory (EHT) and complete 
neglect of differential overlap (CNDOD) molecular orbital methods. The 
preferred conformations were examined with respect to their similarity 
to the Kier and Chothia-Pauling models of cholinergic receptor patterns. 
The preferred conformations of both isomers did not fit the receptor 
pattern described by Kier's model, although energy barriers to rotation 
are low enough to permit accommodation. The Chothia-Pauling model 
predicts activity for the S-isomer only. These studies partially explain 
the low cholinergic activity found for acetylcarnitine and the higher ac- 
tivity of (S)-acetylcarnitine compared to the R-isomer. 

Keyphrases Acetylcarnitine-conformational analysis, comparison 
to cholinergic receptor patterns 0 Cholinergic activity-acetylcarnitine, 
conformational analysis, comparison to cholinergic receptor patterns 0 
Structure-activity relationships-acetylcarnitine, conformational 
analysis, comparison to cholinergic receptor patterns 

L-(-)-Carnitine [(R)-carnitine, I] is a naturally occurring 
substance found in high concentrations in plants, micro- 
organisms, and animals. The muscles of vertebrates and 
invertebrates have especially high levels. Its principal 
physiological function is to transport free fatty acids into 
the mitochondria prior to their oxidation uia the 0-ox- 
idation cycle (1). 

(R)-Acetylcarnitine (II), a derivative of carnitine, also 
is found in high concentrations in the tissues of vertebrates. 
Enveloped within the structure of acetylcarnitine is the 
structure of the parasympathetic neurotransmitter ace- 
tylcholine (indicated by the dashed lines in 11). The close 
structural similarity of acetylcarnitine to acetylcholine has 

+ 
(CH,),NCH,-CH-CH&OOH 

I 
OH 
I 

+ I 

(CH,),NCH,-CH~H,COOH I ,  

I1 
prompted investigations into its pharmacological prop- 
erties as either a cholinomimetic or an anticholinergic 
compound (2-11). 

BACKGROUND 
I t  was reported that high doses of acetylcarnitine exerted a cholinergic 

effect on the heart which was blocked by atropine (2). Strack and 
Forsterling reported that carnitine had little biological activity (3) .  
However, Dallemagne et al. (4) found that carnitine and acetylcarnitine 
depolarized motor end plates. They reported that (R,S)-carnitine was 
l / l O O O  as potent as acetylcholine on frog rectus abdominis muscle and 
that (R)-acetylcarnitine was 10-25% as potent as acetylcholine (4). 

In contrast, Blum et al. (5) found (R)-carnitine to have 1/10,000 and 
(S)-carnitine to have 1/4000 the activity of acetylcholine on rectus ab- 
dominis muscle. They also reported that ( R ) -  and (S)-acetylcarnitine 
were 1/700 as potent as acetylcholine in lowering arterial blood pressure 
in dogs (5). They concluded that acetylcarnitine acts a t  the cholinergic 
site rather than by blocking acetylcholinesterase. Two other groups found 
that synthetic (R,S)-acetylcarnitine possessed only weak to no nicotinic 
activity (6,7). 

Hosein and Proulx (8) claimed to have isolated a cholinergic active 
fraction of brain synaptosomes and identified this fraction as containing 
the coenzyme A ester derivatives of y-butyrobetaine, crotonbetaine, 
carnitine, and acetylcarnitine. Six groups of investigators were unable 
to verify Hosein's isolation and identification of the active cholinergic 
substance of the brain, and the substance isolated by Hosein et al. ap- 
parently was acetylcholine itself (7). Falchetto et a / .  (9) reported that 
cortical neurons excited by acetylcholine also are excited by carnitine and 
acetylcarnitine. Carnitine was found to be more potent than acetylcar- 
nitine. 

Fritz (10) injected (R,S)-acetylcarnitine intracisternally into rat brains 
and evoked pronounced motor activity, which was not observed with 
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c,- c*+c3eCq-N5-c I 

n 

CCL7\ O8 
Figure 1-Torsional angles for acetylcarnitine. Key: $1, C1-C2-C3-06; 

6 2 .  C Y C ~ - O ~ - C ~ ;  $3, C Z - C ~ - C ~ - N ~ ;  and $4, c&&7-08. 

(R.S)-carnitine. (R,S)-Acetylcarnitine injected intraventricularly caused 
phonation, pupillary dilatation, and markedly increased motor activity. 
Walker et al. (11) reported carnitine and acetylcarnitine to be less than 
1/5000 as active as acetylcholine on excitatory neurons from Helix as- 
pera . 

Overall, the evidence shows that (R)- and (S)-acetylcarnitines possess 
low cholinergic activity. Since atropine is reported to block the cholinergic 
action of acetylcarnitine, its activity may be primarily a t  muscarinic re- 
ceptors (5). 

Many models of muscarinic and nicotinic receptors have been proposed 
based on the activity of potent cholinergic compounds. Therefore, it is 
of interest to examine the preferred conformations of (R)- and (S)- 
acetylcarnitines and to compare their fit to these proposed models. If the 
models are useful in predicting a pattern for an active cholinergic com- 
pound, then low activity compounds should not be expected to fit the 
pattern. 

EXPERIMENTAL 

T o  determine the preferred conformations, two quantum chemical 
methods were used: the extended Huckel theory (EHT)' (12) and com- 
plete neglect of differential overlap (CND0/2)2 (13). Although EHT 
usually exaggerates the energy barriers to rotation, i t  does correctly 
predict preferred rotational conformers. The CND0/2 method relies less 
on empirical parameters than does EHT and uses a self-consistent field 
technique to estimate electronic interactions (13). Compared to EHT, 
CNDO/2 gives more realistic estimations of electronic parameters such 
as electron populations and charge densities and also gives reasonable 
estimations of energy barriers to rotation. The CNDO/2 method was used 
to verify the EHT calculations for preferred conformations and allowed 
the determination of the effect of electrostatic interactions between the 
quaternary ammonium group and the carboxylate anion. 

The conformational problem concerns the steric and electronic effects 
of the C1-carboxylate anion and the Ns-quaternary ammonium cation 
and the effect of the acetyl group in determining the rotational and 
conformational properties of the carnitine molecule. The numbering 
scheme and dihedral angles considered are given in Fig. 1. A torsional 
angle, cb (A-B-C-D), between the bonded atoms A-B-C-D represents 
the angle between planes ABC and BCD. 

Viewed from the direction of A, positive rotations of $ are clockwise and 
negative rotations are counterclockwise, with the BCD plane rotating 
with respect to  the ARC plane. The value $ = 0" corresponds to the cis- 
planar arrangement of bonds AB and CD. 

The problem is analogous to that encountered by Kier (14) with cho- 
linergic agents. To simplify calculations for acetylcholine, Kier segmented 
the molecule into two parts to determine the preferred conformation of 
each segment, which is dependent only on the nearest neighboring groups. 
This approach is used in the present study with both acetylcarnitine 
isomers. 

Acetylcarnitine is segmented to include four torsional angles: 61 
(CI-CL-C:~-O~),  $2 (c2-C3-0&7), 6s (C~-C~-C~-NS) ,  and $4 (C3-0&7-0s) 

The EHT calculations were carried out with QCPE Program 64. 
2 The CNDOP' calrulations were carried out with QCPE Program 91. 

a 

b 
Figure %-Preferred conformations for acetylcarnitine. Key: a, folded 
conformation; and b, extended conformation. 

(Fig. 1). In addition, torsional angles for the preferred orientation of the 
quaternary ammonium group and carboxylate anion were determined. 
The optimal conformations of the isolated torsional angles, $1, $2, and 
$4, were determined first and then were used to find $:<. With the whole 
molecule, slight variations in each torsional angle were examined to op- 
timize all parameters. 

The bond angles and bond lengths were derived from crystallographic 
data (15,16). The three-dimensional Cartesian coordinates for each atom 
in the differing conformations were calculated with PROXYZ, QCPE 
Program 94, using X-ray data (15,16). 

RESULTS 

Kier's (14) partitioning method for determining the lowest energy 
conformer for each torsional angle as the molecule is constructed was 
followed. For (R)-acetylcarnitine, the torsional angle for the ester group, 
$4 (C3-06-c7-08), using 111 was determined first using 30" increments. 

I11 
The lowest energy conformer was 300O. With this value of $4, $2 (C2- 
C3-0&7) was determined by adding on the carboxylate group to give 
IV. 

0 
II 

CH,-C 62 

' o + ~ - c H * c ~ -  

CH, 
Iv 

Again, 30" increments in rotation were used and the lowest energy con- 
former occurred at $2 = 240'. With this segment, 61 (CI-C~-C:~-OS) was 
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Table I-Comparison of X-Ray a n d  Calculated (EHT) Torsional 
Angles for (R)-Acetylcarnitine 

Tab le  11-Comparison of Dihedral Angles of ( R ) -  
Acetylcarnitine with Chothia-Pauling Model of Acetylcholine 

Torsional 
Angle 

Calculated Angle Angle 
Folded Extended Observed by 

Conformer Conformer X-Ray (16) 
~~ ~ 

180" 300" 190" 
240" 240" 284.5" 
120° 120" 152.1" 
60" 60" 5.3" 

determined to be 300". Finally, the quaternary ammonium group was 
added to give V, and the whole molecule, lowest energy conformer was 
determined by varying 43 ( C Z - C ~ - C ~ - N ~ )  in 30" increments. 

0 

CH,-C 
II 
\ 
\ 

O-qH-CH&OO- 

V 
This rotamer was determined to be 120" and corresponds to an extended 
conformation (Fig. 2). Next, whole molecule rotations were done by 
varying one of the torsional angles and keeping the others constant. 
Another low energy conformer was found with a variation in 41; this 
conformer was determined to be '$1 (C1-c2&-06) = 180" and corre- 
sponds to a folded conformation. The folded conformer has the onium 
group and carboxylate group in close proximity, whereas the extended 
conformer corresponds to a molecule having the charged groups separated 
(Fig. 2). The EHT molecular orbital method was used in these determi- 
nations. 

The X-ray data of Sass and Werness (16) on acetylcarnitine indicate 
a folded conformation. The values interpreted from their data are '$ = 
lWo, $2 = 284.5", and $3 = 152O. Calculations using the CNDO/2 method 
also show that the preferred conformer of (R)-acetylcarnitine is the folded 
conformer. Table I shows the X-ray and E H T  calculated values for the 
torsional angles of (R)-acetylcarnitine. 

DISCUSSION 

A drug receptor is generally defined as a macromolecule that, when 
interacting with a small drug molecule, initiates a biological response. 
Generally, much is known about the small molecules that interact spe- 
cifically with the receptor, but there usually is only inferential evidence 
about the nature of the receptor. An analogy can be drawn between the 
concept of a receptor and the concept of induced fit that  occurs in de- 
scribing enzyme action. Induced fit explains the stereochemistry neces- 
sary for a substrate molecule to fit an enzyme, while the receptor concept 
describes the structural requirements for a drug. However, in enzymes, 
the substrate becomes altered by the macromolecule. In receptors, the 
small molecule is thought to cause a conformational change in the large 
molecule, thereby initiating the response. 

As the small molecule approaches certain features on the macromol- 
ecule, it may interact if i ts  structural features are complementary to those 
of the macromolecule, i.e., if the drug is recognized. A drug molecule can 
be complementary without having agonist activity, in which case it would 

=O or OH 

n 

-0- N+ 
Figure 3-Kier's proposed model for compounds having muscarinic 
activity. 

Angle for 
Muscarinic 

Activityb by Angle in 
Chothia-Pauling (R)-Acetyl- 

Torsional AnRleo Model carnitineC 

7 1  ( C H S N - N ~ - C I - C ~ ) ~  180" 180° 

73 (c4-c3-0&7) 145-215" 120" 
7 2  ( N ~ - C ~ - C ~ - O I ~  75-137" 240" 

7 4  (c3-06-C7-c9) 180-223 " 240" 

Atoms numbered according to Fig. 1. * All angles are the same dihedral angles 
reported in Ref. 20 and shown in Fig. 4. c Torsional angles transformed from data 
in Table I. Torsional angle with respect to C3. 

be an antagonist. If the drug is efficacious, specific conformational 
changes should occur in the macromolecule, leading to a biological ac- 
tion. 

For this discussion, the receptor sit5 is described only by the structural 
requirements necessary for initial recognition of the drug. This definition 
is limiting and has no applicability to the isolation and determination 
of the conformational and dynamic properties of the receptor macro- 
molecule. It also does not take into account degrees of biological efficacy. 
However, the definition is useful in constructing a model of the receptor 
site topography during the initial approach of the drug. I t  also allows 
mapping of areas where primary and secondary interactions must occur 
for initial complementarity between the drug and its binding site on the 
macromolecule. 

As a result of his EHT calculations for acetylcholine, rnuscarine, and 
muscarone, Kier (14) proposed a muscarinic receptor model based on 
structural similarity among these potent muscarinic compounds. The 
model defines the distances between three atomic centers as being im- 
portant to activity: the quaternary nitrogen, the ether oxygen, and a 
carbonyl or hydroxyl oxygen (Fig. 3). Since three points describe a plane, 
Kier's model implies that  a planar relationship between these groups is 
required, along with appropriate interatomic distances and electronic 
properties, for initial recognition by the receptor. As a result of calcula- 
tions on /3-methylacetylcholine, the model was modified (17). The 
modified distances between atomic centers are (Fig. 3): quaternary ni- 
trogen to ether oxygen, 3.2 f 0.2 A; quaternary nitrogen to carbonyl 
oxygen, 5.0 f 0.6 A; and carbonyl oxygen to ether oxygen, 2.8 f 0.6 A. 

The lowest energy conformer of (S)-acetylcarnitine from this study 
has the following atomic distances between groups: quaternary nitrogen 
to ether oxygen, 3.59 A; quaternary nitrogen to carbonyl oxygen, 4.95 A; 
quaternary nitrogen to acetyl methyl, 4.64 A; and carbonyl oxygen to 
ether oxygen, 2.23 A. These distances do not match Kier's original cho- 
linergic receptor site model. 

In acetylcarnitine, both isomers have a probability of adopting a con- 
formation that enables them to fit Kier's modified receptor model (15). 

C"3 
\ 

5.4A 
2; I 

C H 3  
Figure 4-Chothia-Pauling model for compounds having muscarinic 
activity. The  torsional angles are from Ref. 20. See the text for defini- 
tions of these angles. 
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T o  fit, the R-isomer must have the ester methyl group pointing up and 
the S-isomer must have the methyl group pointing down. These con- 
formations and the receptor model fit are obtained only when & is rotated 
to 0'. This orientation of the methyl groups may account for the low ac- 
tivity of acetylcarnitine. These conformations are 5 kcal/mole less fa- 
vorable than the preferred conformation according to EHT calculations. 
In these conformations, the y-methylene and carboxylate groups are 
opposite the ester methyl group for both isomers. 

Chothia and coworkers (18- 20) also proposed a muscarinic receptor 
model. Their model was derived from an examination of the X-ray con- 
formations of several cholinergic compounds. I t  is described in terms of 
torsional angles (7) and interatomic distances (Fig. 4). The interatomic 
distances are: quaternary nitrogen to ether oxygen, 3.3 A; quaternary 
nitrogen to carbonyl oxygen, 5.6 A; and quaternary nitrogen to acetyl 
methyl, 5.4 A. I t  was proposed that for muscarinic activity, the torsional 
angles shown in Fig. 4 need to have the following values (20): 71 = 180' 
(with respect to C-3). 72 = 73-137", 7 3  = 145-215'. and 7 4  = 180 or 223', 
where the angles are defined, according to the numbering in Fig. 1, as 71 

= C H ~ N - N S - C ~ X ~ ,  7 2  = N~-Cd-C3-06, 7 3  = C ~ - C ~ - O S - C ~ ,  and 7 4  = CB- 
O&7-C9. 

The interatomic distances in the lowest energy conformation of (5')- 
acetylcarnitine from the present study are given for comparison. 

For (R)-acetylcarnitine, the torsional angles defined in Ref. 20 are given 
in Table 11. The values of the torsional angles for (R)-acetylcarnitine in 
Table I1 were transformed from those in Table I to allow comparison with 
the data from Ref. 20; however, the same conformation of (R)-acetyl- 
carnitine is described in both Tables I and 11. 

With (S)-acetylcarnitine, there is very little difference in energy in the 
conformations for 7 3  between 180 and 300" and for 7 4  between 120 and 
240". (S)-Acetylcarnitine could f i t  the Chothia-Pauling model for 
muscarinic activity. However, (HI-acetylcarnitine does not fit because 
7 2  = 240" (Table I1 and Fig. 4). From EHT, the (R)-acetylcarnitine 
conformer having 7 2  = 137' is energetically less favored than the pre- 
ferred conformation, as shown by the calculated, although exaggerated, 
value of 300 kcal/mole. 

On the basis of this examination, the preferred Conformations of (R)- 
and (S)-acetylcarnitines do not meet the criteria proposed by Kier's 
model for muscarinic activity. However, the energy barriers to rotation 
are sufficiently low so that some conformations accommodate the model. 
However, in these conformations, the methyl group on the acetyl moiety 
is oriented differently than for acetylcholine. These results may explain 
the low muscarinic activity found for acetylcarnitine. The Chothia- 
Pauling model predicts that only the S-isomer will have muscarinic ac- 
tivity. 

Some controversy exists concerning whether acetylcarnitine possesses 
cholinergic activity (2-11). Current evidence suggests that  ( R ) -  and 
(S)-acetylcarnitines possess low cholinergic, muscarinic activity (5,9). 
The S-isomer appears to be more potent than the H-isomer, and both 
isomers are reported to interact a t  the cholinergic, muscarinic receptor 
(5). The Chothia-Pauling model correctly predicts activity for the S -  

isomer but does not predict the interaction of the R-isomer with the re- 
ceptor. Although the lowest energy conformers of ( R ) -  and (S)-acetyl- 
carnitines do not fit Kier's model, flexibility in the molecule does allow 
some degree of fit. Kier's model appears to fulfill more satisfactorily the 
requirements for defining the initial recognition features for interhction. 
The Chothia-Pauling model appears to be suitable for describing re- 
quirements for biological efficacy. 

The low order of activity also may be related to the remainder of the 
carnitine molecule. Acetylcarnitine may be considered as the @-acetic 
acid derivative of acetylcholine. The steric bulk of this substituent and 
its highly polar nature may interfere in the interaction and specificity 
of the conformational perturbation in the receptor. 
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Abstract  0 Operational difficulties have been encountered with many 
of the official phenothiazine assay procedures in this laboratory. Although 
some difficulties were corrected, the procedures still lack specificity. 
Accordingly, the general scope of differential UV and differential fluo- 
rescence methods was investigated. These specific methods are facile, 
reproducible, and applicable to  both composite and single-tablet as- 
says. 

Keyphrases Phenothiazines-comparison of differential UV and 
differential fluorescence methods with official assays Differential UV 
and fluorescence spectrophotometry-analysis, phenothiazines, com- 
parison with official methods 

The 10-substituted phenothiazines constitute one of the 
largest drug classes in the official compendia (1,2). Nine- 
teen different phenothiazine bases of this type are repre- 
sented by 74 entries in the USP and NF. A recent drug 
quality assurance program in this laboratory resulted in 
the semiautomated analysis of 291 phenothiazine samples, 
in a wide variety of formulations, from 14 manufac- 
turers. 

While checking the results from the automated analyzer 
by the official assay procedures, considerable difficulty was 
experienced. Many of the official procedures did not work 
well and had to be amended. Consequently, the general 
scope of a differential spectrophotometric assay for phe- 
nothiazines was investigated (3). Results from this method 
were compared with those from the automated method 
and from modifications of the official procedures. 

BACKGROUND 

The oxidative degradation of 10-substituted phenothiazines has been 
studied extensively (see Refs. 4 and 5 for recent reviews). In particular, 
electrochemical oxidation has been studied in great detail (6-8). I t  was 
demonstrated that a 10-substituent raises the oxidation potential and 
directs oxidation to the sulfur atom. Theoretical considerations supported 
by electron-spin resonance studies have rationalized this oxidation di- 
rection in terms of a steric effect on the phenothiazine electronic system 
(9, 10). Chemical oxidation in these systems also leads predominantly 
to sulfur oxidation (11). Among the chemical reagents used have been 
ozone (12), oxygen (13), sodium nitrite (14), dichromate (15), and hy- 
drogen peroxide (16). 

Despite the ease of oxidation of these compounds, specific assay pro- 
cedures that are stability indicating are not abundant in the literature. 
Although it is stability indicating, Ryan's palladium complex method 
(17) has not been widely adopted. A quantitative TLC procedure was 
described for butaperazine (18), but it is too laborious for routine analysis. 
GLC (19-21) and high-pressure liquid chromatographic (22, 23) methods 
are not generally applicable to the entire class of 10-substituted pheno- 
thiazines in the presence of their degradation products. 

With this background in mind, the following considerations of the 
official phenothiazine assays indicate the need for their revision. The 

compendia1 procedures are of three types: measurement a t  a single UV 
wavelength, difference measurements a t  two UV wavelengths, and 
measurement of the palladium chloride complex at visible wavelengths. 
The first method is nonspecific and, a t  the low wavelengths employed, 
is susceptible to excipient interference. The difference method apparently 
involves baseline correction for interfering excipients. Use of the selected 
correction wavelength (-275 nm) can lead to spurious results since 
sulfoxide impurities can interfere through their nearby absorption 
maximum (24). The third method, a variation of Ryan's palladium 
complexation method, is specific. However, this method has not been 
widely adopted by the compendia (only one-third of the phenothiazine 
drugs in this study are officially determined by this method). This lack 
of acceptance may be a result of poor complex solubility, low complex 
absorptivity, or unstable complexes. These considerations, as well as a 
recent report (25) that cited extensive degradation of phenothiazine liquid 
formulations, emphasize the need for a general, specific assay. 

EXPERIMENTAL 

Apparatus-A UV-visible double-beam spectrophotometer' 
equipped with 1-cm quartz cells was used for the manual assays. The 
automated system consisted of a liquid sampler, two proportioning 
pumps, and two manifolds*. This system was equipped with a recorder3 
and interfaced with a minicomputer4. Absorbances were measured au- 
tomatically on a single-beam ~pectrophotorneter~. Fluorescence inten- 
sities were measured automatically on a ratio fluorometer6. Both were 
determined in a I-cm flowcell. Manual measurements of fluorescence 
intensities were taken on the same fluorometer utilizing I-cm rectangular 
cells. Tablets were disintegrated in an ultrasonic generator7 or, if possible, 
on a mechanical shaker8. 

Materials-Alcohol (95%), acetic acid, hydrochloric acid, n -heptane, 
and n-butanol were analytical reagent gradeg and were used as received. 
Ammonium hydroxide, sodium nitrite, potassium chloride, sodium hy- 
droxide, and ascorbic acid were ACS gradelo and were used as received. 
Hydrogen peroxide (30%) was refrigerated and used as needed. Chro- 
matographic siliceous earth" was acid-washed grade and was rewashed 
with 0.1 N HCl on the column. 

Standards-All standards were pure drug substances obtained from 
manufacturers whose products were studied in the quality assurance 
program. Each drug substance was analyzed versus the appropriate USP 
or NF reference standard by the automated procedure. All substances 
gave assays in the range of 100 f 0.4%. 

Preparat ion of Reagents-To prepare 0.1 N HCl, concentrated 
hydrochloric acid (10 ml) was diluted to 1 liter with deionized water. 

The peracetic acid oxidizing solution was prepared by pipetting 1.5 
ml of 30% Hz02 into a 250-ml volumetric flask containing 200 ml of acetic 
acid. The flask was covered and heated on a steam bath for 1 hr. After 

Acta MIV, Beckman Instruments Inc., Fullerton, Calif. 
AutoAnalyzer, Technicon Instruments Co., Tarrytown, N.Y. 
Servoriter 11, Texas Instruments Inc., Houston, Tex. 
Series 21 16 minicomputer, Hewlett-Packard Inc., Palo Alto, Calif. 
PMBDL, Carl Zeiss Inc., New York, N.Y. 
Ratio-2 fluorometer, Farrand Optical Co., Valhalla, N.Y. 
Model 11, Heat Systems-Ultrasonic Inc.. Plainview, N.Y. 
Wrist-action shaker, Burrell Co., Pittsburgh, Pa. 
Mallinckrodt Chemical Works, St. Louis, Mo. 

lo Fisher Scientific Co., Fair Lawn, N.J. 
l1 Celite, Johns-Manville, Denver, Colo. 
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Table I-Analysis Parameters for  t he  Modified Official 
Assay 

t 

Extraction Assay 
Aliquot Concentration, 

Drug Concentration d m l  
I'rochlorperazine maleate or 3 mg of salt/lO ml 12 

Chlorpromazine hydrochloride 2 mg of salt/l5 ml 20 
edisylate 

Promazine hydrochloride 4 mg of salt/lo ml 40 
Trimeprazine tartrate 1.5 mg of salt/lO ml 6 

v 

standing overnight a t  room temperature, the solution was diluted to 
volume with acetic acid. This solution was discarded after 1 week. 

A solution of 0.025% ascorbic acid in 0.1 N HCI was prepared by dis- 
solving 250 mg of ascorbic acid in 1 liter of 0.1 N HCI. 

Three hundred milliliters of 95% alcohol was diluted to 1 liter with pH 
2.2 buffer (26) to prepare a solution of alcohol and pH 2.2 buffer. 

Equal volumes of n-butanol and n-heptane were mixed to prepare 
heptane-butanol (1:l). 

The 0.5% NaNOz oxidizing solution was prepared by dissolving 1 g of 
sodium nitrite in 200 ml of deionized water. 

A solution of 0.1 N NaOH was prepared by diluting 5.3 ml of 50% 
NaOH (w/v) to 1 liter with deionized water. 

Modified Official Assay Procedure-Except for the following 
changes, the official procedures were used as given. 

Class I Compounds-Prochlorperazine maleate or edisylate, chlor- 
promazine hydrochloride, promazine hydrochloride, and trimeprazine 
tartrate were assayed. To prepare single tablets for assay, the tablet was 
disrupted ultrasonically in 0.1 N HCI. To prepare sample composites, 
the average tablet weight was determined, and the tablets were ground 
in a mortar and pestle to pass through a 60-mesh screen. The appropriate 
weight of tablet powder then was shaken with 0.1 N HCI in a volumetric 
flask (Table I), diluted to volume with 0.1 N HCI, and filtered through 
paper. The first 10 ml of the filtrate was discarded. 

An aliquot of the filtrate of the concentration specified in Table I was 
transferred to a separator. Water (125 ml) and saturated sodium chloride 
( 5  ml) were added, and the solution was made basic with ammonium 
hydroxide (3  ml). The pH was checked to confirm that the solution was 
strongly alkaline. The solution then was extracted with four portions of 
heptane (40, 25, 25, and 25 ml). The combined heptane extracts were 
extracted with 0.1 N HCI(4 X 25 ml), and the combined hydrochloric acid 
extracts were diluted to the final concentration specified in Table I. The 
standards were prepared in 0.1 N HCI to the same final concentration 
as that expected for the assay. 

Immediately after preparation of the assay and standard solutions, 
the ahsorhance was determined as specified in the individual official 
monograph. With the exception of prochlorperazine maleate and edi- 
sylate, all assay and standard operations were carried out in low-actinic 
glassware. In addition, prochlorperazine maleate and edisylate standards 
and trimeprazine tartrate standards were carried through the extraction 
procedure to remove the counterions, which are UV ahsorbing. 

Class I I  Compounds-Fluphenazine hydrochloride, thiethylperazine 
maleat.e, and trifluoperazine hydrochloride were assayed. Sample prep- 
aration was the same as that described for the Class I compounds. For 
thiethylperazine maleate, 20 mg of drug was transferred to a separator. 
Ten milliliters of 0.1 N HCI, 15 ml of water, and 5 ml of saturated sodium 
chloride were added, after which the procedure in NF XIV was followed. 
For trifluoperazine hydrochloride tablets, the official NF XIV procedure 
was used. 

For trifluoperazine hydrochloride liquid formulations, an aliquot 
containing 2 mg of drug dissolved in 10 ml of 0.1 N HCI was transferred 
to a separator.. Fifteen milliliters of water, 5 ml of saturated sodium 
chloride, and 3 ml of stronger ammonia were added. Then the solution 
was extracted with four portions of heptane (40,25,25, and 15 ml). The 
combined heptane extracts were extracted with 0.1 N HCI (4 X 25 ml), 
and the combined acid extracts were diluted to a final concentration of 
10 mg/ml with 0.1 N HC1. The absorbance was measured a t  the wave- 
length specified in the monograph uersus a blank of 0.1 N HCI. A stan- 
dard of the same final concentration as expected for the sample was 
prepared, and its ahsorhance was read concomitantly. All operations were 
performed in low-actinic glassware. 

For fluphenazine hydrochloride, the official lJSP procedure was used 
hu t  the extraction solvent was changed from the specified n-hexane to 
n-hexane-n -butanol (98:2). 

(' lass 111 C'ompounds-Trifl~ipromazine hydrochloride, perphenazine, 

PUMP A-OXIDATION/DILUTION 

uaum 
S I M P L E R  

W 9 
A I R  

1.54 A 

p m m  I D  r-fl-G'O.lM LASS H C I  

0 . 4 2 1  

0 . 7 2 s  0.1 Y H C I  
S A M P L E R  wftlIl t * R E C O R D E R  

S P  ECT ROPMOTOMETE R 

Figure 1-Diagram of automated analytical system for phenothiazines. 
Pump tube sizes are listed in milliliters per minute. Key for pump tube 
materials: T, Tygon; S, silicone; and A, Acidflex. All connectors, mixing 
coils, and separators are identified with the Technicon designation, but 
similar units by other suppliers may be used. Key for mixing coils: I ,  
Technicon 105-0085; 2, eight turns of 2.4-mm (0.095 in.) i.d. Teflon 
tubing wrapped around a :18.1-mm (1.5-in.) diameter core; 3, Technicon 
116-101-2 (beaded coil); 4, Technicon 157-0248; and 5, Technicon 
116-0127-05 ( I  mm i.d.). All points marked Wgo t o  the waste container. 
All connecting tubing should be as short as possible. The spectropho- 
tometer is equipped with a 1-cm flowcell. 

and carphenazine maleate were assayed. The official procedures were 
used. 

Automated Method-To prepare tablet samples, one tablet was 
placed in a vial and a sufficient amount of'0.025"o ascorbic acid in 0.1 N 
HCI was added to yield the final drug concentration specilied in Table 
11. The capped vial was shaken mechanically until tablet disintegration 
commenced. Then the vial was transferred to an ultrasonic hath, and the 
bath was operated until disintegration was complete. The vial was shaken 
mechanically for 30 min. After the solids settled, the supernate was de- 
canted into a sample cup. 

To prepare fluphenazine hydrochloride tablet samples, one tablet was 
placed in a volumetric flask chosen such that its volume yielded a final 
concentration of 50 wg/ml. Deionized water was added to equal 5% of the 
total flask volume. The flask was shaken mechanically until the tablet 
began to disintegrate. Then the flask was transferred to an ultrasonic 
bath, and the bath was operated until tablet disintegration was complete. 
The flask was diluted to volume with 95% alcohol and mixed. After the 
solids settled, the supernate was decanted into a sample cup. 

To prepare the liquid formulation samples, a suitable aliquot was 
transferred in a "to contain" pipet to a volumetric tlask. The pipet and 
volumetric flask were chosen such that the final assay concentration 
corresponded to that specified in Table 11. The pipet contents were 
washed into the volumetric flask with 0.025% ascorbic acid in 0.1 N HCI, 
and the solution was diluted to volume with the same solvent. The 
standard solutions were prepared in this solvent a t  the same final con- 
centration as that expected for the sample assay. 
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Table 11-Differential UV and  Semiautomated Analysis Parameters  

Drug 

Automateda 
Wavelength, Final Concentration, 

Differential UV 
Wavelength, Final Concentration, 

nm 

I Carphenazine maleate 
I1 Chlorpromazine hydrochloride 

111 Promazine hydrochloride 
IV Thiethylperazine maleate 
V Thioridazine hydrochloride 

VI Triflupromazine hydrochloride 
VII Trimeprazine tartrate 

VIII Fluphenazine hydrochloride 
IX Methdilazine hydrochloride 
X Prochlorperazine maleate 

XI Trifluoperazine hydrochloride 
XI1 Perphenazine 

25 1 
241,298 
241,298 
276 
276,342 
273 
271 
256 
251 
257 
257 
255 

500 
200 
200 
200 
200 
400 
100 
50 

160 
100 
40 
80 

372 
344 
342 
350 
348 
347 
342 
349 
341 
342 
349 
343 

208 
40 
40 
83 
40 
40 
42 

58 
42 

33 

4.2 

4.0 

0 Drugs I VII were oxidized and double extracted. Drugs IX-XI1 were extracted and determined directly. For VIII in tablet strengths of 22.5  mg, the extracted drug 
was determined at a concentration of 50 pg/ml. Tablets containing 51 mg were oxidized, double extracted, and determined Lluorometrically at a concentration of 10 pg/ml. 
b Drugs VIII and XI were analyzed by differential fluorescence; all others were analyzed by the differential UV method. 

The assay (Fig. 1) was carried out by placing the sample and standard 
solutions in 3-ml polystyrene cups on a liquid sampler set a t  24 sampleshr 
with a sample-to-wash ratio of 41. The cups were filled in the following 
order: three cups of standard, five cups of sample, one cup of standard, 
five cups of sample, etc. Two cups of standard were placed a t  the end of 
each run. 

For drugs requiring oxidation and dilution, the sample was withdrawn 
and segmented with air, and 0.1 N HCl and 0.5% NaN02 (if necessary) 
were added. The solution then was mixed, resampled, and made basic 
with 0.1 N NaOH; heptane-butanol was added. After segmentation with 
air, the solution was mixed in a beaded coil, and the phases were allowed 
to coalesce in a phasing coil. Then the phases were separated. The organic 
phase was segmented with air and mixed with 0.1 N HCI. The phases were 
separated again. The drug was extracted into 0.1 N HCI, and the ah- 
sorbance of the aqueous phase was read a t  the specified wavelength in 
a spectrophotometer equipped with a 1-cm flowcell. 

For drugs requiring only extraction, the oxidation-dilution manifold 
was not used. The sample was introduced directly into the extraction 
manifold a t  the resample pump tube and made basic with 0.1 N NaOH, 
and heptane-butanol was added. After segmentation with air, the solu- 
tion was mixed in a beaded coil, and the phases were allowed to coalesce 
in a phasing coil. The phases were separated. The organic phase was 
segmented with air and mixed with 0.1 N HCI. The phases were separated 
again. The drug was extracted into 0.1 N HCI, and the absorbance of the 
aqueous phase was read a t  the specified wavelength in a spectropho- 
tometer equipped with a 1-cm flowcell. 

Differential UV Method-The chromatographic columns for sin- 
gle-tablet and composite assays were prepared as follows. For 10-mg and 
higher strength tablets, a 17 X 250-mm column'2 plugged with glass wool 
was used. Acid-washed siliceous earth (3 g) was added and tamped down. 
The column was topped with a glass wool plug. Then 60 ml of 0.1 N HCI 
was passed through the column, and the wash was discarded. The column 
then was ready for use. For tablets of <lO-mg strength, this procedure 
was modified to use a 13 X 200-mm column12 packed with 1 g of acid 
washed siliceous earth. 

Single-tablet assays for promazine hydrochloride, chlorpromazine 
hydrochloride, triflupromazine hydrochloride, thioridazine hydrochlo- 
ride, and thiethylperazine maleate were conducted as follows. One tablet 
was disintegrated in 60 ml of 0.1 N HCl in an ultrasonic bath. The tablet 
suspension was shaken for 1 hr on a mechanical shaker. Composites were 
prepared by determining the average tablet weight and then grinding the 
tablets to pass through a 60-mesh screen. A sufficient amount of tablet 
powder was weighed accurately to contain 10-12.5 mg of phenothiazine 
salt, to which 60 ml of 0.1 N HCI was added. The tablet suspension was 
shaken mechanically for 1 hr. A standard solution was prepared in 0.1 
N HCI such that 60 ml contained an accurately known amount (10-12.5 
mg) of standard. 

Single-tablet, composite, and standard solutions were prepared in the 
following manner. Sixty milliliters of solution containing 10-12.5 mg of 
phenothiazine salt was passed through a chromatographic column into 
a 100-ml volumetric flask. Residual drug was washed through the column 
with three portions (20,15, and 15 ml) of 0.1 N HCI. The combined eluate 
was diluted to 100.0 ml with 0.1 N HCI. Peracetic acid (5.0 ml) was added 

12 No. K-420530 or equivalent, Kontes, Evanston, Ill. 

Table 111-Phenothiazine Sulfoxide Absorptivities" 

Wavelength, A 
Sulfoxide nm Absorptivityb AbsorptivityC 

Prochlorperazine 
Perphenazine 
Fluphenazinee 
C hlorpromazine 
Thioridazine 
Triflupromazine 
Carphenazine 
Thiethylperazine 
Methdilazine 
Promazine 
Trimeprazine 
TrifluoDerazinee 

342 7.95 (3)d 9.70 
343 12.0 (5) 14.8 
349 9.16 (4)  11.0 
344 13.8 (8) 18.1 
348 10.9 (8) 13.1 
347 11.7 (3) 14.0 
372 2.05 (6) 5.44 
350 6.87 (2) 8.47 
34 1 16.2 (1) 18.2 
342 16.0 (1) 18.8 
342 14.1 (1) 15.5 
349 11.5 

Based on grams of phenothiazine salt per liter (1-cm cell). * Measured uersus 
Measured uersus a blank containing an equal concentration of unoxidized drug. 

a solvent blank. Number of determinations. Assayed t'luorometrically. 

to 20.0 ml of the eluate13, and the solution was mixed and diluted to 50.0 
ml with 0.1 N HCI. 

The absorbance of the oxidized composite assay solution was read 
rapidly versus that of a sample blank prepared from 20.0 ml of the assay 
eluate and 5.0 ml of acetic acid diluted to 50.0 ml with 0.1 N HCI. The 
absorbance of an oxidized standard solution, prepared from 20.0 ml of 
the standard eluate and 5.0 ml of peracetic acid diluted to 50.0 ml with 
0.1 N HCl, was measured concomitantly versus that of a standard blank 
prepared from 20.0 ml of the standard eluate and 5.0 ml of acetic acid 
diluted to 50.0 ml with 0.1 N HCI. The absorbance of oxidized single- 
tablet assay solutions was measured rapidly versus that of a solvent blank 
prepared from 5.0 ml of acetic acid diluted to 50.0 ml with 0.1 N HCI. The 
absorbance of an oxidized standard solution was measured concomitantly 
versus that of a solvent blank. The wavelengths of the assay determina- 
tion and final assay concentrations are given in Table 11. Phenothiazine 
sulfoxide absorptivities are listed in Table 111. 

Single-tablet solutions of perphenazine were prepared by disintegrating 
one tablet in 25 ml of 0.1 N HCl in an ultrasonic bath. Composite solu- 
tions were prepared by grinding 20 tablets to pass through a 60-mesh 
screen and adding one tablet weight of composite powder to 25 ml of 0.1 
N HCI. The single-tablet or composite suspension was shaken mechan- 
ically for 1 hr. The suspension was diluted, if necessary, to 80 pg/ml with 
0.1 N HCI. A perphenazine standard solution of 80 pg/ml in 0.1 N HCI 
was prepared. Then 25 ml of 0.1 N HCI containing 2 mg of drug or stan- 
dard was passed through a chromatographic column into a 50-ml volu- 
metric flask. 

Residual drug was washed from the column with three portions (10, 
10, and 5 ml) of 0.1 N HCl. The combined eluate was diluted to 50.0 ml 
with 0.1 N HCI, and 20.0 ml of the eluate was oxidized with 4.0 ml of 
peracetic acid. The absorbance of the composite assay solution was 
measured rapidly a t  343 nm uersus a sample blank prepared from 20.0 
ml of the same column eluate and 4.0 ml of acetic acid. The absorbance 
of an oxidized standard solution was measured concomitantly uersus that 

l3 For thiethylperazine maleate assays, 25.0 ml of the column eluate and 5.0 in1 
of peracetic acid were used. 
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Table IV-Percent Recovery of Phenothiazine Salts from 
Synthetic Formulation Mixtures by the Differential  UV- 
Differential Fluorescence Method 

Percent RSD, Simulated Dosage 
Drug Recovered“ 9; Strength, mg 

Thiethylperazine maleate 99.5 0.93 10 
Prochlorperazine maleate 100.2 0.81 5 

Thioridazine hydrochloride 99.0 0.43 10 
Chlorpromazine hydrochloride 100.8 0.73 25 

Perphenazine 100.3 0.42 16 
Carphenazine maleate 99.5 0.41 12.5 
Promazine hydrochloride 99.8 0.41 25 

Trimeprazine tartrate 100.3 0.21 2.5 
Triflupromazine hydrochloride 100.1 0.38 10 

Average of eight determinations. 

of a standard blank prepared from 20.0 ml of the standard eluate and 4.0 
ml of acetic acid. The absorbance of the oxidized single-tablet solution 
and the absorbance of an oxidized standard were measured uersus a 
solvent blank prepared from 20.0 ml of 0.1 N HC1 and 4.0 ml of acetic 
acid. 

Single-tablet solutions of trimeprazine tartrate were prepared by 
disintegrating one tablet in 25 ml of 0.1 N HCI in an ultrasonic bath. 
Composite solutions were prepared by grinding 20 tablets to pass through 
a 60-mesh screen and adding one tablet weight of composite powder to 
25 ml of 0.1 N HCI. The single-tablet or composite suspension was shaken 
mechanically for 1 hr. A trimeprazine tartrate standard solution of 100 
pg/ml in 0.1 N HCI was prepared. Then 25 ml of the standard or assay 
solution containing 2.5 mg of drug was passed through a chromatographic 
column into a 50-ml volumetric flask. The assay proceeded as directed 
in the perphenazine assay beginning with the washing of residual drug. 
The absorbance was read at  342 nm. 

Single-tablet solutions of methdilazine hydrochloride were prepared 
hy disintegrating one tablet in 25 ml of 0.1 N HCI in an ultrasonic bath. 
Composite solutions were prepared by grinding 20 tablets to pass through 
a 60-mesh screen and adding one tablet weight of composite powder to 
25 ml of 0.1 N HCI. The single-tablet or composite suspension was shaken 
mechanically for 1 hr. A methdilazine hydrochloride standard solution 
of 144 pg/ml was prepared in 0.1 N HCI. Then 25 ml of the standard or 
assay solution containing 3.6 mg of methdilazine hydrochloride was 
passed through a chromatographic column into a 50-ml volumetric flask. 
The assay proceeded as directed in the perphenazine assay beginning with 
the washing of residual drug. The absorbance was read a t  341 nm. 

Single-tablet solutions of prochlorperazine maleate were prepared by 
disintegrating one tablet in 50 ml of 0.1 N HCI in an ultrasonic bath. 
Composite solutions were prepared by grinding 20 tablets to pass through 
a 60-mesh screen and adding one tablet weight of composite powder to 
-50 ml of 0.1 N HCI. The single-tablet or composite suspension was shaken 
mechanically for 1 hr. The suspension was diluted, if necessary, to 100 
pg/ml with 0.1 N HCI. A prochlorperazine maleate standard solution (100 
pg/ml) was prepared in 0.1 N HCI. Then 50 ml of the standard or assay 
solution containing 5 mg of prochlorperazine maleate was passed through 
a chromatographic column into a 100-ml volumetric flask. The column 
was washed with three portions (15,15, and 10 ml) of 0.1 N HCI. The 
rombined eluate was diluted to 100.0 ml with 0.1 N HCI, and the assay 
proceeded as directed in the perphenazine assay beginning with the ox- 
idation of the eluate. The absorbance was read a t  342 nm. 

Single-tablet solutions of carphenazine maleate were prepared by 
disintegrating one tablet in 25 ml of 0.1 N HCI in an ultrasonic bath. 
Composite solutions were prepared by grinding 20 tablets to pass a 60- 
mesh screen and adding one tablet weight of the composite powder to 25 
ml of 0.1 N HCI. The single tablet or composite suspension was shaken 
mechanically for 1 hr. A carphenazine maleate standard solution (500 
pg/ml) was prepared in 0.1 N HCI. Then 25 ml of the standard or the 
assay solution containing 12.5 mg of carphenazine maleate was passed 
through a chromatographic column into a 50-ml volumetric flask. Re- 
sidual drug was washed from the column with three portions (15,15, and 
10 ml) of 0.1 N HCI. The combined eluate was diluted to 50.0 ml with 0.1 
N HCI, and the assay proceeded as directed in the perphenazine assay 
beginning with the oxidation of the eluate. The absorbance was read a t  
372 nm. 

Liquid formulations of chlorpromazine hydrochloride and thioridazine 
hydrochloride were assayed as follows. An aliquot of liquid containing 
100 mg of drug was transferred in a “to contain” pipet to a suitable vol- 
umetric flask, and the pipet contents were rinsed into the flask with 0.1 
N HCI The solution was diluted quantitatively and stepwise to a final 

Table  V-Precision Study on Composite of 100-mg 
Chlorpromazine Hydrochloride Tablets 

Percent of Label Claim 
”Automated” Modified Official Differential 

101.6 
99.7 
98.2 
99.2 

100.0 
99.5 
99.3 
99.1 

99.2 
99.8 

100.3 
96.1 

100.1 
98.7 

98.5 
98.5 
99.0 
99.1 
99.9 
99.1 
98 n l_.l 

99.4 100.3 98.0 
Mean (RSD,  % ) 

99.6 (0.92) 99.2 (1.42) 98.8 (0.65) 
One sample run on each of 9 days. 

concentration of 50 pg/ml. Standard solutions of thioridazine hydro- 
chloride and chlorpromazine hydrochloride were prepared at  a concen- 
tration of 50 pg/ml. Then 20.0-ml aliquots of the thioridazine hydro- 
chloride assay solution were pipetted into each of two flasks; 5.0 ml of 
peracetic acid was pipetted into one flask, and 5.0 ml of acetic acid was 
pipetted into the other flask. The absorbance of the oxidized thioridazine 
hydrochloride solution was read a t  348 nm uersus that of the sample 
blank. The absorbance of the oxidized thioridazine hydrochloride stan- 
dard solution was measured concomitantly uersus that of a standard 
blank. The absorbance of oxidized chlorpromazine hydrochloride assay 
and standard solutions was measured a t  344 nm uersus that of their ap- 
propriate blanks. 

T o  assay liquid formulations of prochlorperazine maleate, an aliquot 
of liquid containing 10 mg of drug was transferred in a “to contain” pipet 
to a suitable volumetric flask. The pipet contents were rinsed into the 
flask with 0.1 N HCI, and the solution was diluted quantitatively and 
stepwise with 0.1 N HCI to a final concentration of 50 pg/ml. A standard 
solution of prochlorperazine maleate was prepared having a final con- 
centration of 50 pg/ml. Then 20.0-ml aliquots of sample and standard 
solutions were oxidized with 5.0-ml aliquots of peracetic acid. The ab- 
sorbance of oxidized standard and oxidized sample solutions was mea- 
sured concomitantly uersus that of their appropriate blanks at  342 
nm. 

Differential  Fluorometric Method-The fluorescence of oxidized 
phenothiazines was reported previously (27), but an assay was not de- 
veloped a t  that  time. Excitation occurs a t  365 nrnI4; emission is a t  405 
nmI5. A linear relationship between the meter response and the con- 
centration change was demonstrated in the concentration range of in- 
terest. 

After insertion of the proper excitation and emission filters, the ap- 
ertures, range, and sensitivity were set to yield a meter deflection of -90% 
with an oxidized drug solution. With these instrumental settings, the 
fluorescence of the freshly oxidized standard, sample, and blank solutions 
was measured. 

T o  assay 0.25-mg fluphenazine hydrochloride tablets, one tablet was 
disintegrated in 25 ml of pH 2.2 buffer in an ultrasonic bath. Then 15.0 
ml of 95% alcohol16 was added and shaken mechanically for 1 hr. The 
solution was diluted to 50.0 ml with pH 2.2 buffer and filtered through 
paper17; the first 10 ml was discarded. Then 25.0-ml aliquots of the filtrate 
were pipetted into each of two flasks. One aliquot was oxidized with 5.0 
ml of peracetic acid, and 5.0 ml of acetic acid was added to the other ali- 
quot. The fluorescence of the sample and blank solutions was determined 
in 1-cm rectangular cells. The fluorescence of the oxidized standard and 
standard blank solutions was measured concomitantly. 

For tablets containing 1,2.5,5, or 10 mg of fluphenazine hydrochloride 
or trifluoperazine hydrochloride, one tablet was disintegrated in 60 ml 
of pH 2.2 buffer in an ultrasonic bath. Then 30.0 ml of 95% alcohol was 
added, and the solution was shaken mechanically for 1 hr. The solution 
was diluted to 100.0 ml with pH 2.2 buffer and filtered through paper17; 
the first 10 ml was discarded. An aliquot containing 0.5 mg of drug was 
pipetted into a 100-ml volumetric flask and diluted to volume with alcohol 

Filter 5860, Corning Glass Works, Corning, N.Y. 
l5 Ditric Optics Inc., Marlboro, Mass. A narrow band filter reduces sample blanks 

about 75%. 
l6 Alcohol hinders the disintegration and must be added after disintegration is 

complete. The final concentration of alcohol is important since it enhances the 
fluorescence intensity. 

l7 No. 42, Whatman Inc., Clifton, N.J. 
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Table VI-Comparative Analysis of Commercial Solid Formulations 

Drug and Dosage 
Strength 

Perphenazine, 2 mg 

Promazine hydrochloride, 10 mg 

Thioridazine hydrochloride 
10 mg 

200 mg 

10 mg 

50 mg 

5 mg 

75 mg 

Triflupromazine hydrochloride 

Prochlorperazine maleate 

Trimeprazine tartrate, 2.5 mg 

Carphenazine maleate 

Methdilazine hydrochloride 

Thiethylperazine maleate, 10 mg 

Chlorpromazine hydrochloride, 100 mg 

Trifluoperazine hydrochloride, 1 mg 

Fluphenazine hydrochloride 

12.5 mg 
50 mg 

3.6 mg 
8.0 mg 

5 mg 

1 mg 
0.25 mg 

Assay Type 

Tablet 
Composite 
Tablet 
Composite 

Tablet 
Composite 
Composite 

Tablet 
Composite 
Composite 

Tablet 
Composite 
Composite * 
Tablet 
Composite 

Tablet 
Composite 

Tablet 
Composite 
Tablet 
Composite 
Tablet 
Composite 
Tablet 
Composite 

Tablet 
Composite 
Tablet 
Tablet 

Percent of Label Claim 

Differential Automated 
Modified 
Official 

~~ 

105.5 (lola 
106.6 (5) 
99.2 (20) 

100.6 (6) 

. 98.8 (20) 
100.9 (2) 
96.1 (4) 

105.9 (20) 
106.6 (2) 
99.5 (9) 

102.1 (10) 
101.9 (2) 
98.2 (2) 

100.8 (10) 
101.5 (5) 

104.7 (10) 
99.9 (4) 

94.9 (10) 
96.5 (5) 

100.7 (10) 
97.8 (5) 

102.2 (10) 
98.8 (8) 
98.2 (7) 

102.1 (5) 

97.7 (10) 
100.1 (3) 
96.8 (10) 
96.7 (20) 

- 

100.7 (2) 
102.5 (10) 
- 

- 
96.5 (10) 

105.8 (10) 

99.7 (2 )  

96.8 (10) 

99.6 (10) 
101.1 (2) 

102.0 (10) 
100.4 (2) 

- 

- 

- 

101.5 (2) 

- 

97.3 (5) 
97.9 (10) 
98.0 (2) 

99.6 (9) 
98.1 (10) 

100.3 (2) 

95.3 (10) 
96.1 (2) 
96.8 (20) 
92.6 (20 

- 

106.5 (3) 
103.7 (4) 
101.3 (1) 

95.8 (3) 
96.0 (2) 

100.2 (2) 

109.2 (2) 

100.6 (4) 

97.8 (2) 

- 

- 

101 .T( 1 ) 
104.5 (2) 
101.3 (4) 

109.2 (7) 
100.1 (6) 

99.9 (5) 
101.9 (10) 
98.1 (4) 

102.0(4) 
97.9 (4) 

967(3)  

- 

- 

- 
- 

Number of determinations. * Controlled-release capsule. 

in pH 2.2 buffer. Then 25.0-ml aliquots were pipetted into each of two 
flasks. One aliquot was oxidized with 5.0 ml of peracetic acid, and 5.0 ml 
of acetic acid was added to the other aliquot. A standard assay and 
standard solution blank were prepared in the same manner. The fluo- 
rescence of each solution was determined concomitantly. 

T o  run composite assays, the average tablet weight was determined. 
Then 20 tablets were ground to pass through a 60-mesh screen. One tablet 
weight of powder was used in a manner similar to the single-tablet pro- 
cedure. 

To assay liquid formulations of trifluoperazine hydrochloride, an ali- 
quot of liquid containing 50 mg of drug was transferred in a “to contain” 
pipet to a suitable volumetric flask. The pipet contents were rinsed into 
the flask with alcohol in pH 2.2 buffer. The solution was diluted quan- 
titatively and stepwise with this solvent to a final concentration of 5.0 
pg/ml. A standard trifluoperazine hydrochloride solution was prepared 
with this solvent a t  a concentration of 5.0 pg/ml. Then 25.0-1111 aliquots 
of the sample and standard solutions were oxidized with 5.0-ml portions 
of peracetic acid. The fluorescence of the sample and standard solutions 
was read rapidly in 1-cm rectangular cells. Sample and standard blanks 
were prepared from 25.0 ml of solution and 5.0 ml of acetic acid. The 
fluorescence of each blank was determined, and the sample and standard 
fluorescences were corrected. 

RESULTS AND DISCUSSION 

Validation Tests-A tablet placebo was prepared from the known 
formulation ingredients. To this placebo was added an aliquot containing 
an amount of drug corresponding to the label declaration. This synthetic 
mixture then was subjected to the appropriate differential UV or dif- 
ferential fluorescence composite assay. Recovery results are listed in 
Table IV. 

Modified Official Method-The most serious problem encountered 
with the official assay methods involved the ether extraction steps (Class 
I compounds only; thioridazine hydrochloride and trifluoperazine hy- 
drochloride ether extractions did not exhibit this problem). The ether 
extraction procedures require an aeration step to remove residual ether 
from the final dilute acid extract. Aeration generated colored solutions, 

and these solutions exhibited badly distorted UV curves (28). The sub- 
stitution of nitrogen gas for air did not alleviate the problem. I t  is well 
known that hydroperoxides rapidly oxidize phenothiazines to their sul- 
foxides; thus, ether peroxide impurities were suspected (4). To avoid 
having to purify ether continuously, heptane was used as the solvent. This 
choice of solvent solved the problem, but mixtures of heptane and dilute 
acid are prone to emulsion. 

The Class I1 phenothiazines were extracted incompletely by the official 
procedures. The simple expedient of using saturated sodium chloride 
solution solved this problem. In this way, the extraction partition coef- 
ficient for thiethylperazine maleate was raised 100-fold. In addition, the 
fluphenazine assays required the addition of 2% n-butanol to the n- 
hexane extraction solvent. 

The official procedures worked quite well for the Class 111 compounds, 
but carphenazine-palladium complexes are very unstable. 

The amendments to the official procedures, although improving their 
utility, do not make these methods specific. 

Semiautomated Method-This procedure was developed initially 
without an oxidation step, but some dosage levels were too low to permit 
UV measurement. For most of these drugs, oxidation with 0.5% NaN02 
raised absorbances to convenient working levels, but single tablets con- 
taining 0.25 or 1.0 mg of fluphenazine hydrochloride could not be assayed 
by oxidation followed by UV analysis. These tablet strengths eventually 
were assayed by oxidation followed by fluorometric determination. 

With these modifications, the automated system was applicable to 
every type of formulation encountered. In most cases, coefficients of 
variation were as good as or better than those of the modified official 
method. Table V contains a typical comparative precision study. Since 
the automated procedure, like the official and modified official methods, 
employs a UV solvent blank, this method also is nonspecific if impurities 
are present. 

Differential UV and Differential Fluorescence Methods-During 
the differential UV oxidation studies, i t  was noted that sulfoxide ab- 
sorbances declined slowly with time; but it has been demonstrated that 
for each drug in this study, the ratio of standard and sample absorbances 
is constant for at  least 3 hr after oxidation. In addition, absorbances and 
fluorescence intensities usually rise and reach a maximum value that is 

Journal of Pharmaceutical Sciences I 1073 
Vol. 69. No. 9, September 1980 



Table VII-Comparative Analysis of Commercial Liquid 
Formulations 

Percent of Label Claim 
Drug and Dosage Modified 

Strength Differential Automated Official 

Chlorpromazine hydrochloride 99.0 ( 8 ) O  99.6 (2) 101.6 (1) 

Trifluoperazine hydrochloride 97.8 (5) 101.2 (2) 98.8 (2) 
concentrate, 100 mg/ml 

concentrate, 10 mg/ml 

concentrate, 10 mg/ml 

concentrate. 1 0  m d m l  

Prochlorperazine maleate 96.1 (2) 97.5 (2) 100.2 (1) 

Thioridazine hydrochloride 97.9 (2) 99.3 (2) 99.7 (1) 

0 Number of determinations. 

sufficiently stable for measurement in -3 min after oxidation. This rise 
apparently is due to the expulsion of air bubbles formed as a result of 
mixing acetic acid and dilute hydrochloric acid. 

Differential UV assays results were unaffected by 18 commonly used 
excipients. However, the differential fluorescence method was affected 
by one excipient, dibasic calcium phosphate. This problem was corrected 
by changing the fluorescence assay solvent from 0.1 N HCl to pH 2.2 
buffer containing -30% alcohol. Comparative assay results for the three 
methods are summarized in Tables VI and VII. 

CONCLUSIONS 

Previously published work on the phenothiazine differential oxidation 
method suggested its general applicability (3). The inclusion of a siliceous 
earth filtration step and the introduction of a fluorometric procedure for 
lower formulation strengths make the method facile and accurate. The 
method was shown to be reproducible to concentrations as low as 1 pg/ml. 
The procedure was applied to tablets, sustained-release preparations, 
concentrates, and syrups. Recoveries from known mixtures ranged from 
99 to 101%. These results and the specificity of the differential oxidation 
procedure suggest its superiority to the official assay procedures. 
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Abstract 0 Pyridone structural requirements for activity against murine 
P-388 leukemia have been extended to isosteric analogs of 3-hydroxy- 
4-pyridone, a compound previously found to have activity. An amino 
group can be substituted for the 3-hydroxyl function with retention of 
activity. A sulfur, but not an amino function, can replace the lactam 
oxygen in the 2-position. Relocation of the lactam oxygen from the 2- to 
the 4-position in the pyridine ring also produces active pyridones, in- 
cluding 2-methyl-3-acetoxy-4-pyridone. This compound, which has a T/C 
value of 179’5’0, is the most active material discovered thus far in the 

pyridone studies. 

’ Keyphrases Pyridones-4-pyridones and bioisosteres of 3-acetoxy- 
2-pyridone, synthesis and evaluation for antitumor activity 0 Antitumor 
agents, potential-4-pyridones and bioisosteres of 3-acetoxy-2-pyridone, 
synthesis and evaluation for activity Structure-activity relation- 
ships-4-pyridones and bioisosteres of 3-acetoxy-2-pyridone, synthesis 
and evaluation for antitumor activity 

It was reported recently that 3-hydroxy- (I) and 3-ace- 
toxy-2-pyridone (11) have reproducible activity against 
murine P-388 lymphocytic leukemia (1). Eight additional 
derivatives of 3- and 5-hydroxy-2-pyridone also were ac- 

tive, and a tentative structure-activity relationship was 
established between antitumor activity and the position 
of the hydroxyl group relative to the 2-pyridone lactam 
function. The present investigation extends the study of 
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Table VII-Comparative Analysis of Commercial Liquid 
Formulations 

Percent of Label Claim 
Drug and Dosage Modified 

Strength Differential Automated Official 

Chlorpromazine hydrochloride 99.0 ( 8 ) O  99.6 (2) 101.6 (1) 

Trifluoperazine hydrochloride 97.8 (5) 101.2 (2) 98.8 (2) 
concentrate, 100 mg/ml 

concentrate, 10 mg/ml 

concentrate, 10 mg/ml 

concentrate. 1 0  m d m l  

Prochlorperazine maleate 96.1 (2) 97.5 (2) 100.2 (1) 

Thioridazine hydrochloride 97.9 (2) 99.3 (2) 99.7 (1) 

0 Number of determinations. 

sufficiently stable for measurement in -3 min after oxidation. This rise 
apparently is due to the expulsion of air bubbles formed as a result of 
mixing acetic acid and dilute hydrochloric acid. 

Differential UV assays results were unaffected by 18 commonly used 
excipients. However, the differential fluorescence method was affected 
by one excipient, dibasic calcium phosphate. This problem was corrected 
by changing the fluorescence assay solvent from 0.1 N HCl to pH 2.2 
buffer containing -30% alcohol. Comparative assay results for the three 
methods are summarized in Tables VI and VII. 

CONCLUSIONS 

Previously published work on the phenothiazine differential oxidation 
method suggested its general applicability (3). The inclusion of a siliceous 
earth filtration step and the introduction of a fluorometric procedure for 
lower formulation strengths make the method facile and accurate. The 
method was shown to be reproducible to concentrations as low as 1 pg/ml. 
The procedure was applied to tablets, sustained-release preparations, 
concentrates, and syrups. Recoveries from known mixtures ranged from 
99 to 101%. These results and the specificity of the differential oxidation 
procedure suggest its superiority to the official assay procedures. 
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Abstract 0 Pyridone structural requirements for activity against murine 
P-388 leukemia have been extended to isosteric analogs of 3-hydroxy- 
4-pyridone, a compound previously found to have activity. An amino 
group can be substituted for the 3-hydroxyl function with retention of 
activity. A sulfur, but not an amino function, can replace the lactam 
oxygen in the 2-position. Relocation of the lactam oxygen from the 2- to 
the 4-position in the pyridine ring also produces active pyridones, in- 
cluding 2-methyl-3-acetoxy-4-pyridone. This compound, which has a T/C 
value of 179’5’0, is the most active material discovered thus far in the 

pyridone studies. 

’ Keyphrases Pyridones-4-pyridones and bioisosteres of 3-acetoxy- 
2-pyridone, synthesis and evaluation for antitumor activity 0 Antitumor 
agents, potential-4-pyridones and bioisosteres of 3-acetoxy-2-pyridone, 
synthesis and evaluation for activity Structure-activity relation- 
ships-4-pyridones and bioisosteres of 3-acetoxy-2-pyridone, synthesis 
and evaluation for antitumor activity 

It was reported recently that 3-hydroxy- (I) and 3-ace- 
toxy-2-pyridone (11) have reproducible activity against 
murine P-388 lymphocytic leukemia (1). Eight additional 
derivatives of 3- and 5-hydroxy-2-pyridone also were ac- 

tive, and a tentative structure-activity relationship was 
established between antitumor activity and the position 
of the hydroxyl group relative to the 2-pyridone lactam 
function. The present investigation extends the study of 
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I 
H 

I : R = O H  

111: R = NO, 
IV: R = NH, 

VI: R = NHCONHCH, 

11: R = OCOCH, 

V: R = NHCOCH, 

pyridone antitumor activity to 2-pyridones that are bio- 
isosteres of I and to the 4-pyridone system. 

RESULTS 

An earlier study (1) established that hydroxyl substitution at  the 3- 
position produced optimal P-388 activity in the 2-pyridone series. For 
this reason, the 2,3-relationship was maintained in the study of the effect 
of bioisosteric functional groups on 2-pyridone antitumor activity. The 
objective of the present 2-pyridone study was the determination of the 
effect on P-388 activity of replacing the oxygen functionality in I and I1 
with nitrogen- and sulfur-containing groups. 

3-Amino-2-pyridone (IV) was synthesized by the nitration of 2-pyri- 
done to produce 3-nitro-2-pyridone (111) and subsequent catalytic re- 
duction to produce IV. Compound IV was reacted with acetic anhydride 
to give V, an analog of 11, and with methyl isocyanate to give VI. Both V 
and VI are nitrogen isosteres of oxygen analogs previously found to be 
active (1). The importance of the oxygen functionality in the 2-position 
of I was studied by replacing it with nitrogen- (VII), chlorine- (VIII), and 
sulfur- (IX) containing groups. 3-Hydroxy-2-thiopyridone (IX) was 
0-acetylated to produce X, a sulfur analog of 11, the most active oxy- 
gen-containing compound. 

Another objective of this investigation was to study the effect of moving 
the lactam oxygen function in I from the 2-position to the 4-position to 
produce the other pyridone isomer. The commercially available pyrone 
plant product, maltol (XI), provided an entry to the desired 4-pyridone 
series. By a method similar to that of Fisher and Hodge (2), maltol was 
methylated to give XII, which was reacted with ammonia to produce the 
4-pyridone (XIII). Methoxy cleavage with hydrobromic acid produced 
the target compound, 2-methyl-3-hydroxy-4-pyridone (XIV). The ure- 
than (XV) and acetoxy (XVI) analogs were prepared for the reason 
mentioned previously. 

Compounds 111-XVI were evaluated using the standard National 
Cancer Institute protocol for P-388 lymphocytic leukemia (3). The data 
for the reproducibly active members of the series, as well as the activities 
reported (1) for I and I1 which are shown for comparison, are given in 
Table I. Duplicate dose-response tests were carried out with each com- 
pound. An active test is defined (3) as one that produces a TIC value' of 
2 125%. Active compounds are defined as those that give active tests in 
two separate experiments. The compounds among I-XVI that are not 
shown in Table I were inactive in duplicate experiments. 

DISCUSSION 

Both 3-hydroxy-2-pyridone (I) and its acetyl derivative (11) have P-388 
activity (Table I), with the latter compound being the best among 10 
previously reported active analogs (1). Replacement of the 3-hydroxyl 
group in I with a nitro group (111) resulted in inactivity. However, an 
amino group in the same position provided a compound (IV) with ap- 
proximately the same level of activity as its bioisostere, I. Acetylation of 
IV to produce V, instead of enhancing activity as in the case of 11, abol- 
ished activity. While the formation of the methylaminocarbonyl deriv- 

VII: R = NH, IX: R = O H  
VIII: R = CI X: R = OCOCH, 

~ ~~ 

TIC = (survival time of treated miceisurvival time of control mice) X 100%. 

Table I-Pyridones Active against  P-388 Lymphocytic 
LeukemiaB 

Optimum Doseb, 
Compound mglkglday TIC' T - C d  

I 400 138 -2.4 
I1 600 163 -2.8 

IV 200 133 -4.1 
IX 200 139 -0.9 

XIV 200 153 0.0 
XVI 400 179 -3.1 

With lo6 cells implanted intraperitoneally in CDFi mice. * Dose giving the 
maximum TIC value on the QD 1-9 treatment schedule. At least one other active 
test was ohtained in a separate, duplicate experiment, Weight difference, in grams, 
between treated and control mice 5 days after tumor implantation. 

ative of I increased the activity of the resulting urethan ( l ) ,  the opposite 
was the case when IV was treated in a similar manner. 

The replacement of the lactam oxygen function of I with an amino 
group to give VII, the position isomer of active IV and the bioisostere of 
active I, resulted in inactivity. This result may be related to the fact that 
2-hydroxypyridines exist mainly in the lactam form while the amino form 
predominates in 2-aminopyridines (4). A similar replacement with 
chlorine (VIII), which possesses no tautomeric possibilities, also resulted 
in inactivity. However, when the same replacement was made with sulfur 
to produce 3-hydroxy-2-thiopyridone (IX), activity was retained. 2- 
Mercapto- as well as 2-hydroxypyridines exist as the amide tautomer 
(pyridone or lactam form) in >99% (4). Acetylation of IX t o  form X re- 
duced activity (T/C 133,120, and 110%), contrary to what was observed 
with I but similar to the finding with IV. 

In the isomeric 4-pyridone series, the starting material, maltol (XI), 
its 0-methylated derivative (XII), and the 3-methoxy-4-pyridone (XIII) 
obtained from XI1 did not possess P-388 activity. However, demethyl- 
ation of XI11 gave 2-methyI-3-hydroxy-4-pyridone (XIV), a compound 
with an activity level greater than that of I and similar to that of 11, the 
most active compound in the 2-pyridone series. Preparation of a urethan 
(XV), which had increased activity relative to I in the 2-pyridone series, 
abolished activity in the 4-pyridone case. However, XVI, the 0-acetyl 
derivative of XIV, was the most active compound in either the 2- or 4- 
pyridone series, producing TIC values of 179 and 176%. Compound XVI 
also proved active against the less sensitive murine tumor model, L-1210 
lymphoid leukemia (T/C 157 and 138), and presently is being evaluated 
in the National Cancer Institute tumor panel (5). 

The mechanism of antitumor activity for the pyridones has not been 
established. A similarity with the catechol-ortho-quinone series involving 
possible sulfhydryl reactivity was noted (6). Another possible parallel 
exists between the antitumor activity observed here and the catechal- 
0-methyl transferase inhibitory activity of the 3-hydroxypyridones 
demonstrated by Borschardt (7). Aminopyridones also were potent in- 
ducers of erythroid differentiation in Friend leukemia cells (8). 

In summary, it has been found that relative to the 2-pyridone lead 
compound, I, an amino group can be substituted for the 3-hydroxy group 
with retention of activity and that a sulfur, but not an amino or a chloro 
function, can successfully replace the lactam oxygen in the 2-position. 
Changing the lactam oxygen from the 2- to the 4-position of the pyridine 
ring produces 3-hydroxy-4-pyridone derivatives with better P-388 leu- 
kemia activity than similar 2-pyridones. 2-Methyl-3-acetoxy-4-pyridone 
(XVI) is the most active compound found thus far in these studies. The 
4-pyrone (XI), which differs from the 4-pyridone (XIV) only in the het- 
erocyclic atom, is inactive. The inactivity of the 3-methoxy analog (XIII) 
is consistent with previous observations that the two vicinal oxygen 
functions capable of being oxidized further are required for P-388 activity 
in the pyridones (1) and in a similar, but nonheterocyclic, series of cate- 
chol derivatives (6). 

0 

CH, I 
H 

XI: R = O H  
XII:  R = OCH, 

XIII: R = OCH, 
XIV: R = OH 

XVI: R = OCOCH, 
XV: R = OCONHCH, 
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EXPERIMENTALZ 

3-Nitro-2(1 H)-pyridone (111)-Compound 111, mp 224-225' [lit. 
(9) mp 224-225"], was prepared from 2-pyridone on a 30-g scale by the 
method of Binz and Maier-Bode (9); NMR: 6.32 (t, 1, CH), 7.78 (m, I, 
CH), 8.33 (m, I ,  CH), and 12.77 (broad, 1, NH); UV: 361 (3.83) and 248 
(3.43); IR: 1675 and 1640. 

Anal.-Calc. for CsHdN203: C, 42.83; H, 2.88; N, 20.06. Found: C, 42.94; 
H ,  2.89; N, 20.13. 

3-Amino-2( 1 H)-pyridone (IV)-3-Nitro-2(1H)-pyridone (7.00 g, 
0.05 mole) dissolved in 100 ml of methanol was hydrogenated in a Parr 
shaker (45 psi) in the presence of 10% palladium-on-carbon (400 me). The 
catalyst was filtered, and the solution was stirred with activated carbon. 
The solution was filtered and evaporated to yield 5.47 g (99%) of a pink- 
white, light-sensitive solid, mp 123-125'; NMR: 4.66 (broad, 2, NHz), 
6.00 (t ,  1,  CH), and 6.63 (m, 2, CH); UV: 309 (3.94) and 253.5 (3.75); I R  
1650. 

Anal.-Calc. for CsHsN20: C, 54.48; H, 5.49; N, 25.52. Found: C, 54.46; 
H, 5.56; N, 25.18. 

3-Acetamido-2( 1H)-pyridone (V)-A stirred mixture of sodium 
acetate (7.84 g, 0.08 mole), acetic anhydride (10 ml), and dry IV (8.45 g, 
0.077 mole) was refluxed for 2 hr and then stirred for 16 hr a t  a temper- 
ature just high enough to keep the mixture fluid. The excess acetic an- 
hydride was evaporated in uacuo, and the resulting solid was extracted 
first with hot methylene chloride (100 ml) and then with hot ethyl acetate 
( 125 ml). Evaporation of the solvents gave a pink solid, which was dis- 
solved in a limited amount of methanol and stirred with decolorizing 
carbon. Filtration of the solution and cooling gave 6.70 g (57%) of white 
crystals, mp 209-211'; NMR: 2.08 (s, 3, CH3), 6.13 (t, 1, CH), 7.03 (m, 1, 
C H ) ,  8.17 (m, 1, CH), and 9.12 and 11.82 (broad, 2, NH); UV: 308 (4.00), 
256 (3.91), and 247.5 (3.98); IR: 1635 and 1605. 

Anal. --Calc. for C7H~N202: C, 55.21; H, 5.29; N, 18.48. Found: C, 55.13; 
H,  5.31; N, 18.28. 

3 4  [ (Methylamino)carbonyI]amino]-2( 1 H)-pyridone (V1)- 
Methyl isocyanate (3.00 ml, 0.051 mole) was added by syringe to a cold 
(2") stirred solution of I V  (5.50 g, 0.05 mole) and triethylamine (0.5 ml) 
in dry dimethylformamide (30 ml). Stirring was continued for 3 hr in the 
cold and for 50 hr at  room temperature. Evaporation of the solvent in 
uacuo gave a lirown solid, which was recrystallized from methanol 
(charcoal) to give 5.76 g (69%) of a white solid, mp >300°; N M R  2.60 (d, 
:3, CH3), 6.10 (t. 1 ,  CH), 6.87 (broad, 2, CH, NH), 7.97 (m, 1, CH), and 8.15 
and 11.70 (broad, 2, NH); CV: 305 (4.04) and 251 (4.01); IR: 1640- 
1605. 

Anal. -Calc. for C7HgN302: C, 50.24; H, 5.42; N, 25.22. Found: C, 50.13; 
H, 5.50; N, 25.21. 

3-Acetoxy-2( I H)-thiopyridone (X)-Acetic anhydride (3.82 ml, 
0.0405 mole) was added by syringe to a dry, stirred solution of IX (5.09 
g, 0.04 mole) and pyridine (0.0405 mole, 3.3 ml) in acetone (30 ml), which 
had been freshly distilled from phosphorus pentoxide. The solution was 
refluxed for 23 hr under nitrogen, during which time the product pre- 
cipitated from solution. The mixture was stirred a t  room temperature 
for an additional 42 hr. The light-yellow product was filtered and then 
recrystallized from methanol-ethanol to give 5.82 g (86%) of a light-yellow 
solid, mp 167-171'; NMK: 2.20 (s, 3, CHd, 6.68 (t, 1, CH), 7.74 (m, 2, CH), 
and 13.8 (broad, 1, NH); UV 361.5 (3.89) and 279.5 (4.05); IR  1765,1365, 
and 1310. 

Anal.-Calc. for C7H7N02S: C, 49.67; H, 4.17; N, 8.31. Found: C, 49.78; 
H, 4.40; N, 8.41. 
2-Methyl-3-methoxy-4-pyrone (XI1)-Compound XI1 was prepared 

in a 73%. yield on a 20-g scale from XI by the method of Fisher and Hodge 
(2). The crude product was used immediately for the next reaction 
without further purification. 

2-Methyl-3-methoxy-4( l a ) -py r idone  (XII1)-Crude XI1 (20.63 
E. 0.146 mole) was dissolved in concentrated ammonium hydroxide (600 
ml), and the light-yellow solution was refluxed for 12 hr. The reaction 

All melting points were recorded on a Thomas-Hoover capillary apparatus and 
are uncorrected. Elemental analyses were performed by the Microanalytical Services 
Sertion, National Institute of Arthritis, Metabolism. and Digestive Diseases. Na- 
f iiinal Institutes of Health, Bethesda. Md. Compounds were identified by NMR, 
I IV, and 111 spectroscopy. These spectra were determined in dimethyl sulfoxide-ds, 
95% ethanol, and nujol. respectively. unless otherwise indicated. NMR data are delta 
values relative to tetramethglsilane. L'V values are in nanometers (log c ) ,  and IR 
values are in reciprocal centimeters. Cornpounds I, 11, VII-IX, and XI were pur- 
chased from Aldrich Chemical Co. 

mixture was cooled to room temperature, more ammonium hydroxide 
was added (50 ml), and stirring was continued for 4 hr. Evaporation of 
the solvent in uacuo gave a yellow solid, which was recrystallized from 
acetone to give 16.39 g (80.5%) of product. Further recrystallization from 
acetone-ethanol gave analytically pure XIII, mp 155-156' [lit. (2) mp 

CH), 7.48 (d, 1 ,  CH), and 9.97 (broad, 1, NH); UV: 264 (4.14); IR: 
1620. 

Anal.-Calc. for C7HgN02: C, 60.39; H, 6.52; N, 10.10. Found: C, 60.37; 
H, 6.63; N, 10.05. 

2-Methyl-3-hydroxy-4( 1 H)-pyridone (X1V)-A solution of XI11 
(8.35 g, 0.06 mole) in 48% hydrobromic acid (120 ml) was heated at 
140-150° for 4 hr, cooled to room temperature, and concentrated to 3MO 
ml. The resulting red crystalline solid was isolated and dissolved in a small 
amount of water, and the solution was carefully neutralized with sodium 
carbonate. At pH 6-7, a red-brown solid precipitated. This solid was 
filtered, dissolved in boiling water, and decolorized with charcoal. A light 
red-brown product was isolated (5.81 g, 77%), mp 285-288" dec. [lit. (2) 
mp >250' dec.]; N M R  2.13 (s, 3, CHB), 6.03 (m, 2, CH + exchangeable), 
and 7.3 (m, 2, CH + exchangeable); UV: 276.5 (4.17); IR: 1635. 

Anal.-Calc. for CsH7N02: C, 57.57; H, 5.63; N, 11.24. Found: C, 57.30; 
H, 5.77; N, 11.28. 
2-Methyl-3-[[(rnethylarnino)carbonyl]oxy] -4( 1 H)- pyridone 

(XV)-To a stirred suspension of XIV (2.78 g, 0.02 mole) in dry di- 
methylformamide (15 ml) and triethylamine (5 drops) under nitrogen 
was added 1.21 ml(O.02 mole) of methyl isocyanate. During the addition 
(syringe through a flask septum), the suspended solid changed from 
red brown to white. After stirring 21 hr at  room temperature, the solvent 
was evaporated, the resulting solid was triturated well with benzene and 
then ethyl acetate. A pink-white solid (3.61 g, 99?'0), mp 280-285' dec., 
was obtained; NMR: 2.08 (s, 3, CHB), 2.57 (d, 3, NCH3), 6.07 (d, 1, CH), 
7.45 (broad, 2, CH, NH), and 10.2 (broad, 1, NH); U V  258.5 (4.16); IR: 
1730 and 1620. 

Anal.--Calc. for C ~ H ~ O N ~ O ~ :  C, 52.71; H, 5.53; N, 15.43. Found: C, 
52.40; H, 5.50; N, 15.13. 

2-Methyl-3-acetoxy-4( 1 H)-pyridone (XV1)-A solution of XIV 
(3.64 g, 0.029 mole) in acetic anhydride (25 ml) was refluxed (130-140') 
for 21 hr under a nitrogen atmosphere. Removal of excess acetic anhy- 
dride gave a dark oil, which was dissolved in ethyl acetate and cooled a t  
Oo.  A dark-brown solid (1.05 g, 22%) resulted, mp 205-208' [lit. (2) rnp 
205-20S0, (10) 204-205']; NMR 1.20 (unresolved d, 6, CHB), 6.12 (broad, 
1, CH), and 7.53 (broad, 1, CH); UV: 260 (4.10); IR: 1760 and 1630. 

Anal.-Calc. for CsHgN03: C, 57.46; H, 5.42; N, 8.41. Found: C, 56.57; 
H, 5.47; N, 8.24. 

155-156"]; NMR (CDC13): 2.33 ( ~ , 3 ,  CH3), 3.75 ( s ,  3, OCH3), 6.40 (d, 1, 
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Abstract This investigation compared the bioavailability of chlor- 
pheniramine and pseudoephedrine from a sustained-action capsule and 
a combination of two reference standard tablets in 24 normal human 
subjects. The capsule contained 8 mg of chlorpheniramine maleate and 
120 mg of pseudoephedrine hydrochloride, and the tablets each contained 
half of the amount of the chlorpheniramine or pseudoephedrine in the 
capsule. Because the capsule was a combination product, a new study 
design had to be developed to accommodate steady-state conditions for 
both drugs. Each subject received the capsule (every 12 hr) and the 
combination of the reference tablets (every 6 hr) for 8 days according to 
a two-way crossover design. Serial blood and urine samples were taken 
during the entire study. Plasma and urine samples were assayed for 
chlorpheniramine and pseudoephedrine by sensitive and specific high- 
pressure liquid chromatographic or GLC methods. There were no sig- 
nificant differences in the plasma concentration profiles of chlor- 
pheniramine and pseudoephedrine a t  all times, except when the capsule 
developed peaks or the tablets developed nadirs. The highest mean peak 
plasma concentrations for the capsule and the tablets were 38.7 and 32.9 
ng of chlorpheniramine/ml and 525 and 515 ng of pseudoephedrine/ml, 
respectively. The mean biological half-lives of chlorpheniramine and 
pseudoephedrine were 21.6 and 8.0 hr, respectively. The AUC and un- 
changed drug excreted in urine, after a single dose and a t  steady state, 
showed that the sustained-action capsule (given every 12 hr) and the 
reference standard tablets (given every 6 hr) were bioequivalent. 

Keyphrases Chlorpheniramine-bioavailability in sustained-release 
dosage form with pseudoephedrine 0 Pseudoephedrine-bioavailability 
in sustained-release dosage form with chlorpheniramine 0 Dosage forms, 
sustained release-bioavailability of chlorpheniramine and pseudo- 
ephedrine in combination product 0 Bioavailability-chlorpheniram- 
ine and pseudoephedrine in sustained-release dosage form 

Sustained-action dosage forms often are administered 
to assure a uniform blood concentration and to provide 
greater patient convenience and compliance. This dosage 
form minimizes the occurrence of adverse reactions caused 
by high plasma concentrations and assures clinical efficacy 
over the entire regimen. Drugs that are used in sus- 
tained-action dosage forms usually possess short half-lives, 
and their absorption and elimination are affected by 
physiological factors such as variable urinary pH, enzyme 
induction or inhibition upon multiple dosing, and variable 
GI motility. 

The physical characteristics of a sustained-release 
dosage form are such that absorption of the drug is pro- 
longed. The possibility of immediate release of a large 
amount of drug (dose dumping) is unlikely but requires 
verification. By considering such factors, a bioavailability 
study involving multiple doses to achieve steady state will 
provide a reproducibility test for the in uiuo performance 
of a sustained-action dosage form. Pharmacokinetically, 
such a test will be characterized by more reliable param- 
eters and less variability due to physiological changes. 

Ideally, a sustained-action dosage form should release 
its contents at  a constant rate, regardless of changes in the 
GI pH. Such a dosage form should avoid dose dumping and 
prevent large fluctuation in plasma concentrations. The 

objective of this study was to test the bioavailability of 
chlorpheniramine and pseudoephedrine from a newly 
developed sustained-action capsule dosage form con- 
taining chlorpheniramine and pseudoephedrine by com- 
parison of the plasma concentration uersus time profile of 
the drugs following administration of single and multiple 
doses. 

EXPERIMENTAL 

In a two-way crossover design study, 24 healthy, nonobese male 
subjects, 19-41 years old and 62-99 kg (mean 73 kg), were selected ran- 
domly. They did not receive any drugs, including enzyme-inducing agents 
and monoamine oxidase inhibitors, 1 month before and during the study. 
Eleven subjects were smokers. Alcoholic beverages and those containing 
caffeine also were withheld during the study. 

Each subject received either one sustained-action capsule', containing 
8 mg of chlorpheniramine maleate and 120 mg of pseudoephedrine hy- 
drochloride, or the combination of one 4-mg chlorpheniramine maleate2 
tablet and one 60-mg pseudoephedrine hydrochloride3 tablet with 200 
ml of water. Either one capsule was given every 12 hr (twice per day) or 
the combination of the chlorpheniramine and pseudoephedrine tablets 
was given every 6 hr (four times per day) for 8 days. On Days 1 and 8, only 
a single capsule or two doses of the combination of the tablets was ad- 
ministered. The subjects were not allowed food overnight, from 10 hr 
before dosing to 4 hr after administration of the first capsule or first tablet 
on Days 1 and 8 of the study. A 5-day washout period was allowed be- 
tween the two treatments. 

Heart rate and blood pressure were measured daily during the entire 
study. Serial blood samples during Day 1 (for 24 hr), Days 2-7 (one 
sample a t  the minimum plasma concentration), and Day 8 (for 48 hr) were 
collected and the plasma was separated. Urine samples were collected 
during Day 1, a t  steady state, and for 48 hr after administration of the 
last capsule and tablet dose. All plasma and urine samples were frozen 
immediately and were kept frozen until they were assayed. 

The plasma chlorpheniramine concentration was determined by a 
specific high-pressure liquid chromatographic (HPLC) method (1). The 
recovery and reproducibility of standard samples over the concentration 
range of 2.5-100 ng/ml were 96.6 and 95.4%, respectively. The plasma 
pseudoephedrine concentration was determined by GLC with electron- 
capture detection (2, 3). The recovery and reproducibility of standard 
samples over the concentration range of 10-700 ng/ml were 99.0 and 
93.4%, respectively. Chlorpheniramine and pseudoephedrine concen- 
trations in urine were determined simultaneously by a specific HPLC 
method (4,5). The recovery and reproducibility of standard samples were 
97.3 and 96.8%, respectively, for chlorpheniramine (0.12-3 pg/ml) and 
89.7 and 96.8%, respectively, for pseudoephedrine (3-75 Hg/ml). All 
samples were assayed in duplicate. Samples that showed more than a 15% 
difference between duplicate assays were reassayed in duplicate, when 
possible, and the two closest values were taken for final data analysis. 

Dissolution testing of the capsule was carried out by a modification 
of the NF time-release procedure (6). The dissolution fluid consisted of 
0.05 M potassium phosphate buffer (pH 4.5). There was no variation in 
the pH during the 7-hr dissolution procedure. The tablet dissolution 
testing was carried out using the USP XIX rotating-basket procedure. 
The concentrations of chlorpheniramine and pseudoephedrine in the 
dissolution fluids were determined by stability-indicating GLC proce- 

' Isoclor Tirnesule, American Critical Care, McCaw Park, 111. 
Chlor-Trirneton, Schering Corp., Kenilworth, N.J. 
Sudafed, Burroughs Wellcome Co., Research Triangle Park, N.C. 

0022-3549/80/0900- 1077$0 1.OOlO 
@ 1980. American Pharmaceutical Association 

Journal of Pharmaceutical Sciences 1 1077 
Vol. 69, No. 9, September 1980 



Day 1 
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Day 8 
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HOURS _ _  ~ 

Figure 1-Auerage plasma concentration versus time profile of chlorpheniramine after single-dose (Day 1) or multiple-dose (Day 8) administration 
of l h c  sustained-releasr cap.w/e ( 0 )  and the referencr tablet ( 0 )  in 24 normal subjects. 

6 12 18 24 168 174 180 186 192 
HOURS HOURS 

Figure t-Aucvage plasma concentration versus time profile of pseudoephedrine after single-dose (Day 1) or multiple-dose (Day 8) administration 
of t h o  sustnined-releasc capsule ( 0 )  and the reference tablet (0 )  in 24 normal subjects. 

dures ( 7 ) .  This assay also was utilized to verify potency for each dosage 
form. 

The biological half-life, t 112, of each drug in individual subjects was 
determined from the postabsorption-distribution phase after adminis- 
tration of the last capsule (168 hr). The ratio of the total body clearance, 
CI, to the bioavailability factor, F ,  was determined by dividing the given 
dose by the area under the plasma concentration uersus time profile, 
AL'C, at steady state, AUC,, (168-180 hr). The AUC from 0 to 24 hr or 
at steady state was det,ermined by the trapezoidal method. The ratio of 
the volume of distribution, v d ,  to F was determined from CLIPF, where 
13 is the disposition rate constant and is equal to 0.693/t1/2. The average 
plasma concentration at  steady state, c, was determined by dividing 
Ai:C,, by the dosing interval, i.e., 12 hr. The relative amount of drug 
absorbed was evaluated by comparing the AUC a t  steady state and the 
amount of drug excreted in the urine a t  steady state. 

A nonparametric Wilcoxon's two-sample test (8) with its application 
to crossover design by Koch (9) was performed to compare formulations 
for plasma concentrations, urinary excretion and recovery of unchanged 
drug, and pharmacokinetic parameters of chlorpheniramine and pseu- 
doephedrine following administration of each dosage form. The same test 
was used for comparison of the blood pressure and heart rate. The period, 
group, and formulation effects also were tested. 

RESULTS 

Figures 1 and 2 depict the average plasma concentration uersus time 
profiles of chlorpheniramine and pseudoephedrine, respectively. Data 
after the first and last doses a t  steady state are shown. The plasma con- 
centrations were significantly higher for the capsule only a t  4, 6, and 7 
hr  after the single dose and at steady state after the last dose. 

Tahle 1 summarizes the mean peak plasma concentration, peak time 
of' chlorpheniramine and pseudoephedrine, and results of statistical 
analysis. The mean peak plasma concentrations of chlorpheniramine a t  
steady state were 38.7 ng/ml (range4 17.3-75.8 ng/ml) after administra- 
I ion (~f ' the capsule and l12.9 ng/ml (range 17.7-79.5 ng/ml) after the tablet. 

Without the unusual chlorpheniramine data point4, the mean peak 
plasma concentration becomes 35.5 ng/ml, which is not significantly 
different from the mean values obtained for the standard tablet. The 
mean peak plasma concentration times differed after the single dose ( p  
<0.01) and was the same after multiple dosing for both drugs. 

The higher concentrations of chlorpheniramine and pseudoephedrine 
attained in this study were not associated with an increase in the inci- 
dence or the type of adverse side effects. 

Figure 3 depicts the mean minimum plasma concentration of chlor- 
pheniramine and pseudoephedrine following multiple-dose adminis- 
tration of the sustained-release capsule and the reference tablets. There 
was essentially no significant difference hetween the values obtained for 
either dosage form. On the average, the steady-state minimum plasma 
concentration was achieved after 6 days for chlorpheniramine and 2 days 
for pseudoephedrine. The minimum plasma chlorpheniramine concen- 
tration was -24 ng/ml and remained within a 10% range a t  Days 6-8; the 
minimum plasma concentration of pseudoephedrine increased from 260 
ng/ml on Day 7 to -315 ng/ml on Day 8. 

Table 11 summarizes the mean AUC and amounts of unchanged 
chlorpheniramine and pseudoephedrine excreted in the urine. There was 
no significant difference between the two treatments. At steady state, 
the AUC and the urinary values were almost twice as high for chlor- 
pheniramine and were -27 and 12% higher for pseudoephedrine than 
those for the respective single doses. Additionally, a t  steady state, the 
amounts excreted in the urine for both drugs were higher at  156-168 hr 
than a t  168-180 hr. 

Tahle 111 lists the average pharmacokinetic parameters for chlor- 
pheniramine and pseudoephedrine. These parameters were essentially 
identical for the capsule and reference tablets. 

The relative amount of drugs absorbed was evaluated by comparing 
the A UC or the average steady-state plasma concentrations and the 

One subject showed an unusually high plasma concentration of 154 ng/ml7 hr 
after the last dose; his second highest plasma concentration was 75.8 ng/ml6 hr after 
the last dose 
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Table I-Mean Peak Plasma Concentration and Peak Time of Chlorpheniramine and Pseudoephedrine and Results of Statistical 
Analysis 

Mean f SD Significance Level by 
Reference Wilcoxon’s Two-Sample Test 

Parameter Capsules Tablets Drug Period Group 

Chlorpheniramine 
Peak plasma 

0-12 hr 
168-180 hr 

Peak timec, hr 
0-12 hr 
168-180 hr 

concentration, ng/ml 

Peak plasma 

0-12 hr 
168-180 hr 

Peak timec, hr 
0-12 
168-180 hr 

concentration, n g h l  

10.6 f 4.92 
38.7b f 27.1 

8.88 f 2.47 
32.9 f 13.6 

7.88 f 4.83 
5.63 f 2.90 

10.9 f 4.90 
4.54 f 2.98 

Pseudoephedrine 

282.7 f 49.8 
525.4 f 131.3 

264.0 f 59.6 
514.6 f 98.0 

5.83 f 1.27 
4.67 f 1.66 

7.63 f 2.55 
4.25 f 3.15 

NSO 
NS 

0.01 
NS 

NS 
NS 

0.01 
NS 

NS 
NS 

NS 
NS 

NS 
NS 

NS 
NS 

NS 
NS 

NS 
NS 

NS 
NS 

NS 
NS 

a Not significant. When an unusual plasma concentration of 154 ng/ml in one subject is eliminated, the mean value becomes 35.5 ng/ml, which does not change the 
statistical results. Relative to administration of the capsule or the first tablet in each interval. 

Table 11-Mean Area under Plasma Concentration versus Time Profile and Unchanged Drug Excreted in Urine 

Parameter 

ChlorpheniramineO 

CaDsules Tablets 
Reference 

PseudoephedrineO 

Capsules Tablets 
Reference 

AUC, (ng hr)/ml 
Single dose, 0-24 hr 
Steady state! 168-180 hr 

Urinary excretion b, mg 
Single dose, 0-24 hr 
Steady state, 156-168 hr 
Steady state, 168-180 hr 
Washout. 168-216 hr 

161.3 f 73.2 
351.8 f 138.7 

0.407 f 0.302 
1.06 f 0.678 

0.716 f 0.748 
2.07 f 1.42 

140.7 f 36.1 3620 f 747 3456 f 629 
333.0 f 147.1 4986 f 1248 4647 f 1123 

0.424 f 0.229 
0.967 f 0.512 
0.667 f 0.510 

1.91 f 0.996 

96.0 f 11.3 
109.9 f 22.3 
101.5 f 22.7 
175.8 f 31.8 

92.6 i 14.0 
103.7 f 30.7 
92.6 f 16.2 

165.1 f 27.9 

0 Mean f SD: there was no significant difference between treatments. Amount given as chlorpheniramine maleate or pseudoephedrine hydrochloride. 

urinary excretion of the drugs at steady state. Table IV summarizes the 
ratio of these parameters (capsule to reference tablet) with respect to 
either drug. The capsule showed slightly higher bioavailability than the 
reference tablet. 

The capsule potency was determined to be 101.2 and 104.0% of the 
labeled quantity of chlorpheniramine and pseudoephedrine, respectively. 
The chlorpheniramine and pseudoephedrine tablets contained 98.2 and 
99.2%, respectively, of the labeled quantity. The dissolution testing in- 
dicated that the capsule released 84.5 and 89.0% of chlorpheniramine and 
pseudoephedrine, respectively, within 7 hr and that the tablets released 

0 
0 0 

8 
6 

8 

99.1 and 101.4% of chlorpheniramine and pseudoephedrine, respectively, 
within 15 min. 

DISCUSSION 

Because the sustained-action formulation tested was a combination 
product of chlorpheniramine and pseudoephedrine, a new study design 
had to be developed that would assure steady-state conditions for both 
drugs and use two reference standard tablets for the bioequivalency tests. 
A standard three-way crossover design would have made the study unduly 

300 - 
0 

8 
6 

Q 

8 
8 

0 
0 

0 
0 

I 1 
1 1 I 1 I I I 1 I I 1 1 1 I I 1 

2 4 6 8 2 4 6 8 
DAYS DAYS 

Figure 3-Minimum plasma concentration of chlorpheniramine and pseudoephedrine following multiple-dose administration of the sustained- 
release capsule (.) and the reference tablets (0) in 24 normal subjects. 
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Table 111-Pharmacokinetic Parameters  of Chlorpheniramine and  Pseudoephedrine 

Mean f SD. n = 24; there was no significant difference between treatments. 

cumbersome. The two-way crossover design allowed for simultaneous 
administration of the two reference standard tablets to one group and 
the sustained-action formulation to the other and provided the oppor- 
tunity for a multiple-dose study within a short time period. 

The sustained-action capsule showed gradual in uiuo absorption and 
produced plasma concentrations virtually identical to those obtained 
after administration of the reference tablets. Statistical differences were 
noted when the capsule reached the peak level a t  approximately the same 
time as the every 6-hr regimen reached its nadir. There was no indication 
of dose dumping after capsule administration. This conclusion is sub- 
stantiated by sustained plasma concentrations during one dosing interval 
a t  steady state, similarity of peak plasma concentrations, and similarity 
of the time of peak plasma concentrations of either dosage form a t  steady 
state. 

For both dosage forms, the time to achieve the highest peak plasma 
concentration was examined. Since the tablets were given every 6 hr, it 
was expected that the peak after the second 6-hr dose (i.e.,  the second 
tablet) would be the highest; this expectation was verified statistically. 
For both drugs and at  steady state, every 6-hr administration of the ref- 
erence tablets should produce virtually the same peak a t  the same relative 
time. This response is apparent in the data and also is the reason for 
having a shorter peak plasma concentration time a t  steady state than 
after the single-dose administration (i.e.,  the first two doses of the every 
6-hr regimen) of the reference tablets. 

The gradual in uiuo absorption of the sustained-action capsule was 
dictated by its in uitro dissolution characteristics (Fig. 4). Identical dis- 
solution profiles were observed at pH 1.5, 4.5, and 7.5. Therefore, no 
changes in the release rate are expected in the GI tract with respect to 
changes in pH. Other factors such as the presence or absence of enzymes 
may influence the dissolution rate of the drugs. The pH-independent 
dissolution of chlorpheniramine and pseudoephedrine in the capsule 
assures complete release of the drugs and minimizes the chances for dose 
dumping, which can cause side effects. 

The results showed minimum occurrence of side effects during the 8 
days of the study, with no effect on the heart rate or blood pressure by 
either dosage form. The chlorpheniramine and pseudoephedrine doses 
used in this study are considered safe. In a more rigorous clinical study, 
Bye et al. (10) observed signs of insomnia which lasted for the first 3 days 
among suhjects who received chronic dosing with a 180-mg sustained- 
action product of pseudoephedrine. In another study, Dickerson et al. 

Table IV-Relative Bioavailability of Chlorpheniramine and  
Pseudoephedrine a f t e r  the Sustained-Release Capsule 

(11) found that chronic dosing with 120- and 150-mg sustained-action 
products of pseudoephedrine increased the pulse rate but decreased blood 
pressure. 

Consistent with the half-lives of chlorpheniramine (22 hr) and pseu- 
doephedrine (8 hr), the minimum steady-state plasma concentrations 
were achieved in 6 and 2 days, respectively. Both chlorpheniramine and 
pseudoephedrine are weak bases, and their elimination in urine is pH 
dependent (4,12,13). Day-to-day fluctuations in the urine pH will result 
in a fluctuation in the plasma concentration as well as in the urinary ex- 
cretion of unchanged drugs. In this study, the minimum steady-state 
plasma concentration of both drugs, particularly pseudoephedrine, in- 
creased during the 168-180-hr interval; the urinary excretion of un- 
changed drugs in the same interval diminished. This change occurred 
just after hospitalization of the subjects and standardization of the food, 
which may have directly affected the urinary pH. In fact, consistent with 
the decrease in the urinary excretion of the drugs, the average urinary 
pH values did increase significantly from 5.8 at the 156-168-hr interval 
to -6.1 a t  the 168-180-hr collection interval in both treatments (Table 
W. 

The steady-state approach allowed determination of the phar- 
macokinetic parameters and bioequivalency of chlorpheniramine and 
pseudoephedrine between the sustained-action capsule and the reference 
standard tablets. The single-dose data after 24-hr blood sampling and 
urinary collection resulted in smaller AUC and urinary excretion values 
of unchanged drugs for both chlorpheniramine (44 and 500/00, respectively) 
and pseudoephedrine (73 and 88%, respectively). This finding warrants 
a longer washout period for both drugs after a single dose. However, for 
chlorpheniramine, the sensitivity of the assay also must be considered. 

The average plasma concentrations of chlorpheniramine and pseu- 
doephedrine were the same for both dosage forms. In a group of 16 
subjects who received a regimen of pseudoephedrine, the estimated 
minimum steady-state plasma concentration was 447 ng/ml ( l l ) ,  which 
is consistent with the present finding. The biological half-life of chlor- 
pheniramine was in agreement with values reported in a study that uti- 
lized an identical assay (14). The average biological half-life of pseudo- 
ephedrine found in the present study (8.0 hr) was higher than values 
reported previously (5.9 hr) for 16 subjects (11). However, the higher 
half-life may account for the higher Vd/F value found in this study (3.4 
liters/kg) than in the same 16 subjects (2.6 literdkg). However, these 
differences also may be due to the study design and methods for esti- 
mation of v d .  The reproducibility of the pharmacokinetic parameters 
is indicative of completeness of absorption of chlorpheniramine and 
pseudoephedrine from both dosage forms. The reproducibility of the 
minimum steady-state plasma concentration also suggests that there was 
no enzyme induction with respect to chlorpheniramine metabolism or 

DISSOLUTION TIME, hr 
- 

a Ratio of the mean parameters obtained after administration of the capsule and 
the combination of the tablets. Ratio of one indicates that two dosage forms are 
bioequivalent. These parameters are determined at steady state and give the true 

Figure  4-In vitro dissolution study of the sustained-release capsule. 
~~~h data point represents an of three determinations ot each 
PH. Identical dissolution Profiles Were obtained a t  PH 4.5, and 

bioequivalence data. 7.5. 
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Table V-Mean Urine pH at Steady State and Results of 
Statistical Analysis 

Urine Collection Capsules Reference Tablets 
Interval. hr DH“ P b  PH” P b  

156-168 5.78 f 0.36 5.84 f 0.51 
168-174 6.08 f 0.65 <0.01 6.23 f 0.68 <0.01 
174-180 6.20 f 0.67 <0.01 6.20 f 6.16 <0.05 
168-180c 6.14 f 0.62 <0.01 6.21 f 0.55 <0.01 

0 Mean f SD, n = 24; there was no statistically significant difference between 
two treatments. Statistically significant difference from 156-168-hr urine sample 
pH. Average of 168-174- and 174-180-hr pH values. 

changes in urinary excretion of either drug. While the urinary excretion 
of unchanged chlorpheniramine is a small fraction of the administered 
dose (4), the urinary excretion of unchanged pseudoephedrine is the 
major fraction of the administered dose and can be a reliable indicator 
for bioequivalency tests. 

The bioequivalency test for sustained-release dosage forms can be best 
made at  steady state when the amount excreted in urine reflects the 
amount absorbed. Table I1 substantiates this premise since the 0-24-hr 
AUC does not accurately reflect the amount of chlorpheniramine ab- 
sorbed. At  steady state, the AUC for a single dosing interval was more 
than twice as large as that found during the 0-24-hr interval following 
a single dose of the capsule. The slow absorption associated with this 
sustained-action dosage form makes it difficult to evaluate such systems 
using a single-dose study design. When the ratio of parameters charac- 
terizing the bioavailability of two drugs is one, the dosage forms are 
considered to be bioequivalent. In this study, the average ratio (capsule 
to reference tablet) was 1.06. Thus, both the rate of drug absorption as 
given by the peak plasma concentration and time of peak (Table I) and 

the extent of absorption (Tables I1 and IV) showed virtually identical 
bioavailability for the sustained-action capsule and reference standard 
tablets. 
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Abstract 0 An accurate, rapid, and specific high-performance liquid 
chromatographic (HPLC) assay was developed for codeine in acetami- 
nophen with codeine combination products. The internal standard 
(chlorpheniramine maleate), codeine, acetaminophen, and several other 
test compounds or impurities were well separated. complete analysis 
took <10 min. The relative standard deviations of the retention time, 
precision, and accuracy were 0.5,0.4, and 0.5%, respectively. An excellent 
linear correlation was obtained between the HPLC and GLC methods. 

Keyphrases 0 Codeine-high-performance liquid chromatographic 
analysis of capsules, tablets, and elixirs with acetaminophen and codeine, 
comparison with GLC analysis 0 Acetaminophen-high-performance 
liquid chromatographic analysis of codeine and acetaminophen in cap- 
sules, tablets, and elixirs, comparison with GLC analysis High-per- 
formance liquid chromatography-analysis, codeine and acetaminophen 
in capsules, tablets, and elixirs, comparison with GLC analysis 

Various analytical methods (1-1 1) have been reported 
for codeine, a narcotic analgesic and antitussive drug. Sell 
and Rajzer (1) determined codeine in nonaqueous media 
using a differentiating potentiometric titration method. 
Mu16 (2) reported UV, TLC, and GLC methods for the 
determination of narcotic analgesics in humans. GLC 
methods (3-5) also were used extensively to determine 
codeine in various media. 

Steady progress in high-performance liquid chromato- 
graphic (HPLC) analyses of codeine has been reported 
(6-11). Following reports that the HPLC technique was 
useful for codeine analysis (6,7, l l ) ,  reversed-phase and 
ion-pair HPLC techniques were developed (8,9). Baker 
et al. (10) recently analyzed codeine using a reversed-phase 
HPLC system equipped with dual-wavelength UV de- 
tection. Gupta (12) reported the simultaneous separation 
of acetaminophen, aspirin, caffeine, codeine phosphate, 
phenacetin, and salicylamide using a reversed-phase 
chromatographic method. 

The purpose of this study was to develop an HPLC 
method that could be used routinely to assay codeine in 
acetaminophen with codeine combination products. This 
method is fast, simple, specific, precise, and accurate. 

EXPERIMENTAL 

Reagents and Materials-The n-hexane used was distilled in glass. 
Ammonium hydroxide was ACS grade. Chloroform’, methanol’, and 
sodium hydroxide’ were analytical reagent grade. The codeine phosphate, 
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Table V-Mean Urine pH at Steady State and Results of 
Statistical Analysis 

Urine Collection Capsules Reference Tablets 
Interval. hr DH“ P b  PH” P b  

156-168 5.78 f 0.36 5.84 f 0.51 
168-174 6.08 f 0.65 <0.01 6.23 f 0.68 <0.01 
174-180 6.20 f 0.67 <0.01 6.20 f 6.16 <0.05 
168-180c 6.14 f 0.62 <0.01 6.21 f 0.55 <0.01 

0 Mean f SD, n = 24; there was no statistically significant difference between 
two treatments. Statistically significant difference from 156-168-hr urine sample 
pH. Average of 168-174- and 174-180-hr pH values. 

changes in urinary excretion of either drug. While the urinary excretion 
of unchanged chlorpheniramine is a small fraction of the administered 
dose (4), the urinary excretion of unchanged pseudoephedrine is the 
major fraction of the administered dose and can be a reliable indicator 
for bioequivalency tests. 

The bioequivalency test for sustained-release dosage forms can be best 
made at  steady state when the amount excreted in urine reflects the 
amount absorbed. Table I1 substantiates this premise since the 0-24-hr 
AUC does not accurately reflect the amount of chlorpheniramine ab- 
sorbed. At  steady state, the AUC for a single dosing interval was more 
than twice as large as that found during the 0-24-hr interval following 
a single dose of the capsule. The slow absorption associated with this 
sustained-action dosage form makes it difficult to evaluate such systems 
using a single-dose study design. When the ratio of parameters charac- 
terizing the bioavailability of two drugs is one, the dosage forms are 
considered to be bioequivalent. In this study, the average ratio (capsule 
to reference tablet) was 1.06. Thus, both the rate of drug absorption as 
given by the peak plasma concentration and time of peak (Table I) and 

the extent of absorption (Tables I1 and IV) showed virtually identical 
bioavailability for the sustained-action capsule and reference standard 
tablets. 
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Abstract 0 An accurate, rapid, and specific high-performance liquid 
chromatographic (HPLC) assay was developed for codeine in acetami- 
nophen with codeine combination products. The internal standard 
(chlorpheniramine maleate), codeine, acetaminophen, and several other 
test compounds or impurities were well separated. complete analysis 
took <10 min. The relative standard deviations of the retention time, 
precision, and accuracy were 0.5,0.4, and 0.5%, respectively. An excellent 
linear correlation was obtained between the HPLC and GLC methods. 

Keyphrases 0 Codeine-high-performance liquid chromatographic 
analysis of capsules, tablets, and elixirs with acetaminophen and codeine, 
comparison with GLC analysis 0 Acetaminophen-high-performance 
liquid chromatographic analysis of codeine and acetaminophen in cap- 
sules, tablets, and elixirs, comparison with GLC analysis High-per- 
formance liquid chromatography-analysis, codeine and acetaminophen 
in capsules, tablets, and elixirs, comparison with GLC analysis 

Various analytical methods (1-1 1) have been reported 
for codeine, a narcotic analgesic and antitussive drug. Sell 
and Rajzer (1) determined codeine in nonaqueous media 
using a differentiating potentiometric titration method. 
Mu16 (2) reported UV, TLC, and GLC methods for the 
determination of narcotic analgesics in humans. GLC 
methods (3-5) also were used extensively to determine 
codeine in various media. 

Steady progress in high-performance liquid chromato- 
graphic (HPLC) analyses of codeine has been reported 
(6-11). Following reports that the HPLC technique was 
useful for codeine analysis (6,7, l l ) ,  reversed-phase and 
ion-pair HPLC techniques were developed (8,9). Baker 
et al. (10) recently analyzed codeine using a reversed-phase 
HPLC system equipped with dual-wavelength UV de- 
tection. Gupta (12) reported the simultaneous separation 
of acetaminophen, aspirin, caffeine, codeine phosphate, 
phenacetin, and salicylamide using a reversed-phase 
chromatographic method. 

The purpose of this study was to develop an HPLC 
method that could be used routinely to assay codeine in 
acetaminophen with codeine combination products. This 
method is fast, simple, specific, precise, and accurate. 

EXPERIMENTAL 

Reagents and Materials-The n-hexane used was distilled in glass. 
Ammonium hydroxide was ACS grade. Chloroform’, methanol’, and 
sodium hydroxide’ were analytical reagent grade. The codeine phosphate, 

Mallinckrodt, St. Louis, MO 63147. 
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Figure I-HPLC separation of chlorpheniramine maleate (3.6 pg as 
an  internal standard) ( l ) ,  codeine (10.85 pg) f2), acetaminophen fun- 
known amount) (3), and an  unknown compound (4) from an  acetami- 
nophen (325 mg) with codeine phosphate (30 mg) tablet sample. 

morphine sulfate, and chlorpheniramine maleate were USP reference 
standards. Atropine sulfate2, apomorphine hydrochloride3, nalorphine 
hydrochloride3, naloxone hydrochloride4, 4-aminopheno15, acetamino- 
phen5, and acetaminophen with codeine products5 were used as re- 
ceived. 

Instrumentation-The high-performance liquid chromatograph6 was 
equipped with a UV detector (254 nm), a 6000-psi pump, and a loop in- 
jector. The output of the UV detector was connected to a recorder and 
a minicomputer7. An automatic sampler8 also was used. 

Silica gel9, 10 pm, was slurry packed, using a slightly modified packing 
procedure (13)' into a 25-cm X 2.1-mm i.d. stainless steel column. The 
mobile phase was 23.2% methylene chloride, 4.4% methanol, 72.3% n-  
hexane, and 0.1% ammonium hydroxide. The column flow rate was set 
a t  3.0 ml/min, and the UV detector was set a t  0.10 aufs. 

* SigmaChemioacCo., St.  ~ o u i s ,  MO 63118. 
Merck Chemical Division. Rahway, N.J. 
Endo Laboratories, Garden City, N.Y. 
McNeil Laboratories, Fort Washington. PA 19034. 
Waters Associates, Milford, MA 01757. 
Model 33SZ.B laboratory data system, Hewlett-Packard. Avondale, PA 

WISP 710, Waters Associates, Milford, MA 01757. 

' 

19311. 

9 LiChrosorh Si-60, EM Laboratories, Elmsford, NY 10523. 

Internal  S t anda rd  Preparation-A 22.5-mg sample of chlor- 
pheniramine maleate was weighed accurately into a 25-ml volumetric 
flask, chloroform was added, and the flask was shaken until the com- 
pound dissolved. The sample was taken to volume with chloroform (0.9 
mg/m 1). 

Codeine Standard Preparation-A 60-mg sample of codeine phos- 
phate (equivalent to 45.20 mg of codeine) was weighed accurately into 
a 120-ml screw-capped bottle. Exactly 50 ml of chloroform and 40 ml of 
0.1 N NaOH were added to the sample. It was capped tightly and shaken 
on a mechanical shaker for 1 hr. After centrifugation, the aqueous layer 
was aspirated and discarded. 

The chloroform layer was filtered through a small pledget of cotton 
into a clean 60-ml bottle. Fifteen milliliters of the standard solution was 
pipetted into a 25-ml volumetric flask, 5 ml of the internal standard so- 
lution was added, and the solution was diluted to volume with chloroform. 
Twenty microliters of this solution was injected into the high-perfor- 
mance liquid chromatograph. This volume deposited 3.6 pg of chlor- 
pheniramine maleate and 10.85 pg of codeine on the column. 

Sample Preparation-For tablets, 20 tablets were selected randomly, 
weighed, and triturated to a fine powder. An accurately weighed amount 
of powder equivalent to 30 mg of codeine phosphate (22.60 mg of codeine) 
was transferred to a 120-ml screw-capped bottle. 

For capsules, 20 capsules were randomly selected and weighed. The 
average capsule fill was determined. The contents of the capsules were 
emptied and mixed. An accurately weighed amount of powder equivalent 
to 30 mg of codeine phosphate (22.60 mg of codeine) was transferred to 
a 120-ml screw-capped bottle. 

For the elixirs, an amount equivalent to 30 mg of codeine phosphate 
(22.60 mg of codeine) was transferred accurately to a 120-1111 screw-capped 
bottle. 

Exactly 25 ml of chloroform and 20 ml of 0.1 N NaOH were added to 
the sample. The bottle was capped tightly, shaken on a mechanical shaker 
for 1 hr, and centrifuged. The aqueous layer was aspirated and discarded. 
The chloroform layer (0.904 mg/ml) was filtered through a small pledget 
of cotton into a clean 60-ml bottle. A 15-ml aliquot of the 0.904-mg/ml 
chloroform solution was transferred to a 25-ml volumetric flask con- 
taining exactly 5 ml of the internal standard solution. It then was diluted 
to volume with chloroform and shaken. A 20-4  aliquot of this solution 
was injected into the high-performance liquid chromatograph. Two in- 
jections were made for each solution. 

Calibration Curve-The relative calibration curve of the internal 
standard to codeine was prepared as follows. A known concentration of 
the internal standard was prepared, and different amounts of codeine 
phosphate were weighed and dissolved with the internal standard solu- 
tion. The solutions were injected into the high-performance liquid 
chromatograph, and peak area ratios of codeine to the internal standard 
uersus weight ratios of codeine to the internal standard were plotted. 

Calculation-The peak area ratio, R ,  was determined from: 

area of codeine peak 
area of internal standard peak 

R =  (Eq. 1) 

The concentration of codeine then was determined from: 

sample concentration = codeine standard concentration 

(Eq. 2) Rsarnple 

Rstandard 

The percent of codeine was determined from: 

x 100 (Eq.3) 
sample Concentration 

theoretical sample concentration 
Precision Study-Twenty tablets containing acetaminophen with 

codeine were weighed and triturated to a fine powder. From this powder, 
seven samples, each containing the equivalent of 30 mg of codeine 
phosphate (22.60 mg of codeine), were weighed and treated as already 
described. Duplicate injections were made for each sample. 

Accuracy Study-Known weights of codeine phosphate USP and 
acetaminophen USP were added to four placebo tablets. Samples were 
prepared as described and then were injected into the high-performance 
liquid chromatograph. 

HPLC and  GLC Comparison-The GLC method was similar to the 
methods described previously (2, 3). The gas-liquid chromatographlo 
was equipped with a flame-ionization detector and a 1.83-m X 2-mm i.d. 
coiled-glass column packed with 3% OV-17 on Chromosorb W HP (So-lo0 

% label = 

lo Model 900, Perkin-Elmer, Norwalk, CT 06856. 
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Table I-Retention Times and  Minimum Detection Limits of 
Codeine and  Related Compounds on a Silica Gel Column 

Table  IV-Accuracy of HPLC Assay of Codeine in 
Acetaminophen with Codeine Products 

~~ ~~ 

Percent of Label 
Sample Theoretical Found 

~~ 

Comoound 
Retention Detection 
Time, min Limit, fig 

Naloxone hydrochloride 
Apomorphine hydrochloride 
Chlorpheniramine maleate 
Nalorphine hydrochloride 
4-Aminophenol 
Codeine 
Acetaminophen 
Morohine sulfate 

0.79 0.10 
1.10 0.10 
1.88 - 
3.17 0.10 
3.26 0.01 
3.82 - 
6.00 - 

14.02 0.75 

1 100.00 101.2 
2 100.00 100.0 
3 100.00 100.7 
4 100.00 100.7 
Mean (X) 100.00 100.7 

- 0.5 
0.5 

SD (a) 
RSD", % 
95% Confidence limit, % 0.8 

0 Relative standard deviation derived from 100 ( o h ) .  

Table 11-Reproducibility of Retention Times fo r  Codeine, 
Chlorpheniramine Maleate, and  Acetaminophen 

Retention Time, min 
Chlorpheniramine 

Run Codeine Maleate Acetaminophen 

Table  V-HPLC and GLC Assay Results of Codeine in 
Acetaminophen with Codeine Products  

Percent of Label Claim 
Sample HPLC GLC Variation" 

1 3.79 
2 3.80 
3 3.83 
4 3.83 
5 3.84 
Mean(T) 3.82 
SD (u )  0.02 
RSDO. 70 0.5 

1.89 
1.87 
1.88 

5.96 
5.99 
6.03 
6.02 
6.01 
6.00 
0.03 
0.5 

Elixir 
98.3 
97.3 
98.6 

99.1 
98.8 
98.6 
88.7 
97.2 
99.5 
97.6 

0.8 
1.5 
0.0 

I 
2 
3 
4 
5 
6 
7 

Tablet 
1 
2 
3 
4 

1.88 ~ ~~ 

1.88 
1.88 
0.01 

~~ ~ 

87.6 
99.4 
99.4 
97.7 

1.1 
2.2 
0.1 

0.5 0.1 
~~ ~~ ~ ~ 

RSD is the relative standard deviation and is derived from 100 (uE) 93.8 
92.7 
89.5 

95.4 
93.2 
89.5 

1.6 
0.5 
0.0 Table 111-Precision of HPLC Assay of Codeine in  

Acetaminophen with Codeine Products 101.9 105.1 3.2 
0.3 
0.2 
3.2 

0.6 
3.5 

5 101.6 101.9 
6 102.4 102.6 
7 100.3 103.5 

1 95.7 96.3 
2 93.4 96.9 

Capsule 

Percent of 
Sample Label Found 

99.8 
100.2 
100.1 90.7 94.5 

95.6 
96.9 
96.7 
98.6 
95.2 

3.8 
1.9 
2.7 
2.9 

.. . 

93.7 
94.2 
93.8 

4 
5 
6 
7 
Mean (y) 
SD ( u )  
RSD". % 

101.2 
100.1 ~~ 

100.2 
100.2 
100.3 

95.4 
92.3 

3.2 
2.9 

0.4 
0.4 The linear correlation coefficient was 0.9999, and the average variation was 

1.7%. 

0 Relative standard deviation derived from 100 (a/?) 

mesh). The column temperature was set a t  205O, and the carrier gas was 
nitrogen. The initial standard was atropine and was prepared by accu- 
rately weighing 50 mg of atropine sulfate into a 120-ml screw-capped 
bottle. Fifty milliliters of chloroform and 25 ml of 0.1 N NaOH were 
added. The bottle then was shaken for 1 hr and centrifuged, and the 
aqueous layer was aspirated and discarded. The codeine standard and 
sample preparations were similar to those already described. 

Samples of acetaminophen with codeine elixirs, tablets, and capsules 
were prepared as described. Before addition of the internal standard 
solution, the sample was split into two parts. One part was assayed by 
HPLC, and the other part was assayed by GLC. 

had to be extracted from the various dosage forms. I t  was decided to ex- 
tract codeine quantitatively for HPLC analysis. 

The amount of ammonium hydroxide in the mobile phase was critical 
to the separation. Ammonia was lost slowly from the mobile phase. To 
keep the retention times constant and to maintain effective separation, 
fresh solvent should be used daily. Sometimes, it was necessary to adjust 
slightly the amount of ammonium hydroxide (between 0.1 and 0.2%) to 
obtain effective separation when a new column was used. 

Chlorpheniramine maleate was chosen as the internal standard because 
its peak was sharp and symmetrical and i t  was well separated from co- 
deine. Furthermore, chlorpheniramine maleate was stable and did not 
react with the mobile phase, other sample components, apd the column 
packing. In addition, it is available commercially in high purity. The peak 
heights of chlorpheniramine maleate and codeine decrease slightly with 
time due to changing column conditions in the presence of ammonium 
hydroxide. However, the peak areas and their ratio remain unchanged, 
which is critical to an accurate assay. The precision of the method showed 
a relative standard deviation of 0.4% (n = 7) (Table 111). 

The accuracy of the assay is shown in Table IV. A relative standard 
deviation of 0.5% (n = 4) was obtained. When the internal standard 
method was not used, the relative standard deviations of precision and 
accuracy were >1.0%. For a routine assay with the automatic sampler, 
the standard codeine with the internal standard was injected as every 
third sample to ensure reliable results. In addition, the calibration curve 
obtained for the internal standard to codeine was linear. 

The results of the comparison of the HPLC and GLC methods are 
shown in Table V. Three dosage forms with different amounts of acet- 
aminophen with codeine were used. For 22 samples, the GLC assay results 
varied on an average of 1.7% from those of the HPLC assay. A linear 
correlation coefficient of 0.9999 was obtained. The precision of the GLC 

RESULTS AND DISCUSSION 

Figure 1 shows the excellent separation of codeine from acetaminophen 
and chlorpheniramine maleate in <10 min. This method also separates 
structurally related compounds from codeine such as naloxone hydro- 
chloride, apomorphine hydrochloride, nalorphine hydrochloride, and 
morphine sulfate, as well as 4-aminophenol, the hydrolysis product of 
acetaminophen. The structurally related compounds were chosen to 
demonstrate the specificity of the method. Their respective retention 
times and detection limits are listed in Table I. The relative standard 
deviations of the retention times all were 0.5% (Table 11). 

Although both codeine and acetaminophen were well separated from 
each other, the simultaneous quantitation of a very large amount of 
acetaminophen and a small amount of codeine was chromatographically 
difficult. Acetaminophen had a much higher c value than codeine a t  254 
nm. In addition, the simultaneous quantitative extractions of codeine 
and acetaminophen were unsuccessful. Either codeine or acetaminophen 
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assay was -2%. Besides assaying for composite granulations, the HPLC 
assay also is applicable to content uniformity analysis. 

In conclusion, the HPLC method is simple, precise, fast, specific, and 
accurate. A complete analysis takes -10 min. All test compounds and 
known impurities can be detected. Since the analysis is conducted a t  
ambient temperature, no thermal degradation of codeine is expected. 
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Abstract 0 The assay of ointments containing nitroglycerin is described. 
Sample preparation by direct dissolution in warm dimethyl sulfoxide 
appeared to be more accurate than extraction. Anisole was used as an 
internal standard. Chromatographic conditions included a CIS micro- 
porous silica column and a methanol-water mobile phase (4060). De- 
tection a t  215 nm was superior to detection a t  254 nm. 
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The use of topical nitroglycerin for patients with con- 
gestive heart failure was reported recently (1). Existing 
methods for the analysis of nitroglycerin (2-9) lack spec- 
ificity (7), are too time consuming for convenient unifor- 
mity determinations, or require prolonged heating that 
could lead to decomposition of nitroglycerin, which occurs 
at  50-60" (10). 

Several high-performance liquid chromatographic 
(HPLC) assays for nitroglycerin dosage forms were re- 
ported recently (11,12). These methods can separate ni- 
troglycerin from its mono- and dinitrate degradation 
products. Since HPLC has none of the disadvantages of 
the other methods, its applicability to the analysis of ni- 
troglycerin ointment was studied. A sample preparation 
method was developed so that the method of Crouthamel 
and Dorsch (11) could be applied to ointment samples. I t  
was chosen for initial investigation because it uses an oc- 
tadecylsilane column, which is widely available in HPLC 
laboratories, and a simple, less expensive, water-methanol 
mobile phase. "he method of Baske et al. (12) uses a less 
retentive phenyl column and a more expensive and com- 
plex water-acetonitrile-tetrahydrofuran mobile phase. 

Contrary to a previous observation (12), no problems of 
clogging of inlet filters were encountered. 

EXPERIMENTAL 

Materials-The water used was HPLC grade'. The methanol was 
distilled in glass2. Dimethyl sulfoxide (I), butylated hydro~yanisole~, 
isooctane, sodium acetate, acetic acid, potassium nitrate, ammonium 
hydroxide, lanolin, and petrolatum4 were ACS reagent grade. 

A 10% nitroglycerin on lactose triturate5 was used as a standard and 
was calibrated by the USP phenoldisulfonic acid method for the assay 
of nitroglycerin (2). I t  assayed at 9.62%. The standard solutions were 1 
mg/ml in methanol for Method 1,2 mg/ml in I for Method 2, and 2 m g h l  
in the internal standard solution for Method 2a. 

Instrumentation-Two liquid chromatographic systems were used. 
The first system consisted of a dual-head reciprocating piston positive- 
displacement pump6, a septumless syringe-loaded loop injector with a 
10-pl loop7, a variable-wavelength detector operated at 254 or 216 nm8, 
a 10-mv recorderg, and a 15-cm X 4-mm column of a slurry of chemically 
bonded octadecyl reversed-phase materiallo packed in aqueous sodium 
acetate and methanol according to the manufacturer's directions. The 
second system contained a dual-head reciprocating piston pump", an 
automatic injector'*, a variable-wavelength detector operated a t  215 
nmt3, a flat-bed recorder1*, and a 15-cm X 4.6-mm column of chemically 

1 J. T. Baker Chemical Co., Phillipsburg, N.J. 
Burdick & Jackson Laboratories, Muskegon, Mich. 

3 Sigma Chemical Co., St. Louis, Mo. 
Fisher Scientific Co., Fair Lawn, N.J. 

b Marion Laboratories, Kansas City, Mo. 
6 Model lOOA with preparative scale head, Altex Scientific Inc., Berkeley, 

7 Model 70-10 with model 70-11 loop filler port, Rheodyne Inc., Berkeley, 

9 Servariter 11, Texas Instruments, Houston, Tex. 
10 ODs-Hypersil, Hyperspheres (5 pm), Shandon Southern Products Ltd., 

Model 6000A, Waters Associates, Milford, Mass. 
12 WI-SP, Waters Associates. 
13 Model LC-75, Perkin-Elmer, Norwalk, Conn. 
14 Model 595, Linear Instruments Carp., Irvine, Calif. 

Calif. 

Calif. 
Model 837 spectrophotometer, DuPont Instruments, Wilrnington. Del. 

Cheshire, England. 
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assay was -2%. Besides assaying for composite granulations, the HPLC 
assay also is applicable to content uniformity analysis. 

In conclusion, the HPLC method is simple, precise, fast, specific, and 
accurate. A complete analysis takes -10 min. All test compounds and 
known impurities can be detected. Since the analysis is conducted a t  
ambient temperature, no thermal degradation of codeine is expected. 
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The use of topical nitroglycerin for patients with con- 
gestive heart failure was reported recently (1). Existing 
methods for the analysis of nitroglycerin (2-9) lack spec- 
ificity (7), are too time consuming for convenient unifor- 
mity determinations, or require prolonged heating that 
could lead to decomposition of nitroglycerin, which occurs 
at  50-60" (10). 

Several high-performance liquid chromatographic 
(HPLC) assays for nitroglycerin dosage forms were re- 
ported recently (11,12). These methods can separate ni- 
troglycerin from its mono- and dinitrate degradation 
products. Since HPLC has none of the disadvantages of 
the other methods, its applicability to the analysis of ni- 
troglycerin ointment was studied. A sample preparation 
method was developed so that the method of Crouthamel 
and Dorsch (11) could be applied to ointment samples. I t  
was chosen for initial investigation because it uses an oc- 
tadecylsilane column, which is widely available in HPLC 
laboratories, and a simple, less expensive, water-methanol 
mobile phase. "he method of Baske et al. (12) uses a less 
retentive phenyl column and a more expensive and com- 
plex water-acetonitrile-tetrahydrofuran mobile phase. 

Contrary to a previous observation (12), no problems of 
clogging of inlet filters were encountered. 

EXPERIMENTAL 

Materials-The water used was HPLC grade'. The methanol was 
distilled in glass2. Dimethyl sulfoxide (I), butylated hydro~yanisole~, 
isooctane, sodium acetate, acetic acid, potassium nitrate, ammonium 
hydroxide, lanolin, and petrolatum4 were ACS reagent grade. 

A 10% nitroglycerin on lactose triturate5 was used as a standard and 
was calibrated by the USP phenoldisulfonic acid method for the assay 
of nitroglycerin (2). I t  assayed at 9.62%. The standard solutions were 1 
mg/ml in methanol for Method 1,2 mg/ml in I for Method 2, and 2 m g h l  
in the internal standard solution for Method 2a. 

Instrumentation-Two liquid chromatographic systems were used. 
The first system consisted of a dual-head reciprocating piston positive- 
displacement pump6, a septumless syringe-loaded loop injector with a 
10-pl loop7, a variable-wavelength detector operated at 254 or 216 nm8, 
a 10-mv recorderg, and a 15-cm X 4-mm column of a slurry of chemically 
bonded octadecyl reversed-phase materiallo packed in aqueous sodium 
acetate and methanol according to the manufacturer's directions. The 
second system contained a dual-head reciprocating piston pump", an 
automatic injector'*, a variable-wavelength detector operated a t  215 
nmt3, a flat-bed recorder1*, and a 15-cm X 4.6-mm column of chemically 

1 J. T. Baker Chemical Co., Phillipsburg, N.J. 
Burdick & Jackson Laboratories, Muskegon, Mich. 

3 Sigma Chemical Co., St. Louis, Mo. 
Fisher Scientific Co., Fair Lawn, N.J. 

b Marion Laboratories, Kansas City, Mo. 
6 Model lOOA with preparative scale head, Altex Scientific Inc., Berkeley, 

7 Model 70-10 with model 70-11 loop filler port, Rheodyne Inc., Berkeley, 

9 Servariter 11, Texas Instruments, Houston, Tex. 
10 ODs-Hypersil, Hyperspheres (5 pm), Shandon Southern Products Ltd., 

Model 6000A, Waters Associates, Milford, Mass. 
12 WI-SP, Waters Associates. 
13 Model LC-75, Perkin-Elmer, Norwalk, Conn. 
14 Model 595, Linear Instruments Carp., Irvine, Calif. 

Calif. 

Calif. 
Model 837 spectrophotometer, DuPont Instruments, Wilrnington. Del. 

Cheshire, England. 
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a 

b 

C 

Y cy 
MINUTES 

Figure 1-Typical chromatogram for sample preparation Method 2a 
with 215-nm detection. The chart speed was 20 cmlhr. The sample was 
followed by the standard. Key: a, I; b, nitroglycerin; and c, anisole. 

bonded octadecyl reversed-phase material15 commercially packed and 
used with a 4-cm X 4.6-mm precolumn dry packed with pellicular octa- 
decyl reversed-phase materiaP. 

Chromatographic Conditions-The mobile phase was methanol- 
water (4060) and was suction filtered through a 0.9-pm filter17. This 

Ultrasphere ODS (5 pm), Altex Scientific Inc., Berkeley, Calif. 
l6 pBondapak CIS Corasil, Waters Associates. 
l7 AAWP, Millipore Corp., Bedford, Mass. 

Table I-Comparison of Sample Preparat ion Methods with 
254-nm Detectiona 

Spike Recovery, 
Sample Assay, %added 

Method % label claim standard 

1 

2 

86.4 
84.7 
94.9 
90.3 

86.3 
92.7 

100.1 
105.4 

~ _ _ _ _ ~ ~  

0 Manufacturer 1. 

mobile phase was chosen since it was the strongest mobile phase that gave 
adequate resolution of nitroglycerin from I. Anisole was the internal 
standard since it was well resolved from the peak of interest and from I 
or excipient peaks and is very stable and readily available. Diazepam, 
suggested as an internal standard by Crouthamel and Dorsch (111, was 
not resolved from nitroglycerin in System 1. The flow rate was 0.8 ml/min 
with a pressure of 800 psi for System 1 and 2 ml/min with 4400 psi for 
System 2. 

Typical chromatographic parameters for System 1 were k' = 5.4 for 
nitroglycerin and 7.1 for anisole, N = 2000 for nitroglycerin and 2500 for 
anisole, and R = 3.1. For System 2, k' = 8.6 for nitroglycerin and 12.4 for 
anisole, N = 3430 for nitroglycerin and 5230 for anisole, and R = 5.95. 
The N and R values were evaluated using half-width formulas (13). 
Tailing (evaluated by dropping a vertical line from the peak maximum, 
drawing a horizontal line a t  the 10% peak height, and dividing the dis- 
tance from the vertical line to the peak back by the distance from the 
vertical line to the peak front) was 3.4 for nitroglycerin and 3.3 for anisole 
in System 1 and 1.9 for nitroglycerin and 1.0 for anisole in System 2 (Fig. 
1). 

Procedure-Method 1-About 1 g of ointment (equivalent to 20 mg 
of nitroglycerin) and 20 ml of isooctane were shaken mechanically for 40 
min. After the contents of the flask were transferred to a separator, the 
flask was washed with water to dissolve the remaining lactose; each water 
wash was used to extract gently the isooctane. The pooled water was 
shaken with isooctane. The original flask was washed twice with meth- 
anol. Both methanol portions were combined, used to extract the isooc- 
tane, and filtered18. This procedure was repeated twice, and the extract 
was taken to 25.0 ml with methanol. 

Method 2-About 1 g of ointment was weighe'd accurately into a bea- 
ker, 10.0 ml of I was added, and the solution was heated on a steam bath 
for 5 min with occasional gentle agitation. After cooling, the coagulated 
solids were removed with a capillary pipet or left in the beaker when the 
solution was decanted into a glass-stoppered erlenmeyer flask. An in- 
ternal standard solution was prepared by combining 0.1 ml of anisole with 
10 ml of methanol and diluting 3 ml of the resulting solution to 75 ml with 
I. An aliquot of 0.50 ml of the internal standard solution was added to 2.0 
ml of the sample or standard to produce solutions for injection. 

Method 2a-About 1 g of ointment was weighed accurately into a 50-ml 
glass-stoppered centrifuge tube, 20.0 ml of the internal standard solution 
(0.0003 ml of anisole/ml in I) was added, and the solution was heated for 
5 min on a steam bath with occasional vigorous shaking. The solution then 
was shaken mechanically for 30 min, which resulted in a ball of coagulated 
solid floating on top of the liquid, so that the clear liquid could be removed 
easily with a capillary pipet for injection into the liquid chromato- 
graph. 

System 1 was used to evaluate Methods 1 and 2; System 2 was used to 
evaluate Method 2a. 

RESULTS AND DISCUSSION 

Table I shows that Method 2, which makes a lipophilic sample suitable 
for injection into a reversed-phase HPLC system without extraction, is 
more accurate than Method 1. This fact is indicated most clearly by re- 
sults of spiked samples, consisting of -0.5-0.6 g of ointment and 100 mg 
of standard triturate (10 mg of nitroglycerin), taken through the method. 
Table I1 demonstrates that  Method 2a gives improved extraction of ni- 
troglycerin from the ointment and more precision due to the presence 
of the internal standard from the beginning of sample preparation and 
the increased agitation. 

While detection a t  254 nm is possible at the concentrations used here, 
the signal-to-noise ratio is low due to the fact that  the UV spectrum of 
nitroglycerin exhibits a minimum at this wavelength. As shown in Table 

Grade 541, Whatman Ltd., England. 
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Table 11-Sample Preparat ion Method 2a with 215-nm Detection 

Manufacturer Assay, Z Recovery”, % 

1 

Average 

Average 

2 

106.5 100.6 
106.6 102.7 
106.6 
103.2 
100.4 
101.8 

101.6 
101.8 
101.9 
101.8 

1 

3 104.7 97.3 
104.0 100.2 

Average 104.4 98.7 

Average recovery for all manufacturers = 100.7%. 

Table  111-Comparison of Detection Wavelengths fo r  Sample 
Preparat ion Method 2 

254 nm 216 nm 
Manufacturer Assav, 5% Recoverv, 9’0 Assav. % Recoverv. 9’O “ .  - ,  

1 94.9 100.1 96.8 103.5 
91.0 105.4 92.6 98.8 

Averaee 93.0 102.8 94.7 101.2 - 
3 96.8 104.4 94.4 97.8 

98.1 104.8 93.1 101.0 
Average 97.4 104.6 93.8 99.4 

Table  IV-Authentic Recoveries for  Sample Preparat ion 
Method 2a with 215-nm Detection 

Manufacturer Recovery of Label Claim”, 7’ 

1 99.2 
98.0 

2 101.1 
99.3 

3 99.3 
97.9 

Average = 99.1%; coefficient of variation = 1.1490. 

111, detection a t  216 nrn gives comparable quantitative results (data were 
obtained with the same solutions). At 254 nm, peak heights were -0.01 
absorbance unit; a t  216 nm, they were -0.82 absorbance unit. This dif- 
ference represents approximately an SO-fold enhancement in detec- 
tion. 

Thus, Method 2a and detection a t  215 nm were best and were subjected 
to further validation. The three products tested were all currently mar- 
keted, nitroglycerin ointments. Three substances that represented ex- 
pected excipients, lanolin, butylated hydroxyanisole, and petrolatum, 
were analyzed individually by this method at levels likely to  be used in 
commercial formulations. Petrolatum gave no peaks, and lanolin gave 
only a peak before I. Butylated hydroxyanisole gave a peak with a k‘ value 
six times that of nitroglycerin and a height 1.4% of that of nitroglycerin 
(at 254 nm, the butylated hydroxyanisole peak was 4.5% of that of ni- 
troglycerin). This finding indicates that none of the excipients interferes 
with the method. 

By combining individual weighings of the appropriate excipients, 
authentic mixtures were prepared and assayed (Table IV). The average 
recovery of 99.1% with a coefficient of variation of 1.14% indicates that 
the accuracy and reproducibility of the method are acceptable for the 
analysis of this type of product. With authentic mixtures, the method 
demonstrated linearity from 0.25 to 1.50 mg/ml, representing 25-15W 
of the label declaration of 2% nitroglycerin [correlation coefficient 
>0.9997 (14); levels measured were 0.25,0.50, 0.75, 1.00, 1.25, and 1.50 
mg/ml]. These results indicate that sample preparation Method 2a with 
detection a t  215 nm is appropriate for the analysis of nitroglycerin 
ointments. 

Preliminary testing indicates that the system can be used for the 
analysis of isosorbide dinitrate, pentaerythritol tetranitrate, and eryth- 
ritol trinitrate, which are well resolved from one another and from ni- 
troglycerin. With a 50:50 methanol-water mobile phase, k’ values of 6.7, 
17, and 18.9 were obtained for these three glycosides, respectively; the 
k‘ value of nitroglycerin was 9.5. The analysis of these cardiac glycosides 
in sustained-release preparations will be reported later. 

REFERENCES 

(1) The Medical Letter on Drugs and Therapeutics, 20,20 (Oct. 6, 

(2) “The United States Pharmacopeia,” 19th rev., Mack Publishing 

(3) “The United States Pharmacopeia,” 14th rev., Mack Publishing 

(4) “Official Methods of Analysis,” 12th ed., Association of Official 

(5) Ibid., p. 757. 
(6) M. T .  Rossell, M. G. Bogart, and E. J. Moerma, J. Chromatogr., 

(7) A. L. Woodsen and L. L. Alber, J. Assoc. Off. Anal. Chem., 52, 

(8) P. S. K. Yap, E. F. McNiff, and H. Fang, J .  Pharm. Sci., 67,582 

(9) J. K. Sturek, T.  D. Sokoloski, W. T. Winsley, and P. E. Stach, Am. 

(10) “The Merck Index,” 8th ed., Merck & Co., Rahway, N.J., 1975, 

(11) W. G. Crouthamel and B. J. Dorsch, J. Pharm. Sci., 68, 237 

(12) D. M. Baske, J. E. Carter, and A. H. Amann, ibid., 68, 481 

(13) “The National Formulary,” 14th ed., Mack Publishing Co., 

(14) R. G. D. Steel and J. H. Torrie, “Principles and Procedures of 

1978). 

Co., Easton, Pa., 1975, p. 343. 

Co., Easton, Pa., 1950, p. 416. 

Analytical Chemists, Washington, D.C., 1975, p. 758. 

53,263 (1970). 

847 (1969). 

(1978). 

J .  Hosp. Pharm., 67,582 (1978). 

p. 859. 

(1979). 

(1979). 

Easton, Pa., 1975, p. 869. 

Statistics,” McGraw-Hill, New York, N.Y., 1960, p. 188. 

ACKNOWLEDGMENTS 

The author thanks J. Gillingham, B. Williston, and G. Bafus, Marion 
Laboratories, Kansas City, Mo., for suggesting the modifications of 
sample preparation Method 2, which resulted in the development of 
Method 2a. 

1086 I Journal of Pharmaceutical Sciences 
Vol. 69. No. 9, September 1980 



Pharmacokinetics of Nicotine in Rats after 
Single-Cigarette Smoke Inhalation 

K. S. ROTENBERG *, R. P. MILLER *, and J. ADIR Qx 
Received September 17,1979, from the Clinical Pharmacokinetics Laboratory, Department of Pharmaceutics, School of Pharmacy, University 
of Maryland, Baltimore, MD 21201. 
Drug Administration, Rockville, MD 20014. 
Morgantown, WV 26506. 

Accepted for publication March 31, 1980. *Present address: Division of Biopharmaceutics, Food and 
$Present address: Department of Pharmacy, School of Pharmacy, West Virginia University, 

§Present address: Stauffer Chemical Company, Farmington, C T  06032. 

Abstract 0 The amount of nicotine absorbed following cigarette smoke 
inhalation was evaluated by comparing the area under the plasma con- 
centration-time curve and urinary recovery with those observed after 
its intravenous injection to rats. Nicotine was absorbed rapidly, with the 
maximum plasma concentration occurring immediately after cessation 
of cigarette smoke exposure. On the average, 68% of the nicotine delivered 
to the inhalation chamber was absorbed. The absorption and elimination 
of nicotine, as well as the formation and elimination of its metabolites, 
followed fmt-order kinetics, and the derived pharmacokinetic parameters 
were similar to those observed after the intravenous administration of 
nicotine. 

Keyphrases Nicotine-comparison of pharmacokinetic parameters 
following single-cigarette smoke inhalation and intravenous adminis- 
tration, cotinine as major nicotine metabolite, rats Pharmacokinet- 
ics-comparison of nicotine pharmacokinetic parameters following 
single-cigarette smoke inhalation and intravenous administration, co- 
tinine as major metabolite of nicotine, rats Cotinine-major metabolite 
of nicotine, comparison of pharmacokinetic parameters following sin- 
gle-cigarette smoke inhalation and intravenous administration, rats 

Reports of the effect of inhalation of tobacco smoke on 
a wide range of biological systems have increased. The 
principal concern has been the effect of smoke inhalation 
on the structure and function of the lungs (1-3), cardio- 
vascular response (4), and teratogenicity (5). These studies 
have renewed interest in the metabolic fate of nicotine. 

Recent studies in these laboratories investigated the 
pharmacokinetics of nicotine in rats following intravenous 
injection (6,7). However, little is known about the rate of 
absorption of nicotine from cigarette smoke. Most studies 
on nicotine absorption reported only the blood nicotine 
concentrations following smoking in humans (8,9), dogs 
(lo), and cats (11). Armitage et al. (8) showed that habitual 
smokers retained 82-929’0 and that nonsmokers retained 
30-66% of the inhaled nicotine, but they did not assess the 
absorption rate of nicotine in these subjects. McGovern 
et al. (12), using an isolated perfused rabbit lung prepa- 
ration, found that nicotine absorption from tobacco smoke 
was rapid, with peak levels occurring almost immediately 
after cigarette smoke administration had ceased. 

The purpose of this investigation was to characterize the 
rate and extent of absorption of nicotine in rats after sin- 
gle-cigarette smoke inhalation and to compare its dispo- 
sition kinetics with those observed after intravenous ad- 
ministration. 

EXPERIMENTAL 

Cherni~als--(rnethyl-~~C]Nicotine was obtained commercially’ and 
had a specific activity of 61.6 pCi/mg. Radiochemical purity was estab- 
lished by TLC and radioscanning techniques. With acetone-benzene- 
arnmonia-ethanol(40505:5) as the solvent, the compound migrated as 
a single radioactive spot with an R/ value corresponding to authentic 

ICN, Irving, CA 92664. 

nicotine. Unlabeled nicotine2 for use as a standard was obtained com- 
mercially, and unlabeled cotinine was prepared from nicotine by the 
method of Bowman and McKennis (13). 

Cigarettes-The cigarettes3 were stored in a desiccator that provided 
an atmosphere of 65% humidity. They were reported to contain 9.5 mg 
of nicotine/g of tobacco and to have a smoke condensate pH of 4.9. 
Analysis in these laboratories using a spectrophotometric assay (14) 
verified the nicotine content of the cigarettes. 

One cigarette was spiked with l4C-labeled nicotine using an infusion 
pump4 equipped with a glass tube (17 cm X 8 mm i.d.) to hold the ciga- 
rette in place. Another infusion pump5 was fitted with a 1-ml gas-tight 
syringe6 containing the 14C-labeled nicotine solution. The two pumps 
were set facing each other such that the needle delivering the radiolabeled 
nicotine solution mounted on one pump penetrated the cigarette 
mounted on the other pump. This setting allowed the delivery of the 
spiking solution to  the entire length of the cigarette, after which the 
cigarette was rotated 90° and allowed to dry. This process was repeated 
until 225 pCi of [methyl-14C]nicotine was delivered, yielding a final 
specific activity of 17.11 pCilmg. Following spiking, the cigarette was 
replaced in the desiccator. 

Smoke Exposure Apparatus-The intermittent smoke genera- 
tion-inhalation system7 (15-17) used was designed to simulate the 
smoking of a single cigarette. Briefly, a 2-sec negative pressure allowed 
35 cm3 of cigarette smoke to enter an exposure chamber where it was 
distributed rapidly, forming a 10% smoke aerosol. The rats were placed 
in restraining cylinders attached to the exposure chamber with only their 
noses protruding into the chamber. The smoke remained in the chamber 
for 20 sec, after which air was forced into the chamber to expel the smoke 
and to  maintain an atmosphere of fresh air for 38 sec. This 1-min cycle 
(puff) was repeated until the cigarette burnt down to a 23-mm butt after 
a total of 10 puffs were delivered into the exposure chamber. 

The exposure unit was modified by attaching a Cambridge filters to the 
exposure chamber. This filter is capable of trapping 99.9% of the total 
particulate matter, including nicotine, from the smoke forced out of the 
exposure chamber (18). This modification allowed for an account of the 
material balance and, hence, calculation of the amount of nicotine de- 
livered to the inhalation chamber and the amount absorbed by rats. 

The restraining cylinders also were modified by drilling an orifice a t  
the proximal part to the exposure chamber through which the animal’s 
previously implanted cannula was brought out. Thus, blood samples 
could be collected during the smoke inhalation period. 

Animals-Male Fischer-344 rats9, 226-263 g, were housed in stainless 
steel cages and had free access to food’O and water. At least 48 hr prior 
to the study, each animal was placed under light ether anesthesia and a 
chronic cannula was implanted into the abdominal aorta (19). The study 
was initiated with eight rats, but only four rats completed the study due 
to a malfunction of the cannula. 

Protocol-Rats were placed in the restraining cylinders 30 min prior 
to lighting the cigarette to condition them to the smoke exposure-inha- 
lation system (20). The cigarette was consumed in 10 min (10 puffs), after 
which the rats were transferred to plastic metabolism cages for the re- 
mainder of the experiment. Blood samples (0.2 ml) were collected into 
heparinized syringes a t  4, 8 (smoking phase), 15,30,45,60, and 90 min 
and 2,3,5,8,14,16.5,24, and 30 hr (postsmoking phase). The plasma was 

* Eastman Kodak Co., Rochester, NY 14650. 
3 Code No. 31, provided by Enviro Control, Rockville, MD 20852. 

Sage model 341, Orion Research Inc., Cambridge, MA 02139. 
5 Sage model 351: Orion Research Inc., Cambridge, MA 02139. 

No. 1001, Hamilton Co., Reno, NV 89510. ’ Maddox-ORNL, Oak Ridge National Research Laboratory, Oak Ridge, TN 
37830. 

Phipps and Bird, Richmond, VA 23261. - 
9 Microbiological Associates, Walkersville, MD 21793. 

lo Purina Laboratory Chow, Ralston-Purina Co., St. Louis, MO 53188. 
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Table I-Nicotine Absorbed following Cigarette Smoke Inhalation bv Rats 

Rata 
(weight, kg) 

Amount Absorbed Based on AUCb 
dpmlkg m g / k  

Amount Absorbed Based on 
Urinary Recoveryb 

dpm/kg mdka  
I -  . -  ~~ 

l(0.240) 5.061 X lo6 0.04 5.258 X lo6 0.04 
2 (0.235) 7.752 X lo6 0.06 5.234 X lo6 0.04 
3 (0.226) 7.911 X lo6 0.06 8.472 X lo6 0.06 
4 (0.263) 8.199 X lo6 0.06 5.765 X lo6 0.04 
Mean (0.241) 7.231 X lo6 0.06 6.182 X 0.05 

Ei ht rats were placed in the inhalation chamber, but four did not complete the etudy because of malfunction of the indwelling cannula. b No significant differences 
were o%sewed at thep = 0.05 level between the amount calculated from plasma concentrations versus time and the urinary recovery data. If it is assumed that the same 
amount of nicotine also was absorbed by the four rats that did not complete the study, the total amount absorbed represents 69.8 (AUC method) and 66.390 (urinary recovery 
method) of the amount of nicotine delivered to the inhalation chamber, with a mean of 68%. 

SEM (0.008) 0.729 X lo6 0.01 0.773 X lo6 0.01 

separated from whole blood by centrifugation and stored a t  -20° until 
the time of analysis. Urine was collected in containers immersed in ice 
for up to 48 hr and frozen until the time of analysis. The separation and 
quantitation of nicotine and its metabolites were described earlier (6, 
7). 

Pharmacokinetic Analysis-The concentration-time profiles of 
nicotine, cotinine, and other metabolites for each rat were plotted on 
semilogarithmic graph paper, which provided an insight to the operative 
pharmacokinetic models. These plots also were employed to obtain initial 
estimates for curve fitting of the data using the SAAM 26 digital computer 
program (21). Each data point was assigned a statistical weight propor- 
tional to the reciprocal of the square of a standard deviation representing 
10?k of the data point. 

The puffing profile of the smoke inhalation machine was incorporated 
into the pharmacokinetic model used to fit the data both during and after 
cigarette smoke inhalation. The amount of nicotine absorbed by inha- 
lation (Aih)  was computed from (22): 

Aih = dosei,(AUCih/AUCi,) (Eq. 1) 

where dosei, is the dose injected by intravenous administration and 
AUCih and AUC,, are the areas under the plasma concentration-time 
curve (O+-) following cigarette smoke inhalation and intravenous ad- 
ministration, respectively. The dose and AUC from the 0.08-mg/kg iv 
study reported earlier (7) were used in Eq. 1. An alternative method for 
calculating A,), is provided by (22): 

Aih = dose;, Nu,,ihfiu/NU,,;,fih (Eq. 2) 

where Nu, is the amount of nicotine ultimately excreted in urine at time 
infinity and frh and flu represent the fractions of total radioactivity ex- 
creted as nicotine following cigarette smoke inhalation and intravenous 
administration, respectively. The dose and Nu+, from the 0.08-mg/kg 
dose reported earlier (7) were used in these calculations. 

4000 J . 

100 0 1. 20 40 60 80 100 120 140 160 180 

MINUTES 
Figure 1-Semilogarithmic plot of plasma nicotine concentration 
(mean f SEM) as a function of 'tirnr following cigarette smoke ab- 
sorption o f  nicutine. Inset shous nicotine absorption during the smoke 
exposure period. 

The plasma nicotine concentration (C,) uersus time data for each rat 
were fitted to a two-compartment open model with a first-order rate 
constant of absorption described by (22): 

C, = Ae-kd + Be-m' + Ce-Bt (Eq. 3) 

where A, B, and C are constants, k, is the absorption rate constant, and 
a and j3 are hybrid rate constants describing the rapidly and slowly de- 
clining phases of the plasma concentration, respectively. The dose ab- 
sorbed by each rat (calculated using Eqs. 1 and 2) was divided by 10 (each 
representing one puff) and was included in the data-fitting procedure. 

The first-order rate constant of elimination ( K , )  and the ratio of the 
fraction ( F )  of nicotine converted to cotinine to the volume of distribution 
of the latter compound ( V d )  were obtained by curve fitting of the plasma 
cotinine concentration-time data to the one-compartment open model 
with a first-order rate constant of formation ( K f )  as reported earlier (6, 
7). Also, the pharmacokinetic parameters of the origin activities were 
estimated as described previously (6,7). 

Renal clearance ( C l )  was calculated for nicotine and its metabolites 
employing (22): 

(Eq. 4) 

where i represents nicotine, cotinine, or origin activity, Xu is the amount 
excreted between t 1 and t 2, and AUC is the area under the plasma con- 
centration-time curve over the same time interval. 

Statistical Analysis-The t test was used to evaluate differences in 
the pharmacokinetic parameters of nicotine and its metabolites between 
the cigarette smoke inhalation and the intravenous administration studies 
a t  the p < 0.05 and < 0.01 levels (23). 

RESULTS AND DISCUSSION 

Nicotine-About 4% (2.0 X lo7 dpm) of the nicotine present in the 
mainstream of cigarette smoke (4.9 X lo8 dpm) was delivered to the in- 
halation chamber. This amount represents the sum of the nicotine ab- 
sorbed by the rats, retained on the filter (4.7 X lo6 dpm), and present in 
the washing of the chamber1' (1.3 X 106 dpm). The amount of nicotine 
absorbed calculated from Eqs. 1 and 2 is shown in Table I. Since there 
were no significant differences between the two methods of computation, 
the amount of nicotine absorbed can be obtained by either the plasma 
concentration uersus time plots or the urinary recovery data. The amount 
of nicotine absorbed ranged from 0.04 to 0.06 rng/kgl2, representing an 
average of 68% of the amount of nicotine delivered. This value is similar 
to that reported by Armitage et al. (8), who showed that nonsmokers 
absorbed between 30 and 60% of the nicotine delivered to their 
mouths. 

The mean plasma nicotine concentration-time profile shown in Fig. 
1 indicates that nicotine is absorbed rapidly by inhalation. During the 
10 puffs needed to consume the cigarette, the plasma nicotine levels 
paralleled the intermittent pattern of the smoke exposure machine 
(shown in the inset of the figure). A maximum of 3000 dpm/ml (79.2 
ng/ml) was achieved a t  the cessation of the cigarette smoke exposure. 
Following this rapid absorption, which appeared to be described ade- 

l 1  After delivery of each puff into the airtight exposure chamber, the smoke re- 
mained in the chamber for 20 sec. Fresh air then was forced in the chamber, which 
caused the unabsorbed nicotine (as well as other particulate matter) to be retained 
on the filter or ahsorbed onto the inside walls of the chamber. both of which were 
assayed for radioactivity. 

'*The similarity in the dose and pharmacokinetic parameters obtained in this 
study and those observed in the 0.08-mg/kg iv study reported earlier (7)  warranted 
the use of the intravenous data in Eqs. 1 and 2. 
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Table 11-Pharmacokinetic Pa rame te r s  of Nicotine following Cigaret te  Smoke Inhalation by Ra t s  

Rat k,, min-' a, min-1 B, min-l AUCo-,, (dpm hr)/(ml kg) Cl,, ml/hr/kg 

1 
2 
3 

0.084 
0.089 
0.404 

4 0.082 
Mean 0.165 
SEM 0.080 

- 0 0.0090 
0.0753 0.0105 
0.1380 0.0062 
0.6470 0.0076 
0.2870 0.0083 
0.1810 0.0009 

7.64 x 103 

10.91 x 103 
1.10 x 103 

11.70 X lo3 
11.94 X lo3 
12.37 X lo3 

402.0 
221.0 
160.0 
119.0 
226.0 
62.0 

Although the a-phase in this rat was discernible by examination of the log concentration-time plot, it did not include sufficient data points to enable computer estimation 
of this parameter. 

Table 111-Pharmacokinetic Parameters  of Cotinine following Cigaret te  Smoke Inhalation of Nicotine by Ra t s  

F/Vd,  kg/literb 
From 

(dpm hr)/ ml/hr/ AUCcot From Urinary 
(ml kg) kg AUCnic A U C  Excretion 

1 1.50 1.544 0.118 56.35 X lo3 14.71 7.88 0.303 0.292 
2 1.50 1.205 0.103 104.58 X lo3 11.32 8.80 0.314 0.466 
3 2.00 1.351 0.077 104.86 X lo3 17.48 10.64 0.229 0.214 
4 2.00 1.366 0.096 94.10 X lo3 8.90 7.51 0.273 0.389 
Mean 1.75 1.366 0.099 89.97 X lo3 13.10 8.71 0.280 0.340 
SEM 0.14 0.069 0.009 11.48 X lo3 1.88 0.70 0.019 0.055 

Obtained by extrapolation of the plasma cotinine concentration data to infinity. * There were no significant differences between the FIV, values calculated from 
the AUC and those from the urinary excretion data. 

quately by first-order kinetics, plasma nicotine concentrations declined 
biexponentially in a fashion similar to that of intravenous administr- 
tion. 

The pharmacokmetic parameters derived from these data are reported 
in Table 11. The mean half-life of absorption ( t 1 / 2 , k 0 )  was 6.6 min; the 
mean half-life values of the rapidly and slowly declined phases (t  1/2,u and 
t 1/2,8) were 5.1 and 86.5 min, respectively. There were no significant dif- 
ferences in (Y and /3 between the present cigarette smoke inhalation study 
and the intravenous studies reported previously (6,7). 

Armitage et al. (8) estimated that the half-life of nicotine following 
cigarette smoke inhalation in humans, assuming a one-compartment open 
model, ranged from 24 to 84 min, with a mean of 40 min. Unfortunately, 
these investigators carried out their experiment for only 1 hr; nicotine 
distribution may not have been completed at this time and their reported 
half-lives may have been underestimated. The results in Table I1 also 
indicate that the renal clearance of nicotine following cigarette smoke 
inhalation ranged from 119 to 402 (mean 226) ml/hr/kg. This renal 
clearance accounted for -9% of the total plasma clearance of nicotine 
observed a t  the same dose following intravenous administration (7). 

Cotinine-Figure 2 shows the plasma concentration-time profile of 
this major metabolite of nicotine (mean f S E M ) .  The formation of co- 
tinine is rapid. Approximately 20% of the maximum cotinine concen- 
tration was achieved within the first 3 min of cigarette smoke inhalation. 
The pharmacokinetic parameters of cotinine are reported in Table 111. 
The time to reach the maximum plasma concentration (tmm) ranged from 
1.5 to 2.0 hr. When statistical analysis was performed on t,,, there were 
no significant differences between intravenous administration and cig- 
arette smoke inhalation of nicotine. 

The mean half-life of formation of cotinine was 30.6 min and that of 
its elimination ranged from 5.9 to 9.0 hr. There were no significant dif- 
ferences among the means between cigarette smoke inhalation and in- 
travenous administration with respect to the rate constants of formation 
and elimination (Table 111). The renal clearance of cotinine ranged from 
8.9 to 17.48 mvhr/kg. This range is -6% of the renal clearance of nicotine, 
indicating that cotinine is cleared by the kidney a t  a much slower rate 
than nicotine. There were no significant differences between the means 
of renal clearance following cigarette smoke inhalation and intravenous 
administration of nicotine (Table 111). 

T o  determine if changes occurred in the formation of cotinine from 
nicotine following cigarette smoke inhalation compared to the intrave- 
nous study, the ratio AUCcot/AUCn,, was examined. The ratio ranged 
from 7.5 to 10.6 (Table 111) and appeared to be slightly lower ( p  < 0.01) 
than that observed after the intravenous administration of nicotine a t  
a comparable dosage (7). It is not clear whether this difference is bio- 
logically significant or is indicative of a first-pass metabolism of nicotine 
in the lungs. McCovern et al. (12) found no significant first-pass effect 
of nicotine in the isolated rabbit lung preparation. 

Changes in the fraction of nicotine converted to cotinine ( F ) ,  as well 
as in the apparent volume of distribution of cotinine, also were evaluated 

Tab le  IV-Pharmacokinetic Parameters  of Origin Activity 
following Cigarette Smoke Inhalation by Rats 

1 1.50 24.75 65.38 X lo3 117.29 9.14 
2 0.75 28.88 112.66 X lo3 75.96 9.48 
3 0.50 24.79 68.96 X lo3 160.04 7.00 
4 0.75 26.67 157.53 X lo3 38.14 12.58 
Mean 0.88 26.27 101.13 X 103 97.86 9.55 
S E M  0.22 0.98 21.65 X lo3 26.28 1.15 

by examining the F/Vd ratio. This ratio (Table 111) ranged from 0.21 to 
0.47 kghiter. There were no significant differences in the F / v d  ratios 
between those calculated from the plasma and urine data. However, these 
ratios were somewhat lower ( p  < 0.05) than those observed following the 
intravenous administration of similar doses of nicotine (7). This obser- 
vation implies an increase in the volume of distribution or a decrease in 
the fraction of the dose convertFd to cotinine. 

O the r  Metabolites-Some of the nicotine metabolites remained at 
the origin of the thin-layer plate, and their possible compositions were 
discussed previously (6, 7). It is evident from the time course of these 
metabolites (Fig. 3) that -25% of their maximum concentration (cmax) 
was formed within the first 3 min following the inhalation of cigarette 
smoke. Table IV reports the pharmacokinetic parameters derived from 
these data. There were no significant differences in t,,, between intra- 
venous administration and cigarette smoke inhalation. This observation 
suggests that  the rate constants of formation and elimination have not 
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F igure 2-Semilogarithmic plot of plasma cotinine concentration 
(mean f SEM) as a function of time following cigarette smoke ab- 
sorption of nicotine. 
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HOURS 
Figure 3-Semilogarithmic plot of plasma origin activity concentration 
(mean f SEM) as a function of time following cigarette smoke ab- 
sorption of nicotine. 

changed between cigarette smoke inhalation and intravenous adminis- 
tration. Although the origin activity is composed of more than one me- 
tabolite, an overall half-life of elimination was determined for compar- 
ative purposes. The overall half-life of elimination mean ( f S E M )  was 
26.27 (f0.98) hr. There were no significant differences in this parameter 
between the intravenous administration of nicotine (7) and the present 
study. 

The amount of origin activity formed following cigarette smoke in- 
halation was compared to that observed after intravenous nicotine ad- 
ministration (7) by assessing the ratio of AUC,,i, to AUC,i, in each 
study. The ratios (range of 7.0-12.6 with an overall mean of 9.5) were not 
significantly different from those obtained in the intravenous study (7). 
Therefore, the formation of the origin activity appears to be independent 
of the route of administration of nicotine. The renal clearance of the origin 
activity also appears to be independent of the route of administration, 
since there were no significant differences in this parameter between 
cigarette smoke inhalation and intravenous administration studies 
(7). 

Urinary Excretion of Nicotine and Metabolites-The 48-hr ex- 
cretion of nicotine and its metabolites following cigarette smoke inha- 
lation is shown in Table V. There were no significant differences among 
the mean recoveries of radiolabeled substances in the urine between in- 
travenous administration and cigarette smoke inhalation. The average 
recovery was -66% of the amount absorbed. Approximately 16 and 13% 
of the total radioactivity excreted in urine consisted of nicotine and co- 
tinine, respectively, while 33% was composed of t.he origin activity. No 
significant differences were found when these values were compared to 
the intravenous results. Consistent with the plasma concentration data, 
the ratios of cotinine or the origin activity to that of nicotine excreted in 
the urine in the present study also were not significantly different from 
those found in the intravenous study (7). 

CONCLUSION 

This study indicates that the absorption of nicotine present in the 

Table  V-Urinary Excretion of Nicotine and  Its Metabolites i n  
Rats  48 hr a f t e r  Cigarette Smoke Inhalation 

Percent of Absorbed Percent of Total Radioactivity 
Dose Excreted in Excreted in Urine as 

Urine as Total Origin 
Rat Radioactivitv Nicotine Cotinine Activity 

1 78.5 
2 51.0 
x 80.9 .. . 

4 53.1 
Mean 65.9 
SEM 8.0 

23.4 13.1 37.0 
18.0 14.0 37.3 
9.3 9.2 17.9 

11.5 15.0 40.6 
15.6 12.8 33.2 
3.2 1.3 5.2 

mainstream of cigarette smoke is rapid and does not seem to undergo 
first-pass metabolism through the lungs. In addition, the pharmacoki- 
netics of nicotine and its metabolites were essentially similar to those 
observed previously following the intravenous injection of a single dose 
of nicotine (6, 7). The effect of multiple-cigarette smoke inhalation on 
the pharmacokinetics of these compounds is being investigated. 
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Abstract The stability of chlorambucil and its degradation product 
4-Lp-(2-chloroethyl-2-hydroxyethylamino)phenyl]butyric acid (I) was 
studied using reversed-phase high-pressure liquid chromatography. The 
degradation rate of chlorambucil was unaffected by pH between pH 5 
and 10 but decreased at  lower pH. The degradation rates of chlorambucil 
and I differed only slightly (pH > 6). The proteolytic properties of the 
compounds were studied using spectrophotometric and partition tech- 
niques. 

Keyphrases 0 Chlorambucil-degradation in aqueous solution, influ- 
ence of pH and temperature 0 Degradation-chlorambucil and metab- 
olites, in aqueous solution, effect of pH and temperature 0 Antineoplastic 
agents-chlorambucil, degradation in aqueous solution, influence of pH 
and temperature 

Nitrogen mustards are important drugs in. the treatment 
of neoplastic diseases. A detailed and accurate knowledge 
of their chemical properties is important for an under- 
standing of their behavior in uivo. 

BACKGROUND 

The nitrogen mustards are believed to react uia an intermediate azir- 
idinium ion (1) according to Scheme I. The aliphatic nitrogen mustards 
given an accumulation of the aziridinium ion, B, during the initial phase 
of degradation since Step I is faster than Step I1 (2). The aromatic ni- 
trogen mustards differ in this respect from the aliphatic compounds (3). 
However, chlorambucil was proposed to follow a reaction profile similar 
to that of the aliphatic nitrogen mustards based on results obtained using 
a spectrophotometric procedure involving the reaction of the alkylating 
agents with 4-(p-nitrobenzyl)pyridine (4). However, this technique is 
not selective since both the parent compound and the degradation 
product, C (Scheme I), are derivatized and codetermined (5). 

The influence of pH on the degradation rate of chlorambucil was 
studied previously (6), and a continuous increase in the stability of 
chlorambucil from pH 7 to 4.5 was observed. However, this study was 
performed a t  such a high concentration that the results might have been 
affected by aggregation phenomena (cf., 7). 

The present investigation considered the stability of chlorambucil and 
its degradation product 4-[p-(2-chloroethyl-2-hydroxyethylamino)- 
phenyllbutyric acid between pH 1.5 and 10 using a selective and sensitive 
high-pressure liquid chromatographic (HPLC) technique. The sensitivity 
of the technique made study of low concentrations possible, where 
chlorambucil is present only as the monomer. 

EXPERIMENTAL 

All experiments were carried out at 25.00 f 0.05' and at  the same ionic 
strength (0.1) unless otherwise stated. 

Preparat ion of 4-[p-(2-Chloroethyl-2-hydroxyethylamino)- 
phenyllbutyric Acid (I)-Chlorambucil (10 mg in methanol, 0.5 ml) 
was mixed with 100 ml of distilled water. The solution was kept a t  25' 
for 2 hr (final pH of 4) and extracted with ethyl acetate (100 ml). The 
extract was evaporated to 0.2 ml under a nitrogen atmosphere and sep- 
arated by TLC'. The silica gel zone containing I was scraped from the 
plate, packed into a Pasteur pipet, and eluted with methanol (5 ml). The 
yield was 15% as determined spectrophotometrically. The mass spectrum 
was consistent with the expected structure. Prominent peaks were located 
at m/e (relative intensity, %) 250 (17), 249 (62). 191 (19), 177 (17), 176 
(loo), 132 (19), 131 (35), 118 (55), 117 (14), and 91 (18). 

1 Silica gel 60, F ~ w ,  2 mm, Merck, Darmstadt, West Germany. The eluting solvent 
was toluene-methanol-heptane-isopropylacetone (8:63:4). The spots were 4-(p- 
di(2-hydroxyethyl)amino]phenyl)butyric acid (R/ 0.4). I (R/ 0.6), and chlorambucil 

[R f  0.7). 

k, HZC-CH:! k, - \/ + c r j ; ,  
R-N + k - I  

/CHzcH2c1 
R-N 

\ 
I CH,CHZCl 

~ H , C H ~ C I  

I 

A (Step 1) B (Step 11) 

CH,CH,X 

k, k, R-N+ 

k -3 
- / \ + c1- 7 

H2C-CH2 

C (Step 111) D (Step IV) 

/CH2CHzX 
R-N 

\ 
CH>CHZCI 

I 

/CHzCHzX 
R-N 

\ 
CHLCHZX 
E 

R = @cH2cH,CH2co~H 

Scheme I-Degradation of nitrogen mustards 

Spectrophotometric Determination of Acid Dissociation Con- 
stants-A stock solution of chlorambucil or I in ethanol (3.4 X M) 
was diluted (1:40) with 1 M HCl, phosphate buffer, or citrate buffer. The 
absorbance was determined a t  257 nm2. The slit width of the spectro- 
photometer was kept constant within each experimental series. The 
absorbance of a t  least three dilutions was measured at  each pH value3. 

Determination of Acid Dissociation Constants by Parti t ion 
Studies-Partition experiments were performed in centrifuge tubes 
using equal volumes (10 ml) of hexane and buffer and mechanical shaking 
for 30 (pH < 3.5) or 15 (pH > 3.5) min. Chlorambucil was dissolved ini- 
tially in the organic phase to a concentration of 1.2 X lo-* M. 

The concentration of chlorambucil was determined spectrophoto- 
metrically (257 nm) in both phases. The organic phase was measured 
directly. Chlorambucil in the aqueous phase was measured by extraction 
into methylene chloride, buffering to pH 3.4, and mechanical shaking 
for 30 min. 

Degradation Studies-Chlorambucil or I in methanol (0.1 ml) was 
mixed with the appropriate buffer (10 ml) to give a final alkylating agent 
concentration of 3 X M, unless otherwise stated. 

The solutions were analyzed by reversed-phase HPLC4. 

RESULTS AND DISCUSSION 

Proteolytic Properties-The general proteolysis of an amino acid 
is summarized in Scheme 11. The compound may occur in four forms: 
ammonium (+HRzNMCOOH), carboxylate (RzNMCOO-), uncharged 
(RzNMCOOH), and zwitterion (+HR2NMCOO-). The microscopic 
constants k ; ,  k; ,  kiz, and k; ,  were defined previously (8). 

Zeiss PMQ 111 spectrophotometer. 
3 Orion Research model 701 digital pH meter equipped with an Ingold combined 

electrode type 401. 
The detector (Altex model 153) measured at 253.7 nm. The cell volume was 8 

pl. and the path length w a ~  10 mm. The pump was model LDC 711. A stainless steel 
150-mm Ion X 4 mm i.d. column and a Rheodyne (model 70-10) injection valve 
with a 300-$ sample loop were used. The chromatographic support, LiChrosorb 
RP-18 (Merck, Darmstadt, West Germany), had a mean particle diameter of 5 pm. 
Methanol-water containing 0.01 M phosphoric acid was used as the mobile 
phase. 
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H' + 'HR,NMCOO- 

k/ 

*HR,NMCOOH' R,NMCOO- + H 

H' +R,NMCOOH 
Scheme I 1  

Spectrophotometric Determination of Acid Dissociation Con- 
stants-The absorption spectrum of chlorambucil and 4-[p- (2-chlo- 
roethyl-2-hydroxyethylamino)phenyl]butyric acid (1) were strongly pH 
dependent due to proteolysis of the amino group. Spectrophotometric 
determination of the microscopic constants with graphic evaluation ac- 
cording to a literature method (8) is illustrated in Fig. 1. The fraction of 
species with an unprotonized amino group, ( Y R ~ N ,  was calculated from: 

(Eq. 1) 

where Cw is the total concentration and A, AA,  and AB are the absorb- 
ances a t  257 nm in buffer, 1 M HCl, and buffer a t  pH 8.5, respectively. 
From the spectral data, it was concluded that CM = [+HR2NMCOOH] 
in 1 M HCI and that C M  = [RzNMCOO-] in buffer at pH 8.5. Further- 
more, M R ~ N  was defined by: 

[RzNMCOOH + R2NMCOO-) A - AA 
CW AB - AA 

=- mRzN = 

(Eq. 2) 
ah([R2NMCOOH] + (RzNMCOO-1) 

MRzN = [+HRzNMCOOH] + [+HR2NMCOO-] 
From Fig. 1 and Ref. 8, it was concluded that the pk; value of chloram- 
bucil is 2.49 f 0.02. A similar evaluation for I gave a pkz value of 3.63 f 
0.04. It was not possible to evaluate the pk,? values from the graphs with 
sufficient precision, but the most likely pk12 for chlorambucil was >4.2; 
for I, it was >6. An evaluation of pk, for the two compounds also was not 
possible. However, since PMR~N was almost constant when L Y R ~ N  was 
within the range of 0.1-0.6, i t  was concluded that zwitterion formation 
was negligible!, i.e., pk; >> pkz (cf., 9). 

Determination of Acid Dissociation Constants for  Chlorambucil 
by Partition Studies-Chlorambucil probably partitions from an 
aqueous phase into an organic phase in the uncharged form. The distri- 
bution ratio, D, then is given by: 

D =  IRzNMCOOHI0,g (Eq. 3) 
[RzNMCOOH] + [R2NMCOO-] 
+ [+HRzNMCOOH] + [+HRzNMCOO-] 

which can be rewritten as: 

(Eq. 4) kd D =  
1 + k;l/ah + ah/k; -t k;l/k;* 

2.4 
I I I I I 1 
o 0.2 0.4 0.6 0.8 1.0 

%,N 

Figure 1-Spectrophotometric determination of microscopic disso- 
ciation constants for chlorambucil. 
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Figure 2-Time course for chlorambucil and degradation products in 
aqueous solution. Key: 0 ,  chlorambucil (A, Scheme I); m, I (C, Scheme 
I); and A, 4- [p- [di(2-hydroxyethyl)amino)phenyl]butyric acid ( E ,  
Scheme I). The molar absorbance and yield from the chromatographic 
column were considerably lower for E compared to A and C. 

where kd, the partition coefficient, is defined by: 

(Eq. 5) 

Since zwitterion formation was negligible as revealed by spectrophoto- 
metric determination of acid dissociation constants, k;l/klP <<l. A t  low 
pH, i.e., killah <<?, Eq. 4 can be reduced to: 

(Eq. 6) 

A plot of 1/D versus a h  for pH 1.2-2.4 gave a straight line with a small 
positive intercept. However, evaluation of the partition coefficient, kd, 
was not possible from the intercept. The value for -log (kd X k2) was 
calculated from the slope as 1.04 f 0.02; by substituting k, with the value 
determined spectrophotometrically, log kd was evaluated as 1.45 f 
0.04. 

100 

1 I I I I I 1 1 
2 4 6 

HOURS 
Figure 3-Degradation of chlorambucil in phosphate buffers. Key: 0, 
p H  1.92; A, p H  2.95; and m, p H  6.99. 
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Figure 4-Influence of temperature on the degradation rate of chlor- 
ambucil at pH 7.00. 

At high pH, i .e.,  ah/k; << 1, Eq. 4 can be rewritten as: 

(Eq. 7) 

A plot of l/D uersus l/ah for pH 4.b5.9 gave a straight line, indicating 
the validity of Eq. 7. From the slope and the previously evaluated value 
of kd. the pkbl value of 4.46 f 0.04 was determined. 

Degradation of Chlorambucil-The degradation of chlorambucil 
in pure aqueous solution was studied by reversed-phase HPLC. The time 
course of peak areas for chlorambucil and its degradation products, C 
and E (X = OH, Scheme I), is given in Fig. 2. The concentration of C was 
-30% of the initial chlorambucil concentration after 2 hr (assuming the 
same molar absorbance of A and C). 

The rate of loss of the alkylating activity [established by the 4-(p- 
nitrobenzy1)pyridine method] was slower initially, as reported previously 
by Williamson and Witten (3), who concluded that significant amounts 
of the aziridinium ion (B, Scheme I) accumulated during the initial 
degradation of chlorambucil. However, this conclusion might be incorrect 
since a similar rate profile is observed for a codetermination of chlor- 
ambucil and C. 

A pseudo-first-order plot of the degradation of chlorambucil in phos- 
phate buffers is shown in Fig. 3. Linear relationships were observed 
throughout the reaction. No change in degradation rates was observed 
compared to reactions in pure aqueous solutions, indicating no buffer 
catalysis at the pH values used. The same rate constant for chlorambucil 
degradation was obtained within the concentration range of 3 X 10-6-3 
X M, establishing that no aggregation phenomena occurred. 

"1 

I 
I l l  1 1 1 1 1 1 1  

2 4 6 8 10 

PH 
Figure 6-Influence of pH on the degradation rate ($1. The solid line 
was calculated from Eq.  8. 

Table I-Pseudo-First-Order Rate Constants for Degradation of 
Chlorambucil and I 

Compound Pk; k ; ,  hr-14 

Chlorambucil 2.49 f 0.02 0.54 f 0.02 ( n  = 12) 
I 3.63 f 0.04 0.61 f 0.04 In = 6) 

~ ~ 

Determined at pH 6-10, 

Influence of Temperature-The relationship between the logarithm 
of the first-order rate constant and the reciprocal of temperature is given 
in Fig. 4. The activation energy was 102 kJ/mole, in general agreement 
with the data given by Linford (10). 

Influence of pH on Degradation Rate of Chlorambucil and I-The 
degradation rate of chlorambucil was unaffected by pH in the range of 
pH 5-10 but decreased below pH 5 (Fig. 5). The solid line is calculated 
using (2): 

(Eq. 8) 

where k i  is the observed pseudo-first-order rate constant, k l  is the 
pseudo-first-order rate constant for the alkylating compound with an 
unprotonized nitrogen atom, and k; is the apparent acid dissociation 
constant for the amino group. 

The good agreement between the calculated and experimental values 
suggests that the nitrogen mustard group is stable when present in the 
protonized form and that the degree of protonization of the carboxylic 
group (pkzl 4.46) does not affect its stability. These results contradict 
those of Linford (6) who observed a continuous increase in the stability 
of chlorambucil in the pH range of 7-4.5. This finding probably was due 
to the high concentrations used, where the degradation rate was affected 
by aggregation phenomena (7). 

The degradation rates of I and chlorambucil differed only slightly 
(Table I). These results are in contrast to those found for N-ethyl-N- 
(2-chloroethyl)aniline, which has a degradation rate considerably higher 
than does N,N-di(2-chloroethyl)aniline (11). 

The influence of pH on the degradation rate of I is given in Fig. 6. The 
rate profile was similar to that of chlorambucil but the rate declined at 
higher pH, reflecting the higher base strength of the amino group. 
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Abstract 0 A procedure for the determination of aprindine in human 
plasma was developed. After the addition of N,N-diethyl-N’-(1,2,3,4- 
tetrahydro-2-naphthyl)-N’-phenyl-1,3-propanediamine as an internal 
standard, the plasma was buffered to pH 8.0, and the drug and the in- 
ternal standard were extracted into ethyl acetate-hexane (9:l v/v). The 
compounds then were extracted from the organic phase into 0.02 N HCl. 
The acidic solution was made basic with 0.2 M tribasic sodium phosphate, 
and aprindine and the internal standard were extracted into a small 
volume of hexane. The compounds were analyzed by GLC using a ni- 
trogen-phosphorus flame-ionization detector. The drug concentration 
and instrument response were linear for 0.10-1.00 pg of aprindine/ml, 
the slope was 1.1416 (0.0141). they intercept was 0.0096 f 0.0082, and 
the correlation coefficient was 0.99960 f 0.00002. The sensitivity of the 
method was 0.02 pg of aprindine/ml. The within-day coefficient of vari- 
ation was 9.50, 3.10,3.14, and 2.21% for 0.05,0.20,0.40, and 0.80 pg of 
aprindinehl, respectively. The between-day coefficient of variation was 
17.4, 3.40, 2.07, and 1.54% at the same concentrations. Total precision 
values of 19.9,4.60,4.26, and 2.69% were obtained. The overall relative 
error of the method was +1.33, +2.00, -0.07, and +0.25% at these con- 
centrations. 

Keyphrases Aprindine-GLC analysis in human plasma using ni- 
trogen-phosphorus flame-ionization detection GLC-analysis, ap- 
rindine, nitrogen-phosphorus flame-ionization detection, human plasma 

Antiarrhythmic agents-aprindine, GLC analysis using nitrogen- 
phosphorus flame-ionization detection, human plasma 

Aprindine’ (N,N- diethyl-Nr-2-indanyl-N’-phenyl- 
1,3-propanediamine), an oral, long-acting, antidysrhyth- 
mic agent, has been used in Europe since the early 1970’s. 
A sensitive (0.1 pg/ml), specific, and precise (coefficient 
of variation 5%) GLC method was developed (1) and then 
modified (2) that satisfactorily monitors plasma aprindine 
levels in patients. Lagerstrom and Persson (3) reported a 
sensitive (0.5 pg/ml) high-performance liquid chromato- 
graphic assay for monitoring plasma aprindine levels. 
These methods appear to be suitable for monitoring 
plasma aprindine levels of 20.5 pg/ml. However, for 
pharmacokinetic and bioavailability studies following unit 
doses of 10, 25, or 50 mg of aprindine, a more sensitive 
method was necessary. 

This report describes a GLC method using a dual ni- 
trogen-phosphorus flame-ionization detector that opti- 
mizes the sensitivity and specificity of the measurement 
of aprindine and still retains the precision of the assay. 

Christiaens Pharmaceutical Co.. Brussels, Belgium. 

EXPERIMENTAL 

Chemicals and Reagents-Ethyl acetate2, hexane2, and methanol2 
were distilled in glass; all other chemicals and reagents were analytical 
reagent grade. Aprindine hydrochloride3, N,N-diethyl-N’-( 1,2,3,4-tet- 
rahydro-2-naphthyl)-N‘-phenyl- 1,3-~ropanediamine hydrochloride4, 
and [N-phenyl- l-14C]aprindine hydrochloride5 with a specific activity 
of 29.4 pCi/mg were synthesized. 

The aprindine standard solution (10 pg/ml) was prepared by weighing 
accurately 1.12 mg of aprindine hydrochloride into a 100-ml volumetric 
flask and diluting the solution to volume with distilled water. 

The N,N-diethyl-N’-( 1,2,3,4-tetrahydro-2-naphthyl)-N’-phenyl- 
1.3-propanediamine solution (the internal standard) (5 pglml) was pre- 
pared by weighing accurately 1.11 mg of the hydrochloride salt of the 
internal standard into a 200-ml volumetric flask and diluting the solution 
to volume with distilled water. 

GLC System-Table I summarizes the GLC equipment, materials, 
and conditions for the identification and analysis of aprindine in plasma. 
Disposable 15-ml centrifuge tubes with plastic-lined screw caps6 were 
used throughout the extraction. 

Procedure-A plasma calibration curve was prepared by pipetting 
1.0 ml of fresh, human, drug-free plasma into each of five disposable 15-ml 
centrifuge tubes and adding 250 pl of the internal standard solution to 
give a concentration of 1.25 pg/ml. The first tube served as the blank. Ten 
microliters of the aprindine standard solution was added to the second 
tube, 25 p1 was added to the third tube, 50 pl was added to the fourth tube, 
and 100 pl was added to the fifth tube. These plasma standarh contained 
aprindine concentrations of 0.00, 0.10, 0.25, 0.50, and 1.00 pg/ml, re- 
spectively. 

Borate buffer USP, 0.5 ml, was mixed thoroughly with the plasma 
standards. Then 10 ml of ethyl acetate-hexane (9:l v/v) was shaken with 
each tube of plasma standard for 2 min, and the phases were separated 
by centrifugation. Approximately 8 ml of the supernate was pipetted into 
a clean 15-ml centrifuge tube, with care taken not to remove any of the 
aqueous phase. The compounds were extracted into 5 ml of 0.02 N HCl, 
the contents of the tube were centrifuged, and the organic layer was 
discarded. The aqueous solution was made basic by mixing with 1.5 ml 
of 0.2 M tribasic sodium phosphate, the drug and the internal standard 
were extracted into 0.3 ml of hexane, and the phases were separated again 
by centrifugation. Two microliters of the hexane solution was injected 
onto the chromatographic column. 

When assaying plasma samples, a 1.0-ml sample was placed into a 
15-ml disposable centrifuge tube and 250 pl of the internal standard so- 
lution was added. After 0.5 ml of borate buffer was added, the plasma 
samples were handled as were the calibration curve samples. 

A least-squares line was prepared by analysis of the Calibration curve 
of the peak height ratio of aprindine to the internal standard uersus 
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reagent grade. Aprindine hydrochloride3, N,N-diethyl-N’-( 1,2,3,4-tet- 
rahydro-2-naphthyl)-N‘-phenyl- 1,3-~ropanediamine hydrochloride4, 
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of 29.4 pCi/mg were synthesized. 

The aprindine standard solution (10 pg/ml) was prepared by weighing 
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flask and diluting the solution to volume with distilled water. 

The N,N-diethyl-N’-( 1,2,3,4-tetrahydro-2-naphthyl)-N’-phenyl- 
1.3-propanediamine solution (the internal standard) (5 pglml) was pre- 
pared by weighing accurately 1.11 mg of the hydrochloride salt of the 
internal standard into a 200-ml volumetric flask and diluting the solution 
to volume with distilled water. 

GLC System-Table I summarizes the GLC equipment, materials, 
and conditions for the identification and analysis of aprindine in plasma. 
Disposable 15-ml centrifuge tubes with plastic-lined screw caps6 were 
used throughout the extraction. 

Procedure-A plasma calibration curve was prepared by pipetting 
1.0 ml of fresh, human, drug-free plasma into each of five disposable 15-ml 
centrifuge tubes and adding 250 pl of the internal standard solution to 
give a concentration of 1.25 pg/ml. The first tube served as the blank. Ten 
microliters of the aprindine standard solution was added to the second 
tube, 25 p1 was added to the third tube, 50 pl was added to the fourth tube, 
and 100 pl was added to the fifth tube. These plasma standarh contained 
aprindine concentrations of 0.00, 0.10, 0.25, 0.50, and 1.00 pg/ml, re- 
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Borate buffer USP, 0.5 ml, was mixed thoroughly with the plasma 
standards. Then 10 ml of ethyl acetate-hexane (9:l v/v) was shaken with 
each tube of plasma standard for 2 min, and the phases were separated 
by centrifugation. Approximately 8 ml of the supernate was pipetted into 
a clean 15-ml centrifuge tube, with care taken not to remove any of the 
aqueous phase. The compounds were extracted into 5 ml of 0.02 N HCl, 
the contents of the tube were centrifuged, and the organic layer was 
discarded. The aqueous solution was made basic by mixing with 1.5 ml 
of 0.2 M tribasic sodium phosphate, the drug and the internal standard 
were extracted into 0.3 ml of hexane, and the phases were separated again 
by centrifugation. Two microliters of the hexane solution was injected 
onto the chromatographic column. 

When assaying plasma samples, a 1.0-ml sample was placed into a 
15-ml disposable centrifuge tube and 250 pl of the internal standard so- 
lution was added. After 0.5 ml of borate buffer was added, the plasma 
samples were handled as were the calibration curve samples. 
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Table I-Conditions for  the GLC Identification and Analysis of 
Aprindine and the Internal Standard in Plasma Extracts 

Table 11-Analytical Recovery of [ N-phenyl- l-14C]Aprindine 
Added to Plasma 

Gas Chromatograph- 
Instrument Gas Chromatographb Mass SpectrographC 

Detector 

Recorder 
Packing 
Support 

Column length, 
cm 

Column inner 
diameter, 
mm 

Gases and flow 
rates, ml/ 
min 

Carrier 
Flame 
Support 

Oven 
temperature 

Injection port 
temperature 

Detector 
temperature 

Attenuation 
Chart speed, 

cm/min 
Ionization 

energy, ev 

Nitrogen-phosphorus 
flame-ionization 
detectorb 

Mass spectrographC 

Model 7127A, 1 mvb 
3.8% W-9ad 2% OV-7d 
Chromosorb G-HPd Chromosorb W-HPd 

Model 6O0Oc 

(80-100 mesh) 
91.4 

3 

Helium, 60 
Hydrogen, 60 
Oxygen, 240 
255' 

250' 

250' 

1 x 10-9 
0.635 

(80-100 mesh) 
91.4 

2 

Source pressure 
800-1OOO pm 
Methane, 18 
240' 

270' 

180° 

- 
- 

110 

0 N,N- Diethyl-N-(l.2,3,4-letrahydro-2-naphthyl)-N'-phenyl-1,3-propanediamine. 
Model 3200, Finnigan Corp., * HP 5700A, Hewlett-Packard Co., Avondale, Pa. 

Sunnyvale, Calif. Ohio Valley Specialty Chemical Co., Marietta, Ohio. 

concentration. The concentration of aprindine in the plasma samples was 
determined from their peak height ratios and the least-squares line. 

RESULTS AND DISCUSSION 

With [N-phenyl- l-14C]aprindine hydrochloride, it was found that 
-80% of the aprindine in spiked plasma samples was recovered following 
the described procedure (Table 11). 

During the development of the method, aprindine adsorbed irreversibly 
to the glass surface during the evaporation of hexane in the final con- 
centration step. Silylation of the dry-down tubes and/or addition of 20 
p1 of dimethylformamide to the hexane only partially prevented the 
binding. Therefore, only a small volume of hexane was used as the col- 
lection solvent for the compounds. When the final hexane layer was not 
concentrated, the binding of aprindine to glass was prevented and the 
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Figure I-Gas-liquid chromatograms (nitrogen-phosphorus detector) 
of a plasma blank with the intern1 standard ( A )  and plasma standards 
with aprindine at 0.10 ( B ) ,  0.25 (C), 0.50 (D), and 1.00 ( E )  pg/ml. Key: 
AP, aprindine; and IS,  internal standard. The temperature was 255O. 
The 91.4-cm column was packed with 3.8% W-98 on Chromosorb G 
(HP) .  The attenuation was 64. Two microliters was injected. 

Concentration Addedo, pg/ml Recovery*, % cv, % 

0.5 
2.0 

82.6 
80.0 

7.0 
3.3 

a As [N-phenyl-l-'~]aprindine hydrochloride; five replicates. b Found in h e m e  
phase after analyzing samples by the reported procedure, correcting for volume 
transferred, and comparing to the same unextracted concentration of [N-phenyl- 
1-"Claprindine in hexane. 

Table 111-Standard Curves for Aprindine in Plasma 8 

Peak Height Ratio, 
Aprindineb Added Aprindine to Internal AprindineC Found 
to Plasma, pg/ml Standard in Plasma, Fg/ml 

0.10 0.1197 (0.0086) 0.113 (0.0003) 
0.25 0.2628 (0.0086) 0.238 (0.0013) 
0.50 0.5536 (0.0124) 0.493 (0.0132) 
1 .00 1.1376 (0.0167) 1.005 (0.0036) 

a Linear regression equation: y = 1.1416 (0.0141)~ - 0.0096 (0.0082); r = 0.99960 
(O.ooOo2). As aprindine hydrochloride. Mean ( G D )  of three replicate curves 
aseayed on 3 different days by the same analyst. 

reproducibility of the method was improved greatly while suitable sen- 
sitivity was maintained. 

Table I11 shows that the data from three typical plasma calibration 
curves were linear over a t  least a 10-fold concentration range with an 
intercept of near zero. The small standard deviations of the data used 
to prepare the least-squares lines and the correlation coefficients indicate 
the reproducibility of the method. 

Figure 1 shows typical chromatograms of blank human plasma and a 
plasma calibration curve obtained by using the nitrogen-phosphorus 
flame-ionization detector. Chromatograms of blank human plasma and 
a plasma calibration curve obtained using a flame-ionization detector 
are given in Fig. 2. Comparison of the nitrogen-phosphorus chromato- 
grams to the flame-ionization chromatograms shows that the former 
detector was 16 times more sensitive under the conditions stated for the 
detection of aprindine (calculated by noting four times the peak height 
of aprindine standards at four times the instrument attenuation). It was 
necessary to acid wash glassware and to optimize the nitrogen-phos- 
phorus detector daily, as reported by Pierce et a2. (4), to maintain good 
reproducibility and sensitivity. 

The major metabolite of aprindine, desethylaprindine (l), eluted at  
-60 sec, which separated it from the aprindine (150 sec) and the internal 
standard (190 sec). When humans were given therapeutic doses of ap- 
rindine hydrochloride, desethylaprindine was, never seen in their plasma; 
however, the metabolite was seen and quantitated in dog plasma after 
the dogs were dosed with the drug7. Standard vacuum containerss, used 
to collect blood samples, produced no interference in the determination 
of aprindine by this method. 

Gas-liquid chromatograms-mass spectrograms (methane as  positive 
ion for chemical ionization) of plasma extracts were similar to solid-probe 

01 1 
0 2 4 6  0 2 4  6 0 2 4 6 0 2 4 6 0 2 4 6  

RETENTION TIME, min 

Figure 2-Gas-liquid chromatograms (flame-ionization detector) of 
a plasma blank with the internal standard ( A )  and plasma standards 
with aprindine at 0.10 ( B ) ,  0.25 ( C ) ,  0.50 (D), and 1.00 ( E )  pglml. Key: 
AP, aprindine; and IS,  internal standard. The temperature was 240'. 
The 91.4-cm column was packed with 3.8% W-98 on Chromosorb C 
( H P ) .  The attenuation was 16. Two microliters was injected. 

~ ~~ ~ ~~ 

7 J. F. Nash and R. H. Carmichael. Eli Lilly and Co., Indianapolis, Ind., unpub- 

8 Vacutainer, Becton-Dickinson Co., Rutherford, N.J. 
lished data. 
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Table IV-Precision and Accuracy in Assay of Added Aprindine 
to Human Plasma 

In Vitro Pools, pg/ml 
0.050 0.200 0.400 0.800 

Number of replicates 
Mean, pg/ml cv. o/o - .  

Number of replicates 

Number of redicates 

Mean, pg/ml cv, % 

Mean, pg/ml cv, % 
Overall precision 

Between-day CV, % 
Within-day CV, '70 
Total CV. ?h 

5 5 5 5 
0.048 0.200 0.390 0.796 
9.32 3.54 4.80 2.45 
5 5 5 5 
0.046 0.202 0.400 0.796 

5 5 5 5 
0.058 0.210 0.408 0.814 
7.71 3.37 2.05 2.55 

17.4 3.40 2.07 1.54 
9.50 3.10 3.14 2.21 
19.9 4.60 4.26 2.69 

11.91 2.21 1.77 1.43 

Overall acciiracv - . __._._. 

Mean, pg/mld 0.051 0.204 0.399 0.802 
Total relative error, ?h +1.33 +2.00 -0.07 +0.25 

spectrograms of aprindine. The protonated [M + H]+ ion at mle 323 and 
fragmentation ions at  mle 113,117, and 207 confirmed the presence and 
integrity of aprindine in the plasma of subjects administered the drug. 

The accuracy and precision of the method were determined by pre- 
paring four plasma pools of known aprindine concentrations. The same 
analyst assayed five replicates from each pool on each of 3 days (Table 
IV). Good reproducibility was indicated by the within-day coefficients 

ofvariationof9.50,3.10,3.14,and2.21%for0.05,0.20,0.40,and0.80pg 
of aprindinelml, respectively, as well as by the between-day variations 
of 17.4,3.40,2.07, and 1.54% a t  the same concentrations. The total coef- 
ficients of variation were 19.9, 4.60, 4.26, and 2.69%, respectively. The 
overall relative errors a t  0.05,0.20,0.40, and 0.80 pg of aprindine/ml were 
+1.33, +2.00, -0.07, and +0.25%, respectively. 

Because of the specificity, sensitivity, precision, and accuracy of the 
reported method for the determination of aprindine in plasma, bio- 
availability and pharmacokinetic studies of aprindine can be undertaken 
at therapeutic doses. These studies will be reported later. 

REFERENCES 

(1) L. Dodion, J. M. Desuray, M. DeBlecker, and A. Georges, The'rapie, 

(2) J. P. Van Durme, M. G. Bogaert, and M.-T. Rosseel, Eur. J. Clin. 

(3) P. 0. Lagerstrom and B.-A. Persson, J. Chromatogr., 149, 331 

(4) W. 0. Pierce, T. C. Lamoreaux, F. M. Urry, L. Kopjak, and B. S. 

29,221 (1974). 

Pharmacol., 7,343 (1974). 

(1978). 

Finkle, J. Anal. Toricol., 2,26 (1978). 

ACKNOWLEDGMENTS 

The authors thank Dr. R. L. Wolen for the GLC-mass spectrometric 
analyses, Mr. W. E. Legan for help in development of the method and 
analyses of the plasma samples, and Mrs. K. 2. Farid for helpful sug- 
gestions in method development. 

NOTES 

Measurement of Pilocarpine and Its Degradation 
Products by High-Performance Liquid Chromatography 

JAMES J. O'DONNELL x, ROBERT SANDMAN, and MICHAEL V. DRAKE 
Received January 22, 1980, from the Department of Ophthalmology, Unioersity of California Medical Center, San Francisco, CA 
94143. Accepted for publication March 21, 1980. 

Abstract An assay method for pilocarpine using reversed-phase 

radation products pilocarpic acid and isopilocarpic acid. Maximum 

H H 
high-performance liquid chromatography is presented. This method also 
measures isopilocarpine, the stereoisomer of pilocarpine, and the deg- 

sensitivity was obtained with optical absorbance a t  216 nm. 

H,C! 

Keyphrases 0 Pilocarpine-reversed-phase high-performance liquid 
chromatographic analysis 0 High-performance liquid chromatogra- 
phy-analysis, pilocarpine, isopilocarpine, pilocarpic acid, and isopilo- 
carpic acid Ophthalmic drugs-pilocarpine, high-performance liquid 
chromatographic analysis 

Pilocarpine (1) is a natural alkaloid used for the 
parasympathomimetic treatment of glaucoma. Isopilo- 
carpine (11), the therapeutically inactive stereoisomer of 
pilocarpine, is present in nature and in commercial prep- 
arations of pilocarpine (1, 2). The degradation products, 

I I1 

I11 IV 
pilocarpic acid (111) and isopilocarpic acid (IV), also are 
found in commercial products (3). This report presents an 
efficient and sensitive assay for I-IV using reversed-phase 
high-performance liquid chromatography (HPLC). This 
method is a modification of a procedure described recently 
(4). 

EXPERIMENTAL 

Pilocarpine hydrochloride USP' and isopilocarpine hydrochloride2 
were obtained commercially. Pilocarpic acid and isopilocarpic acid were 
prepared by hydrolysis of pilocarpine and isopilocarpine in 0.1 N NaOH. 
Isocratic reversed-phase chromatography was accomplished by pumping3 

Mallinckrodt, St. Louis, Mo. 
Aldrich, Milwaukee, Wis. 
Model 310 high-performance liquid chromatograph, Altex Scientific Inc., 

Berkeley, Calif. 
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Table IV-Precision and Accuracy in Assay of Added Aprindine 
to Human Plasma 

In Vitro Pools, pg/ml 
0.050 0.200 0.400 0.800 

Number of replicates 
Mean, pg/ml cv. o/o - .  

Number of replicates 

Number of redicates 

Mean, pg/ml cv, % 

Mean, pg/ml cv, % 
Overall precision 

Between-day CV, % 
Within-day CV, '70 
Total CV. ?h 

5 5 5 5 
0.048 0.200 0.390 0.796 
9.32 3.54 4.80 2.45 
5 5 5 5 
0.046 0.202 0.400 0.796 

5 5 5 5 
0.058 0.210 0.408 0.814 
7.71 3.37 2.05 2.55 

17.4 3.40 2.07 1.54 
9.50 3.10 3.14 2.21 
19.9 4.60 4.26 2.69 

11.91 2.21 1.77 1.43 

Overall acciiracv - . __._._. 

Mean, pg/mld 0.051 0.204 0.399 0.802 
Total relative error, ?h +1.33 +2.00 -0.07 +0.25 

spectrograms of aprindine. The protonated [M + H]+ ion at mle 323 and 
fragmentation ions at  mle 113,117, and 207 confirmed the presence and 
integrity of aprindine in the plasma of subjects administered the drug. 

The accuracy and precision of the method were determined by pre- 
paring four plasma pools of known aprindine concentrations. The same 
analyst assayed five replicates from each pool on each of 3 days (Table 
IV). Good reproducibility was indicated by the within-day coefficients 

ofvariationof9.50,3.10,3.14,and2.21%for0.05,0.20,0.40,and0.80pg 
of aprindinelml, respectively, as well as by the between-day variations 
of 17.4,3.40,2.07, and 1.54% a t  the same concentrations. The total coef- 
ficients of variation were 19.9, 4.60, 4.26, and 2.69%, respectively. The 
overall relative errors a t  0.05,0.20,0.40, and 0.80 pg of aprindine/ml were 
+1.33, +2.00, -0.07, and +0.25%, respectively. 

Because of the specificity, sensitivity, precision, and accuracy of the 
reported method for the determination of aprindine in plasma, bio- 
availability and pharmacokinetic studies of aprindine can be undertaken 
at therapeutic doses. These studies will be reported later. 
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Abstract An assay method for pilocarpine using reversed-phase 

radation products pilocarpic acid and isopilocarpic acid. Maximum 

H H 
high-performance liquid chromatography is presented. This method also 
measures isopilocarpine, the stereoisomer of pilocarpine, and the deg- 

sensitivity was obtained with optical absorbance a t  216 nm. 

H,C! 

Keyphrases 0 Pilocarpine-reversed-phase high-performance liquid 
chromatographic analysis 0 High-performance liquid chromatogra- 
phy-analysis, pilocarpine, isopilocarpine, pilocarpic acid, and isopilo- 
carpic acid Ophthalmic drugs-pilocarpine, high-performance liquid 
chromatographic analysis 

Pilocarpine (1) is a natural alkaloid used for the 
parasympathomimetic treatment of glaucoma. Isopilo- 
carpine (11), the therapeutically inactive stereoisomer of 
pilocarpine, is present in nature and in commercial prep- 
arations of pilocarpine (1, 2). The degradation products, 

I I1 

I11 IV 
pilocarpic acid (111) and isopilocarpic acid (IV), also are 
found in commercial products (3). This report presents an 
efficient and sensitive assay for I-IV using reversed-phase 
high-performance liquid chromatography (HPLC). This 
method is a modification of a procedure described recently 
(4). 

EXPERIMENTAL 

Pilocarpine hydrochloride USP' and isopilocarpine hydrochloride2 
were obtained commercially. Pilocarpic acid and isopilocarpic acid were 
prepared by hydrolysis of pilocarpine and isopilocarpine in 0.1 N NaOH. 
Isocratic reversed-phase chromatography was accomplished by pumping3 

Mallinckrodt, St. Louis, Mo. 
Aldrich, Milwaukee, Wis. 
Model 310 high-performance liquid chromatograph, Altex Scientific Inc., 

Berkeley, Calif. 
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H 8 min. 

3 
4 

I 
2 

Figure 1-HPLC separation of isopilocarpine ( J  ), pilocarpine (2 ) ,  pi- 
locarpic acid (3), and isopilocarpic acid ( 4 ) .  

97% H20-3% CH30H containing 5% KHzP04 (pH 2.5) through a CIS 
column4 at 1.5 ml/min at ambient temperature. The compounds were 
detected5 by their optical absorbance a t  216 nm. 

RESULTS AND DISCUSSION 
The chromatographic separation of pilocarpine, isopilocarpine, pilo- 

Lichrosorb RP CIS (10 pm) in 4.6 X 250-mm column, Altex Scientific Inc., 

6 Model 785 variable-wavelength detector, Micromeritics Instrument Corp., 
Berkeley, Calif. 

Norcross, Ga 

carpic acid, and isopilocarpic acid is shown in Fig. 1. The maximum 
sensitivity obtainable in this system with a peak height signal of twice 
the short-term baseline noise is 300 ng. Detection of isopilocarpine in 
pilocarpine dosage forms is a problem in pilocarpine analysis. Since the 
isopilocarpine and pilocarpine peaks overlap, the lower limit of detection 
of isopilocarpine in the presence of pilocarpine by this method is one part 
of isopilocarpine in 100 parts of pilocarpine. 

Despite long ophthalmic use, sensitive measurement of pilocarpine 
and its metabolites has been possible only recently. The USP method 
uses extraction and an insensitive colorimetric determination (5). Po- 
larographic (6), GLC (7, 8), and NMR (3) assays have been reported. 
HPLC offers the convenience of speed, selectivity, sensitivity, mild and 
nondestructive conditions, and direct measyrement. Ion-exchange HPLC 
(1,2,9) has the disadvantages of variable retention time, poor resolution, 
and destructive alkaline pH. The method used here was adapted from 
a reported reversed-phase HPLC method that used refractive index 
detection (4). Optical absorbance detection at 216 nm was used for in- 
creased ease and sensitivity. External standards can be used for pilo- 
carpine analysis. 

Sensitive measurement of pilocarpine and its metabolites will allow 
studies of the purity of dosage forms and investigation of the pharma- 
cokinetics of pilocarpine. 
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Synthesis of l-Aryl-3-formyl-3-methyltriazenes, 
Potential Metabolites of l-Ary1-3,3-dimethyltriazenes 
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Abstract  0 Some para- substituted l-aryl-3,3-dimethyltriazenes were 
oxidized with ter t -  butyl hydroperoxide in the presence of vanadium 
pentoxide as a catalyst. Under these conditions, the corresponding 1- 
aryl-3-formyl-3-methyltriazenes, 1 -aryl-3-tert- butylperoxymethyl-3- 
methyltriazenes, and p-nitrobenzenes were obtained. The 1-aryl-3-for- 
myl-3-methyltriazenes might play a role in the metabolic oxidation of 
the l-aryl-3,3-dimethyltriazenes, which are active as mutagenic, carci- 
nogenic, and antitumor agents. 

Keyphrases 0 l-Aryl-3-formyl-3-methyltriazenes-synthesis as po- 
tential metabolites of l-aryl-3,3-dimethyltriazenes 0 Antitumor 
agents-l-aryl-3,3-dimethyltriazenes, synthesis of l-aryl-3-formyl-3- 
methyltriazenes as potential metabolites 0 Metabolites, potential-l- 
aryl-3-formyl-3-methyltriazenes, synthesis as oxidation products of 1- 
aryl-3,3-dimethyltriazenes 

Dimethyltriazenes have been reported to cause muta- 
genic (l), carcinogenic (2), and antineoplastic (3) effects, 
and their mechanism of action has been investigated. Their 
local carcinogenic effects have been attributed to aryldi- 
azonium cations generated by hydrolysis (4), whereas their 
antitumor and systemic carcinogenic effects have been 
attributed to the methylation of cellular components by 
monomethyltriazenes ( 5 )  produced by microsomal oxi- 
dative N-demethylation (4,6).  

BACKGROUND 

However, it is possible that some biological effects observed for di- 
methyltriazenes are due to other metabolites formed by oxidation of the 
nitrogen atoms or methyl groups in the triazene moiety. The N-hy- 
droxymethyltriazenes suggested as intermediates in the microsomal 
N-demethylation of dimethyltriazenes (6) recently were synthesized (7) 
and isolated as metabolites (8). Therefore, it seemed interesting to at-  
tempt the chemical oxidation of dimethylaryltriazenes because of the 
potential of the resulting compounds as possible metabolites or as anti- 
tumor agents themselves. 

The possibility of performing the oxidation without the destructive 
reactions reported using Udenfried's system (9) was investigated. Of the 
several attempts using hydrogen peroxide, oxygen, m-chloroperoxy- 
benzoic acid, and tert- butyl hydroperoxide in the presence of molybde- 
num dioxyacetylacetonate (10) or vanadium pentoxide, only the latter 
combination of oxidizing agent and catalyst was successful and gave 
satisfactory yields. In this way, the N-formyl derivatives (Ia-Id), per- 
oxides (Ha-IId), and p-nitrobenzenes resulting from the oxidative 
breakdown of the triazene function were obtained. 

CHO 

I 

I1 
Ia and IIa: R = NO2 
Ib and IIb: R = C1 
Ir and 1Ic: R = Br 
Id and IId: R = I 

The reported structures were assigned on the basis of elemental 
analyses as well as NMR, IR, and mass spectral data. For Ia-Id, the 
presence of a formyl group and a single methyl group was indicated by 
a singlet a t  6 -9.30 for one proton and a singlet a t  6 -5.40 for three pro- 
tons, respectively. Furthermore, a strong band a t  -1700 cm-*, attrib- 
utable to C=O stretching, was observed in the IR spectra. For IIa-IId, 
the NMR spectra showed the presence of a singlet for nine protons a t  6 
-1.25, a singlet for three protons at  6 -3.30, and a singlet for two protons 
at 6 -5.50. Further investigation is in progress to evaluate the antitumor 
effect of these formyltriazenes and their possible role in the metabolism 
of dimethyltriazenes. 

EXPERIMENTAL' 

General Procedure-A 3,3-dimethyl-1 -aryltriazene (5 mmoles) and 
vanadium pentoxide (50 mg) were suspended in 25 ml of benzene, and 
6 ml of 80% ter t -  butyl hydroperoxide (47 mmoles) was added dropwise 
with stirring. The temperature was raised to 45O, and stirring was 
maintained for 26-30 hr, or for 50 hr for Id and IId, to ensure complete 
disappearance of the starting triazene. The starting material was detected 
by TLC on silica gel plates developed with 5% hexane in benzene (v/v) 
or 30% ethyl acetate in hexane for IIb. The reaction mixture was filtered, 
and the filtrate was evaporated under reduced pressure. 

Compounds Ia and IIa-The residue dissolved in 2 ml of acetone was 
chromatographed on silica gel. The elution with 1% acetone in benzene 
(v/v) afforded three fractions detected by TLC. The first fraction, which 
contained only l,4-dinitrobenzene, was discarded. The second fraction, 
after evaporation of the solvent under reduced pressure, gave 30 mg of 
110. The third fraction, which contained a mixture of Ia and IIa, was 
chromatographed again, after evaporation, on silica gel with ethyl acetate 
in hexane (1:2 v/v) as the eluent. 

The first fraction yielded 350 mg of 1-(4-nitrophenyI)-3-tert- butyl- 
peroxymethyl-3-methyltriazene (1Ia ), mp 86O, after crystallization from 
hexane; UV: 345 nm; NMR: 6 1.24 (s, 9H), 3.32 (s, 3H), 5.48 (s, 2H), and 
7.45-8.35 (m, 4H); mass spectrum: m/e 282 (M). 

Anal.-Calc. for C12Hl~N404: C, 51.05; H, 6.42; N, 19.84. Found: C, 
51.08; H, 6.40; N, 19.81. 

The second fraction, after evaporation, yielded 200 mg of 1-(4-nitro- 
phenyl)-3-formyl-3-methyltriazene (Ia) after crystallization from 
methanol, mp 117-119'; UV: 215 and 302 nm; IR: 1700-1720 (C=O) 
cm-'; NMR: 6 3.44 (s, 3H), 7.73-8.44 (m, 4H), and 9.35 (s, 1H); mass 
spectrum: m/e 208 (M). 

Anal.-Calc. for CsHsN403: C, 46.15; H, 3.87; N, 26.91. Found C, 46.03; 
H, 3.85; N, 26.95. 

Compounds I b and  I1 b-To obtain Ib,  the residue was dissolved in 
2 ml of benzene and chromatographed on silica gel. Elution with 5% 
hexane in benzene (v/v) afforded three fractions detected by TLC. The 
first fraction, which contained p-chloronitrobenzene, was discarded. The 
second fraction contained IIb, and the third fraction, after evaporation 
under reduced pressure, gave 150 mg of l-(4-chlorophenyl)-3-formyl- 
3-methyltriazene (Ib) as a crystalline residue, mp 89O, after crystallization 
twice from methanol; UV: 223 and 283 nm; IR: 1733 (C=O) cm-'; NMR 
6 3.36 (s, 3H),7.28-7.72 (m,4H),and 9.26 (s , lH).  

Anal.-Calc. for CsHsClN30: C, 48.62; H, 4.08; N, 21.26. Found C, 
48.65; H, 4.11; N, 21.28. 

1 Melting points were determined in open glass capillaries using a Rdchi apparatus 
and are uncorrected. IR spectra were obtained as potassium bromide disks with 
a Perkin-Elmer model 225 spectrometer. UV spectra of methanol solutions were 
determined on a Hitachi Perkin-Elmer model 124 spectrometer. NMR spectra were 
recorded on a Perkin-Elmer R12B spectrometer. in deuterochlor~iform, with tet- 
ramethylsilane as the internal standard. Mass spectra were recorded on a Hitachi 
Perkin-Elmer RMU-6L spectrometer. Silica gel (Merck) of 230-240 mesh activated 
5 hr a t  200' and HF (254 + 366) were used for coIumn chromatography and TLC, 
respectively. 
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To obtain IIb, the residue dissolved in 2 ml of benzene was chroma- 
tographed on silica gel. The elution with hexane-ether (7:l v/v) afforded 
a first fraction containing a mixture of p-chloronitrobenzene and IIb. The 
second fraction was evaporated under reduced pressure. The residue, 
after crystallization from hexane chilled in a dry ice-acetone bath to avoid 
losses, gave 150 mg of 1-(4-chloropheny1)-3-tert- butylperoxymethyl- 
3-methyltriazene (IIb), mp 44.5'; UV (ethanol): 218,222, and 282 nm; 
NMR: 6 1.23 (s, 9H), 3.30 (s, 3H), 5.52 (s, 2H), and 7.35-7.43 (m,4H). 

Anal.-Calc. for C ~ Z H ~ S C ~ N ~ O Z :  C, 53.04; H, 6.68; N, 15.46. Found C, 
53.03; H, 6.64; N, 15.50. 

Compounds Ic and IIc-The residue dissolved in 2 ml of benzene was 
chromatographed on silica gel. Three fractions resulted from elution with 
5% hexane in benzene (v/v). The first fraction was p-bromonitrobenzene. 
The second fraction, after evaporation of the solvent under reduced 
pressure, gave 200 mg of l-(4-bromophenyl)-3-tert-butylperoxy- 
methyl-3-methyltriazene (IIc), mp 54'; UV: 218,222, and 281 nm. 

Anal.-Calc. for C12H18BrN302: C, 45.58; H, 5.74; N, 13.29. Found: C, 
45.80; H, 5.84; N, 13.10. 

The third fraction gave 200 mg of 1-(4-bromophenyl)-3-formyl-3- 
methyltriazene (Ic), mp 102-104', after crystallization from methanol 
and from hexane; U V  224 and 284 nm; IR: 1733 (C=O) cm-'; N M R  6 
3.37 (~ ,3H) ,7 .55  (m,4H),and 9.24 (s, 1H). 

Anal.-Calc. for C8HsBrN30: C, 39.69; H, 3.33; N, 17.36. Found: C, 
39.63; H, 3.30; N, 17.30. 

Compounds Id a n d  IId-The residue was suspended in 2 ml of 
methanol and filtered. The filtrate was chromatographed on silica gel, 
and elution with 5% hexane in benzene gave three fractions. The first 
fraction, which contained p-iodonitrobenzene, was discarded. The second 
fraction, after evaporation of the solvent, gave 250 mg of 1-(4-iodo- 
phenyll-3-tert- butylperoxymethyl-3-methyltriazene (IId), mp 56"; UV: 
224 and 284 nm. 

Anal.-Calc. for C ~ Z H ~ ~ I N ~ O ~ :  C, 39.68; H, 4.99; N, 11.57. Found C, 
39.80; H, 4.93; N, 11.30. 

The third fraction gave 50 mg of 1-(4-iodophenyl)-3-formyl-3-meth- 
yltriazene (Id), mp 123-124', after crystallization from methanol; UV: 

230 and 293 nm; IR: 1700 (C=O) cm-'; NMR: 6 3.38 (s, 3H), 7.25-7.95 
(m,4H),and 9.30 (s , lH).  

Anal.-Calc. for CsHsIN30 C, 33.24; H, 2.79; N, 14.54. Found: C, 33.23; 
H, 2.69; N, 14.45. 
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Stability of Solid Drugs: Degradation of Ergocalciferol 
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Abstract 0 Ergocalciferol and cholecalciferol powders were studied a t  
25 and 40' and at  different humidities. Ergocalciferol decomposed rapidly 
at  25 and 40' when stored in dry air. Decomposition of ergocalciferol led 
to the formation of products of higher polarity. Cholecalciferol was not 
as labile under dry conditions, but decomposed rapidly a t  high temper- 
ature. 

Keyphrases 0 Vitamin D-ergocalciferol (vitamin Dz) and cholecal- 
ciferol (vitamin D3), effects of temperature and humidity on decompo- 
sition 0 Stability-ergocalciferol (vitamin Dz) and cholecalciferol (vi- 
tamin D3), effects of humidity and temperature Ergocalciferol-sta- 
bility, effects of temperature and humidity 0 Cholecalciferol-stability, 
effects of temperature and humidity 

Ergocalciferol and cholecalciferol are fat-soluble vita- 
mins essential for their antirachitic activity. The adverse 
effects of light, air, and temperature on solutions of these 
9,lO-secosterols are well documented (1-4). 

Previous studies on the solid-state decomposition of 
ergocalciferol (initially a white, crystalline powder) showed 
the formation of a yellow powder having a lowered melting 

point (5). These observations also were made in this lab- 
oratory. GLC analysis of ergocalciferol and cholecalciferol 
resulted in the decomposition of the parent product, with 
the formation of two peaks (6). These two peaks were 
identified as pyro- and isopyro vitamin D', formed as a 
result of thermal cyclization of vitamin D (6). The de- 
composition of ergocalciferol in powder preparations was 
reported to depend directly on the surface acidity of the 
excipients and their ability to adsorb moisture (7). 

These studies on the decomposition of vitamin D are 
valuable but do not predict its stability under normal 
storage conditions. A labile reference material such as vi- 
tamin D must be stored at optimum conditions. Therefore, 
to determine these conditions, the effects of temperature 
and humidity on the stability of ergocalciferol and chole- 
calciferol in the absence of light were investigated. 

' Vitamin D refers to vitamins Dz and DB. 
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To obtain IIb, the residue dissolved in 2 ml of benzene was chroma- 
tographed on silica gel. The elution with hexane-ether (7:l v/v) afforded 
a first fraction containing a mixture of p-chloronitrobenzene and IIb. The 
second fraction was evaporated under reduced pressure. The residue, 
after crystallization from hexane chilled in a dry ice-acetone bath to avoid 
losses, gave 150 mg of 1-(4-chloropheny1)-3-tert- butylperoxymethyl- 
3-methyltriazene (IIb), mp 44.5'; UV (ethanol): 218,222, and 282 nm; 
NMR: 6 1.23 (s, 9H), 3.30 (s, 3H), 5.52 (s, 2H), and 7.35-7.43 (m,4H). 

Anal.-Calc. for C ~ Z H ~ S C ~ N ~ O Z :  C, 53.04; H, 6.68; N, 15.46. Found C, 
53.03; H, 6.64; N, 15.50. 

Compounds Ic and IIc-The residue dissolved in 2 ml of benzene was 
chromatographed on silica gel. Three fractions resulted from elution with 
5% hexane in benzene (v/v). The first fraction was p-bromonitrobenzene. 
The second fraction, after evaporation of the solvent under reduced 
pressure, gave 200 mg of l-(4-bromophenyl)-3-tert-butylperoxy- 
methyl-3-methyltriazene (IIc), mp 54'; UV: 218,222, and 281 nm. 

Anal.-Calc. for C12H18BrN302: C, 45.58; H, 5.74; N, 13.29. Found: C, 
45.80; H, 5.84; N, 13.10. 

The third fraction gave 200 mg of 1-(4-bromophenyl)-3-formyl-3- 
methyltriazene (Ic), mp 102-104', after crystallization from methanol 
and from hexane; U V  224 and 284 nm; IR: 1733 (C=O) cm-'; N M R  6 
3.37 (~ ,3H) ,7 .55  (m,4H),and 9.24 (s, 1H). 

Anal.-Calc. for C8HsBrN30: C, 39.69; H, 3.33; N, 17.36. Found: C, 
39.63; H, 3.30; N, 17.30. 

Compounds Id a n d  IId-The residue was suspended in 2 ml of 
methanol and filtered. The filtrate was chromatographed on silica gel, 
and elution with 5% hexane in benzene gave three fractions. The first 
fraction, which contained p-iodonitrobenzene, was discarded. The second 
fraction, after evaporation of the solvent, gave 250 mg of 1-(4-iodo- 
phenyll-3-tert- butylperoxymethyl-3-methyltriazene (IId), mp 56"; UV: 
224 and 284 nm. 

Anal.-Calc. for C ~ Z H ~ ~ I N ~ O ~ :  C, 39.68; H, 4.99; N, 11.57. Found C, 
39.80; H, 4.93; N, 11.30. 

The third fraction gave 50 mg of 1-(4-iodophenyl)-3-formyl-3-meth- 
yltriazene (Id), mp 123-124', after crystallization from methanol; UV: 

230 and 293 nm; IR: 1700 (C=O) cm-'; NMR: 6 3.38 (s, 3H), 7.25-7.95 
(m,4H),and 9.30 (s , lH).  

Anal.-Calc. for CsHsIN30 C, 33.24; H, 2.79; N, 14.54. Found: C, 33.23; 
H, 2.69; N, 14.45. 
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Abstract 0 Ergocalciferol and cholecalciferol powders were studied a t  
25 and 40' and at  different humidities. Ergocalciferol decomposed rapidly 
at  25 and 40' when stored in dry air. Decomposition of ergocalciferol led 
to the formation of products of higher polarity. Cholecalciferol was not 
as labile under dry conditions, but decomposed rapidly a t  high temper- 
ature. 

Keyphrases 0 Vitamin D-ergocalciferol (vitamin Dz) and cholecal- 
ciferol (vitamin D3), effects of temperature and humidity on decompo- 
sition 0 Stability-ergocalciferol (vitamin Dz) and cholecalciferol (vi- 
tamin D3), effects of humidity and temperature Ergocalciferol-sta- 
bility, effects of temperature and humidity 0 Cholecalciferol-stability, 
effects of temperature and humidity 

Ergocalciferol and cholecalciferol are fat-soluble vita- 
mins essential for their antirachitic activity. The adverse 
effects of light, air, and temperature on solutions of these 
9,lO-secosterols are well documented (1-4). 

Previous studies on the solid-state decomposition of 
ergocalciferol (initially a white, crystalline powder) showed 
the formation of a yellow powder having a lowered melting 

point (5). These observations also were made in this lab- 
oratory. GLC analysis of ergocalciferol and cholecalciferol 
resulted in the decomposition of the parent product, with 
the formation of two peaks (6). These two peaks were 
identified as pyro- and isopyro vitamin D', formed as a 
result of thermal cyclization of vitamin D (6). The de- 
composition of ergocalciferol in powder preparations was 
reported to depend directly on the surface acidity of the 
excipients and their ability to adsorb moisture (7). 

These studies on the decomposition of vitamin D are 
valuable but do not predict its stability under normal 
storage conditions. A labile reference material such as vi- 
tamin D must be stored at optimum conditions. Therefore, 
to determine these conditions, the effects of temperature 
and humidity on the stability of ergocalciferol and chole- 
calciferol in the absence of light were investigated. 

' Vitamin D refers to vitamins Dz and DB. 
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Table I-Degradation of Ergocalciferol a n d  Cholecalciferol at 25" 

D R V R  

Ergocalciferol Remainingapb, % 
In a Desiccator 85% RH Anaerobic 

Cholecalciferol Remaining'.b, % 
Anaerobic In a Desiccator 85% RH 

1 101,106 101,101 100 99 
7 99,97 99,100 99,96 99,96 

15 88,89,88,87 97,96 100,98 loo, loo 99, loo 101,103 

56 3,5,4,2 79,77 101,100 99,99 86,89 101,103 

a Samples always were stored in the dark. b Individual values are individual assays of separate weighings, and each is based on an average of at least two injections. 

25 71,72 100,100 98 100,101,100 91,90 99, 100 

When more than two values appear in a single block, they were obtained at &month intervals as a check of reproducibility. 

Table  11-Degradation of Ergocalciferol and  Cholecalciferol at 40" 

Ergocalciferol RemainingaSb, % Cholecalciferol Remaining, % 
Days 85% RH 45% RH 85% RII 45% RH 
0.66 100,97,98 99,99 80,79 85,82 

3 91.94 91,91 49,47 69,68 
20,19 20,15,16 62,69 7 

1 99,99,98 96,97,97 65,63 75,79 

10 78, 78,78,79 C 7, 10,9 
14 51,52 
21 35,33,31 - 

89,86,85 - 
C 373 493 

Same as in Table I. Not detectable 

EXPERIMENTAL 

Reagents-Ergocalciferol and cholecalciferol USP2 were used as re- 
ceived. Hexane3 and 1 -pentano14 were high-pressure liquid chromato- 
graphic (HPLC) grade. 

Controlled-Temperature and Humidity Microenvironments- 
Commercial constant-humidity ovens5 were used to achieve 40' with 85% 
relative humidity (RH) and 40' with 45% RH. For all of the other con- 
trolled-temperature-humidity microenvironments, saturated salt solu- 
tion systems (8) were used to achieve constant humidity in a thermo- 
statically regulated room (25 & lo).  

A glove box6 was used to achieve dry, anaerobic conditions as follows. 
It first was allowed to equilibrate to very low humidity by placing flat 
dishes of silica gel in it for 2 days. The dry air then was evacuated, and 
dry nitrogen was flushed throughout the glove box; this evacuation- 
flushing cycle was repeated twice. While the glove box was used, dry ni- 
trogen was bled into it continuously a t  a low rate to ensure an anaerobic 
environment above the samples. 

Sample Assay-The assay to determine the percentage of vitamin 
D remaining in the preweighed samples after storage a t  specified time 
intervals was based on the method described by deVries et a/ .  (9). The 
gradient elution high-pressure liquid chromatograph7 was equipped with 
a variable-wavelength UV detectors, a recorderg, and an integratorlo. A 
commercial liquid chromatographic column' ' packed with microporous 
silica was the stationary phase. A mixture of 1-pentanol and dry hexane 
(9) was the mobile phase. The concentration of 1-pentanol in hexane was 
varied (0.05-0.1% v/v) when necessary to meet the system suitability 
test. 

System Suitability Test-A mixture of cholecalciferol and its known 
isomers, e.g., precholecalciferol lumisterol, isotachysterol, tachysterol, 
and 7-dehydrocholesterol, was available from samples left from a previous 
collaborative study (9). This mixture was injected onto the HPLC column. 
The resolution, R ,  between cholecalciferol and tachysterol and the res- 
olution between precholecalciferol and trans-cholecalciferol were de- 
termined by: 

R = 2D/R t C (Eq. 1) 

where U is the distance between the peak maxima and R and C are the 
peak widths of the two peaks. 

The system conditions were adjusted to obtain R > 1.0 for cholecalci- 
ferol-tachysterol peaks and R > 0.8 for precholecalciferol-trans-chole- 

2 Provided by Philips-Duphar, Weesp, The Netherlands. 
E. Merck, Darmstadt, West Germany. 

4 Fisher Scientific Co., Fair Lawn, N.J. 
5 Blue-M Electric Co., Blue Island, Ill. 
6 Lab-Con-Co., Kansas City, Ma. 

Varian Associates, Palo Alto, Calif. 
8 Gilson Medical Electronics, Middleton, Wis. 
9 Linear Instruments, Irvine, Calif. 
lo Spectra-Physics, Santa Clara, Calif. 
11 Zorbaxsil, Dupont Instruments, Wilmington, Del. 

calciferol peaks. Under these conditions, separation of all isomers listed 
was possible; their elution order remained fixed so that the peaks could 
be identified by comparison with reported chromatograms (9). 

Procedure-About 1-2 mg of ergocalciferol or cholecalciferol was 
weighed on an electronic balance12 as quickly as possible and transferred 
to a disposable, aluminum weighing boat. Weighings were done in sub- 
dued light only. The samples were introduced immediately into the 
various controlled-temperature-humidity microenvironments. A t  the 
designated time intervals, the samples were removed from the mi- 
croenvironments, dissolved promptly in the mobile phase, and transferred 
to a 10-ml volumetric flask. The sample dish was washed successively with 
small volumes of the mobile phase to ensure quantitative transfer. After 
the volume was adjusted to  10 ml, -10 pl was injected onto the chroma- 
tographic column with a loop injector13. 

S t anda rd  Solution-About 1-2 mg of ergocalciferol USP or chole- 
calciferol USP, accurately weighed, was transferred to a 10-ml volumetric 
flask and dissolved in the mobile phase. After the volume was adjusted 
to 10.0 ml, 10 pl  of the resulting solution was injected into the HPLC 
column" with a loop injectorla. The standard solution was prepared fresh 
daily and was injected a t  least three times for each assay. 

Calculations-The integrator counts for the peak due to ergocalciferol 
or cholecalciferol (duplicate injections) were compared with the area 
counts obtained for the peak due to ergocalciferol USP or cholecalciferol 
USP in the standard solution, and the percentage of ergocalciferol or 
cholecalciferol remaining in the samples was calculated with a correction 
applied for the weights of the powders. 

Other  Tests-Reversed-phase HPLC separation of ergocalciferol and 
its decomposition products also was performed. The same liquid chro- 
matograph7 was used as in the assay of decomposed samples. The sta- 
tionary phase consisted of octadecylsilane chemically bonded to micro- 
porous silica14, and the mobile phase was methanol-acetonitrile (5050 
VIV). 

TLC also was used to separate ergocalciferol and the decomposition 
products. The following four systems were used on silica gel3 plates: 1, 
cyclohexane-ether (1:l vlv); 2, chloroform; 3, chloroform-ether-methanol 
(4:4:2 v/v/v); and 4, toluene-hexane-ether ( 2 2 1  v/v/v). All solvents were 
chromatographic grade4. 

RESULTS 

Table I shows the stability of ergocalciferol and cholecalciferol a t  room 
temperature for 56 days. In general, ergocalciferol was more labile a t  room 
temperature in the presence of a desiccant. After 21 days, samples stored 
in dry air (in a desiccator) had only -66% remaining; those stored under 
very moist air (85% RH) or anaerobic (dry) conditions (dry nitrogen box) 
had >95% remaining. On the other hand, cholecalciferol was more stable 

12 Mettler Instruments Corp., Princeton, N.J. 
13 Valco Instruments, Houston, Tex. 
14 Micropak MCH-10, Varian Associates, Palo Alto, Calif 
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Table 111-Degradation of Ergocalciferol and Cholecalciferol on 
Different Container Surfaces 

Container 

Isomer Remaining after 7 Davs at  
40' and 4<% RH, % 

Ergocalciferol Cholecalciferol 

- 

Aluminum weighing boats 16,17 69,62 
Glass weighing dishes 19,20 69,69 
Polvstvrene weiehine boats 38,35 66,72 - -  

(disposable) 
High-density polyethylene 26,30 73,73 

bottles 
Polypropylene bottles (multiple- - 45 76 

u i t  cbntainers) 

a t  room temperature. After 21 days, cholecalciferol samples stored under 
all three conditions had >99% remaining, indicating no degradation. 

After 15 days, ergocalciferol samples that were stored in a desiccator 
acquired a yellow tinge, which deepened as time progressed. On thin-layer 
chromatograms, separation of ergocalciferol and the decomposition 
products was obtained in System 1, but the new spot due to the decom- 
position product remained at the origin. There were no extra peaks on 
the chromatograms of ergocalciferol (obtained during adsorption chro- 
matography), although the samples turned distinctly yellow. However, 
separation of ergocalciferol and the degradation products was obtained 
on reversed-phase liquid chromatograms. The decomposition products 
from a yellowed sample of ergocalciferol eluted with the solvent front (Fig. 
1). 

Table I1 shows the stability of ergocalciferol and cholecalciferol at 40'. 
Both compounds were less stable a t  elevated temperatures. After 7 days, 
samples of ergocalciferol stored at 40° and 85% RH had 87% remaining; 
those stored at  40' and 45% RH had only 20% remaining. Both samples 
had turned yellow. Cholecalciferol showed the reverse trend. After 7 days, 
samples stored at 40' and 85% RH had 15% of the cholecalciferol re- 
maining; those stored at  40' and 45% RH had about 65% of the chole- 
calciferol remaining. 

Table I11 shows the stability of ergocalciferol and cholecalciferol (at 
40' and 45% RH for 7 days) on different types of containers (surfaces) 
used as sample dishes. Both ergocalciferol and cholecalciferol were more 
stable when stored on plastic containers than when stored on glass or 
aluminum weighing dishes. In all cases, cholecalciferol was more stable 
than ergocalciferol. 

DISCUSSION 

Solutions of ergocalciferol and cholecalciferol undergo thermal, pho- 
tochemical, and oxidative reactions that lead to a host of degradation 
products (1-4). Scheme 1 shows the known pathways of decomposition 
for these compounds. 

Powder preparations of ergocalciferol were reported to undergo 
isomerization, which resulted in the formation of 5,6-trans-vitamin D2 
(7). Neither this isomer nor any known ergocalciferol isomer (Scheme 
I) was present in any decomposed sample. Since Scheme I lists reactions 
involving the sterol nucleus, which require considerable freedom of mo- 
lecular motion, the absence of these isomers in decomposed ergocalciferol 
samples indicates that such freedom of molecular motion is not available 
to molecules of ergocalciferol for solid-state decomposition. 

The effect of moisture on reactions of ergocalciferol is apparent. 
Moisture adsorbed on the surface of the molecules seems to inhibit the 
decomposition of ergocalciferol. Such inhibition by moisture adsorbed 
by the excipients was reported for some powder preparations of ergo- 

ergosterol lumisterol tachysterol 
(7-dehydrocholesterol) 

q u  lbhu J / h u  

previtamin D dihydrotachysterol 

vitamin D trans-vitamin D 

pyrovitamin D and isotachysterol suprasterols 
isopyrovitamin D 
Scheme I-Some known reactions of vitamin D and related com- 

pounds 

w 
v) z 
v) 
w 
g 
a 

4 __I-< .- 
10 15 20 25 0 5 

RETENTION TIME, min 

Figure 1-Chromatogram of a partially decomposed, yellowed sample 
of ergocalciferol on Micropak MCH-10. The mobile phase was metha- 
nol-acetonitrile (5050 u h ) .  

calciferol(7). Furthermore, the decomposition is faster in the presence 
of air since oxygen is required. In short, it can be inferred that the solid- 
state decomposition reactions of ergocalciferol in the absence of light is 
of a dry, oxidative type. 

The decomposition reactions of cholecalciferol apparently differ from 
these of ergocalciferol (Tables 1-111). Cholecalciferol was more stable than 
ergocalciferol under all but one condition. The sharp decomposition of 
ergocalciferol in a dry aerobic atmosphere was not seen with cholecal- 
ciferol. Decomposition of cholecalciferol was a little faster at the more 
humid of the two conditions at  40'. This finding was the exact opposite 
of the behavior seen for ergocalciferol. 

Since the only structural difference between the two molecules is in 
the side chain, the solid-state decomposition reactions of both compounds 
must involve the side chain only. This observation also is consistent with 
the observation that no known isomers involving reactions of the sterol 
nucleus are found. If the sterol nucleus were to take part in the solid-state 
decomposition of ergocalciferol and cholecalciferol, such differences as 
were obtained on decomposition of these two compounds (Table 11) would 
not have been obtained. A double bond in the side chain of ergocalciferol 
must make it a substrate for attack by oxygen. Since the solid-state re- 
actions must occur with little freedom of movement, the decomposition 
reactions of ergocalciferol (involving the double bond of the side chain 
and oxygen) may occur via a free radical pathway. Free radical reactions 
can be accomplished in the solid state and may be effected more readily 
by the presence of molecules with high dipole moment. Cholecalciferol 
is stable a t  room temperature but is quite labile a t  40'; thus, the de- 
composition reaction of cholecalciferol seems to have a low activation 
energy. 

The nature of the decomposition products of ergocalciferol or chole- 
calciferol is not known, and their chromatographic behavior is puzzling. 
Normal-phase liquid chromatography and TLC revealed that the de- 
composition products bound strongly to the silica supports. Reversed- 
phase liquid chromatography of the same decomposition products re- 
vealed that they had a highly polar nature as seen by their fairly high 
solubility in methanol. These observations cannot be clarified further 
until more information is gathered to allow proposal of a mechanism for 
decomposition reactions of ergocalciferol and cholecalciferol. 
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Abstract  0 5-(4-Dimethylaminobenzyl)imidazolidine-2,4-dione was 
prepared by catalytic hydrogenation of the corresponding benzylidene 
compound. Antidepressant testing in mice indicated that its ED% values 
for antagonism of tetrabenazine-induced ptosis and potentiation of le- 
vodopa-induced behavioral changes were 42 and 17 mgkg  PO, respec- 
tively. In oitro neurochemical studies demonstrated that this compound 
did not inhibit the uptake of selected biogenic amines into crude 
synaptosomes of mouse whole brain, and it did not have significant 
monoamine oxidase inhibitory activity in viuo and in uitro. Thus, this 
compound possesses potential antidepressant activity with a mechanism 
different from that of the tricyclic antidepressants and monoamine ox- 
idase inhibitors. 

Keyphrases 5 - (4-Dimethylaminobenzyl)imidazolidine-2,4-dione- 
synthesis and testing for antidepressant activity 0 Antidepressant ac- 
tivity-5-(4-dimethylaminobenzyl)imidazolidine-2,4-dione, in uitro and 
in oivo testing 

The tricyclic antidepressant drugs are the most useful 
drugs for the treatment of depression. However, these 
drugs are not effective in all patients and are not without 
compromising side effects (1,2). Monoamine oxidase in- 
hibitors also are effective antidepressants; however, be- 
cause of their propensity to cause hypertensive crisis, they 
now have limited use in the treatment of depression (3). 

As part of a program directed at  the discovery and de- 
velopment of novel agents affecting the central nervous 
system (CNS), 5-(4-dimethylaminobenzyl)imidazoli- 
dine-2,4-dione (I) was synthesized as a chemical inter- 
mediate and unexpectedly demonstrated antidepressant 
activity in selected experimental models (4). This paper 
presents the synthesis and results of pharmacological 
testing of this compound. 

EXPERIMENTAL’ 

Synthesis of 5-(4-Dimethylaminobenzyl)imidazolidine-2,4-dione 
(1)-A mixture of 69.3 g (0.30 mole) of 5-(4-dimethylaminobenzyli- 
dene)imidazolidine-2,4-dione (IV) (5), 600 ml of 1 N KOH, and 15 g of 
wet No. 28 Raney nickel catalyst was shaken with hydrogen a t  3-4 atm 
for 28 hr until the theoretical quantity was consumed. The catalyst was 
washed with two 100-ml portions of’ 1 N KOH, and the filtrate and 
combined washings were acidified with acetic acid to give the crude 
product (60 g). Recrystallization from methanol gave 35 g (50%) of I, mp 
180-186’; IR: 3.10, 3.21 (NH), 5.66, 5.90 (C=O), and 6.20 (C=C) Nm; 
NMR (dimethyl sulfoxide-d6): 6 2.75-2.85 [m, 8, (CH&N and aryl CH21, 
4.20 (t, 1, CH&HNH), 6.60, 7.01 (d,  4, J = 9 Hz, aromatic CH), 7.78 

1 Melting points were determined on a Mel-Temp apparatus and are corrected. 
The IR spectrum was determined as a mineral oil mull using a Perkin-Elmer 1378 
spectrophotometer. The NMR spectrum was obtained on a Varian A-60 instrument 
and was compared with tetramethylsilane as the internal standard. 

(broad exchangeable s, 1, imidazolidine 1-NH), and 11.0 (broad ex- 
changeable m, 1, imidazolidine 3-NH). 

Anal.-Calc. for C12H15N302: C ,  61.78; H, 6.48; N, 18.02. Found: C, 
61.79; H, 6.45; N, 18.02. 

Tetrabenazine Antagonism-The method used was similar to that 
described by Barnett et al. (6). Groups of five unfasted male mice 
(TAC:SW/N fBr), 20-27 g, were pretreated with the test compound a t  
50 mg/kg po as a 0.5% suspension in 0.5% methylcellulose 4000 cps2 or 
methylcellulose alone. Thirty minutes later, each animal received te- 
trabenazine methane~ulfonate~ (36 mg/kg ip in saline) or saline at a 
volume of 10 ml/kg. After an additional 30 min, the degree of palpebral 
narrowing was estimated as a measure of ptosis and compared to the 
methylcellulose and tetrabenazine control groups. The degree of ptosis 
was evaluated using a rating scale of 0-4, with a score of 4 representing 
a normal palpebral opening and scores of 3,2,1, and 0 representing slight, 
moderate, marked, and complete active closure of the palpebral opening, 
respectively. The percent prevention of ptosis was calculated as described 
by Barnett et al. (6). 

Compound I a t  a dose of 50 mg/kg antagonized the effect of tetraben- 
azine by 50% or greater and, therefore, was evaluated further for dose- 
response effect as an EDM value. The method described by Litchfield 
and Wilcoxon (7) was used for determining the EDSO value. 

Levodopa Potentiation-The levodopa potentiation model is a re- 
flection of increased dopaminergic activity, and the method used was that 
described by Everett (8). Groups of unfasted male mice [TAC:(SW)fBr] 
were administered pargyline4 a t  a dose of 40 mg/kg po (0.4% in 0.5% 
methylcellulose) 4 hr prior to the administration of graded doses of test 
drugs or methylcellulose only. One hour after administration of the test 
drugs, levodopa (100 mg/kg ip, 1 %  in saline) was administered to all 
mice. 

Observations of the Ievodopa-induced response were recorded 25 min 
after administration on a scale similar to that described by Everett (8). 
The degree of potentiation was scored as: 0 = no unusual irritability; 1 
= increased alertness and responsiveness to touch; 2 = aggressive re- 
sponse to touch (hyperreactive); and 3 = markedly aggressive response 
to  touch, spontaneous fighting with salivation and piloerection, or near 
prostrate. The percent of levodopa potentiation was calculated as de- 
scribed by Everett (8). The EDSO values were obtained using the method 
described by Litchfield and Wilcoxon (7). 

Tryptamine Potentiation-Tedeschi et al. (9) hypothesized that 
tryptamine increases brain serotonin levels but that  convulsions do not 
occur because the destruction of serotonin by monoamine oxidase keeps 
pace with its formation. The interruption of the metabolism ofserotonin 
(i.e., by monoamine oxidase inhibitors) and tryptamine will cause con- 
vulsions. The method used was similar to that described by Tedeschi et 
al. (9). Groups of 10 unfasted male mice [TAC:(SW)fBr 1 were adminis- 
tered the test compounds suspended in 0.5% methylcellulose a t  a dose 
10 times their levodopa potentiation EDSO values. Four hours later, 
tryptamine5 was administered a t  50 mg/kg iv. The compounds were 
considered to potentiate tryptamine if >50% of the animals in the treated 
group convulsed. 

2 Methocel, Dow Chemical Co. 
3 Hoffmann-La Roche. 

Abbott Laboratories. 
5 Aldrich Chemical Co. 
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Abstract  0 5-(4-Dimethylaminobenzyl)imidazolidine-2,4-dione was 
prepared by catalytic hydrogenation of the corresponding benzylidene 
compound. Antidepressant testing in mice indicated that its ED% values 
for antagonism of tetrabenazine-induced ptosis and potentiation of le- 
vodopa-induced behavioral changes were 42 and 17 mgkg  PO, respec- 
tively. In oitro neurochemical studies demonstrated that this compound 
did not inhibit the uptake of selected biogenic amines into crude 
synaptosomes of mouse whole brain, and it did not have significant 
monoamine oxidase inhibitory activity in viuo and in uitro. Thus, this 
compound possesses potential antidepressant activity with a mechanism 
different from that of the tricyclic antidepressants and monoamine ox- 
idase inhibitors. 

Keyphrases 5 - (4-Dimethylaminobenzyl)imidazolidine-2,4-dione- 
synthesis and testing for antidepressant activity 0 Antidepressant ac- 
tivity-5-(4-dimethylaminobenzyl)imidazolidine-2,4-dione, in uitro and 
in oivo testing 

The tricyclic antidepressant drugs are the most useful 
drugs for the treatment of depression. However, these 
drugs are not effective in all patients and are not without 
compromising side effects (1,2). Monoamine oxidase in- 
hibitors also are effective antidepressants; however, be- 
cause of their propensity to cause hypertensive crisis, they 
now have limited use in the treatment of depression (3). 

As part of a program directed at  the discovery and de- 
velopment of novel agents affecting the central nervous 
system (CNS), 5-(4-dimethylaminobenzyl)imidazoli- 
dine-2,4-dione (I) was synthesized as a chemical inter- 
mediate and unexpectedly demonstrated antidepressant 
activity in selected experimental models (4). This paper 
presents the synthesis and results of pharmacological 
testing of this compound. 

EXPERIMENTAL’ 

Synthesis of 5-(4-Dimethylaminobenzyl)imidazolidine-2,4-dione 
(1)-A mixture of 69.3 g (0.30 mole) of 5-(4-dimethylaminobenzyli- 
dene)imidazolidine-2,4-dione (IV) (5), 600 ml of 1 N KOH, and 15 g of 
wet No. 28 Raney nickel catalyst was shaken with hydrogen a t  3-4 atm 
for 28 hr until the theoretical quantity was consumed. The catalyst was 
washed with two 100-ml portions of’ 1 N KOH, and the filtrate and 
combined washings were acidified with acetic acid to give the crude 
product (60 g). Recrystallization from methanol gave 35 g (50%) of I, mp 
180-186’; IR: 3.10, 3.21 (NH), 5.66, 5.90 (C=O), and 6.20 (C=C) Nm; 
NMR (dimethyl sulfoxide-d6): 6 2.75-2.85 [m, 8, (CH&N and aryl CH21, 
4.20 (t, 1, CH&HNH), 6.60, 7.01 (d,  4, J = 9 Hz, aromatic CH), 7.78 

1 Melting points were determined on a Mel-Temp apparatus and are corrected. 
The IR spectrum was determined as a mineral oil mull using a Perkin-Elmer 1378 
spectrophotometer. The NMR spectrum was obtained on a Varian A-60 instrument 
and was compared with tetramethylsilane as the internal standard. 

(broad exchangeable s, 1, imidazolidine 1-NH), and 11.0 (broad ex- 
changeable m, 1, imidazolidine 3-NH). 

Anal.-Calc. for C12H15N302: C ,  61.78; H, 6.48; N, 18.02. Found: C, 
61.79; H, 6.45; N, 18.02. 

Tetrabenazine Antagonism-The method used was similar to that 
described by Barnett et al. (6). Groups of five unfasted male mice 
(TAC:SW/N fBr), 20-27 g, were pretreated with the test compound a t  
50 mg/kg po as a 0.5% suspension in 0.5% methylcellulose 4000 cps2 or 
methylcellulose alone. Thirty minutes later, each animal received te- 
trabenazine methane~ulfonate~ (36 mg/kg ip in saline) or saline at a 
volume of 10 ml/kg. After an additional 30 min, the degree of palpebral 
narrowing was estimated as a measure of ptosis and compared to the 
methylcellulose and tetrabenazine control groups. The degree of ptosis 
was evaluated using a rating scale of 0-4, with a score of 4 representing 
a normal palpebral opening and scores of 3,2,1, and 0 representing slight, 
moderate, marked, and complete active closure of the palpebral opening, 
respectively. The percent prevention of ptosis was calculated as described 
by Barnett et al. (6). 

Compound I a t  a dose of 50 mg/kg antagonized the effect of tetraben- 
azine by 50% or greater and, therefore, was evaluated further for dose- 
response effect as an EDM value. The method described by Litchfield 
and Wilcoxon (7) was used for determining the EDSO value. 

Levodopa Potentiation-The levodopa potentiation model is a re- 
flection of increased dopaminergic activity, and the method used was that 
described by Everett (8). Groups of unfasted male mice [TAC:(SW)fBr] 
were administered pargyline4 a t  a dose of 40 mg/kg po (0.4% in 0.5% 
methylcellulose) 4 hr prior to the administration of graded doses of test 
drugs or methylcellulose only. One hour after administration of the test 
drugs, levodopa (100 mg/kg ip, 1 %  in saline) was administered to all 
mice. 

Observations of the Ievodopa-induced response were recorded 25 min 
after administration on a scale similar to that described by Everett (8). 
The degree of potentiation was scored as: 0 = no unusual irritability; 1 
= increased alertness and responsiveness to touch; 2 = aggressive re- 
sponse to touch (hyperreactive); and 3 = markedly aggressive response 
to  touch, spontaneous fighting with salivation and piloerection, or near 
prostrate. The percent of levodopa potentiation was calculated as de- 
scribed by Everett (8). The EDSO values were obtained using the method 
described by Litchfield and Wilcoxon (7). 

Tryptamine Potentiation-Tedeschi et al. (9) hypothesized that 
tryptamine increases brain serotonin levels but that  convulsions do not 
occur because the destruction of serotonin by monoamine oxidase keeps 
pace with its formation. The interruption of the metabolism ofserotonin 
(i.e., by monoamine oxidase inhibitors) and tryptamine will cause con- 
vulsions. The method used was similar to that described by Tedeschi et 
al. (9). Groups of 10 unfasted male mice [TAC:(SW)fBr 1 were adminis- 
tered the test compounds suspended in 0.5% methylcellulose a t  a dose 
10 times their levodopa potentiation EDSO values. Four hours later, 
tryptamine5 was administered a t  50 mg/kg iv. The compounds were 
considered to potentiate tryptamine if >50% of the animals in the treated 
group convulsed. 

2 Methocel, Dow Chemical Co. 
3 Hoffmann-La Roche. 

Abbott Laboratories. 
5 Aldrich Chemical Co. 
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Table I-Effect of I and Selected Compounds in Various Tests fo r  Potential  Antidepressant Activity 

Inhibitione 
of Liver 

Anti- LevodoDab Biogenic Amined Monoamine 
tetrabenazine” Potentiation Potentiation Uptake InhibitionJn Vitro pM Oxidase 

ED501 ED50, . of 5-Hydroxy- In  Vitro 
Compound mg/ktz PO mg/kg PO Tryptaminec Norepinephrine tryptamine Dopamine Ic50, pM 

I 42 (14-126) 17 (8-38) No >100 >lo0 >loo 44 f 4.0 
Desipramine 0.25 (0.03-0.58) 1.1 (0.5-2.3) No 6.6 f 1.3 0.6 f 0.06 8.6 f 1.3 75 f 13.0 

23 f 5.0 
- - 0.14 f 0.01 Pargyline 25 (3-81) 5.1 (2.2-12) Yesf Inactive 

Imipramine 1.3 (0.8-2.1) 5.0 (2.3-11) No 15 f 3 0.11 f 0.02 12 f 1.0 

Benzotropine - - - 0.35 f 0.11 11 f 2.0 0.17 f 0.02 - 

0 Dose of the compound that inhibited tetrabenazine-induced ptosis in .50% of the mice. The 95% confidence limits are indicated in the parentheses. * Dose of the compound 
Dose of the compound that potentiated the 

Concentration of the compound that caused 50% inhibition of the uptake 
Concentration of the compound that inhibit,ed monoamine oxidase 

that potentiated the response of levodopa in 50% of the mice. The 95% confidence limits are indicated in the parentheses. 
response of tryptamine in mice. Tested at a dose 10 times or greater than the levodopa ED50. 
in mice crude synaptosomes of norepinephrine, 5-hydroxytryptamine, and dopamine (mean f SE) .  
by 50% (mean f S E ) .  f Dose of pargyline was 100 mg/kg, approximately four times the antitetrabenazine ED% value. 

Inhibition of Biogenic Transmit ter  Uptake into Crude Synap- 
tosomes of Mouse Brain In Vitro-A modification of the technique 
described by Kuhar (10) was used. The procedure included isolation of 
crude synaptosomes of mouse whole brain by differential centrifugation, 
incubation of synaptosomes with the test compound and a tracer amount 
of tritiated neurotransmitter6 (norepinephrine, 5-hydroxytryptamine, 
and dopamine), separation of the free neurotransmitter by vacuum fil- 
tration, and radioactivity measurement of the bound neurotransmitter 
remaining on the cellulose membrane7 filter by means of liquid scintil- 
lation spectrophotometry. The micromolar concentrations of test com- 
pound producing 50% inhibition of neurotransmitter uptake (ICm) were 
estimated from log dose-response curves based on a t  least three con- 
centrations with at least three determinations at each concentration. 
In Vitro Monoamine Oxidase Inhibition in Mouse Liver-The 

method used was essentially that described by Wurtman and Axelrod 
(11) with [side ~hain-’2-’~C]tryptamine as the substrate. The micromolar 
concentrations of test compound producing 50% inhibition of monoamine 
oxidase (Ic50) were estimated from log dose-response curves on three 
concentrations with three determinations at each concentration. 

RESULTS AND DISCUSSION 

Condensation of imidazolidine-2,4-dione (11) with the aldehyde (111) 

H 
I 

H 
IV 

H 

H 
I 

Scheme I 

New England Nuclear Corp. 
Millipore type HA, 0.45 pm. 

gave rise to a benzylidene compound (IV) (5) which, upon catalytic hy- 
drogenation in the presence of Raney nickel, afforded 544-dimethyl- 
aminobenzyl)imidazolidine-2,4-dione (I) (Scheme I). 

In preliminary testing at a dose of 50 mg/kg PO, I inhibited tetra- 
benazine-induced ptosis by >go%. Therefore, a dose-response effect (7) 
was established and an antitetrabenazine ED50 value of 42 mg/kg was 
estimated (Table I). 

This antidepressant activity of I was evaluated further using the le- 
vodopa potentiation test, which provides a measure of antidepressant 
activity more clearly related to CNS events (8) than to responses involving 
peripheral biogenic amines, such as the eyelid (ptosis) response to tet- 
rabenazine. The usefulness of the levodopa potentiation model rests on 
its being a behavioral response and a reflection of the CNS effects of in- 
creased dopaminergic activity (8). However, this test is particularly 
sensitive to monoamine oxidase inhibitors because of the requirement 
for monoamine oxidase inhibitor pretreatment. In this test, I potentiated 
the levodopa response, and the estimated oral ED% value was 17 mg/kg. 
Two tricyclic antidepressants, desipramine and imipramine, as well as 
a monoamine oxidase inhibitor, pargyline, also were effective with oral 
EDm values of 1.1,5.0, and 5.1 mg/kg, respectively. 

Since the levodopa test is highly susceptible to monoamine oxidase 
inhibition, and since I was found to be an active potentiator of levodopa, 
I was evaluated for potentiation of tryptamine-induced convulsions. 
When administered intravenously, tryptamine causes an increase in brain 
5-hydroxytryptamine levels (9). However, convulsions do not occur be- 
cause the rate of destruction of 5-hydroxytryptamine by monoamine 
oxidase is directly related to the formation of 5-hydroxytryptamine. But 
in the presence of a monoamine oxidase inhibitor, with the metabolism 
of 5-hydroxytryptamine interrupted, tryptamine causes convulsions. This 
action is presumptive evidence of monoamine oxidase inhibitory activity 
(9). In this test, I a t  a dose of 174 mg/kg PO (greater than 10 times the 
levodopa potentiating EDm), as well as the tricyclic antidepressants, did 
not potentiate the tryptamine response, indicating that the potentiation 
of levodopa action was not a function of monoamine oxidase inhibition. 
On the other hand, pargyline a t  a dose of 100 mghg PO did potentiate the 
tryptamine response, indicating the involvement of monoamine oxidase 
inhibition. 

Compound I then was evaluated for effects on the uptake of selected 
biogenic amines in uitro (10). At a concentration of 100 pM, I did not 
prevent the uptake of norepinephrine, 5-hydroxytryptamine, and do- 
pamine into crude synaptosomes prepared from the whole mouse brain, 
whereas the reference drugs all were effective. Desipramine inhibited 
norepinephrine uptake with an IC50 value of 6.6 pM, imipramine inhib- 
ited 5-hydroxytryptamine uptake with an IC50 value of 0.11 pM, and 
benzotropine inhibited dopamine uptake with an ICm value of 0.17 
FM. 

In uitro monoamine oxidase of mouse liver (11) was inhibited by I with 
an IC50 value of 44 pM. However, I was more than 100 times less active 
than pargyline (IC50 0.14 pM) under the same conditions. 

Table I summarizes the results of the pharmacological evaluation 
presented in this paper. 

REFERENCES 

10, No. 6, Ayd Medical Communications, Baltimore, Md., June 1975. 

Suppl. ,  255,47 (1974). 

(1) “International Drug Therapy Newsletter,” F. J. Ayd, Jr., Ed., vol. 

(2) L. Jacobsson, K. Glitterstam, and U. Palm, Acta Psychint. Scand., 

Journal of Pharmaceutical Sciences I 1103 
Vol. 69, No. 9. September 1980 



(3) N. H. Neff and H.-Y. T.  Yang, Life Sci., 14,2061 (1974). 
(4) T .  J. Schwan, US .  pat. 3,932,449 (Jan. 13, 1976); through Chem. 

(5) L. Y. Ladna and A. L. Boiko, Farm. Zh. (Kieu),  21, 10 (1966); 

(6) A. Barnett, R. I. Taber, and D. D. Greenhouse, Int. J .  Neuro- 

(7) J. T. Litchfield and F. Wilcoxon, J .  Pharmacol. Exp.  Ther., 96, 

(8)  G .  M. Everett, “Proceedings of the 1st International Symposium 

(9) D. H. Tedeschi, R. E. Tedeschi, and E. J. Fellows, J .  Pharmacol. 

Abstr., 84, 135659b (1976). 

through Chem. Abstr., 65,13686d (1966). 

pharmacol., 8,353 (1960). 

99 (1949). 

on Antidepressant Drugs,” Milan, Italy, 1966. 

E x p .  Ther., 126,223 (1959). 
(10) M. M. Kuhar, Life Sci., 13,1623 (1973). 

(11) R. J. Wurtman and J. Axelrod, Biochem. Pharmacol.. 12,1439 
(1963). 

ACKNOWLEDGMENTS 

The authors thank Mr. Warren Smith for the microanalyses, Ms. 
Patricia Curtis for the NMR spectrum, Mr. Richard Burns and Mr. 
Walton Dauchy for the in uiuo pharmacological studies, and Ms. Christine 
Tinkham for the in uitro studies. They aLso thank Ms. K. Thompson for 
typing the manuscript. Tetrabenazine methanesulfonate, desipramine, 
imipramine, and benzotropine were generous gifts from Hoffmann-La 
Roche, U.S.V. Pharmaceutical Corp., Geigy Pharmaceuticals, and Merck 
Sharp 8z Dohme Research Laboratories, respectively. 

Evaluation of 2-Azabicyclo[ 2.2.2loctane Analogs of 
4-Anilidopiperidine Analgesics 

RONALD F. BORNEx, SAY-JONG LAW, JOHN C. KAPEGHIAN, and 
LAWRENCE W. MASTEN 
Received January 14,1980, from the Departments of Medicinal Chemistry and Pharmacology, School of Pharmacy, University of Mississippi, 
Uniuersity, MS 38677. Accepted for publication March 28,1980. 

Abstract  0 Eight analogs of the fentanyl-type analgesics, in which the 
piperidine ring is restricted into a boat conformation, were evaluated for 
analgesic activity. All analogs were less active than fentanyl, but inter- 
esting conformational and structural relationships were observed. Results 
of the study are discussed. 

Keyphrases 0 Analgesic activity-evaluation of 2-azabicyclo[2.2.2]- 
octane analogs of 4-anilidopiperidines, mice 4-Anilidopiperidines- 
2-azabicyclo[2.2.2]octane analogs, evaluation for analgesic activity, mice 
o Structure-activity relationships-evaluation of 2-azabicyclo[2.2.2]- 
octane analogs of 4-anilidopiperidines for analgesic activity, mice 

Studies designed to clarify the structural and confor- 
mational factors influencing the interactions of centrally 
acting analgesic agents with analgesic receptors have re- 
ceived considerable attention (l), and the recent discovery 
of the natural opiates has intensified this interest (2). 
Structural modification of methadone and methadone 
derivatives led to the development of a new series of agents, 
the acyclic basic anilides (3), which are represented by 
diampromide (I). Subsequent development (4) of the 4- 
anilidopiperidines, represented by fentanyl (II), led to a 
potent new class of analgesics. Differences in the modes 
of receptor binding of the various classes have been sug- 
gested. 

BACKGROUND 

The acyclic basic anilides have been proposed to differ from the 
methadone-type analgesics (5), and the 4-anilidopiperidines apparently 
differ from the acyclic basic anilides and the 4-phenylpiperidines, al- 
though they more closely resemble the former group (6). Differences in 
the modes of receptor binding between the acyclic basic anilides and the 
4-anilidopiperidines have been proposed on the basis of structure-activity 
relationships and may be due to differences in receptor conformations 
(ti). Based on spectroscopic evidence (7), a conformation of I has been 
suggested in which, among other features, the protonated basic center 
lies in close proximity to the anilido nitrogen. The preferred conformation 

of I1 has been suggested (6) as that in which the anilido function assumes 
the equatorial position of the chair form of the piperidine ring. Such a 
conformation would place the protonated basic center a t  a greater dis- 
tance from the anilido nitrogen in I1 than in I. Additionally, this con- 
formation of I1 would differ from the preferred conformation of the 4- 
phenylpiperidines, which has been suggested to be a skew boat confor- 
mation (8). However, the possibility that boat-type conformations of I1 
may contribute to receptor interactions has not been tested directly. 
Analogs of fentanyl in which the flexibility of the piperidine ring has been 
restricted through incorporation of the tropane nucleus, designed to 
simulate frozen chair conformations of fentanyl, were reported recently 
(9). The 3-/3-(propanilido) isomers were more potent than the 3- 
n-(propanilido) isomers and were nearly as potent as fentanyl itself. 

The 2-azabicyclo[2.2.2]octane ring system was employed previously 
to restrict acetylcholine (10) and procaine (11) in trans- and gauche- 
conformations. More recently, this ring system was employed to restrict 
the piperidine ring of prodine-type analgesics in boat conformations (12). 
This report concerns the pharmacological evaluation of boat conformers 
of fentanyl-type analgesics. Casy et al. (6) reported the effects of sub- 
stituents on the ring nitrogen atom of 4-anilidopiperidines and noted that 
analgesic activity increases significantly in the order CH3 < CH&& 
< CH2CH2CGH5. The analogs prepared in this study would permit the 
evaluation of this effect as well as the effect of positional isomerism in 
the boat conformers 111-X. The synthesis and stereochemical analyses 
of these analogs were reported previously (13). 

EXPERIMENTAL 

The analgesic potency of the fentanyl analogs was determined by a 
modification of the D’Amour-Smith tail-flick method (14) using male 
albino ICR mice’, 25-30 g, and an analgesiometer. All mice had their tails 
blackened with a black magic marker a t  least 15 min prior to testing to 
ensure a short, uniform tail-flick response time. The challenge to thermal 
stimulus occurred 30 min postinjection with the vehicle alone or the re- 
spective drugs. A control group of 10 mice was used to establish the 
baseline response time. 

The criterion for analgesia (antinociception) was defined as a tail-flick 
response time greater than or equal to the mean response time of the 
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Abstract  0 Eight analogs of the fentanyl-type analgesics, in which the 
piperidine ring is restricted into a boat conformation, were evaluated for 
analgesic activity. All analogs were less active than fentanyl, but inter- 
esting conformational and structural relationships were observed. Results 
of the study are discussed. 
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Studies designed to clarify the structural and confor- 
mational factors influencing the interactions of centrally 
acting analgesic agents with analgesic receptors have re- 
ceived considerable attention (l), and the recent discovery 
of the natural opiates has intensified this interest (2). 
Structural modification of methadone and methadone 
derivatives led to the development of a new series of agents, 
the acyclic basic anilides (3), which are represented by 
diampromide (I). Subsequent development (4) of the 4- 
anilidopiperidines, represented by fentanyl (II), led to a 
potent new class of analgesics. Differences in the modes 
of receptor binding of the various classes have been sug- 
gested. 

BACKGROUND 

The acyclic basic anilides have been proposed to differ from the 
methadone-type analgesics (5), and the 4-anilidopiperidines apparently 
differ from the acyclic basic anilides and the 4-phenylpiperidines, al- 
though they more closely resemble the former group (6). Differences in 
the modes of receptor binding between the acyclic basic anilides and the 
4-anilidopiperidines have been proposed on the basis of structure-activity 
relationships and may be due to differences in receptor conformations 
(ti). Based on spectroscopic evidence (7), a conformation of I has been 
suggested in which, among other features, the protonated basic center 
lies in close proximity to the anilido nitrogen. The preferred conformation 

of I1 has been suggested (6) as that in which the anilido function assumes 
the equatorial position of the chair form of the piperidine ring. Such a 
conformation would place the protonated basic center a t  a greater dis- 
tance from the anilido nitrogen in I1 than in I. Additionally, this con- 
formation of I1 would differ from the preferred conformation of the 4- 
phenylpiperidines, which has been suggested to be a skew boat confor- 
mation (8). However, the possibility that boat-type conformations of I1 
may contribute to receptor interactions has not been tested directly. 
Analogs of fentanyl in which the flexibility of the piperidine ring has been 
restricted through incorporation of the tropane nucleus, designed to 
simulate frozen chair conformations of fentanyl, were reported recently 
(9). The 3-/3-(propanilido) isomers were more potent than the 3- 
n-(propanilido) isomers and were nearly as potent as fentanyl itself. 

The 2-azabicyclo[2.2.2]octane ring system was employed previously 
to restrict acetylcholine (10) and procaine (11) in trans- and gauche- 
conformations. More recently, this ring system was employed to restrict 
the piperidine ring of prodine-type analgesics in boat conformations (12). 
This report concerns the pharmacological evaluation of boat conformers 
of fentanyl-type analgesics. Casy et al. (6) reported the effects of sub- 
stituents on the ring nitrogen atom of 4-anilidopiperidines and noted that 
analgesic activity increases significantly in the order CH3 < CH&& 
< CH2CH2CGH5. The analogs prepared in this study would permit the 
evaluation of this effect as well as the effect of positional isomerism in 
the boat conformers 111-X. The synthesis and stereochemical analyses 
of these analogs were reported previously (13). 

EXPERIMENTAL 

The analgesic potency of the fentanyl analogs was determined by a 
modification of the D’Amour-Smith tail-flick method (14) using male 
albino ICR mice’, 25-30 g, and an analgesiometer. All mice had their tails 
blackened with a black magic marker a t  least 15 min prior to testing to 
ensure a short, uniform tail-flick response time. The challenge to thermal 
stimulus occurred 30 min postinjection with the vehicle alone or the re- 
spective drugs. A control group of 10 mice was used to establish the 
baseline response time. 

The criterion for analgesia (antinociception) was defined as a tail-flick 
response time greater than or equal to the mean response time of the 
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H, C /COCZH; 
’ >N---cH-cH,-N, 

I 

Table 11-Results of Antagonism Study for 2-Azabicyclo[2.2.2]- 
octane Analogs of Fentanyl-Type Analgesics 

Dose of 
Antagonist, Analgesic 

Agonist Antagonist mglkg Response Lethality 

Morphinea 111-HC1 100 616 218 

Fentanylb V 100 414 014 
Fentanyl VI 50 212 214 
Fentanyl IX 25 414 014 
X“ Naloxone 4.0 014 014 

Morphine IV-HCl 100 818 018 

k 
111: R = CH,, X = N(C,H,)COC,H,, Y = H 
IV: R = CH,, X = H, Y = N(C,H,)COC,H, 
V: R = CH,CH,C,H,, X = N(C,H,)COC,H,, Y = H 

VI: R = CH,CH,C,H,, X = H, Y = N(C,H,)COC,H, 

VII: R = CH,, X = N(C,H,)COC,H,, Y = H 
VIII: R = CH,, X = H, Y = N(C,H,)COC,H, 

IX: R = CH,CH,C,H,, X = N(C,H,)COC,H,, Y = H 
X: R = CH,CH,C,H,, X = H, Y = N(C,H,)COC,H, 

control group plus two standard deviations of their mean. Groups of eight 
mice were used for each dose of drug. Morphine sulfate alone and together 
with fentanyl citrate served as the positive controls. All AD50 values and 
their 95% confidence limits were determined by the method of Litchfield 
and Wilcoxon (15). 

All injections were made intraperitoneally with saline as the vehicle. 
The drug preparation was injected at  0.01 ml/g. The N-methyl analogs 
(111, IV, VII, and VIII) were administered as the hydrochloride salts, while 
the N-phenethyl analogs (V, VI, IX, and X) were administered as sus- 
pensions of free bases in 4% polysorbate-saline because of the difficulty 
in producing homogeneous solutions at  neutral pH in pure saline. Com- 
pounds that produced no analgesia a t  100 mg/kg were tested further for 
possible antagonism to the narcotics. For the antagonism study, at least 
four mice per group were pretreated with 5.0 mg of morphine sulfatekg 
or 500 pg of fentanyl citrate/kg 5-10 min before injection of the test 
compound and subsequent analgesic testing 30 min postinjection. 

RESULTS AND DISCUSSION 

The results of the analgesic evaluation and antagonism study are 
summarized in Tables I and 11, respectively. Both N-methyl-5-pro- 

a Dose of morphine sulfate = 5.0 mg/kg. * Dose of fentanyl citrate = 500 Mg/kg. 
Dose of X = 75 mg/kg. 

panilido analogs (111 and IV) were analgesically inactive at 100 mg/kg. 
With the exo-isomer (III), central nervous system effects were observed 
clearly. Mice treated at that dose showed decreased motor activity, la- 
bored respiration, and tremor, No blockade of the morphine analgesic 
effect was demonstrated for 111 and IV, although most of the animals 
treated with morphine and 111 (100 mglkg) failed to produce the Straub 
tail effect. 

Both N-methyl-6-propanilido analogs (VII and VIII) showed analgesic 
activity with AD50 values of 60.0 and 71.5 mg/kg, respectively. However, 
in both cases, po Straub tail effect was produced along with the analgesic 
effect. Both of these agents also were highly toxic, with L D ~ o  values of 
62.5 and 91.0 mg/kg, respectively. The animals evidenced severe dyspnea 
and convulsions at higher doses. In the exo-isomer (VII), overlap occurred 
between the confidence intervals for the ADSO and LDm. This overlap 
was possible since analgesic testing of the survivors at a given dose con- 
tributed data to the AD50 determination. 

Unlike the N-methyl derivatives, water-soluble hydrochloride salts 
of the N-phenethyl analogs could not be prepared, suggesting large dif- 
ferences in hydrophobic properties in the two series. Of the four isomeric 
N-phenethyl analogs (V, VI, IX, and X), only X showed activity (AD50 
value of 43.0 mg/kg). Compound X also had a relatively wider safety 
margin (therapeutic index > 3) as compared to the two active N- 
methyl-6-propanilido analogs (VII and VIII). Toxicity was observed only 
when the dosage was raised to 150 mgkg, resulting in extreme excitation, 
convulsions, and lethality in two of eight mice. The three analgesically 
inactive N-phenethyl analogs (V, VI, and IX) produced only mild 
dyspnea and convulsions, and no deaths occurred in all dosage groups 
tested. These analogs also were unable to antagonize the analgesic activity 
of fentanyl. 

Prior to the utilization of 4% polysorbate 60-saline as a suspending 
vehicle for the four N-phenethyl analogs, suspensions of V, VI, IX, and 
X in 3% acacia-saline were used for administration uia the intracere- 
broventricular route. The intracerebroventricular injections were made 
after careful removal of the skin from the top of the skull with a razor. 
Injections were made at  a point of 1 mm posterior to the bregma and 1 
mm laterally to the right of the midline of the skull (16). Five microliters 
then was injected (for a 25-g mouse) slowly -1 mm inro the right lateral 
ventricle. 

Analgesia was determined at  20 and 60 min postinjection. While the 
AD50 values of morphine sulfate and fentanyl citrate were 0.21 mgkg and 
14 pglkg by this administration route, the experiment did not lead to an 
AD50 determination of the analogs due to the limitations of concentration. 
Table 111 summarizes the results of this analgesic study. Each dosage 
shown was the highest attainable for that particular compound in a single 
intracerebroventricular injection. 

Table I-Analgesic Activity of the 2-Azabicyclo[2.2.2]octane Analogs of Fentanyl-Type Analgesics and the Positive Controls with 95 % 
Confidence Limits 

Compound AD50 LD50 AD50 of Positive Control 

111-HCl Inactive at 100 mg/kg 
IV-HC1 Inactive at 100 mgkg  

VII*HCl 60.0 mg/kg (44.1-81.4) 
VIII-HCI 71.5 mg/kg (61.1-83.7) 

V Inactive at 100 mgkg 
VI Inactive at 100 mg/kg 

IX Inactive at  100 mg/kg 

X 43.0 mg/kg (31.2-59.3) 

~ 

-a 

62.5 mg/kg (55.5-70.3) 
91.0 mgkg (84.9-97.5) 

a - 

a 
a 

- 
- 

a - 

d - 

~ 

M b  = E 2  m /kg (0 84 2 07) 
M = 1.32 mg7kg (0.84-2.07) 
M = 1.32 m lkg (0.84 2.07) 
M = 3.0 mgykg (2.3-4.0) 
M = 5.0 mg/kg (1.55-16.0) 
M = 5.0 mghg (1.55-16.0) 
F‘ = 68.5 pglkg (52.3-89.7) 
M = 5.0 mglkg (1.55-16.0) 
F = 68.5 pglkg (52.3-89.7) 
M = 5.0 mglkg (1.55-16.0) 
F = 68.5 pglkg (52.3-89.7) 

a No deaths occurred at 100 mg/kg. M = morphine sulfate. F = fentanyl citrate. Death occurred in two of eight mice at a dose of 150 mg/kg. 
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Table 111-Analgesic Response to the Isomeric N-Phenethyl2-  
Azabicyclo[2.2.2]octane Analogs of Fentanyl-Type Analgesics i n  
Mice via Intracerebroventricular Route with 3% Acacia-Saline 
as the Vehiclea 

~~~- 

Analgesic Response 
Compound Dose, mglkg 20 min 60 min 

V 3.0 
VI 5.0 
IX 20.0 
X 5.0 

014 014 
1/4 014 
014 014 
1/4 214 

Morphine sulfate .AD50 = 0.21 mg/kg; fentanyl citrate ADm = 14.0 pg/kg. 

Several conclusions can be drawn from these studies. 
1. Since the most potent analog (as the free base) of the eight isomeric 

compounds prepared had a potency ratio of <1/600 (on the basis of the 
ADso values determined) when compared to fentanyl citrate, the boat 
conformations do not appear to contribute to receptor interactions of the 
fentanyl-type analgesics; this finding suggests the importance of chair 
conformations in this class of analgesics. A recent report (9) on tropane 
analogs of fentanyl supports this conclusion. 

2. The argument that boat conformations do not contribute to anal- 
gesic activity can be applied more readily for V and VI, the two N -  
phenethyl analogs of the 4-substituted piperidine-type analgesics. 
Analogous structures such as the 2,5-dimethyl derivatives of fentanyl 
were examined by Riley et al. (17) for analgesic activity. Although the 
exact configurations of the two ring methyl groups were not elucidated, 
ring methylation a t  C-2 and C-5 of fentanyl does not seem to destroy the 
analgesic effect since this compound was still 5% as active as fentanyl. 
Since V and VI can be regarded as analogs having the C-2 and C-5 methyl 
groups linked together, with the resultant restriction of the piperidine 
ring into a boat conformation, the liability of boat conformations was even 
more obvious. 

3. The lack of analgesic activity of I11 and IV, the two N-methyl ana- 
logs of the 4-substituted piperidine-type analgesics, is consistent with 
the report (6) that, unlike the prodine-type analgesics, fentanyl-type 
analgesics possessing N-methyl substituents display weak analgesic ac- 
tivity at  best. 

4. Since three of the four N-methyl and N-phenethyl analogs that 
correspond to 3-substituted piperidine-type analgesics displayed mod- 
erate activity and since the N-phenethyl analog X was only slightly more 
active than the corresponding N-methyl analogs, positional isomerism 
apparently accounts for a fundamental alteration in the mode of binding 
of the molecules a t  the analgesic receptor. 

5. The similar order of analgesic activity observed for the four N- 
phenethyl analogs (V, VI, IX, and X) when the intracerebroventricular 
route was employed suggests that the differences in apparent analgesic 
activity truly reflect differences in intrinsic activity and not large dif- 
ferences in disposition. T o  support this argument, attempts were made 
to determine the pKa values and partition coefficients of these four an- 
alogs. Due to their highly hydrophobic nature and thus their limited 
solubility, the pKa values that were obtained by following the method 

of Mathison and Tidwell (18) were questionable, and these determina- 
tions were discontinued. A similar fate was encountered in the partition 
coefficient study. The solubility (in pH 7.4 buffer saturated with octanol) 
of VI was lower than 2 X M (or 0.0008 mglml). This value was de- 
termined by measuring, in duplicate, the UV absorbance (A,,,, 252.5) 
prior to and after filtration. The absorbance of the mixture (previously 
stirred overnight a t  room temperature) before filtration was invariably 
far more intense than that after filtration, suggesting that the octanol- 
saturated buffer was still saturated with VI a t  that  concentration. 

6. The abolition of the analgesic effect of X by naloxone and the ob- 
servation of the Straub tail effect a t  all doses of X producing analgesia 
implied the mediation of analgesia through binding to the opiate re- 
ceptor. 
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COMMUNICA TIONS 

What is Odoratin? 

Keyphrases 0 Odoratin-recommended assignment of name only to 
isolate from Cedrela odorata Undecanortriterpenoids-odoratin, 
recommended assignment of name only to isolate from Cedrela odora- 
ta 0 Cedrela odorata-recommended assignment of odoratin as name 
for isolate from Cedrela odorata only 

To the Editor: 

Because of the confusion created by this failure to check 
the literature prior to the assignment of a trivial name, we 
suggest that the name odoratin be retained for the first 
isolate, the undecanortriterpenoid represented by 1. 
Structures 11-IV should be referred to by the systematic 
names 3,4,8P-trihydroxyambros-l1(13) -en-12-oic acid 
y -1actone (II),6’-hydroxy-4,2’,3’,4’-tetramethoxychalcone 
(1111, and 7,3’-dihydroxy-6,4’-dimethoxyisoflavone (IV). 

(1) W. R. Chan, D. R. Taylor, and R. T. Aplin, Chem. Commun., 1966, 
In 1966, Chan et al. (1,2) assigned the name odoratin 

(I) to a novel undecanortriterpenoid isolated from the 
West Indian cedar Cedrela odorata L. (Meliaceae). To our 
knowledge, this was the first time that the name odoratin 
was assigned to any plant principle. 

Two years later, Ortega et al. (3) isolated a novel pseu- 
doguaianolide (11) from the Mexican Compositae Hyrne- 
noxys odorata DC. and also assigned it the trivial name 
odoratin. 

In 1973, Bose et al. (4,5) reported the isolation of a novel 
chalcone from Eupatorium odoraturn L. (Compositae), 
which was shown to be 6’-hydrox~-4,2‘,3‘,4‘-tetra- 
methoxychalcone (III), and confused the literature further 
by naming it odoratin. 

Finally, Galina and Gottlieb (6) and Hayashi and 
Thomson (7) simultaneously reported the isolation of a 
novel isoflavone from Pterodon apparicioi Pedersoli 
(Leguminosae) and Dipteryx o.dorata Willd. (Legumino- 
sae), respectively. This compound also was assigned (7) the 
name odoratin (IV) and subsequently was synthesized 
(8). 

In spite of the repetitive assignments of the trivial name 
odoratin to four classes of natural products over an 8-year 
period, odoratin recently has been used again to designate 
the chalcone (111) isolated from Eupatorium odoraturn (9) 
and the pseudoguaianolide (11) isolated from Baileya 
pauciradiata Harv. and Gray (Compositae) (10). 

576. 
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Monitoring In Viuo Disintegration Time of 
Tablets by External Scintigraphy 

Keyphrases 0 Disintegration-monitoring of in uiuo tablet disinte- 
gration time by external scintigraphy Scintigraphy, external-moni- 
toring of in uiuo tablet disintegration time Tablets-disintegration 
in uiuo, monitoring by external scintigraphy 

HO 

I I1 

III 

lv 

To the Editor: 

Several investigators developed techniques for the de- 
termination of in uiuo disintegration times of pharma- 
ceutical solid formulations. One technique had the tablet 
attached at  the end of a string. The tablet was adminis- 
tered orally; a t  predetermined time intervals, the tablet 
was pulled back, and the degree of disintegration was ob- 
served (1). In another case, the tablet was recovered by 
inducing vomiting (1). Other techniques involved direct 
visualization of the tablet in the stomach by means of a 
gastroscope or a fiberscope (1 ,2)  or by using roentgenog- 
raphy or fluoroscopy with or without a radiopaque material 
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recommended assignment of name only to isolate from Cedrela odora- 
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which was shown to be 6’-hydrox~-4,2‘,3‘,4‘-tetra- 
methoxychalcone (III), and confused the literature further 
by naming it odoratin. 

Finally, Galina and Gottlieb (6) and Hayashi and 
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novel isoflavone from Pterodon apparicioi Pedersoli 
(Leguminosae) and Dipteryx o.dorata Willd. (Legumino- 
sae), respectively. This compound also was assigned (7) the 
name odoratin (IV) and subsequently was synthesized 
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In spite of the repetitive assignments of the trivial name 
odoratin to four classes of natural products over an 8-year 
period, odoratin recently has been used again to designate 
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and the pseudoguaianolide (11) isolated from Baileya 
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576. 
(2) W. R. Chan, D. R. Taylor, and . T. Aplin, Tetrahedron, 28,431 

(3) A. Ortega, A. Romo de Vivar, and J. Romo, Can. J. Chem., 46, 

(4) P. K. Bose, P. Chakrabarti, S. Chakravarti, S. P. Dutta, and A. 

(5) P. K. Bose, P. Chakrabarti, S. Chakravarti, S. P. Dutta, and A. 

(6) E. Galina and 0. R. Gottlieb, Phytochemistry, 13,2593 (1974). 
(7) T. Hayashi and R. H. Thomson, ibid., 13,1943 (1974). 
(8) S. N. Seshagiri, R. K. Gupta, and M. Krishnamurti, Indian J. 

(9) E. 0. Arene, G. R. Pettit, and R. H. Ode, Lloydia, 41, 68 

(10) J. J. Hoffman, S. D. Joland, S. J. Torrance, D. J. Luzbetak, R. M. 

(1972). P 
1539 (1968). 

K. Barua, Phytochernistry, 12,667 (1973). 

K. Barua, Trans. Bose. Res. Inst. (Calcutta), 37,25 (1974). 

Chern., 14B 1011 (1976). 

(1978). 

Wiedhopf, and J. R. Cole, J. Pharrn. Sci., 67, 1633 (1978). 
N .  R. Farnsworth 
G .  A. Cordell 
C. J. Kaas 
Department of Pharmacognosy 

and Pharmacology 
College of Pharmacy 
University of Illinois a t  the 

Medical Center 
Chicago, IL 60612 

Received April 25, 1980. 
Accepted for publication June 4, 1980. 

Monitoring In Viuo Disintegration Time of 
Tablets by External Scintigraphy 
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gration time by external scintigraphy Scintigraphy, external-moni- 
toring of in uiuo tablet disintegration time Tablets-disintegration 
in uiuo, monitoring by external scintigraphy 
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To the Editor: 

Several investigators developed techniques for the de- 
termination of in uiuo disintegration times of pharma- 
ceutical solid formulations. One technique had the tablet 
attached at  the end of a string. The tablet was adminis- 
tered orally; a t  predetermined time intervals, the tablet 
was pulled back, and the degree of disintegration was ob- 
served (1). In another case, the tablet was recovered by 
inducing vomiting (1). Other techniques involved direct 
visualization of the tablet in the stomach by means of a 
gastroscope or a fiberscope (1 ,2)  or by using roentgenog- 
raphy or fluoroscopy with or without a radiopaque material 
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in the tablet formulation (1, 3-7). Casey et al. (8) used 
technetium 99m to label capsules and a y-camera to 
monitor the i n  uivo disintegration of the formulation. 
Alpsten et al. (9) labeled capsules with chromium 51 and 
monitored the i n  uiuo disintegration with a shielded 
scintillation crystal probe. 

The major disadvantages of these techniques were that 
they were invasive, causing discomfort to the animal model 
or to the human subject; they did not allow continuous 
observation of the solid formulation in the stomach; they 
exposed the subject to high doses of X-ray radiation; and 
they always tampered considerably with the physical in- 
tegrity of the tablet or capsule formulation. 

This communication presents a noninvasive method for 
monitoring the i n  uiuo disintegration time of tablets. This 
method involves external scintigraphy for monitoring the 
in uiuo disintegration times of tablets (lo), combined with 
a new method for labeling the tablet with a short-lived 
radionuclide. This labeling process interferes to a lesser 
degree with the physical integrity of the formulation. 

In a typical experiment, the tablet’ was labeled with 
iodine 131 by exposing it to vapors of iodine 131 (5 mCi) 
in carbon tetrachloride2 for 5 hr in a glass chamber. The 
13112 was adsorbed onto the tablet surface, and some dif- 
fused into the tablet. The extent of the penetration of the 
13112 into the tablet was examined by autoradiography. 
Slices -2 mm thick were taken from different labeled 
tablets at different distances from the center of the tablet 
using a microtome3. Due to friability of the tablet, it was 
impossible to obtain thinner slices or more than one slice 
per tablet. Each slice was placed on medical X-ray film4 
for -1 hr. The in vitro disintegration time of.the labeled 
tablets was found to be within the range of the nonlabeled 
tablets. 

The labeled tablet (-100,000 cpm) was administered 
orally to an anesthetized5 animal with a pill gun. The an- 
imal was placed in a supine position on a table, and the 
abdomen then was positioned under the collimated de- 
tector of a multicrystal scintillation camera6. Data were 
accumulated for up to 30 min. During that period, scinti- 
photographs of the abdominal area were taken (Figs. 
1A-1D). In a second animal, data were accumulated for 50 
min (Figs. 1E-1H). Figure 1A shows the scintigraphic 
image of the tablet outside of the stomach of the dog, while 
Figs. 1B-1D show the tablet inside the dog a t  various 
times. The onset of the tablet disintegration is shown in 
Fig. lD, while a better picture of the disintegration is given 
in Figs. 1E-lH, taken from another dog. 

This method for measuring the disintegration time of 
tablets i n  uiuo has good potential in the assessment of 
tablet formulations for the following reasons. The labeling 
of the tablet is achieved by exposing the tablet to vapors 
of 13112 in carbon tetrachloride. Iodine 131 is adsorbed onto 
the tablet surface and, to a lesser extent, is diffused into 
the tablet. This labeling process interferes the least, 

~~~~~~~~~~ 

Vitamin C (250 mghablet), S. S. Kresge Co., Troy, Mich. 

A-20 microtome, Scientific Instruments Division, American Optical Inc., Buf- 

RP/R-14, Eastman Kodak Co., Rochester, N.Y. 
6 Rompun (xylazine), 1.1 mg/kg, Bagvet, Division of Cutter Laboratories, 

Nuclear of Chicago, Pho/Gamma HP, Searle Diagnostics, Des Plaines, Ill. 

2 ICN, Chemical and Radioisotope Division, Irvine, Calif. 

falo, N.Y. 

Shawnee, Kans. 

0 min 3 min 15 rnin 30 min 

~~ 

20 min 30 min 40 min 50 min 

Figure 1-Sequence scintiphotographs of a tablet ingested by a dog. 
Key: A-D, Dog I I and E-H, Dog 2. 

compared to other techniques, with the physical integrity 
of the formulation. The technique is based on external 
scintigraphy and does not require sacrifice of the experi- 
mental animal. If the scintillation camera is coupled with 
a video recording device for replay capability and a com- 
puter for image processing, then it is possible to follow the 
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1980.783 pp. 18 X 20 cm. Price $35.00. (Available from Rittenhouse 
Book Distributors, 251 S. 24th St., Philadelphia, PA 19103.) 
Developed as a companion to Martindale; The Extra Pharmacopoeia, 

the Pharmaceutical Handbook contains a wealth of information of use 
to students, practicing pharmacists, and practitioners of allied profes- 
sions. The 19th edition is the most recent volume in a series that origi- 
nated in 1906. 

The Handbook has been thoroughly revised and updated since its 
previous edition in 1970. The 117-page section on the preparation and 
supply of medicines has been rewritten. A new checklist of potential in- 
compatibilities of additives to intravenous preparations has been in- 
cluded, and the table of drug interactions has been extended. 

The other major sections of the book cover diverse topics such as 
computers and their applications in pharmacy, sterilization methods and 
tests, disinfectants and antiseptics, physiological values for body fluids, 
drug absorption, poisoning, microbiology, immunology, nomenclature 
of organic compounds, and weights and measures. 

The 24-page section of miscellaneous data includes geometrical for- 
mulas, mathematical notations, signs, and symbols, calculus equations, 
the Russian and Greek alphabets, a table for the determination of body 
surface area from height and weight, and a periodic table. A glossary of 
proprietary names and equivalent approved names lists trade names for 
single-entity preparations available in the United Kingdom along with 
their approved names. 

A 136-page glossary gives concise definitions of medicatand pharma- 
ceutical terms along with definitions of radiological terms, terms used 
in foreign prescriptions, and units and measures. The book concludes with 
a 38-page index. 

The Handbook is a convenient reference source that contains valuable 
information which otherwise could be found only by consulting many 
other sources. 

Staff Review 

Substi tuent Constants fo r  Correlation Analysis i n  Chemistry and  
Biology. By CORWIN HANSCH and ALBERT LEO. Wiley, 605 
Third Ave., New York, NY 10016. 1979. 339 pp. 21 X 28 cm. Price 
$24.95. 
This book is organized into two sections: a descriptive section that 

lightly covers the fundamentals of chemical structure-physical parameter 
theory and estimation (65 pages) and a set of tables, in the form of com- 
puter printouts, that  contain fragment constants and partition coeffi- 
cients which were extracted from the literature. The tables are provided 
as separate appendixes. The first appendix contains about 100 pages and 
is entitled Electronic, Steric, and Hydrophobic (r) Constants. The second 
appendix contains about 160 pages and is entitled Partition Coefficients. 
The last appendix contains four pages and is entitled Hydrophobic 
Fragment Constants. 

The expressed purpose of this book (the authors refer to it as a 
monograph) is “to provide a comprehensive listing of parameters of 
proven value for the correlation of structure with chemical or biologic 
reactivity.” The tables provided seem to represent the most complete 
source of information yet organized for such use, and the book therefore 
admirably accomplishes its stated goal. The tables are not the easiest to 
decipher, given their computerized structure, but they nevertheless are 
a rich source of well-referenced information on the influences of structure 
on physical and chemical events. Partitioning data listed are for diverse 
solvent systems. 

The opening, narrative section of the book has very brief discussions 
of electronic, steric, and hydrophobic parameters; molar refractivity and 
parachor; and cluster analysis. These discussions are provided a t  the 
advanced undergraduate level. They provide a minimal preparation for 

the use of the extensive tabulations that follow. T o  an extent, this aspect 
of the book is disappointing since the discussions are largely phe- 
nomenological and fail to deal with physicochemical events, such as hy- 
drophobicity, in terms of present understanding of their fundamental 
molecular origins. ’ 

While limitations and/or uncertainties in parameter estimations are 
presented fairly, severe mechanistic shortcomings of quantitative 
structure-activity relationship approaches are skirted completely. The 
idea of the prospective use of quantitative structure-activity relationships 
is sold; the fact that  applications have been largely retrospective goes 
unmentioned. 

On balance, the book contains much useful information in tables and 
material in short chapters which should be part of the coursework of 
medicinal chemistry and pharmaceutics programs. I t  makes a valuable 
library addition but should be considered for personal collections only 
by those emphasizing quantitative structure-activity relationships in 
their teaching or research. 

Reviewed by Gordon L. Flynn 
College of Pharmacy 
University of Michigan 
Ann Arbor, M I  48104 

Toxic Plants. Edited by A. DOUGLAS KINGHORN. Columbia Uni- 
versity Press, 562 W. 113th St., New York, NY 10025. 1979.195 pp. 15 
X 23.5 cm. Price $20.00. 
This book is the result of a symposium on toxic plants held at the 

University of Miami in 1977 as part of the annual Society for Economic 
Botany meeting. It features contributions by eight major authors on 
various aspects of plant poisoning. It is an up-to-date treatment providing 
chemical, biochemical, and toxicological information on a wide range of 
poisonous plants. 

The problem of poisonous plants is described in general in the first 
chapter. Problems related to phytotoxicology are discussed such as plants 
with known toxic constituents that  are not always poisonous, the uneven 
quality of the existing literature, the need for accurate identification to  
access information, the question of labeling poisonous ornamental plants, 
and the difficulty of improving the present body of information. 

The remaining chapters cover and update several specific and im- 
portant areas of interest in poison plants such as toxic mushrooms (am- 
atoxins, phallotoxins, phallolysin, antamanide, ibotenic acid, muscimol, 
psilocybin, muscarine, gyromitrin, and coprine); toxins and teratogens 
of the Solanaceae and Liliaceae (nonalkaloidal toxins, tropane alkaloids, 
pyridine/piperidine alkaloids, and steroidal alkaloids); pokeweed and 
other lymphocyte mitogens (lectins, mitogens, Abrus lectin, abrin, and 
Hura and Robinia lectins); a literature review and clinical management 
of household ornamental plants potentially toxic to humans; cocarcino- 
genic irritant Euphorbiaceae (phorbol esters, ingenol esters, daphnane 
esters, and diterpene esters); the poisonous Anacardiaceae (botany, 
phenolic compounds, and immunological studies); and contact hyper- 
sensitivity and photodermatitis evoked by Compositae. (sesquiterpene 
lactones and acetylenic compounds). 

Overall, the chapters provide recent data, data of significance to human 
poisonings, and much insight into the complexity of poisoning by natural 
products. Chemical structures are provided for many classical poisons 
as well as for some recently characterized molecules. Finally, clinical 
management is provided where available on a number of poisonous 
plants. 

This book will be of interest to numerous specialists such as botanists, 
chemists, pharmacognosists, and horticulturalists as well as those in the 
medical and health professions. The topics discussed are a welcome ad- 
dition to the relatively sparse literature in the field. 
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SCIENTIFIC INFORMATION IN 
FORMULATING PUBLIC POLICY 

In the August issue of this journal, we published an editorial relating 
to the publicity and controversy surrounding the issuance of a report, 
entitled “Toward Healthful Diets,” by the Food and Nutrition Board of 
the National Academy of Sciences-National Research Council. Although 
our editorial touched on the significant recommendations concerning 
human diet, health, and nutrition contained in the report, we directed our 
principal focus a t  the alleged bias and conflict-of-interest charges which 
were widely discussed in the public press. 

We also expressed our sorrow a t  the damage this brouhaha was having 
on the public image of the prestigious sponsoring organization. In fact, the 
editorial was entitled “Maintaining NAS-NRC Credibility,” because of 
our emphasis on this aspect and our gratuitous suggestions as to how the 
NAS-NRC might reorient its committee appointment process to minimize 
future reoccurrences. 

The NAS President, Philip Handler, responded to our comments and 
we are pleased to publish his letter in the Open Forum section of this 
month’s journal. His letter serves to bring out several points that were not 
included in our editorial-either ( a )  because of our inadvertent oversight, 
or ( b )  because those points were personally unknown to us. In the first 
category, Dr. Handler correctly points out that even those scientists who 
have disagreed with the report recommendations “have not found the 
Board’s work or its assessment unsound or unscientific.” In the second 
category, Dr. Handler explains that the problem of apparent bias “cropped 
up  through news reports that stopped short ofthe full truth” by pointing 
out that  some members were identified with one side of the issue but ne- 
glecting to point out that other members were equally identified with the 
other side of the issue. Hence, Dr. Handler tells us, the Board did, in fact, 
have the balanced “mix of people” that we urged in the conclusion of our 
editorial. 

Referring to the technical dispute concerning the FNB report, President 
Handler poignantly states in his letter, “The scientific disagreement has 
turned not on the evidence but on what advice to offer the public at large 
under these shaky circumstances.” 

Whether, as scientists, we like it or not, and whether or not we feel that 
is how decision-making should operate, this last observation of Dr. Han- 
dler’s reflects more and more how the system of public policy is functioning 
in today’s world. 

Indeed, in early October a symposium-and by sheer coincidence also 
sponsored by the NAS-NRC-was held on the subject of “The Role of 
Scientific Information in Decision-Making.’’ The announcement publi- 
cizing the conference explained that 10 years ago words like benzene, DES, 
2,4,5-T, and chlorofluorocarbons were found only in chemistry textbooks. 
But today they are seen in front-page stories in newspapers across the 
country. All of these terms became familiar for the same reason-the 
government has restricted the use of these substances based on scientific 
evidence of adverse effects. 

The symposium further brought out that the pertinent scientific in- 
formation is only a single dimension in a total process that involves many 
considerations including legal, economic, environmental, political, sta- 
tistical, and various other factors. 

We feel that it is important for all of us to recognize that such is the total 
process by which public policy decision-making is performed today. In- 
deed, this is how the process currently operates under the best of cir- 
cumstances; often there is no scientific input at all and the decision may 
simply turn on one or two of these other factors, such as the political 
considerations. 

At any rate, the day is now gone when public policy decisions are de- 
termined solely by scientific data and technical findings. Moreover, leaving 
our bias for science aside for the moment, this writer is inclined to conclude 
that this latter development is a good thing. For all its virtues, science 
provides too narrow a perspective, and the best decisions are going to be 
those that embody all considerations-including, but not limited to, the 
scientific aspects. -EGF 
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OPEN FORUM 

Maintaining NAS-NRC Credibility: 
A Reply 

The editorial in your August issue, “Maintaining NAS-NRC 
Credibility,” leaves the mistaken impression that the National 
Academy of Sciences-National Research Council has no system for 
protecting against the introduction of bias in its studies. You then go 
on to endorse a system that would identify experts’ biases and then 
balance those when a committee is appointed by finding “the right 
mix of people.” That  is precisely the system that the NAS-NRC has 
been using for many years. 

Our system is designed to protect against both the reality and the 
appearance of bias, hut i t  failed to eliminate the appearance of bias 
within the Food and Nutrition Board recently because of a previously 
unrecognized gap in our procedures. I remain convinced that 
appearances, and only appearances, have been offended in this 
instance. Even fellow scientists who have disagreed with the Board’s 
recommendations in “Toward Healthful Diets” have not found the 
Board’s work or its assessment unsound or unscientific; all agree that 
the available evidence is inconclusive. The scientific disagreement has 
turned not on the evidence but on what advice to offer the public a t  
large under these shaky circumstances. 

The real issue is: How did the apparent bias gain such importance 
in the public eye when it had such limited importance in reality? The 
problem cropped up through news reports that  stopped short of the 
full truth by pointing out that  some members of the Food and 
Nutrition Board had connections with organizations that produce 
foods high in cholesterol. Almost universally ignored was the fact that  
some of this group (even some of the same individuals who consult for 
“procholesterol” companies) had connections with firms that  
deliberately produce foods low in cholesterol and saturated fats. The 
members of the Board are experts in nutrition and health, and their 
advice is sought on that basis by government, by industry, and by 
independent organizations such as ours. Their credibility and, 
consequently, that  of the report and of the Academy itself became an 
issue only when the news media failed to provide a balanced 
perspective or the whole truth. 

With hindsight, it might have been prudent to ask some members 
a t  the Food and Nutrition Board to step aside so as to ensure that the 
report proper and not its authors would he the center of attention and 
debate. But the professional credentials of those Board members are 
impressive and impeccable-and in the end, that  must he what 
counts. 

Philip Handler, President 
National Academy of Sciences 
Washington, DC 20418 

Received September 26,1980 
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Abstract 0 The metabolic disposition of 14C-labeled carprofen I(&)- 
6-chloro-a-methylcarbazole-2-acetic acid] was investigated in rats, dogs, 
and humans. Carprofen is eliminated predominantly by biotransfor- 
mation in these three species. In dogs and rats, the direct conjugation of 
carprofen to form an ester glucuronide and oxidation to the C-7 and the 
C-8 phenols followed by their conjugation represent the major metabolic 
pathways. Small amounts of the a-hydroxy derivative also are formed 
by these species and are excreted free in the urine. In dogs, biliary se- 
cretion predominates, and 70% of an intravenous dose of carprofen is 
excreted in the feces while &15% of the dose is excreted in the urine. In 
rats, fecal excretion due to biliary secretion varies from 60 to 75%, and 
urinary excretion accounts for 2&30% of an intravenous dose. In humans, 
direct conjugation of carprofen represents the only significant pathway 
of metabolism. Between 65 and 70% of the orally administered carprofen 
was found to be excreted as the ester glucuronide in the urine, and most 
of the remaining dose was estimated to be secreted as this metabolite in 
the bile. Due to enterohepatic circulation, only a fraction of the biliary 
metabolite was recovered in the feces in humans. Less than 5% of the dose 
was excreted in human urine as free, intact carprofen. In dogs and hu- 
mans, plasma levels of carprofen and of total radioactivity exhibit a 
multiphasic decline. In the three human subjects studied, the terminal 
component declined with a 13-26-hr half-life; the terminal half-life was 
-40 hr in dogs. 

Keyphrases 0 Carprofen-metabolism in rats, dogs, and humans 
Metabolism-carprofen in rats, dogs, and humans Anti-inflammatory 
agents-carprofen, metabolism in rats, dogs, and humans 

Carprofen [ (f)-6-chloro-a-methylcarbazole-2-acetic 
acid], a nonsteroidal drug, exhibits anti-inflammatory 
activity in several screening tests in rats (1,2).  

Fluorometric (3, 4) measurements of blood carprofen 
levels in human volunteers (5) and in dogs' receiving single 
doses of the drug showed a biexponential decline composed 
of a fast initial component and a very slow terminal com- 
ponent. Comparison of blood levels measured after single 

D. Maynard and S. A. Kaplnn, Hoffmann-La Roche, Nutley, NJ 071 10, reports 
on file. 

carprofen 

and multiple doses indicated predictable drug accumula- 
tion (6). As in dogs and rats, a small volume of distribution 
was consistent with the high drug concentration in the 
central plasma compartment that was observed in these 
subjects. 

The objectives of the present study were to establish and 
to compare the biotransformation of carprofen in dogs, 
rats, and human volunteers using 14C-labeled drug and to 
determine further the disposition of the drug in these three 
species. A preliminary report on these investigations was 
published previously (7). 

EXPERIMENTAL 

Dose-['4C]Carprofen, labeled in the a-position (C15H12ClN02, mol. 
wt. 273.2), was synthesized2 with specific activities of 14.2 and 51.98 
mCi/mmole. The radiopurity was at  least 95%, and it was checked peri- 
odically by TLC. To minimize radiodecomposition during storage, the 
compound was dissolved in 10% ethanol in benzene. For the metabolic 
experiments, the specific activity was reduced to 1.0-6.0 X lo6 dpm/mg 
for the dog and rat studies and to 0.5 X lo6 dpm/mg for the human 
studies . 

For the oral and intravenous dosing of dogs and rats, solutions were 
prepared containing 2.5 mg of [14C)carprofen (0.0092 mEq)/ml in a 
mixture of five parts of propylene glycol, one part of 0.1 N NaOH (0.1 
mEq), and four parts of distilled water. 

Syntheses were performed by Dr. Liebman and Dr. Muccino of the Roche 
Radiosynthesis Lahoratory. 

0022-35491 801 1 100- 1245$0 1. 001 0 
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Table I-TLC of Carprofen and Metabolites (Rf Values ") 

Carprofen 
Solvent System Carprofen Ester I I Ester 111 I11 Ester IV IV Ester 

1 Chloroform-ethanol-formic acid (90:10:5) 0.48 0.69 0.27 0.55 0.36 0.53 0.36 0.51 
2 Chloroform-ethanol-acetic acid (90: 1O:l) 0.38 0.0 0.28 0.53 0.22 
3 Chloroform-methanol-acetic acid (70305) 0.79 0.76 0.76 
4 Chloroform-methanol-concentrated ammonia (70:30:1) 0.13 0.09 0.13 0.13 

5 Chloroform-ethanol-formic acid (85:15:10) 0.65 0.44 
6 Chloroform-methanol-acetic acid (85:15:5) 0.60 0.51 0.51 

(trail) 

Theqe R, values represent averages of several TLC runs and are reproducible within 10%. The metabolite esters all are methyl esters. 

For oral administration to human subjects, radioactive carprofen was 
incorporated into tablets that  were identical with the formulation used 
clinically. Each tablet contained 50 mg of (14C]carprofen with a specific 
activity of 0.5 pCi/mg. 

Animal Experiments-Two male beagle dogs, 12.8 and 10.1 kg, re- 
ceived a single intravenous dose of 1 mg of (14C]carprofen/kg (Experi- 
ments D-I and D-V). Subsequently, the same dogs received a 1-mg/kg 
oral dose of this drug (D-I1 and D-VI). Two other dogs (D-I11 and D-XI) 
received single intravenous 10-mg/kg doses as a solution of 25 mg (0.092 
mEq)/ml. 

Blood specimens (5-10 ml, heparinized) were drawn by heart puncture 
or from the jugular vein at the indicated intervals. Aliquots of whole blood 
were taken for determination of the total carbon 14 content and for the 
hematocrit. The remaining blood was centrifuged. The radioactivity in 
the plasma was quantitated and fractionated, and the carbon 14 levels 
in the erythrocytes were calculated. 

The dogs were kept in metabolism cages; urine (under toluene) and 
feces were collected for 96 hr a t  24-hr intervals. Feces were homogenized 
in five volumes of 70% aqueous ethanol, and the radioactivity of these 
homogenates was determined using 10-fold dilutions. 

In two additional male dogs weighing 10.5 (Experiment D-IV) and 7.6 
(Experiment D-X) kg, the bile ducts were cannulated. The dogs were 
anesthetized by intravenous injection of 25-30 mg of pentobarbital so- 
dium/kg. Anesthesia was maintained by additional 2.5-mg/kg pento- 
barbital sodium injections given about every 2 hr after the initial ad- 
ministration, as required. After intravenous injection of single I-mg/kg 
doses of (14C]carprofen, bile was collected for 5 hr a t  0.5-hr intervals. 
Blood specimens were collected periodically from the cannulated femoral 
vein during the experiment. 

After 5 hr, the dogs were sacrificed. The major tissues were excised, 
rinsed with ice-cold saline, and frozen. Aliquots (2-5 g) were homogenized 
with 10-20 volumes of ice-cold, aqueous, 0.2 M acetate buffer (pH 5) in 
a high-speed homogenizer. 

Male 180-200-g Sprague-Dawley rats3 were injected intravenously (tail 
vein) with 5 mg of [I4C]carprofen/kg in the described solution. Groups 
of three rats were sacrificed by decapitation after 10 min, 1 hr, and 4 hr, 
and plasma and the major tissues were collected. The tissues were ho- 
mogenized as described, individually or as pools. 

The bile ducts in two rats (320 g) were cannulated under light ether 
anesthesia, 5-mg/kg doses of [14C]carprofen were administered intrave- 
nously, and bile was collected a t  2-hr intervals for 6-7 hr, with the rats 
being in a conscious state and confined in restraining cages. Other animals 
were kept anesthetized with pentobarbital sodium (40 mg/kg), and their 
temperature was maintained at  37' during bile cannulation. In some 
experiments, Charles River CD rats of different ages and weights were 
usec' . 

Urinary and fecal excretion (0-96 hr) of a 5-mg/kg iv dose of [l4Cc]- 
carprofen was determined in another group of three male rats. 

Clinical Study4-Three male volunteers, 59-87 kg and 43-58 years 
old, were administered single 50-mg tablets of ['4C]carprofen orally with 
240 ml of water. They fasted from 8 hr before until 4 hr after drug in- 
gestion. 

Carworth Farm, N.Y. 
Special Treatment Unit, Newark Beth Israel Mediral Center, Newark, N.J.  

(Dr. Robert Pocelinko, Scientific Director). The protocol of this study and the in- 
formed consent procedure were approved by the Institutional Review Committee, 
Newark Beth Israel Medical Center, Newark, N.J., on June 12, 1975. Use of ra- 
dioartively labeled material in this human isotope study was approved as Amend- 
ment 14 of the Medical By-product Material License 29-11847, assigned to Dr. 
Edward D. Frarn, Newark Beth lsrael Medical Center, by the U S .  Nuclear Regu- 
latory Commission on March 13,1975. It was approved by the Division of Oncology 
and Radiopharmaceutical Products of the Food and Drug Administration on 
February 5 ,  1976, as an addendum to IND 10,049 (carprofen) of Hoffmann-La 
Koche. 

Blood specimens (10-15 ml, oxalated) were drawn before dosing and 
a t  0.25,0.5, 1, 2, 4, 6, 8, 12, and 24 hr and daily a t  24-hr intervals after 
dosing for a minimum of 8 days or until no more radioactivity was de- 
tectable. 

Urine was collected for intervals of 0 - 2 , 2 4  4-6,69,9-12, and 12-24 
hr and as 24-hr pooled daily specimens thereafter until no more radio- 
activity was detected (for -&lo days). The creatinine content of each 
specimen was measured to provide an indication of completeness of urine 
collection. Feces were collected as 24-hr portions. 

Quantification of Radioactivity-The isotope disintegration rates 
of all specimens were determined by liquid scintillation spectrometry5 
using the external standard channels ratio technique. Counting mixtures 
were prepared as follows. One milliliter of an aqueous tissue homogenate 
was mixed with 1.5 ml of distilled water and 10 ml of scintillation fluid6 
to produce a stable gelatinous suspension. Silica gel zones scraped from 
thin-layer chromatograms were suspended similarly in a mixture of 2.5 
ml of water and 10 ml of scintillation fluid. Plasma aliquots of 0.1-1 ml 
were diluted to 2.5 ml with water and mixed with 10 ml of scintillation 
fluid. Aqueous solutions, diluted urine not exceeding 2 ml, and solvent 
extracts were mixed directly with the scintillation fluid. 

Isotope disintegration rates in whole blood aliquots of 0.1-0.5 ml were 
determined following combustion7. 

Extraction and  Fractionation of Drug  Components from Urine, 
Bile, a n d  Plasma-Intact carprofen and its unconjugated metabolites 
were extracted quantitatively (>95%) with 10 ml of ether from 0.5-1.0 
ml of plasma diluted to 2 ml with 1.OM acetate buffer (pH 5). The drug 
was extracted with two equal volumes of ether from urine titrated to pH 
5. The extracted aqueous phase was titrated to pH 1 and was reextracted 
with ethyl acetate or with butanol a t  pH 5, using two extractions with 
equal solvent volumes. Diluted bile fractions, combined with 1 ml of 1.0 
M acetate buffer (pH 5), were extracted twice with two volumes of ether 
to remove the free drug. The conjugates remaining in the aqueous phase 
were fractionated by cleaving first the ester glucuronide of carprofen a t  
pH 11 (titration with 6 N NaOH) for 2 hr a t  room temperature and then 
the ethereal glucuronides by readjusting the pH to 5, adding 0.1 ml of 
glusulase enzyme*, and incubating for 2 hr at 37'. Each treatment was 
followed by ether extraction of the freed metabolites at pH 5. The extracts 
were evaporated under nitrogen a t  40-50'. The residues were taken up  
in 250 p1 of ethanol immediately before aliquots were taken for mea- 
surement of the isotope disintegration rate and for TLC. 

Suitable aliquots of these concentrated extracts were subjected to TLC 
on precoated silica gel 60 F254 platesg using the solvent systems listed 
in Table I. For preparative isolation (quantities up to 1 mg), each extract 
concentrate was streaked as a band across the plate; after development, 
the silica gel bands corresponding to the purified components were 
scraped off, suspended in a buffer, and extracted with a solvent. 

The presence of intact [14C)carprofen and other radioactive metabolites 
in plasma or tissue homogenates was determined by one-dimensional 
TLC of pH 5 ether extracts with System 1 and subsequent scanning'O. 
These components were quantitated by two-dimensional TLC with 
System 2 and then System 4, scraping, and measurement of the isotope 
disintegration rates of the silica gel areas hearing the detected compo- 
nents. 

Carprofen P-glucuronide ester in human plasma and urine was ex- 
tracted (following removal of the free drug by ether extraction a t  pH 5) 
with ethyl acetate a t  pH 1. After cleavage of this ester a t  alkaline pH as 

Model 3380. Packard Instruments, Downers Grove, 111. 

Oxymat, Intertechnique Cor 
Endo Laboratories, Garden &ty, N.Y. 
Brinkmann Instruments, Westbury, N.Y. 

6 Aquasol, New England Nuclear Corp., Boston, Mass. 

10 Model 7201 scanner with a model 835 recording rate meter, Packard Instru- 
ments. 
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Table 11-Excretion of Total Radioactivity in Urine and Feces of [14C]Carprofen-Treated Dogs (Expressed as Cumulative Percent 
of Dose) 

Experiment 
D-I D-V D-XI D-111 D-I1 D-VI 

Dose, mg/kg 
Route 
Urinary excretion (at end of period) 

24 hr 
48 hr 
72 hr 
96 hr 

120 hr 

24 hr 
48 hr 
72 hr 
96 hr 

Fecal excretion (at end of period) 

Total excretion 

1 .o 
Intravenous 

10.29 
14.99 
15.20 
15.28 
15.31 

2.54 
61.37 
67.41 
67.97 
83.28 

1 .o 
Intravenous 

8.02 
9.32 
9.50 
9.61 - a 

0.0 
61.84 
67.34 
68.26 
77.87 

10.0 10.0 
Intravenous Intravenous 

5.52 9.41 
6.77 10.63 
- a 
- (1 

-a  

59.71 
70.6 
- a 
- (I 

77.37 - 

1.0 1 .o 
Oral Oral 

17.34 8.07 
18.92 8.60 
19.07 8.72 

32.0 45.01 
66.7 65.71 
67.68 67.25 

- a  - a  

86.75 75.91 

0 These specimens were not collected and analyzed. 

Table 111-Tissue Distribution of Total Radioactivity 5 h r  after a n  Intravenous Dose of 1 mg of [“C]Carprofen/kg in Two Bile Duct- 
Cannulated Dogs (D-IV and D-X) 

Tissue Concentration/ 
Carbon 14 Founda Percent of Dose Plasma Concentration 

Samvle D-rv D-X D-Iv D-X D-IV D-X 

Plasmab 
Liver 
Kidneys 
Brain 
Lungs 
Spleen 
Heart 
Muscled 
Testes 
Fate 0.50 
Small intestine tissue 0.96 
Large intestine tissue 0.61 
Stomach and contents 0.46 
Small intestine contents - 

5.85 
2.24 
1.24 
0.09 
1.40 
0.25 
1.24 
0.22 
0.33 

5.45 
1.95 
1.16 
0.08 

29.3 
6.1 
0.79 
0.07 

1.09 
n.m.c 
0.7 
0.25 
0.12 
0.46 
0.82 
0.51 
0.49 
- 

1.23 
0.15 
0.72 
8.7 
0.05 
2.5“ 
1.19 
0.65 ~ ~~ 

0.43 
0.54 

27.1 
6.3 
0.94 
0.06 
0.81 
n.m. 
0.51 
9.9d 
0.02 
2.3e 
2.47 
0.34 
0.40 
0.69 

1 .oo 
0.38 
0.21 
0.016 
0.24 
0.04 
0.21 
0.037 
0.056 
0.093 
0.16 
0.10 
0.08 
- 

1.00 
0.36 
0.21 
0.015 
0.20 
n.m. 
0.13 
0.045 
0.021 
0.085 
0.15 
0.094 
0.09 

Large intestine contents 
Rile 

- - 0.06 0.08 
- - 23.5 26.9 - ..- 

- - Total - - 76.6 78.8 

total body weight. e Assuming that fat tissue is 5% of the total body weight. 
a In microgram equivalents per gram. Assuming that plasma is 5% of the total body weight. n.m. = nonmeasurable. Assuming that muscle tissue is 40% of the 

described, glucuronic acid was identified by TLC on cellulose-precoated 
plates with the solvent system n-buta’nol-acetic acid-water (2:l:l) fol- 
lowed by naphthoresorcinol spray. Glucuronic acid was quantitated by 
the naphthoresorcinol assay (8,9) following cleavage of the conjugate by 
mammalian liver 0-glucuronidase”. 

Representative portions of all human urine specimens collected during 
the first 24 hr from each subject were pooled. One 2-ml aliquot of these 
pools and of each subsequent 24-hr urine portion (up to 120 hr) were 
extracted directly with ether a t  pH 5. A second aliquot was cleaved with 
sodium hydroxide as described, and the deconjugated carprofen was 
extracted with ether at pH 5. Both extracts were subjected to one- and 
two-dimensional TLC, and carprofen was quantitated as described. 

To check specifically for the presence of Metabolites I and 111 in human 
urine, 10-ml portions of 0-72-hr urine pools (1% of each fraction) were 
extracted after both alkaline and glusulase cleavage, and the two extracts 
were subjected to one- and two-dimensional TLC in the presence of 

nonlabeled standards of these metabolites. Since the recoveries of urinary 
carprofen varied from 85 to 95%, the values reported are uncorrected. 

Analysis of Feces-Ten milliliters of a fecal homogenate in 70% 
ethanol was diluted with 10 ml of 1 M phosphate buffer (pH 7), and the 
dilution (35% ethanol) was extracted twice with 20 ml of ether followed 
by a backwash with 10 ml of water. The residue of the combined ether 
extra& was redissolved in 5 ml of ethanol-aqueous 0.1 N HCl(4:l). This 
solution was equilibrated twice with 10 ml of hexane. The hexane extracts 
were washed consecutively with a second 5-ml portion of the same eth- 
anol-hydrochloric acid mixture and then were discarded. Both etha- 
nol-hydrochloric acid solutions were diluted with 5 ml of 0.1 N HCI and 
extracted twice with 10 ml of a 3:2 mixture of ether and hexane. These 
extracts, containing 60-70% of the original radioactivity of a typical fecal 
homogenate, were combined, concentrated, and analyzed by one- and 
two-dimensional TLC essentially as described for the solvent extracts 
of urines. 

Metabolite Characterization-UV spectra of solutions of -5 pg/ml 
in 0.1 N HC1 and in 0.1 N NaOH in 20% aqueous ethanol were measured 
using a microcell (0.5 ml) assembly in a spectrophotometer12. 

The fluorescence spectra of the individual metabolites of carprofen, 
dissolved in ethanol-1% acetic acid, were determined in a spectrofluo- 
rometer13. 

High-resolution and low-resolution mass spectral4 were obtained. The 
ionizing energy was 70 ev, and the interface temperature was 270’. The 

p-glucuronide 

carprofen ester glucuronide 12 DU, Beckman Instruments. 
l3  Fnrrand. . - 
I4 High-resolution mass s ectra were obtained with a CEC 21-110 and low-res- 

olution mass spectra were ottained with a Hitachi RMU-GL coupled to a Perkin- 
Elmer 990 gas chromatograph. Calbiochem. La Jolla. Calif. 
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Table IV-UV and Fluorescent Spectra of Carprofen and Its Metabolites 

Fluorescence UV Absorption 
(1% Acetic Acid in Ethanol) 0.1 N HC1-20% Ethanol 0.1 N NaOH-20% Ethanol 

Compound Xact/Xemitt nm TMa/wg/ml Amaxb,  nm Eb, X 104 Amaxb,  nm ~ b ,  x 104 

I 2951375 

111 340/395 

IV 310/360 

Carprofen 295/375 

123 

52 - 18OC 

422 

102 

240 
300 
245 
295 
240 
310 
240 
300 

5.10 
2.10 
5.35 
1.47 
5.05 
1.66 
4.26 
1.67 

240 
300 
255 
300 
245 
340 
240 
300 

5.21 
2.13 
5.02 
1.1 
4.37 
1.75 
4.37 
1.75 

T M  = fluorescence intensitv reading. E = molar absorptivity; Amax = wavelength of absorbance peak. The first T M  value represents the reading taken immediately 
after placing the sample into the light path of the fluorometer; the second T M  value represents the final constant reading taken after leaving the sample in the light path 
for 5-10 min. 

metabolite structures given in the text are based on integer masses 
combined with other information. GLC was performed on 3% OV-17 on 
80-100-mesh Gas Chrom Q (183-cm X 4-mm i.d. column) at 250’ or with 
temperature programming (4”/min to 300’) using a flame-ionization 
detector. The carrier gas was helium at 30 ml/min. 

[ 14C]Carprofen and its metabolites were esterified with diazomethane 
freshly prepared from N,N-nitrosomethylurea in ether in the presence 
of 40% KOH and distilled directly into the methanolic drug solution. 
Trimethylsilyl derivatives were prepared by reacting the compound under 
strictly anhydrous conditions with N,O-bis(trimethylsily1)acetamide in 
silylation grade pyridinel5 for 30 min at room temperature. Methyl esters 
and trimethylsilyl methyl esters of carprofen and of some of its metab- 

A 

0 

0.41 ‘. ‘\ 
\ 9 

D 

‘0 
‘4 

0.2 - 

I I I I I I I , 1 I -:-0-. 

230 240 250 260 270 280 290 300 310 320 330 340 350 
WAVELENGTH, nm 

Figure 1-Relatiue UVabsorption spectra of carprofen (A), I ( B ) ,  111 
( C ) ,  and I V  ( D )  in acidic (0 )  and basic (0) media. 

I d  SII, BSA reagent, Pierce Chemical Co., Rockford, Ill. 

olites were separated and characterized by GLC16 on a 122-cm column 
of 3% OV-17 on Gas Chrom Q (60-80 mesh) a t  a column temperature of 
250’ and a port temperature of 285’. The flame-ionization detector was 
operated at  300’ a t  a hydrogen flow rate of 2.5 ml/min. The nitrogen 
carrier gas flow rate was 3.0 ml/min. 

RESULTS 

Dog Experiments-Excretion-The cumulative excretion of total 
radioactivity by the dogs after intravenous and oral administration of 
1 or 10 mg of labeled carprofenlkg accounted for 67-71% of the dose in 
the feces and for 7-19% in the urine (Table 11). Twenty-four and 27% of 
the dose were excreted in the bile of two anesthetized bile duct-cannu- 
lated dogs within the first 5 hr after the intravenous administration of 
1 mg of labeled carprofedkg (Table HI). Most of the radioactive fraction 
excreted in the feces by the intact dog after the intravenous dose (Table 
11) represented bile-secreted material since <1% of the dose was present 
in the intestinal contents in the bile duct-cannulated dogs within 5 hr 
after the dose of carprofen (Table 111). 

Identification of Urinary Metabolites of [ 14C]Carprofen-The urinary 
metabolite patterns after a 1-mg/kg dose and after a 10-mg/kg dose were 
very similar. Dog urine excreted the 1st day after a 10-mg/kg iv dose of 
[ 14C]carprofen (containing 9.41% of the dose) was fractionated. Direct 
extraction of the urine at pH 5 with ether removed 51% of the total uri- 
nary radioactivity. Subsequent extraction with butanol a t  pH 5 or with 
ethyl acetate a t  pH 1-2 removed an additional 28%. TLC of the ether 
extract in System 1 separated two quantitatively equal components of 
R f  0.29 and 0.18, respectively. Intact carprofen (Rf  0.48) was absent. 

UV-absorbing impurities were separated by preparative TLC with 
System 2, whereby the radioactive components remained at the origin. 
They were extracted together from the plate and separated from one 
another and from a remaining UV impurity by preparative TLC with 
System 5. Final purification, adequate for physical-chemical charac- 
terization, was achieved by extraction of each component from ether into 
0.2 N NaOH, acidification of the alkaline extract, and reextraction into 
ether. Of these two radioactive excretion products, only the Rf 0.29 
product represented a genuine metabolite of carprofen (Metabolite I); 
the Rf 0.18 component (Compound 11) was an artifact17. 

Metabolite I-The UV spectrum of Metabolite I was independent 
of pH, and the maxima and respective molar absorptivities were similar 
to those of intact carprofen (Table IV and Fig. 1A). The two fluorescence 
spectra also were indistinguishable. These characteristics pointed to an 
intact, unsubstituted carbazole moiety. 

The methyl ester of Metabolite I differed by TLC (Table I) from the 
free acid; on GLC, it appeared as a homogeneous peak with an Rt value 
of 8.2 min, distinct from that of carprofen methyl ester (Rt 5.5 min). 

The mass spectrum of Metabolite I (the free acid) indicated a molecular 
ion at m/e 289 ( C ~ ~ H I ~ C ~ N O ~ ) ,  representing addition of one oxygen to 
carprofen, and a fragment a t  m/e 271 (C15Hl&lN02), arising from the 

I6 Model 402, Hewlett-Packard. 
l7  Compound I1 proved to be derived from a labeled contaminant of the [“Cl- 

carprofen dose, which was not detected on TLC. Since the addition of carrier car- 
profen to repare the doses did not reduce the specific activity of this contaminant 
t o  that ofP14C]carprofen, the specific activity of isolated Compound 11, identified 
as n-hydroxy-a-desmethylcarprofen (by NMR, GLC-mass spectrometry, and 
synthesis), was several times that of the administered [14C]carprofen. The fact that 
the same contaminant also is present, although to a lesser extent (0.5%), in unlabeled 
carprofen preparations is evidenced by the excretion of the same n-hydroxy- 
wdesmethylcarprofen derivative by dogs dosed with unlabeled drug. 
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Metabolite I 

Metabolite I11 

Metabolite IV 
loss of water. GLC-mass spectrometry of the methyl ester revealed a 
molecular ion of mle 303 (C1,jH1&1N03), indicative of the addition of 
one oxygen atom to the carprofen ester (C&l&lN02). The fragmen- 
tation pattern suggested an unsubstituted carbazole ring structure, 
consistent with the UV spectral evidence. 

The GLC-mass spectral pattern, TLC properties, and NMR spectra 
of Metabolite I and the authentic a-hydroxy derivative of carprofen, 
whose structure had been unambiguously established as that of a tertiary 
a-hydroxy compound by its synthesis from the a-keto acid by the Gri- 
gnard reaction, were identical. 

Metabolites 111 and IV-The polar urinary radioactivity extracted 
from dog urine with n-butanol a t  pH 5 did not migrate on TLC with 
System 1. However, it was converted to a compound with a higher R, 
value when exposed to either alkaline or acidic conditions and, partly, 
after incubation with glusulase at pH 5. The converted (high R f )  fraction 
was extractable with ether a t  pH 1 and 5. It was prepared for further 
characterization (from dog urine preextracted with ether at pH 5 to re- 
move Metabolite I and Compound 11) in 83% yield by slow, repeated 
equilibration of the acidified urine (0.4 N HCl) with ether. 

UV-absorbing contaminants were removed by equilibrating the ether 
solution with 0.2 M phosphate buffer (pH 7) and by extracting the me- 
tabolites into 0.2 N NaOH and returning them to ether a t  pH 5 with a 
recovery of 85%. Preparative TLC with System 2 achieved complete 
resolution of Metabolites 111 (Rf  0.27-0.32) and IV (Rf  0.21-0.25), rep- 
resenting 16 and 2.4% of the urinary radioactivity, respectively. Metab- 
olite 111 discolored when it was left on a TLC plate and was unstable in 
alkaline solution. With adequate precautions, preparative TLC produced 
both metabolites in sufficiently pure form for physical-chemical iden- 
tification. 

Metabolite 111 exhibited a major absorption maximum in acidic solu- 
tion at 245 nm which was shifted to 255 nm at alkaline p d  (Table IV and 
Fig. 1C). This bathochromic shift indicated a phenolic structure. Spec- 
trofluorometric analysis revealed maxima at  290 and 340 nm, both with 
emission maxima at  395 nm. The fluorescence intensity increased during 
the exposure of the solution to the 290-nm light source to a value that 
remained stable. 

Methylation resulted in a major reaction product, which was purified 
by preparative TLC ( R f  0.56 in System 1). Its high-resolution mass 
spectrum revealed a molecular ion of m/e 303.0688 (C16H&lN03), 
compatible with a methyl ester of a monohydroxy derivative of carprofen. 
Substitution in the carbazole ring was supported by the fragment of mle 
217.0308 (CIzHsClNO), which retains the added oxygen and arises from 
loss of the C4H6O2 side chain, consistent with the phenolic structure 
evidenced by the pH-dependent UV spectrum of this metabolite. 

To determine the position of this phenolic function, Metabolite I11 
methyl ester was dissolved in 0.35 ml of deuterochloroform, and its PMR 
spectrum was determined. A single scan revealed a methyl ester band at  
6 3.68 and a CH3CH doublet ( J  = 6.5 Hz) at 1.59, indicating that the side 
chain was intact. A time-averaged spectrum of 229 scans of the 6 5-10 
region revealed the following parameters: 6 6.81 (d, lH, J meta = 2 Hz, 
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Figure 2-Plasma levels of total carbon 14 (0 )  and intact (14C]car- 
profenl (0) in dogs following intravenous doses of 1 mg of (14C]carpro- 
fenlkg. Key: A, Experiment 0-1; and B, Experiment D- V. 

H-7), 7.17 (broad d, lH, Jortho = 8 Hz, H-3), 7.38 (broads, IH, H-l), 7.59 
(broad s, IH, H-5), 7.90 (d, J ortho = 8 Hz, H-4), and 8.17 (broad, NH). 
The chemical shifts of the aromatic protons (H-I, H-3, and H-4) corre- 
spond (within f0.02 ppm) with those of the parent ester and clearly 
showed that the alkyl-substituted ring was not hydroxylated. However, 
the bands at  6 6.81 and 7.59 were a t  6 7.33 and 7.99 in the parent and in- 
dicated large significant upfield shifts of 0.52 (ortho) and 0.40 (para) 
ppm, respectively, which were attributed to the new hydroxyl group a t  
C-8. This conclusion was confirmed by a resolved meta -splitting (55.7 
= 2 Hz) observed in the H-7 signal. Thus, hydroxylation occurred defi- 
nitely a t  C-8, and Metabolite 111 was characterized conclusively as 6- 
chloro-8-hydroxy-n-methylcarbazole-2-acetic acid. 

The UV and fluorescence spectra of Metabolite IV differed from those 

a 
!z 
4 

z 

ut 

J 
J - 
U 
W 
0 

I- z 0 .2 -  
W 
-I 
a 0 . 1  - 

2 0.02- 

z i 0.05- 

U 

g 0.01 
a 

10 - 
9 

a 5 %  
' 7  ut 

5 2 4  
\* J 

J - z 1.0- ":a 
U \b. 
W 0 0 . 5 -  \O\\ 

i z 0.05 '\:\\ 
;1 

a 0 . 1  - 
\ '  

z 0 .2 -  
W 
-I 

2 0.02- \ \ \ \  *\ 
a: \ . 
a 

\ 

-Lo1 
[OI- -- - - -__  g 0.01 - 

g 0.005 - 

--. 
\ 

-Lo1 
[a]- -- - - -__  

0.002 

0.001 
10 20 30 40 50 60 7 0  

HOURS 

v) t 0 .2 -  
w 
-I 
Q 0.1 
1 

- 

2 0.05-  

0.02- 
E) 

5 0.01 - 
a 

0.005 
2 = 0.002 

0.001 
10 20 30 40 50 60 70 

HOURS 
Figure 3-Plasma levels of total carbon 14 ( 0 )  and intact [14C]car- 
profen (0) in dogs following oral doses of 1 mg of [14C]carprofen/kg. Key: 
A, Experiment D-11; and B, Experiment D- VI. Brackets indicate a n  
estimated d u e .  

of Metabolite 111 (Table IV and Fig. 1D). The UV spectrum of Metabolite 
IV exhibited a bathochromic shift from maxima at  240 and 310 nm to 
maxima a t  245 and 340 nm. The fluorescence spectrum showed activa- 
tion/emission maxima at  310/360 nm with a high intensity that was stable 
when exposed to light. 

The high-resolution mass spectrum of the purified methyl ester of 
Metabolite IV indicated a molecular ion of m/e 303.0681 (C16H1&1N03), 
isomeric with that of Metabolite 111 methyl ester. The fragment of m/e 
217.0206 (ClzH&lNO), arising from loss of the side chain (C&02), 
demonstrated oxygen addition in the carbazole moiety. These data 
support a structure for Metabolite IV of a phenolic monohydroxy de- 
rivative distinct from Metabolite 111. 

The position of the phenolic hydroxy function of Metabolite IV was 
elucidated by the NMR spectrum of its dimethyl derivative. Thus, the 
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Table VI-Excretion Patterns of [W)Carprofen and of Metabolites in  Rats 

Num- 
ber 

Percent of Dose Excreted 
Biliary Metabolites 

Carmofen Polar 
of Strain Age, Weight, Dose Urine Feces Bile 14C Gltkuro- Carbon 

Rats (Sex) weeks g mg/kg mg/Rat (0-72 hr) (0-72hr) (0-4 hr) nide I11 IV 14 

2 Carworthn 8 326 5.0 1.63 19.2 57.2 38.2b 24.3 2.22 3.55 2.52 .. - ._ ~~ 

Farm (M) f 0.4 f0.38 f O . l l  f 0.11 

River (M) f 10 f 0.05 f 1.1 f 0.44 f 1.8 f 0.21 f 0.66 
3 Charles 10 410 5.0 2.05 - - 34.8 13.9 11.0 3.58 2.96 

6 Charles 8-10 265 5.0 1.33 - - 38.6 12.6 12.31 4.75 5.60 
River (F) f 14 f 0.07 f 6.7 f 1.7 f 3.1 f 0.73 f 2.1 . .  

3 Charlesc 10 337 3.0 1.04 20.4 74.6 44.7 15.4 14.8 5.9- 5.0- 

3 Charlesc 88 728 3.0 2.27 30.8 58.3 22.9 11.0 5.08 3.23 1.93 
River (M) f 32 f 0.10 f 2.0 f 2.5 f 6 . 3  f 1.4 f 3.8 f 0.97 f 2.0 

River (M) f 90 f 0.23 f 6.7 f 7.3 f 3.8 f 1.2 f 1.8 f 1.7 f 0.74 

0 In these two experiments, rata used to measure excretion in urine and feces were different from those used to collect bile following bile duct cannulation. * Incomplete 
collection. In these experiments, the same rats were used, first for the urinary and fecal excretion experiment and then, after 1 week, for the biliary secretion experi- 
ments. 

Table VII-Tissue Distribution of Total Carbon 14 and [ WICarprofen in Rats at Different Times following Intravenous 
Administration of 5 mg of [ ''C]Carprofen/kg 

10 Min 1 Hr 4 Hr 

Carbon Carbon Carbon pgof Carbon Carbon Carbon pgof Carbon Carbon Carbon pgof 
% of 90 of % of 

14 14 14 Carprofen/ 14 14 14 Carprofen/ 14 14 14 Carprofen/ 
Tissue Found' Ratiob Dose g Found" Ratiob Dose g Found" Ratiob Dose g 

Plasmac 
Liver 
Kidneysc 
MuscleC 
Carcasse 
Heartf 
Brainf 
Spleenf 
Testesf 
Fatf 
Lungsf 
GI tractg tissues 
Small intestineh 
Large intestine" 
Total 

34.0 1.0 
15.5 0.46 
21.7 0.64 

1.9 0.056 
2.36 0.069 
3.37 0.10 
0.66 0.019 
2.18 0.063 
0.61 0.018 
0.77 0.022 
3.57 0.11 

32.gd 29.6 
11.9 14.6 
3.3 20.5 
- 1.81 

32.9 2.18 
0.18 - 
0.11 - 
0.09 - 
0.14 - 

0.63 - 
1.47 - 
3.26 - 
n.m.' - 

86.88 - 

- - 

20.2 
10.4 
16.3 

1.65 
2.28 
3.34 
0.44 
1.74 
1.61 
1.31 

1 .OO 
0.57 . .. 

0.81 
0.082 
0.110 
0.167 
0.022 
0.086 
0.080 
0.065 
0.46 

19.5d 
7.63 
2.45 
- 

32.4 
0.18 
0.07 
0.08 
0.36 

0.64 
4.34 

20.5 
1.3 

89.45 

- 

16.1 
7.39 

1.33 
1.64 

13.5 

8.62 1.00 
5.73 0.66 
7.44 0.86 
0.64 0.07 
0.87 0.10 
1.50 0.17 
0.19 0.02 . ~. ~ .~ 

1.04 0.04 
1.06 0.26 
0.82 0.14 
2.86 0.33 

8.32d 
4.73 
1.09 
- 

12.3 
0.81 
0.03 
0.04 
0.26 

0.23 
2.9 

19.0 
33.7 
83.41 

- 

5.9 
2.43 ~ ~. 

5.19 
0.45 
0.55 

a In microgram equivalents per gram. * Ratio of concentration in tissue to concentration in plasma. c Average of three individual values. Total plasma carbon 14 
estimated assuming plasma volume = 5% of body weight. e Value from one carcass at each time. f Value from three pooled tissues. g Stomach and intestinal tissue free 
of contents. h Value from three pooled contents. ' n.m. = nonmeasurable. 

methoxy methyl ester of Metabolite IV dissolved in dimethyl sulfoxide-d6 
provided a methyl ester band at  6 3.59 and a CH&H doublet (J = 7 Hz) 
at 1.45, indicating that the side chain was intact. The rest of the spectrum 
was assigned as follows: 6 3.91 (q, lH,  J = 7 Hz, CH3CH), 3.93 (s,3H, 
CH30 ether), 7.04 (dd, lH,  J meta = 1.5 and J ortho = 8 Hz, H-3), 7.13 
(9, lH, H-8), 7.34 (d, lH,  J meta = 1.5 Hz, H-l), 7.96 (d, lH,  Jortho = 
8 Hz, H-4), 8.13 (s, 1H. H-5), and 11.19 (s, IH, NH). The chemical shifts 
and multiplicities of the bands assigned to H-1, H-3, and H-4 indicated 
definitely that the alkyl-substituted ring was not hydroxylated. The 
singlet character of the bands at 6 7.13 and 8.13 showed that oxygenation 
had occurred at C-7. Therefore, Metabolite IV is the 7-hydroxy derivative 
of carprofen. 

The amounts of Metabolites I, 111, and IV excreted in the 0-24-hr dog 
urines are included in Table V. 

Metabolites in Bile and Feces of Dogs-The distribution of the biliary 
metabolites in two dogs (D-IV and D-X) is shown in Table V. A small 
portion of the biliary carbon 14 was present as pH 5 ether-extractable 
metabolites, predominantly as intact [14C]carprofen. The other compo- 
nents appeared to be identical to the metabolites seen in urine according 
to TLC evidence (Systems 1 and 2). About 50% of the biliary carbon 14 
consisted of the ester glucuronide of [14C]carprofen, while 12% repre- 
sented conjugates of Metabolites 111 and IV (in a ratio of 81)  that were 
cleaved by glusulase. 

About half of the fecal radioactivity was ether extractable at pH 5. This 
extract contained similar parts of carprofen and the phenolic fraction 
(mixture of Metabolites 111 and IV). 

PEasma Leuels and Tissue Distribution-The levels of total radioac- 
tivity and of intact [14C]carprofen measured in the plasma of two dogs 
(D-I and D-V) following 1-mghg iv doses of ['qC]carprofen are presented 

in Fig. 2. In the first 48 hr, most of the radioactivity in the plasma rep- 
resented intact drug. A minor ether-extractable metabolite with an Rf 
value (0.27-0.29) in System 1 corresponding to that of Metabolite I was 
detected in the 3-12-hr plasma samples of these intravenously dwed dogs. 
No radioactivity was found in the erythrocytes. 

The plasma levels of carprofen showed a triexponential decline that 
was most distinct in Experiment D-V (Fig. 2B). In this study, the half- 
lives of the three phases were 0.5,6, and 40 hr. In Experiment D-I (Fig. 
2A), the plasma levels, after an initial decline, plateaued between 12 and 
24 hr and then declined again. 

Following oral administration of the same dose as a solution to the same 
two dogs (D-I1 and D-VI), plasma levels peaked at  0.5-1 hr, indicating 
that absorption of the drug was rapid (Fig. 3). Absorption, as estimated 
from comparison of the intravenous and oral areas under the total plasma 
carbon 14 level curves, was 106% in D-VI. In D-11, the lower value of 50% 
appeared to be related to a secondary drug uptake, reflected in the plateau 
of the intravenous curve. 

Evaluation of the plasma levels obtained after a 10-times higher in- 
travenous dose of 10 mg/kg (D-111 and D-XI) indicated that in the 1- 
lO-mg/kg dose range, the plasma levels were proportional to dose whereas 
the disposition rates were independent of the dose. 

The distribution of total carbon 14 into the major tissues of two bile 
duct-cannulated dogs (D-IV and D-X) 5 hr after intravenous doses of 1 
mg of [14C]carprofen/kg is shown in Table 111. Very low concentrations 
of carbon 14 in all of these tissues relative to plasma were evident. Of the 
radioactivity in the liver and in the kidneys, close to 70% represented 
intact carprofen. Both tissues contained trace levels of Metabolite I. 

Rat  Experiments-Excretion-After intravenous administration 
of ['*C]carprofen, the radioactivity was excreted predominantly in the 
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Figure 4-Urinary excretion in three human subjects, following oral 
doses of 50 mg of [14C]carprofen, of free intact carprofen (- - -) and of 
carprofen esterglucuronide (-) by Subject I (O), Subject 2 (A), and 
Subject 3 (0).  

feces. Experiments in bile duct-cannulated animals showed this finding 
to result almost exclusively from biliary secretion of labeled carprofen 
metabolites. 

The distribution of the radioactivity between feces (bile) and urine 
varied depending on the age and size of the rats (Table VI). In 337-g 
Charles River rats, 75% of a 3-mghg dose was excreted in the feces within 
72 hr (45% in the bile in 4 hr) and 20% was excreted in the urine, with both 
forms of excretion being rapid and almost complete within 24 hr. In the 
larger and older Charles River rats 0700 g), only 58% of the same dose 
was excreted in the feces within 72 hr (23% in the bile in 4 hr) and 31% 
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Figure 5-Plasma levels in Subject 1 of total radioactivity (0, A ) ,  
[14C]carprofen (X, B ) ,  and carprofen P-glucuronide ester (0, C) fol- 
lowing a 50-mg oral dose of [14C]carprofen. Data expressed as log of 
microgram equivalents per milliliter of plasma are plotted versus time 
in hours. 

A -. 

Figure 6-Plasma leuels in Subject 2 of total radioactivity (0 ,  A )  and 
of [14C]carprofen (X, B )  following a 50-mg oral dose of [14C]carprofen. 
Data expressed as log of microgram equivalentsper milliliter of plasma 
are plotted versus time in hours. 

was excreted in the urine, both a t  a slower rate of excretion. The biliary 
metabolite fraction contained exclusively conjugates, including the 
carprofen ester glucuronide and the ethereal glucuronides of the phenolic 
Metabolites 111 and IV, identified by cochromatography (in three sys- 
tems) with the metabolites isolated from dog bile and urine. The quan- 
titative distribution of the secreted metabolites appeared to vary de- 
pending on the strain and age (size) of the rats. Relatively less hydrox- 
ylated metabolites were secreted in the bile of the old (large) rats than 
in the bile of the young (small) rats. A somewhat larger fraction was se- 
creted as the carprofen ester glucuronide by male rats of the Carworth 
Farm Sprague-Dawley (CF-D) strain than by the Charles River CD 
strain. No sex differences were evident. 

Analysis of the intestinal and fecal carbon 14 fractions of the rats in- 
dicated a progressive deconjugation of the biliary metabolites and a de- 
crease of the ratio of carprofen to the phenolic metabolites (111 and IV) 
as the radioactivity moved from bile (ratio of 4.2) to the large intestine 
(ratio of 0.8) and feces (ratio of 0.31). This finding suggests a selective 
reabsorption of enterically deconjugated carprofen. 

TLC of an extract obtained with ethyl acetate a t  pH 1 from a 0-24-hr 
rat urine specimen (containg 16.3% of a 5-mgkg [14C]carprofen dose) 
distinguished labeled components, which, from their R/ values in System 
1, appeared to include intact carprofen, Metabolites I11 and/or IV, Me- 
tabolite I, and a polar component that  remained a t  the origin (Table 
V). 

Tissue Distribution-The tissue distribution of total carbon 14 and 
of [14C]carprofen and the tissue to plasma carbon 14 ratios in rats at 10 
min and 1 and 4 hr after intravenous administration of 5 mg of [14C]- 
carprofenkg are presented in Table VII. At each time, the carbon 14 
levels were highest in the plasma. Intact carprofen prevailed in the plasma 
and tissues at all times. The residual radioactivity consisted mostly of 
ether-unextractable polar material. 
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Figure 7-Plasma levels in Subject 3 of total radioactivity (0,  A )  and 
of [14C]carprofen (X, R )  following a 50-mg oral dose of (14C]carprofen. 
Data expressed as log of microgram equivalents per milliliter of plasma 
are plotted versus time in hours. 
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Human Studies-Excretion-After oral administration of 50 mg of 
[14C]carprofen, the main portion of the dose was excreted in the urine 
(75% of the dose in Subjects 1 and 2 and 55% in Subject 3). The ester 
glucuronide of carprofen represented >90% of the urinary carbon 14, and 
intact carprofen represented .3-5%. Only trace amounts of free Metabolite 
I and of conjugated Metabolite I11 could be detected (Table V). A semilog 
plot of intact carprofen and of its ester glucuronide, expressed as the 
percentages remaining to be excreted, uersus time (Fig. 4) produced 
parallel curves for each component, reflecting biexponential excretion. 
The fast excretion rate was characterized by half-lives of 2.4-3.6 hr, 
whereas the terminal phase exhibited apparent half-lives of 24-25 hr in 
Subjects 1 and 2 and of 13 hr in Subject 3. These half-lives are in close 
agreement with the plasma half-lives for carprofen. 

The fecal excretion of radioactivity represented 17-20% of the dose 
and extended from Day 2 to Day 10 in Subjects 1 and 2. In Subject 3,33% 
of the radioactivity was excreted in the feces at a considerably faster rate 
than in the other two subjects. 

The fraction extracted from the ethanolic homogenates of the human 
feces by the described procedures contained 60-70% of the fecal radio- 
activity. Of this fraction, 2530% (-7% of the administered dose) was 
separated and identified as intact carprofen by TLC and by high-reso- 
lution mass spectrometry. The TLC pattern of the fecal extracts sug- 
gested the presence of small quantities of Metabolite I and two additional 
components not detected in dogs and rats. UV and mass spectral analysis 
of the two additional components yielded spectra similar to those of 
carprofen, suggesting that these metabolites may represent lipid-soluble 
addition products rather than true metabolites of carprofen. 

Plasm Leuels-Intact drug was the dominant radioactive component 
in human plasma during the first 12 hr. A polar component increased with 
time to more than half of the total radioactivity in plasma. One of these 
polar metabolites, identified in Subject 1 as the /3-glucuronide ester of 
carprofen, declined rapidly with a half-life close to 2 hr. 

The elimination rate in plasma of both carprofen and total radioactivity 
decreased with time (Figs. 5-7). A biphasic fall off of the plasma levels 
of carprofen occurred in all three subjects. The initial plasma carprofen 
levels declined with a half-life of 1.b2.2 hr to reach values corresponding 
to -5% of the peak levels within 12 hr. During the terminal phase, the 
levels declined with half-lives of 25-27 hr in Subjects 1 and 2 and -13 hr 
in Subject 3. No drug-related radioactivity was detectable in the red cells 
throughout the experiment’*. 

DISCUSSION 

The disposition of [14C]carprofen is similar in rats, dogs, and humans. 
It has many characteristics in common with the disposition of other acidic 
nonsteroidal anti-inflammatory compounds (10-16). Like most members 
of this class of drugs, carprofen is strongly bound to plasma proteins (17), 
and this binding is associated with a high ratio of the concentration of 
carprofen in plasma relative to its concentration in tissues. Intact car- 
profen accounts for most of the radioactivity in plasma and in the major 
tissues of rats and dogs. Drug elimination from plasma is characterized 
in dogs and humans by a bi- or multiphasic decline. 

The main metabolites, primarily conjugates, do not accumulate and 
are rapidly eliminated, except for a small polar metabolite fraction that 
persists in human plasma. 

Carprofen is eliminated from rats, dogs, and humans primarily by 
biotransformation. Probably <5% of the dose is cleared directly as the 
free, intact drug. The carprofen found in the feces probably arose from 
deconjugation of the ester glucuronide, which predominated in the bile 
(Table V). 

The ester glucuronide of the intact drug represents the major metab- 
olite in rats, dogs, and humans. The rapid formation and the character- 
istic rate and mode of elimination of this metabolite determine the 
pharmacokinetics of the drug. In rats and dogs but to a very minor extent 
in humans, oxidation in positions 7 and 8 of the carbazole moiety to 
phenolic derivatives (probably uia a common arene oxide precursor) and 
their conjugation to form ethereal glucuronides represent alternate 
pathways. A small percentage of the dose also is metabolized by side chain 

18 Because of the nonuptake of the drug by the red cells, plasma levels would be 
higher by a factor of (1 - hematocrit)-’ than the blood levels determined for the 
same specimen. 

oxidation to the a-hydroxy derivative, which is excreted free in the urine 
by dogs and rats. In rats and dogs, the ester glucuronide of carprofen and 
the ethereal glucuronides of the two phenolic metabolites are eliminated 
predominantly by biliary secretion. 

Human subjects, in contrast to rats and dogs, excrete most of an oral 
carprofen dose as urinary ester glucuronide. However, the relatively small 
fecal 14C-labeled component apparently represents only a fraction of a 
substantially larger biliary component because of enterohepatic circu- 
lation. A comparison of the initial 90% decline of the drug in plasma with 
the 50-60% of the dose excreted in the urine during the same 12-hr period 
suggests that the remaining 3@-40% of the dose had been eliminated with 
the bile. This estimate of extensive biliary excretion of metabolites in 
humans was supported by analysis of biliary aspirates from an intubated 
human volunteerlQ. 

Extensive enterohepatic circulation in humans was suggested by the 
protracted fecal excretion of radioactivity in two of the three subjects 
discussed in the present report. Furthermore, the slow terminal decline 
of plasma levels and of the urinary excretion rates in these two subjects 
may be related to a continuous reabsorption of the biliary fraction. The 
extent of this reabsorption determines the fraction of the primary biliary 
portion that is excreted in the feces and the fraction that ultimately is 
excreted in the urine. In the third subject, the enterohepatic process may 
be concluded to have been less pronounced, resulting in a higher and more 
rapid fecal excretion and in a shorter apparent half-life of the radioac- 
tivity in plasma. 
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Abstract 0 On the average, 0.6% of a dose of ketoprofen or naproxen or 
1.2% of a dose of probenecid was found in the urine of normal male vol- 
unteers assayed immediately after its collection. Between -60 and 85% 
of the dose of these drugs can be excreted in the urine as conjugates, which 
rapidly hydrolyze a t  body temperature, a t  room temperature, and even 
during frozen storage, thereby regenerating the parent drug. Since urine 
collections involved sample retention in the bladder at  37O for collection 
intervals as long as 2-3 hr, the given percentages excreted unchanged 
probably are overestimates. It is possible that no unchanged ketoprofen, 
naproxen, or probenecid is excreted in urine. This study contrasts with 
previous reports of up to 5070 of a dose of ketoprofen and 15-17% of doses 
of naproxen and probenecid being excreted in urine as the parent com- 
pound. Those reports probably reflect primarily the duration of frozen 
sample storage between collection and assay along with the urine col- 
lection schedules employed, the speed of the clinical procedures, and the 
analytical procedures used. Attention should be given to potential con- 
jugate hydrolysis whenever the pharmacokinetics of carboxylic acids are 
studied. 

Keyphrases Ketoprofen-urinary excretion of unchanged drug 0 
Naproxen-urinary excretion of unchanged drug 0 Probenecid-urinary 
excretion of unchanged drug 

Previous reports suggested that up to 50% of a dose of 
ketoprofen (1-4), 15% of a dose of naproxen (5-7), and 17% 
of a dose of probenecid (8-10) are excreted in urine as the 
unchanged drug. It also has been claimed that the per- 
centage of each of these drugs excreted unchanged is 
variable among individuals or within individuals (2,5,10) 
and that the percentage excreted unchanged might be 
depressed with concurrent administration of other drugs 
(6). In contrast, this report presents evidence that, even 
in normal individuals, the renal excretion of ketoprofen, 
naproxen, and probenecid is negligible. Data reported 
previously probably reflected the collection, storage, and 
handling of urine samples instead of the urinary excretion 
of these compounds. 

EXPERIMENTAL 

The data were derived from several studies in which ketoprofen, 
naproxen, or probenecid was given orally to adult male volunteers judged 
to be normal after a physical examination, an extensive blood screen, and 
urinalysis. Participants received other drugs only where specifically 
stated. 

Urine was analyzed within 30 min of serial collections from 0 to 1 ,1  to 
2 , 2  to 3 ,3  to 4, and 4 to 6 hr after the 13th dose of a regimen of 50 mg of 
ketoprofen' given every 6 hr or after the 13th dose of a regimen of 500 mg 
of probenecid2 given every 6 hr. Urine was analyzed within 30 min of 
collection from 0 to 1 ,1  to 2, 2 to 3 ,3  to 6 ,6  to 8 , 8  to 10, and 10 to 12  hr 
after the seventh dose of a regimen of 500 mg of naproxen" given every 
12  hr. 

Ketoprofen, naproxen, probenecid, and their conjugates were analyzed 
by a sensitive high-pressure liquid chromatographic (HPLC) assay de- 
scribed previously (11). Conjugates were analyzed as the parent drug after 
simple alkaline hydrolysis (11). 

I Oridis capsules, Ives Laboratories, New York, N.Y. 
Renemid tablets, Merck Sharp and Dohme, West Point, Pa 
Naprosyn tablets, Syntex Laboratories, Palo Alto, Calif. 

Table  I-Urinary Excretion of Ketoprofen, Naproxen, and 
Probenecid in an Interdose Interval at Steady-State Plasma 
Concentrations with Urine Assayed Immediately a f t e r  
Collection 

Dose and Volun- Percent of Dose Percent of Dose 
Interval teer Unchanged as Conjugates 

Ketoprofen, 50 mg, 1 
6 hr 2 

3 
4 
5 

Mean f SD 
Naproxen, 500 mg, 6 

12 hr 7 
8 
9 

Mean f SD 
Probenecid, 500 mg, 10 

6 hr (with 11 
ketoprofen regimen) 12 
Mean f SD 

0.5 
0.5 
0.7 
0.8 
0.5 

0.6 f 0.1 
0.4 
0.9 
0.4 
0.7 

0.6 f 0.2 
1.3 
1.4 
1 .o 

1.2 f 0.2 

67.9 
70.7 
82.9 
77.7 
69.1 

73.7 f 6.4 
64.4 
61.7 
42.5 
58.6 

56.8 f 9.8 
57.0 
33.4 
40.2 

43.5 f 12.1 

RESULTS 

Table I shows the percentage of a dose of ketoprofen, naproxen, or 
probenecid appearing unchanged or as alkali-hydrolyzable conjugates 
in urine a t  steady-state plasma concentrations. On the average, only 0.6% 
of the ketoprofen dose, 0.6% of the naproxen dose, and 1.2% of the pro- 
benecid dose appeared in urine as the unchanged drug, but 74,57, and 
44% of these drugs were excreted as conjugates, respectively. None of the 
five people taking ketoprofen alone and none of the four subjects taking 
naproxen alone excreted >0.9% of unchanged drug in the urine. 

The three individuals taking probenecid were simultaneously following 
the described ketoprofen regimen. None excreted >1.4% of the dose of 
probenecid (mean, 1.2%) or >0.2?h of the ketoprofen dose as the un- 
changed drugs. 

In an additional three individuals taking the ketoprofen regimen with 
aspirin4 (975 mg every 6 hr), the maximum urinary excretion of un- 
changed ketoprofen observed was 0970 of the dose (0.8 i 0.1%), but 59.7 
f 3.6% was excreted as conjugates. When three of the four individuals 
taking naproxen undertook a further naproxen regimen together with 
300 mg of cimetidine5 given every 6 hr, the maximum urinary excretion 
of naproxen was 0.7% (0.5 f 0.2%), and 65.6 f 8.3% was excreted as con- 
jugates. The data on the urinary excretion of ketoprofen, naproxen, and 
probenecid were derived from 14 volunteers. 

Some samples were stored at -15' for assay a t  various dates after 
collection (Table 11). Over a period of <2 months, the ketoprofen and 
naproxen content of these samples increased up to threefold at the ap- 
parent expense of the alkali-hydrolyzable conjugates, presumably as a 
result of conjugate hydrolysis, even in the frozen state. Furthermore, since 
a different sample of the same urine collection was stored for each repe- 
tition of the assay, the progressive accumulation in content of the un- 
changed drug (Table 11) was specifically an effect of storage rather than 
of repeated freezing and thawing, which also appear to have an effect. 
When samples were frozen and then thawed after 12 hr, a period during 
which (by reference to Table 11) one might expect a negligible increase 
in unchanged drug specifically due to storage, the content of unchanged 
ketoprofen increased by 14.2 f 5.9% (n  = 4), and the content of naproxen 
increased by 17.1 f 14.6% ( n  = 3). 

Unbuffered 325-mg tablets, Eli Lilly L Co., Indianapolis, Ind. 
Tagamet tablets, Smith Kline and French Laboratories, Philadelphia, Pa. 
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Table 11-Urine Sample Content a f t e r  Storage at -15" 

Concentration of Concentration of 
Sample Day of Unchanged Drug, Unchanged Drug plus Increase in Unchanged Drug 

Designation Assay /lg/ml Conjugates, pg/mlo pg/ml/day pg/day/pg of conjugates 

Ketoprofen 1 0 
26 

0.196 
0.357 

Ketoprofen 2 0 0.0728 
28 0.0922 
54 0.211 

106 0.228 
r = 0.904. (~(1) < 0.05 

Ketoprofen 3 

Ketoprofen 4 

Mean f SD 

Naproxen 1 

Naproxen 2 

0 1.66 
28 3.23 
0 

28 
54 

0.0281 
0.0436 
0.0864 

106 0.362 
r = 0.935, ( ~ ( 1 )  < 0.05 

19.0 
17.6 0.00619 0.000330 
3.39 

0.000482 0.00160 3.40 

165.0 
0.0561 0.000343 

1.26 

1.26 

0 22.0 67 9 
8 26.3 

22 30.9 676 
60 46.7 728 

0 3.28 607 
r = 0.999, a(1) < 0.001 

8 4.71 
50 10.4 

r = 0.999, (~(1)  < 0.025 
Naproxen 3 0 2.32 

1 3.09 
43 7.67 

r = 0.994, (~(1) < 0.05 
Mean i SD 

565 
587 

321 
289 
315 

0.00325 

0.0168 
f 0.0263 

0.405 

0.00263 

0.00094 
f 0.00112 

0.000616 

0.140 0.000232 

0.117 

0.221 
f 0.160 

0.000367 

0.000406 
f 0.000195 

0 Micrograms per milliliter of unchanged drug after alkaline hydrolysis (11). 

Because all samples other than those assayed on Day 0 were stored 
frozen, their assay was subject to the effects not only of storage but also 
of freezing and thawing. As a result, elucidation of the kinetics of conju- 
gate hydrolysis might be complex, requiring more detailed data than are 
presented here. However, regardless of whether the hydrolysis rates 
observed are interpreted as zero or first order, they are sufficient to ac- 
count for the levels of unchanged drug that have been reported in the 
literature. A zero-order rate of production of 17 ng/ml/day (the average 
zero-order rate from Table 11) leads to a 5% apparent excretion of un- 
changed ketoprofen in an individual who had taken a 50-mg dose and 
produced 1.5 liters of urine to be assayed 3 months later. A first-order 
daily rate of production of 0.9 ng of ketoprofedpg of conjugates (Table 
11) would lead to an apparent 6% excretion of unchanged ketoprofen when 
the urine of an individual excreting 74% (Table I) of the dose as conjugates 
is assayed after frozen storage for 3 months. Similar calculations show 
that  an apparent excretion of naproxen of -4% could arise by delaying 
the assay of urine samples by 3 months. These calculations indicate that 
after 8 months of frozen storage, 13% of the dose as unchanged ketoprofen 
might be expected. 

Figure 1 shows the apparent urinary excretion of unchanged ketoprofen 
by 12 volunteers (each taking three single 50-mg doses) whose 24-hr urine 
was stored at -15' for 20-100 days between collection and assay. A linear 
correlation between the apparent ketoprofen excretion by each volunteefi 
and the time of storage of the urine is significant ( r  = 0.6, p < 0.0005, n 
= 32). As predicted, after 3 months of storage, -4-5% of the dose ap- 
peared to be in the urine as unchanged ketoprofen. In another study, 12 
additional volunteers (each taking three single 50-mg doses), whose urine 
was frozen shortly after collection and thawed for the first time after 8 
months, appeared to excrete 9.6 f 2.0% ( n  = 36) of the dose un- 
changed. 

Greater rates of hydrolysis were observed at room temperature (Table 
111). Samples doubled in their content of unchanged ketoprofen or nap- 
roxen within 4-5 hr. (The pH of eight urine samples taken from three 
volunteers a t  various times within 24 hr after dosage ranged between 5.4 
and 6.7 immediately after collection.) Therefore, analytical units not 

6 Data on the third dose of four of the individuals are incomplete. 

alerted to the potential facile hydrolysis of ketoprofen or naproxen 
conjugates during extended processing of urine in the clinic or during 
sample workup might report even higher percentages of the drug excreted 
unchanged than the figures discussed here. 

Furthermore, hydrolysis rates even higher than those a t  room tem- 
perature were observed a t  37O (Table IV). Therefore, the extent of ex- 
cretion of unchanged ketoprofen, naproxen, and probenecid shown in 
Table I, while less than that reported previously, probably is still an 
overestimate since urine collections a t  2-3-hr intervals involve sample 
retention in the bladder a t  37O for sufficient time for significant conjugate 
hydrolysis. I t  is possible that no unchanged drug is excreted into 
urine. 

6.0 6'51 + 

5.5 

5.0- 

4.5.. 

4.0-. 

3.6 .. 

3.0.. 

.. 
+ 

+ 

+ +  

+ 
+ 
+ 

1.5 * " : " ' : " ' : " ' : ' " I  
0 20 40 60 80 100 
DAYS BETWEEN URINE COLLECTION AND ASSAY 

Figure 1-Apparent urinary excretion of unchanged ketoprofen by 
volunteers whose urine was stored at -150 for different periods before 
assay. 
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Table 111-Urine Sample Content after Storage at Room Temperature 

Time of Concentration of Concentration of 
Sample Assay, Unchanged Drug, Conjugated Drug, Increase in Unchanged Drug 

Designation hr P d m l  pg/mla Pg/ml/hr pg/hr/pg of conjugates 

Ketoprofen 1 0 
3.5 

11 
23 

0.179 
0.351 
0.726 

27.9 

1.27 
0.0448 0.00161 

32.3 

11 0.625 
23 1.23 
28 1.37 

r = 0.998, a ( l )  < 0.0005 
0.0444 0.00137 

Mean f SD 

Naproxen 1 

0.0446 
f 0.0003 

0.00149 
f 0.00017 

657 

604 

0 22.0 
1 25.2 
2 28.9 

r = 0.999. atl) < 0.025 
3.49 0.00531 

Naproxen 2 0 3.28 
5 6.93 

11 10.1- 
r = 0.996, 41) < 0.05 

0.616 0.00102 

Naproxen 3 208 0 
1 

10 

1.21 
1.43 
3.99 

0.253 

1.45 
f 1.77 

0.00121 

0.00251 
f 0.00242 

23 6.98 
r = 0.999. a(1) < 0.025 

Mean f S D  

Probenecid 1 203 0 13.9 
3.5 19.2 

11 20.6 
23 33.3 
28 36.0 

0 42.8 
3.5 45.6 

11 52.1 
23 69.3 
28 77.1 

r = 0.985, a(1) < 0.0025 

r = 0.994, a(1) < 0.0005 

0.787 0.00376 

Probenecid 2 332 

1.23 0.00359 

Probenecid 3 138 0 
3.5 

11 

4.14 
4.60 
5.70 

0.128 

0.715 

0.000903 

0.00275 
f 0.555 f 0.00160 

* As the equivalent concentration of unchanged drug. 

For ketoprofen and naproxen, at  least three conjugates apparently are 
excreted in urine. If urine is assayed by the previously reported HPLC 
method (11) with the hydrolysis step omitted and acidic extraction 
conditions used as for plasma analysis, peaks are seen a t  1.8 (largest), 2.0, 
and 2.9 (smallest) times the retention time for ketoprofen or a t  2.5 
(largest), 3.1 (smallest), and 4.1 times the retention time for naproxen. 
After extracts of urine from subjects taking either ketoprofen or naproxen 
were chromatographed, fractions of the eluent, each containing one of 
the three peaks, were collected. An aliquot of each eluent fraction was 
rechromatographed to ensure that fractions were not cross-contaminated 
with other conjugates or with the parent drug. The remaining part of each 
fraction underwent alkaline hydrolysis and then reextraction. 

Further chromatography revealed a ketoprofen or a naproxen peak 
alone. For the first and second conjugate peaks of ketoprofen and the first 
and third conjugate peaks of naproxen, the conjugate gave rise to the 
parent compound on an equal peak area basis (to within 20%). For the 
other peaks (the smallest) from either compound, this finding was less 
certain due to the less straightforward concentration and extraction 
procedures that were necessary. Equivalence of peak areas confirms that 
conjugation does not involve the major chromophoric moiety but rather 
the carboxylic function and, hence, the ease of subsequent conjugate 
hydrolysis. 

DISCUSSION 

A negligible fraction of the dose of ketoprofen, naproxen, or probenecid 
is excreted in the urine as the unchanged drug, but a large fraction (up 
to 85%) appears as conjugates. Glucuronides of ketoprofen (12) and 
naproxen (8) were reported previously. Evidence in this study suggests 
that  there are a t  least three conjugates of ketoprofen and three of na- 
proxen. These conjugates are rapidly hydrolyzed to the parent compound 
by mild alkaline conditions (11). Hydrolysis of one or more conjugates 
of each drug appears to occur even in urine stored frozen, the most 
commonly employed mode of storage. Furthermore, freezing and thawing 
appear to promote hydrolysis, and even more rapid hydrolysis occurs a t  
room temperature or a t  37'. 

Earlier reports of significant urinary excretion of unchanged keto- 
profen, naproxen, and probenecid probably reflect not only the time of 
frozen storage between collection and assay but also the urine collection 
schedules employed, the speed of the clinical procedures, and the ana- 
lytical procedures used, particularly the conditions and speed of the 
sample workup. The previously reported variability in ketoprofen, 
naproxen, and probenecid urinary excretion (2,5,10) probably is related 
to variability in these conditions, especially the time between collection 
and assay. Differences between different experimental groups might have 
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Table IV-Urine Sample Content a f t e r  Storage at 37" 

Time of Concentration of Concentration of 
Sample Assay, Unchanged Drug, Conjugated Drug, Increase in Unchanged Drug 

Designation hr pglml pg/mla Pg/mlhr pghr/pg of conjugates 

Ketoprofen 

Naproxen 

0 
0.25 
0.5 
0.75 

0.196 
0.235 
0.276 
0.335 

1.0 0.375 
2.0 0.502 

r = 0.994, a(1) < 0.0005 
0 22.0 
0.25 23.6 
0.5 26.2 
0.75 27.6 
1.0 30.2 
2.0 40.3 

r = 0.997, a ( l )  < 0.0005 

18.8 

0.155 0.00825 

657 

0.24 0.0141 

Probenecid 1 0 20.6 

Probenecid 2 0 52.1 

Probenecid 3 0 5.7 

Mean f SD 4.26 0.0153 

12 51.7 2.59 0.0128 

12 167 9.58 0.0288 

12 12.9 0.600 0.00435 

f 4.7 f 0.0124 

(I As the equivalent concentration of unchanged drug 

a similar source, particularly where clinical and analytical schedules were 
not both randomized. 

Since virtually no naproxen appears to be excreted unchanged in urine, 
reports of a decrease in naproxen excretion with concomitant doses of 
other drugs such as probenecid (6) must be questioned. The apparent 
decrease in unchanged naproxen excretion probably is a direct conse- 
quence of reduced naproxen conjugate excretion, which results in a di- 
minished rate of postexcretion conjugate hydrolysis. The previously re- 
ported increase in renal clearance of probenecid with metabolic alkalosis 
(6,9,13) induced by intravenous sodium bicarbonate may largely result 
from improved conditions for conjugate hydrolysis in the alkaline urine 
in the bladder. 

The ease of hydrolysis of the conjugates described probably is attrib- 
utable to their being carboxylic acid esters. The greater apparent excre- 
tion of unchanged drug found for prohenecid possibly is related to its 
being a benzoic acid, a stronger acid than the alkanoic acids, and it 
therefore forms a conjugate more susceptible to hydrolysis in urine be- 
tween the times of excretion and assay. Data describing urinary excretion 
of other carboxylic acids, including many nonsteroidal anti-inflammatory 
drugs, should be interpreted with caution unless adequate attention was 
given to potential conjugate hydrolysis both in uiuo and in uitro. The best 
safeguard a t  present is immediate assay after short urine collection in- 
tervals. If this procedure is not possible, immediate frozen storage for 
short periods might yield insignificant hydrolysis. It is conceivable, but 
by no means can it he assumed, that temperatures of < - 1 5 O  might permit 
negligible hydrolysis. 

The virtual absence of unchanged compound in the urine may arise 
because alternative forms of elimination are extremely rapid. However, 
the total plasma clearances of ketoprofen and naproxen are only 5 and 
0.7 litershr, respectively (5,13). Even if these clearances are considered 
to be totally metabolic, extraction ratios of only 0.06 and 0.01 are ap- 
parent, respectively (assuming 1:1 partitioning of these drugs between 
plasma and the red blood cells). Ketoprofen, naproxen, and probenecid 
all are highly lipophilic compounds, a characteristic discusssed in a 
previous report ( l l ) ,  where it was noted that they can be extracted into 
ether and can be retained on lipophilic chromatographic columns even 
when they are almost completely ionized in water. Such compounds are 
potentially highly susceptible to renal tubular reabsorption (10). Perhaps 
reabsorption from the glomerular filtrate is so efficient that  virtually no 
ketoprofen, naproxen, or probenecid is excreted into urine as such. 

Since plasma rather than urine concentrations are more central to most 
pharmacokinetic interpretations, a similar ease of hydrolysis in plasma 
samples might lead to even more misleading descriptions of the general 
pharmacokinetic behavior of these drugs. However, in analyzing keto- 
profen or naproxen in plasma immediately upon collection of blood 
samples, the ratio of the total concentration (parent drug and its conju- 

203 

332 

138 

gates) to that of unchanged ketoprofen or naproxen, respectively, was 
only 1.42 f 0.14 (11 samples from one subject a t  various times up to 24 
hr postdosing) or 1.10 f 0.05 (39 samples from three subjects). If imme- 
diate assay did in fact reflect the relative proportions of compounds in 
the bloodstream, then even complete hydrolysis upon storage would affect 
the apparent ketoprofen or naproxen plasma levels only slightly, a t  least 
by comparison with the potential change in urine concentrations. After 
-2 months of storage at -15' there appeared to be little change in the 
ketoprofen samples (total drug to parent drug ratio of 1.37 f 0.081, but 
repeating the analysis for ketoprofen in five samples between 3 and 6 
months after collection (involving further freezing and thawing) revealed 
that the content of unchanged ketoprofen had increased by 10-25%. 
Repeated analysis for naproxen only 2 months after collection showed 
that the conjugates had almost disappeared, with a commensurate in- 
crease (-10%) in the content of unchanged drug. 
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Abstract  0 A high-performance liquid chromatographic method is de- 
scribed for the simultaneous determination of the anti-inflammatory 
agent suxibuzone and its metabolites, 4-hydroxymethylphenyIbutazone, 
phenylbutazone, oxyphenbutazone, and y-hydroxyphenylbutazone, in 
plasma and urine. Acidified plasma or urine is extracted with benzene- 
cyclohexane (1:l). The organic extract is reduced to dryness, and the 
resulting residue is redissolved in methanol. Aliquots of this solution are 
chromatographed on a reversed-phase column using a mobile phase of 
methanol-0.5 M KHzP04 (linear gradient from 0 to 100% methanol a t  
8%/min with a flow rate of 2.0 ml/min) on a high-performance liquid 
chromatograph equipped with a UV absorbance detector (254 nm). De- 
tection is limited to 0.10 pg/ml for suxibuzone and 4-hydroxymethyl- 
phenylbutazone and to 0.05 pg/ml for the other metabolites. 

Keyphrases Suxibuzone-simultaneous high-performance liquid 
chromatographic determination with metabolites in plasma and urine 

Metabolites-suxibuzone, simultaneous high-performance liquid 
chromatographic determination with parent drug in plasma and urine 

High-performance liquid chromatography-analysis, suxibuzone and 
metabolites in plasma and urine 

Suxibuzone [4-butyl-4- (hydroxymethyl) - 1,2-diphe- 
nyl-3,5-pyrazolidinedione hydrogen succinate] is a new 
derivative of phenylbutazone that was developed as an 
anti-inflammatory agent. It was reported that suxibuzone 
was equipotent to phenylbutazone in pharmacological 
activity and that its toxicity was one-third to one-fifth of 
that of phenylbutazone in experiments with animals, in- 
dicating greater safety (1-3). 

Suxibuzone is metabolized in the body mainly to phe- 
nylbutazone through 4-hydroxymethylphenylbutazone 
as an intermediate, with the phenylbutazone then pro- 
ceeding to oxyphenbutazone and y -hydroxyphenylbuta- 
zone (Scheme I) (4). 

BACKGROUND 

An assay for suxibuzone and its metabolites in plasma and urine was 
reported (4) in which suxibuzone and its metabolites are determined by 
GLC as their trimethylsilyl derivatives. 

For the assay of phenylbutazone and its metabolites in plasma and 
urine after phenylbutazone administration, several UV (5-13), GLC 
(1&19), and high-performance liquid chromatographic (HPLC) (20,21) 
methods have been reported. The UV method reported by Burns et a/. 
(5) has many sensitivity and specificity problems. With the GLC methods, 
phenylbutazone and oxyphenbutazone were determined as their methyl 
derivatives by Midha et al. (16), phenylbutazone and the heptafluo- 
robutyryl derivative of oxyphenbutazone were determined by Bruce et 
al. (17). and Tanimura et a / .  (18) assayed phenylbutazone and the tri- 
methylsilyl derivatives of oxyphenbutazone and y-hydroxyphenylbu- 
tazone. 

An HPLC method using an adsorption chromatographic column 
(SIL-X) was used to determine phenylbutazone and oxyphenbutazone 
(20,21). 

In the present study, an HPLC method using a reversed-phase column 
for determination of suxibuzone and its metabolites, 4-hydroxymethyl- 
phenylbutazone, phenylbutazone, oxyphenbutazone, and y-hydroxy- 

C 
A I 

a I  

B 

6 
MINUTES 

Figure 1-High-performance liquid chromatograms of authentic 
samples using a mobile phase of methanol-water (A) and methanol-O.05 
M KHzPO4 ( B )  with a linear gradient (O-ZOO% methanol a t  B%/min 
with a flow rate of2.0 mllrnin). Key: a, y-hydroxyphenylbutazone; b, 
oxyphenbutazone; c,  phenylbutazone; d, suxibuzone; and e, 4-hydrox- 
ymethylphenylbutazone. 

phenylbutazone, in plasma and urine after administration of suxibuzone 
was examined: an accurate and sensitive assay for their measurements 
was established. 

EXPERIMENTAL 

Materials-Suxibuzonel, phenylbutazone', oxyphenbutazone', and 
y-hydroxyphenylbutazonel were used as received. 4-Hydroxymethyl- 
phenylbutazone2 was synthesized and purified, Benzene, cyclohexane, 
and methanol were liquid chromatographic grade3, and the other 
chemicals used were analytical grade3. 

HPLC Conditions-The high-performance liquid chromatograph4 
was equipped with a high-pressure injection port5, gradient elution 
equipment6, and a fixed-wavelength (254-nm) UV absorbance de- 
tector'. 

A reversed-phase chromatographic columns (30 cm X 3.9 mm i.d.1 was 
used for the separation and was maintained at room temperature. The 
mobile phase was a linear gradient of methanol and 0.05 M KH2P04 (0 
to 100% methanol a t  8%/min) a t  a flow rate of 2.0 ml/min. The mobile 
phase was degassed by applying a vacuum (-100 mm) to the solvent 
reservoir for -2 min before use. 

A computer systemg was employed for quantitative calculation. 
GLC Conditions-The gas chromatograph'0 was equipped with a 

1 Laboratory, Esteve, S. A,, Barcelona, Spain. 
2 Research Laboratory, Taiho Pharmaceutical Co., Tokushima. Japan. 
3 Wako Pure Chemicals Co., Osaka, Japan. 

Model LC-2, Shimadzu, Kyoto, Japan. 
5 Model SIL-lA, Shimadzu. 
6 Model GRE-2, Shimadzu. 

Model UVD-2, Shimadzu. 
8 pBondapak Cis, Waters Associates, Milford, Mass. 
9 Chromatopac lA,  Shimadzu. 

' 0  Model GC-4CM. Shimadzu. 
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Table I-Recoveries on Extraction of Suxibuzone and Its 
Metabolites from Plasma and Urine of a Beagle Dog 

Added, Recoverya, 
udml To ComDound 

Suxibuzone 50 
25 
5 

4-H ydroxymethylphenylbutazone 50 
25 

Mean f SD 

99.4 
99.6 
99.5 
99.5 f 1.1 
98.2 

suxibuzone 

1 
. .~ 

97.8 
97.9 
97.9 f 1.4 Mean f SD 

Phenylbutazone 

5 

50 96.5 
96.4 25 

5 97.3 
96.7 f 1.7 
92.9 

Mean f SD 
Oxyphenbutazone 4-hydroxymethylphenylbutazone 

.1 
50 
25 
5 

92.5 
94.0 

Mean f SD 93.1 f 3.7 
y -Hydroxyphenylbutazone 50 92.1 

25 93.4 
5 91.8 

92.4 f 4.2 Mean f SD 
(1 Each value is the mean of three HPLC determinations. 

phenylbutazone 

J 1  were diluted with distilled water, adjusted to pH 2.0 with 5 N HCI, and 
extracted with benzene-cyclohexane (1:1 v/v) (20 ml for plasma and 30 
ml for urine) for 20 min. The organic layer containing suxibuzone and 
its metabolites was separated by centrifugation at  2000Xg. This extrac- 
tion was repeated once. The combined organic layer was evaporated to 
a suitable volume under nitrogen at  30°, transferred to a test tube (10-ml 
capacity), and dried under nitrogen. The residue was dissolved in 100 pl 
of methanol, and 2-10 p1 of this solution was injected into the liquid 
chromatograph with a 10-p1 syringeI2. 

Calibration curves for the determination of suxibuzone, 4-hydroxy- 
methylphenylbutazone, phenylbutazone, oxyphenbutazone, and y-hy- 
droxyphenylbutazone by HPLC were prepared by plotting the peak area 
against the concentration of each compound. All of these calibration 
curves were linear. 

The procedure for GLC determination was the same as that reported 
previously (4). 

RESULTS AND DISCUSSION 

An efficient solvent system (4), benzene-cyclohexane (1:l v/v) acidified 

CH,CH,CH,CH,- . H CH:,CH,CH,CH,' 'H 

I oxy phenbutazone OH 

7-hydroxyphenylbutazone 
Scheme I-Main metabolic pathways of suxibuzone. 

flame-ionization detector. The GLC conditions were described previously 
(4). 

Mass Spectrometric Conditions-A mass spectrometer" with an 
electron-impact ion source was used for identification of suxibuzone and 
its metabolites. The mass spectrometric analysis was carried out under 
the following conditions: ionization energy, 75 ev; ionization current, 200 
pamp; and acceleration voltage, 10 kv. 

Analytical Procedure-Samples of 1.0 ml of plasma or 2.0 ml of urine 
C 

I A 
C 

B 

a A B 
II 

oms T I '  -I w 
v) 
2 

v) 
Lu 
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g 

d - I  

d 

0 4 8 1 2 1 1 6  
1 

, . . . I , . , ,  
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MINUTES 

I 

Figure 3-High-performance liquid chromatograms of beagle dog 
plasma extracts at 4 hr ( A )  and beagle dog urine extracts at 24-48 hr 
( B )  following a single oral dose of 142 mg of suxibuzonelkg. Key: a,  
y-hydroxyphenylbutazone; b, oryphenbutazone; c,  phenylbutazone; 
and d ,  unknown metabolite. 

MINUTES 
Figure 2-High-performance liquid chromatograms of beagle dbg 
control plasma ( A )  and beagle dog plasma extracts following addition 
of authentic samples at 5.0 pglml for  each compound ( B ) .  Key: a ,  
y-hydroxyphenylbutazone; b, oxyphenbutazone; c, phenylbutazone; 
d, suxibuzone; and e, 4-hydroxymethylphenylbutazone. 

l2 Model 10A-RN-GP, Scientific Glass Engineering Ltd., North Melbourne, 
Australia. Model JMS-01SC02, JEOL, Tokyo, Japan. 
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Figure 4-Comparison of plasma levels of suxibuzone and i ts  metab- 
olites determined by HPLC (closed symbols) and GLC (opensymbols )  
methods following a single oral dose of 142 mg of suxibuzonelkg t o  a 
beagle dog. Key: A (+and O),  suxibuzone; B (0 and O ) ,  phenylbuta-  
zone; C (A and A), oxyphenbutazone; and D (. and a), y-hydroxy-  
phenylbutazone. 

with hydrochloric acid, was used for the extraction of suxibuzone and its 
metabolites from plasma and urine. Chloroform, methylene chloride, and 
ethylene dichloride could not be used as the solvent because of the de- 
composition, such as oxidation, of the extract during the extraction and 
evaporation. 

A reversed-phase columns was used for the HPLC separation. Chro- 
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not separated, even when the initial methanol concentration was varied. 
As shown in Fig. 1, a linear gradient system with methanol-water or 
methanol-0.05 M KH2P04 (0-100% methanol a t  8%/min) gave good 
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hydroxymethylphenylbutazone, phenylbutazone, oxyphenbutazone, and 
y-hydroxyphenylbutazone were 11.0, 11.2, 10.5, 10.0, and 9.4 min, re- 
spectively, and the time required for the assay was 15 min. Each fraction 
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was 10.2 min, and this metabolite had no effect on the separation of 
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A 142-mgkg (0.32-mmole) dose of suxibuzone was administered orally 
to the beagle dog, and the concentration of suxibuzone and its metabolites 
in the plasma and urine was determined using the present method. The 
chromatogram of the plasma extract a t  4 hr and that of the urine extract 
a t  24-48 hr after administration are shown in Figs. 3A and 3B, respec- 
tively. With the beagle dog, 4-hydroxymethylphenylbutazone was not 
detected, as was reported previously (4). The concentrations of suxibu- 
zone and its metabolites in plasma and urine determined by the HPLC 
method were compared with those reported previously for a GLC e- 

value obtained by the two methods was 4.6%. 
The present assay then was applied to the plasma and urine of other 

animals and humans to which suxibuzone and its metabolites were added. 
The results obtained for the chromatographic separation, recovery, and 
sensitivity were in good agreement with those obtained with beagle dog 
plasma and urine. 

The present method is simple and rapid and has high accuracy,and 
sensitivity. It should be useful for basic and clinical pharmacological 
investigations on suxibuzone. 

termination (4) (Fig. 4 and Table 11). The overall difference between t ll e 
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Abstract  0 The kinetics of degradation of methenamine were studied 
in citrate-phosphate buffers between pH 2.0 and 7.4 a t  37.5". GLC was 
used to monitor the rate of hydrolysis. The conversion of methenamine 
to formaldehyde was found to be pH dependent in the buffers of constant 
ionic strength, with the reaction half-life decreasing from 13.8 hr a t  pH 
5.8 to 1.6 hr a t  pH 2.0. The kinetics of degradation also were measured 
a t  47,57, and 67", and the reaction obeyed the Arrhenius relationship. 
At pH 2.0, the activation energy was calculated to be 23.5 kcal/mole; at 
pH 5.1, it was 12.0 kcal/mole. 

Keyphrases 0 Methenamine-hydrolysis kinetics in citrate-phosphate 
buffers Hydrolysis kinetics-methenamine in citrate-phosphate 
buffers Kinetics-hydrolysis of methenamine in citrate-phosphate 
buffers 

Methenamine (hexamethylenetetramine) is a urinary 
antibacterial useful in the long-term therapy of chronic 
urinary tract infections. The antibacterial activity of 
methenamine is derived from formaldehyde produced 
upon hydrolysis of methenamine in the bladder. The 
amount of hydrolysis is a function of the acidity of the 
urine (1). 

BACKGROUND 

Methenamine was introduced for the treatment of urinary infections 
in 1894 (2). Although this drug has been used for over 80 years and its 
pharmacological activity depends on the extent and rate of hydrolysis 
of the parent compounds in acidic media (3), there are few reported 
studies on the in uitro hydrolysis of methenamine. In 1935, Philippi and 
Lobering (4) studied the hydrolysis of methenamine in buffer solutions. 
Their assay method was based on the formation of a silver nitrate- 
methenamine complex. According to Slowick and Kelley ( 5 ) ,  this pro- 
cedure produces inaccurate and undependable results, so the findings 
of Philippi and Lobering (4) probably are in error. 

A paper published by Tada (6) summarized work done from 1951 to 
1958 (7-10) in Japan and listed the rates of decomposition of methena- 
mine in hydrochloric acid a t  pH 11.6. Decomposition also was measured 
in acetic acid-sodium acetate buffer solutions in the pH range of -4-6. 
Tada's (6) assay involved the titration of excess acid not consumed in the 
degradation reaction. Titration procedures normally are tedious and time 
consuming. 

Investigations into the pharmacology of methenamine have been dif- 
ficult because all of the methods are based on the measurement of 
formaldehyde liberated from methenamine. Early studies used methods 
that were relatively insensitive. Many of the analytical procedures are 
not applicable in the presence of intact methenamine (11). Most studies 
on urinary formaldehyde concentrations used the colorimetric method 
of Tanenbaum and Bricker (12). The acidity of the reagents used in this 
method recently was found to convert 20-30% of the residual methena- 
mine to formaldehyde (13). 

Useful scientific data for methenamine compounds generally are not 
available. The pharmacokinetics and mechanisms of action of this drug 
have not been well elucidated. Because of the use of other urinary tract 
antibacterials like nitrofurantoin and the sulfonamides, few recent studies 
on methenamine have been reported. 

This report presents a study of the hydrolysis of methenamine between 
pH 2.0 and 7.4 in aqueous buffers. The rate of hydrolysis of methenamine 
was followed by measuring the change in the concentration of intact 
methenamine determined by the specific and accurate GLC procedure 
of Strom and Jun (14). 

EXPERIMENTAL 

Apparatus-The gas chromatograph' was equipped with a dual 
flame-ionization detector. A 1.8-m X 6-mm i.d. glass column was packed 
with 3% OV-17 on 80-100-mesh Chromosorb W-HP. The operating 
temperatures were 245' for the injection port, 190" (isothermal) for the 
column oven, and 250' for the detector. Nitrogen a t  a flow rate of 45 
ml/min was the carrier gas. The flow rates of hydrogen and compressed 
air were adjusted to optimum sensitivity. The electrometer range was 
10-10 amp/mv. 

Calibration Curve-Methenamine2 was recrystallized from absolute 
ethanol. Methylparaben3 (methyl p-hydroxybenzoate), the internal 
standard, was used as received. Aliquots of 0.5, 1.5,2.5,5.0,7.5, and 10 
ml of methenamine solution (2 mg/ml in water containing 2 mg of 
methylparaben/ml) were added to individual 10-ml volumetric flasks and 
diluted to volume with water (containing 2 mg of methylparaben/ml). 
Each solution (1 pl) was injected into the chromatograph. The calibration 
curve was obtained by plotting the known concentration of methenamine 
uersus the corresponding peak height ratio (methenamine/methylpar- 
aben). 

Buffer Solutions-All buffer solutions were prepared in deionized, 
distilled water and were adjusted to an ionic strength of 0.5 with potas- 
sium chloride. Buffer solutions in the pH range of 2.0-7.4 were prepared 
by combining various amounts of 0.1 M citric acid and 0.2 M dibasic so- 
dium phosphate stock solutions (15). 

Stabil i ty Studies-Effect of pH-Amounts of methenamine equal 
to 0.75 mg/ml were weighed and placed in volumetric flasks. At time zero, 
the methenamine was dissolved in buffer solutions of pH 2.0,2.4,3.4,4.6, 
5.1, 5.5, 5.8, or 7.4 previously equilibrated a t  37.5". After dilution with 
the respective buffers, 10.0-ml samples were removed and placed in 16 
X 125-mm culture tubes with polytef-lined screw caps. These tubes were 
placed into a constant-temperature water bath. 

At suitable time intervals, one culture tube was removed and cooled 
to room temperature by quenching in an ice bath. One milliliter of the 
internal standard solution (22 mg of methylparaben/ml in methanol) was 
added, and the sample was subjected immediately to the GLC analysis. 
The pH was measured at the beginning and end of each run, and no sig- 
nificant change was found. 

Effect of Temperature-Methenamine a t  0.75 mg/ml also was studied 
kinetically a t  47,57, and 67" in pH 2.0,5.1, and 7.4 buffers. 

RESULTS AND DISCUSSION 

Figure 1 shows a typical gas chromatogram obtained for an aqueous 
solution of methenamine ( t ~  = 0.8 min) and methylparaben, the internal 
standard ( t ~  = 1.7 min). Both methenamine and the internal standard 
gave sharp, well-resolved peaks (resolution, R, = 5.4) with no tailing. A 
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Figure 1-Gas chromatogram 
of methenamine and the in- 
ternal standard in water on a 
3% OV-17 column. Key: A,  
soluent; A, methenamine; C ,  
recurrent unidentified peak; 
and D, methylparaben. 

0 1 2 3 
MINUTES 

peak that appeared repeatedly in all kinetic runs had a retention time 
of 1.25 min (point C in Fig. 1). This peak, possibly the hydrolysis product 
formaldehyde or, more probably, a polymer of formaldehyde, would be 
well resolved from both methenamine ( R ,  = 4.4) and from the internal 
standard (R, = 2.2). A plot of the ratio of the peak height of methenamine 
to the height of the internal standard uersus the concentration of 
methenamine produced a linear relationship between 0.10 and 2.00 
mg/ml. The calibration curve had a slope of 0.89 ml/mg, an intercept of 
3.24 X lo-*, and a correlation coefficient of 0.9997. 

The kinetics of hydrolysis of methenamine were followed a t  various 
pH values by monitoring the decrease of the ratio of the peak height for 
the peak a t  the methenamine retention time to the peak height of the 
internal standard as a function of time. A plot of the hydrolysis data 
obtained a t  various pH values is shown in Fig. 2. 

The logarithms of the difference of the final peak height ratio, H ,  (the 
peak height ratio a t  the end of 10 half-lives), and the peak height ratio 
a t  any time, Ht,  uersus time produced linear plots. The apparent first- 
order rate constants were calculated from the slopes of the linear re- 
gression lines fitted to: 

In(Ht - H,) = In(H0 - H,)  - kt (Eq. 1) 

where Ho is the peak height ratio a t  time zero and k is the apparent 
first-order rate constant. A t  all of the pH values studied, H ,  was essen- 
tially zero after storage for several days a t  the selected temperature, in- 
dicating that the reaction went to completion. The rate constants derived 
from the data are presented in Table I. 

A concentration of 0.75 mg/ml was chosen as the initial concentration 
because this value is the expected physiological concentration following 
a normal dose in humans (161. Six hours would be the maximum time a 
snlution of methenamine would remain in the bladder. No decomposition 
(i.e.,  no change in the peak height ratio) was observed in the pH 7.4 buffer 
over a 6-hr period. 

Table I-Apparent First-Order Rate Constants fo r  Hydrolysis of 
Methenamine in Buffer at 37.5" 

2.0 43.3 
2.4 32.7 
3.4 22.4 
4.6 18.6 
5.1 8.36 
5.5 6.35 
5.8 5.01 
7.4 b - 

1.60 0.9978 
2.12 0.9848 
3.09 0.9920 
3.73 0.9993 
8.29 0.9882 

10.9 0.9856 
13.8 0.9935 

Correlation coefficient for the linear regression line. No observable degradation 
over the time interval studied. 
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Figure 2-semilogarithmic plots of the ratio of the height of the GLC 
peak for methenamine to  the peak for the internal standard versus time 
at specified pH values. Each point is an average of two kinetic runs. Key: 
e, p H  5.8; 0, p H  5.5; A ,  pH 4.6; and m, pH 2.0. 

The effect of temperature on the hydrolysis rate was investigated at 
pH 2.0, 5.1, and 7.4 a t  several temperatures. Table I1 lists the apparent 
first-order rate constants calculated a t  each temperature for each pH 
value. There was no observable change in the peak height ratio in pH 7.4 
buffer at any temperature over a 6-hr period. Arrhenius plots of the 
logarithms of the observed rate constants uersus 1/T produced straight 
lines (Fig. 3). The activation energy for the reaction then was calculated 
from the slopes of the lines fitted to the data (Table IT). 

The studies of Tada (6) showed that: 

(Eq. 2) 

where k o b  is the observed rate constant; k,  and kh are the rate constants 
for the water solvolysis reaction and the hydrogen-ion-catalyzed reaction, 
respectively; and f +  is the fraction of methenamine present in the pro- 
tonated form. Tada (6) calculated k ,  and kh values a t  30° of 6.05 X 
sec-' and 6.33 X liter/mole/sec, respectively. Tada (6) also deter- 
mined the dissociation constant of protonated methenamine to be 7.0 
X IOW, from which values off' as a function of pH can be calculated. This 
relationship is shown graphically in Fig. 4. The value from Table I for 
hydrolysis a t  pH 2.0 and 37.5O was set equal to the value from Tada (6) 
a t  pH 2.0 and 30°, and the remaining values from Table I were scaled 
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Table 11-Apparent First-Order Rate  Constants and  Thermodynamic Parameters  for t he  Hydrolysis of Methenamine at Various 
Temperatures 

k ,  hr-’ X 10 
PH 37.50 470 57” 67” En. kcal/mole In A” r b  _. 

2.0 4.33 11.5 41.9 111.0 2 3.5 37.2 0.9985 
5.1 0.836 1.11 2.33 4.27 12.0 16.8 09853 

a A is the frequency factor. h The correlation coefficient for the linear regression line obtained by fitting the data to the Arrhenius relationship. 

accordingly and plotted in Fig. 4. The scaled values from this study agreed 
very well with the values predicted by Tada (6). 

The Arrhenius activation energy (E,) of 23.5 kcal/mole at  pH 2.0 and 
an ionic strength of 0.5 compared favorably with Tada’s (6) value of 23.3 
kcal/mole in highly acidic media a t  an ionic strength of 3.08. This E, value 
can he largely associated with the hydrogen-ion-catalyzed reaction. The 
E, value of 12.0 kcal/mole calculated at  pH 5.1 would he almost entirely 
a function of the rate constant of the water reaction, k,. 

The conversion of methenamine to formaldehyde in biological fluids, 
particularly urine, is of clinical importance since formaldehyde is the 
pharmacologically active product and is effective against urinary bacteria 
only above a concentration of -20 pg/ml (17). Methenamine solution 
remains in the bladder for only a certain time (-6 hr), and it is necessary 
to know the amount of conversion that occurs over that  period. I t  also 
would he useful for successful therapy to know the effect of the urinary 
pH on the rate of that conversion. Several recent reports discussed hy- 
drolysis of methenamine in urine (18-20). Possible errors from the assay 
method used in these studies were minimized in part by use of the 
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Figure 4-The pH-rate profile of methenamine degradation. The  solid 
line is the predicted relationship from the work of Tada (6). The  points 
are the data from Table Iscaled to 30”. 

Jackson and Stamey method (13), a modification of the Tanenbaum and 
Bricker (12) procedure, or by use of the Chen and Chafetz method (21). 
A possibly better method would be use of the Jackson and Stamey pro- 
cedure to quantitate the free formaldehyde concentration simultaneously 
with the GLC procedure for intact methenamine. 

According to the data of the present study, methenamine should cir- 
culate in the blood as the intact drug and be rapidly converted to form- 
aldehyde when it reaches the acidic urine. If the drug were converted a t  
a similar rate in the urine as in the buffers of this study, sufficient 
formaldehyde would be produced within 2 hr a t  pH 55.8. However, it may 
not be possible to make quantitative predictions of the in oiuo behavior 
of methenamine from the data of this study because of possible kinetic 
salt effects. Tada’s (6) work demonstrated a linear increase in the ob- 
served rate constant with an increase in the ionic strength up to a value 
of 3 or 4. This effect was shown for about 15 mono- and divalent salts, such 
as sodium chloride, sodium iodide, potassium chloride, potassium iodide, 
lithium chloride, calcium chloride, and ammonium chloride. 

The reported study demonstrated that the GLC procedure can be used 
to observe and quantitate the degradation kinetics of methenamine i n  
uitro in a buffer system. 
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Abstract  0 High-pressure liquid chromatographic (HPLC) methods 
for the quantitation of carbenicillin, cefazolin, cephalothin, nafcillin, and 
ticarcillin were developed. The stability of 2% solutions of the antibiotics 
in normal saline and in 5% dextrose in water were studied at 24 and 5'. 
The assays were conducted using a previously reported colorimetric 
method, and some assays also were performed using HPLC. For discol- 
ored solutions of cephalothin, the colorimetric method was not stability 
indicating. The percent relative standard deviations by HPLC based on 
six injections were 1.69,0.94, 1.30, 1.59, and 1.6 for carbenicillin, cefazolin, 
cephalothin, nafcillin, and ticarcillin, respectively. Both carbenicillin and 
ticarcillin apparently may be mixtures of two isomers a t  equilibrium with 
each other. The shelflives recommended by the manufacturers a t  5" may 
be too conservative. 

Keyphrases 0 Carbenicillin disodium-high-pressure liquid chroma- 
tographic analysis 0 Cefazolin sodium-high-pressure liquid chroma- 
tographic analysis 0 Cephalothin sodium-high-pressure liquid chro- 
matographic analysis 0 Nafcillin sodium-high-pressure liquid chro- 
matographic analysis Ticarcillin disodium-high-pressure liquid 
chromatographic analysis Antibiotics-carbenicillin disodium, cefa- 
zolin sodium, cephalothin sodium, nafcillin sodium, and ticarcillin di- 
sodium, high-pressure liquid chromatographic analysis 

The preparation of intravenous admixtures is a common 
service provided by hospital pharmacies in the United 
States. Most pharmacists are concerned about the stability 
of the solutions after mixing. Some of these solutions 
contain antibiotics such as carbenicillin disodium, cefazolin 
sodium, cephalothin sodium, nafcillin sodium, and ticar- 
cillin disodium in normal saline or in 5% dextrose in water. 
The stability studies must be conducted using a stabil- 
ity-indicating assay. 

Pharmaceutical manufacturers have begun to report 
limited information on the stability of antibiotics in in- 
travenous admixtures. For example, the following infor- 
mation has been reported in the package inserts. Intra- 
venous solutions of carbenicillin disodium (l), cefazolin 
sodium (2), cephalothin sodium (3), and ticarcillin diso- 
dium (4) are stable for 1 day at  room temperature and for 
3,4,4,  and 3 days, respectively, when stored in a refriger- 
ator. The intravenous solution of nafcillin sodium has been 
reported to be stable for 3 days at  room temperature and 
for 7 days when stored in a refrigerator (5). 

BACKGROUND- 

Brief studies on the stability of frozen and refrigerated solutions of 

COONa 

kOONa 

cefazolin sodium (6,7) and cephalothin sodium (8,9) have been reported. 
These reports did not describe the methodology in detail, especially the 
analytical techniques. One study (9) recommended expiration dates of 
2 days a t  5' and of 6-24 hr a t  25' for a 1% solution of cephalothin sodium 
in normal saline or in 5% dextrose in water. Other reports (6-8) recom- 
mended an expiration date of 4 days for both cefazolin sodium and 
cephalothin sodium when stored in a refrigerator. Longer expiration dates 
were recommended for frozen solutions. 

Zia and Zargarbashi (10) reported the kinetics of carbenicillin sodium 
in aqueous solution at 35'. The degradation products of cephalothin and 
cefazolin in alkaline and neutral aqueous solutions a t  35' were reported 
also (11). 

Several analytical techniques have been used for the stability studies. 
A fluorometric method for cephalothin and cefazolin was reported (12). 
Zia and Zargarbashi (10) preferred the iodometric method, and Yamana 
and Tsuji (11) used anion-exchange chromatography for cephalothin and 
high-pressure liquid chromatography (HPLC) for cefazolin. One method 
for the quantitation of cefazolin was based on a reaction with hydroxyl- 
amine hydrochloride (13). This method was modified (14) and applied 
to other penicillins including carbenicillin and cephalothin. 

The high experimental errors inherent in microbiological assays were 
reported (15), and the factors affecting the iodometric assay technique 
and its limitations were described (16, 17). 

The purposes of this investigation were to develop accurate and re- 
producible stability-indicating assays for the quantitation of carbenicillin 
disodium (I), cefazolin sodium (II), cephalothin sodium (III), nafcillin 
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Table I-Chromatographic Conditions 

Flow Detector Chart Concentration" 
Rate, Setting, Sensitivity Speed, of Standard 

Solution, pg/ml Antibiotic Mobile Phase ml/min nm Setting c m h r  

Carbenicillin 0.01 M NH400CCHs in water 1.6 
Cefazolin 0.01 M NH400CCH3 in 30% 1.3 

methanol in water 
CeDhalothin 0.01 M NH~OOCCHR in 30% 2.2 

methanolin water- 
Nafcillin 0.01 M NH400CCH3 in 50% 2.0 

methanol in water 
Ticarcillin 0.01 M NH400CCHs in water 1.6 

245 
254 

254 

280 

245 

0.04 30.5 600 
0.1 30.5 60 

0.04 30.5 50 

0.04 30.5 80 

0.1 30.5 600 

The Concentrations reported are in terms of total sterile powder. The temperature was ambient. 

Table 11-Colorimetric Assay Results for Solutions (2 g/100 ml) Stored at Room Temperature (24 f 1") 

Percent of Potency Retained (Based on Label Claim) after 
1 4 5 5days 7 13days 

Antibiotic Solvent day days days (HPLC)" days (HPLC)" 15days 
- C - c  60.1 Carbenicillin NSb 96.8 89.7 86.5 87.4 
90.9 - 86.4 98.0 95.4 93.9 93.0 Cefazolin NS 

Cephalothin NS 96.1 79.2d 78.0 62.2 
89.5 -c -C.f 

C - c  60.1 Nafcillin D5W' 97.9 93.6 91.6 92.0 
Ticarcillin NS 96.4 88.8 85.1 85.5 - 

C C 33.4 - - 

Percent of Potency Retained (Based on Label Claim) after 
1 3 5 5days 6 6 days 7 9 9days 11 11 days 

Antibiotic Solvent day days days (HPLC)" days (HPLC)" days days (HPLC)" days (HPLC)" 
C C - C Carbenicillin D5W 99.1 79.6 - - c  67.5 68.6 61.7 - -c 31.4 

Cefazolin D5W 99.1 76.6 94.0 93.2 - C - c  - c  89.4 88.5 86.1 -c  

C C - C - c  - c . i  - c  Nafcillin NS 100 94.3 - - 87.5 86.5 85.1 
Ticarcillin D5W 99.2 81.4 - - 45.0 43.5 43.3 - - c  14.3 

0 By the HPLC method. * Normal saline. C Not assayed on this day. 

Cephalothin D5W 95.8 88.4* 78.6 56.1 - C - c  - c  72.1 50.5 60.6 40.9 

C C C - c  

Solution had discolored to light yellow. The intensity of the color increased with further storage. 
e Five percent dextrose in water. f There was precipitation in the bag (light yellow). 

sodium (IV), and ticarcillin disodium (V) using HPLC and to study the 
stability of some intravenous admixtures containing these antibiotics. 
All of the antibiotics studied have a b-lactam ring. 

EXPERIMENTAL 

Chemicals and Reagents-All chemicals and reagents were USP, 
NF, or ACS quality and were used without further purification. The 
sterile powders of carbenicillin disodium', cefazolin sodium2, cephalothin 
sodiumz, nafcillin, sodium3, and ticarcillin disodium4 were used as re- 
ceived. The powder of I11 contained sodium bicarbonate and the powder 
of IV contained sodium citrate as a buffering agent. The presence of 
buffering agents did not interfere in these investigations. 

Apparatus-The high-pressure liquid chromatograph5 was equipped 
with a multiple-wavelength detector6, a recorder7, and an integrators. 

Column-A semipolarg column (30 cm long X 4 mm i.d.) was used. 
Chromatographic Conditions-The chromatographic conditions 

are reported in Table I. 
Preparation of Solutions-The standard solutions in water were 

prepared fresh. Their concentrations are reported in Table I. Solutions 
of other concentrations were prepared fresh as needed using a simple 
solution method. 

Preparation of Antibiotic Solutions (Similar to Intravenous 
Admixtures)-Solutions of I-V (2.00%)1° were prepared in either sterile 
normal saline" or in sterile 5% dextrose in water". The final solutions 
were not sterile. All solutions were divided into two parts and transferred 

Roeri , a  Division of Pfizer, New York. NY 10017. 
Eli L i h  and Co.. IndianaDolis. IN 46206. 
WyethLaboratories, Philadelphia, PA 19101. 

Model ALC 202 equipped with a U6K universal injector, Waters Associates. 

Spectroflow monitor SF770, Schoeffel Instrument Corp., Westwood, N.J. 
Omniscribe 5313-12, Houston Instruments, Austin, Tex. 
Autolab minigrator, Spectra-Physics, Santa Clara, Calif. 
Waters Associates pBondapak phenyl (Catalog No. 27198). 

Travenol Laboratories, Deerfield, IL 60015. 

' Beecham Laboratories, Bristol, TN 37620. 

Milford, Mass. 

lo The concentrations are in terms of total sterile powder. 

to the original containersI2. One set of the solutions was stored at room 
temperature (24 f lo), and the other set was stored in a refrigerator (5 
f 1'). The solutions were assayed at appropriate intervals. 

Assay Procedures-Colorimetric Procedure-The colorimetric 
procedure was reported previously (14). The method has been claimed 
to be stability indicating. The results are reported in Tables I1 and 111. 

HPLC Procedures-At appropriate intervals, solutions of antibiotics 
also were assayed using HPLC methods developed in this laboratory. 
Before analysis, all solutions were diluted with water to the appropriate 
concentrations (identical to the standard solutions; see Table I). A 20.0-4 
aliquot of the assay solution was injected into the chromatograph using 
the described conditions (Table I). For comparison, an identical volume 
of the appropriate standard solution was injected after the assay solution 
eluted. 

Calculations-Since preliminary investigations indicated that the 
peak areas (also peak heights) were related directly to the concentration 
(ranges tested were: I, 8-16 pg; II,O.8-1.6 pg; III,O.5-1.2 pg; IV, 1.3-2.0 
pg; and V, 8-16 pg), the results were calculated using: 

percent of label claim = 0, x 100 (Eq. 1) 

where (Ph), is the peak height of the assay solution and (Ph),  is the peak 
height of the standard solution of identical concentration. For I and V, 
heights of the taller peaks (peak 1) were compared. The results are pre- 
sented in Tables I1 and I11 and Figs. 1-3. The pH values are presented 
in Table IV. 

(Ph 1s 

RESULTS AND DISCUSSION 

Carbenicillin-The results (Table 11) indicate that the manufac- 
turer-recommended expiration date of 1 day at  room temperature is 
reasonable. At room temperature, a 2.00% solution of carbenicillin ap- 
pears to have greater stability in normal saline (60.1% potency after 15 

12 The original plastic Viaflex PL 146 bags from which either normal saline or 
5% dextrose in water was withdrawn for making the solutions. 
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Figure 1-Sample chromatograms. Peaks 1 and 2 in chromatograms 
A and B are from ticarcillin (V); in chromatograms C and D. they are 
from carbenicillin (I). Key: A and C, standard solutions of V and I. re- 
spectively; and B and D, 5-day-old solutions of V and I, respectively, 
in normal saline (storage a t  24'). The chromatographic conditions are 
given in Table I. 

days of storage) uersus 31.4% (after only 11 days of storage) in 5% dextrose 
in water. After 7 days, the potency retained in dextrose solution was about 
the same as that after 15 days in normal saline. 

Both solutions were stable (based on 90% potency) for 15 days a t  5'. 
Therefore, the manufacturer-recommended expiration date of 3 days (1) 
is too conservative. 

The colorimetric assay reported previously (14) appears to be stability 
indicating. The results by the literature method and by the HPLC 
method were almost the same (Table II), considering experimental errors. 
Nevertheless, the HPLC method gave more information than the assay 
results alone. For example, it appears that carbenicillin is a mixture of 
two isomers (peaks 1 and 2 in Fig. lC), and the percent decomposition 
in both isomers was the same. The isomers apparently are a t  equilibrium 
with each other, which is normal. 

For the HPLC methcd, the percent relative standard deviation based 
on six injections was 1.69. 
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Figure %--Sample chromatograms. Peak 1 in chromatograms A and 
B is from cefazolin ( I I ) ;  in chromatograms C and D, it is from nafcillin 
(IV). Key: A and C, standard solutions of I I  and IV, respectively; B, 
5-day-old solution of I 1  in normal saline (storage at 24'); and D, 15- 
day-old solution of IVin  normal saline (storage a t  5'). The chromato- 
graphic conditions are given in Table I. 

Cefazolin-The results (Table 11) indicate that the cefazolin solutions, 
both in normal saline and in dextrose, were stable for at least 5 days 
(based on 90% potency) a t  room temperature and for 15 days a t  5'. 
Therefore, the recommended (2) expiration dates of 1 and 4 days at  room 
temperature and at refrigerator temperature, respectively, are very 
conservative. 

Of the five antibiotics studied, cefazolin appears to have the greatest 
stability (Tables I1 and 111). This result may have been due to the fact 
that the pH values of cefazolin solutions increased during storage (Table 
IV), while the pH values of all of the other solutions decreased (Table 
IV). 

Table 111-Colorimetric Assay Results fo r  Solutions (2 g/100 ml) Stored at 4 * 1' 

Percent of Potency Retained (Based 
on Label Claim) after 

4 7 15 
Antibiotic Solvent days days days 

Carbenicillin NS" 98.4 97.5 94.0 
Cefazolin NS 99.5 94.7 94.7 
Cephalothin NS 96.5 96.3 95.0 
Nafcillin D5Wb 97.4 96.0 91.8 
Ticarcillin NS 97.9 94.6 91.0 

Percent of Potency Retained (Based on Label Claim) after 
3 4 7 8 9 9 davs 15 15 days 24 

Antibiotic Solvent days days days days days (HPLk)C days (HPLC)C days 
d - d -d 

d 95.; 
- 99.6 - d 99.2 99.7 90.9 

- 98.3 

d 97.1 96.5 95.2 95.0 - 100.0 Carbenicillin D5 W 

- 94.9 95.5 95.4 

Cefazolin D5W 

d - d  96.6 97.6 93.3 - 
Cephalothin D5W 

d 98.4 - 
Nafcillin NS 99.8 
Ticarcillin D5W 99.3 - 

- 
d 96.f 96.: 96.5 95.0 93.5 - d 99.7 - 

- 
94.1 

d 

d l00,O - 
- 

a Normal saline. * Five percent dextrose in water. By the HPLC method. Not assayed on this day. 
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Figure 3-Sample chromatograms. Peak 1 is from cephalothin ( I l l ) .  
Key: A, standard solution; B, 15-day-old solution of 111 in 5% dextrose 
in water (storage at  5’); and C ,  I 1  -day-old solution of 111 in 5% dextrose 
in water (storage at 24’). The chromatographic conditions are given in 
Table I. 

The results using the HPLC method (Table 11) were similar to those 
obtained using the literature method (14). Since these solutions did not 
decompose much, there was no significant difference between the chro- 
matogram of a standard solution (Fig. 2A) and a chromatogram from a 
5-day-old solution in normal saline when stored at room temperature (Fig. 
2B). 

For the HPLC method, the percent relative standard deviation based 
on six injections was 0.94. 

Cephalothin-The results at room temperature (Table 11) indicate 
that the manufacturer-recommended (3) expiration date of 1 day is 
reasonable. However, if stored in a refrigerator, the solutions were stable 
for at least 15 days (Table 11). compared to the manufacturer-recom- 
mended (3) shelflife of 4 days. Moreover, the solutions that were stored 
in a refrigerator remained colorless during the investigation. However, 
at room temperature, the solutions started discoloring to a light-yellow 
color within 48-72 hr. The intensity of this color increased on further 
storage. 

Once the solutions became discolored, the colorimetric analysis gave 
misleading results (Table 11). For example, after 5 days of storage at  24’, 
cephalothin in normal saline and in dextrose solutions indicated a potency 
of -78% (Table 11). When assayed using the HPLC method (Fig. 3), the 
potencies were 62.2 and 56.1% for solutions in normal saline and dextrose, 
respectively (Table 11). After 11 days, the solution with dextrose indicated 
60.6% potency by the colorimetric method compared to 40.9% by the 
HPLC method. Therefore, the literature method (14) probably is unre- 
liable for stability studies of I11 once the solutions become discolored. 

For the HPLC method, the percent relative standard deviation based 
on six injections was 1.3. 

Nafcillin-The results a t  room temperature (Table 11) indicate that 
the expiration date of 3 days recommended by the manufacturer (5) is 
reasonable. However, when stored in a refrigerator, the solutions were 
stable for a t  least 15 days (Table 111). The manufacturer recommends 
(5) an expiration date of 7 days. 

The results with the HPLC method were similar (Table 11) to those 
with the colorimetric method (14). For the HPLC method, the percent 
relative standard deviation based on six injections was 1.59. 

Ticarcillin-The results at room temperature (Table 11) indicate that 
the manufacturer-recommended shelflife (4) of 1 day is reasonable. 
However, when stored in a refrigerator, the solutions were stable for a t  

Table IV-Change in pH of the Antibiotic Solutions (2 g/100 ml) 
with Various Storage Times and Temperatures 

Antibiotic 

Carbenicillin 
Cefazolin 
Cephalothin 
Nafcillin 
Ticarcillin 

Antibiotic 

pH Value (f0.1) after 
l d a y  7days 7days 

Solvent Initial at 24’ at24’ at5’ 

NS” 6.5 6.0 5.6 6.4 
NS 4.4 5.8 6.4 5.2 
NS 7.5 6.4 4.6 7.3 
D5Wc 6.6 6.4 5.6 6.4 
NS 6.1 5.8 5.6 5.9 

pH Value (f0.1) after 
l d a y  15days 15days 

Solvent Initial at24’ at24’ at 5’ 

Carbenicillin D5W 6.5 5.9 5.1 5.9 
Cefazolin D5W 4.6 5.6 6.2 5.6 
Cephalothin D5W 7.6 6.3 4.6* 6.9 
Nafcillin NS 6.6 6.4 4.6d 6.1 
Ticarcillin D5W 6.2 5.7 5.1 5.6 

a Normal saline. Solution had discolored to yellow. Five percent dextrose in 
water. Precipitation occurred (light yellow). 

least 15 days (Table 111). Therefore, the recommended shelflife of 3 days 
is too conservative. 

The colorimetric analysis appears to be stability indicating, but the 
HPLC method gave some new information. Ticarcillin appears to be a 
mixture of two isomers (Figs. 1A and 1B). These isomers are at equilib- 
rium, as explained for carbenicillin, since the percent decomposition in 
both isomers was similar. 

For the HPLC method, the percent relative standard deviation based 
on six injections was 1.6. 

The data could not be treated mathematically since the pH values of 
the solutions were not constant (Table IV). The degradation products 
of cefazolin and cephalothin were reported previously (11). General in- 
formation about the degradation of wbenicillin (10) and other penicillins 
(18) is available in the literature. 
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Abstract A high-pressure liquid chromatographic method was de- 
veloped for the separation and quantitation of salicylsalicylic acid (I), 
aspirin (II), and salicylic acid (111) in human plasma and urine. The 
method for plasma involves the selective extraction of 1-111 and an in- 
ternal standard, a-phenylcinnamic acid, into methylene chloride from 
acidified plasma, followed by evaporation of the organic phase and dis- 
solution of the residue in methanol. A 25-pl aliquot is analyzed on a re- 
versed-phase column with UV detection. Urine is treated similarly with 
hexane as the extracting solvent. If 300 nm is used as the monitoring 
wavelength, the assays of I and 111 are linear over the concentration range 
of 1-150 pglml in both plasma and urine. If 280 nm is used as the moni- 
toring wavelength, I1 can be quantitated along with I and 111; however, 
detector sensitivities of I and 111 are two to three times greater a t  300 nm. 
The accuracy and precision of the methods for 1-111 are adequate for 
clinical pharmacokinetic studies. Following therapeutic doses of I in 
humans, the method was applied successfully to the determination of I 
and 111 in plasma and urine. 

Keyphrases 0 Aspirin-high-pressure liquid chromatographic analysis 
with salicylsalicylic acid and salicylic acid in human plasma and urine 

Salicylsalicylic acid-high-pressure liquid chromatographic analysis 
with aspirin and salicylic acid in human plasma and urine 0 Salicylic 
acid-high-pressure liquid chromatographic analysis with salicylsalicylic 
acid and aspirin in human plasma and urine 0 High-pressure liquid 
chromatography-analysis, salicylsalicylic acid, aspirin, and salicylic acid 
in human plasma and urine 

Salicylsalicylic acid (I) was developed as a salicylate 
alternative for aspirin (11) and sodium salicylate. Although 
I was available as early as 1920, its usefulness in salicylate 
therapy has been explored only recently (1). Double-blind 
clinical trials have shown that I causes significantly less GI 
bleeding and gastric erosions at anti-inflammatory doses 
than does I1 (2-6). The therapeutic response of arthritic 
patients to I appears to be equivalent to that of I1 (6-11). 
Thus, I appears to be an important salicylate derivative 
and offers efficacy with diminished GI distress. 

Compound I is hydrolyzed in the body to give salicylic 
acid (111). Metabolic studies of I measured only levels of 
I11 following single and multiple doses of I (5, 11-16). 
Studies of plasma and urine levels of I used the difference 
between levels of I11 before and after hydrolysis as an es- 
timate of the concentrations of I (11,16). A high-pressure 
liquid chromatographic (HPLC) assay was described re- 
cently for monitoring I as an impurity in aspirin tablets 
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Figure 1-HPLC assay of I and III  at 300 nm. Key: A, drug-free human 
plasma; B, drug-free human urine; and C, plasma containing 20 pg of 
I-III  and a-phenylcinnamic acidlml. 

(17). The present report describes a specific and sensitive 
HPLC assay for the quantitation of 1-111 in biological 
samples. 
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Table I-Accuracy and Precision of the HPLC Analysis of 
Salicylsalicylic Acid and Salicylic Acid in Human Plasma at 300 
nm 

0.0 

Drug Added Salicylsalicylic Acid 
to Plasma. Detected. Difference. o"~--L--- Pdml Fdml Pg/ml 

5.0 5.2 0.2 
5.1 0.1 
5.0 0.0 
5.5 0.5 
5.3 0.3 

1 
w 
(r 

0.2 

0.0 

20.0 

I1 - \ 

- 

- 
1 ,  

- - I 
r 

5.2 f 0.2" 0.5  ME^ 
4% CV' 4% REd 

1 
w 
(r 

0.2 

0.0 

Salicylic Acid 
Detected, Difference, 

ccg/ml pdml 

I1 - \ 

- 

- 
1 ,  

- - I 
r 

I I 1 I I I 1 

6.2 1.2 
6.2 1.2 
6.0 1.0 
6.1 1.1 
6.0 1.0 
6.i f 0.10 i.i M E  
2% cv 18% RE 

20.7 0.7 20.7 0.7 
20.0 0.0 21.4 1.4 

50.0 

20.8 0.8 21.2 1.2 
20.8 0.8 20.3 0.3 
20.9 0.9 20.1 0.1 
20.6 f 0.4" 0.6 ME 20.7 f 0.6' 0.7 ME 

2% cv 3% RE 3% CV 3% RE 
48.1 -1.9 47.7 -2.3 
50.8 0.8 47.8 -2.2 
49.3 -0.7 52.4 2.4 
49.0 -1.0 48.9 -1.1 
52.0 2.0 51.2 1.2 
49.8 f 1.6" -0.2 ME 49.6 f 2.1" -0.4 ME 

3% cv -0.4% RE 4% CV -0.8% RE 
a Mean f SD. * M E  = mean error. CV = coefficient of variation X 100. RE 

= relative error. 

Table 11-Accuracy and Precision of the HPLC Analysis of 
Salicylsalicylic Acid and Salicylic Acid in Human Urine a t  
300 nm 

Drug Added Salicylsalicylic Acid Salicylic Acid 
to Urine, Detected, Difference, Detected, Difference, 

5.0 5.1 0.1 5.5 
5.9 0.9 5.8 
5.6 0.6 6.0 

0.5 
0.8 
1.0 

4.9 -0.1 5.4 0.4 

10.0 

5:4 f 0.46' 0:4 MEb 5.7 f 0.28" 0.7 M E  
8.5% CV' 7% REd 4.9% CV 12% RE 
9.8 -0.2 8.6 -1.4 
9.6 -0.4 9.7 -0.3 
9.2 -0.8 9.3 -0.7 
9.7 -0.3 9.3 -0.7 
9.6 f 0.26' -0.4 ME 9.2 f 0.46' -0.8 ME 
2.7%CV -4%RE 5.0%CV -9% RE 

a-d See Table I. 

EXPERIMENTAL 

Materials-All solvents were glass distilled and suitable for liquid 
chromatographic analyses', and all reagents were analytical grade. An- 
alytically pure standards of 12-I11 and a-phenylcinnamic acid3 were used. 
Aqueous solutions were prepared in distilled water. Drug-free plasma 
and urine were obtained from normal human volunteers. 

A high-pressure liquid chromatograph4 equipped with a septumless 
injector5 and a variable-wavelength UV detector6 were used. The detector 
was operated at either 0.02 or 0.04 aufs. The mobile phase of methanol-1% 
acetic acid (60:40 v/v) was pumped at 2.0 ml/min (2800 psi) through a 
stainless steel column (30 cm X 4 mm i.d.) packed with a high-efficiency, 
reversed-phase packing7. 

Methods-a-Phenylcinnamic acid served as the internal standard. 
To a 0.5-ml aliquot of plasma were added 0.9 ml of 0.27 N HCI, 10 jig of 
a-phenylcinnamic acid (100 pl of a 0.1-mg/ml solution in methanol), and 
10 ml of methylene chloride. The tubes were shaken for 15 min on a me- 
chanical shaker a t  125 cycledmin and centrifuged for 5 min a t  750Xg. 

Burdick & Jackson Laboratories, Muskegon, Mich. 
Riker Laboratories, Northridge, Calif. 
Aldrich Chemical Co., Milwaukee, Wis. 
Model 6000, Waters Associates, Milford, Mass. 
Model U6K, Waters Associates, Milford, Mass. 
Model SF 770, Schoeffel Instrument Corp., Waterford, N.J. 
pBondapak C18, Waters Associates, Milford, Mass. 

t 

q I- 
< 0.4 

a-phonylcinnamic 
acid 

L 
4 6 8 

MINUTES 

Figure 2-HPLC assay of 1-111 at  280 nm. Key: A, drug-free h u m a n  
plasma; and B, plasma containing 20 pg of 1-111 and a-phenylcinnamic 
acidlml. 

The methylene chloride phase was separated and evaporated to dryness8. 
The residue was dissolved in 0.5 ml of methanol, and 25 p1 was injected 
into the chromatograph. 

A similar procedure was used for the urine extraction, except that 2-mi 
urine aliquots were extracted with 10 ml of hexane. A solvent less polar 
than methylene chloride was required for the urine extractions to elim- 
inate interfering substances. 

Plasma and urine standards were prepared by adding I and I11 (and 
in some cases 11) dissolved in 100 pl of methanol to aliquots of drug-free 
human plasma and urine. UV absorbance was measured at 300 nm. Peak 
height ratios were used to determine concentrations. 

RESULTS AND DISCUSSION 

Reversed-phase HPLC was an effective method to quantitate I and 
I11 simultaneously in human plasma and urine. Figure 1 shows a repre- 
sentative chromatogram. Baseline separation between I, 111, and 
a-phenylcinnamic acid (the internal standard) was achieved. No inter- 
ference by endogenous materials from either drug-free human plasma 
or urine was seen (Fig. 1). Under the experimental conditions, the elution 

Evapo-Mix, Huchler Instruments, Fort Lee, N.J. 
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Table 111-Accuracy and Precision of the HPLC Analysis of Salicylsalicylic Acid, Aspirin, and Salicylic Acid in Human Plasma at 280 
n m  

Salicylsalicylic Acid Aspirin Salicylic Acid 
Drug Added to Detected, Difference, Detected, Difference, Detected, Difference, 
Plasma, pg/ml d m l  P d m l  P g h l  pglml Pg/ml d m l  

5.0 

20.0 

50.0 

5.9 
5.6 
5.8 

0.9 
0.6 
0.8 

5.1 
5.2 
5.2 

0.1 
0.2 
0.2 

5.6 
6.1 
5.9 

0.4 
1.1 
0.9 

6.3 1.3 5.2 0.2 6.1 1.1 
5.9 0.9 4.4 -0.6 6.4 1 4  
5.9 f 0.3" 0.9 M E b  5.0 f 0.3" 0.02 M E  6:O f 0.3" I ~ M E  
4% CV' 15% REd 6% CV 0.4% RE 5% cv 17% RE 

20.2 0.2 20.3 0.3 20.2 0.2 
19.9 -0.1 19.8 -0.2 21.2 1.2 
20.8 0.8 20.6 0.6 20.6 0.6 
20.9 0.9 20.4 0.4 20.6 0.6 
20.5 0.5 20.1 0.1 19.7 -0.3 
20.5 f 0.4" 0.5 M E  20.2 f 0.3" 0.2 M E  20.5 f 0.6" 0.5 M E  

2% cv 2% RE 1% cv 1% RE 3% cv 2% RE 
48.1 -1.9 49.6 0.4 48.4 -1.6 
50.5 0.5 49.4 0.6 48.1 -1.9 
49.3 -0.7 50.0 0.0 52.0 2.0 
49.3 -0.7 49.7 -0.7 49.2 -0.8 
52.0 2.0 50.7 0.7 51.1 1.1 
49.8 f 1.5" -0.2 M E  49.9 f 0.5" -0.2 M E  49.8 f 1.7" -0.2 ME 
3% cv -0.4% R E  1% cv 0.4% RE 3%CV * -0.4% RE 

a-d See Table 1. 

volumes for 1,111, and the internal standard were 11.5 (5.8 min), 6.0 (3.0 
min), and 16 (8.0 min) ml, respectively. 

The assay of I and 111 was linear over the concentration range of 1-150 
+g/ml in both plasma and urine. The minimum detectable level of I and 
I11 was 1 pg/ml. However, this sensitivity could be increased by adding 
<500 pl of methanol a t  the final extraction step. The accuracy and pre- 
cision of the method were tested a t  three concentrations of I and 111 in 
plasma. Both compounds were present in all plasma samples; five samples 
of each concentration were assayed on the same day (Table I). 

The coefficient of variation was 1 4 %  for all three levels of I and 111. 
Thus, good precision was demonstrated. The accuracy of the method is 
indicated by the mean error between the detected and theoretical values. 
The mean error was small in most cases, except for I11 a t  5 pg/ml. Similar 
accuracy and precision were seen with urine samples (Table 11). 

Compound I1 was quantitated along with I and I11 by changing the 
wavelength to 280 nm (Fig. 2). Compound I1 had weak UV absorbance 
at 300 nm (Fig. 1) and could not be quantitated a t  that  wavelength. The 
elution volume for I1 was 4.5 ml(2.3 min). Since the elution volumes for 
I, 111, and the internal standard were unchanged, the analysis time re- 
mained at 9 midsample. The assay a t  280 nm for I1 (and also for I and 
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Figure 3-Plasma levels of I (*) and III  (0 )  in a subject given an oral 
1000-mg dose of I .  

111) was linear over the concentration range of 2-100 pg/ml. The accuracy 
and precision of the method at 280 nm were tested at three concentrations 
of 1-111 in plasma and were similar to those observed at 300 nm (Table 
111). 

For maximum sensitivity, I and I11 should be quantitated a t  300 nm 
and I1 should be quantitated a t  280 nm. As shown in Fig. 2, the 280-nm 
wavelength can be used to quantitate 1-111 simultaneously in plasma, 
although the absorbances of I and I11 a t  280 nm under the present ex- 
perimental conditions were only 65 and 35%, respectively, of the ab- 
sorbances a t  300 nm. 

The HPLC method was used in the analysis of plasma and urine 
samples from a 10-subject absorption study of I. The healthy male vol- 
unteers were given a single, oral, 1000-mg dose of I as two tabletsg. 
Heparinized blood samples were taken immediately before dosing and 
at 0.5,1,2,4,6,8,12,16, and 24 hr postdosing. The plasma levels of I and 
I11 were determined by the HPLC method a t  300 nm and are plotted for 
a representative subject in Fig. 3. A peak plasma level for I of 33.4 pg/ml 
was reached in this subject a t  1 hr postdosing, and the decrease in plasma 
levels followed a monoexponential decline with an estimated plasma 
half-life for I of 0.8 hr. The in uiuo hydrolysis of I to I11 resulted in a peak 
plasma level of I11 of 55.2 pg/ml at  4 hr; the plasma half-life of 111 was 3.5 
hr. The 24-hr urinary excretions of I and I11 in this subject were 10.0 and 
29.8 mg, respectively. 

During this absorption study, analytical results showed that the assay 
yielded only minimal day-to-day and operator-to-operator variations. 
Eleven plasma standard curves were run for each compound over a 2- 
month period. The coefficient of correlation of each plasma standard 
curve was 0.997 or better for I; it was 0.994 or better, with one exception 
(0.989), for 111. Zero was contained within the standard error of the in- 
tercept. Linear regression of a line forced through the origin for the mean 
standard curve gave slopes of 0.035 f 0.0031 (mean f SD)  for I and 0.084 
f 0.0062 for 111. Comparable agreement was obtained for four urine 
standard curves. 

Several multiple-dose studies a t  anti-inflammatory doses have shown 
that the assay is more than adequate to determine plasma concentrations 
of I in humans. However, simultaneous quantitation of I11 may require 
sample dilution to keep the level of 111 below 150 pglml. The HPLC assay 
requires 9 minhample. Approximately 30 samples can be extracted and 
analyzed daily. 
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Abstract 0 A new gel delivery system for the local application of pros- 
taglandin E:! consists of drug incorporated in the matrix of a cross-linked 
starch polymer. The properties of the starch powder provide a stabilizing 
milieu for the labile prostaglandin Ez and, by addition of saline, a 
ready-to-use gel for immediate local administration. The gel offers ad- 
vantages over existing preparations in terms of chemical and microbio- 
logical stability, homogeneity, and dosage safety. This report outlines 
the pharmaceutical aspects involved in the development of the delivery 
system. 

Keyphrasee Prostaglandin En-preparation, characterization, and 
stability of gel delivery system 0 Drug delivery systems-prostaglandin 
Ez gel, preparation, characterization, and stability 

The discovery, isolation, and characterization of the 
various prostaglandins have created substantial interest 
in their physiological role and therapeutic applications (1). 
Their use in human reproduction (2) clearly demonstrates 
their clinical value. However, the broad spectrum of 
pharmacological responses and the general instability of 
the prostaglandins have made it difficult to achieve specific 
therapeutic aims without significant side effects. 

BACKGROUND 

In the E series, for example, the cervical ripening effect of prostaglandin 
E2 first was observed in early studies using intravenous infusion prior 
to therapeutic abortion or induction of labor in patients at term (3). The 
large dose required to achieve these effects was associated with frequent 
systemic side effects such as vomiting and diarrhea (4). The most recent 
phase in such use of prostaglandin Ez has been a low dose local (intra- 
cervical or vaginal) administration in a viscous gel or a lipid-based pessary 
(5,6).  

The prostaglandin E2 regimen is simple and highly acceptable to pa- 
tients, causing no significant side effects and improving the prospects 
of labor. There is now extensive evidence of the efficacy and safety of this 
method (7-9). The obstacle to wider utilization lies in the inherent lability 
of prostaglandin & compared to the less effective prostaglandin Fz. (10). 
Existing formulations in simple gels and pessaries do not provide suffi- 
cient long-term stability and involve problems concerning homogeneity, 
sterility, and dosage safety (11,12). 

The absence of a suitable delivery vehicle and a standardized prepa- 

ration of the gel has discouraged commercial production and hindered 
clinical usage of the prostaglandin Ez technique. This report presents 
a new prostaglandin &gel delivery system and affords a definite solution 
to the problems afflicting the practical handling of the drug for local 
administration. This system consists of drug distributed in the matrix 
of a cross-linked starch derivative. The properties of the starch powder 
provide a stabilizing milieu for the labile prostaglandin Ez and, by ad- 
dition of saline, a ready-to-use gel for immediate local administration. 

The safety and efficacy of the starch gel prepared with prostaglandin 
Ez in cervical ripening were established in clinical trials (13), and this 
paper outlines the pharmaceutical aspects involved in the development 
of such a delivery system. 

EXPERIMENTAL 

Materials-Prostaglandin Ezl(I) was used in the crystalline form. 
[ l-W]Prostaglandin Ez2 (specific activity 2.07 GBq/mmole) was supplied 
as a solution in ethanol-water (7:3). The cross-linked starch polymer3 
was supplied as a dry powder (particle size 50-100 bm). All reagents were 
analytical grade. 

Gel Formulations-The prostaglandin Ez gel powder was prepared 
under aseptic conditions. A freshly prepared, sterile-filtered solution of 
I (50 mg) in 80% (v/v) aqueous ethanol (25 ml) was added to 50 g of the 
heat-sterilized (160' for 1 hr) cross-linked starch powder. During the 
subsequent manual mixing for 10 min, the starch material swelled to twice 
its original volume. After lyophilization and homogenization, the pros- 
taglandin El  gel powder was dispensed in 0.5-g portions (0.5 mg of I/dose) 
in sterile, disposable, 10-ml syringes. 

The radiolabeled prostaglandin Ez gel powder was prepared in a similar 
manner with the addition of 92.5 KBq of [1-l4C]prostaglandin E2 to the 
solution of I. For practical reasons, this batch was prepared at one-half 
the scale (i.e., 50 doses) and under nonaseptic conditions. 

The ready-to-use-gel for clinical administration was prepared by 
adding 2.2 ml of sterile saline via a hypodermic needle to the prosta- 
glandin E:! gel powder in the syringe. A uniform gel consistency was ob- 
tained without agitation within 30 sec. 

The prostaglandin Ez gel fortified with X-ray contrast medium was 
prepared by adding 1 ml of saline and 2 ml of contrast medium (6.75 g 
of metrizamide' dissolved in 7.8 ml of 0.6 mM sodium bicarbonate) to 

* The Upjohn Co. 
2 The Radiochemical Centre. 
3 Perstorp AB. ' Amipaque, Nyegaard & Co., Oslo, Norway. 
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Abstract 0 A new gel delivery system for the local application of pros- 
taglandin E:! consists of drug incorporated in the matrix of a cross-linked 
starch polymer. The properties of the starch powder provide a stabilizing 
milieu for the labile prostaglandin Ez and, by addition of saline, a 
ready-to-use gel for immediate local administration. The gel offers ad- 
vantages over existing preparations in terms of chemical and microbio- 
logical stability, homogeneity, and dosage safety. This report outlines 
the pharmaceutical aspects involved in the development of the delivery 
system. 

Keyphrasee Prostaglandin En-preparation, characterization, and 
stability of gel delivery system 0 Drug delivery systems-prostaglandin 
Ez gel, preparation, characterization, and stability 

The discovery, isolation, and characterization of the 
various prostaglandins have created substantial interest 
in their physiological role and therapeutic applications (1). 
Their use in human reproduction (2) clearly demonstrates 
their clinical value. However, the broad spectrum of 
pharmacological responses and the general instability of 
the prostaglandins have made it difficult to achieve specific 
therapeutic aims without significant side effects. 

BACKGROUND 

In the E series, for example, the cervical ripening effect of prostaglandin 
E2 first was observed in early studies using intravenous infusion prior 
to therapeutic abortion or induction of labor in patients at term (3). The 
large dose required to achieve these effects was associated with frequent 
systemic side effects such as vomiting and diarrhea (4). The most recent 
phase in such use of prostaglandin Ez has been a low dose local (intra- 
cervical or vaginal) administration in a viscous gel or a lipid-based pessary 
(5,6).  

The prostaglandin E2 regimen is simple and highly acceptable to pa- 
tients, causing no significant side effects and improving the prospects 
of labor. There is now extensive evidence of the efficacy and safety of this 
method (7-9). The obstacle to wider utilization lies in the inherent lability 
of prostaglandin & compared to the less effective prostaglandin Fz. (10). 
Existing formulations in simple gels and pessaries do not provide suffi- 
cient long-term stability and involve problems concerning homogeneity, 
sterility, and dosage safety (11,12). 

The absence of a suitable delivery vehicle and a standardized prepa- 

ration of the gel has discouraged commercial production and hindered 
clinical usage of the prostaglandin Ez technique. This report presents 
a new prostaglandin &gel delivery system and affords a definite solution 
to the problems afflicting the practical handling of the drug for local 
administration. This system consists of drug distributed in the matrix 
of a cross-linked starch derivative. The properties of the starch powder 
provide a stabilizing milieu for the labile prostaglandin Ez and, by ad- 
dition of saline, a ready-to-use gel for immediate local administration. 

The safety and efficacy of the starch gel prepared with prostaglandin 
Ez in cervical ripening were established in clinical trials (13), and this 
paper outlines the pharmaceutical aspects involved in the development 
of such a delivery system. 

EXPERIMENTAL 

Materials-Prostaglandin Ezl(I) was used in the crystalline form. 
[ l-W]Prostaglandin Ez2 (specific activity 2.07 GBq/mmole) was supplied 
as a solution in ethanol-water (7:3). The cross-linked starch polymer3 
was supplied as a dry powder (particle size 50-100 bm). All reagents were 
analytical grade. 

Gel Formulations-The prostaglandin Ez gel powder was prepared 
under aseptic conditions. A freshly prepared, sterile-filtered solution of 
I (50 mg) in 80% (v/v) aqueous ethanol (25 ml) was added to 50 g of the 
heat-sterilized (160' for 1 hr) cross-linked starch powder. During the 
subsequent manual mixing for 10 min, the starch material swelled to twice 
its original volume. After lyophilization and homogenization, the pros- 
taglandin El  gel powder was dispensed in 0.5-g portions (0.5 mg of I/dose) 
in sterile, disposable, 10-ml syringes. 

The radiolabeled prostaglandin Ez gel powder was prepared in a similar 
manner with the addition of 92.5 KBq of [1-l4C]prostaglandin E2 to the 
solution of I. For practical reasons, this batch was prepared at one-half 
the scale (i.e., 50 doses) and under nonaseptic conditions. 

The ready-to-use-gel for clinical administration was prepared by 
adding 2.2 ml of sterile saline via a hypodermic needle to the prosta- 
glandin E:! gel powder in the syringe. A uniform gel consistency was ob- 
tained without agitation within 30 sec. 

The prostaglandin Ez gel fortified with X-ray contrast medium was 
prepared by adding 1 ml of saline and 2 ml of contrast medium (6.75 g 
of metrizamide' dissolved in 7.8 ml of 0.6 mM sodium bicarbonate) to 

* The Upjohn Co. 
2 The Radiochemical Centre. 
3 Perstorp AB. ' Amipaque, Nyegaard & Co., Oslo, Norway. 
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Figure 1-Scanning electron microzraoh of the drv starch microsaheres 
prepared with I ( X l 5 0 )  

the prostaglandin E.L gel powder. The gel was administered to a 28- 
year-old 11-gravida at  a gestational age of 30 weeks with an intrauterine 
dead fetus. 

Characterization of Prostaglandin Ez Gel Powder-The water 
content in the powder was determined by Karl Fischer titration. Parti- 
cle-size fractionation was performed using a mechanical oscillating sieve5. 
The pH measurements were made using a standard pH meter6. The ab- 
sorpt,ion capacity was determined using the method described by Granath 
and Flodin (14). Micrographs were taken using a scanning electron mi- 
croscope7. Sterility tests on five batches were performed according to the 
European Pharmacopoeia. 

Homogeneity Studies-Twenty samples of 100.0 mg of the radiola- 
heled I gel powder were selected randomly according to the table of 
random numbed .  After addition of 10 ml of gel scintillation fluidg to each 
sample, the radioactivity was measured using a liquid scintillation 
spectrometerlo. The absence of quenching due to the starch powder was 
verified by measuring the radioactivity in successively increasing amounts 
( 10-300 mg) of the I gel powder from the same samples. 

The distribution of I in the swollen, ready-to-use gel was determined 
in a similar manner by measuring the radioactivity of -300.0-mg portions 
of the gel when expelled in a standard manner from the syringe. 

Stability Studies-Compound I was tested for stability in the dry 
powder and in the swollen, ready-to-use viscous gel. Stability was mon- 
itored a t  4 and 23" in the dry powder for 12 months and a t  4,20, and 37" 
in the freshly prepared, ready-to-use viscous gel for 24 hr. 

Assay and Analytical Procedure-Compound I was determined by 
extraction from the gel, separation from the degradation products by 
TLC, and spectrophotometric assay" after conversion to prostaglandin 
Rz by alkali treatment. 

Aqueous ethanol (80% v/v) was prepared, and 2.00 ml was added to 
500.0 mg of the dry I gel; after vortexing for 2 min, 50pl of the supernate 
was applied to a silica gel thin-layer plate12 together with standards of 
80% (v/v) aqueous ethanol solutions of known concentrations of I. The 
plate was developed in a solvent system of chloroform-methanol-acetic 
acid-water (90:9:1:0.65). This system separates I from its major degra- 
dation products, prostaglandin A2 and the ethyl esters (15). 

The zone of I was visualized by spraying the standards a t  the edge of 

Hetsch plane model 330. 
Radiometer model 26, Copenhagen, Denmark. 
ISM-4S Jeol Ltd., Tokyo, Japan. 
See "Geigy Scientific Tables," Ciha-Ceigy Ltd., Basel, Switzerland. 
I.umar Systems AC, Basel, Switzerland. 

l o  Tri-Carb, Packard No. :3920. 
I '  Cary model 110 spertrophotometer. 
l 2  Merrk No. 5721 TI,C plates. 

Figure 2-Scanning electron micrograph of the sphere surface structure 
(xlo,ooo). 

the plate with 10% phosphomolybdic acid in ethanol. The areas corre- 
sponding to I were removed from the plate, and I was eluted with meth- 
anol (3 X 2.00 ml). The sample was treated with potassium hydroxide to 
give a final concentration of 1 M and then was heated a t  50" for 1 hr. The 
absorbance at 277 nm was read against a blank (containing a corre- 
sponding amount of silica gel treated similarly) and compared with the 
standards. 

RESULTS AND DISCUSSION 

The described formulation procedure results in an off-white, free- 
flowing powder consisting of microspheres of 50-100 pm in diameter (Fig. 
1). Each microsphere is a highly hydrophilic, three-dimensional network 
of a cross-linked starch derivative. Scanning electron micrographs show 
a regular matrix surface structure (Fig. 2). The hydrophilic nature of the 
starch microspheres is illustrated by the absorption capacity in polar 
liquids. For example, upon addition of saline, the I gel powder swells to 
assume a gel consistency, with absorption up to eight times the original 
weight of the dry powder. Upon addition of 80% aqueous ethanol, the 
starch powder swells to about twice its own volume as the microspheres 
enlarge in size. The solution is absorbed by the microspheres and incor- 
porated as intraparticulate liquid. The solution of I thus is distributed 

1 2  3 4 5 6 7 8 9 1 0 1 1 1 2  
MONTHS 

Figure 3-StabilityofI in thedrygelpowder at 4 (0) and 23' (0). Data 
plotted are the auerage ualues from three different batches. 
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Table I-Stability of Prostaglandin E2 (I) in the  Freshly 
Prepared Ready-to-Use I Gel a 

Incubation, Recovered I, % 
hr +40 + 200 +R70 _. . _ .  

4 99.1 f 7.0 99.3 f 6.9 91.8 f 5.6 
24 94.7 f 5.4 88.5 f 4.8 78.0 f 1.5 

0 Each value is the mean f SD of four samples from the same batch. 

throughout the gel bed. During the subsequent lyophilization, the solvent 
is removed and the starch microspheres are restored to their original size, 
thereby facilitating the even distribution of I throughout the starch gel 
powder. 

The water content of the I gel powder is -2-4% and, when protected 
from moisture, does not significantly alter during storage in plastic sy- 
ringes. 

The results of studies to determine the intrabatch distribution of I in 
the dry radiolabeled I gel powder prepared a t  the 50-dose scale showed 
a relativestandard deviation of 2.1% (mean f SD, 24,053 f 507 dpm/100 
mg of dry powder). This value reveals good homogeneity and suggests 
that the 1 gel powder can be manufactured commercially with a satis- 
factory intrabatch variation. The homogeneous nature of the swollen I 
gel is illustrated by the distribution of radioactivity throughout the gel 
bed, having a relative standard deviation of 15% (mean count f SD, 
11,836 f 1800 dpm/300 mg). This finding suggests that, in clinical routine, 
I is distributed satisfactorily in the gel when administered, for example, 
into the cervical canal. 

The solid-state stability of I in the gel delivery system is shown in Fig. 
3. The stability profile presents a promising trend and shows little dif- 
ference between storage temperatures of 4 and 23O for up to 1 year. This 
finding may be of significance when considering storage conditions for 
preparations to be used clinically. The stability pattern of the bulk drug 
presents an increasing degradation rate beginning a t  6 months a t  room 
temperature (16) and has a 6-month shelflife. In sharp contrast, I in the 
gel delivery system was quite stable a t  room temperature for at least 1 
year. The starch gel powder functions not only as a delivery vehicle for 
I but also as a stabilizer for this labile substance. The mechanism con- 
trolling the long-term stability of I probably is related to the inherent 
hydrophilic nature of the starch powder. The degradation rate of the bulk 
I powder seems to increase and indeed be catalyzed by the presence of 
the degradation products. 

I t  is likely that I is distributed throughout the starch gel powder and 
is diluted to such an extent that the degradation products formed have 
no catalytic effect on the stability profile of I. Moreover, the individual 

Figure 4-X-ray picture illustrating the intracervically located gel. 
Clips were applied at the level of the external 0s. 

microspheres probably present a very large surface area onto which I 
adheres to increase the dilution effect. Furthermore, the three-dimen- 
sional network probably provides a means of distributing I throughout 
the whole matrix of the starch microspheres, thereby stabilizing the drug 
by enclosure. Work is in progress to determine the precise mechanism 
involved in stabilizing I. 

The stability of I in the freshly prepared gel after addition of saline is 
shown in Table I. Even a t  elevated temperatures, I is stable in the gel 
preparation for a t  least 4 hr, after which the degradation pattern follows 
the trend seen for the drug in other solvent systems (17). In clinical 
practice, once the gel is constituted by addition of saline, no further 
preparative steps are necessary, and the preparation is ready for use. 
Therefore, the stability of the drug in the swollen gel a t  room temperature 
is satisfactory for a sufficient period prior to administration. 

The results of sterility testing of five batches showed no microbiological 
contamination throughout the testing period of 1 year. Thus, the more 
standardized method of preparation of the I gel powder, compared with 
more involved methods of I gel preparation, and the dry form of the final 
product contribute to lowering the risk of microbiological contamination 
during preparation and subsequent storage. 

After the addition of 2.2 ml of saline, the viscous I gel has a final pH 
of 6.9 therefore, from this point of view, the preparation presents no risk 
for tissue irritation in the cervix canal when used clinically. Figure 4 shows 
an in viuo X-ray photograph of the viscous I gel located in the cervical 
canal of a 28-year-old 11-gravida. The X-ray, taken 10 min after intra- 
cervical administration, shows that the gel clearly adheres to the surface 
of the cervical canal walls and illustrates the unique property of the gel 
in facilitating strict intracervical delivery of 1. 

The new prostaglandin E2 gel delivery system offers the following 
advantages over existing gel preparations: ( u )  the final dosage form is a 
sterile, homogeneous, and clinically ready-to-use preparation for local 
administration; ( b )  the shelflife of the preparation is a t  least 12 months 
a t  room temperature; and ( c )  the delivery system has a gel consistency, 
so strict intracervical administration is possible. 
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Abstract The intravenous pharmacokinetics of pentobarbital (30 
mgkg as pentobarbital sodium) in rats were studied at  0,1,2,3, and 10 
days after pretreatment with 0, 1,5,25, and 125 ppm of polychlorinated 
biphenyls in food. The polychlorinated biphenyls then were removed 
from the food, and the residual effects of the exposure on pentobarbital 
pharmacokinetics were studied at 15,25,45, and 70 days after initiation 
of the polychlorinated biphenyl exposure. The pharmacokinetics of 
pentobarbital were approximated to a one-compartment model. After 
pretreatment a t  1 and 5 ppm for up to 10 days, all pentobarbital phar- 
macokinetic parameters obtained were comparable to control values. 
Pretreatment a t  125 ppm significantly reduced the biological half-life 
and raised the total body elimination rate constant, total body clearance, 
and intrinsic clearance of pentobarbital after a I-day exposure; all pa- 
rameters apparently reached a new steady-state value by Days 5-10. 
Enhanced pentobarbital elimination at 25 ppm was observed after a 3-day 
exposure, but, again, the elimination parameters appeared to have 
reached a steady state after 5-10 days of pretreatment. Upon removal 
of the polychlorinated biphenyls, the various pharmacokinetic parame- 
ters showed a lag phase prior to a gradual return to control values. The 
study shows that intrinsic clearances rather than total body clearances 
or half-lives are more appropriate in assessing enzymatic induction in 
agents undergoing facile liver metabolic clearance that borders on blood 
flow rate dependency. 

Keyphrases 0 Polychlorinated biphenyls-effect of short-term dietary 
exposure on pharmacokinetics of intravenous pentobarbital, rats 0 
Pentobarbital-effect of short-term dietary exposure to polychlorinated 
biphenyls on pharmacokinetics following intravenous administration, 
rats Pharmacokinetics-pentobarbital, effect of short-term dietary 
exposure to polychlorinated biphenyls following intravenous adminis- 
tration, rats 

The objective of this study was to observe the effects of 
short-term exposure to a class of environmental contam- 
inants and hepatic enzyme inducers, polychlorinated bi- 
phenyls, on the pharmacokinetics of pentobarbital in rats. 
Pentobarbital, whose pharmacokinetics in rats (1) and 
humans (2) have been documented, is eliminated primarily 
oia side-chain hydroxylation by liver microsomal enzymes 
(3-8). These enzyme systems are induced by exposure to 
polychlorinated biphenyls (9-14). Therefore, pentobarbital 
pharmacokinetics can be used as a probe for measuring the 
inducing effects of polychlorinated biphenyls on the liver 
microsomal enzymes in rats. 

Drug pharmacokinetics can be altered by factors such 
as diet, age, sex, genetics, disease states, and environmental 
factors. Exposure to environmental contaminants such as 
polychlorinated biphenyls, which accumulate. in human 
tissues (11, 15-21) and induce human hepatic enzymes 
(22-26), could drastically reduce the disposition half-life 
of drugs. Therefore, a thorough understanding of drug 
pharmacokinetics as affected by polychlorinated biphenyls 
and other environmental contaminants is useful in pre- 
dicting their possible effects on drug therapy. 

In a previous study (14), the effects of long-term (0- 
140-day) dietary exposure to a polychlorinated biphenyl 

mixture (0-25 ppm) on the pharmacokinetics of intrave- 
nously administered pentobarbital in rats were quanti- 
tated. The present study examined the effects of short- 
term dietary exposure to polychlorinated biphenyls (0-125 
ppm for 0-10 days) on the elimination kinetics of intra- 
venously administered pentobarbital in rats. The poly- 
chlorinated biphenyls were removed from the food at  the 
end of 10 days, and the residual effects of the exposure 
were followed for 70 days. This procedure allowed a time 
profile to be established for the inducing effects of the 
polychlorinated biphenyls. Some qualitative observations 
concerning the time profile for the alteration of pento- 
barbital pharmacokinetics by polychlorinated biphenyl 
exposure are presented. The significance of the effects of 
accidental human exposure to polychlorinated biphenyls 
also is discussed. 

EXPERIMENTAL 

Animals-Male Sprague-Dawley rats', 201-225 g, were housed in 
stainless steel cages in groups of four. All animals were fed standard 
laboratory rat food2 for 1 week before the prepared polychlorinated bi- 
phenyl3-containing diet was introduced. Tap water was available ad li- 
bitum. Groups of animals then were put on the prepared diet for 0, 1,2, 
3,5,10,15,25,45, or 70 days. The rats were exposed (for a maximum of 
10 days) to the polychlorinated biphenyl-containing powdered rat food 
prepared as described previously (13,14). For animals on the 15-, 25-, 45-, 
and 70-day diet schedules, the polychlorinated biphenyl-containing 
powdered rat food was removed after 10 days and replaced with poly- 
chlorinated biphenyl-free powdered rat food. 

The polychlorinated biphenyl diet was initiated in the afternoon, and 
all blood sampling studies were carried out in the mornings of the spec- 
ified days. For example, rats on a 1-day diet were given the polychlori- 
nated biphenyl-containing food in the afternoon of Day 0, and the 
pharmacokinetics of intravenously administered pentobarbital were 
studied on the following morning (i.e., the morning of Day 1). Similarly, 
rats on a 15-day diet were exposed to polychlorinated biphenyl-containing 
food from the afternoon of Day 0 until the afternoon of Day 10, when 
powdered polychlorinated biphenyl-free rat food replaced the contam- 
inated food. 

For each time period, the rats were divided into groups of eight and 
were fed powdered laboratory rat food containing 0,5,25, or 125 ppm of 
polychlorinated biphenyls. An additional group of eight animals fed 1 
ppm of polychlorinated biphenyl-containing food was included in the 
10- and 70-day studies. 

Five rats from each group were studied at the end of each time period. 
Pentobarbital sodium4, 30 mgkg (equivalent to 27;7 mg of pentobarbi- 
tal/kg), was administered to each rat intravenously via the dorsal vein 
of the penis (27). The blood sampling procedure was similar to that de- 
scribed previously (14). Blood samples were collected in microcapillary 
tubes pretreated with 10% sodium ethylenediaminetetraacetate a t  5,7, 
10,15,20,30,45, 60, and 90 min postdosing. Rats were sacrificed after 

~ ~ 

' ARS/Spra ue Dawley, Madison, Wis. 
Wayne Lat-Biox, Allied Mills, Chicago, Ill. 
Aroclor 1254 containing 54% (w/w) chlorine, lot KA601. Monsanto Chemical 

Nembutal Sodium. lot 53-967-AF, Abbott Laboratories, North Chicago, Ill. 
Co., St. Louis, Mo. 
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Table I-Biological Half-Lives of Pentobarbital in Rats Pretreated at Four Levels of Polychlorinated Biphenyls Compared to the 
Controls over Periods of up to 10 Days 

~~ 

Pretreatment I-PPm 5-PPm 25-ppm 125-ppm 
Time, days Control Pretreatment Pretreatment Pretreatment Pretreatment 

- - 0 50.9 f 2.1 - - 
1 52.6 f 6.9 - 57.9 f 9.7 (NS) 53.1 f 4.4 (NS) 38.6 f 3.1 ( p  < 0.02) 
2 52.7 f 10.7 - 51.2 f 4.6 (NS) 43.3 f 5.4 (NS) 29.6 f 3.0 (p < O.O1)b 
3 51.6 f 3.5 - 51.5 f 4.5 (NS) 37.9 f 4.6 ( p  < O.O1)b 28.9 f 4.8 ( p  < 0.01) 
5 51.1 f 12.0 - 51.0 f 4.5 (NS) 34.9 f 6.9 (p < 0.01) 23.5 f 1.4 ( p  < 0.01) 

10 54.8 f 9.9 59.2 f 16.2 (NS) 52.2 f 8.0 (NS) 35.5 f 4.3 ( p  < 0.05) 23.2 f 1.8 ( p  < O.O1)b 
~ ~~ ~ 

0 All values are means f SD in minutes (n  = 5). * Results are significantly different from the same-day control group at the level indicated. 

Table 11-Total Body Clearances 8 of Pentobarbital in Rats Pretreated at Four Levels of Polychlorinated Biphenyls Compared to the 
Controls over Periods of up to 10 Days 

Pretreatment I-PPm 5-PPm 25-ppm 125-ppm 
Time, days Control Pretreatment Pretreatment Pretreatment Pretreatment 

20.5 f 3.3 - 

1 19.9 f 2.6 - 17.1 fy2 (NS) 
0 

2 17.1 f 2.5 - 18.2 f 3.4 (NS) 
3 19.9 f 1.4 - 17.6 f 3.4 (NS) 
5 18.7 f 3.9 17.8 f 3.0 (NS) 

10 19.0 f 1.3 17.2 f F 5  (NS) 18.5 f 4.8 (NS) 

All values are means f SD in milliliters per miqute per kilogram of body weight (n  = 5). * 
level indicated. 

each pretreatment period. The livers were removed, patted dry, and 
weighed. 

Pentobarbital Assay-The plasma pentobarbital concentration was 
assayed as described previously (14) but with the following modifications. 
To each 100 pl of plasma sample were added 25 pl of the internal standard 
(0.099 mg of secobarbital/ml in methanol) and 50 pl of 4 M monobasic 
sodium phosphate. The mixture was extracted with 1.0 ml of water-sat- 
urated ether on a vortex mixer for 1 min. After centrifugation, the ether 
extract was removed to a glass-stoppered 5-ml conical centrifuge tube. 

Just before injection in the gas chromatograph, 25 pl of alkaline 
aqueous 0.02 M trimethylanilinium hydroxide was added to the sample, 
which then was agitated and centrifuged. The trimethylanilinium hy- 
droxide solution was prepared by the method of Stella (28). The ether 
layer was removed by aspiration, and 1-2 pl of the aqueous lower layer 
was injected in a gas chromatograph. Chromatographic conditions and 
column packings were as described previously (14). A standard curve of 
the peak height ratios of pentobarbital sodium to secobarbital uersus 
plasma concentrations of pentobarbital (2-80 pg/ml) was prepared and 
used to determine pentobarbital in unknown samples. 

Pharmacokinetic Data Analysis-In an earlier study (14), a fast 
distribution phase was observed in the disposition kinetics of pento- 
barbital in the rat. The distribution kinetics, apart from being rapid, were 
not affected significantly by the polychlorinated biphenyl pretreatments 
(14). Based on these observations, the data in this study were treated as 
a one-compartment model by linear least-squares fitting of the postdis- 
tribution data points on a semilog plot. The B and p values obtained from 
the intercept and slope of the log concentration-time curve were used 
to calculate the volume of distribution (extrapolated), Vd(ext), and the 
total body clearance, C ~ T B  (14). The total body clearance of any com- 
pound that is eliminated solely uia liver metabolism is given by: 

ClTB = QE (Eq. 1) 

where Q is the liver blood flow rate and E is the liver extraction constant 
(29). The extraction constant is not an independent variable but varies 
with Q, the fraction of unbound drug in the blood ( f ) ,  and the intrinsic 
clearance of the drug (Cli,,J (29,30). If the measured intrinsic clearance 
(Cli,+j) is represented by CLINT, then for a drug metabolized exclusively 
by the liver, the total' body clearance, which approximates the hepatic 
clearance, can be expressed by: 

The intrinsic clearance, defined as the clearance of a drug when there are 
no flow limitations (29), is a measure of the available metabolic activity 
of the liver and the properties of the enzyme system associated with he- 
patic removal. The C~INT values were calculated from Eq. 2 using blood 
flow rates calculated from the individual liver to body weight ratios for 
the particular animal and a blood flow rate of -2 ml/min/g of liver 
(30). 

- 
17.9 f 1.8TNS) 
22.5 f 3.3 (NS) 
22.6 f 2.4 (NS) 
28.2 f 3.8 ( p  < O.O1)b 
24.4 f 2.9 (NS) 

26.9 f 5.9 ( p  < 0.05) 
34.2 f 6.0 ( p  < 0.01) 
33.2 f 6.7 ( p  < O.O1)b 
42.5 f 5.2 ( p  < 0.01) 
46.8 f 3.4 ( p  < O.O1)b 

Results are significantly different from the same-day control group at the 

The mean values and standard deviations for all parameters for each 
pretreatment were calculated and compared statistically to the same 
parameter for the same-day control group. Multiple means within a day 
were analyzed by a randomized analysis of variance. When the analysis 
indicated that a significant difference existed, the means of each group 
were compared by a two-tailed Dunnett multiple mean test (31). This 
test is for multiple mean comparisons to a control. 

RESULTS AND DISCUSSION 

Tables I and I1 summarize the half-lives ( t l l z )  and total body clearances 
(CITB) of intravenously administered pentobarbital in rats pretreated 
with different polychlorinated biphenyl doses over various time periods 
compared to the controls. The elimination rate of pentobarbital was in- 
creased significantly in rats pretreated for 1 day at 125 pprn of poly- 
chlorinated biphenyl in the food. On Day 1, t 1 /2  was reduced significantly 
to 39 f 3 min compared to the control group, which showed a t l l 2  of 53 
f 7 min; the t 1 / 2  appeared to reach a constant value of 23 f 1 min by Days 
5-10. The C1'j-B values also increased from 21 ml/min/kg of body weight 
on Day 1 and seemed to approach a constant clearance of 43-47 ml/ 
min/kg of body weight in <1 week. No significant changes in the elimi- 
nation kinetics of pentobarbital were observed for rats pretreated at the 
1- and 5-ppm levels relative to control rats. 

Enhanced pentobarbital elimination for rats pretreated with 25 ppm 
of polychlorinated biphenyls in food was observed after 2-3 days of 
pretreatment. The elimination parameters again began to plateau after 
-5-10 days of pretreatment, as was the case with the 125-ppm poly- 
chlorinated biphenyl-pretreated rats. The t 112 was lowered significantly 
to 38 f 5 min relative to the control value of 52 f 4 min after 3 days of 
pretreatment and remained rather constant at 35 f 4 min after -5-10 
days. The C ~ T B  value was similarly significantly increased to 28 ml/ 
min/kg of body weight after 5 days on a polychlorinated biphenyl-con- 
taminated diet and appeared to begin leveling off at a clearance of 2 P 2 8  
ml/min/kg of body weight after -5-10 days of the diet. 

Upon removal of the polychlorinated biphenyls from the diet after 10 
days (Tables 111 and IV), the enhanced pentobarbital elimination as 
measured by t 1 / 2  and C1'j-B started to decline toward the control values 
after apparent time lags of -10 and -20 days for the 25- and 125-ppm 
polychlorinated biphenyl-pretreated animals, respectively. The lag time 
for the loss of residual effects appeared to be dose dependent. Induced 
enzyme activity as shown by enhanced pentobarbital elimination due 
to exposure to 25 ppm of polychlorinated biphenyls receded within 60 
days following removal of polychlorinated biphenyls from the diet. Rats 
pretreated at  the 125-ppm level still demonstrated an elevated, but not 
statistically significant, enhancement of pentobarbital elimination at 70 
days, i.e., 60 days after removal of the polychlorinated biphenyls from 
the food. 

The C ~ T B  values (Tables I1 and IV) for the control group decreased 
slightly but insignificantly over the 70 days of the study; in the 5-ppm 
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Table 111-Biological Half-Lives a of Pentobarbital  in  Rats Pretreated at Four  Levels of Polychlorinated Biphenyls Compared to the 
Controls over t he  Periods Studied 

0.01 

l-PPm 5-PPm 25-ppm 125-ppm Pretreatment 
Time, days Control Pretreatment Pretreatment Pretreatment Pretreatment 

10 54.8 f 9.9 59.2 f 16.2 (NS) 52.2 f 8.0 (NS) 35.5 f 4.3 ( p  < 0.01)b 23.2 f 1.8 ( p  < 0.05)b 
15' 55.1 f 7.0 - 50.8 f 4.1 (NS) 36.0 f 5.2 ( p  < 0.01) 22.3 f 1.6 ( p  < 0.01) 
25' 54.3 f 8.1 - 50.2 f 8.7 (NS) 41.8 f 7.6 ( p  < 0.05)b 22.5 f 1.5 ( p  < 0.01) 
45c 52.3 f 8.8 - 50.5 f 6.5 (NS) 48.2 f 8.3 (NS) 24.0 f 3.1 ( p  < 0.01) * 
7OC 56.7 f 7.0 54.7 f 8.3 (NS) 66.2 f 10.3 (NS) 53.8 f 20.6 (NS) 45.9 f 5.7 (NS) 

a All values are means f SD in minutes ( n  = 5). Results are significantly different from the same-day control group at the level indicated. Animals were treated 
with polychlorinated biphenyls at the levels indicated for 10 days, at which time the polychlorinated biphenyl-contaminated food was replaced with polychlorinated 
biphenyl-free food. 

- - - - - - - _ _ _ - - - - _ _ _ _ _ _ _ _ _ _ _ _ _  k 

I I 1 I I 

Table IV-Total Body Clearances * of Pentobarbital  in  Rats  Pretreated at Four  Levels of Polychlorinated Biphenyls Compared to the  
Controls over t he  Periods Studied 

Pretreatment 1 -PPm 5-PPm 25-ppm 
Time, days Control Pretreatment Pretreatment Pretreatment 

125-ppm 
Pretreatment 

10 19.0 f 1.3 17.2 f 5.5 (NS) 18.5 f 4.8 (NS) 24.4 f 2.9 (NS) 46.8 f 3.4 ( p  < 0.01) 
15c 17.1 f 3.9 - 16.8 f 1.2 (NS) 26.3 f 7.4 ( p  < 0.01)* 43.7 f 3.0 ( p  < 0.01) * 
25c 18.8 f 3.5 - 18.6 f 3.6 (NS) 25.4 f 5.0 ( p  < 0.05) 38.9 f 1.6 ( p  < O.O1)b 
45c 16.1 f 2.1 16.3 f 0.8 (NS) 22.8 f 11.0 (NS) 33.2 f 6.2 ( p  < 0.01) * 
7OC 16.0 f 1.6 17.9 f 5 5  (NS) 18.1 f 3.2 (NS) 18.4 f 6.0 (NS) 23.4 f 5.3 (NS) 

0 All values are means f SD in milliliters per minute per kilogram of body weight ( n  = 5). Results are significantly different from the same-day control group at the 
Animals were treated with polychlorinated biphenyls at the levels indicated for 10 days, at which time the polychlorinated biphenyl-contaminated food level indicated. 

was replaced with polychlorinated biphenyl-free food. 

treated animals, the C ~ T B  remained at  a level similar to the control ani- 
mals prior to exposure. This finding may suggest some minimal induction 
by the polychlorinated biphenyls a t  5 ppm. However, as suggested by the 
Dunnett test, no statistically significant differences were seen between 
the controls and the 5-ppm treated animals a t  any time. 

Figure 1 shows the induction time profiles for p. The dotted lines 
represent the range (mean f S D )  for the 0 values of the control animals 

0.02 r 

- I 

averaged over all of the time periods studied. There were no significant 
effects of polychlorinated biphenyl exposure as measured by fi  in rats 
pretreated a t  the 5-ppm level. Figure 1 also shows that the enhanced 
elimination of pentobarbital in rats a t  25 ppm of polychlorinated bi- 
phenyls was observed only after a lag time of -1-3 days. This pattern 
resembles the 5-ppm polychlorinated biphenyl-pretreated rats in the 
earlier study (14), which did not show any effects of polychlorinated bi- 
phenyl induction until exposure for >35 days. The increased elimination 
rate of pentobarbital in rats pretreated with 125 ppm of polychlorinated 
biphenyls was statistically significant, even after 1 day. The enhanced 
elimination resulted from exposure to the higher polychlorinated bi- 
phenyl doses. 

After removal of the polychlorinated biphenyl-contaminated diet on 
Day 10, induced enzyme activity as measured by /3 appeared to recede 
completely by Day 70 in the 25-ppm polychlorinated biphenyl-pretreated 
rats. Despite the still elevated, but not statistically significant, elimination 
for pentobarbital in rats pretreated with 125 ppm of polychlorinated 
biphenyls a t  Day 70, an apparent decrease in the induced enzyme activity 
as measured by the same parameters was noticeable. 

Body Weights and  Liver Weights-No significant trend of body 
weight increase was observed in rats pretreated at  the different levels of 
polychlorinated biphenyls compared to the control rats. However, the 
mean liver weight to body weight ratios were higher in rats pretreated 
at  125 ppm of polychlorinated biphenyls (Table V) throughout induction 
and remained elevated until -35 days after the removal of polychlori- 
nated biphenyls (i.e.,  at  Day 45). The liver weights and the liver weight 
to body weight ratios in the 25-ppm pretreated rats were not significantly 
different from the control group. Dose-dependent liver weight increases 
were reported for mice pretreated with polybrominated biphenyls at 100- 
and 200-ppm dietary levels (32). 

It has been shown that exposure to up to 1000 pprn of polychlorinated 
biphenyls for periods of up to months results in modest proliferation of 
the smooth endoplasmic reticulum and lipid vacuolation of liver cells but 
causes no cellular injury in the liver (33-36). Thus, this small increase 
in the liver weight and the liver weight to body weight ratio probably is 
an adaptive response, as suggested by Bruckner et al. (13) rather than 
a hepatotoxic effect. Other investigators also suggested that such changes 
in hepatic morphology upon exposure to polychlorinated biphenyls 
represent an adaptive response to eliminate foreign compounds by in- 
creasing their rate of metabolism (37). The observed enhanced rate of 
elimination of pentobarbital in polychlorinated biphenyl-pretreated rats 
probably reflects the increased activities of certain metabolic enzymes 
due to the exposure. 

Intrinsic Clearances-Both the biological half-life and total body 
clearance values are limited in use as an index of intrinsic hepatic me- 
tabolism (38). The former is a complex parameter and depends on the 
distribution characteristics as well as the elimination of the substance 
under investigation. The latter can approximate hepatic clearance only 
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Table V-Percent of Liver Weight to Body Weight a for Rats Pretreated a t  Four Levels of Polychlorinated Biphenyls Compared to 
the Controls over the 10 Periods Studied 

Pretreatment I-PPm S - P P ~  25-ppm 125-ppm 
Time, days Control Pretreatment Pretreatment Pretreatment Pretreatment 

0 
1 
2 
3 
5 

10 
15b 
25 
456 
70 

4.3 f 0.4 
4.0 f 0.3 
3.4 f 0.2 
4.3 f 0.3 
4.6 f 0.3 
4.3 f 0.3 
3.8 f 0.3 
3.6 f 0.2 
3.7 f 0.4 
3.7 f 0.1 

- - - - 

4.5 f 0.2 - 3.7 f 0.3 
- 3.8 f 0.2 4.2 f 0.3 4.7 f 0.3 
- 4.4 f 0.4 4.2 f 0.4 4.5 f 0.2 
- 4.4 f 0.2 4.6 f 0.1 5.3 f 0.4 

3.9 f 0.2 3.8 f 0.3 4.2 f 0.3 5.6 f 0.5 
- 3.7 f 0.3 4.1 f 0.1 5.1 f 0.1 

4.7 f 0.3 - 3.9 f 0.2 
- 3.6 f 0.2 3.6 f 0.2 3.9 f 0.6 

3.4 f 0.2 3.5 f 0.1 3.8 f 0.2 4.0 f 0.5 

4.0 f 0.2 

4.0 f 0.1 

~ 

0 All values are means f SD as (liver weightbody weight) X 100 (n = 5). * Animals were treated with polychlorinated biphenyls at the levels indicated for 10 days, 
at which time the polychlorinated biphenyl-contaminated food was replaced with polychlorinated biphenyl-free food. 

if the drug is eliminated and metabolized exclusively by the liver. Even 
for pentobarbital, whose route of elimination is primarily hepatic, an 
estimation of the total body clearance still may not suffice as the index 
for intrinsic metabolic activity. As seen by examining Eq. 2, total body 
clearance is governed not only by the intrinsic clearance but also by the 
liver blood flow rate. Only when this rate is very much larger than the 
intrinsic clearance does the total body clearance directly reflect the in- 
trinsic metabolic activity of the liver or the intrinsic clearance. On the 
other hand, when the intrinsic clearance is very large compared to the 
blood flow rate through the liver, the total body clearance becomes limited 
by the flow rate and is no longer proportional to the intrinsic clearance. 
To quantitate the apparent metabolic activity of the liver enzymes using 
pharmacokinetic parameters, estimation of the intrinsic clearance is more 
appropriate. 

By using a literature value of 2 ml/min/g of liver for the liver blood flow 
rate and the measured experimental total body clearances, intrinsic 
clearances were estimated; the induction time profiles are presented in 
Fig. 2. The absence of induction of the hepatic metabolic enzymes due 
to 5-ppm polychlorinated biphenyl exposure 118 measured by the intrinsic 
clearances is readily seen in Fig. 2. Again, a statistically significant in- 
duction at the 25-ppm pretreatment level is seen after a 3-day lag time 
and an immediate (<I  day) and more pronounced induction is seen at  
the 125-ppm polychlorinated biphenyl pretreatment level. The absolute 
values of C ~ ~ N T  are dependent on the value used for the liver blood flow 
rate. Recently developed pharmacokinetic techniques (30,39, 40) and 
more traditional measurements (41-44) suggested that the value of -2 

Y 
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Figure 2-Induction time profiles for intrinsic clearances (CIINT) for 
animals pretreated with polychlorinated biphenyl at 5 p p m  (top pro- 
file), 25 ppm (middle profile), and 125 ppm (bottom profile) in food over 
70 days. The polychlorinated biphenyl diet was provided up  to 10 days, 
after which time it was replaced by a polychlorinated biphenyl-free diet. 
Dotted lines represent the range of the mean control value obtained by 
averaging the control values at the 10 times studied (i.e., mean f 
SD) . 

ml/min/g of liver is a reasonable estimate of the liver blood flow rate in 
rats. Determination of the intrinsic clearances for pentobarbital in rats 
using the oral and intravenous pharmacokinetic techniques (30,39,40) 
will be presented later. 

If t i lz ,  0, or C ~ T B  is used as a measure of polychlorinated biphenyl in- 
duction of pentobarbital elimination, it can be seen from Fig. 1 and Tables 
I-IV that the percent change in the parameters relative to controls 
reaches a steady-state level 4 -10  days after an apparent initial lag phase. 
This also was seen in an earlier chronic exposure study (14). A possible 
explanation might be that the liver, in response to an inducer, increases 
the synthesis of microsomal enzymes in an amount proportional to the 
dose of the inducer. Since the pentobarbital total body clearance, even 
in the absence of induction, is a reasonably high percentage of the liver 
blood flow, the percentage increase in the inducing effect of the poly- 
chlorinated biphenyls is not reflected totally in the total body clear- 
ance. 

For example, the steady-state total body clearance after the 10-day 
exposure at  125 ppm amounted to -46 ml/min/kg. When this parameter 
is used as a measure of induction and compared with the control value 
(19 ml/min/kg), a 142% increase is indicated. If the intrinsic clearances 
are used instead, the results indicate an increase of 229% (80.8 ml/min/kg 
in treated animals versus 24.5 ml/min/kg in the controls). Thus, the total 
body clearances do not always reflect the large increases in intrinsic 
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Figure 3-Semilogarithmic plot of CIyNT - CIINT versus time for pen- 
tobarbital elimination during the induction phase (0-10 days). Key: A, 
data for the 25-ppm pretreatment, and 0, data for the 125-ppm pre- 
treatment. 
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clearances, which are more realistic indexes of the degree of induction. 
This is especially true if the probe molecule under control conditions 
undergoes a facile liver metabolic clearance that borders on liver blood 
flow rate dependency. 

The lack of significant short-term effects of the 1- and 5-ppm pre- 
treatments on pentobarbital pharmacokinetics suggests that a critical 
mass of inducer is needed to initiate liver microsomal enzyme stimulation. 
A t  the 25-ppm level, an increase in the pentobarbital intrinsic clearance 
was seen only on Day 5 of exposure, whereas a significant increase in the 
intrinsic clearance was seen on the 1st day of exposure at  the 125-ppm 
level. These results are consistent with the need for a critical mass of 
inducer to accumulate before induction is initiated. 

Levy and coworkers (45-51) recently published several reports dealing 
with the time profiles of drug induction. An attempt waa made to fit the 
induction time profile seen in the present work by estimating an average 
steady-state intrinsic clearance, CZKT (38.4 ml/min/kg for 25 ppm and 
80.8 ml/min/kg for 125 ppm), and plotting log ( C l b  - CLINT) uersw time 
for the induction phase. Good first-order plots were obtained (Fig. a), 
giving apparent induction half-lives of -2 days for both the 25- and 
125-ppm data. Similarly, postinduction data were treated by plotting log 
( C l m ~  - C l h )  uersus time, where Clam is the mean value of the intrinsic 
clearance for the control animals. Although half-lives for the loss of re- 
sidual induction effects of -11 days were obtained for both the 25- and 
125-ppm data, care must be taken in interpreting these values because 
of the limited number of points available in the postinduction phase. 

Based on the observations iq this study, the following tentative con- 
clusions can be made about polychlorinated biphenyl induction of pen- 
tobarbital elimination. 

1. Induction by the polychlorinated biphenyls shows an apparent lag 
time that appears to be dose dependent. 

2. The kinetics of induction, once initiated, appear to be first order, 
and the induction half-life seems to be dose independent. 

3. The extent of induction is polychlorinated biphenyl dose dependent, 
but there is an apparent minimum exposure below which significant in- 
ductidn is not seen. 

4. After removal of the polychlorinated biphenyls, there appears to 
be a lag time before the various induced pharmacokinetic parameters 
begin to return to control values (Figs. 1-3). 

5. An apparent half-life for the loss of residual induction effects seems 
to be dose independent. 

Although these conclusions must be tempered because of the limited 
number of data points and doses studied, it is interesting to speculate on 
their significance. If relationships such as those implied here can be 
substantiated, they may allow prediction of the time course of induction 
by various levels and times of exposure of enzyme-inducing agents such 
as polychlorinated biphenyls and of the effect of this induction on the 
pharmacokinetics of drugs such as pentobarbital. A better understanding 
of this phenomenon will allow more quantitative prediction of the ther- 
apeutic consequences of accidental acute or chronic exposure to agents 
such as polychlorinated biphenyls and other environmental enzyme in- 
ducers. 
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Abstract The enhancement of the first-pass metabolism of orally 
administered pentobarbital in rats was examined after a 10-day exposure 
to food contaminated with polychlorinated biphenyls at 25 and 125 ppm. 
The degree of the first-pas effect and the influence of the polychlorinated 
biphenyl exposure were quantitated by comparing the areas under the 
plasma concentration-time curves after oral and intravenous dosing in. 
control and treated animals. By using the clearance model and assuming 
that pentobarbital was eliminated totally by liver metabolism, the ex- 
perimentally determined oral availability was predicted adequately from 
both the oral and intravenous data. The enhanced first-pass effect was 
principally in the intrinsic clearance term, although liver blood flow rates 
also appeared to be enhanced in animals treated with polychlorinated 
biphenyls a t  125 ppm. 

Keyphrases Polychlorinated biphenyls-ffect of short-term exposure 
on first-pass metabolism of pentobarbital, rats 0 Pentobarbital-effect 
of short-term exposure to polychlorinated biphenyls on first-pass me- 
tabolism, rats First-pass metabolism-pentobarbital, effect of short- 
term exposure to polychlorinated biphenyls, rats 

Induction of liver microsomal enzymes by polychlori- 
nated biphenyls, a class of environmental contaminants, 
has been reported in both humans and rats (1-11). En- 
hanced metabolism of drugs that are eliminated uia these 
enzymes can have clinical implications because the hepatic 
clearance of drugs, such as pentobarbital (12-141, that are 
metabolized mainly by liver enzymes can be altered by 
exposure to these enzyme inducers. Such exposure may 
require therapeutic dosage adjustments of affected drugs 
to maintain comparable clinical effectiveness to the 
preexposure period. 

In this study, the enhancement of the first-pass me- 
tabolism of pentobarbital in rats was examined after a 
10-day exposure to a polychlorinated biphenyl-contami- 
nated diet. It was determined previously (15) that the ex- 
tent of enzyme induction due to polychlorinated biphenyl 
exposure is dose dependent and that a 10-day exposure 
results in an apparent steady-state level of enzyme in- 
duction. Therefore, the purpose of this study was to in- 
vestigate the dose dependency and predictability of en- 
hanced first-pass metabolism and bioavailability param- 
eters for pentobarbital as a result of hepatic enzyme in- 
duction by polychlorinated biphenyls. 

EXPERIMENTAL 

Male Sprague-Dawley rats', 201-225 g, were housed in stainless steel 
cages in groups of four. All animals were fed standard laboratory rat food2 
for 1 week, and tap water was available ad libitum. After this precondi- 
tioning period, the rats were divided randomly into groups and fed 
powdered laboratory rat food containing 0,25, or 125 ppm of polychlor- 

~~ 

1 ARS/Sprague-Dawley, Madison, Wis. 
2 Wayne Lab-Blox, Allied Mills, Chicago, Ill. 

inated biphenyls3. Food preparation was the same as described previously 
(16). 

Four rats from each group were studied at  the end of 10 days. The same 
dose of pentobarbital sodium4, 30 mg/kg (equivalent to 27.7 mg of pen- 
tobarbitalkg), was administered orally to one group of rats and intra- 
venously to another group of rats receiving the same polychlorinated 
biphenyl pretreatment. The oral dose was introduced uia gastric intu- 
bation, and the intravenous dose was administered uia the dorsal vein 
of the penis (17). 

Blood samples were collected in microcapillary tubes pretreated with 
a 10% sodium ethylenediaminetetraacetate solution following the oral 
dose at 15,30,45,60,75,90,120,150, and 180 min and similarly following 
the intravenous dose at  time intervals as described previously (15). Be- 
cause of anticipated faster pentobarbital elimination in the animals 
pretreated with 125 ppm of polychlorinated biphenyls, the last two time 
points were replaced for this group by additional samples at 5 and 10 
min. 

After centrifugation, the plasma samples were kept frozen until anal- 
ysis. Plasma pentobarbital concentrations were assayed as described 
previously (15). All animals were sacrificed at  the end of the blood sam- 
pling study. The liver was removed from each animal, patted dry, and 
weighed. 

Experimental systemic availability of pentobarbital was evaluated in 
rats on the 10-day diet from the ratios of the area under the plasma 
level-time curves of the oral dosing compared to that from the intrave- 
nous dosing schedule: 

systemic availability = (AUCo&/(AUCiv)g (Eq. 1) 

where AUC represents the area under the plasma level-time curve. The 
AUC values were estimated by the trapezoidal method with extrapolation 
to infinite time from the last data point using standard procedures (18). 
The total body and intrinsic clearances (CITE and C~INT. respectively) 
for these animals were evaluated using (19-24): 

ClTB = dose/(AUCiv),' (Eq. 2) 

CLINT = dose/(AUCorai)t (Eq. 3) 

where C~TB and C~INT are related by: 

(Eq. 4) 

where Q is the liver blood flow rate. The assumption of these equations 
is that extrahepatic elimination is negligible (19,20, 23). 

The mean values and standard deviations for all parameters for each 
treatment were calculated and compared statistically to the same pa- 
rameter for the control. Multiple means were analyzed by a one-way 
randomized analysis of variance. When analysis indicated that a signif- 
icant difference existed, the means of each group were compared by a 
two-tailed Dunnett multiple mean test (25). This test is for multiple 
mean comparisons to a control. 

RESULTS AND DISCUSSION 

The plasma level-time curves of pentobarbital sodium administered 
orally and intravenously at the same dosage (30 mg/kg) to animals on the 
polychlorinated biphenyl-free control diet are shown in Fig. 1. The bio- 
availability of pentobarbital in the orally dosed group of animals was 

3 A r d o r  1254, lot KA601, Monsanto Chemical Co., St. Louis, Mo. ' Nembutal Sodium, lot 53-967-AF, Abbott Laboratories, North Chicago, Ill. 
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MINUTES 
Figure 1-Time course of plasma pentobarbital concentration ( fSD)  
i n  rats pretreated for 10 days with polychlorinated biphenyl-free control 
diet. Key: 0,  obtained after intravenous administration o f  30 mg of 
pentobarbital sodiumlkg; and 0, obtained after oral administration 
of 30 mg of pentobarbital sodiumlkg. 

incomplete. Since pentobarbital is well absorbed from the GI tract 
(26-28) and eliminated almost exclusively (>95%) uia liver metabolism 
in the rat (14), the observed reduction in oral bioavailability may be at- 
tributed to the first-pass metabolism by the liver, i.e., the first-pass ef- 
fect. 

The disposition profiles of orally and intravenously administered 
pentobarbital in rats pretreated with 25 or 125 ppm of polychlorinated 
biphenyls in food for 10 days are given in Figs. 2 and 3. A more pro- 
nounced first-pass effect in rats exposed to 25 ppm of polychlorinated 
biphenyls in food can be discerned from the reduced ratio of the areas 
under the plasma level-time curves (AUCo,,~/AUCiV). Rats pretreated 
with 125 ppm of polychlorinated biphenyls showed an even greater re- 
duction in the AUC ratio. This finding indicated an even lower apparent 
bioavailability of the intact pentobarbital. By comparing ACJC,,.I to 

" I  I I I I I I 1  I 

0 40 80 120 160 
MINUTES 

Figure 2-Time course ofplasma pentobarbital concentration ( f S D )  
i n  rats pretreated with 25 p p m  of polychlorinated biphenyls in food for 
I0 days. Key: 0 ,  obtained after intravenous administration o f30  mg of 
pentobarbital sodiumlkg; and 0, obtained after oral administration 
of 30 mg of pentobarbital sodiumlkg. 

4 L  \ 

0 1 ,  
0 40 80 120 

MINUTES 
Figure 3-Time course of plasma pentobarbital concentration ( fSD)  
i n  rats pretreated u i th  125 p p m  of polychlorinated biphenyls in food 
for lodays.  Key: 0, obtained after intravenous administration o f30  mg 
of pentobarbital sodiumlkg; and 0, obtained after oral administration 
o f  30 mg of pentobarbital sodiumlkg. 

AUCi, within a pretreatment group, the effect of clearance in reducing 
AUCiV when compared to control animals is taken into account. 

Table I summarizes the pharmacokinetic parameters for intravenously 
and orally administered pentobarbital in rats pretreated at two levels 
of polychlorinated biphenyls for 10 days compared to control rats. Pen- 
tobarbital was -76% bioavailable in rats on the control diet. Upon ex- 
posure to polychlorinated biphenyls, increases in the degree of the first- 
pass effect were observed for both the 25- and 125-ppm pretreat- 
ments. 

The relationship between the systemic availability after oral dosing 
and the total body clearance for exclusively liver-metabolized drugs was 
discussed by various investigators ( l a241  and is defined by Eqs. 1-4. By 
rearrangement of Eqs. 1-4, an expression predicting the systemic avail- 
ability can be obtained using C ~ T B  values from the intravenous data: 

systemic availability = 1 - C l ~ 8 1 Q  (Eq. 5) 

Table I compares the predicted oral bioavailability for pentobarbital 
(calculated by Eq. 5 using the C ~ T B  values from the intravenous data and 
the blood flow rates, which were calculated from the liver weights and 
the literature blood flow of 2 ml/min/g of liver) with the experimentally 
determined oral pentobarbital bioavailabilities for the variously treated 
animals. The predicted systemic bioavailability of pentobarbital was 
calculated from theindividual ClTB and calculated Q values for individual 
animals and not from the mean C l ~ 8  and mean liver blood flow rates. 
Excellent agreement between the predicted and experimental bioavail- 
ability is seen. This result again illustrates the usefulness of intravenous 
data in assessing apparent systemic availabilities when the drug of in- 
terest is eliminated only by liver metabolism (18-24). 

Rearrangement of Eqs. 1-4 yields a third expression for computing 
bioavailability from the liver blood flow rate and intrinsic clearance es- 
timated from oral data: 

systemic availability = Q/(Q + C~INT)  (Eq. 6) 

The percent systemic availability values calculated from Eq. 6 were 76.7 
f 2.1,71.6 f 3.1 (NS),  and 47.8 f 5.2 ( p  < 0.01) for the control and the 
25- and 125-ppm polychlorinated biphenyl-pretreated rats, respectively. 
Again, these values were calculated from individual animal Q and C~INT 
values. These numbers showed excellent agreement with those estimated 
from the experimental AUC ratios. 

The total body and intrinsic clearances in Table I were obtained from 
the dose and the areas under the intravenous and oral plasma level-time 
curves, respectively, using Eqs. 2 and 3. The induction effects due to 
polychlorinated biphenyl exposure at. the 25- and 125-ppm levels as 
demonstrated by the C ~ T B  values increased only by 31 and 193% relative 
to the controls, respectively. However, the CLINT values indicate -47 and 
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Table I-Pharmacokinetic Parameters a for Intravenously and Orally Administered Pentobarbital in Rats Pretreated at Two Levels 
of Polychlorinated Biphenyls for 10 Days Compared to the Control Animals 

Parameter 
25-ppm 125-ppm 

Control Pretreatment Pretreatment 

C ~ T B  b, ml/min/kg of bddy weight 19.3 f 3.8 25.3 f 4.0 56.5 f 6.4 

CLINTd, ml/min/kg of body weight 24.4 f 1.0 35.8 f 6.7 107.3 f 20.8 

Liver weightbody weight, % 4.2 f 0.3 4.3 f 0.3 

Liver blood flow ratee, ml/minhg of body weight 

Systemic availability calculated from AUCOrd/AUCiv ratios, % 

Systemic availability calculated from Eq. 5, % 

(NS) ( p  < 0.Ol)C 

( p  < 0.Ol)C (NS) 

(NS) ( p  < 0.Ol)C 
82.7 f 6.2 86.5 f 6.0 106.0 f 12.2 

( p  < 0.Ol)C (NS) 
76.0 f 8.7 71.2 f 24.2 

(NS) 
77.6 f 5.0 69.8 f 2.9 

(NS) ( p  < 0.Ol)C 

5.2 f 0.6 

53.9 f 9.5 

49.5 f 8.3 
( p  < 0.05)c 

Au values are means f SD (n = 4). Calculated from dw/AUCi,. Results are significantly different from the control p u p  of animals at the level indicated. d Calculated 
from dose/ALTC,,d. Calculated from the literature value of 2.0 ml/rnin/g of liver. 

340% increases over the control values at the 25- and 125-ppm pretreat- 
ment levels, respectively. Therefore, the degree of enzyme induction due 
to exposure to polychlorinated biphenyls is underestimated if only CZTB 
values are considered. This point was adequately discussed previously 
(15). 

The relationship of liver blood flow to systemic availability and the 
clearance terms in Eqs. 5 and 6 provides a meam of estimating liver blood 
flow rates from the experimentally determined bioavailability data. 
Rearrangement of Eqs. 5 and 6 and Eqs. 1-3 give: 

(Eq. 7) 

The blood flow rates calculated from Eq. 7 for the present data are given 
in Table 11. 

The estimated values compare favorably with the blood flow rates 
calculated using the literature value of 2 ml/min/g of liver (29). The 
agreement between the experimental and predicted liver blood flow for 
the control, 2 5 ,  and 125-ppm datasupports the possibility of increased 
liver blood flow with enlarged livers without an increase in the flow per 
gram of liver. 

The hepatic clearance of pentobarbital, the primary route of elimi- 
nation in rats, can be approximated by the C ~ T B  value (19,20,23). By 
converting clearances from milliliters per minute per kilogram of body 
weight to milliliters per minute per gram of liver in individual rats, the 
relationship between the hepatic clearance (equivalent to the total body 
clearance in this case) and the intrinsic clearance can be depicted as 
shown in Fig. 4. The lines represent the relationship between these pa- 
rameters drawn by substituting a literature blood flow rate of 1.2 ml/ 
min/g of liver (30) and 2 and 3 ml/min/g of liver (29) for Q in Eq. 4. Close 
agreement between the data points and the prediction using 2 ml/min/g 
of liver (29) for Q is readily seen and again supports the possibility of 
increased liver blood flow in polychlorinated biphenyl-treated rats with 
enlarged livers without an increase in the flow per gram of liver. 

The clearance model suggests that substances that are highly extracted 
by the liver and, therefore, have a high intrinsic clearance relative to the 
blood flow display a higher sensitivity to blood flow changes. For instance, 
d-propranolol has a high intrinsic clearance (219 ml/min). The enhanced 
clearance subsequent to phenobarbital treatment is mainly (57%) due 
to the increase in the hepatic blood flow rate (31). On the other hand, 

Table 11-Calculated Liver Blood Flow Rates in Rats Pretreated 
with Two Doses of Polychlorinated Biphenyls in Food for 10 
Days Compared to Control Animals 

Liver Blood 25-ppm 125-ppm 
Flow Rate Control Pretreatment Pretreatment 

Calculated from 82.7 f 6.2 86.5 f 6.0 106.0 f 12.2 
literature value (NS) ( p  < 0.01) 
of 2 ml/min/g 
of liver 

Eq. 7 
Calculated from 77.4" 85.8" 121.5" 

1.84 1.99b 2.33b 

Milliliters per minute per kilogram of body weight. Milliliters per minute per 
gram of liver. 

antipyrine has a lower intrinsic clearance (54 ml/min); upon phenobar- 
bital induction, only -15% of the enhanced clearance results from in- 
creased blood flow. At  the high level of polychlorinated biphenyl pre- 
treatment, the intrinsic clearance of pentobarbital is increased due to 
the increased activity of the metabolic enzymes. A higher sensitivity to 
blood flow changes, reflected by the slightly higher blood flow, therefore 
is expected to contribute to the enhanced clearance with the 125-ppm 
pretreatment relative to the 25-ppm pretreatment. 

In conclusion, this study showed that hepatic enzyme induction pre- 
cipitated by environmental factors can significantly affect the bioavail- 
ability of drugs that are eliminated largely uia facile hepatic metabolism. 
The reduction in the apparent oral bioavailability of pentobarbital in rats 
increased with the level of polychlorinated biphenyl exposure. As an- 
ticipated, the reduction in the apparent bioavailability or the increase 
in the first-pass effect was more pronounced at the 125-ppm pretreatment 
level than at the 25-ppm pretreatment level. Although inter- and in- 
traspecies differences do prevail with such dose-effect relationships and 
extrapolation of the current findings to human subjects may not be valid, 
the potential clinical implications should not be overlooked. Accidental 
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Figure 4-Relationship between hepatic clearance (Clhepatic) in mil- 
liliters per minute per gram of liver and intrinsic liver clearance (C11"~) 
in milliliters per minute pergram of liuer. The points are experimentally 
determined ualues from oral and intravenous studies, and the lines are 
for h e r  blood floUJ values of 1.2 (- - ) ,2  (-1, and 3 ( 0  -. - -) mllminlg 
of liver. 
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exposure of humans to  enzyme inducers such as polychlorinated bi- 
phenyls may lower the oral bioavailability of facile liver-metabolized 
drugs and require dosage adjustments. 

The apparent agreement of the bioavailability estimation from in- 
travenous or oral data with that determined experimentally from A UC 
values tends to support the validity of the clearance model in assessing 
systemic availability due to the first-pass effect for drugs exclusively 
metabolized by the liver. Estimation of the liver blood flow for the control 
and polychlorinated biphenyl-treated animals showed excellent agree- 
ment with literature values. This finding suggests that the blood flow rate 
on a liver weight basis does not change with induction but that  the total 
hepatic blood flow may be affected by enzyme inducers. 
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Abstract The effects of 31 antibiotics on platelet aggregation in human 
plasma in the presence of adenosine 5’-diphosphate were studied. The 
marked activity of tetracycline hydrochloride led to a study of its effects 
on various platelet functions in uivo in dogs. 

Keyphrases Antibiotics-effects on platelet functions 0 Platelet 
aggregation-effect of antibiotics 

Many compounds, including some antibiotics (1-6), 
interfere with platelet activity under certain conditions. 
The present investigation was concerned with whether 
antibiotics in current clinical use affect platelet aggrega- 
tion, either in vitro in human plasma or in vivo in dog 
plasma. When such an effect was found, the mechanism 
was studied; the investigation was broadened to include 
other platelet functions such as platelet adhesiveness, 
platelet factor 3 liberation, platelet mobility in an electric 

field, and the aggregation of platelets filtered in Sepharose 
gel. 

EXPERIMENTAL 

The in oitro experiments were carried out with plasma from apparently 
healthy subjects. The aggregation results correspond to the mean values 
of a t  least three trials. 

The in oioo experiments were carried out on five dogs with similar 
physical characteristics. The results correspond to the mean values of 
three trials. 

Plasma Samples-Human plasma samples were obtained by forearm 
venipuncture. The blood was collected in silanized tubes containing 3.8% 
sodium citrate (1:9) to obtain both platelet-rich plasma and platelet-poor 
plasma for the aggregation studies. 

Dog plasma samples were obtained in a similar manner from mongrel 
dogs weighing 16-20 kg. 

Platelet-rich plasma was obtained by sedimentation or centrifugation 
of samples at  800 rpm for 10 min for human plasma and for 8 min for dog 
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exposure of humans to  enzyme inducers such as polychlorinated bi- 
phenyls may lower the oral bioavailability of facile liver-metabolized 
drugs and require dosage adjustments. 

The apparent agreement of the bioavailability estimation from in- 
travenous or oral data with that determined experimentally from A UC 
values tends to support the validity of the clearance model in assessing 
systemic availability due to the first-pass effect for drugs exclusively 
metabolized by the liver. Estimation of the liver blood flow for the control 
and polychlorinated biphenyl-treated animals showed excellent agree- 
ment with literature values. This finding suggests that the blood flow rate 
on a liver weight basis does not change with induction but that  the total 
hepatic blood flow may be affected by enzyme inducers. 
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Abstract The effects of 31 antibiotics on platelet aggregation in human 
plasma in the presence of adenosine 5’-diphosphate were studied. The 
marked activity of tetracycline hydrochloride led to a study of its effects 
on various platelet functions in uivo in dogs. 

Keyphrases Antibiotics-effects on platelet functions 0 Platelet 
aggregation-effect of antibiotics 

Many compounds, including some antibiotics (1-6), 
interfere with platelet activity under certain conditions. 
The present investigation was concerned with whether 
antibiotics in current clinical use affect platelet aggrega- 
tion, either in vitro in human plasma or in vivo in dog 
plasma. When such an effect was found, the mechanism 
was studied; the investigation was broadened to include 
other platelet functions such as platelet adhesiveness, 
platelet factor 3 liberation, platelet mobility in an electric 

field, and the aggregation of platelets filtered in Sepharose 
gel. 

EXPERIMENTAL 

The in oitro experiments were carried out with plasma from apparently 
healthy subjects. The aggregation results correspond to the mean values 
of a t  least three trials. 

The in oioo experiments were carried out on five dogs with similar 
physical characteristics. The results correspond to the mean values of 
three trials. 

Plasma Samples-Human plasma samples were obtained by forearm 
venipuncture. The blood was collected in silanized tubes containing 3.8% 
sodium citrate (1:9) to obtain both platelet-rich plasma and platelet-poor 
plasma for the aggregation studies. 

Dog plasma samples were obtained in a similar manner from mongrel 
dogs weighing 16-20 kg. 

Platelet-rich plasma was obtained by sedimentation or centrifugation 
of samples at  800 rpm for 10 min for human plasma and for 8 min for dog 
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Table I-Percent Inhibition of Human Platelet Aggregation 
Induced by Adenosine 5’-Diphosphate Zn Vitro. 

Compound a, mg/ml A b, mg/ml B 

Penicillin G sodium 
Penicillin G potassium 
Penicillin G benzathine 
Cloxacillin sodium 
Ampicillin sodium 
Metampicillin sodium 
Carbenicillin disodium 
Cephalothin sodium 
Cephaloridine 
Cefazolin 
Cephapirin sodium 
Cephacetrile 
Cephradine 
Cefamandole 
Cefoxitin 
Streptomycin sulfate 
Kanamycin sulfate 
Gentamicin sulfate 
Amikacin sulfate 
Dibekacin sulfate 
Colistin sulfate 
Lincornycin 

hydrocloride 
Rifamycin sodium 
Spectinomycin 
Tetracycline 

hydrochloride 
Oxytetracycline 
Erythromycin 
Chloramphenicol 
Fosfomycin 
Vancomycin 
AmDhotericin B 

12 
8 

30 
14.28 
25 
16.6 
28.5 
25 
33.3 
25 
10 
40 
50 
10 

100 
25 
25 
4 

25 
1.25 
1.13 

30 

7.57 
62.5 
12.5 

5 
5 

10 
25 
5 
0.5 

70 
95 

100 
80 

100 
100 
90 

100 
I0  
85 
75 
90 

100 
100 
95 
55 

100 
100 
100 
100 

0 
100 

100 
100 
100 

100 
100 
100 
100 
100 
100 

0.12 
0.08 
0.3 
0.14 
0.25 
0.16 
0.28 
0.25 
0.33 
0.25 
0.1 
0.4 
0.5 
0.1 
1 
0.25 
0.25 
0.04 
0.25 
0.01 
0.01 
0.3 

0.07 
0.62 
0.12 

0.05 
0.05 
0.1 
0.25 
0.05 
0.005 

10 
10 
10 
0 
0 
0 
0 
0 

25 
10 
10 
0 

10 
0 

15 
0 
0 
0 

10 
0 
0 

15 

20 
0 

30 

10 
0 
0 
0 

10 
20 

~~ ~~~ 

The u value is 10% of the concentration of the drug in its dosage form, A is the 
percent inhibition of adenosine 5’-diphosphate-induced platelet ag regation by 
the antibiotic at concentration u,  b is the maximum concentration tfat  the drug 
reaches in human plasma through the administration of a therapeutic dose, and 
B is the percent inhibition of adenosine 5’-diphosphate-inducd platelet aggregation 
by the antibiotic at concentration b 

plasma, with platelet-poor plasma added to give a concentration of 
250,000 platelets/mm3. 

Platelet-poor plasma was obtained by centrifugation of human and 
dog samples at 4000 rpm for 30 min. 

Antibiotics-The 31 antibiotics used were penicillin G sodium, pen- 
icillin G potassium, penicillin G benzathine, cloxacillin sodium, ampicillin 
sodium, metampicillin sodium, carbenicillin disodium, cephalothin so- 
dium, cephaloridine, cefazolin, cephapirin sodium, cephacetrile, 
cephradine, cefamandole, cefoxitin, streptomycin sulfate, kanamycin 
sulfate, gentamicin sulfate, amikacin sulfate, dibekacin sulfate, colistin 
sulfate, lincomycin hydrochloride, rifamycin sodium, spectinomycin, 
tetracycline hydrochloride, oxytetracycline, erythromycin, chloram- 
phenicol, fosfomycin, vancomycin, and amphotericin B’. 

Aggregating Agents-Adenosine 5‘-diphosphate was used at a 
concentration of 2 X M in pH 7.4 phosphate buffer for the in uitro 
tests and at  M in pH 7.4 phosphate buffer for the in uiuo tests. 
Epinephrine at a concentration of M in phosphate buffer was used. 
An initial collagen solution was prepared by the addition of 5 ml of 0.1 
N acetic acid (pH 3.5) to 10 mg of collagen, followed by dilution with pH 
7.4 phosphate buffer to give a final concentration of 0.2 mg of collagen/ml. 
The solution then was incubated at 37” for a t  least 30 min until opales- 
cence was observed. 

Platelet Aggregation-Platelet aggregation was measured by the 
absorbance method of Born and Cross (7) using a platelet aggregation 
mete+. 

In the in uitro tests2, 0.1 ml of the test sample was added to a poly- 
ethylene cell containing 0.8 ml of platelet-rich plasma. The cell was in- 
cubated for 90 sec at  37O. At this point, 0.1 ml of a solution of adenosine 
5’-diphosphate, epinephrine, or collagen in buffer was added. 

The trade names are Unicilina, Cidan-cilina. Bencetacil Simple, Orbenin, Cil- 
leral, Actuapen, Pyopen, Keflin, Kefloridine, Cefamecin, Brisfirina, Celospor, 
Velocef, Mandokef, Mefoxitin, Neodual Estrepto, Kanahidro, Centicina, Biclin, 
Klobamicina, Colimicina, Lincocin, Rifocina, Kempi, Tetralen, Terramicina, 
Pantomicina, Chloromycetin, Fosfocina, Diatracin, and Fungizona, respectively. 

*Evans EE1 169. 
Dual-channel Aggro-Meter. 

Table 11-Percent Inhibition of Human Platelet Aggregation 
Induced by Adenosine 5’-Diphosphate, Epinephrine, and 
Collagen Zn Vitro 

Adenosine Epi- 
5’-Diphos- neph- 

Antibiotic phate rine Collagen 

Cephaloridine 25 0 15 
Rifamycin sulfate 20 5 15 

Amphotericin B 20 0 30 
Tetracycline hydrochloride 30 10 55 

In the in uiuo tests3, 0.05 ml of the aggregating agent was added to 0.4 
ml of platelet-rich dog plasma treated with tetracycline, using a procedure 
similar to that used for the in uitro tests. 

Platelet Factor 3-The liberation of platelet factor 3 was studied by 
the Hardisty-Hutton method (8). 

Platelet Electrophoretic Mobility-Alteration in the charge of the 
platelet cell membrane was studied by the determination of platelet 
mobility in an electric field using a cyt~pherometer~. Platelet-rich dog 
plasma (0.5 ml) was diluted with 9.5 ml of isotonic saline. The time re- 
quired for platelets to travel a specified distance at the current strength 
used was determined. 

Platelet Adhesiveness-Platelet adhesiveness was determined by 
the method of Salzman (9). 

Platelet Filtration-Silanized K 15/30 columns, 30 cm X 1.5 cm 
i.d.5, were used. Nylon fitem with 40-pm diameter pores were placed in the 
bottom of the columns. The 2B Sepharose gel5 was dissolved 1:4 in normal 
saline, kept a t  4’ for 24 hr, and cleared of bubbles before use. 

The columns were filled with the gel to a height of -16 cm. Then 6 ml 
of normal saline was added to cover the gel until the columns were used. 
From 4 to 6 ml of platelet-rich plasma was used for each filtration, which 
was carried out a t  a rate of 6-9 dropdmin. The eluate was collected in 
2-ml fractions in polyethylene tubes in ethylenediaminetetraacetic acid 
(0.077 M) and subsequently was centrifuged for 20 min at  3000 rpm. 

The sedimented platelets were diluted with phosphate buffer to a final 
concentration of 400,000 platelets/mm3. The aggregation of normal fil- 
tered platelets in plasma from dogs treated with tetracycline and of 
platelets from untreated dogs was studied, and the results were com- 
pared. 

Statistical Analysis-The statistical analysis was performed using 
a t test. 

RESULTS AND DISCUSSION 

Most of the antibiotics studied inhibited the aggregation of platelets 
induced by 2 X lov5 M adenosine 5’-diphosphate (Table I) at 10% of the 
concentration of the dosage form. At  the maximum drug concentration 
in human plasma after the administration of a therapeutic dose, four 
drugs (cephaloridine, rifamycin sodium, tetracycline hydrochloride, and 
amphotericin B) inhibited adenosine 5’-diphosphate-induced aggregation 
by more than 20% and only one compound (tetracycline hydrochloride) 
clearly maintained its inhibitory effect in uitro in the presence of epi- 
nephrine (10%) and collagen (55%) (Table 11). 

The study of the various aggregating agents in dog blood led to the 

1 2 3  
HOURS 

Figure 1-In vivo study of percent inhibition of adenosine 5’-diphos- 
phate- (ADP) and collagen-induced aggregation of dog platelets treated 
with tetracycline hydrochloride according to the time elapsed since its 
administration. 

Zeiss 477500. 
Pharmacia, Uppsala. Sweden. 
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Figure 2-Aggregation induced by adenosine 5’-diphosphate in filtered 
dog platelets ( I )  and in filtered dog platelets previously treated with 
tetracycline hydrochloride (II) and aggregation induced by collagen 
in  filtered dog platelets (III) and in filtered dog platelets preuiously 
treated with tetracycline hydrochloride ( IV) .  

conclusion that solutions of 10-4 M’adenosine 5’-diphosphate gave 
identical results to solutions of 2 X low5 M adenosine 5’-diphosphate in 
human plasma. The O.2-mg/ml collagen solutions used in human plasma 
gave similar results in dog plasma, although the latency period for 
aggregation with platelet-rich dog plasma was approximately twice that 
obtained with platelet-rich human plasma. No significant aggregation 
in platelet-rich dog plasma was obtained with epinephrine, so this ag- 
gregating agent was not used for in uiuo tests in dogs. 

Platelet aggregation in uiuo was studied at 0,30,60, and 90 min and 
2, 24, 48, and 72 hr after intramuscular administration of tetracycline 
hydrochloride. As shown in Fig. 1, tetracycline hydrochloride inhibited 
40% of collagen-induced platelet aggregation in blood extracted 30 min 
after the intramuscular administration of 5 mg of antibiotic/kg and 30% 
of adenosine 5’-diphosphate-induced platelet aggregation in blood ex- 
tracted 30 and 45 min after a similar dose of the antibiotic. Platelet factor 
3 values in dog plasma were similar to those found in human plasma. In 
dogs treated with tetracycline hydrochloride, factor 3 release was de- 
creased significantly ( p  < O.oOal), with a mean value of 32.5 sec, com- 
pared to liberation in untreated dogs, where the mean value was 26 
sec. 

Electrophoretic mobility was identical for platelets from treated and 
untreated dogs, indicating unaltered platelet membrane potentials. The 
results were r/N = 12.65 f 0.05 and x l / N  = 13.15 f 0.05, where x is the 
time required for dog platelets to travel 64 pm (32 pm to the left and 32 
pm to the right by varying the polarity), x1  is the time required for tet- 

racycline-treated dog platelets t o  travel the same distance, and N is the 
number of determinations (in this case, 20). 

T o  determine whether the alteration in platelet aggregation produced 
by tetracycline was due to the platelets themselves or to the surrounding 
plasma, the platelets were filtered. The activity of normal filtered 
platelets with tetracycline-treated dog plasma and of tetracycline-treated 
platelets with untreated dog plasma in the presence of adenosine 5’- 
diphosphate and collagen was studied; the aggregation of untreated fil- 
tered platelets was greater than that of tetracycline-treated platelets (30% 
inhibition in the presence of adenosine 5’-diphosphate and 85% in the 
presence of collagen) (Fig. 2). 

In conclusion, high concentrations of antibiotics usually completely 
inhibit the in uitro aggregation of platelets induced by adenosine 5’- 
diphosphate. At concentrations equivalent to plasma levels after ad- 
ministration of a therapeutic dose, only cephaloridine, rifamycin sodium, 
tetracycline hydrochloride, and amphotericin B partially inhibit aden- 
osine 5’-diphosphate-induced aggregation and only tetracycline hydro- 
chloride maintains this activity in the presence of other aggregating 
agents. In addition, tetracycline hydrochloride exerts an inhibitory effect 
in uiuo on platelet aggregation in dog blood, affecting the platelets 
themselves and not the surrounding plasma, as shown by the results 
obtained with platelets filtered in Sepharose columns. It appears to alter 
the liberation of platelet factor 3. 
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Abstract 0 Isoniazid, the hydrazide of isonicotinic acid, is widely used 
in the treatment and prophylaxis of tuberculosis. The toxicity and car- 
cinogenicity of isoniazid have been attributed to the action of its me- 
tabolites, hydrazine and acetylhydrazine. Aconiazide, the isonicotin- 
ylhydrazone of 2-formylphenoxyacetic acid, has been used in the treat- 
ment and prophylaxis of tuberculosis. Aconiazide is hydrolyzed in the 
body to isoniazid and 2-formylphenoxyacetic acid. 2-Formylphenoxy- 
acetic acid has been shown to bind hydrazine and acetylhydrazine. This 

Isoniazid (isonicotinic acid hydrazide) was introduced 
in 1952 as a drug for the treatment of tuberculosis and it 
soon became recognized as the most effective drug for the 

binding could explain the lower toxicity of aconiazide and also could 
provide a reason for postulating its lack of carcinogenicity. 

Keyphrases 0 Isoniazid-binding of toxic metabolites by aconiazide 
Aconiazide-binding of toxic metabolites of isoniazid, potential as 

antitubercular agent Antitubercular agents, potential-aconiazide, 
binding of toxic metabolites of isoniazid 

treatment and prevention of tuberculosis. I t  later became 
apparent that prolonged treatment with isoniazid may 
affect the peripheral and central nervous systems, and 
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Figure 2-Aggregation induced by adenosine 5’-diphosphate in filtered 
dog platelets ( I )  and in filtered dog platelets previously treated with 
tetracycline hydrochloride (II) and aggregation induced by collagen 
in  filtered dog platelets (III) and in filtered dog platelets preuiously 
treated with tetracycline hydrochloride ( IV) .  

conclusion that solutions of 10-4 M’adenosine 5’-diphosphate gave 
identical results to solutions of 2 X low5 M adenosine 5’-diphosphate in 
human plasma. The O.2-mg/ml collagen solutions used in human plasma 
gave similar results in dog plasma, although the latency period for 
aggregation with platelet-rich dog plasma was approximately twice that 
obtained with platelet-rich human plasma. No significant aggregation 
in platelet-rich dog plasma was obtained with epinephrine, so this ag- 
gregating agent was not used for in uiuo tests in dogs. 

Platelet aggregation in uiuo was studied at 0,30,60, and 90 min and 
2, 24, 48, and 72 hr after intramuscular administration of tetracycline 
hydrochloride. As shown in Fig. 1, tetracycline hydrochloride inhibited 
40% of collagen-induced platelet aggregation in blood extracted 30 min 
after the intramuscular administration of 5 mg of antibiotic/kg and 30% 
of adenosine 5’-diphosphate-induced platelet aggregation in blood ex- 
tracted 30 and 45 min after a similar dose of the antibiotic. Platelet factor 
3 values in dog plasma were similar to those found in human plasma. In 
dogs treated with tetracycline hydrochloride, factor 3 release was de- 
creased significantly ( p  < O.oOal), with a mean value of 32.5 sec, com- 
pared to liberation in untreated dogs, where the mean value was 26 
sec. 

Electrophoretic mobility was identical for platelets from treated and 
untreated dogs, indicating unaltered platelet membrane potentials. The 
results were r/N = 12.65 f 0.05 and x l / N  = 13.15 f 0.05, where x is the 
time required for dog platelets to travel 64 pm (32 pm to the left and 32 
pm to the right by varying the polarity), x1  is the time required for tet- 

racycline-treated dog platelets t o  travel the same distance, and N is the 
number of determinations (in this case, 20). 

T o  determine whether the alteration in platelet aggregation produced 
by tetracycline was due to the platelets themselves or to the surrounding 
plasma, the platelets were filtered. The activity of normal filtered 
platelets with tetracycline-treated dog plasma and of tetracycline-treated 
platelets with untreated dog plasma in the presence of adenosine 5’- 
diphosphate and collagen was studied; the aggregation of untreated fil- 
tered platelets was greater than that of tetracycline-treated platelets (30% 
inhibition in the presence of adenosine 5’-diphosphate and 85% in the 
presence of collagen) (Fig. 2). 

In conclusion, high concentrations of antibiotics usually completely 
inhibit the in uitro aggregation of platelets induced by adenosine 5’- 
diphosphate. At concentrations equivalent to plasma levels after ad- 
ministration of a therapeutic dose, only cephaloridine, rifamycin sodium, 
tetracycline hydrochloride, and amphotericin B partially inhibit aden- 
osine 5’-diphosphate-induced aggregation and only tetracycline hydro- 
chloride maintains this activity in the presence of other aggregating 
agents. In addition, tetracycline hydrochloride exerts an inhibitory effect 
in uiuo on platelet aggregation in dog blood, affecting the platelets 
themselves and not the surrounding plasma, as shown by the results 
obtained with platelets filtered in Sepharose columns. It appears to alter 
the liberation of platelet factor 3. 
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Abstract 0 Isoniazid, the hydrazide of isonicotinic acid, is widely used 
in the treatment and prophylaxis of tuberculosis. The toxicity and car- 
cinogenicity of isoniazid have been attributed to the action of its me- 
tabolites, hydrazine and acetylhydrazine. Aconiazide, the isonicotin- 
ylhydrazone of 2-formylphenoxyacetic acid, has been used in the treat- 
ment and prophylaxis of tuberculosis. Aconiazide is hydrolyzed in the 
body to isoniazid and 2-formylphenoxyacetic acid. 2-Formylphenoxy- 
acetic acid has been shown to bind hydrazine and acetylhydrazine. This 

Isoniazid (isonicotinic acid hydrazide) was introduced 
in 1952 as a drug for the treatment of tuberculosis and it 
soon became recognized as the most effective drug for the 

binding could explain the lower toxicity of aconiazide and also could 
provide a reason for postulating its lack of carcinogenicity. 
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treatment and prevention of tuberculosis. I t  later became 
apparent that prolonged treatment with isoniazid may 
affect the peripheral and central nervous systems, and 
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Figure I-UVspectra of2-formylphenoxyacetic acid (0.05 m M )  (-), 
hydrazine (25 mM) (- -), and a mixture of2-formylphenoxyacetic acid 
(0.05 mM) and hydrazine (25 mM) (. . .). The  spectra were taken within 
2 min  after the  solutions were prepared in  0.1 % NaHC03. 

numerous reports indicated that isoniazid could induce 
hepatitis (1,2). Furthermore, it has been well established 
that isoniazid is carcinogenic in animals (3). 

Isoniazid (I) is metabolized to isonicotinyl acetylhy- 
drazine (11), which is metabolized further to isonicotinic 
acid (III), acetylhydrazine (IV), and hydrazine (V). Free 
IV and V undergo enzymatic conversion to hepatotoxic (4) 
and carcinogenic products (3). Therefore, there is ob- 
viously a need for antituberculous drugs with the same 
efficacy as I but with no carcinogenicity and reduced tox- 
icity. 

In a search for such drugs, many derivatives of I have 
been prepared. One compound, aconiazide (the isonico- 
tinylhydrazone of 2-formylphenoxyacetic acid, VI) (5-12), 
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Figure 2-UVspectra of2-formylphenoxyacetic acid (0.05 mM) (-), 
hydrazine (0.05 mM) (- -), and a mixture o f the  two compounds taken  
after 30 min  (. - .), 4 hr ( a  - a), 24 hr (- - -), and 3 days (- - -) after i ts  
preparation. All solutions were prepared in 0.1 70 NaHC03. 
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Figure 3-Reaction of 2-formylphenoxyacetic acid (0.05 mM) with 
different concentrations of  hydrazine in 0.1 % NaHC03 at  23 (-) and 
37' (- -). Key: a,  5 mM; b, 0.5 mM; and c, 0.05 mM. 

formed from I and 2-formylphenoxyacetic acid (VII), 
showed antituberculous activity in animals (6) and humans 
(8) equivalent to that of I and had a much lower toxicity 
(5,7,8). Aconiazidel was used in humans in Canada as a 
substitute for I (8). The manufacturing of this antituber- 
culous drug was discontinued for economic reasons, al- 
though it is still listed in the Compendium of Pharma- 
ceuticals and Specialties (9). However, economic consid- 
erations alone should not prevent the use of an antitu- 
berculous drug that may have no carcinogenic activity and 
reduced side effects as compared with I. Therefore, studies 
were undertaken to determine if the carcinogenic metab- 
olites (IV and V) of I could be bound and hence inactivated 
by VII, which is a component of VI. 

EXPERIMENTAL 

Reagents-Isoniazid2 (I) (mol. wt. 137.14), aconiazide3 (VI) (mol. wt. 

I i  
I :  
l i  
1 :  
I \  
I i  
I :  
I i  
I :  
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Figure 5-Reaction of aconiazide (0.05 mM) with different concen- 
trations of hydrazine in 0.1 % NaHC03 a t  23 (-) and 37O (- -). Key: 
a, 5 mM; b, 0.5 mM; and c, 0.05 mM. 
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299.28), 2-formylphenoxyacetic acid4 (VII) (mol. wt. 180.16). acetylhy- 
drazine5 (IV) (mol. d. 74.08), and hydrazine6 (V) (95%) were obtained 
commercially. 

Buffer Solutions-A 0.1% NaHC03 solution was used to dissolve the 
reagents and record their UV spectra (Figs. 1-8). The pH of a freshly 
prepared sodium bicarbonate solution was -8.4; a 1.25% phosphate buffer 
of pH 7.2 also was used. It was prepared by dissolving 27.4 g of monobasic 
potassium phosphate and 72.6 g of dibasic sodium phosphate in 8 liters 
of water. 

UV Spectrophotometry-Due to the sensitivity and characteristics 
of their UV absorption spectra, the progression of the binding of hydra- 
zine (V) or acetylhydrazine (IV) by 2-formylphenoxyacetic acid (VII) or 
its isonicotinylhydrazone (VI) can be followed easily. A UV spectro- 
photometer7 was used to obtain the spectra. 

The progression of the reaction between IV or V and VII in solution 
was studied by recording the absorbance a t  280 nm at various intervals. 
The progression of the reaction between IV or V and VI in solution was 
studied a t  various intervals by recording the absorbance a t  260 nm. 

R E S U L T S .  

Reaction of 2-Formylphenoxyacetic Acid (VII) with Hydrazine 
(V)-Figure 1 shows the UV spectra of VII and of V at 0.05 and 25 mM, 
respectively. The UV spectrum of a solution containing both substances 
also is shown. From this spectrum, it appears that  a compound, most 
likely a hydrazone of VII, formed within 2 min after mixing VII and V 
at  final concentrations of 0.05 and 25 mM, respectively. 

Figure 2 shows the UV spectrum of a solution containing VII and V, 
both a t  concentrations of 0.05 mM, taken a t  various time intervals. At 
this concentration of V (0.05 mM), the same new compound was formed 
but a t  a much slower rate than when a higher concentration of V (25 mM) 
was used (Fig. 1). 

The speed at which VII (0.05 mM) reacts with V a t  different concen- 
trations can be seen more clearly if the absorbance at 280 nm is plotted 
uersus time. In fact, Fig. 3 shows that a t  23', the reaction was complete 
in -20 min, 2 hr, and 3 days for V at  concentrations of 5,0.5, and 0.05 mM, 
respectively. A t  3 7 O ,  the reaction was approximately two to three times 
faster than at  room temperature and was complete in -1 hr and 1 day 
for V a t  concentrations of 0.5 and 0.05 mM, respectively. 

Reaction of Aconiazide (VI) with Hydrazine (V)-Figure 4 shows 
the UV absorption spectra of a solution of VI a t  0.05 mMs (15 kg/ml) and 
of VI in an excess of V (25 mM). Figure 4 also shows that a new compound 
formed from VI and V within 2 min after these two substances were 
mixed. Since this new compound has its UV maxima a t  exactly the same 
wavelengths as the compound formed from VII and V (Fig. l),  it indicated 
that the 2-formylphenoxyacetic acid component of VI had reacted with 
V. Furthermore, Fig. 5 shows that the reaction between VI and V slowed 
down in exactly the same way as was observed for VII and V when lower 
concentrations were used. 

Reaction of 2-Formylphenoxyacetic Acid (VII) with Acetylhy- 
drazine (1V)-Figure 6 shows the UV absorption spectra of solutions 
of VII and of IV at  0.05 and 25 mM, respectively. Figure 6 also shows the 
UV spectrum of a solution containing both substances. From this spec- 
trum, it appears that a compound, most likely an acetylhydrazone of VII, 

~ 

Aldrich Chemical Co., Milwaukee, Wis. 
5 Acethydrazide, Aldrich Chemical Co., Milwaukee, Wis. 
6 Distillation Products Industries, Eastman Organic Chemicals Department, 

7 Pye Unicam SP1800 with linear recorder model AR25. 
Division of Eastman Kodak Co., Rochester, N.Y. 

This concentration can be expected in the serum of patients treated with VI. 
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Figure 6-UVspectra of2-formy2phenoxyacetic acid (0.05 mM) (-), 
acetylhydrazine (25 mM) (- -), and a mixture of2-formylphenoxyacetic 
acid (0.05 mM) and acetylhydrazine (25 mM) (. . .). The spectrum of 
the mixture was taken 4 hr  after preparation. All solutions were pre- 
pared in 0.1 X NaHC03. 

formed within 4 hr after mixing of VII and IV a t  final concentrations of 
0.05 and 25 mM, respectively. 

Figure 7 shows the speed a t  which VII reacted with IV a t  three con- 
centrations (25,0.5, and 0.1 mM). By comparing this reaction with the 
reaction of VII with V (Figs. 1-3), it is obvious from Figs. 6 and 7 that IV 
reacted with VII at a much slower rate than V. 

Reaction of Aconiazide (VI) with Acetylhydrazine (1V)-Figure 
8 shows the UV absorption spectra of VI and of IV a t  0.05 and 25 mM, 
respectively. Figure 8 also shows the UV spectrum of a solution containing 
both substances. From this spectrum, it appears that  a new compound 
formed within 4 hr after mixing VI and IV a t  final concentrations of 0.05 
and 25 mM, respectively. Since this new compound has its UV maxima 
a t  exactly the same wavelengths as the compound formed from VII and 
IV (Fig. 6), it can be surmised that the 2-formylphenoxyacetic acid 
component of VI had reacted with IV. 

Reaction of 2-Formylphenoxyacetic Acid (VII) with Hydrazine 
(V) and  Acetylhydrazine (IV) at pH 7.2-The reactions between VII 
and V or IV were carried out in freshly prepared 0.1% NaHC03 a t  a pH 
of -8.4. Therefore, it was of interest to find out if the same reactions also 
would occur a t  the physiological pH of 7.2 in a phosphate-buffered so- 
lution. Pt this pH, the reactions were not different from those obtained 
in 0.1% NaHC03, except that they proceeded a t  a significantly faster 
rate. 

DISCUSSION 

Aconiazide (VI) is formed from I and VII, and VII is a derivative of 

O L  ' 1  " " '1"'"""''"'''"'"'"' 

HOURS DAYS DAYS 
0 2 4 6 0 4 8 1 2 1 6 2 0  0 4 8 1 2 1 6 2 0  

Figure 7-Reaction of 2-formylphenoxyacetic acid (0.05 mM) with 
different concentrations of acetylhydrazine in 0.1 % NaHCO3 at 23 (-) 
and 37" (- -). Key: a, 25 mM; b, 0.5 mM; and c, 0.1 mM. 
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Figure 8-UV spectra of aconiazide (0.05 mM) (-), acetylhydrazine 
(25 mM) (- -), and a mixture of aconiazide (0.05 mM) and acetylhy- 
drazine (25 mM) (. . .). The spectra of the solutions were taken 4 hr after 
preparation in 0.1 % NaHC03. 

salicylaldehyde. It is well known that aldehydes react with hydrazines. 
Therefore, the reaction between VII and V or IV, as evidenced by the 
spectra in Figs. 1-3 and Figs. 4 and 5, respectively, could result in the 
formation of the hydrazone or acetylhydrazone of VII. Regardless of 
whether VII or VI was used in the presence of V or IV, the same new 
compounds were formed, although their levels of absorbance in the 265- 
and 305-nm regions were different (Figs. 1 and 4 and Figs. 6 and 8). This 
difference in the level of absorbance is due to the fact that I, which also 
has an absorption maximum around 265 nm (Fig. 4), is liberated from 
VI. 

The reaction product between VII and V, namely, the sodium salt of 
the hydrazone of VII, could easily be obtained in crystalline form by 
mixing a fairly strong solution of the sodium salt of VII with an excess 
of V and evacuating the mixture to dryness. The preparation so obtained 
showed a UV absorption spectrum identical to the spectra shown in Figs. 
1 and 2. 

The fact that V and IV react with VI to form new compounds indicates 
that VII has a greater affinity for V and IV than for isoniazid (I). One 
interesting feature of VI is that for each liberated amount of I, the 
equivalent amount of VII is liberated simultaneously, making it available 
to bind an equivalent amount of the toxic metabolites released from I, 
namely, V and IV. This binding could account for the lower toxicity of 
VI compared to I (7,8). 

It also was shown conclusively that lung tumors can be induced in mice 
fed isoniazid (I) over 6-12 months and that the tumors are caused by the 
metabolites of I, namely, acetylhydrazine (IV) and hydrazine (V) (1, 
13-15). The demonstration by UV spectrophotometry that a dissociation 
product of aconiazide (VI) (namely, 2-formylphenoxyacetic acid, VII) 
binds the carcinogenic metabolites of I strongly suggests that VI may not 
be carcinogenic. Hence, a comparative study between VI and I in animals 
is warranted to ascertain whether VI is carcinogenic. 

Should these studies show that aconiazide (VI) is noncarcinogenic, and 
since clinical studies (8), although limited, have shown that VI is as ef- 
fective as and less toxic than isoniazid (I) in patients with tuberculosis, 
there should be no reason why VI could not be used as a substitute for 
I. 
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Abstract 0 Metabolite fractions from the urine of a dog dosed 
with 3a,4,5,6,7,7a-hexahydro-3-(l-methyl-5-nitro-1H-imidazol-2-yl)- 
1,2-benzisoxazole (MK-0436) were obtained by the use of high-perfor- 
mance liquid chromatography. These fractions were of suitable purity 
for structural elucidation. Data obtained by mass spectrometry and NMR 
spectroscopy allowed the identification of seven major metabolites of this 
drug. Biotransformation in each case involved hydroxylation (mono or 
di) of the hexahydrobenzisoxazole ring. 

Keyphrases 0 3a,4,5,6,7,7a-Hexahydro-3-(l-methyl-5-nitro-lH-im- 
idazol-2-yl)-1,2-benzisoxazole--identification of urinary metabolites, 
dogs Metabolites-of 3a,4,5,6,7,7a-hexahydro-3-(l-methyl-5-ni- 
tro-1H-imidazol-2-yl)-1,2-benzisoxazole, identification, dog urine 

Antiprotozoal agents-3a,4,5,6,7,7a-hexahydro-3-(l-methyl-5-nitro- 
lH-imidazol-2-yl)-1,2-benzisoxazole, identification of urinary metabolites 
by NMR spectroscopy, mass spectrometry, and capillary column 
GLC-mass spectrometry 

3a,4,5,6,7,7a-Hexahydro-3-( 1-methyl-5-nitro-1H-imi- 
dazol-2-yl)-1,2-benzisoxazole (MK-0436, I) is an anti- 
protozoal agent (1) active against Trypanosoma cruzi (2) 
(Fig. 1). This nitroimidazole displayed antibacterial ac- 
tivity during mutagenicity testing' using the host-med- 
iated mouse test and the Ames test with S9 liver micro- 
somes (3) but not when the simple Ames spot test (4) was 
employed (5). These observations led to the presumption 
that metabolites of I might be antibacterial, 

Several metabolite-containing fractions from the urine 
of a dog given I were found to possess antibacterial activity, 
and several canine metabolites (both unconjugated and 
the aglycones from conjugated metabolites) were partially 
characterized as mono- and dihydroxy species with sub- 
stitution at  positions 4, 5, 6, and/or 7 of the hexahydro- 
benzisoxazole ring (5). Further characterization of the me- 
tabolite mixture and unequivocal identification of several 
major metabolites of this drug are presented here. 

Figure I-('omputer-jienerated ORTEPplot of I 

' H. Skeggs. Merck Sharp & Dohme Research Laboratories, West Point, PA 
19486, personal communication. 

EXPERIMENTAL 

Two methanol solutions containing canine urinary metabolites of I 
(those originally present in the urine as unconjugated metabolites and 
the aglycones of those originally present as conjugates) were obtained 
as described previously (5). The two solutions were stored a t  4O, and al- 
iquots were taken for isolation and chromatographic purification of the 
metabolites. 

Aliquots of the aglycone metabolite fraction (dissolved in methylene 
chloride) were subjected to high-performance liquid chromatography 
(HPLC) using a Cs reversed-phase preparative column2 with a step 
gradient (4.4 ml/min) of methanol-water (1:4) for 40 min, methanol- 
water (1:2) for 40 min, and methanol for 20 min. Fourteen fractions were 
collected in each of seven chromatographic runs. The initial column 
system conditions were regenerated following each run by passage of 
methanol-water (1:4) through the column for 15 min. 

Five fractions (11-VI) yielded sufficient quantities of metabolites to 
pursue structural elucidation. Aliquots of the metabolite fraction from 
unhydrolyzed urine also were subjected to HPLC for metabolite isolation 
using a semipreparative CIS reversed-phase column3. The quantities of 
metabolites obtained were, except in one case, too small for successful 
characterization. Because the amount of bioactivity in the aglycone 
fraction was approximately twice that found in the nonconjugate fraction, 
efforts were concentrated on the former. Analytical HPLC was carried 
out on a CIS reversed-phase column4 with methanol-water (1:4) a t  a flow 
rate of 1.5 ml/min. UV detection a t  330 nm was used in all HPLC 
work.r 

GLC5 and GLC-mass spectrometric6 analyses were carried out on 
trimethylsilylated [bis(trimethylsilyl)trifluoroacetamide7-pyridine (3:l) 
for 3 hr at room temperature] metabolites using 10- or 15-rn x 0.3-mm 
SE-30 glass capillary columns a t  240" with helium as the carrier gas. The 
mass spectrometer6 was operated with a 70-ev ionizing potential and a 
0.8-mamp emission current. Direct-probe mass spectrometrp was carried 
out with a 70-ev ionizing potential, a 60-pamp trap current, and a 3.5-kv 
accelerating voltage. NMR spectrag were obtained from samples dissolved 
in deuterochloroform. 

RESULTS AND DISCUSSION 

HPLC (Fig. 2 )  and GLC (Fig. 3) (trimethylsilyl derivatives) analyses 
of the aglycone fraction resulting from enzyme hydrolysis of the urinary 
conjugates demonstrated that it was a multicomponent mixture. Al- 
though GLC-mass spectrometry indicated that most of the eluted 
components (trimethylsilyl derivatives) were drug related [earlier work 
showed the presence of a t  least six metabolites of I (5)], it was not possible 
to discern exact structures on the basis of the mass spectrometric data 
alone. NMR spectroscopic examination was needed to establish the 
metabolite structures unequivocally; but to utilize this technique, it was 
necessary to isolate and purify the metabolites. HPLC appeared to be 
the method of choice. 

Preparative HPLC, followed in some cases by further purification on 
an analytical HPLC column, gave five metabolite fractions (11-VI in Fig. 

Lion Industries. 
E. S. Industries. 
Waters Associates. 
Hewlett-Packard model 5730A instrument with an SGE inlet splitter and a 

nitrogen-selective detector. 
Finnigan model 3200 instrument with a splitless injector. 
Supelco. 

Varian SC-300-MHz instrument equipped with a Fourier transform acces- 
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Figure 2-High-performance liquid chromatogram (CIS reuersed-phase 
column) of aglycone fraction (arising from enzyme hydrolysis of canine 
urinary conjugates). 

2) of quality and quantity suitable for NMR examination. These fractions 
were examined first by direct-probe mass spectrometry. The resulting 
data (major, pertinent ions) are summarized in Table I. Capillary column 
GLC-mass spectrometric analysis of these samples (following trimeth- 
ylsilylation) also showed that each sample contained mono- andlor 
dihydroxylated analogs of the parent drug [molecular ions for the de- 
rivatives of mle 426 (dihydroxy metabolites) or rnle 338 (monohydroxy 
metabolites)]. 

The NMR spectrum (Fig. 4) of I must he understood before structural 
assignments for the metabolites of this drug can be made. Since previous 
work demonstrated that the metabolic transformations occurred on 
carbons 4-7 (5), knowledge of the signal characteristics for the protons 
on the cyclohexane (hexahydrobenzisoxazole) ring was crucial. The 
parent drug exhibited proton absorption at 6 8.07 (imidazole H, not shown 
in Fig. 4), 4.43 (H7a), 4.33 (NCH3), 3.53 (Hs) ,  2.29 (H7eq), 2.14 (Hw) ,  1.82 
( H T ~ ~ ) ,  1.67 (Hseq and Hseq),l.53 (HfiaX), and 1.25 (Hlax and H S ~ ~ ) .  The 
assignments, derived from inspection and double-irradiation experi- 
ments, provided the basis for the NMR characterization of the metabo- 
lites (Table 11). The observed coupling constants in the sequence 
C7HrC7,H-C3,H-C4H2 are consistent with a cis-ring fusion and a twist 
chair configuration for the six-membered ring. Spectrometric and 

Hydrolyzed I '  
Conjuqatcs 

0 5 10 15 
MINUTES 

Table I-Major Ions Found in  t h e  Mass Spectra  of I and  Metabolites 11-VIII 

Figure 3-Gas-liquid chromatogram produced from analysis of the 
trimethylsilylated aglycone fraction (arising from enzyme hydrolysis 
of canine urinary conjugates). 

chromatographic details for each isolated metabolite fraction will he 
given. 

Metabolite Fraction 11-GLC of the trimethylsilyl derivative of this 
fraction showed one main component (-80%) and two minor components 
(-10% each). GLC-mass spectrometry of the major component indicated 
a molecular ion of rnle 426, showing it to be a dihydroxylated metabolite 
of I. This also was true for the minor components. Direct-probe mass 
spectrometry of underivatized I1 gave spectra (Table I) with intense ions 
of mle 282 (molecular ion of dihydroxy metabolites), and there was no 
evidence of monohydroxy metabolites (molecular ions of rnle 266). HPLC 
also indicated one major component and two minor components in the 
sample. The NMR spectrum of I1 showed two resonances that were not 
seen in the parent drug in the 6 3.5-4.0 region, indicating incorporation 
of two hydroxyl groups. Double-irradiation experiments established that 
the two carbinol methines were vicinal and that one was vicinal to H3e. 
These findings allowed identification of the major metabolite as a 45 -  
dihydroxy analog of I. Since J4,5 and J5,fiax are large (>8 Hz), an axial- 
axial stereochemical relationship is indicated; thus, I1 must he the 4,5- 
di(equatoria1)hydroxy derivative. 

Metabolite Fraction 111-Analytical HPLC of this fraction showed 
one major component and two minor components. However, capillary 
column GLC indicated the presence of only one minor component (-10%) 
and one major component (-90%). GLC-mass spectrometry of the tri- 
methylsilylated sample showed that the more abundant component 
possessed a molecular ion of mle 338, demonstrating that it is a mono- 
hydroxy analog of I. The minor component exhibited a molecular ion of 
mle 426; thus, it is the bis(trimethylsily1) derivative of a dihydroxy me- 
tabolite. The direct-probe mass spectrometric data for 111 (Table I) 
also demonstrate that this metabolite fraction is predominantly a 

Ion and Relative Intensity 
rnle mle m Ie mle mle m Ie m Ie mle mle rnle 

Compound Substitution 282 266 265 250 249 247 
I -  - 

I1 4,5-Di-(eq)OH M, 10 
111 6-(ax)OH 
IV 5-(eq)OH (5) 
V 7-(ax)OH - 

VI 7-(eq)OH - 

VII 6-(eq)OH (6) 
VIII 5-(ea), 7a-di-OH M, 24 

- - 

- M - 17,7 
- 
- M, 9 

M, 37 
M, 19 - 
M, 31 - 
M, 74 - 

- M - 17.48 

M, 100 - - 
- - M - 35,6 
- M - 17,9 - 
- M - 17,27 - 
- M - 17,13 M - 19,19 
- M - 17,42 M - 19,66 
- M - 17,54 M - 19,15 
- - - 

237 

- 

M - 29,32 
M - 29,6 

233 195O 153b 

M-17,42 36 70 
- 100 10 
- 100 76 
- 100 66 
- 72 100 
- 50 100 

100 83 
- 100 62 
- 

M of minor dihydroxy metabolite component. 

C 
Ill 

I HN+ 
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Figure 4-NMR spectrum of I. 

monohydroxy metabolite contaminated with some dihydroxylated 
drug. 

Metabolite 111 is assigned as the 6-(axial)hydroxyl derivative of I based 
on the absence of the characteristic 12.5-Hz coupling constant in the H7= 
resonance (Fig. 5). This large splitting is characteristic of an axial-axial 
relationship and has been identified as J H ~ ~ ,  J H ~  in the parent drug. 
As expected, the multiplicities of the Haa and H7a signals are essentially 
unchanged from those of I, indicating that no substitution has occurred 
on the neighboring C-7 and C-4 atoms. 

Metabolite Fraction IV-As with Fraction 111, the direct-probe masa 
spectrometric data from Fraction IV (Table I) showed that the latter is 
composed mainly of monohydroxy metabolites plus a lesser amount of 
dihydroxy metabolites. Capillary column GLC of the trimethylsilyl de- 
rivative of IV showed a major component and three minor components, 
with the minor components each having an area of -10% of that of the 
major peak. GLC-mass spectrometry of the major component gave a 
molecular ion of mle 338, consistent with a monohydroxylated derivative 
of I. The multicomponent nature of the metabolite fraction (with one 
major component) also was indicated by analytical HPLC. 

The major component of Fraction IV was characterized by NMR 
spectroscopy as having a single equatorial hydroxyl group at  C-5. This 
conclusion was reached following elimination of other structural possi- 
bilities. The C-4 and C-7 sites were eliminated as possible positions of 
hydroxylation since the H3,, and H7a signals retained the same multi- 
plicity as in the parent drug. This required that the neighboring C-4 and 
C-7 positions be unsubstituted. The two C-6 possibilities were ruled out 
by Metabolites 111 and V, in which substitution at C-6 was firmly estab- 
lished by the reduced multiplicity of the recognizable axial H7 signal. 
Finally, the linewidth of the carbinol CH group after deuterium oxide 
exchange (Wl/z 20-24 Hz) necessitated at least one large vicinal constant, 
which is compelling evidence for an axial configuration. 
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Figure 5-NMR spectrum of 111. 
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Figure 6-Gas-liquid chromatogram produced by analysis of the tri- 
methylsilylated metabolite Fraction VII. 

Metabolite Fractions V and VI-HPLC suggested that Fraction V 
contained one major and one minor component. GLC of the trimethylsilyl 
derivative showed three peaks with a relative area ratio of approximately 
2:43. GLC-mass spectrometry of the three peaks gave molecular ions 
for each of m/e 338, as required for monohydroxylated metabolites; 
however, the fragmentation patterns in each case were somewhat dif- 
ferent, suggesting isomeric species. Direct-probe mass spectrometry 
(Table I) of this metabolite fraction indicated the presence of monohy- 
droxy metabolites only. 

Analytical HPLC of Fraction VI and GLC of the trimethylsilyl product 
indicated a single component of >90% purity. GLC-mass spectrometry 
indicated a molecular ion at  mle 338, required for a monohydroxy com- 
pound. The direct-probe mass spectra from Fraction VI also showed that 
only monohydroxy (and no dihydroxy) metabolites were present (Table 
I). 

The NMR spectra of Fractions V (major component) and VI showed 
an H7,, signal with reduced multiplicity, indicating substitution on a 
neighboring carbon atom. Since both spectra contained a normal H h  
resonance, it follows that the site of hydroxylation is C-7 and that the two 
metabolites are related as stereoisomers. Stereochemical assignments 
are not clearcut since the coupling constants between H7,, and the two 
C-7 protons are essentially the same in the parent molecule and differ 
by only 1 Hz in these two metabolites. However, there is reason for as- 
sociating the larger J value with an axial H7 [i.e., a 74equatorial)hydroxyl 
group] since this would correspond to the findings for Metabolite 111 in 
which the assignments are unequivocal. 

Inspection of the NMRTeatures of the minor component in metabolite 
Fraction V eliminated C-4 and C-7 as possible sites for the hydroxylation 
since both the H3,, and H7,, signals retained a full complement of lines. 
Irradiation of the equatorial H7 signal a t  6 2.63 reduced the multiplicity 
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4.5-Hz coupling constant represents J7,7,, and J = 11.5 Hz arises from an 
axial-axial relationship, it follows that the axial H7 has suffered a loss 
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m le 
Figure 7-Mass spectrum from metabolite Fraction VII. 

Metabolite Fraction VII-A small quantity (0.1 mg) of material 
crystallized in the bottom of the centrifuge tube (stored at 4O) containing 
the methanol solution of the aglycone metabolite fraction. GLC analysis 
of the crystals (Fraction VII) following their trimethylsilylation gave the 
chromatogram shown in Fig. 6. The major and minor components ex- 
hibited molecular ions of m/e 338 and 426, respectively, characterizing 
them as mono- and dihydroxy derivatives of I. The major component 
exhibited the same retention time as the shoulder (peak 3) on the leading 
edge of peak 4 in Fig. 3. Direct-probe mass spectrometry of underivatized 
VII gave the spectrum presented in Fig. 7. The molecular ion of m/e 266 
confirmed that the spectrum arose from a monohydroxylated derivative 
of I, and the intense fragment ions of m/e 153 and 195 demonstrate that 
the hydroxyl group is substituted on C-4-C-7 of the hexahydrobenz- 
isoxazole ring (5). 

NMR examination of VII also indicated the presence of two compo- 
nents in the approximate ratio of 9:1. Signah for the major component 
matched those for the minor component of Fraction V. This finding in- 
dicates that the hydroxyl group in the major component is at C-6 and is 
in the equatorial configuration. The NMR data for the minor component 
in Fraction VII indicated it to be a dihydroxy metabolite of I, but no 
positional or conformational assignments could be made, except that 
substitution is on C-4-C-7 of the hexahydrobenzisoxazole ring. 

Metabolite Fraction VIII-Both HPLC and GLC (following tri- 
methylsilylation) of this nonconjugated metabolite fraction from unhy- 
drolyzed dog urine indicated the presence of a major drug-related com- 
ponent (which appeared to be a dihydroxy metabolite) plus a t  least two 
related minor components. The dihydroxy nature of this metabolite also 
was suggested by direct-probe mass spectrometric data (Table I). Al- 
though only limited NMR data were obtained for Fraction VIII, analysis 
of the spectral features allowed a tentative structural assignment to the 
major component as 5-(axial),7a-dihydroxy-substituted drug. Key ob- 
servations that led to this conclusion were: (a) the absence of a resonance 
in the 6 4.5-4.7 region diagnostic for H7,,; (b) a reduced multiplicity of 
the H s  and both H7 signals, indicative of hydroxylation on a neighboring 
carbon; and (c) the appearance of a new, weakly coupled, single proton 
peak at  6 4.18. 

Observations a and b, taken together, constitute compelling evidence 
for hydroxylation at C7* The multiplicities of the H3,, and both H7 signals 
require that C-4 and C-6 are unsubstituted, thus leaving C-5 as the site 
for the second hydroxyl group. The new carbinol CH group appears es- 
sentially as a broadened singlet with a width at  half height of 9.5-10.0 
Hz. This indicates that its couplings with the four neighboring protons 
at C-4 and C-6 all are small, strongly implying an equatorial configuration. 
Based on this tentative structural assignment, this is the first metabolite 
of I in which hydroxylation of the drug has occurred at  a site other than 
C-4-C-7, but it is still on the hexahydrobenzisoxazole or cyclohexane ring 
portion of the drug. 

When it was found that hydroxy metabolites of I are bioactive (5), 
several hydroxy analogs of the drug were synthesized'O. Although NMR 
spectroscopy (and mass spectrometry) showed that these analogs were 
not identical to the metabolites, their NMR spectral data are presented 
in Table I1 for comparison. 

This and other studies (5-8) have demonstrated that hydroxylation 
is a common metabolic route for cyclohexanes. Both mono- and dihydroxy 
metabolites are observed, and the latter probably arise from sequential 
hydroxylation steps. Thus, Elliott et al. (6) showed that cyclohexanol, 
a urinary metabolite of cyclohexane in the rabbit, is metabolized further 
to yield trans-cyclohexane-l,2-diol. 

' 0  H. Mrozik, P. Eskola, P. Kulsa, B. H. Arison, W. J. A. VandenHeuvel, J. A. 
Conroy, and B. M. Miller, Merck Sharp 81 Dohme Research Laboratories, Fbhway, 
NJ 07065, unpublished data. 
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Agosin et al. (9) reported that the epimastigotes of T. cruzi possess an 
active drug-detoxifying (hydroxylating) system associated with the mi- 
crosomal fraction, with properties like those of a monooxygenase system 
linked to cytochrome P-450. These authors speculated that the ability 
of 2’. cruzi to hydroxylate drugs to inactive metabolites may partially 
explain why no chemotherapeutic agents that cure Chagas’ disease have 
been found; however, I, for which hydroxylation is a major route of me- 
tabolism in dogs (and mice) (5), is active against T. cruzi in mice (2,5). 
Furthermore, since a synthetic dihydroxy derivative of this compound 
(the 6,7-cis-diol) exhibits severalfold greater activity than the parent drug 
(51, the possibility is raised that the enzyme system suggested (9) to de- 
toxify other chemotherapeutic agents actually may enhance the bioac- 
tivity of I. Thus, the proposal of Agosin et al. (9) is of limited validity. 
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Abstract 0 Cellular mechanisms of action of two representative N -  
chloramines were studied. Both compounds, 3-chloro-4,4-dimethy1-2- 
oxazolidinone (I) and N-chlorosuccinimide (III), inhibited bacterial 
growth and exerted profound inhibition of bacterial DNA, RNA, and 
protein synthesis a t  a concentration of M. Enzymes containing 
sulfhydryl groups generally were significantly inhibited by these chlo- 
ramines at M. Dihydrofolate reductase, which contains no sulfhydryl 
groups, also was inhibited but at much higher chloramine concentrations 
(LO-2 M); ribonuclease, which also contains no sulfhydryl groups, was 
unaffected. All of these inhibitory effects of the chloramines could be 
prevented if sulfhydryl-containing reagents (mercaptoethanol or di- 
thiothreitol) were added before or together with the chloramine. Once 
inhibition was produced by the chloramine, it was not reversible by later 
addition of the sulfhydryl reagents. These results suggest that these 
chloramines act a t  sulfhydryl sites as well as a t  other sites in both cells 
and purified enzymes. 

Keyphrases 0 N-Chloramines-antimicrobial activity, inhibition of 
bacterial DNA, RNA, and protein synthesis 0 Antimicrobial activity- 
N-chloramine-induced inhibition of bacterial DNA, RNA, and protein 
synthesis 0 Enzyme inhibition-N-chloramine-induced inhibition of 
sulfhydryl-con taining enzymes in bacteria 

Recent studies of the chemical (1-5) and antimicrobial 
(6-8) properties of N-chloramine compounds suggested 
that many of these compounds may be potentially useful 
antibacterial agents. Preliminary results indicated that 
these N-chloramines are effective antibacterial agents. It 
was hypothesized that the bactericidal actions of N-chlo- 
ramines are derived from the direct transfer of positive 
chlorine ions from the N-chloramines to an appropriate 
cellular receptor (5). 

The present study was an attempt to elucidate the cel- 

lular processes affected by these agents which might ac- 
count for their observed antimicrobial properties. In 
seeking the mechanisms of action of such agents, the de- 
termination of the primary targets in terms of overall 
cellular function is vitally important. This paper reports 
the effects of two representative N-chloramines on overall 
DNA, RNA, and protein synthesis in bacteria. A more 
specific action in terms of direct inhibition of cellular en- 
zymes also is discussed. 

EXPERIMENTAL 

Bacterial Cultures-Bacteria [Escherichia coli (ATCC 25922) and 
Staphylococcus epidermidis (ATCC 12228)) were grown and harvested 
as described previously (9). The bacterial cells then were resuspended 
in fresh nutrient medium’ at  a density of 3 X lo8 colony-forming unitshl.  
Bacterial purity and the absence of contamination were established 
routinely by the Gram stain and by colony characteristics on blood agar 
plates. 

DNA, RNA, and Protein Synthesis-All stock solutions of 3- 
chloro-4,4-dimethyl-2-oxazolidinone (I), 4,4-dimethyl-2-oxazolidinone 
(11), and N-chlorosuccinimide (111) were prepared in 0.1 M phosphate 
buffer (pH 7). The stock solutions were diluted with distilled, deionized 
water. 

The bacterial suspensions were added to test tubes containing the re- 
spective agents diluted in water. All determinations were made in du- 
plicate or triplicate along with cor)trols containing an identical volume 
of bacteria without the agents. The bacteria then were incubated at  37O 
for 1 hr with various concentrations of the N-chloramines. Then 1-2 pCi 
of the following radioisotopes2 were added: [rnetl~yl-~H)thymidine, 90 

Bacto nutrient broth 003-03, Difco Laboratories. 
2 New England Nuclear Corp., Boston, Mass. 
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that many of these compounds may be potentially useful 
antibacterial agents. Preliminary results indicated that 
these N-chloramines are effective antibacterial agents. It 
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ramines are derived from the direct transfer of positive 
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as described previously (9). The bacterial cells then were resuspended 
in fresh nutrient medium’ at  a density of 3 X lo8 colony-forming unitshl.  
Bacterial purity and the absence of contamination were established 
routinely by the Gram stain and by colony characteristics on blood agar 
plates. 
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of bacteria without the agents. The bacteria then were incubated at  37O 
for 1 hr with various concentrations of the N-chloramines. Then 1-2 pCi 
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Table 11-Inhibitory Actions of I and I1 on E. coli DNA, RNA, 
and Protein Synthesis 

Inhibition, % 
Concentration, M DNA RNA Protein 

Ci/mmole; [5,6-3H]uridine, 42 Ci/mmole; and [4,5-3H]-~A-leucine, 40 Ci/ 
mmole. Incorporation was allowed to proceed for 2 hr a t  37O. Five milli- 
liters of ice-cold trichloroacetic acid (10% w/v) containing nonradioactive 
thymidine, uridine, and leucine M) was added. This addition ter- 
minated the incorporation reactions and precipitated DNA, RNA, and 
protein. The added nonradioactive thymidine, uridine, or leucine helped 
to displace adsorbed but unincorporated radioactivity and contributed 
to the low blank values seen in Table I. 

Samples were refrigerated for 30 min, and the precipitated material 
was suspended mechanically using a vortex mixer. This material then 
was filtered through glass fiber filters3. Each filter was washed with 70 
ml of 1.3 N HCl followed by 40 ml of absolute ethanol. The filters were 
dried under a heat lamp and placed into liquid scintillation vials. A so- 
lubilizing agent4 (0.5 ml) was added to the vials and left overnight to di- 
gest the radioactive film on the filter surface. Scintillation fluid5 (15 ml) 
was added, and the vials were mixed gently. Complete solubilization was 
assured by removing the filters and noting the residual radioactivity re- 
maining on the filter. A t  least 95% of the radioactivity associated with 
the filters usually was solubilized by this process. 

Radioactivity was counted in the solution phase using a liquid scin- 
tillation spectrometer6; the counting efficiency was established by the 
channels ratio method and was verified periodically through the use of 
a tritiated toluene standard. Toluene-soluble tritium was counted at an 
efficiency of 45%. Counting of the toluene-insoluble material contained 
on the filter could be done at  7% efficiency. Further details concerning 
these procedures may be obtained from the literature (9-12). 

Thymidine is a specific precursor of DNA, while uridine and leucine 
are incorporated into RNA and protein, respectively. The specific nature 
of these processes was confirmed in this study by both chemical and en- 
zymatic techniques as outlined previously (10, 13,14). 

The effect of the chloramines on the uptake of [3H]thymidine into the 
acid-soluble pool of E.  coli was studied. The concentrations of radioactive 
precursors found in the acid-soluble pool reflect the level of precursor 
transport into the bacterial cell (15). Acid-soluble radioactive thymidine 
was measured as follows. Bacteria were incubated at 37' for 60 min in 
contact with the chloramine (5 X M) and radioactive thymidine or 
with thymidine alone (controls). Tubes containing bacteria then were 
centrifuged and washed three times with ice-cold bacterial nutrient broth 
containing 0.1 M thymidine. Tubes were drained thoroughly, and 5 ml 
of ice-cold 0.2 N perchloric acid was added to the precipitated bacterial 
pellets. After 15 min, the perchloric acid solutions were collected, and 
the tubes were rinsed with an additional 2 ml of 0.2 N perchloric acid. 
Radioactivity in the combined 0.2 N perchloric acid solutions was de- 
termined by liquid scintillation counting. 

The effects of 1-111 on the activities of several enzymes were studied. 
The following enzymes were obtained commercially' and used without 
further purification: malate dehydrogenase (EC 1.1.37), fumarase (EC 
4.2.1.2), and pancreatic ribonuclease (EC 3.1.4.22). Dihydrofolate re- 
ductase (EC 1.5.1.3) was purified from a methotrexate-resistant strain 
of Lactobacillus casei (15). Lactate dehydrogenase (EC 1.1.1.27) and 
creatine phosphokinase (EC 2.7.3.2) were studied using a reconstituted 
lyophilized bovine enzyme control seruma. 

Enzyme Assays-Chloramines were added to buffered enzyme so- 
lutions and allowed to incubate at room temperature for 30 min before 
being assayed. The specific assays employed the following literature 
methods: malic dehydrogenase (16), lactic dehydrogenase (17), creatine 

4 x 10-6 a 
8 x 10-6 

1.6 x 10-5 0 

3.3 x 10-5 a 
6.6 X loW5 

1.33 x 10-4 a 
2.67 x 10-4 a 
2.67 x 10-3 a 
2.67 x 10-3 b 

0 0 0 
14 0 0 
29 0 0 
80 5 0 
89 62 31 
98 89 88 

100 98 98 
100 100 100 

0 0 0 

a I. I1 (unchlorinated precursor). 

Table 111-Inhibitory Actions of I and I1 on S. epidermidis 
DNA, RNA, and Protein Synthesis 

Inhibition, % 
Concentration, M DNA RNA Protein 

4 x 10-6 0 0 0 
8 x 10-6 a 16 0 0 

1.6 x 10-5 a 20 0 0 
3.3 x 10-5 a 29 8 0 
6.6 X a 

1.33 x 10-4 a 
2.67 x 10-4 a 
2.67 x 10-3 a 
2.67 x 10-3  b 

32 16 0 
36 29 22 
95 63 86 

100 73 96 
0 0 0 

a I. b I1 (unchlorinated precursor). 

phosphokinase (18,19), pancreatic ribonuclease (20), dihydrofolate re- 
ductase (21). and fumarase (22). 

RESULTS 

The data shown in Table I demonstrate increasing tritium incorpo- 
ration into the DNA, RNA, and protein of E. coli for up to 3 hr at 37' in 
all three processes. The low counts observed by the addition of acid at 
zero time'or by placing the tube in an ice bath to quench the reactions 
indicate that the washing procedure used is effective in removing ad- 
sorbed but unincorporated radioactivity. Variation of the bacterial stock 
solution from 0.3 to 0.9 ml also showed proportionally increased incor- 
poration of the radioactive precursor when studied for 1 hr of incubation. 
Similar results were seen using S. epidermidis. 

The percent inhibitions of DNA, RNA, and protein synthesis by the 
N-chloramines shown in Tables 11-V represent the mean of two experi- 
ments, each of which was carried out in triplicate. The individual values 
of these triplicate determinations were within 10% of the mean values 
indicated. Table I1 shows progressively increasing inhibitory effects with 
increasing concentration of 3-chloro-4,4-dimethyl-2-oxazolidinone (I) 
for all three cellular processes studied using E. coli. Similar conclusions 
are apparent from the data of Table 111 with S. epidermidis. 

Tables IV and V show the effects of the chloramine molecule N-chlo- 
rosuccinimide (111) on the same two bacterial species shown in Tables 
11 and 111. The effects of 111 were similar to those seen using I, namely, 
progressively increasing inhibition for all three cellular biochemical 
processes with increasing chloramine concentration. The effects of 
4,4-dimethyl-2-oxazolidinone (II), the unchlorinated precursor molecule 
of I, also were studied, and it was completely inert (Tables I1 and 111). The 

Table IV-Inhibitory Actions of I11 on S. epidermidis DNA, 
RNA, and Protein Synthesis 

111 Concentration, Inhibition, % 
M DNA RNA Protein 

4 x 10-6 0 0 0 
8 x 0 0 0 

1.6 x 10-5 0 13 0 
3.3 x 10-5 19 ' 14 4 
6.6 X 22 17 12 

1.33 x 10-4 37 35 29 
2.67 x 10-4 47 40 30 
2.67 x 10-3 100 80 96 
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Table V-Inhibitory Actions of 111 on E. coli DNA, RNA, and 
Protein Synthesis 

111 Concentration, Inhibition, % 
M DNA RNA Protein 

4 x 10-6 0 0 0 
a x 10-6 

3.3 x 10-5 
1.6 X 

6.6 X 

0 
4 

10 
15 

0 0 
0 0 
5 8 

12 10 
1.33 x 10-4 32 16 16 
2.67 X lop4 60 45 40 
2.67 X 100 100 95 

Table VI-Effect of Addition of a Sulfhydryl-Containing 
Compound on the Chloramine Inhibition of Bacterial DNA 
Synthesis 

Agent Dithiothreitol Inhibition 
(2.67 X Concentration, of DNA Using 

M )  M E .  coli, 70 

I 0 100 
I" 5.4 x 10-3 a 0 
Ib 2.67 x 10-3 b 26 
Ib 5.4 x 10-3 0 
1' 5.4 x 10-3 c 0 

None 5.4 x 10-3 0 
I1 0 0 

111 0 100 
1110 2.67 x 10-3 = 36 
IIIb 2.67 x 10-~  4 
IIIb 5.4 x 10-3 0 

0 Mixed together and added to bacteria as a mixture. Dithiothreitol added to 
bacteria first, followed by chloramine. c Compound I added to the bacteria con- 
taining tritiated thymidine and incubated a t  37' for 1 hr followed by the addition 
of dithiothreitol. Fresh bacteria were added, and the incorporation of tritiated 
thymidine was measured 2 hr  later. 

unchlorinated precursor molecule (11) was studied under exactly the same 
conditions as the chloramines (I and 111). 

Table VI shows that addition of dithiothreitol can protect against the 
inhibition of DNA synthesis in bacteria. This result was seen when I was 
combined with dithiothreitol and then added to bacteria or, alternatively, 
when the bacteria were supplemented with dithiothreitol before the 
addition of I. Similar protective actions of dithiothreitol using 111 also 
have been demonstrated. Again, I1 had no inhibitory action. Addition 
of dithiothreitol or mercaptoethanol also could protect against the in- 
hibition of RNA and protein synthesis. 

The inhibitory actions of I are not due to chemical alteration of the 
tritiated thymidine, uridine, or leucine by the chloramine in which these 
precursors are rendered inert. This conclusion was reached since the 
chloramines, when added to bacteria with tritiated thymidine and in- 
cubated for 60 min at 37O, showed no significant inhibition.of incorpo- 
ration after fresh bacteria were added and incorporation was allowed to 
proceed for 2 additional hr (Table VI). Residual chloramine was inacti- 
vated by adding dithiothreitol immediately before the addition of fresh 

Table VII-Percent Inhibition of Enzyme Activity by Agent 

bacteria. Experiments using tritiated thymidine, uridine, and leucine 
with I or 111 gave similar results under identical experimental conditions. 
However, partial inactivation of the tritiated precursors at far higher 
chloramine concentrations (1 X 

The data obtained indicate that while the bacterial synthesis of DNA 
was significantly inhibited based on a t test for paired samples ( p  < 
0.001), the chloramine did not produce statistically significant inhibition 
of the uptake or transport of tritiated thymidine into the bacterial cells. 
Bacteria were incubated together with 5 X M I and 13H]thymidine 
for 1 hr a t  37'. The amount of tritiated precursor found in the bacterial 
acid-soluble pool is a direct reflection of the extent of thymidine transport 
into the bacterial cell (15). Similar results also were obtained using tri- 
tiated uridine and leucine. 

These chloramines were effective inhibitors of sulfhydryl-containing 
enzymes (Table VII). Three general groups of enzymes were compared 
(a) enzymes containing sulfhydryl groups at their active sites (malic 
dehydrogenase (23), lactic dehydrogenase (24), and creatine phospho- 
kinase (25)]; ( b )  enzymes containing no sulfhydryl groups at their active 
sites but having sulfhydryl groups at other sites [fumarase (26)); and (c) 
enzymes containing no sulfhydryl groups at any site (ribonuclease (27) 
and dihydrofolate reductase (21)]. 

The enzymes in the first group are inhibited easily (Table VII). The 
sulfhydryl group does not have to be present at the active site for inhi- 
bition to occur since fumarase also is quite sensitive. Some enzymes 
containing no sulfhydryl groups (dihydrofolate reductase) also can be 
inhibited but only at much higher chloramine concentrations (?lo-* M). 
However, ribonuclease was not inhibited, even at  M. All of the 
chloramine-induced enzymatic inhibitions could be prevented if the 
chloramines were mixed first with twice the concentration of the sulf- 
hydryl-containing reagent dithiothreitol. The limiting amount of di- 
thiothreitol that was capable of preventing chloramine-induced enzy- 
matic inhibition was not explored. Reactivation of the inhibited enzymes 
by later addition of sulfhydryl agents after first reacting the enzyme with 
chloramine was not achieved. The unchlorinated precursor (11) was not 
effective in inhibiting any of the sulfhydryl-containing enzymes (Table 
VII). 

The effects of increasing I concentrations on the overall growth of E .  
coli also were studied but are not presented in tabular form. Inhibition 
of bacterial growth was studied by incubating inoculated cultures of E. 
coli at 37' and monitoring the effect on turbidity (absorbance increase) 
at 450 nm against time at  10-hr intervals. The bacterial growth data 
represent the mean of triplicate determinations. Varying concentrations 
of I were added to the bacterial suspensions, and bacterial growth was 
followed for 4 days. The chloramine appeared to act as a bacteriostatic 
agent, a t  concentrations ranging from 5 X M, in that 
bacterial growth was delayed. A t  concentrations of 5 X M and higher, 
no bacterial growth was evident. When the organisms exposed to these 
higher doses were subcultured, no growth was apparent. These results 
suggest death of the organisms and show that I exerts bactericidal actions 
at  higher concentrations. 

Chemical Verification-Bacterial incorporation was allowed to 
proceed for 3 hr using radioactive thymidine, uridine, or leucine in dif- 
ferent tubes. Cold 0.2 N perchloric acid was added, and the precipitates 
were washed twice with 0.2 N perchloric acid. The supernates were dis- 
carded, and the precipitates were dissolved and incubated in 0.3 N KOH 
for 1 hr at 37'. The material was reprecipitated with 0.7 N perchloric acid, 

M) was observed. 

to 4 X 

Agent 
Concentration, 

M 

Inhibition, % 

Dehvdro- Dehvdro- PhosDho- Ribo- folate 
Malic Lactic Creatine Dihydro- 

genase genase kinase Fumarase nuclease Reductase - 
- 1.33 x 10-5 a 0 0 0 50 0 

2.67 X a 0 0 0 - 0 
5.34 x 10-5 a 16 10 0 - 0. 
1.07 x 10-4 a 20 15 5 100 0 

0 2.14 x 10-4 a 48 30 15 
4.28 x 10-4 a 54 40 30 100 0 

62 50 53 100 0 
1.28 X 100 100 85 100 0 
1.72 X 100 100 100 100 0 50 
1.72 X a 
Added to dithiothreitol 

- 
- 
- 
- 
- 

- 

- 
- 

8.56 x 10-4 a 

3.4 x lo-* a (SH) 0 0 0 0 0 0 
1.72 X lo-' 0 0 0 0 0 0 

1. I1 (unchlorinated precursor). 
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collected on filters, and counted as described previously. The potassium 
hydroxide treatment resulted in >90% breakdown of the radioactive 
polymer produced with radioactive uridine. 

The polymers produced with radioactive thymidine or leucine were 
not significantly affected by the alkaline treatment. RNA is known to 
be degraded by alkali, whereas DNA and protein are not affected (10,13, 
14). Heat treatment (70”) of the radioactive polymers with 0.5 N per- 
chloric acid for 30 min resulted in the breakdown of the polymer produced 
using thymidine, while the polymer produced with leucine was unaf- 
fected. DNA is known to be degraded under these conditions of heating 
in the presence of acid (10,13,14). 

Enzymatic Verification-The filters containing the radioactive 
polymers were immersed in solutions of deoxyribonuclease’, ribonucle- 
ase7, and a mixture of proteolytic enzymes7 for 1 hr a t  37’. The polymer 
produced using thymidine was degraded by deoxyribonuclease but was 
not affected by ribonuclease or the proteolytic enzymes. The polymer 
produced using uridine was degraded only by ribonuclease, and the 
polymer resulting from leucine incorporation was degraded only by 
proteolytic enzymes. These reactions strongly support the specific nature 
of these incorporation processes. (Further details may be obtained from 
Ref. 10.) 

DISCUSSION 

The data presented here and previous data (1-5) indicate that chlo- 
ramines exert both bacteriostatic and bactericidal actions. The extent 
of the antimicrobial actions depends on the ratio of the bacterial con- 
centration to that of chloramine and the length of exposure. These pa- 
rameters also control the extent of enzyme inhibition. Both the anti- 
bacterial effects and the enzymatic inhibitory actions appear to be due 
to the powerful oxidative action of the chlorine component of the chlo- 
ramine molecules. Support for this view is contributed by the facts that  
the unchlorinated precursor molecule is inactive and that the inhibitory 
effects of I and 111 can be abolished completely by first mixing the chlo- 
ramine with the sulfhydryl compounds dithiothreitol or mercaptoeth- 
anol. 

Thus, the present study indicates that one cellular mechanism for these 
antibacterial actions might be that these chloramines effectively attack 
the sulfhydryl groups, which can lead to enzymatic inactivation or de- 
naturation. A natural consequence of such actions would be interference 
with major cellular processes (not shown previously) such as DNA, RNA, 
and protein synthesis, which depend on the subtle interaction of many 
sulfhydryl-containing enzymes. All three processes appear to be inhibited, 
and the antimicrobial actions apparently are not due to the selective in- 
hibition of any one specific cellular function that is vastly more sensitive 
than the others. The data in Tables I1 and 111 suggest that DNA synthesis 
is slightly more sensitive to the action of I than is RNA or protein syn- 
thesis. The basis of action of these chloramine agents appears to be similar 
to that proposed for the bactericidal actions of chlorine (28). 

The data in Tables 11-V suggest that  these chloramines inhibit bac- 
terial synthesis of DNA, RNA, and protein. These results have several 
possible causes: 

1. Chemical alteration of the radioactive precursors by the chloramine, 
resulting in the decreased incorporation into DNA, RNA, or protein. 
However, the data presented in Table VI show that this is not true. When 
bacteria, radioactive precursors, and chloramine were first incubated, 
no inhibition of incorporation was found after inactivating the chloramine 
by adding dithiothreitol and then adding fresh, viable bacteria. If the 
chloramines had reacted with the radioactive precursors and rendered 
them inert, normal incorporation would not have been demonstrated after 
inactivating the residual chloramine and adding fresh viable bacteria. 

2. Chloramine inhibition of the transport of the radioactive precursor 
into the bacterial cell. However, the data discussed previously do not 
support inhibition of precursor transport but rather synthesis inhibi- 
tion. 

The data in Table VII demonstrate that enzymes containing sulfhydryl 
sites are inhibited by I a t  lod4 M. Other enzymes without sulfhydryl sites 
(dihydrofolate reductase) may be inhibited at far higher concentrations 

M )  of chloramine, while another enzyme (ribonuclease) appears 
to be completely resistant. Attempts were made to protect the sulfhydryl 
groups of malate dehydrogenase and fumarase by reacting these enzymes 

with agents that  reversibly combine with sulfhydryl groups (29). Both 
enzymes were incubated with 5,5-dithiobis(2-nitrobenzoic acid) and with 
p-hydroxymercuribenzoate. Chloramine was added later, and the incu- 
bation was continued. Dithiothreitol then was added to remove the 
protective agents and to inactivate any residual chloramine. No protective 
effects were evident against the actions of chloramine by these reversible 
sulfhydryl agents. I t  generally can be concluded that the sulfhydryl 
groups are attacked by these chloramine agents but that other sites also 
are attacked since non-sulfhydryl-containing enzymes are inhibited and 
since the chloramines still are capable of causing enzyme inhibition, even 
when the sulfhydryl groups are protected. The chloramine-induced in- 
hibitions were not reversed simply by adding sulfhydryl reagents to 
bacteria or to purified enzymes after first incubating with chloramine. 

While some enzymes containing sulfhydryl groups are inhibited by 
chloramines, this fact may not mean that all sulfhydryl-containing en- 
zymes are inhibited, although they could be. Reversal of antibacterial 
activity by dithiothreitol also does not prove that a compound reacts by 
a sulfhydryl inhibition. 
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Abstract Oral adminstration of uracil plus ftorafur [ 1-(tetrahydro- 
2-furanyl)-5-fluorouracil] has a greater antitumor effect than that of 
ftorafur alone. A high-pressure liquid chromatographic method was de- 
veloped for the determination of ftorafur in plasma and visceral tissues 
with a sensitivity of 0.025 lg/ml or g of wet weight. A combination of 
GLC-mass fragmentography and GLC-mass spectrometry with total-ion 
monitoring was developed for the specific, simultaneous determination 
of 5-fluorouracil, an active metabolite, and uracil as their trimethylsil- 
ylated derivatives. The detection limits for 5-fluorouracil and uracil in 
the first method were 0.001 pg/ml for plasma and 0.001-0.005 fig/ml for 
visceral tissues, and those in the second method were 0.2 pg/ml or g of 
wet weight. The precision and sensitivity of the assay appear to be sat- 
isfactory for determination of the levels of these compounds in plasma 
and visceral tissues. 

Keyphrases 0 Ftorafur-high-pressure liquid chromatographic analysis 
in biological materials 0 5-Fluorouracil-GLC-mass spectrometric 
analysis in biological materials 0 Uracil-GLC-mass spectrometric 
analysis in biological materials 0 High-pressure liquid chromatogra- 
phy-analysis, ftorafur in biological materials GLC-mass spectrom- 
etry-analysis, 5-fluorouracil and uracil in biological materials Anti- 
neoplastic agents-uracil plus ftorafur, high-pressure liquid chromato- 
graphic and GLC-mass spectrometric analysis in biological materials 

5-Fluorouracil and its derivatives have been widely used 
in cancer chemotherapy. Ftorafur [ l-(tetrahydro-2-fu- 
ranyl)-5-fluorouracil], a masked form of 5-fluorouracil, is 
an effective antitumor agent. It can be given orally and has 
lower toxicity than 5-fluorouracil (1-3). 

Fujii and coworkers (4-8) recently reported that oral 
administration of uracil plus ftorafur (4:l mole/mole) was 
more effective than that of ftorafur or 5-fluorouracil alone 
and resulted in a higher level of 5-fluorouracil, an active 
substance, in tumor tissues than did administration of an 
equimolar amount of ftorafur or 5-fluorouracil. 

For elucidation of the mechanism of action of uracil, it 
seemed important to establish a quantitative method for 
the determination of the concentrations of uracil, ftorafur, 
and 5-fluorouracil in the blood and visceral tissues after 
uracil plus ftorafur treatment. A method already was re- 
ported for the determination of ftorafur and 5-fluorouracil 
in plasma and visceral tissues after administration of fto- 
rafur in studies on a new antitumor agent, 1,3-bis(tet- 
rahydro-2-furanyl)-5-fluorouracil (9-11); ftorafur was 
determined by TLC scanning densitometry or high-pres- 
sure liquid chromatography (HPLC), and 5-fluoroumcil 
was determined by a microbiological assay using a sensitive 
bacterial strain or GLC-mass fragmentography with se- 
lected-ion monitoring. 

Several other methods also have been reported: separate 

microbiological assays of ftorafur and 5-fluorouracil in 
plasma and visceral tissues (12,13), simultaneous HPLC 
analysis of ftorafur and 5-fluorouracil in plasma and urine 
using a reversed-phase column (14,15), and assay of fto- 
rafur by GLC and of 5-fluorouracil by GLC-mass frag- 
mentography in plasma and urine (16,17). 

The present paper describes a precise and sensitive 
method for the assay of ftorafur, 5-fluorouracil, and uracil 
in plasma and visceral tissues. Ftorafur is separated from 
the other compounds by solvent extraction and analyzed 
by HPLC using an adsorption chromatographic system. 
5-Fluorouracil and uracil are silylated and then analyzed 
by GLC-mass fragmentography. Uracil also is determined 
simultaneously by GLC-mass spectrometry with total-ion 
monitoring. 

EXPERIMENTAL 

Materials-Ftorafur was synthesized and purified (18). 5-Fluo- 
rouracil'. uracil', [1,3-15N2]-5-fluorouraci12 (95% enrichment), and 
[1,3-'5N2]~ra~i13 (95% enrichment) were used as received. N,O-Bis(tri- 
methylsi1yl)trifl~oroacetamide~ and pyridine4 were derivatizing agents 
for silylation. Chloroform, methanol, ethanol, and ethyl acetate were 
liquid chromatographic reagent grade5. The other chemicals5 were ana- 
lytical reagent grade. Ethylene dichloride5 was dehydrated and distilled 
before use. 

The samples of blood and visceral tissues were from male AH-130 
tumor-bearing rats (160-180 g, 6-7 weeks old). 

HPLC Conditions-The liquid chromatograph6 was equipped with 
a high-pressure injection valve7 and a UV detectors operating a t  254 nm. 
An adsorption chromatographic columng (25 cm X 6.2 mm id.)  was used 
for separation with a mobile phase of ethylene dichloride-ethanol(241 
v/v) at a flow rate of 1.7 ml/min. The column was maintained at room 
temperature. A gradientorlo was used for controlling the mobile phase 
concentration. For quantitative calculations, a computer systemll was 
employed. 

GLC-Mass Fragmentographic and GLC-Mass Spectrometric 
Conditions-A mass spectrometer12 with an electron-impact ion source 
connected to  a gas ~hromatograph '~ was used. 

The coiled glass column (1.0 m X 2.0 mm i.d.) of the gas chromatograph 
was packed with 3% OV-17 on Chromosorb W Awl4 (80-100 mesh) and 

I Si ma Chemical Co S t  Louis, Mo. 
2 P8R Inc., Gainesviiie, Fla. 

Merck Sharp and Dohme Canada Ltd., Quebec, Canada. 
Pierce Chemical Co., Rockford, Ill. 
Wako Pure Chemical Co., Osaka, Japan. 
Model LC-2, Shimadzu, Kyoto, Japan. 
Model SIL-lA, Shimadzu, Kyoto, Japan. 
Model UVD-2, Shimadzu, Kyoto, Japan. 

9 Zorbax SIL (Du Pont), purchased from Shimadzu, Kyoto, Japan. 
lo Model GRE-2. Shimadzu, Kyoto, Japan. 

Model 1A Chromatopac, Shimadzu, Kyoto, Japan. 
Model JMS-D 300, JEOL, Tokyo, Japan. 

l3 Model JGC-ZOKP, JEOL, Tokyo, Japan. 
l4 Gaschro Kogyo Co., Tokyo, Japan. 
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was conditioned at 280° for 24 hr. The injector, column, and ion source 
temperatures were 210,150, and 230°, respectively. After 5-fluorouracil, 
uracil, and their internal standard had been detected, the temperature 
of the column was raised to 280' for 3 min to burn out the remaining 
materials and then was returned to the operational temperature before 
the next analysis. The carrier gas was helium, and the flow rate was 30 
mllmin. 

For mass fragmentography, the mass spectrometer was set at the fol- 
lowing conditions: ionization energy, 70 ev; ionization current, 300 pamp; 
accelerating voltage, 3.0 kv; and ion multiplier voltage, 1.4 kv. The peaks 
of the molecular ions of the trimethylsilyl derivatives of 5-fluorouracil, 
uracil, and the respective internal standards ( [1,3-15Nz]-5-fluorouracil 
and [1,3-15N2]uracil), mle 274,256,276, and 258, respectively, were se- 
lected for mass fragmentographic analysis. When necessary, uracil was 
simultaneously analyzed by GLC-mass spectrometry. 

Analytical Procedure-Blood samples were collected in heparinized 
containers and centrifuged to separate the plasma. Visceral tissues were 
collected by the freeze-clamping technique and rapidly bled or perfused 
with cold physiological saline to remove blood. The plasma and visceral 
tissues then were frozen until analysis. 

The plasma (0.5 ml) was diluted to 2.0 ml with distilled water con- 
taining 0.1 pg of [1,3-15Nz]-5-fluorouracil and 0.5 pg of [1,3-15Nz]uracil 
as internal standards. A sample of 0.5-1.0 g of visceral tissue was ho- 
mogenized in an ice bath with physiological saline containing 0.1 pg of 
[ 1,3-15Nz]-5-fluorouracil and 5.0 pg of [1,3-15Nz]uracil and then centri- 
fuged at 2000Xg for 20 min; 1.0 ml of the resulting supernate was diluted 
to 2.0 ml with distilled water. The samples of plasma and visceral tissue 
homogenates were adjusted to pH 4.0 with 5 N HCl and shaken vigorously 
with 20 ml of chloroform at  room temperature for 10 min. 

This extraction was repeated again, and the combined chloroform 
extracts containing ftorafur were evaporated to dryness at <25O, trans- 
ferred to a 10-ml test tube by washing with chloroform, and dried under 
nitrogen. The residue was dissolved in 100 pl of ethylene dichloride, and 
20 pl of this solution was injected into the liquid chromatograph. 

The aqueous layer containing 5-fluorouracil and uracil separated from 
the chloroform layer was neutralized with sodium hydroxide solution, 
adjusted to pH 6.0 with 0.2 ml of 0.5 M NaHZPOI, and centrifuged at  
2000Xg for 15 min to remove protein, The supernate was extracted with 
40 ml of ethyl acetate by vigorous shaking for 20 min. The ethyl acetate 
layer was evaporated at  40', transferred to a 1.0-ml reaction vial by 
washing with methanol, and dried under nitrogen at 40°. The residue was 
dried thoroughly over phosphorus pentoxide under reduced pressure and 
subjected to silylation at  70' for 20 min by addition of a freshly prepared 
solution of 100 pl of pyridine containing 20% N,O-bis(trimethylsily1)- 
trifluoroacetamide. Then 1-3 p1 of the solution was injected into the gas 
chromatograph-mass spectrometer. 

Calibration Curves-Calibration curves were prepared by adding 
known amounts of ftorafur (20.0,10.0,5.0,1.0,0.5,0.1, and 0.05 pglml), 
5-fluorouracil(l.O, 0.5,0.25,0.10,0.05,0.01, and 0.005pg/ml), and uracil 
(50.0, 25.0, 10.0,5.0,2.5,1.0,0.5,0.25,0.10,0.05,0.01, and 0.005 pg/ml) 
to plasma (1.0 ml) and organ homogenates (1.0 ml from 1.0 g of wet 
weight) and then analyzing by the same extraction procedure. 

The calibration curve for the determination of ftorafur by HPLC was 
prepared by plotting the peak area against the concentration of ftorafur. 
Calibration curves for 5-fluorouracil and uracil analyzed by GLC-mass 
fragmentography and GLCmass spectrometry were obtained by plotting 
the ratio of the peak heights of the respective trimethylsilyl derivatives 
to those of the trimethylsilyl derivatives of the internal standards, 
[1,3-15N~]-5-fluorouracil and [1,3-15N2]uracil, using GLC-mass frag- 
mentography against the concentrations of these compounds. All of the 
calibration curves gave good results. 

RESULTS AND DISCUSSION 

The investigation of the simultaneous determination of ftorafur, 5- 
fluorouracil, and uracil by HPLC using a reversed-phase column and by 
GLC based on silylation or on-column methylation with a flame-ioniza- 
tion detector showed that a suitable HPLC retention time of each com- 
pound could not be obtained and that ftorafur and 5-fluorouracil were 
difficult to separate by GLC after silylation, while 5-fluorouracil and 
uracil were not separated by on-column methylation. Thus, reversed- 
phase HPLC and GLC were not suitable for the simultaneous assay of 
ftorafur, 5-fluorouracil, and uracil. 

Two independent assay procedures were investigated next on the basis 
of the physicochemical properties of these compounds. Ftorafur could 
be recovered from aqueous solution with an organic solvent, and 5-fluo- 
rouracil and uracil remained in the aqueous layer. Therefore, extraction 

a 

Ftoraf ur 

1 1  I I I 1  
0 2 4 6 8 1 0  

t 
0 
W 
3 z 
$ !  

b 

F t oraf ur 

4f 

I I I I 1 1 
0 2 4 6 8 1 0  

MINUTES 

Figure 1-High-pressure liquid chromatograms showing the separation 
offtorafur extracted from plasma (a) and tumor tissue (b) of AH-130 
tumor-bearing rats after addition a t  5.0 pglml or g of wet weight. The 
conditions were: column, Zorbar SZL (25 cm X 6.2 mm id.); mobile 
phase, ethylene dichloride-ethanol (24:l u/u);  and flow rate, 1.7mllmin 
(room temperature). 

with chloroform from an aqueous solution acidified with hydrochloric 
acid was employed for quantitative separation of ftorafur from 5-fluo- 
rouracil and uracil. Ftorafur then was determined by HPLC using an 
adsorption column, and 5-fluorouracil and uracil were analyzed by 
GLC-mass fragmentography and GLC-mass spectrometry. 

A Zorbax SIL column was used for the separation of ftorafur extracted 
from chloroform. Ftorafur was well separated from biological constituents 
when a mixture of a nonpolar solvent (e.g., chloroform, methylene chlo- 
ride, ethylene dichloride, or n-hexane) containing 1-5% alcohol (e.g., 

Table I-Recoveries of Ftorafur, 5-Fluorouracil, and Uracil 
from Plasma and Viscerd Tissues of AH- 130 Tumor-Bearing 
Rats 

Tissue 

Saline 
Plasma 
Heart 
Intestine 
Kidney 
Liver 
Lung 
Muscle 
Spleen 
Stomach 
Testis 
Thymus 
Tumor 

Ftorafur 

100.7 f 1.5 
100.3 f 1.2 
99.9 f 1.4 

100.1 f 1.2 
99.8 f 1.6 
99.6 f 1.8 

100.5 f 1.3 
101.1 f 1.3 
100.0 f 1.8 
100.1 f 1.4 
99.9 f 1.1 
99.7 f 1.3 

100.4 f 1,5 

Recovery", ?& 
5-Fluorouracil 

91.4 f 3.2 
86.1 f 3.7 
72.0 f 4.1 
76.8 f 3.5 
67.5 f 4.8 
63.5 f 5.1 
71.0 f 3.5 
79.0 f 3.4 
71.0 f 4.1 
77.0 f 3.3 
72.0 f 3.5 
64.5 f 4.3 
81.0 f 3.3 

Uracil 

84.1 f 3.1 

66.8 f 4.3 
69.3 f 3.2 
65.0 f 3.7 

81.5 f 3.8 

62.4 f 4.1 
64.7 f 4.9 
73.3 f 3.3 
64.9 f 4.2 
69.8 f 3.2 
63.2 f 4.4 
61.4 f 4.6 
76.3 f 3.3 

Each value is the mean of five determinations for the particular amount added. 
Amounts added were: ftorafur, 20.0,5.0,0.5,0.1, and 0.05 pg/ml or g of wet weight; 
5-fluorouracil, 0.5,0.1,0.05,0.01, and 0.005 pg/ml or g of wet weight; and uracil, 50.0, 
25.0, 10.0, and 2.5 pg/g of wet weight and 0.5,0.1,0.05,0.01, and O.o05pg/ml for 
saline, plasma, and visceral tissues. 
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Figure 2-Mass fragmentograms showing the separation of 5-fluo- 
rouracil, uracil, and the respective internal standards extracted from 
plasma (a) and tumor tissue (b) of AH-130 tumor-bearing rats. Results 
are for the trimethylsilylated derivatives. 

methanol, ethanol, or isopropanol) was the mobile phase. Of the solvent 
systems tested, ethylene dichloride-ethanol (24:l) was chosen as the 
mobile phase because it gave suitable chromatographic separation and 
analysis time. 

The supernate of each organ homogenate must be extracted with 
chloroform; otherwise, the large amounts of lipid-soluble materials ex- 
tracted with chloroform disturb the HPLC analysis. 

Known amounts of ftorafur were added to plasma and homogenates 
of various organs of AH-130 tumor-bearing rats. The HPLC separation 
of ftorafur extracted from plasma and tumor tissue is shown in Fig. 1. The 
retention time of ftorafur was 6.3 min. As shown in Table I, the recoveries 
of ftorafur from plasma and each organ were quantitative, and the de- 
tection limit for ftorafur using this HPLC method was 0.025 pg/ml or g 
of wet weight for plasma and visceral tissues. The reproducibility was 
f1.5-2.1%. 

5-Fluorouracil and uracil have similar physicochemical properties. 
Thus, the addition of 0.5 M NaH2P04 to the aqueous layer containing 
5-fluorouracil and uracil and subsequent extraction with ethyl acetate 
as described previously (10,ll) resulted in good, constant recoveries. 

The silylation procedure with N,O-bis(trimethylsily1)trifluoroace- 
tamide was sensitive, giving excellent GLC-mass fragmentographic and 
GLC-mass spectrometric separations of 5-fluorouracil and uracil ex- 
tracted with ethyl acetate. 

The internal standards, [1,3-15N~]-5-fluorouracil and [1,3-15Nz]uracil, 
which are labeled with the stable isotope of nitrogen, were used for the 
simultaneous determination of 5-fluorouracil and uracil by the multi- 
ple-ion detection technique. The mass fragment ions detected for 
GLC-mass fragmentography were the molecular ion peaks (M+) in the 
mass spectra of the trimethylsilyl derivatives of 5-fluorouracil and uracil 
since their base peaks (M - CH3) were not separated clearly in some 
samples. 

Uracil 

J 

I 1 -  1 1 I 
0 2 4 6 

MINUTES 

I 1  

Figure 3-Chromatogram by GLC-mass spectrometry showing the 
separation of uracil extracted from tumor tissue of AH-130 tumor- 
bearing rats. Results are for the trimethylsilyl deriuatiues. 

The best ion multiplier voltage of the mass spectrometer was 1.4 kv 
for the simultaneous determination of 5-fluorouracil and uracil by 
GLC-mass fragmentography. At this voltage, these compounds could 
be measured at concentrations of 0.001-2.5 pg/lOO pl of silylating solvent. 
Under this condition, the concentrations of 5-fluorouracil could be ana- 
lyzed in most samples, but the concentrations of uracil exceeded the 
upper detection limit. In particular, an extremely large difference was 
observed between the concentrations of 5-fluorouracil and uracil in tumor 
tissue having a large pool of uracil and those in the plasma collected soon 
after coadministration of uracil and ftorafur. In such samples, the two 
compounds could not be measured simultaneously at  the ion multiplier 
voltage of 1.4 kv since the concentration of uracil was saturated. This 
problem could be overcome by two analytical runs at different values of 
the ion multiplier voltage: 5-fluorouracil was measured at  an ion multi- 
plier voltage of 1.4 kv, and uracil was measured at 1.2 kv. However, in this 
study, simultaneous detection by GLC-mass fragmentography and 
GLC-mass spectrometry was used, and conditions were developed for 
the simultaneous measurement of 5-fluorouracil and uracil in all kinds 
of samples. 

Known amounts of 5-fluorouracil and uracil were added to plasma and 
homogenates of various organs of AH-130 tumor-bearing rats, and the 
samples were analyzed. The GLC-mass fragmentographic separation 

Table 11-Changes in the Concentration of Uracil Pooled in the Plasma, Liver, and Tumor of AH-130 Tumor-Bearing Rats by 
Incubation with Shaking a t  Various Temperatures 

Concentration of Uracil Detecteda 
Incubation Plasma, Tumor, Liver, 

~~ ~ 

Control 0.283 f 0.067 
-20 - -30", 24 hr 0.282 f 0.031 
5",  2 hr 0.283 f 0.024 
5", 24 hr 0.283 f 0.064 
Room temperature, 12 hr 0.281 f 0.058 
Room temperature, 24 hr 0.276 f 0.074 
37". 24 hr 0.255 f 0.088 

a Average of three determinations. 

32.793 f 1.783 
32.864 f 1.345 
32.866 f 1.567 
35.416 f 1.857 
57.654 f 4.171 

124.900 f 7.895 
339.576 f 23.694 

15.803 f 0.998 
15.834 f 0.878 
15.821 f 0.985 
16.751 f 1.007 
26.783 f 3.110 
56.406 f 5.157 

140.078 f 14.953 
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Figure 4-Plasma levels (a) and tumor leuels (b) of ftorafur, 5-fluorouracil, and uracil after a single oral dose of uracil (33.6 mg) plus ftorafur 
(5.0 mg) (4:l molelmole) to  AH-130 tumor-bearing rats. 

of the trimethylsilyl derivatives of 5-fluorouracil, uracil, and their internal 
standard extracted from plasma and tumor tissue is shown in Fig. 2. The 
GLC-mass spectrometric separation of uracil extracted from tumor tissue 
is shown in Fig. 3. The retention times of 5-fluorouracil and uracil as their 
trimethylsilyl derivatives were 1.5 and 1.8 min, respectively. The recov- 
eries from plasma were 86.1 f 3.7% for 5-fluorouracil and 81.5 f 3.8% for 
uracil, and those from visceral tissues were -75% for 5-fluorouracil and 
-70% for uracil. Since uracil forms pools naturally in all biological ma- 
terials, the recovery of uracil was determined in a separate experiment 
by GLC-mass fragmentography and GLC-mass spectrometry utilizing 
[1,3-15Nz]uracil and 5-chlorouracil (ion peak detected was m/e 275, M 
- CH3) as internal standards. 

The detection limits for 5-fluorouracil and uracil for GLC-mass frag- 
mentography were 0.001 pg/ml for plasma and 0.001-0.005 pglg of wet 
weight for visceral tissues; the detection limit for GLC-mass spectrometry 
was 0.2 pg/ml or g of wet weight. The reproducibility of this method was 

As reported previously (10,11), the decomposition of ftorafur and 5- 
fluorouracil nucleosides or nucleotides had no significant effect on the 
assay of 5-fluorouracil. To examine the effect of decomposition of uracil 
nucleosides or nucleotides, authentic samples of these compounds were 
dissolved in physiological saline, plasma, and tissue homogenates of the 
liver and tumor and then analyzed for their uracil concentration. The 
results showed no significant differences between the values of the control 
and test samples and that decomposition of uracil nucleosides and nu- 
cleotides had no appreciable influence on the measurement of uracil with 
the present method. 

The results obtained with the present method showed that the pools 
of uracil in various tissues were fairly high, as reported by Fujimoto et 
al. (19). Thus, the following experiments were conducted. First, changes 
in the uracil concentration were examined by incubation of plasma and 
tissue homogenates of the liver and tumor with shaking at  various tem- 
peratures before measurement. As shown in Table 11, the uracil concen- 
tration did not differ significantly from control values after incubation 
at various temperatures for plasma and at 5 or -20--30' (frozen) for the 
liver and tumor. However, the uracil concentration increased with in- 
cubation at room temperature or 37' for the liver and tumor. This change 
in the uracil concentration probably is due mainly to the enzymatic de- 
composition of nucleosides and nucleotides. 

Next, plasma and tissue homogenates of the tumor and liver were 

52.2-3.4%. 

acidified with hydrochloric acid and extracted with chloroform, and the 
supernate of the aqueous layer was incubated with shaking at 37' for 24 
hr. No significant difference between the concentration of uracil in the 
control and test samples was observed. Thus, as well as causing depro- 
teinization, extraction with chloroform in hydrochloric acid inactivated 
enzymes that hydrolyzed the glycoside bonds of nucleosides and nucle- 
otides. 

On the basis of these observations, it was concluded that the present 
method, in which tissues were homogenized in an ice bath at a tempera- 
ture below 5 O  and the supernate was acidified with hydrochloric acid and 
extracted with chloroform, did not involve any procedure that affects the 
determination of 5-fluorouracil and uracil. 

The present method also can be applied to plasma and visceral tissues 
of other animals. The results obtained for the chromatographic separa- 
tion, recoveries, and sensitivities were in good agreement with those ob- 
tained with AH-130 tumor-bearing rats. It is not ethically. possible to 
obtain all kinds of human tissues; however, results with plasma and tumor 
tissue from humans gave similar results to those obtained with animals, 
indicating the applicability of the present method to human tissues. 

Uracil plus ftorafur (4:l mole/mole) was given orally to AH-130 
tumor-bearing rats, and the time course of changes in the concentrations 
of ftorafur, 5-fluorouracil, and uracil in plasma and tumor tissue was 
measured by the present method (Fig. 4). Since the concentration of uracil 
represents the sum of the original amount and that resulting from uracil 
plus ftorafur treatment, individual differences in the original pools of 
uracil, especially in organs, sometimes were so large that they masked 
the time course of change in exogenous uracil after administration of 
uracil plus ftorafur. However, it should be possible to measure the time 
course using a labeled compound. 

Because ftorafur and 5-fluorouracil are metabolized together with 
uracil, the present method for the simultaneous determination of ftorafur, 
5-fluorouracil, and uracil in plasma and visceral tissues should be useful. 
Furthermore, this method will be helpful for basic and clinical pharma- 
cological studies on uracil plus ftorafur and ftorafur alone. 
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Abstract To study the pharmacokinetics of phenytoin in detail, a mass 
fragmentographic method was applied for the precise, sensitive, and 
specific analysis of phenytoin, 5-(4-hydroxyphenyl)-5-phenylhydantoin, 
and 5-(4-hydroxyphenyl)-5-phenylhydantoin glucuronide in plasma and 
urine after administration of a single oral dose of phenytoin to two healthy 
volunteers. Salivary phenytoin concentrations also were measured. 
Phenytoin and 5-(4-hydroxyphenyl)-5-phenylhydantoin were analyzed 
after the addition of deuterium-labeled internal standards and conversion 
to volatile methyl derivatives for mass fragmentographic analysis. The 
lower limit of detection was -10 ng/ml. The simultaneous pharmacoki- 
netic analysis of the plasma levels and urinary excretion data of phenytoin 
and its major metabolite, 5-(4-hydroxyphenyl)-5-phenylhydantoin, 
yielded detailed information about the pharmacokinetics of pheny- 
toin. 

Keyphrases 0 Mass fragmentography-application to pharmacokinetic 
study of single oral phenytoin dose using stable isotope labeling, humans 

Phenytoin-pharmacokinetics, application of mass fragmentography 
after single oral dose using stable isotope labeling, humans 0 Pharma- 
cokinetics-phenytoin, application of masa fragmentography after single 
oral dose using stable isotope labeling, humans 

GLC-mass spectrometry coupled with selected-ion 
monitoring is used increasingly in drug research because 
of its high sensitivity and specificity. In this technique, 
stable isotope-labeled carriers serve as ideal internal 
standards to correct for losses of the compound under 
study in the initial isolation procedures. The usefulness 
of mass fragmentography in conjunction with stable iso- 
tope labeling has been of recent interest in the measure- 
ment of trace amounts of substances in biological materials 
(1-3). This method was used in these laboratories for the 
metabolic study of drugs in animals and humans (4-6). The 
mass fragmentographic technique also has been applied 

for the sensitive, specific, and reliable determination of 
plasma testosterone levels in humans (7). 

Pharmacokinetic studies represent one field in which 
the sensitivity and specificity of the mass fragmento- 
graphic technique offer an advantage. Sullivan and co- 
workers (8, 9) successfully used stable isotope-labeled 
drugs together with mass fragmentography to study 
steady-state pharmacokinetics. An investigation of the 
elimination kinetics of drugs was carried out in these lab- 
oratories by measuring the nanogram levels of a drug and 
its major metabolites in human urine using this technique 
(10). 

The present paper describes the use of deuterium-la- 
beled phenytoin (I) and its major metabolite, 5-(4-hy- 
droxyphenyl) -5-phenylhydantoin (11), along with mass 
fragmentography to follow saliva, plasma, and urinary 
concentrations of I and I1 for a reasonable period after a 
single oral administration of I to humans. A detailed 
analysis and interpretation of the pharmacokinetic data 
of I from two healthy volunteers also are presented. 

EXPERIMENTAL 

Synthesis of Deuterated Internal  Standards-Pentadeutero- 
phenytoin ( I -  ds)-Deuterobenzophenone (benzophenone-ds) was pre- 
pared by refluxing a mixture of 9.50 g of hexadeuterobenzene' (99.5 atom 
% D) and 2.44 g of benzoyl chloride2 for 5 hr with 2.70 g of anhydrous 
aluminum chloride. The I-ds then was synthesized from the benzophe- 
none-ds according to the method described by Baty and Robinson (11). 

' Merck. 
Wako Pure Chemical Industries. 
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Abstract To study the pharmacokinetics of phenytoin in detail, a mass 
fragmentographic method was applied for the precise, sensitive, and 
specific analysis of phenytoin, 5-(4-hydroxyphenyl)-5-phenylhydantoin, 
and 5-(4-hydroxyphenyl)-5-phenylhydantoin glucuronide in plasma and 
urine after administration of a single oral dose of phenytoin to two healthy 
volunteers. Salivary phenytoin concentrations also were measured. 
Phenytoin and 5-(4-hydroxyphenyl)-5-phenylhydantoin were analyzed 
after the addition of deuterium-labeled internal standards and conversion 
to volatile methyl derivatives for mass fragmentographic analysis. The 
lower limit of detection was -10 ng/ml. The simultaneous pharmacoki- 
netic analysis of the plasma levels and urinary excretion data of phenytoin 
and its major metabolite, 5-(4-hydroxyphenyl)-5-phenylhydantoin, 
yielded detailed information about the pharmacokinetics of pheny- 
toin. 
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GLC-mass spectrometry coupled with selected-ion 
monitoring is used increasingly in drug research because 
of its high sensitivity and specificity. In this technique, 
stable isotope-labeled carriers serve as ideal internal 
standards to correct for losses of the compound under 
study in the initial isolation procedures. The usefulness 
of mass fragmentography in conjunction with stable iso- 
tope labeling has been of recent interest in the measure- 
ment of trace amounts of substances in biological materials 
(1-3). This method was used in these laboratories for the 
metabolic study of drugs in animals and humans (4-6). The 
mass fragmentographic technique also has been applied 

for the sensitive, specific, and reliable determination of 
plasma testosterone levels in humans (7). 

Pharmacokinetic studies represent one field in which 
the sensitivity and specificity of the mass fragmento- 
graphic technique offer an advantage. Sullivan and co- 
workers (8, 9) successfully used stable isotope-labeled 
drugs together with mass fragmentography to study 
steady-state pharmacokinetics. An investigation of the 
elimination kinetics of drugs was carried out in these lab- 
oratories by measuring the nanogram levels of a drug and 
its major metabolites in human urine using this technique 
(10). 

The present paper describes the use of deuterium-la- 
beled phenytoin (I) and its major metabolite, 5-(4-hy- 
droxyphenyl) -5-phenylhydantoin (11), along with mass 
fragmentography to follow saliva, plasma, and urinary 
concentrations of I and I1 for a reasonable period after a 
single oral administration of I to humans. A detailed 
analysis and interpretation of the pharmacokinetic data 
of I from two healthy volunteers also are presented. 

EXPERIMENTAL 

Synthesis of Deuterated Internal  Standards-Pentadeutero- 
phenytoin ( I -  ds)-Deuterobenzophenone (benzophenone-ds) was pre- 
pared by refluxing a mixture of 9.50 g of hexadeuterobenzene' (99.5 atom 
% D) and 2.44 g of benzoyl chloride2 for 5 hr with 2.70 g of anhydrous 
aluminum chloride. The I-ds then was synthesized from the benzophe- 
none-ds according to the method described by Baty and Robinson (11). 

' Merck. 
Wako Pure Chemical Industries. 
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The overall yield was 5.1% based on benzene-dc, mp 301', 99.3 atom % 
D. 
5-(4-HydroxyphenyI)-5-pentadeuterophenylhydantoin (11-dS)- 

Condensation of 3.07 g of anisoyl chloride with 9.50 g of hexadeutero- 
benzene' (99.5 atom % D) by refluxing for 5 hr with stirring in the pres- 
ence of anhydrous aluminum chloride produced 2.68 g of 4-methoxy- 
benzophenone-d5, mp 151'. This compound (2.63 g) then was refluxed 
at 120' in 50 ml of nitrobenzene for 4 hr with 6.00 g of aluminum chloride 
to convert it to the phenol. The reaction mixture was poured into ice-cold 
water and extracted with dichloroethane. Filtration of the dichloroethane 
layer, extraction with 5% NaOH, acidification with 5% HCl, and reex- 
traction into dichloroethane followed by drying over sodium sulfate and 
evaporation under reduced pressure gave 1.01 g of 4-hydroxybenzophe- 
none-d5, mp 140'. 

Compound 11-d5 was obtained when 1.00 g of 4-hydroxybenzophe- 
none-& was subjected to reaction with 13.00 g of acetamide, 2.50 g of 
ammonium carbonate, and 0.40 g of potassium cyanide in a 50-ml sealed 
tube at  100O for 48 hr (12). After cooling, the reaction mixture was 
transferred into water, and the product was extracted with ether under 
alkaline conditions. Evaporation of the ether and recrystallization from 
aqueous ethanol gave 0.60 g of II-ds, mp 320' dec., 98.7 atom % D. The 
overall yield of this reaction was 2% based on benzene-d5. 

Mass Fragmentography-Mass fragmentographic measurements 
were made with a gas chromatograph-mass spectrometer3 equipped with 
a multiple-ion detector. The electron energy was set at 20 ev, and the trap 
current was set a t  60 pamp. The multiple-ion detector was focused on 
the ions of the methyl derivatives a t  m/e values of 266 (I) and 271 (1-d~) 
for the determination of I and at 296 (11) and 301 (II-d5) for the deter- 
mination of I1 to measure the peak height ratio. 

GLC was performed on a glass column (2 m X 3 mm i.d.1 packed with 
1.5% SE-30 on Chromosorb W (80-100 mesh). The column temperature 
was 250' for I and 290' for 11. The temperature of the flash heater was 
280" for I and 300' for 11, and the separator was at  280' for I and at  30O0 
for 11. The temperature of the ion source was 310'. The helium carrier 
gas flow rate was -20 ml/min. 

Sample Preparation for Mass Fragmentography-Phenytoin 
(I)-A 0.61.0-ml plasma sample was diluted with three volumes of water 
in a 30-ml centrifuge tube, and 1.0 ml of the internal standard (1.0 pg of 
I-d5) was added. After 1.0 ml of 0.5 N HCl was added, the plasma sample 
was extracted with 2 X 5 ml of chloroform. The chloroform phase was 
collected and dried over anhydrous sodium sulfate. After evaporation 
of the solvent, the residue of the chloroform extract was dissolved in 0.1 
ml of methanol, and 0.2 ml of diazomethane in ether was added. The 
sample then was allowed to stand for 15 hr at 4', and the organic solvents 
were evaporated. 

The residue was dissolved in a small amount (0.1-0.2 ml) of acetone 
and subjected to TLC on Kieselgel60 F ~ M  plates4 (5 cm X 20 cm X 0.25 
mm thick). The plate was developed with benzene-acetone-acetic acid 
(5025:l v/v/v), and the UV-positive zone corresponding to standard 3- 
methyl-I (monomethyl-I) with Rf 0.77 was scraped off. The methyl de- 
rivatives of I and I d s  were eluted with 10 ml of acetone, and the solvent 
was evaporated. The residue was dissolved in 0.1 ml of methanol, and 1 
pl of the sample was subjected to GLC-mass spectrometry. The observed 
peak height ratio of m/e 266 to m/e 271 was determined in triplicate. 
Saliva (0.7-1.0 ml) and urine (1.0-10.0 ml) samples were not diluted with 
water and were processed as for plasma I samples. 
5-(4-Hydroxyphenyl)-5-phenylhydantoin (11)-To a 0.5-1.0-ml 

plasma sample were added three volumes of water and 1.0 ml of the in- 
ternal standard (1.0 pg of II-d5). The subsequent procedures were the 
same as the isolation procedures described for plasma I levels, except that 
the UV-positive zone corresponding to standard 0-methyl-3-methyl-I1 
(dimethyl-XI) with Rf  0.72 was scraped off. For the mass fragmentogra- 
phic analysis, 1 pl of the sample was introduced into the gas chromato- 
graph-mass spectrometer. The observed peak height ratio of m/e 296 to 
m/e 301 was determined in triplicate. Urine (1.0-10.0 ml) samples were 

ml) samples were not diluted with water and were processed as described 
for plasma I11 samples. 

Preparation of Calibration Curve-To each of six standards con- 
taining 0.05,0.1,0.5,1.0,5.0, and 10.0 pg of I or I1 in 0.1 ml of methanol 
was added 10 pg of I-d5 or I Id5 in 0.1 ml of methanol. After evaporation 
of the solvent to dryness, the residue was dissolved in 0.1 ml of methanol. 
To each sample was added 0.2 ml of freshly prepared diazomethane in 
ether. After standing for 15 hr a t  4O, the excess diazomethane and the 
organic solvents were evaporated to dryness under reduced pressure, and 
the residue was dissolved in 0.1 ml of methanol. A 1-p1 volume of the 
methanol solution was analyzed by GLC-mass spectrometry. The mass 
fragmentographic analysis was performed using the methyl derivatives 
by measuring the molecular ions at  m/e 266 for monomethyl-I, m/e 271 
for monomethyl-I-&, m/e 296 for dimethyl-11, and m/e 301 for di- 
methyl-11-ds. The peak height ratios of I to I-d5 and of I1 to II-d5 were 
measured. 

Determination of Accuracy-Phenytoin (1)-Compound I in 
amounts of 0.05,0.5,2.5,5.0, and 1O.Opg in 1.0 ml of methanol was mixed 
with 10 pg of I-d5 dissolved in 1.0 ml of methano1,'and the solution was 
concentrated to -20 pl. To the concentrated solution were added 0.5-ml 
aliquots of pooled plasma, and the sample was allowed to stand for 30 min 
at room temperature. The sample then was processed as described for 
the sample preparation for mass fragmentography. 
5-(4-Hydroxyphenyl)-5-phenylhydantoin (11)-Compound I1 in 

amounts of 0.05,0.5,1.0, and 5.0 pg in 1.0 ml of methanol was mixed with 
1.0 pg of II-d5 dissolved in 1.0 ml of methanol, and the solution was 
concentrated to -20 pl. To the concentrated solution were added 1.0-ml 
aliquots of pooled plasma, and the sample was allowed to stand for 30 min 
at room temperature. One set of plasma samples was treated with 1.0 ml 
of 10 N HCl for 1 hr on a boiling water bath and neutralized with 3 ml of 
sodium hydroxide solution. The other set was not treated with hydro- 
chloric acid. The samples then were processed as described for the sample 
preparation for mass fragmentography. 

Urine samples (1.0-ml aliquots of human urine) also were used for the 
accuracy determination. The procedures were essentially the same as 
those described for the plasma samples. 

Drug Administration-Two healthy adult male volunteers, 25 (KY) 
and 36 (YK) years old, weighed 60 and 65 kg, respectively. They had not 
taken any drugs during the preceding two months. A single oral dose of 
I as its sodium salt, prepared by dissolving 250 mg of I and 37.5 mg of 
sodium hydroxide in 100 ml of water, was given in the morning after an 
overnight fast. The drug solution container was rinsed with 100 ml of 
water, and the rinsings also were swallowed. Each subject received 400 
ml of water 1 hr before dosing and 100 ml of water a t  hourly intervals for 
4 hr after dosing. The subjects urinated completely just prior to drug 
intake. No food was permitted for 4 hr after drug administration. 

Sample Collection-Ten milliliters of heparinized blood samples was 
taken just prior to dosing and at  1,2,3,4,5,6,7,8,10,12,24,48,72,96, 
and 120 hr after dosing. Plasma was separated and kept in a frozen state 
until analysis. Saliva samples (5 ml) were collected at the time of blood 
sampling. The saliva pH was measured, and the samples were kept frozen 
until analysis. Complete collections of urine were made at  0 - 2 , 2 4  4-6, 
6-8,8-12,12-36,36-60,60-84,86108, and 108-132 hr after dosing. The 
urine volumes and pH were measured, and the samples were kept frozen 
until analysis. Compound I in saliva and 1-111 in plasma and urine sam- 
ples were analyzed in duplicate by mass fragmentography. The initial 
extraction and isolation procedures were described under Sample 
Preparation for Mass Fragrnentography. 

RESULTS 

Prerequisites for Mass Fragmentographic Analysis-Preparation 
of Methyl Derioatioes-In the mass spectra of I and 11, relatively 
abundant molecular ions (m/e 252 for I: Z% 14.3; m/e 268 for 11: 2% 33.9) 

not diluted with water and were processed as for plasma I1 samples. 

0.5-1.0-ml plasma sample was diluted with three volumes of water, and 
5- (4-Hydroxyphenyl)-5-phenylhydantoin Glucuronide (IZZ)-A Of Mass Fragmentographic Of I in 

Plasma 

Relative Amount 
Added, pg Measured, pga Error, % 

sodium hydroxide solution. The subsequent procedures were the same 0.0503 0.0502 f 0.0002 -0.3 
0.5026 0.5178 f 0.0007 +3.0 
2.5125 2.4916 f 0.0062 -0.8 
5.0250 4.8802 f 0.0135 -2.9 

10.0500 10.0584 f 0.0113 -0.1 

1.0 ml of the internal standard (1.0 pg of II-db) was added in a 30-ml 
centrifuge tube. The plasma sample was treated with 1.0 ml of 10 N HCl 
for 1 hr on a boiling water bath (90-95') and neutralized with 3 ml of 

as the isolation procedures described for plasma I1 samples. Urine (1.0 

Amount 

3 Shimadzu LKB 9000. 
Merck, Darmstadt, West Germany. a Mean f SD of triplicate measurements. 
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Table 11-Accuracy of Mass Fragmentographic Analysis of I1 in Plasma and  Urine 

Blood 
Amount Amount Relative 

Added, pg Measured, pgb Error, % 

0.0506 0.0526 f 0.0002 +4.0 

0.1012 0.1053 f 0.0039 +4.1 
(0.0482 f 0.0003) (-4.7) 

(0.0994 f 0.0004) (-1.8) 
0.5060 

1.0120 

5.0600 

0.5187 * 0.0029 

(5.1858 f 0.0132) 

. .  
+2.5 

(+3.5) 
-0.8 

(+2.5) 
-0.2 

(+2.5) 

Urine 
Amount Relative 

Measured, f igb Error, 9% 

0.0530 f 0.0005 
(0.0528 f 0.0001) 
0.1043 f 0.0034 

(0.0974 f 0.0043) 
0.4911 f 0.0020 

(0.5103 f 0.0008) 
1.0286 f 0.0013 

(1.0152 f 0.0035) 
5.0523 f 0.0096 

(5.0687 f 0.0042) 

+4.7 
(+4.3) 
+3.1 

(-3.8) 
-2.9 

(+0.8) 
+1.6 

(+0.3) 
-0.2 

(+0.2) 
~~~ ~~ 

Figures in parentheses indicate accuracy determinations with hydrochloric acid treatment. * Mean f SD of triplicate measurements. 

Table 111-Plasma Concentrations of 1-111 a f t e r  Single Oral  250-mg Dose of I 

Plasma Concentration, pg/mla 
Subject YK Subject KY 

Hours I I1 111 I I1 111 

1 3.9216 
2 4.0674 
3 3.9552 
4 4.3498 
5 4.0390 
6 4.0226 
7 3.7546 
8 3.5358 

10 3.8494 ~. 

12 3.3232 
24 2.0792 
48 0.4654 
72 0.0772 
96 0.0178 

0.0318 
0.0411 
0.0477 
0.0545 
0.0548 
0.0594 
0.0577 
0.0585 
0.0602 
0.0454 
0.0387 
0.0121 
0 
0 

0.7236 
0.9753 
1.1718 
1.3872 
1.4065 
1.5175 
1.6076 
1.6248 
1.5952 
1.5404 
1.1915 
0.3598 
0.0720 
0.0114 

2.1200 
4.1870 
4.7260 
5.0336 
4.7968 
5.2586 
4.8334 
4.8854 
4.4282 
3.7540 
2.1618 
0.6211 
0.1294 
0.0232 

0.0484 0.5095 
0.0943 0.9753 
0.0993 1.3961 
0.1173 1.5844 
0.1077 1.5462 
0.1146 1.7553 . ~ ~ . .  

0.1121 
0.1146 
0.1200 

i.7408 
1.8967 
2.1725 

0.1075 1.9620 
0.0859 1.6122 
0.0344 0.7483 
0.0145 0.2385 
0 0.0359 

120 0 0 0 0 0 0 

a Mean of triplicate measurements. 

were observed. However, without derivative formation, both I and I1 did 
not possess good GLC properties. On the other hand, the methyl deriv- 
atives were suitable for GLC analysis, and molecular ions of mono- 
methyl-I (mle 266) and dimethyl-I1 (m/e 296) were prominent in the m a  
spectra. The abundance of the molecular ions was 2% 19.7 for mono- 
methyl-I and 8% 26.5 for dimethyl-11, providing good potential for use 
in mass fragmentography. 

Selective-ion recordings of I and I1 showed that no contaminating 
by-products with retention times close to those of the methyl derivatives 
of I and I1 were seen in the mass fragmentograms. After the initial ex- 
traction and purification procedures, there was no interference for both 
I and I1 in the molecular ion peaks from other materials in the saliva, 
plasma, or urine extract a t  these masses. 

Sensitiuity-The sensitivity of the procedure described here was 
judged based on the signal to noise ratio. The lower limit of detection of 
the mass spectrometer was 100 pg for I and 11. 

Calibration Curue-Compounds I-d5 and II-d5 were used as internal 
standards. Known mixtures of I and I-d5 and of I1 and 1 I - d ~  were pre- 
pared so that the sample size (1 pl) injected into the gas chromato- 
graph-mass spectrometer covered the I or I1 range of 0.5-100 ng with a 
fixed amount (100 ng) of I-ds or II-d5. Each mixture then was analyzed 
as the methyl derivative, using the m/e settings for the molecular ions 

Table IV-Saliva to Plasma Ratio of I 

Subject Subject 
Hours YK KY 

4 
5 
6 
7 
8 

10 
12 
24 
48 
72 
96 

0.070 
0.075 
0.070 
0.072 
0.065 
0.067 

0.055 
0.085 
0.130 
0.220 

- 

0.088 
0.091 
0.081 

0.075 
0.075 
0.080 
0.076 
0.069 

0.073 

- 

- 

at  266 (I), 271 ( I -ds ) ,  296 (II), and 301 (11-d5). In constructing calibration 
curves, corrections were made for the contributions of the molecular ion 
to the m/e values 5 mass units higher (I - I-d5 and I1 - II-d5) and 5 mass 
units lower (I-d5 - I and 1 I - d ~  - 11). There was a good correlation be- 
tween the mixed molar ratio and the observed peak height ratio. Least- 
squares analysis of the observed ratio gave a regression line with a slope 
of 1.Ooo. 

Accuracy-The accuracy of measurements was determined for I and 
I1 added to aliquots of pooled plasma or urine. The plasma or urine 
samples contained 10 (1-d~)  or 1.0 (ILd5) pg of the internal standard and 
different amounts of I (0.05-10.0 pg) or I1 (0.05-5.0 pg). The amount of 
I or I1 then was measured by the present method. The amounts of I and 
I1 added were in good agreement with the amounts of I and I1 measured 
(Tables I and 11). The relative error was <3% for I and <5% for 11. In the 
subsequent experiment, hydrochloric acid was used for the hydrolysis 
of 111. Treatment of plasma or urine samples with hydrochloric acid did 
not affect the measurement of I1 in these samples (Table 11). 

Pharmacokinetics of Phenytoin-A single oral dose of 250 mg of I 
as its sodium salt dissolved in water was administered to two male vol- 
unteers, 25 (KY) and 36 (YK) years old. Time courses of 1-111 concen- 
trations in plasma, saliva, and urine then were followed by the present 
method. 

Plasma Concentration-Plasma was analyzed for 1-111 at  various times 
for 120 hr after the administration of I (Table 111). In Subject YK, there 
was a relatively rapid rise in the plasma I concentration to 3.9 pg/ml a t  
1 hr, giving a peak level of 4.3 pglml at  4 hr. In Subject KY, the plasma 
I concentration became 5.0 pg/ml a t  4 hr, and this plasma level was 
maintained until 10 hr after the administration of I. Semilogarithmic 
plots of the plasma concentrations uersus time indicated that, after ab- 
sorption, a distribution phase was not visible and that the terminal de- 
cline phase was monoexponential a t  time points later than 48 hr for 
Subjects YK and KY. 

Plasma 111 concentrations were the highest (1.6 pg/ml) a t  8 hr in 
Subject YK, and the plasma decline of 111 thereafter was parallel to that 
of I. In Subject KY, a higher peak plasma 111 concentration of 2.2 pglml 
was obtained a t  10 hr, and the plasma I11 levels exceeded the plasma I 
levels a t  48 hr and later. 

There was an excellent parallelism in the time course of the plasma 
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Figure 1-Semilogarithmic plot of plasma (0 )  and saliva (A) concentrations of I versus time after a single oral 250-mg dose of I. 

concentrations of I1 to that of 111 in both subjects. However, the levels 
of I1 were much lower in Subject YK than in Subject KY. At each time 
point, the plasma level of I1 was about 0.033 of the plasma level of 111 in 
Subject YK; in Subject KY, the level of I1 was -0.1 of the level of 111. 

Saliva Concentration-Saliva samples were obtained at  each time 
point of blood sampling. The results of measurements of saliva I con- 
centrations are shown in Fig. 1, together with the time course of plasma 
I concentrations for comparison. Both subjects showed a rapid drop in 
saliva concentrations of I during the first 3 hr after administration of I; 
thereafter, the log concentration-time curves could be computed as 
straight lines. There was a close similarity in the decline of the slope of 
the saliva elimination curve to that of the plasma elimination curve for 
I. The slopes of the saliva and plasma elimination curves coincided with 
each other, especially in Subject KY, with the saliva to plasma ratios after 
3 hr being consistent (Table IV). In Subject YK, there was only a slight 
fluctuation in the saliva to plasma ratio at each time point between 4 and 
48 hr, while the ratio became higher a t  72 and 92 hr. 

Urinary Excretion-Urine samples were collected at appropriate time 
periods until 132 hr after the administration of I. The urinary pH and 
flow rate a t  each urine collection period are presented in Table V. These 
urine samples were analyzed for 1-111, and the urinary excretion data are 

summarized in Tables VI-VIII. During the first 12 hr, fluctuations in the 
elimination rate were largely reflected in the excretion rate plots of 1-111. 
After this period, plots of urinary excretion rates against the midpoints 
of urine collection periods were not scattered so much. 

Subject YK excreted a much higher percentage of administered I as 
111 (81%) than did Subject KY (56%) up to 132 hr. The excretion of un- 
conjugated I1 and unmetabolized I was very small in both subjects, with 
the percentage being -1% of the administered I dose. The concentration 
of conjugated I1 in plasma and urine was calculated by subtracting the 
unconjugated I1 from the total I1 measured after acid hydrolysis. How- 
ever, a minor metabolite of I, 5-(3,4-dihydroxy-1,5-cyclohexadien-l- 
yl)-5-phenylhydantoin, is partially converted to I1 (13, 14). Therefore, 
in the present assay, the total plasma or urine I1 includes these minor 
pathways. 

The sigma-minus plots shown in Fig. 2 apparently were much less 
sensitive to fluctuations in the elimination rate of I. Figure 2 shows that 
the slopes of the terminal monoexponential phase in the plots of the log 
amount remaining to be excreted against time for 1-111 were parallel to 
each other in both subjects. This finding indicates that the slopes of the 
terminal straight lines for the metabolites (I1 and 111) reflect the elimi- 
nation rate constant for the substrate (I). The half-lives of I calculated 

Table V-Urinary pH and Flow Rate in Subjects KY and YK 

Urine Volume, Flow Rate, 
Urine Urine pH ml ml/min 

Collection Collection Subject Subject Subject Subject Subject Subject 
Time. hr Period. hr KY YK KY YK KY YK 

2 2 5.0 5.4 694 760 5.8 6.3 
4 2 5.2 5.6 366 235 3.1 2.0 
6 2 6.4 5.6 189 160 1.6 1.3 
8 2 5.6 5.6 267 229 2.2 1.9 

12 
36 
60 
84 

108 
132 

4 
24 
24 
24 
24 
24 

6.8 
5.8 
5.4 
6.2 
6.0 
6.2 

6.6 
6.2 
5.8 
6.6 
6.4 

795 
1130 
1850 
2750 
1800 

336 ~~. 

2175 
2000 
2255 
1675 
2160 

3.3 1.4 ~~ ~~ 

0.8 1.5 
1.3 1.4 
1.9 1.6 
1.3 1.2 

6.4 2290 1.6 1.5 
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Table VI-Urinary Excretion Data for I in Subjects YK and KY 

t ,  
hr 

2 
4 
6 
8 

12 
36 
60 
84 

108 
132 

Subject YK 
A t ,  Midpoint A X ,  AXlAt  , E X ,  X" - x ,  
hr t ,  hr Pcg IrgIhr Pg c(g 

2 1 344.97 172.49 344.97 1865.60 
566.48 1644.09 2 3 221.51 110.76 

2 5 130.88 65.44 697.36 1513.21 
2 7 155.07 92.54 882.43 1328.14 
4 10 232.71 58.18 1115.14 1095.43 

24 24 888.36 37.02 2003.50 207.07 
24 48 170.92 7.12 2174.42 36.15 
24 72 30.62 1.28 2205.04 5.53 
24 96 4.17 0.17 2209.21 1.36 
24 120 1.36 0.06 2210.57 - 

Table VII-Urinary Excretion Data for I1 in  Subjects YK and KY 

Subject KY 
AXlAt ,  Z X ,  X" - x, 

342.08 171.04 342.08 1711.79 
415.87 207.94 757.95 1295.92 
181.63 90.82 939.58 1114.29 
264.50 132.25 10.204.08 849.79 
327.56 81.89 i,531.64 522.23 
329.42 13.73 1,861.06 192.81 
152.37 6.35 2.013.43 40.44 
30.00 1.25 2i043.43 10.44 
10.44 0.44 2,053.87 - 

Subject YK Subject KY 
t ,  A t ,  Midpoint A x ,  AXIAt ,  L X ,  X" - x ,  A X ,  AXIAt ,  E X ,  X" - x, 
hr hr t ,  hr f ig Pghr Pg Pg Pg Pghr  Pg Pg 

2 2  1 59.98 29.99 59.98 2379.06 84.10 42.05 84.10 3202.81 
4 2  3 107.83 53.92 167.81 2271.23 184.54 92.27 268.64 3018.27 
6 2  5 112.84 56.42 280.65 2158.39 152.66 76.33 421.30 2865.61 
8 2  7 162.01 81.01 442.66 1996.38 176.09 88.05 597.39 2689.52 

12 4 10 295.49 73.87 738.15 1700.89 162.09 40.52 759.48 2527.43 
36 24 24 ii45.01 47 71 1883.16 555.88 1689.58 70.40 2449.06 837.85 
60 24 48 456.84 19.04 2340.00 99.04 662.60 27.61 31 11.66 175.25 
84 24 72 76.26 3.18 2416.26 22.78 136.62 5.69 3248.28 38.63 

108 24 96 19.93 0.83 2436.19 2.85 38.63 1.61 3286.91 - 
132 24 120 2.85 0.12 2439.04 - - - - - 

Table VIII-Urinary Excretion Data for 111 in  Subjects YK and KY 

Subject YK Subject KY 
t ,  A t ,  Midpoint AXlAt ,  Z X ,  X" - x ,  AXlAt ,  Z X ,  X" - x ,  

2 2  1 5.723 2.862 5.723 209.700 2.494 1.247 2.494 145.300 
4 2  3 10.840 5.420 16.563 198.860 7.698 3.849 10.192 137.602 
6 2  5 10.914 5.457 27.477 187.946 8.378 4.189 18.570 129.224 
8 2  7 14.555 7.278 42.032 173.391 11.377 5.689 29.947 117.847 

12 4 10 26.711 6.678 68.743 146.680 10.741 2.685 40.688 107.106 
36 24 24 106.058 4.419 174.801 40.622 70.696 2.946 11 1.384 36.410 
60 24 48 32.642 1.360 207.443 7.980 26.954 1.123 138.338 9.456 
a4 24 72 6.422 0.268 213.865 1.558 7.375 0.307 145.713 2.081 

0.605 147.189 1.174 0.049 215.039 0.384 1.476 0.062 
- 0.605 0.025 147.749 - 108 24 96 

132 24 120 0.384 0.016 215.423 

from these slopes were 9.4 hr for Subject YK and 11.5 hr for Subject 
KY. 

Pharmacokinetic Parameters-Linear regression of (t,+l - t,)/(ln 
C, - In C,+1) on (C,C,+1)1'2 was used to differentiate between first- 
order and Michaelis-Menten elimination kinetics (15), where C ,  and 
Cn+l are the plasma concentrations at time points t ,  and tn+l,  respec- 
tively. The regression line of the plasma data (Table 111) beginning at  12 

[ Compartment 2 I 

Scheme I-Pharnacokinetic model for absorption and elimination of 
I .  Key: K, ,  apparent first-order absorption rate constant; k12, apparent 
first-order distribution rate constant from Compartment I to Com- 
partment 2; k21, apparent first-order distribution rate constant from 
Compartment 2 to Compartment 1 ;  K,, apparent first-order rate 
constant for renal excretion of I ;  V,, maximum rate of metabolism of 

I ;  and K,, Michaelis-Menten constant. 

hr after administration of I gave an apparent straight line whose slope 
was not equal to zero. Therefore, preliminary estimates of the maximum 
rate of the process (V,) and the Michaelis-Menten constant (K,) were 
obtained from the y-axis intercept and the slope of the line (16). Since 
it already was reported that I follows a two-compartment open model 
after intravenous administration (17), the observed set of plasma data 
in the present study was fitted to a two-compartment open model with 
Michaelis-Menten elimination kinetics (Scheme I). 

The differential equations for the model shown in Scheme I are: 

where CO is the fraction absorbed ( F )  times the administered dose (D) 
divided by the volume of distribution (vd), C1 is the drug concentration 
in Compartment 1, Cz is the drug concentration in Compartment 2, t is 
time, K,  is the first-order absorption rate constant, k12 is the first-order 
distribution rate constant from Compartment 1 to Compartment 2, kzl 
is the first-order distribution rate constant from Compartment 2 to 
Compartment 1, and Kre is the first-order rate constant for renal excre- 
tion of I. 

Equations 1 and 2 were numerically integrated by a computer5 using 

CMB model 2001-32 personal computer. 
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Figure 2-Semilogarithmic plot of amounts of 1-111 remaining to be excreted (Xt - Xu) versus time for the determination of the elimination rate 
constant from urinary excretion data. Key: A, I (right axis); 0 ,  I1  (right axis); and 0,111 (left axis). 

the Runge-Kutta method, and the values for the pharmacokinetic pa- 
rameters (K,, V,, K,, k12, kzl ,  and vd) were obtained by a least-squares 
estimation using the steepest descent method. The estimate of the 
elimination half-life ( t  112) was obtained from t 1 / 2  = 0.6934 V,/K, ) ,  
without consideration of the minor contribution of K,. The total plasma 
clearance (Clpl) was expressed as the amount absorbed divided by the 
area under the plasma concentration curve, assuming 100% absorption 
(18). The area under the plasma concentration-time curve (AUC) from 
t = 0-120 (infinity) was measured by the trapezoidal rule. 

Renal clearance (Cl,,) for I and I1 was obtained from the slope of the 
straight line resulting from a plot of the average excretion rate ( A X J A t )  
uersus the plasma concentration at  the midpoint of the urine collection 
period (19). The rate constant for renal excretion of I (Kre)  was deter- 
mined by employing K ,  = cl&d. These pharmacokinetic parameters 
are listed in Table IX. There were no large differences in V,, K,, t l l z ,  

Table IX-Pharmacokinetic Parameters Derived after Single 
Oral 250-mg Dose of I 

YK 0.80 0.87 12.3 9.8 0.09 
KY 0.52 0.81 11.7 10.0 0.06 

~ 

YK 0.57 0.00041 2.18 0.64 
KY 0.78 0.00020 1.91 0.60 

AUC, (pg hr)/ml Clre, ml/hr 
Subiect I I1 111 I I1 111 

YK 114.80 1.84 57.05 17.2 1359.3 3737.0 
KY 131.00 4.55 83.80 7.1 811.5 1684.7 

Clpl, and Vd between the two subjects. On the other hand, the values for 
K,, K,,, AUC, and Cl,, were considerably different, except that only a 
small difference was observed for the A UC value for I. 

DISCUSSION 

The usefulness of a mass fragmentographic technique in conjunction 
with stable isotope labeling in the pharmacokinetic study of I was a major 
interest in the present study. Various analytical techniques such as GLC, 
radioimmunoassay, enzyme immunoassay, liquid chromatography, and 
spectrophotometry are used frequently for monitoring plasma levels of 
I during chronic therapy, and comparisons of these analytical methods 
have been reported (20,211. The pharmacokinetics of I have been ex- 
amined by GLC (22-24), colorimetry (25,26), radioimmunoassay (17), 
and a radioisotope tracer technique (27,28). However, the sensitivity or 
specificity of these methods often does not provide reliable and precise 
determination of I in biological samples. In addition, no detailed infor- 
mation is available regarding the simultaneous pharmacokinetic analysis 
of plasma levels and urinary excretion data of I together with its major 
metabolite 11. The present single-dose study in two healthy male volun- 
teers was designed to give information about the precise and detailed 
pharmacokinetics of I determined from both blood level curves and uri- 
nary excretion data for I and 11. 

The metabolic fate of I has been studied extensively (29-31). Butler 
(32) showed that I is para-hydroxylated in the liver to yield 11. This 
metabolite is conjugated with glucuronic acid, is present in plasma largely 
as the conjugate, and is excreted in the urine. The colorimetric method 
described by Dill et al. (33) and GLC measurement using derivatization 
with either trimethylsilyl groups (34) or flash methylation (35) are not 
sensitive enough to detect unconjugated I1 in plasma. 

A mass fragmentographic method using deuterium-labeled internal 
standards was described recently (11,36) for the sensitive quantitative 
determination of I and I1 in human plasma. The lower limit of detection 
was 4 . 0 1  pg/ml for I and I1 using an extractive alkylation technique (36). 
Rane et al. (37) studied the fate of transplacentally transferred I in 
newborn infants by a mass fragmentographic method. The molecular ions 
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Table X-Ratio of I1 to I in Plasma 

t .  hr 
Subject 

YK KY 

4 0.013 0.023 
12 0.014 0.029 
24 0.019 0.040 
48 0.026 0.055 

were used for the detection of the monomethyl derivatives of I and the 
internal standard (I-dlo).  The analytical procedure permitted precise 
determinations of I in plasma in concentrations down to 0.01 pg/ml. The 
high sensitivity generally can be obtained by introducing appropriate 
volatile derivatives for mass fragmentographic analysis. 

The mass fragmentographic method described here was satisfactory 
for the sensitive and specific measurement of I in saliva, plasma, and urine 
and I and I1 in plasma and urine. Compound I and its internal standard 
( I d s )  were analyzed as the monomethyl derivatives, and I1 and its in- 
ternal standard (11-d5) were converted to the dimethyl derivatives by 
simple derivatization with diazomethane. The lower limit of detection 
in this study was -0.01 pg/ml for both I and 11, which was comparable 
to that reported previously (11,36,37). 

In the present study, I was administered as the sodium salt dissolved 
in water, and relatively high saliva I concentrations were observed during 
the first 3 hr after drug administration (Fig. 1). This result must have 
been due to residual I in the mouth, although care was taken to avoid this 
influence by administration of 100 ml of water immediately after drug 
intake. After this period, the saliva I concentration declined in parallel 
with the plasma I concentration. Several recent studies (38-40) demon- 
strated a significant linear correlation between salivary concentrations 
of I and the plasma total and plasma free concentrations. The data in 
Table 111 substantiate the close relationship between the whole salivary 
and the plasma free I concentrations. 

Pharmacokinetic studies in humans usually have been performed with 
drugs that are present unchanged in the blood or are excreted unchanged 
in the urine. However, it sometimes is important to carry out simulta- 
neous analysis of blood levels and urinary excretion of both the un- 
changed drug and its metabolites to determine correct pharmacokinetic 
parameters, especially when interindividual variations in the pharma- 
cokinetics of a drug are to be investigated. The analysis and interpretation 
of pharmacokinetic data presented here give some insight into interin- 
dividual differences in the metabolic disposition of I. 

The shape and peak concentrations of the plasma concentration curves 
for unchanged I did not differ considerably between Subjects YK and 
KY. Furthermore, the slopes of the sigma-minus plots for unchanged I 
(Fig. 2) were very similar in the two subjects. Although there was an ap- 
proximately twofold difference in the rate constant for renal excretion 
of I (Kre) between Subjects YK and KY, this difference contributed little 
to the difference in the overall elimination of I since extensive metabolism 
of I was the predominant route of its elimination. Consequently, it may 
be stated from these findings that the pharmacokinetic behavior of I in 
Subjects YK and KY was practically the same. 

However, the precise analysis of plasma concentration-time data for 
1-111 revealed that the kinetics of urinary excretion characterized by renal 
clearance values (ClJ not only for I but also for I1 and I11 differed con- 
siderably between the two subjects (Table IX), although both subjects 
gave normal creatinine clearances of 95.2 (YK) and 105.2 (KY) ml/min. 
This difference was reflected by the difference in AUC. Bochner et al. 
(22) suggested that I is actively secreted in the renal tubules, a process 
that may differ between subjects. Such a mechanism may explain the 
difference in renal clearance observed in this study. 

It is well known that the clearance of I decreases as the dose of I is in- 
creased (4143). Therefore, it is not unreasonable to assume that the ratio 
of I1 to I in plasma could serve as an indicator t o  predict when one will 
show these dose-dependent kinetics, regardless of the mechanisms in- 
volved. Along this line, Hoppel et al. (44) used a mass fragmentographic 
method to determine I1 and I11 in the plasma of patients treated with I. 
However, no apparent relationship was found in the ratio of the plasma 
concentrations of I and I1 a t  similar doses. Comparison of the ratio of I1 
to I in plasma in the present single-dose study revealed that the ratio 
tended to increase with the time after administration of I and that the 
ratio was about two times higher in Subject KY than in Subject YK a t  
each time point (Table X). When the ratio of I1 to I was compared by 
calculating the ratio of the ACIC values for I1 and I, there also was an 
approximately twofold difference between the two subjects (KY = 0.035 
and YK = 0,016). This in part explains the interindividual differences 

in the ratios between I and unconjugated I1 in plasma at  a constant dose 
reported by Hoppel et al. (44). 

In summary, the mass fragmentographic method described in this 
study adequately meets the criterion of reliability for the precise, sensi- 
tive, and specific determination of I and its main metabolite (11) in bio- 
logical samples. The pharmacokinetics of I were examined in detail based 
on the analysis of blood level and urinary excretion data from a single oral 
dose study in two healthy volunteers. 
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Correlation of In Viuo Bioavailability of Erythromycin 
Stearate Tablets with In Vitro Tests 
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Abstract  0 Correlations between the bioavailability parameters for 
erythromycin stearate tablets from five manufacturers and in uitro tests 
of these tablets were examined using forward (stepwise), multiple linear 
regression analysis. Bioavailability parameters were determined in clinical 
studies employing a balanced, incompete block design. I n  uitro tests used 
disintegration, dissolution, and dissolution/dialysis as the independent 
variables in regression equations. Significant correlations were found 
between linear combinations of these parameters and the time to peak 
and the peak serum levels. The inclusion of an in uitro disintegration test 
to describe peak serum levels of erythromycin is noteworthy since it has 
been suggested that disintegration tests are of less value than dissolution 
tests in predicting tablet performance in oiuo. The multiple regression 
techniques employed in the present investigation may be useful for se- 
lection of appropriate physicochemical tests for continued monitoring 
of the bioavailability of erythromycin stearate tablets. 

Keyphrases 0 Erythromycin stearate-correlation of bioavailability 
of tablets with in uitro tests Antibiotics-erythromycin stearate, 
correlation of bioavailability of tablets with in uitro tests Multiple 
regression analysis-correlation of bioavailability of erythromycin 
stearate tablets with in uitro tests 

Erythromycin stearate is erratically absorbed from the 
GI tract (1) and is subject to degradation by acids (2). Food 
and the volume of fluid taken with erythromycin stearate 
tablets affect the serum erythromycin levels in humans (3). 
The bioavailability variations, coupled with the numerous 
erythromycin stearate products marketed, create a po- 
tential bioequivalence problem. The difficulties encoun- 
tered with clinical studies in terms of cost and human 
safety provide an impetus for prediction of product bio- 
availability from in uitro tests. 

BACKGROUND 

Bivariate correlations of in uiuo with in uitro results have been reported 
for a variety of drugs. Dissolution rates of three brands of prednisone 
tablets indicated the clinical efficacy of the tablets (4). Chloramphenicol 
bioavailability was correlated with in uitro dissolution tests by Ogata et 
al. (5). Aguiar et al. (6) reported correlations of both the deaggregation 
and dissolution rates of four commercial lots of chloramphenicol capsules 
with human plasma levels. 

An in uitro dissolution rate test that  quantitatively predicted the GI 
absorption of aspirin from three different dosage forms was developed 
by Levy et al. (7). A linear correlation between salicylate excretion fol- 
lowing oral administration of two aspirin tablets and the rate of tablet 
dissolution also was shown (8). In addition, a linear correlation was found 

between in uiuo aspirin absorption and the in uitro dissolution rate using 
a rotating-flask apparatus (9). Similar linear correlations also were 
demonstrated for salicylamide tablets and suspensions (10). 

Bergan et al. (11) compared the in uitro dissolution rates of two tet- 
racycline and seven oxytetracycline products with their absorption 
characteristics in healthy human volunteers. Correlations were significant 
for some of these tetracycline products but not for others. Smolen and 
Weigand (12) developed a flow-through dissolution apparatus which 
could be optimized through feedback control to simulate in uiuo drug 
release properties. They found that systematic adjustment of dissolution 
conditions resulted in improved in uitro to in uiuo correlations. 

These studies, with the exception of the chloramphenicol deaggregation 
studies, used in uitro dissolution results to predict drug absorption in 
uiuo. However, bioavailability is a complex parameter which is influenced 
by the physicochemical properties of the drug, the dosage form, and the 
physiological conditions of the system. Thus, dissolution testing should 
be complemented by other in uitro tests to increase the prediction ability 
of in uiuo drug absorption from in uitro results. Data on dissolution, di- 
alysis, disintegration, and other physical tests are presented, and the 
usefulness of multiple linear regression analysis in the correlation between 
in uiuo bioavailability and in uitro parameters for five commercially 
available erythromycin stearate tablets is demonstrated. 

EXPERIMENTAL 

In Vitro Studies-In uitro tests were performed on selected lots of 
250-mg film-coated erythromycin stearate tablets from five manufac- 
turers. All tablets were from the same lots as those used in the clinical 
studies (13). Tablet hardness was measured with a motorized pendulum 
tablet hardness tester'. When the tablet was harder than 16 kg, a 
spring-type hand-held tester was used2. Weight variation was determined 
by weighing 10 tablets from each lot. 

Four disintegration methods were investigated using the USP XIX 
apparatus a t  37 f 2'. In Method 1, tablets were run for 30 min in a 0.2% 
aqueous NaCl solution adjusted to pH 3 with dilute hydrochloric acid. 
These tablets then were placed in a pH 7.35 phosphate buffer solution 
containing 6.8 g of monobasic potassium phosphate and 190 ml of 0.2 N 
NaOH adjusted to 1000 ml with water. Method 2 involved placing the 
tablets in USP XIX simulated gastric fluid test solution (pH 1.22) for 
30 min and then removing the tablets and placing them in USP XIX 
simulated intestinal fluid test solution (pH 7.55) for the time required 
to bring about disintegration. Method 3 was the same as Method 2, except 
that no enzymes were used in the simulated gastric and intestinal fluids. 
Method 4 also was the same as Method 2, except that  the time in the 
gastric fluid was increased to 1 hr. 

Dissolution studies on the five erythromycin stearate lots were per- 

' Heberlein, Dr. K. Scheuniger and Co., Zurich, Switzerland. 
F. J. Stokes Machine Co., Philadelphia, Pa. 
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Heterogeneous Model of Drug Release from 
Polymeric Matrix 

S. K. CHANDRASEKARAN" and R. HILLMAN 
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Abstract The kinetics of drug release from a polymeric matrix origi- 
nally proposed by Higuchi were extended for the case of high drug loading 
(relative to the solubility of the drug in the polymer). The model of a 
granular matrix in which an effective porosity and tortuosity are assumed 
to modify the normal Higuchi kinetics is reviewed. A new model, which 
allows the prediction of the kinetics of drug release from properties of 
the polymer and drug, is based on the assumption that the permeability 
of the dispersed matrix is a function of drug loading. 

Keyphrases Release rates-heterogeneous model of drug release from 
polymeric matrix 0 Kinetics-heterogeneous model of drug release from 
polymeric matrix 0 Diffusion-heterogeneous model of drug release from 
polymeric matrix 

The kinetics of release of a solute.dispersed in a poly- 
meric matrix are of general interest in the controlled de- 
livery of drugs (1). When the total loading of the solute 
(dissolved plus dispersed), Co, is higher than its solubility 
in the matrix, Cs, the kinetics of release have been de- 
scribed by Higuchi (2). In this model, when the matrix is 
placed in an infinite sink, it is assumed that solid drug 
dissolves and diffuses from the surface layer of the matrix; 
when this layer becomes exhausted of drug, the next layer 
begins to be depleted. 

BACKGROUND 

In a planar system, the release of solute per unit time, dMtld t ,  is de- 
scribed by: 

where A is the area of the slab, D is the diffusivity of the drug in the 
matrix, CO is the drug loading, and C, is the solubility of the drug in the 
matrix a t  time t .  

When the drug loading becomes much greater than the solubility and 
a granular matrix (with the possibility of interparticle contact) is formed, 
Eq. 1 usually is modified to give (2-4): 

which becomes: 

in the case where CO >> tC,. Thus, Eq. 1 is modified by an effective po- 
rosity, t, which can be related to the volume fraction of drug in the matrix, 
and an effective tortuosity, T ,  which describes the tortuous diffusion path 
a solute molecule must follow. In addition, the D value is taken as the 
diffusivity of the solute in the receptor solution. In other words, it is as- 
sumed that the solute is released by leaching through channels that  are 
formed in the continuous matrix. 

When Eq. 3 is rewritten as: 

Q = Kt-112 (Eq. 4) 

with: 

and: 

(Eq. 5) 

Accepted for publication May 22,1980. 

(Eq. 6) 

i t  can be seen that this model predicts that  the release rate constant 
changes in proportion to the square root of the initial drug loading, Co. 
The ratio E/T then expresses the fractional area available for release. 

There are several conceptual and practical drawbacks to the model. 
One would expect that  by.introducing flux enhancers or increasing the 
amount of drug in the matrix, the structure of the matrix, and, hence, the 
diffusivity of the drug in the matrix should be changed. In this model, 
the diffusivity i s  assumed to be independent of the drug concentration. 
Practically, it is difficult to measure the tortuosity and porosity of a 
polymer matrix. I t  is far more desirable to relate drug release to the mo- 
lecular weight of the drug, the loading of drug in the matrix, and the 
diffusivity of the drug in pure polymer, all easily obtainable proper- 
ties. 

Davis (5) proposed an equation relating the diffusivity of several drugs 
in polyacrylamide and povidone gels based on the concentration and 
molecular weight of the drug in the polymer matrix and the diffusivity 
of the drug in the receptor solvent. The diffusion coefficient of the drug 
in the polymer, D,, is related to  the diffusion coefficient of the drug in 
pure solvent, DO, by: 

log D p  = log Do - k,P (Eq. 7) 

where P is the volume percent of polymer and k ,  is defined by: 
d log D, 

d P  
k8 = -- (Eq. 8) 

and can be shown empirically to be a function of the molecular weight 
of the solute, M: 

k, = k1+ kzM (Eq. 9) 

Combining Eqs. 7 and 9 gives: 

Dp = Doexp[-(kl+ k z M ) P ]  (Eq. 10) 

where k 1 and kz are empirical constants. 
Davis pointed out that  the logarithmic relationship between the dif- 

fusivity and the polymer concentration could be anticipated from pre- 
vious work (6) on porosity in polymer networks. Thus, the exponential 
term in Eq. 10 could be redefined as porosity, which is defined by the 
space available for collision-free diffusion. The fundamental drawback 
in Davis' work is that it is based on an empirical correlation where four 
constants must be determined experimentally. 

An attempt was made in this study to develop a heterogeneous model 
of drug diffusion from a dispersed polymer matrix for which fewer ex- 
perimental measurements related directly to fundamental physico- 
chemical properties are required. 

THEORY 

The polymer matrix is visualized as a heterogeneous system consisting 
of a continuous (polymer) phase with a discontinuous drug phase as 

Tab le  I-Release Rate Constant ( K ' )  for Salicylic Acid at 
Various D r u g  Concentrations (Co) in a Polyethylene Glycol- 
Ethylcellulose Film 

Release Rate Constant, mg/36 cm2/rnin1/* 
Drug, mg/ml Calculated Measured (3) 

55 
100 
200 
300 
350 

0.3 
0.6 
1.45 
2.63 
3.36 

0.25 
0.65 
1.4 
2.7 
3.65 
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Table 11-Release Rate Constant (K')  for Salicylic Acid at 
Various Drug Concentrations ( CO) in an Ethylcellulose Film 

Table IV-Release Rate Constant (K')  for Tripelennamine at 
Various Drug Concentrations ( CO) in an Ethylcellulose Film 

Release Rate Constant, mg/36 cm2/min1/2 Release Rate Constant, mg/36 cm2/min1/2 
Drug, mg/ml Calculated Measured (3) Drug, mg/ml Calculated Measured (3) 

55 0.1 0.1 55 0 0 
100 0.2 0.2 100 0 0 
200 0.47 0.4 200 0.2 0.2 
300 0.86 0.6 300 0.37 0.4 

400 0.59 0.5 
450 0.74 0.7 

Table 111-Release Rate Constant (K') for Tripelennamine at 
Various Drug Concentrations ( C d  in a Polvethvlene Glvcol- . -. - -  
Ethylcellulose Film Table V-Release Rate Constant (K') for Caffeine at Various 

Drug Contents in an Ethylcellulose Film 
Release Rate Constant, mg/36 cm2/min1/2 

Drug, mg/ml Calculated Measured (3) Release Rate Constant, 
mg/7.95 cm2/sec1/2 x 103 

0.1 Drug, ?6 w/w Calculated Measured (9) 55 0.1 
100 0.2 0.3 
200 
300 

0.47 
0.86 

0.7 
1.2 

2 
r. 

5.0 
7 K  

4.9 
7 c  " I ." I ." 

400 1.45 1.99 10 11.5 20.4 
450 1.8 2.45 15 15.5 31.0 

particles dispersed uniformly throughout the matrix. Initially, the par- 
ticles will be assumed to be a uniform array of spheres in the matrix. This 
assumption allows use of Maxwell's work on the conductivity of a dilute 
suspension of homogeneous nonpolarizable spheres (7). These assump- 
tions are made to reduce the many particle problem to the case of one 
particle in a homogeneous field. This work also has been extended to the 
thermal conductivity of heterogeneous mixtures (8). 

From Fick's law, the permeability of a dispersed polymer matrix can 
be expressed by: 

or: 

where: 

(Eq. 11) 

(Eq. 12) 

(Eq. 13) 

Table VI-Release Rate Constant (K') for Salicylic Acid at 
Various Drug Contents in an Ethylcellulose Film 

Release Rate Constant, 
mgl7.95 cmZ/sec'/2 x 103 

Drug, 70 wlw Calculated Measured (9) 

5 6.9 6.3 
10 
15 

-.. 

10.3 
14.0 

7.6 
16.8 

where p is the density of the dispersed phase. 
Equation 17 now becomes: 

DC p + 2 C o  -=- 
DPCP P - co (Eq. 19) 

where DpCp is the normalized permeation rate in the pure polymer (i .e, ,  
very low solute loadings) and DC is the normalized rate in the dispersed 
matrix a t  a particle loading of CO. 

The basic Higuchi model now may be modified for the release of drug 
from a dispersed polymer matrix to account for the change in diffusivity. 
Again, the basic Higuchi model can be written as: 

. .  
Equation 11 expresses the permeability ( p )  as a function of the volume 
fraction of polymer (V, )  and drug ( v d ) ,  the diffusivity of the drug 
through the pure polymer phase (D,) and the dispersed polymer phase 
( & ) ,  and the overall concentration gradient ( F p  and Fd) in the two 
phases. 

Accounting for the effect of the addition of a dispersed phase by substi- 
tuting Eq. 

-L= A d t  [ 2 D p C p C o ( ~ ) ] 1 1 2 ~ - l / 2  P - co (Eq. 21) 

into Eq. 2o yields: 
1 dM 

From Maxwell's work, the average gradient ratio for spheres can be The rate 'Onstant* K'y for a porous matrix becomes: 
expressed as: 

assuming Fp = 1. Substituting Eq. 15 into Eq. 12 and rearranging terms 
yield: 

where P is the net normalized permeability of the dispersed matrix, Pp 
is the normalized permeability of the polymer matrix, v d  is the volume 
fraction of dispersed particles, and k is the partition coefficient. 

With the assumption that kDd/D, >> 1, Eq. 16 reduces to: 

(Eq. 17) 

The volume fraction of the dispersed particles can be related to the total 
loading of particles by: 

(Eq. 18) 

(Eq. 22) 

(Eq. 23) 

Thus, the release rate of drug from a porous matrix can be calculated from 
the density of the dispersed phase, the drug loading, and the permeability 
of the drug in the pure polymer. 

RESULTS AND DISCUSSION 

There are few data in the literature on the incorporation of a drug or 
a solute a t  high loadings into polymeric films or matrixes. Samuelov et 
al. (3) recently published data on the release rate characteristics of sali- 
cylic acid and tripelennamine from polyethylene glycol-ethylcellulose 
films as a function of solute loading, and an attempt was made to utilize 
their data to test the validity of the proposed model. The release rate 
constant, K', was computed using Eq. 22, and the results of these com- 
putations as a function of solute loading are presented in Tables I-IV. 
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The release rate constants measured by Samuelov et al. (3) also are 
shown. 

The release rate constants for salicylic acid in polyethylene glycol- 
ethylcellulose and pure ethylcellulose films are shown in Tables I and 
11. The density of the salicylic acid was taken as 1.443 g/cm3, and the 
normalized permeation rate, DpCp, of salicylic acid in the polymer was 
calculated from the lowest solute loading (55 mg/ml) and used in all 
subsequent computations. The agreement between the release rate 
constants determined experimentally and those calculated from the 
model is good. 

Similarly, the release rate constants for tripelennamine in polyethylene 
glycol-ethylcellulose and pure ethylcellulose films are presented in Tables 
111 and IV. The normalized permeation rate of tripelennamine in the 
polymer was calculated from the lowest solute loading (55 mg/ml), and 
the density of the dispersed solute was taken as 1.35 g/cm3. The agree- 
ment between theory and experiment again is good. 

Friedman et al. (9) prepared timed-release dosage forms using ethyl- 
cellulose as the polymeric matrix and salicylic acid and caffeine as model 
drugs. They determined drug release rates for different initial drug 
concentrations, and their experimental results are presented in Tables 
V and VI. The values of the release rate constant, K‘, computed using Eq. 
22 also are shown. The diffusivity in the polymer of caffeine and salicylic 
acid was 2.26 X lo-” and 1.96 X lo-” cm*/sec, respectively. The 
agreement between the release rate constants determined experimentally 
and those calculated from the model is good. 

There is a good correlation between the model predictions and the 
measured release rate constants for the drugs. The deviation at very high 
drug loadings (>30%) can be attributed to interparticle contact. The 
interparticle contact leads to the formation of channels in the membrane 
through which the drug can be leached. Therefore, a model of a porous 
network must be applied. However, up to this limit, the release of drug 
can be predicted simply from a knowledge of drug loading, drug density, 
and the permeation rate of the drug in the pure polymers (very low 

loadings). Comparison of Tables I and I1 or Tables 111 and IV shows that 
plasticized films (with polyethylene glycol) have significantly higher 
release rate constants than do pure ethylcellulose films. Thus, the dif- 
fusivity and solubility of the drug are altered by the addition of plasti- 
cizers. The theory could be suitably modified to predict the release rate 
based on flux enhancer content and will be the subject of a subsequent 
communication. 

Clearly, many properties of the polymer matrix can influence the 
permeation of drug including the geometry of the dispersed phase (shape, 
size, and size distribution), the composition of the dispersed phase, and 
interactions between the phases. However, the simplified model proposed 
here apparently gives a good correlation to experimental evidence. 
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15) activities. Parmar and coworkers (16,17) reported the 
antiacetylcholinesterase activity of quinazolone deriva- 
tives. 
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The release rate constants measured by Samuelov et al. (3) also are 
shown. 

The release rate constants for salicylic acid in polyethylene glycol- 
ethylcellulose and pure ethylcellulose films are shown in Tables I and 
11. The density of the salicylic acid was taken as 1.443 g/cm3, and the 
normalized permeation rate, DpCp, of salicylic acid in the polymer was 
calculated from the lowest solute loading (55 mg/ml) and used in all 
subsequent computations. The agreement between the release rate 
constants determined experimentally and those calculated from the 
model is good. 

Similarly, the release rate constants for tripelennamine in polyethylene 
glycol-ethylcellulose and pure ethylcellulose films are presented in Tables 
111 and IV. The normalized permeation rate of tripelennamine in the 
polymer was calculated from the lowest solute loading (55 mg/ml), and 
the density of the dispersed solute was taken as 1.35 g/cm3. The agree- 
ment between theory and experiment again is good. 

Friedman et al. (9) prepared timed-release dosage forms using ethyl- 
cellulose as the polymeric matrix and salicylic acid and caffeine as model 
drugs. They determined drug release rates for different initial drug 
concentrations, and their experimental results are presented in Tables 
V and VI. The values of the release rate constant, K‘, computed using Eq. 
22 also are shown. The diffusivity in the polymer of caffeine and salicylic 
acid was 2.26 X lo-” and 1.96 X lo-” cm*/sec, respectively. The 
agreement between the release rate constants determined experimentally 
and those calculated from the model is good. 

There is a good correlation between the model predictions and the 
measured release rate constants for the drugs. The deviation at very high 
drug loadings (>30%) can be attributed to interparticle contact. The 
interparticle contact leads to the formation of channels in the membrane 
through which the drug can be leached. Therefore, a model of a porous 
network must be applied. However, up to this limit, the release of drug 
can be predicted simply from a knowledge of drug loading, drug density, 
and the permeation rate of the drug in the pure polymers (very low 

loadings). Comparison of Tables I and I1 or Tables 111 and IV shows that 
plasticized films (with polyethylene glycol) have significantly higher 
release rate constants than do pure ethylcellulose films. Thus, the dif- 
fusivity and solubility of the drug are altered by the addition of plasti- 
cizers. The theory could be suitably modified to predict the release rate 
based on flux enhancer content and will be the subject of a subsequent 
communication. 

Clearly, many properties of the polymer matrix can influence the 
permeation of drug including the geometry of the dispersed phase (shape, 
size, and size distribution), the composition of the dispersed phase, and 
interactions between the phases. However, the simplified model proposed 
here apparently gives a good correlation to experimental evidence. 
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Table I-Phvsical Constants of Substituted Quinazolone Derivatives 

Melting Yield, Molecular Nitrogen Analysis, % 
Compound X X' R R Point % Formula Calc. Found 

I1 
111 
IV 
V 

VI 
VII 

VIII 
IX 
X 

XI 
XI1 

XI11 
XIV xv 
XVI 

XVII 
XVIII 

XIX xx 
XXI 

XXII 
XXIII 

XIV xv 

Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 
Br 

Benzyl 
Benzyl 
Benzyl 
2-Ethylphenyl 
2-Ethylphenyl 
2-Ethylphenyl 
Cyclohexyl 
C yclohexyl 
Cyclohexyl 
4-Methoxyphenyl 
4-Methoxyphenyl 
4-Methoxyphenyl 
Benzyl 
Benzyl 
Benzyl 
2-Ethylphenyl 
2-Eth ylphenyl 
2-Ethylphenyl 
Cyclohex yl 
Cyclohex yl 
Cyclohexyl 
4-Methoxyphenyl 
4-Methoxyphenyl 
4-Methoxvohenvl 

13.94 
13.56 
13.20 
13.56 
13.20 
12.86 
14.17 
13.77 
13.41 
13.51 
13.13 
12.82 
12.05 
11.76 
11.49 
11.76 
11.49 
11.23 
11.20 
11.92 
11.48 
11.72 
11.45 
11.20 

13.71 
13.37 
13.10 
13.40 
13.18 
12.75 
14.13 
13.70 
13.40 
13.71 
13.50 
12.80 
12.00 
11.43 
11.57 
11.75 
11.40 
11.20 
11.37 
11.99 
11.50 
11.80 
11.21 
11.03 

Table 11-Antiacetylcholinesterase Activity of Substituted 
Quinazoline Derivatives a 

Inhibition at I s o b ,  
Compound 6.6 X M, % M x 10-5 

I1 
I11 
IV 

VIII 
IX ~~ ~ 

XI1 
XI11 xv 

XVII 

5.89 
2 1.06 
25.0 
15.79 
15.79 
26.32 
15.79 
21.06 
26.32 

56.0 
15.6 
13.2 
20.8 
20.8 
12.5 
20.8 
15.6 
12.5 

XVIII 36.843 8.95 ~. ~~~ 

XIX 
XXlI 

XXIV 

i5.60 
21.06 
31.58 

.~ 

20.8 
15.6 
10.4 xxv 26.32 12.5 

The 150 value for neostigmine. a potent acetylcholinesterase inhibitor, used as 
The 1mvalues indicate a standard under similar conditions was 1.96 X loT7 M .  

the molar concentration at which there was 50% inhibition. 

derivatives with the quinazolone nucleus and to study the 
biological activities of the quinazolone derivatives in 
continuation of previous work (21-23). 

The present report describes the synthesis, character- 
ization, and in uitro antibacterial, antifungal, and anti- 
acetylcholinesterase activities of these quinazolone de- 
rivatives (11) (Schemes 1-111). 

EXPERIMENTAL' 

Chemistry-Several 6-bromo- and 6,8-dibromo-2-mercapto-3-aryl/ 
cyclohexyl-4-(3H)-quinazolones (Ib) were synthesized by condensation 
of 5-bromo- and 3,5-dibromo-2-aminobenzoic acids (Ia) with different 
substituted aryl isothiocyanates in ethanol. With the method of Gagiu 
and Mavrodin (24), different 5-chloroacetylamino-2-alkyl-1,3,4-thiadi- 

All compounds were analyzed for their nitrogen content. Melting points were 
taken in open capillary tuhes with a partial immersion thermometer and are cor- 
rected. IR spectra were obtained with a Perkin-Elmer model 137 lnfracord spec- 
trophotometer, equip ed with sodium chloride optics, in potassium hromide films 
in the i00-3500-cm-frange. 

Table 111-Antibacterial Activity of Substituted Quinazolones 

Average Size of Zone of Inhibition, mm 
B. B. Sal. M .  

Com- Staph. pumi- sub- Sar. typhi tuber- 
pound aureus lus tilis lutea H091 culosis 

I1 
I11 
IV 
V 

VI 
VII 

VIII 
IX 
X 

XI 
XI1 

XI11 
XIV xv 
XVI 

XVII 
XVIII 

XIX xx 
XXI 

XXII 

15 
9 

a - 
a - 

7 
7 
7 

7 
13 
11 
10 
9 

13 
15 
7 

10 
7 
7 

19 
15 
17 
18 

a - 

a - 

(1 - 

7 
8 

- a  

7 
a 

8 
10 
9 
8 

19 
10 

7 
13 
15 
20 
8 
9 

11 
10 
9 

15 
20 
10 
17 
15 

- 

n - 

8 
9 
7 

8 

9 
13 
13 
17 
9 

13 
9 

19 
17 

15 
7 

14 
13 
7 

19 
21 
13 
16 
16 

a - 

a - 

a - 

9 
13 
10 
7 
8 
9 
7 

12 
10 
15 
7 
9 

15 
18 
13 
7 
9 
8 
7 

10 
8 
13 
17 
7 

19 

11 
15 
7 
8 
8 

a 
(1 

- 
- 

9 

13 

8 
17 
9 

17 

8 
10 
9 

12 
10 
17 
10 
13 
17 
18 

a - 

a - 

a - 

13 
10 
8 

-0 

7 

11 
7 

18 
13 
10 
13 
7 

14 
9 

9 
13 

7 

19 
13 
15 
17 
15 

a - 

a - 

0 - 

(1 - 

Tetracydine* 20 ~~ 21 .. 

a --. compound inactive. Used as a control in the antibacterial screening. 

azole derivatives (Id) were obtained in good yield by refluxing 2-alkyl- 
5-amino-1,3,4-thiadiazoles (Ic) in dry benzene with chloroacetyl chloride. 
The intermediate 2-alkyl-5-amino-l,3,4-thiadiazoles were prepared by 
a literature method (25). When the 2-mercapto-3-aryl/cyclohexyl-4- 

ClCH,COCI 

R NHCOCH,CI 
J:kNH2 dry benzene* 

R 
Ic Id 

Scheme I !  
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Table IV-Antifungal Activity of Substituted Quinazolones a 

Com- 
Average Inhibition after 1 Week, % 

A. M. A .  F. P. R. 
stolonifer pound Concentrations niger canis furnigatus moniliforme nonatum 

I1 

111 

IV 

V 

VI 

VII 

VIII 

IX 

X 

XI 

XI1 

XI11 

XIV 

xv 

XVI 

XVII 

XVIII 

XIX 

xx 

XXI 

XXII 

XXIII 

XXIV 

xxv 

1:lOoo 
1: 10,000 
1:100,000 
1:lOOO 
1 : 10,000 
1:1oo,000 
1:looO 
1:10,000 
1:100,000 
1:1000 
1:10,000 
1: 100,000 
1:lOOO 
1 : 10,000 
1: 100,000 
1:lOoo 
1: 10,000 
1:100,000 
1:lOOO 
1:1o,OOo 
1:100,000 
1:lOOO 
1:10,000 
1: 100,000 
1:lOOO 
1:1o,Ooo 
1: 100,000 
1:1000 
1: 10,000 
1:100,000 
1:1000 
1:10,000 
1: 100,000 
1:1000 
1:10,000 
1:100,000 
1:lOoo 
1:10,000 
1 : 100,000 
1:lOOO 
1:1o,OOo 
1:100,000 
1:1000 
1:10,000 
1: 100,000 
1:looO 
1:10,000 
1: 100,000 
1:lOOO 
1 : 10,000 
1:1oo,OOo 
1:lOOO 
1: 10,000 
1: 100,000 
1:lOOO 
1:1o,ooo 
1:100,000 
1:lOOO 
1: 10,000 
1: 100,000 
1:lOoo 
1:10,000 
1:100,000 
1:1000 
1: 10,000 
1:100,000 
1:lOOO 
1: 10,000 
1: 100,000 
1:lOOO 
1:10.000 
1: 100,000 

a Griseofulvin, a potent fungicide, was used as a control. 

41.6 
33.3 
20.0 
58.5 
47.3 
32.3 
51.3 
45.3 
47.9 
45.5 
41.3 
37.5 
76.3 
45.3 
35.7 
81.3 
73.7 
54.3 
37.5 
30.1 
29.1 
47.3 
43.2 
39.3 
37.3 
31.4 
27.3 
87.3 
71.5 
69.0 
56.3 
47.3 
31.5 
45.0 
41.0 
40.0 
97.3 
95.4 
90.5 
85.6 
81.7 
75.5 
51.5 
47.7 
41.1 
67.5 
63.2 
57.1 
57.1 
40.1 
35.3 
41.5 
37.5 
30.5 
87.3 
81.5 
78.1 
81.1 
78.3 
70.1 
67.7 
61.1 
53.4 
89.0 
81.0 
76.6 
78.3 
75.1 
70.0 
67.5 
61.0 
57.7 

56.7 
51.3 
42.3 
51.4 
42.3 
37.4 
54.7 
50.3 
45.5 
37.5 
33.4 
30.0 
67.3 
56.4 
41.4 
74.4 
70.5 
61.5 
25.3 
21.5 
17.3 
37.3 
29.5 
25.3 
28.3 
21.5 
17.5 
93.4 
87.1 
75.6 
67.3 
51.8 
47.5 
57.3 
51.5 
45.7 
87.3 
82.1 
76.1 
81.1 
80.0 
71.0 
67.3 
62.3 
51.4 
56.1 
51.1 
45.5 
45.1 
42.1 
39.5 
40.0 
35.5 
31.6 
76.6 
74.0 
70.0 
73.3 
71.0 
65.0 
68.0 
40.0 
37.0 
93.7 
90.0 
85.0 
67.3 
65.0 
60.6 
57.1 
51.0 
47.0 

51.7 
47.3 
40.0 
56.7 
45.3 
40.1 
47.3 
45.3 
40.1 
55.5 
45.6 
40.0 
67.3 
47.4 
40.0 
67.4 
60.4 
57.5 
35.5 
31.5 
27.9 
27.3 
25.3 
20.9 
57.3 
45.3 
37.4 
81.1 
73.3 
67.5 
51.5 
45.3 
41.0 
43.0 
40.0 
35.0 
75.5 
71.5 
67.9 
70.1 
67.1 
57.1 
59.0 
57.4 
51.5 
57.1 
41.1 
34.5 
49.0 
45.5 
40.0 
41.0 
29.0 
27.3 
65.5 
60.0 
57.7 
69.0 
62.0 
60.0 
53.5 
40.0 
37.3 
87.0 
81.0 
78.0 
71.8 
65.1 
61.1 
45.0 
40.0 
37.7 

38.5 
35.3 
32.7 
67.3 
56.4 
40.7 
43.7 
38.7 
25.3 
45.6 
41.6 
37.3 
56.7 
53.3 
51.2 
45.5 
40.1 
37.5 
45.5 
40.1 
37.5 
25.3 
20.4 
17.4 
47.3 
42.1 
39.5 
82.1 
73.8 
56.7 
40.0 
37.3 
29.0 
42.0 
40.0 
33.3 
85.5 
80.0 
78.8 
67.3 
61.1 
56.1 
61.6 
51.1 
45.7 
67.1 
61.5 
49.0 
67.3 
61.0 
57.3 
29.0 
27.0 
21.0 
42.2 
41.0 
39.1 
57.0 
51.0 
45.8 
41.1 
34.4 
30.0 
81.1 
78.1 
75.5 
84.1 
80.0 
70.0 
61.6 
59.0 
51.5 

49.3 
42.3 
39.7 
43.7 
45.6 
47.6 
25.3 
19.3 
15.4 
41.4 
40.0 
38.0 
87.3 
79.5 
70.3 
42.7 
40.1 
37.5 
36.5 
31.3 
27.9 
35.6 
31.7 
28.5 
41.5 
37.5 
30.8 
71.4 
67.3 
59.7 
51.5 
47.5 
41.0 
49.0 
41.0 
35.5 
95.5 
90.0 
85.0 
73.4 
70.9 
65.9 
73.1 
68.5 
56.3 
49.5 
40.0 
35.6 
61.0 
57.3 
51.4 
47.3 
41.5 
40.1 
67.7 
61.1 
55.0 
61.1 
59.9 
55.5 
47.7 
41.1 
35.7 
97.0 
91.0 
87.7 
78.1 
70.1 
59.0 
45.4 
41.4 
37.4 

58.3 
47.3 
35.2 
35.5 
28.0 
25.3 
27.3 
21.3 
20.3 
35.5 
32.3 
27.3 
67.9 
63.7 
60.4 
47.3 
45.2 
40.3 
50.0 
45.7 
41.3 
29.3 
25.4 
21.4 
21.5 
20.1 
18.3 
47.3 
42.1 
37.5 
59.0 
51.1 
49.1 
47.0 
40.0 
38.8 
89.0 
85.0 
80.0 
70.0 
65.5 
61.6 
41.5 
39.1 
34.5 
47.1 
41.0 
37.0 
57.5 
53.4 
50.0 
40.0 
37.9 
34.5 
51.0 
45.0 
42.0 
63.3 
61.0 
57.7 
63.1 
57.3 
41.1 
90.0 
85.5 
80.0 
58.0 
51.0 
45.5 
37.3 
30.1 
28.7 

(3H)-quinazolones were refluxed in alcoholic sodium hydroxide with 
different 5-chloroacetylamino-2-alkyl-1,3,4-thiadiazoles, 24 new 6-bromo- 
and 6,8-dibromo-2-[N-(2’-alkyl-1’,3’,4’-thiadiazol-5’-yl)carbamoyl- 

methylthio]-3-aryllcyclohexyl-4-(3H)-quinazolones (11) with varying 
alkyl groups in the thiadiazole nucleus and different aryl functions in the 
quinazolone nucleus were obtained (Table I). 
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I b  + I d  

I1 
Scheme 111 

Synthesis-6-Bromo- and 6,8-Dibromo-2-mercapto-3-aryl/cyclo- 
hexyl-4- (3Hbquinazolones (Ib)-These compounds were prepared by 
the method described by Bhargava and Lakhan (26). 

T o  a solution of 5-bromo-2-aminobenzoic acid (0.01 mole) in absolute 
ethanol (50 ml) was added 1.41 g (0.01 mole) of cyclohexylisothiocyanate. 
The resulting solution was heated under reflux on a steam bath for 5 hr, 
a t  which time a crystalline solid mass was obtained. The solid mass was 
separated by filtration, washed with cold ethanol, and recrystallized from 
ethanol. 

Various other quinazolones (Ib) were prepared in a similar manner. 
6-Bromo- and 6,8-Dibromo-2- (N-(2’-olkyl-Z’,3’,4’- thiodiazo(-5’- 

yl)carbamoylmethylthio] -3- aryllcyclohexyl -4- (3H)-guinazolones 
(11)-To a solution of sodium hydroxide (0.4 g, 0.1 mole) in 30 ml of 80% 
ethanol was added 3.47 g (0.01 mole) of 6-bromo-2-mercapto-3-benzyl- 
4-(3H)-quinazolone, and the mixture was stirred until a clear solution 
was obtained. 5-Chloroacetylamino-2-methyl-l,3,4-thiadiazole (1.92 g, 
0.01 mole) was added, and the solution was heated under reflux for 5 hr. 
After cooling, the reaction mixture was poured into 200 ml of ice-cold 
water; the solid mass was filtered, washed with cold water, and crystallized 
from ethanol. 

Other quinazolone derivatives (11) were prepared in a similar manner 
and are listed in Table I. 

All of the synthesized quinazolone derivatives (11) (Table I) were 
characterized by their sharp melting points and elemental analyses. The 
IR spectra of the final compounds (11) showed the characteristic ab- 
sorption bands of C=N (-1600 cm-I), CH2CON (-1680 cm-I), CONH 
(-1660 cm-I), and C=O (1700 cm-’). Absence of the SH vibration a t  
2550 cm-’ provided further support for their molecular structure. These 
absorption bands correspond to the characteristic quinazolone bands 
(27). 

Biological Screening-All compounds reported in Table I were as- 
sayed in uitro for antibacterial activity against six bacteria: Staphylo- 
coccus aureus2 (NCTC 7447), B Q C ~ ~ ~ U S  pumilus2 (NCTC 8241), Bacillus 
subtilis2 (NCTC 8236), Sarcina lutea2 (ATCC 9341), Salmonella typhi3 
H091 (NCTC 3111), and Mycobacterium tuberculosis3 (H37Rv). Their 
antifungal activity was screened against several fungi: Aspergillus niger4 
(ATCC 12845). Microsporum conis3 (VM 200-USPHS), Aspergillus 
fumigatus3 (68LI), Fusarium moniliforme4 (ATCC 10052), Penicillium 
nonatum4 (ATCC 9179), and Rhizopus stolonifer4 (ATCC 10404). 

Of the 24 quinazolone derivatives (Table I), 14 also were tested for their 
antiacetylcholinesterase activity (Table 11). 

Determination of Antibacterial Activity-The in uitro antibacterial 
activity was determined by an agar plate diffusion method (28). The agar 
medium was inoculated with 1 ml of a 24-hr-old culture of the test or- 
ganism. Filter paper disks (5 mm in diameter) saturated with the test 
compounds (10 mg/ml in ethanol) were placed on nutrient agar after the 
ethanol was dried. After incubation for 36 hr, the zones of inhibition 
around the disks were measured. 

All experiments were performed in duplicate, and the results are re- 
corded in Table 111. 

Determination of Antifungal Activity-The agar plate diffusion 
technique (29) was employed for the determination of the antifungal 
activity of the synthesized compounds. Three concentrations (1:1000, 
1:10,000, and 1:100,000) were used. One milliliter of each compound was 
poured into separate petri dishes. Approximately 20-25 ml of molten 
Czapek-Dox agar medium was added to each petri dish. 

All experiments were performed in triplicate. The average percentage 

2 Obtained from Public Analyst Department, U.P. Government, Lucknow, 
India. 

Obtained from Central Drug Research Institute, Lucknow, India. 
Obtained from Cane Sugar Research Institute, Lucknow, India. 

inhibition given by the various compounds after 1 week is given in Table 
IV. 

Determination of Antiacetylcholinesterase Activity-Male rats, 
-150-200 g, were decapitated, and the brains were removed quickly, 
weighed, and homogenized in a glass homogenizer5 using a polytef pestle. 
A 1% (w/v) homogenate in phosphate saline was used without further 
purification as the enzyme source. 

The enzyme activity was assayed essentially according to the method 
proposed by Diggle and Gage (30), which is a modification of Hestrin’s 
(31) method. The 2.7-ml assay system contained 0.5 ml of phosphate 
saline, 1.0 ml of acetylcholine bromide solution, 0.2 ml of inhibitor solu- 
tion in propylene glycol, and 1.0 ml of the enzyme source. The enzyme 
was kept with the inhibitor at 37” for 5 min. The reaction was started with 
the addition of acetylcholine (only in experimental tubes). 

The tubes were kept a t  37” for 15 min, after which the reaction was 
stopped by the addition of 2.0 ml of alkaline hydroxylamine hydrochlo- 
ride. Thereafter, 1.0 ml of acetylcholine solution was added to the control 
tubes. Then 1.0 ml of diluted hydrochloric acid was added to all of the 
tubes, followed by the addition of 1.5 ml of ferric chloride solution and 
water to bring the volume to 7.5 ml in each tube. The absorbance was 
recorded in a spectrophotometel.6 at  540 nm. The inhibition obtained was 
recorded in Table I1 along with the 150 values of the quinazolone deriv- 
atives, which indicate the concentration required to produce 50% enzyme 
inhibition. 

RESULTS AND DISCUSSION 

The results shown in Table 111 indicate that all of the compounds ex- 
hibited antibacterial activity against a t  least one type of bacteria. In 
comparison to the 6-bromo quinazolone derivatives (11-XIII), 6.8-di- 
bromo quinazolone derivatives (XIV-XXV) were more effective anti- 
bacterial compounds. When the benzyl or 4-methoxyphenyl group was 
substituted a t  the 3-position in the quinazolone nucleus, the activity 
increased (11-IV, XI-XVI, and XXIII-XXV). 2-Ethylphenyl-substituted 
quinazolone derivatives (V-VII and XVII-XIX) exhibited comparatively 
poor antibacterial activity. All compounds exhibited increased antibac- 
terial activity against S. luteo (ATCC 9341). Compounds XI, XVI, and 
XXIII exhibited good antibacterial activity. 

From the toxicity data given in Table IV, it is evident that all of the 
compounds possess variable antifungal activity against the fungi tested. 
The 6,8-dibromo quinazolone derivatives were more effective antifungal 
agents than the 6-bromo quinazolone derivatives. Substitution of the 
benzyl group a t  the 3-position of the quinazolone nucleus led to 11-IV 
and XIV-XVI, which were more effective antifungal compounds. Fur- 
thermore, the electron-donating group 2-ethylphenyl decreased the 
fungitoxicity of the test compounds while the electron-withdrawing group 
4-methoxyphenyl increased the fungitoxicity. Cyclohexyl substitution 
at  the 3-position of the quinazolone nucleus rendered VIII-X and 
XX-XXII less fungitoxic against the fungi tested.Compounds XI and 
XXIII were better antifungal agents. 

The results of the antiacetylcholinesterase test in uitro against 14 
synthesized quinazolone derivatives are recorded in Table 11. The 
screening data indicate that all of these derivatives exhibited marginal 
activity. Compounds XVIII and XXIV were more active, while I1 was 
inactive. Furthermore, 6,8-dibromo-substituted quinazolone derivatives 
were more potent in comparison to 6-bromo-substituted derivatives. 
Compounds 111, XV, and XXII exhibited equal I50 values, as did XII, 
XVII, and XXV and also VIII, IX, and XIII. 
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Abstract II Phase equilibrium diagrams were constructed based on 
hot-stage microscopy and differential scanning calorimetry of solid dis- 
persions of griseofulvin or tolbutamide in polyethylene glycol 2000 or 
polyoxyethylene 40 stearate. The solid dispersions were prepared by 
physical mixing, fusion, and coprecipitation from ethanol. The phase 
diagrams were largely independent of the method of preparation of the 
dispersion systems. The diagrams were of the monotectic type for poly- 
ethylene glycol 2000 with each drug and for griseofulvin with each ex- 
cipient, with the monotectic species being the pure drug. Polyoxyethylene 
40 stearate with tolbutamide gave eutectic systems in which liquid 
polyoxyethylene 40 stearate dissolved up to  2Wo of the tolbutamide. The 
phase diagrams showed greater solubility of tolbutamide in liquid poly- 

oxyethylene 40 stearate than in polyethylene glycol 2000 but showed a 
similar solubility of griseofulvin in each excipient. Solid solution for- 
mation was not detected. 

Keyphrases 0 Excipients-polyethylene glycol and polyoxyethylene 
stearate, comparison as excipients for solid dispersion systems of 
griseofulvin and tolbutamide, phase equilibria 0 Polyethylene glycol- 
comparison with polyoxyethylene stearate as excipient for solid disper- 
sion systems of griseofulvin and tolbutamide, phase equilibria 0 Poly- 
oxyethylene stearate-comparison with polyethylene glycol as excipient 
for solid dispersion systems of griseofulvin and tolbutamide, phase 
equilibria 

The use of a eutectic mixture containing a water-soluble 
compound to increase the dissolution rate and bioavail- 
ability of a sparingly soluble drug first was demonstrated 
by Sekiguchi and Obi (1). As the water-soluble matrix 
dissolves, the insoluble drug is exposed to the dissolution 
medium in a very fine state of subdivision. This type of 
formulation, a solid dispersion system, has been investi- 
gated extensively and has been extended to include solid 
solutions of drug in water-soluble excipients (2). Solid 
solutions should offer greater increases in the dissolution 
rate and bioavailability than eutectic mixtures, because 

the drug is dispersed as single molecules in solid solutions 
but as solid microscopic particles in the latter case. 

BACKGROUND 
Solid dispersions of griseofulvin in polyethylene glycols of high mo- 

lecular weight (3,4) have excited much interest. The dissolution rate and 
bioavailability of griseofulvin from such solid dispersions clearly are 
greater than those of the micronized or microcrystalline drug (5). These 
phenomena previously were attributed to the formation of solid solutions, 
but Chiou (6) recently showed that griseofulvin has negligible or very 
limited solid solubility in polyethylene glycol dispersion systems. The 
marked enhancement of the dissolution and absorption rates of griseo- 
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Abstract II Phase equilibrium diagrams were constructed based on 
hot-stage microscopy and differential scanning calorimetry of solid dis- 
persions of griseofulvin or tolbutamide in polyethylene glycol 2000 or 
polyoxyethylene 40 stearate. The solid dispersions were prepared by 
physical mixing, fusion, and coprecipitation from ethanol. The phase 
diagrams were largely independent of the method of preparation of the 
dispersion systems. The diagrams were of the monotectic type for poly- 
ethylene glycol 2000 with each drug and for griseofulvin with each ex- 
cipient, with the monotectic species being the pure drug. Polyoxyethylene 
40 stearate with tolbutamide gave eutectic systems in which liquid 
polyoxyethylene 40 stearate dissolved up to  2Wo of the tolbutamide. The 
phase diagrams showed greater solubility of tolbutamide in liquid poly- 

oxyethylene 40 stearate than in polyethylene glycol 2000 but showed a 
similar solubility of griseofulvin in each excipient. Solid solution for- 
mation was not detected. 

Keyphrases 0 Excipients-polyethylene glycol and polyoxyethylene 
stearate, comparison as excipients for solid dispersion systems of 
griseofulvin and tolbutamide, phase equilibria 0 Polyethylene glycol- 
comparison with polyoxyethylene stearate as excipient for solid disper- 
sion systems of griseofulvin and tolbutamide, phase equilibria 0 Poly- 
oxyethylene stearate-comparison with polyethylene glycol as excipient 
for solid dispersion systems of griseofulvin and tolbutamide, phase 
equilibria 

The use of a eutectic mixture containing a water-soluble 
compound to increase the dissolution rate and bioavail- 
ability of a sparingly soluble drug first was demonstrated 
by Sekiguchi and Obi (1). As the water-soluble matrix 
dissolves, the insoluble drug is exposed to the dissolution 
medium in a very fine state of subdivision. This type of 
formulation, a solid dispersion system, has been investi- 
gated extensively and has been extended to include solid 
solutions of drug in water-soluble excipients (2). Solid 
solutions should offer greater increases in the dissolution 
rate and bioavailability than eutectic mixtures, because 

the drug is dispersed as single molecules in solid solutions 
but as solid microscopic particles in the latter case. 

BACKGROUND 
Solid dispersions of griseofulvin in polyethylene glycols of high mo- 

lecular weight (3,4) have excited much interest. The dissolution rate and 
bioavailability of griseofulvin from such solid dispersions clearly are 
greater than those of the micronized or microcrystalline drug (5). These 
phenomena previously were attributed to the formation of solid solutions, 
but Chiou (6) recently showed that griseofulvin has negligible or very 
limited solid solubility in polyethylene glycol dispersion systems. The 
marked enhancement of the dissolution and absorption rates of griseo- 
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Table I-Effect of Pretreatment  on the Melting Ranges 

Ground Recrystallized After Fusion 
Compound Materials from Ethanol and Cooling 

I 
11 

53-58' 53-58' 54-58' 
46-50' 46-50' 37-450 

Griseofulvin 226-2220 220-2220 220-224' 
Tolbutamide 127-133' 127-133' 125-131 ' 

fulvin dispersed in polyethylene glycol seems to be primarily a result of 
the reduced size of the griseofulvin crystals; however, other factors, such 
as increased wettability, reduction or absence of aggregation and ag- 
glomeration, and solubilization of the drug by the carrier a t  the diffusion 
layer of particles also may contribute (6). 

The formation of solid dispersions of tolbutamide in polyethylene 
glycol polymers also increases the dissolution rate of this drug (7), and 
this increase has been attributed to the formation of a solid solution, the 
dispersion of the drug in a fine state of subdivision, or improved wetting 
of the drug particles. Polyethylene glycol is a hydrophilic polymer with 
no hydrophobic or lipophilic moiety and, therefore, is not surface active. 
Esterification with a long-chain n-acyl residue (such as stearate, to form, 
for example, polyoxyethylene stearate) produces a water-soluble, sur- 
face-active macromolecule, which might offer certain advantages as an 
excipient in solid dispersion systems of drugs, such as griseofulvin or 
tolbutamide, that  are poorly soluble in water. The nonpolar hydrophobic 
moiety, e g . ,  C17H35, might promote solid solution formation, with con- 
sequent advantages for drug release, as well as surface activity, a potent 
factor in enhancing rates of dissolution and absorption. The possibility 
of solid solution formation is considered in the present report, and the 
consequences of surface activity are discussed elsewhere (8). 

Polyoxyethylene 40 stearate has been evaluated by the joint Food and 
Agriculture Organization and World Health Organization Expert Com- 
mittee on Food Additives (9) and is claimed to be acceptable for daily 
intake of up to 25 mg/kg. Further biological data, including biochemical 
aspects, toxicological studies, and observations in humans, also have 
confirmed the relative nontoxicity of polyoxyethylene 40 stearate (10- 
15). 

Polyoxyethylene 40 stearate is a mixture of monoacid stearates of 
polyoxyethylene polymers consisting of 40 oxyethylene units on the av- 
erage, and its mean molecular weight is similar to that of polyethylene 
glycol 2000. I t  is a solid that melts a t  45-52" and is miscible with water 
in all proportions. Its hydrophile-lipophile balance value is 16.9, and it 
stabilizes oil-in-water emulsions. 

Using thermal methods of analysis, the physicochemical interactions 
between two model drugs and polyoxyethylene 40 stearate (average 
molecular weight of 2044) were compared with those between the drugs 
and polyethylene glycol 2000. The model drugs, griseofulvin and tolbu- 
tamide, were chosen based on their low solubility in water and biological 
fluids. 

Dispersion systems containing each drug and each excipient were 
prepared (a)  by grinding the drug and excipient together, ( b )  by fusing 
the drug and excipient together and then grinding the mass, and (c)  by 
coprecipitating the drug and excipient from the same solvent (ethanol) 
followed by grinding. Mixtures covering the entire range of composition, 
including the single components, were subjected to differential thermal 
analysis and hot-stage microscopy, from room temperature to tempera- 
tures above those of complete melting. The solid-liquid phase diagrams 
were plotted and compared. 

The next report in this series (8) compares the influence of polyoxy- 
ethylene 40 stearate (11) with that of polyethylene glycol 2000 (I) on the 
dissolution rate of the two drugs from certain dispersion systems and 
assesses the factors responsible for the differences. A preliminary report 
of the work was published previously (16). 

EXPERIMENTAL 

Materials-The following materials and drugs were of food or phar- 
maceutical grade and were used as supplied polyoxyethylene 40 stearate' 
(II), polyethylene glycol 20002 (I), griseofulvin*, and tolbutamide2. 
Ethanol (95%) was spectroscopic grade. The pH 7 buffer was phosphate 
buffer BP (17). The pH 1 buffer was 0.1 M HCl. All water was double 
distilled from an all-glass still. 

Myrj 52, Atlas Chemicals Ltd., Carshalton, Surrey, England * Hoechst UK Ltd., Milton Keynes, Bucks, England. 
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TEMPERATURE 
Figure 1-Differential thermal analysis curve of a coprecipitated 
dispersion of tolbutamide (90% w/w) and I I  (10% wIw). 

Preparat ion of Dispersion Systems-Physical Mixtures-The 
physical mixtures were prepared by thoroughly grinding together weighed 
quantities of the drug and excipient for 5 min using a glass pestle and 
mortar. Homogeneity of the mixtures was tested by subjecting the sam- 
ples to thermal microscopy and to differential thermal analysis. 

Fused Mixtures-The fused mixtures were prepared by heating 1-2 
g of the corresponding ground physical mixture in a wide test tube to a 
few degrees above the melting point of the excipient, i.e., <65', with 
rotation of the tube for 30 sec. The sample was allowed to cool in a des- 
iccator a t  4'. The resulting solid then was scraped out of the tube and 
ground using a glass pestle and mortar. 

Coprecipitated Mixtures-Coprecipitated mixtures were prepared 
by dissolving weighed quantities of the drug and excipient in ethanol, 
mixing thoroughly, and allowing the solvent to evaporate slowly in a ro- 
tary film evaporator3 at -40" under vacuum. The resulting semisolid 
mass was dried under vacuum4 a t  20' in the presence of phosphorus 
pentoxide. The dry solid was ground using a glass pestle and mortar. 

Differential Thermal  Analysis-Five milligrams of sample was 
heated at 5'/min in a thermal analyzer5 coupled to a two-channel po- 
tentiometric recorder6. Alumina was used as the reference material, and 
static air was the gas phase. The instrument was calibrated using benzoic 
acid7 (thermochemical grade). 

The onset of each peak was characterized by the temperature a t  the 
point of intersection of the tine of the steepest slope and the baseline. The 
completion of each peak was characterized by the temperature a t  the 
summit. These two temperatures were used to define the melting ranges 
from differential thermal analysis. 

Hot-Stage Microscopy-About 1 mg of sample was placed between 
a microscope slide and a cover slide and heated at 1-5'Imin under a 
hot-stage microscopes fitted with polarizers. The onset of melting was 
characterized by the first appearance of liquid, and the completion of 
melting was considered as the final disappearance of solid. These two 
temperatures were used to define the meking ranges from hot-stage 
microscopy. 

Preparat ion of Dispersion Systems for  Differential Thermal  
Analysis and Hot-Stage Microscopy-The excipients under study are 
waxy a t  room temperature and crystalline and brittle at the temperature 
of solid carbon dioxide. Therefore, differential thermal analysis and 
hot-stage microscopy of the excipients were compared after grinding a t  
each temperature followed by standing for 30 min in a desiccator. Since 
no significant difference in melting was found, grinding subsequently 
was carried out a t  room temperature. 

Using differential thermal analysis and hot-stage microscopy, the phase 
equilibria of physical, fused, and coprecipitated mixtures of each drug 
(tolbutamide and griseofulvin) with each excipient (I and 11) were 
studied. 

RESULTS 

Melting Behavior of Original Materials-Compounds I and 11, 
griseofulvin, and tolhutamide, when subjected to differential thermal 
analysis, each gave a single peak corresponding to fusion. Furthermore, 

~~ ~~ ~~ 

3 Buchi, Switzerland. 
4 Vacuum drier, Gallenkamp, London, England. 

Stanton Redcroft model 671, London, England. 
Servoscribe 2s. Smiths Industries Ltd., Cricklewood, London, England. 

1 BDH Chemicals Ltd., Poole, Dorset, England. 
8 Kofler type, C. Reichert Optische Werke, Austria. 

1318 I Journal of Pharmaceutical Sciences 
Vol. 69, No. 11 ,  November 1980 



L I Q U I D  + S O L I D  GRISEOFULVIN 

SOLID I + SOLID TOLBUTAMIOE 

SOLID I + S O L I D  GRISEOFULVIN 

1 I 1 I 

when heated slowly under hot-stage microscopy, each substance melted 
over the same temperature range as that defined by the beginning and 
summit of the corresponding peak in differential thermal analysis. The 
two techniques afforded the melting ranges shown in Table I. Reductions 
in the melting point were observed only with tolbutamide and I1 after 
fusion and cooling. 

Melting Behavior of Drug-Excipient Mixtures-Whether pre- 
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Figure 3-Phase diagram of coprecipitated mixtures of griseofuluin 
and I1 determined using differential thermal analysis and hot-stage 
microscopy. 
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pared by physical mixing, fusion-cooling, or coprecipitation, dispersion 
systems of each drug (griseofulvin or tolbutamide) in each excipient (I 
or II), exhibited two transitions in differential thermal analysis (Fig. 1). 
These transitions corresponded to fusion of the excipient and drug, re- 
spectively, as observed under hot-stage microscopy over the temperature 
range studied. The lower temperature transition always corresponded 
to fusion of I or 11, and the higher temperature transition always corre- 
sponded to fusion of griseofulvin or tolbutamide. This behavior and the 
corresponding binary phase diagram were qualitatively independent and 
quantitatively almost independent of the method used to prepare a given 
drug-excipient mixture. Typical phase equilibrium diagrams are shown 
in Figs. 2-5. 
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Figure 5-Phase diagram of coprecipitated mixtures of tolbutamide 
and I1 determined using differential thermal analysis and hot-stage 
microscopy. 
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Table 11-Classification of Phase Eauilibrium Diagrams 

Excipient 
I 11 _. 

Physical Coprecip- Physical Coprecip- 
Drug Mixing Fusion itation Mixing Fusion itation 

Griseofulvin A A A A A A 
Tolbutamide A A A B B B 

Hot-stage microscopy of the mixtures of all compositions showed a 
constant melting point of I a t  48-58” and of I1 a t  42-52’, corresponding 
to the endothermic peaks in differential thermal analysis (the solidus or 
melting point). Hot-stage microscopy showed that, in general, increasing 
amounts of drug dissolved in the liquid excipient as the temperature 
increased so that the drug crystals disappeared completely a t  a temper- 
ature (the liquidus or freezing point) between the melting point of the 
excipient and the melting point of the pure drug. The freezing point was 
quoted as that  temperature above which no more crystals were visible 
between crossed polarizers. If this transition was not sharp, the sample 
was allowed to cool gradually and the freezing point was recorded as that 
temperature at which drug crystals just became visible. Crystals of 
griseofulvin and tolbutamide have distinctive crystalline habits, which 
are clearly recognizable compared with the amorphous appearance of the 
excipients. As the drug crystals dissolved in the liquid excipient on 
heating, their corners and edges were eroded first, as is normally en- 
countered (18). 

When the proportion of each drug in each solid dispersion system was 
increased, hot.-stage microscopy and differential thermal analysis showed, 
in general, that  the solidus temperature (freezing point of the drug) in- 
creased. This solidus transition appeared as a second endothermic peak 
in differential thermal analysis, but the instrument, unlike hot-stage 
microscopy, was unable to detect this transition for a drug content of 
<-5o% (w/w). Thus, in general, the two techniques were confirmatory 
or complementary, and no evidence of polymorphism was apparent from 
either method. 

Each of the 12 phase diagrams (2 drugs X 2 excipients X 3 methods of 
mixing) fell into one of two groups, arbitrarily designated as Types A and 
B (Table 11). Type A was a monotectic system and occurred with all six 
griseofulvin systems and with the three tolbutamide-I systems. It was 
characterized by the absence of complete dissolution of the drug in the 
molten excipient a t  the melting point of the excipient. Examples of a 
Type A phase equilibrium diagram are shown in Figs. 2 4 .  There was very 
limited solubility of solid griseofulvin in just molten I (Fig. 2) or just 
molten I1 (Fig. 3 ) .  

Type B diagrams were shown by the three tolbutamide-I1 systems and 
were characterized by features common to both eutectic and monotectic 
behavior. Figure 5 gives an example for the coprecipitated tolbutamide-I1 
system. The liquid I1 a t  its melting point (-50’) was capable of dissolving 
-10% (w/w) tolbutamide. This contrasts sharply with the immeasurably 
low solubility of the drug in liquid I a t  its melting point (Fig. 4). 

For any one of the four drug-excipient pairs, the methods of preparing 
the dispersion systems gave almost identical diagrams with the following 
except.ions: 

1. Physical and fused mixtures of tolbutamide and I1 gave approxi- 
mately twice the solubility of tolbutamide in just molten 11, as did the 
coprecipitated mixtures; i.c., concentrations of -20% were obtained. 

2. Physical mixtures of griseofulvin and I showed a more steeply rising 
liquidus curve than did the fused or coprecipitated systems. 

Liquid mixtures containing 1% (w/w) griseofulvin or tolbutamide in 
I or I1 froze to a solid, which microscopic examination showed to consist 
of drug crystals dispersed in the excipient. Therefore, the extent of solid 
solubility of each drug in each excipient was judged to be negligible (<1% 
w/w). 

DISCUSS I 0  N 

The only form of tolbutamide encountered under the conditions of the 
present work was the commercial form which melted a t  127” (19), namely, 
Modification A (20) or I (21, 22). This polymorph is the most stable a t  
room temperature (21, 22). In view of the reported polymorphism of 
tolbutamide (19-22), it may seem surprising that no polymorphic tran- 
sitions were observed in the present work; this finding is illustrated by 
the differential thermal analysis plot shown in Fig. 1. The most likely 
explanation is thbt either polymeric polar excipient (polyethylene glycol 
2000 or polyoxyethylene 40 stearate) stabilizes the original commercial 

modification (1 or A) relative to the other modifications produced under 
different conditions (19-22). In an analogous manner, the presence of 
the polar polymer povidone, for example, slows down the rate of trans- 
formation of the polymorphic form (11) of sulfameter to form I11 in 
aqueous suspension (23). 

All of the phase diagrams involving I or griseofulvin, either separately 
or together, were of the monotectic type (Figs. 2 4 ) .  This type of system 
has not been reported previously in pharmacy but is well known to 
metallurgists, e.g., the silicon-tin system (24). 

A monotectic phase diagram has the form of a eutectic diagram in 
which one arm is missing and in which the lower melting component re- 
places the eutectic composition. The rising liquidus curve on the left of 
each monotectic diagram corresponds to the solubility curve of the drug 
in the liquid excipient. 

Comparison of the phase diagrams (Figs. 2-5) shows that the differ- 
ences between I and I1 as excipients for solid dispersion systems are much 
less marked for griseofulvin than for tolbutamide dispersions. The po- 
sition and shape of the rising curve at the left of each phase diagram show 
a greater solubility of tolbutamide in liquid I1 than in I (Figs. 4 and 5) but 
a similar solubility of griseofulvin in each (Figs. 2 and 3). 

The phase diagrams for the tolbutamide-I1 dispersions prepared in 
three ways can be considered to be eutectic systems in which the liquidus 
(freezing-point curve of tolbutamide) and the solidus (melting-point 
curve of 11) have become superimposed. The first molten II (at -40’) is 
capable of dissolving completely up to 10 or 20% (w/w) tolbutamide, 
depending on the preparation method. 

However, the phase diagrams of the dispersion systems are changed 
little by the preparation method and appear to be dominated by the 
solvent properties of liquid I or I1 for each drug. The presence of a small 
amount of I or I1 with each drug causes little depression of the melting 
point of the drug, and, conversely, the presence of a small amount of 
griseofulvin or tolbutamide hardly affects the melting point of the ex- 
cipient. This behavior contrasts sharply with the dispersion systems using 
small molecules as excipients, e.g., urea (25,261, succinic acid (27), and 
citric acid (28). These systems are eutectic with or without the formation 
of solid solutions. All of the dispersion systems of griseofulvin or tolbu- 
tamide with I or I1 showed negligible formation of solid solutions (<l% 
w/w), in contrast to the small molecule systems. This absence of solid 
solutions in polyethylene glycol-griseofulvin systems also was reported 
on the basis of X-ray diffraction evidence (6). 

Finally, the phase diagrams obtained for fused-cooled and coprecipi- 
tated mixtures of each drug with each excipient were similar to those of 
physical mixtures of the two components, and there was no evidence of 
the formation of solid complexes between the two components. This 
absence of chemical interactions between the drug-excipient pairs on 
fusion, which was reported earlier for polyethylene glycol with griseo- 
fulvin (3) and tolbutamide (29), indicates that I or I1 can only influence 
the dissolution rate of the drugs by altering their surface properties such 
as the surface area or the nature of the drug-water interface. These factors 
were considered in a separate report (8). 
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Abstract 0 The effects.of joining a long-chain ester group with the 
polyethylene glycol molecule were studied in solid dispersion systems 
by comparing the dissolution and solution properties of such systems 
prepared from polyethylene glycol 2000 with those prepared from the 
nontoxic, water-soluble, solid excipient polyoxyethylene 40 stearate. Solid 
dispersion systems of griseofulvin and tolbutamide were prepared by 
physical mixing, fusion, or coprecipitation from ethanol. The compacted 
dispersion systems dissolved by progressive erosion, releasing floccules 
of rnicrocrystals. The released microcrystals of tolbutamide (3-10 pm) 
were smaller than the original drug particles (-20 pm), but those of 
griseofulvin were of similar size to the original particles. In general, the 
rate and extent of release of each drug were greater from polyoxyethylene 
40 stearate than from polyethylene glycol 2000 dispersions. The aqueous 
solubility and dissolution rate of nondisintegrating disks of each pure 
drug increased only slightly in the presence of polyethylene glycol 2000 
but increased considerably with increasing concentration of polyoxy- 
ethylene 40 stearate due to rnicellar solubilization. Thus, polyoxyethylene 
40 stearate generally is superior to polyethylene glycol 2000 in promoting 
the dispersion of the drugs in solids, disintegration of the compacted 
solids, and solubilization of the drugs during dissolution. 

Keyphrases Excipients-polyethylene glycol and polyoxyethylene 
stearate, comparison as excipients for solid dispersion systems of 
griseofulvin and tolbutamide, dissolution and solubility studies 
Polyethylene glycol-comparison with polyoxyethylene stearate as ex- 
cipient for solid dispersion systems of griseofulvin and tolbutamide, 
dissolution and solubility studies 0 Polyoxyethylene stearate-com- 
parison with polyethylene glycol as excipient for solid dispersion systems 
of griseofulvin and tolbutamide, dissolution and solubility studies 

Solid dispersion systems may provide a means of in- 
creasing the dissolution rate and improving the bioavail- 
ability of drugs that are poorly soluble in water (1, 2). 
Polyethylene glycol has proven to be a valuable water- 
soluble matrix material for dispersion systems. In partic- 
ular, the dissolution rate and bioavailability of griseofulvin 
from polyethylene glycol dispersions are greater than those 

of the micronized or microcrystalline drug (2). Chiou (3) 
recently showed that griseofulvin has negligible or very 
limited solid solubility in polyethylene glycol dispersion 
systems, a fact supported by phase equilibrium diagrams 
(4). Chiou (3) suggested that the marked enhancement of 
the dissolution and absorption rates of griseofulvin dis- 
persed in polyethylene glycol primarily is a result of the 
reduced size of the griseofulvin crystals. However, other 
factors, such as increased wettability, solubilization of the 
drug by the carrier at the diffusion layer, and the reduction 
or absence of aggregation and agglomeration, also may 
contribute. 

The formation of solid dispersions of tolbutamide in 
polyethylene glycol polymers also increased the dissolution 
rate of this drug, an effect that has been attributed to the 
formation of a solid solution, the dispersion of the drug in 
a fine state of subdivision, or improved wetting of the drug 
particles (5). However, in previous studies in these labo- 
ratories (4), solid solution formation was not found. 

BACKGROUND 

Esterification of polyethylene glycol (I) with a long-chain n-acyl residue 
such as stearate to form polyoxyethylene stearate, for example, produces 
a nontoxic (6), surface-active macromolecule, which may be a better ex- 
cipient in dispersion systems than the non-surface-active material, I. This 
hypothesis is being tested by comparing the properties of dispersion 
systems of the poorly water-soluble drugs griseofulvin and tolbutamide 
in polyoxyethylene 40 stearate (11) with those in I. A previous report (4) 
showed no evidence of solid solution formation, even with I1 (<I% drug). 
Tolbutamide was more soluble in I1 than in I a t  the same temperature, 
but griseofulvin showed similar solubility in each liquid excipient. 
Griseofulvin with either I1 or I and tolbutamide with I gave monotectic 
systems, which may be considered as eutectic systems where the eutectic 
composition is pure griseofulvin or pure tolbutamide. Tolbutamide with 
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Abstract 0 The effects.of joining a long-chain ester group with the 
polyethylene glycol molecule were studied in solid dispersion systems 
by comparing the dissolution and solution properties of such systems 
prepared from polyethylene glycol 2000 with those prepared from the 
nontoxic, water-soluble, solid excipient polyoxyethylene 40 stearate. Solid 
dispersion systems of griseofulvin and tolbutamide were prepared by 
physical mixing, fusion, or coprecipitation from ethanol. The compacted 
dispersion systems dissolved by progressive erosion, releasing floccules 
of rnicrocrystals. The released microcrystals of tolbutamide (3-10 pm) 
were smaller than the original drug particles (-20 pm), but those of 
griseofulvin were of similar size to the original particles. In general, the 
rate and extent of release of each drug were greater from polyoxyethylene 
40 stearate than from polyethylene glycol 2000 dispersions. The aqueous 
solubility and dissolution rate of nondisintegrating disks of each pure 
drug increased only slightly in the presence of polyethylene glycol 2000 
but increased considerably with increasing concentration of polyoxy- 
ethylene 40 stearate due to rnicellar solubilization. Thus, polyoxyethylene 
40 stearate generally is superior to polyethylene glycol 2000 in promoting 
the dispersion of the drugs in solids, disintegration of the compacted 
solids, and solubilization of the drugs during dissolution. 

Keyphrases Excipients-polyethylene glycol and polyoxyethylene 
stearate, comparison as excipients for solid dispersion systems of 
griseofulvin and tolbutamide, dissolution and solubility studies 
Polyethylene glycol-comparison with polyoxyethylene stearate as ex- 
cipient for solid dispersion systems of griseofulvin and tolbutamide, 
dissolution and solubility studies 0 Polyoxyethylene stearate-com- 
parison with polyethylene glycol as excipient for solid dispersion systems 
of griseofulvin and tolbutamide, dissolution and solubility studies 

Solid dispersion systems may provide a means of in- 
creasing the dissolution rate and improving the bioavail- 
ability of drugs that are poorly soluble in water (1, 2). 
Polyethylene glycol has proven to be a valuable water- 
soluble matrix material for dispersion systems. In partic- 
ular, the dissolution rate and bioavailability of griseofulvin 
from polyethylene glycol dispersions are greater than those 

of the micronized or microcrystalline drug (2). Chiou (3) 
recently showed that griseofulvin has negligible or very 
limited solid solubility in polyethylene glycol dispersion 
systems, a fact supported by phase equilibrium diagrams 
(4). Chiou (3) suggested that the marked enhancement of 
the dissolution and absorption rates of griseofulvin dis- 
persed in polyethylene glycol primarily is a result of the 
reduced size of the griseofulvin crystals. However, other 
factors, such as increased wettability, solubilization of the 
drug by the carrier at the diffusion layer, and the reduction 
or absence of aggregation and agglomeration, also may 
contribute. 

The formation of solid dispersions of tolbutamide in 
polyethylene glycol polymers also increased the dissolution 
rate of this drug, an effect that has been attributed to the 
formation of a solid solution, the dispersion of the drug in 
a fine state of subdivision, or improved wetting of the drug 
particles (5). However, in previous studies in these labo- 
ratories (4), solid solution formation was not found. 

BACKGROUND 

Esterification of polyethylene glycol (I) with a long-chain n-acyl residue 
such as stearate to form polyoxyethylene stearate, for example, produces 
a nontoxic (6), surface-active macromolecule, which may be a better ex- 
cipient in dispersion systems than the non-surface-active material, I. This 
hypothesis is being tested by comparing the properties of dispersion 
systems of the poorly water-soluble drugs griseofulvin and tolbutamide 
in polyoxyethylene 40 stearate (11) with those in I. A previous report (4) 
showed no evidence of solid solution formation, even with I1 (<I% drug). 
Tolbutamide was more soluble in I1 than in I a t  the same temperature, 
but griseofulvin showed similar solubility in each liquid excipient. 
Griseofulvin with either I1 or I and tolbutamide with I gave monotectic 
systems, which may be considered as eutectic systems where the eutectic 
composition is pure griseofulvin or pure tolbutamide. Tolbutamide with 
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I1 gave a eutectic system for which I1 completely dissolved up to 20% of 
the tolbutamide. 

Compound I1 is a surface-active agent with a critical micelle concen- 
tration in water of 0.014% (w/v); I is not surface active. Surface activity 
has long been recognized as a potent factor in enhancing dissolution and 
absorption rates. For example, the addition of a surfactant, v.g., ceto- 
macrogol or lysolecithin, to the dissolution medium increases the disso- 
lution rate of sparingly soluble drugs, such as griseofulvin (7,8), by mi- 
cellar solubilization and improved wettability. Furthermore, the addition 
of aqueous surfactants during recrystallization increases the in uitro 
dissolution of drugs that are poorly soluble in water (9). Since the amount 
of surfactant released is insufficient to increase significantly the solubility 
of the drug in the bulk solution, the presence of the surfactant within and 
outside the crystals might increase the solubility of the drug in the dif- 
fusion layer during dissolution. 

The objective of the present study was to probe the advantages, if any, 
of I1 over I as an excipient for solid dispersion systems of drugs that are 
poorly soluble in water. The drugs studied were griseofulvin and tolbu- 
tamide. In oitro release rates of the drug and the contributing processes 
are compared, and attempts are made to ascertain which factors are in- 
volved. A preliminary account of this work was published previously 
(10). 

EXPERIMENTAL 

Materials-The following materials and drugs were of food or phar- 
maceutical grade and were used as supplied polyoxyethylene 40 stearate' 
(11). polyethylene glycol 20002 ( I ) ,  griseofulvin2, and tolbutamide2. 
Ethanol (95%) was spectroscopic grade. The pH 7 buffer was phosphate 
buffer RP (11). The pH 1 buffer was 0.1 M HCI. All water was double 
distilled from an all-glass still. 

Preparat ion of Dispersion Systems-Physical mixtures, fused 
mixtures, and coprecipitated mixtures of griseofulvin or tolbutamide with 
I or  I1 were prepared as described previously (4). 

Preparation of Solid Compacts-Nondisintegrating disks contained 
250 g of powdered griseofulvin or tolbutamide. For griseofulvin, it was 
necessary to grind up the first disks prepared and to recompress the 
powder, because the initial compression produced flaky or fragile disks. 
Disintegrating disks contained 1 g o f  the dispersion system consisting 
of the drug and the excipient. The disks (13 mm in diameter) were pre- 
pared by compression of powdered materials under vacuum for 5 min in 
a die3 assembly for preparing potassium bromide disks for IR spectro- 
photometry. The load was 10 tons for nondisintegrating disks and 1 ton 
for disintegrating disks, corresponding to compaction pressures of 739 
and 73.9 MN/m2, respectively. 'I'o prevent the dispersion systems from 
sticking to the platen and anvil in the die, small pieces of greaseproof 
paper, used for interleaving membrane filters, were placed between each 
metal surface and the dispersion system. 

Dissolution Ra te  Determination-A modified beaker-stirrer 
method was employed (12). The Pyrex glass beaker had an internal di- 
ameter of 13.8 cm, a height of 20.2 cm, and a capacity of 3 liters. The 
compact was secured to the center of the base of the beaker with a thin 
film of silicon paste, and 2 liters of dissolution medium was added. The 
stirrer motor4, rotating a t  300 rpm, drove a stirrer blade (0.5 X 2.4 cm), 
which was centrally placed 5 cm above the base of the beaker. Samples 
(4 ml) were withdrawn by a syringe fitted with a membrane filter! (pore 
diameter 0.45 pm) and were analyzed by UV spectrophotometrp at 296 
nm for griseofulvin and 228 nm for tolbutamide. The volumes withdrawn 
were not replaced. For this system, the absorbance values of I and I1 a t  
the concentrations released were negligible a t  the A,, values for 
griseofulvin and tolbutamide. The dissolution profiles were repeated and 
good agreement was found. Each point reported is the mean of at  least 
two determinations. 

Solubility Measurements-The solubility of each drug in aqueous 
solution a t  37" was determined by shaking an excess of powdered drug 
with the solvent, sampling the solution by means of a calibrated plastic 
syringe fitted with a membrane filtes (pore diameter 0.45 pm), diluting 
the sample quantitatively, and determining the absorbance by UV 
spectrophotometry6 a t  the A,,,, values. Two equilibration procedures 
were compared. In the first procedure, equilibration was achieved by 

' Myrj 5 2 .  Atlas Chemicals Ltd., Carshalton, Surrey, England. 

:i Soecac. Eneland. 
Hoechst LK Ltd., Milton Keynes, Bucks, England. 
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Figure 1-Solubility ofgriseofuluin in aqueous solutions of I I  ( X i  or 
I ( 0 )  at 37'. 

shaking the solutions in a water bath a t  37' for 3 and 5 days. Identical 
results after each period indicated that equilibrium had been attained. 
In the second procedure, the solid drug was shaken with the solvent in 
a water bath a t  45' for 4 hr and then a t  37' for 24 hr. Both methods of 
equilibration gave identical results. Based on this finding, the second 
method was adopted, because i t  was quicker and less liable to permit 
decomposition of the dissolved drug or the dissolved excipient. 

Surfac.e Tension Measurements-The Du Nouy tensiometer' (13) 
was used, and triplicate readings were taken. 

Viscosity Measurements-Viscosity measurements were taken on 
aqueous solutions of I and I1 using a cone and plate rheomete$. 

Particle-Size Analysis-The particle-size analysis was carried out 
using an electronic particle counterg with 0.9% (w/v) aqueous NaCIlO, 
previously saturated with the drug, as the electrolyte. 

Optical Microscopy-The drug particles released from dispersion 
systems were suspended in water saturated with the drug in question. 
A drop of the suspension on a microscope slide was examined and pho- 
tographed using a light microscope with a camera attachment. 

RESULTS 

Effects of Excipients on Aqueous Solubility of Drugs and on 
Surface Tension and Viscosity of Water-Compounds I and I1 were 
reported by the manufacturers to be miscible with water in all propor- 
tions. This claim was confirmed for the samples purchased. 

Figures 1 and 2 show that the presence of dissolved I or I1 increased 
the solubility of griseofulvin or tolbutamide in water. However, a given 
concentration of I1 brought about a much greater increase in the solubility 
of each drug than did the same concentration of I. For example, griseo- 
fulvin and tolbutamide were more soluble in 0.5% (w/v) I1 than in the 
same concentration of I by factors of about four and two, respectively; 
at the 5% (w/v) level, the factors were even greater (about 12 and five). 

The presence of I or I1 lowered the surface tension of water (Fig. 31, and 
the effect was much greater for 11. The sharp discontinuity in the curve 
for I1 occurs at  the critical micelle concentration (CMC) (0.014% wlv). 
The absence of a discontinuity for I agrees with the fact that it is not a 
surface-active material and is unlikely to form micelles. 

1 Cambridge Instrument Co., Cambridge, England. 
8 Deer rheometer. Integrated Petronics Systems Ltd.. Ixmdon, England 
9 Model TA/l, Coulter Electronics, Harpcnden. England. 

10 Travenol, Thetford, Cambridgeshire, England. 
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Figure 2-Solubility of tolbutamide in aqueous solutions of I1 (X) or 
I ( 0 )  at 37". 

From the negative gradients of the lines in Fig. 3, the surface excesses 
of the excipients were calculated by means of the Gibbs absorption iso- 
therm and were found to be 0.178 and 1.09 moles/m2 for I and 11, re- 
spectively. From these values, the apparent area per molecule of excipient 
at the air-water interface was calculated to be 9.32 nm2 for I and 1.53 nm2 
for 11. 

The viscosity of water (69 cps at  37') was increased by the presence 
of I1 or I. A t  37O, the viscosities were: 1% 11.70 cps; 1Wo (w/v) 11,103 cps; 
1% I, 78 cps; and 10% (w/v) I, 98 cps. The viscosity was an approximately 
linear function of concentration within the 1-10% (w/v) range. 

Dissolution Profiles of Nondisintegrating Disks of Pure  
Griseofulvin and Tolbutamide-The rate and extent of dissolution 
of nondisintegrating disks of griseofulvin (Fig. 4 )  and tolbutamide (Fig. 
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Figure 3-Effect of concentration (log scale) of1  (0) and I I  (X) on the 
surface tension of water at 3 7 O .  

MINUTES 

Figure 4-Dissolution profile of nondisintegrating disks of griseofuluin 
in water (-), aqueous I at 0.1 % (w/u) (0) and 1.0% (w/u) (O) ,  and 
aqueous I1 at 0.1 %, (w/u) (+) and 1.0% (wlu) (X). 

5) in water were reduced by increasing concentrations of I in the disso- 
lution medium but were increased by increasing concentrations of 11. 

Dissolution Profiles of Fused Dispersion Systems-Since just 
molten I1 dissolved up to 20% (w/w) tolbutamide (41, fused mixtures 
containing 10% (w/w) tolbutamide were selected for the preparation of 
compacts for dissolution in water and in pH 1 and 7 buffers. The negli- 
gible solubility of griseofulvin in just molten I1 ( 4 )  suggested that less of 
this drug would be more comparable with the tolbutamide preparations, 
so the fused griseofulvin mixtures chosen contained 2% (w/w) griseo- 
fulvin. 

The compacted preparations disintegrated gradually by progressive 
erosion of the exposed surface, and the compacts of both drugs had dis- 
integrated completely within 30 min. The concentration of drug released 
plateaued (Table I) after 60-120 min at  values close to those corre- 
sponding to 100% release (10 mghiter for griseofulvin and 50 mgfliter for 
tolbutamide). Microscopic examination of the solutions showed the ab- 
sence of drug particles. The amount of drug in the 1-g compacts (100 mg 
of tolbutamide or 20 mg of griseofulvin) was insufficient to saturate the 
dissolution medium (2 liters). 

Table I shows that the initial dissolution rate of griseofulvin (2% w/w) 
from fused dispersions in I1 was similar to that from fused dispersions 
in I, but the initial dissolution rate of tolbutamide (10% w/w) was -45% 
greater from fused dispersions in I1 than from those in I. Thus, the dis- 
solution of tolbutamide from fused dispersions was favored by 11. 

When 1 g of a fused mixture of griseofulvin or tolbutamide with I or 
I1 was added to 100 ml of water, a cloudy or frothy suspension was rapidly 
produced. On standing for a few hours, it gave a clear supernate and a fine 
powder at the bottom of the flask. By microscopic examination, it could 
be seen that, as a eutectic mixture was exposed to water, the excipient 
dissolved in water and a microcrystalline dispersion of the drug in water 
was obtained. After standing, some microcrystals grew to large macro- 
crystals at the expense of the smaller crystals. However, if 1 g was exposed 
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Figure 5-Dissolution profile of nondisintegrating disks of tolbutarnide 
in water (-), aqueous I at 0.1% (wlu) (0) and 0.5% (wIu) (a), and 
aqueous II at 0.1 % (wlu) (+) and 0.5% (wIu) (X). 

to 1 liter or more of water, then no microcrystals or crystals were observed, 
because there was sufficient solvent to dissolve all of the drug from the 
eutectic mixture. 

Dissolution Profiles of Coprecipitated Dispersion Systems-The 
composition of coprecipitated mixtures chosen for the dissolution rate 
analysis was 60% (w/w) griseofulvin or tolbutamide. Thus, 1 g contained 
600 mg of either drug. This composition was a compromise between the 
need for an appreciable dilution of the solid drug and the need for an 
acceptable tablet or capsule weight in an eventual pharmaceutical 
preparation. 

Microscopic examination of the coprecipitated mixtures showed 
agglomerates of micro- and macrocrystals of drug interspersed with the 
excipient. 

In contact with the aqueous dissolution medium, the compacts disin- 
tegrated by progressive erosion of the exposed surface. Small floccules 
of drug crystals were obtained, not a uniform microcrystalline dispersion 
of the drug. The compacted preparation of each drug disintegrated 
completely, leaving no drug particles. 

For a given dissolution medium, the amount of each drug released at  

Table I-Initial Dissolution Rate and Final Mean Concentration 
Attained between 60 and 120 min after Introducing Fused 
Dispersions (1 g) Containing Griseofulvin or Tolbutamide in 
Polyethylene Glycol 2000 (I) or  Polyoxyethylene 40 Stearate (11) 
into Aqueous Solution (2 Liters) 

Initial Dissolution Final Mean 
Rate. Concentration, 

Fused mg/li terjmin mglliter 
Dispersionsystem pH 1 Water pH7 pH 1 Water p H 7  

2% (w/w) Griseofulvin + I 0.62 - 0.52 10.2 - 10.1 
2% (wlw) Griseofulvin + I1 0.53 0.57 0.54 8.1 8.8 8.9 
10% (w/w) Tolbutamide + I 2.66 - 2.83 60.4 - 49.6 
10% (wlw) Tolbutamide + I1 3.96 3.99 4.02 55.7 52.0 51.5 
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Figure 6-Dissolution profiles of coprecipitated dispersions of 
griseofulvin (60% wIw) with I in pH I buffer (0) and pH 7 buffer (e) 
and of griseofulvin (60% wIw) with II in water (e), pH 1 buffer (x), and 
pH 7 buffer (+). 

any given time from a I1 coprecipitate was greater than that from the 
corresponding I coprecipitate (Figs. 6 and 7). The concentration of 
griseofulvin released in neutral dissolution medium reached a plateau 
after 60 min from I1 coprecipitates (Fig. 6). The plateau effect was not 
observed with the tolbutamide coprecipitates; this drug continued to be 
released after 120 min (Fig. 7). The amount of drug incorporated into the 
1-g compacts (600 mg of tolbutamide or griseofulvin) was in excess of the 
amount required to saturate 2 liters of water (the volume of the dissolu- 
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Figure 7-Dissolution profiles of coprecipitated dispersions of tolbu- 
tamide (60% wlw) with I in pH 1 buffer (0) and pH 7 buffer (0)  and 
of tolbutarnide (60% wIw) with II in water (-), pH 1 buffer (X), and pH 
7 buffer (+) . 
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Table 11-Initial Dissolution Rate and Final Mean 
Concentration Attained between 60 and 120 rnin after 
Introducing Coprecipitated Dispersions ( 1  g)  Containing 
Criseofulvin in Polyoxyethylene 40 Stearate (11) into Aqueous 
Solution (2 Liters) 

Initial Dissolution Final Mean 
Rate, Concentration, 

Coprecipitated mg/liter/min mgniter 
Dispersion p H 1  pH7 p H 1  pH7 

12.5% (w/w) Criseofulvin in I1 0.507 0.322 18.2 14.9 
60% (w/w) Griseofulvin in I1 1.22 0.980 16.9 12.9 

tion medium). Therefore, the I1 that was dissolved from the compact was 
solubilizing each drug. 

To test the effect of the griseofulvin concentration, 1-g compacts of 
a coprecipitate containing 12.5% (w/w) of this drug in I1 were studied 
(Table 11). The amount of drug (125 mg) corresponds to a dosage level 
currently administered to patients. The 12.5% (w/w) griseofulvin 
coprecipitates disintegrated completely within 20 min, and microcrystals 
of griseofulvin were found at  the bottom of the beaker after 180 min of 
dissolution. The concentration of drug released between 60 and 120 min 
from coprecipitates containing 1215% (w/w) griseofulvin was much the 
same (-15 mgfliter) as from those containing 60% (w/w) of the drug. 
However, the initial dissolution rate from the 12.5% coprecipitates was 
about one-third of that from the 60% coprecipitates. Thus, a fivefold 
reduction in the concentration of the drug in I1 coprecipitates reduced 
the initial dissolution rate only threefold. 

Changes in Particle-Size Distribution of Drugs before Formu- 
lation and during Disintegration-Fused dispersion systems con- 
taining 2% (w/w) griseofulvin or 10% (w/w) tolbutamide in I1 disintegrated 
rapidly, releasing drug particles whose size distribution was analyzed 
within 2630 rnin of exposure of the dispersion systems to water. Different 
cooling rates of the fused mixtures during preparation of the dispersion 
systems prior to compression might be expected to affect the particle-size 
distribution of the drugs. Comparison of the size distribution of griseo- 
fulvin particles released from the dispersion systems with that of the 
micronized drug originally supplied showed only relatively small dif- 
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SIZE Gm, logscale) 
Figure 8-Particle-size distribution of tolbutamide particles released 
(into electrolyte saturated with tolbutamide) from the original powder 
(A) and from fused mixtures of tolbutamide (10%) in I I  cooled slowly 
in a paraffin bath (B), cooled by natural cooling to 20' (C), cooled by 
refrigeration at 4' (D), and cooled rapidly in solid carbon dioxide to 
-78' (E). 

Figure 9-Micrograph of tolbutamide particles released from a 
coprecipitated dispersion of tolbutamide (10% w/w) and I1 into aqueous 
sodium chloride solution (0.9% w/w)  previously saturated with tolbu- 
tamide ( X 1 0 0 ) .  

ferences, which bore no obvious relationship to the cooling rate. Thus, 
fused-cooled and coprecipitated dispersions released griseofulvin par- 
ticles that were similar in appearance to those of the original (micronized) 
griseofulvin. These particles were difficult to discern under the micro- 
scope. 

Although dispersion in I1 did not reduce significantly the particle size 
of micronized griseofulvin, it did reduce the particle size of commercial 
tolbutamide. Figures 8 and 9 show that the tolbutamide powder supplied 
consisted of particles with a mean diameter of -20 pm or more, and the 
distribution suggests that some particles with a mean diameter of >30 
pm were present, beyond the upper range of the particle counter. Figure 
8 shows that the tolbutamide particles released from the fused and cooled 
dispersion systems in I1 were considerably smaller, with the mean particle 
diameters being 3-10 pm. There were relatively small differences between 

Figure 10-Micrograph of tolbutamide particles from the original 
commercial sample of the drug from which the dispersion systems were 
prepared. The particles were suspended in aqueous sodium chloride 
solution (0.9% w/w) previously saturated with tolbutamide ( X 1 0 0 ) .  

Journal of Pharmaceutical Sciences I 1325 
Vol. 69, No. 11, November 1980 



the size distribution elicited by different cooling rates, but no obvious 
relationships were apparent. The microscopic appearance of the small 
tolbutamide particles released from the fused-cooled dispersion systems 
in I1 was indistinguishable from that of tolbutamide released from 
coprecipitated dispersions in I1 (Fig. 10). The original tolbutamide par- 
ticles clearly were much larger (Fig. 9). 

DISCUSSION 

The presence of I in water exerts little solubilizing action on griseo- 
fulvin (Fig. 1) or tolbutamide (Fig. 2). This finding agrees with a previous 
report (3) on the influence of longer polyoxyethylene molecules (poly- 
ethylene glycol so00) on the solubility of griseofulvin. On the other hand, 
the presence of I1 in water considerably intreases the solubility of both 
griseofulvin (Fig. 1) and tolbutamide (Fig. 2) by a process of micellar 
solubilization (Fig. 3) at I1 concentrations greater than 0.014% (w/v) (the 
critical micelle concentration). This finding agrees with the reported 
influence (14) of various nonionic surface-active agents, including some 
related polyoxyethylene derivatives, on the solubility of griseofulvin. 

The presence of I1 in the aqueous dissolution medium also increases 
the dissolution rate of solid compressed disks of both drugs (Figs. 4 and 
5). The experiments show that micellar solubilization, by increasing the 
drug solubility a t  the solid-liquid interface, plays a major role in in- 
creasing the dissolution rate of the drugs from solid dispersions of 11. 
However, the presence of 0.1-1.0% (w/v) I in the aqueous dissolution 
medium actually reduces the dissolution rate of solid compressed disks 
of griseofulvin or tolbutamide (Figs. 4 and 5). This effect may result from 
the marked increase in viscosity of the aqueous dissolution medium, 
which is brought about by the presence of I. Since the diffusivity of small 
molecules frequently is inversely proportional to the solution viscosity, 
the effect of I suggests that dissolution of both griseofulvin and tolbu- 
tamide is diffusion controlled. The increase in viscosity then would reduce 
the diffusion rate of the drug in the diffusion layer and thereby reduce 
the dissolution rate. Evidently, the marked increase in viscosity (a 12% 
increase is produced by 1% I) more than compensates for the small in- 
crease in the solubility of each drug (increase of -5% produced by 1% 
I). 

Although the viscosity of water is increased by both I1 and I, the effect 
is greater for I a t  low concentrations since the viscosity of water is virtually 
unaffected by the presence of up to 1% 11. Thus, solubilization and vis- 
cosity phenomena both favor I1 over I in promoting dissolution of the 
drugs, whereas viscosity increases actually disfavor solutions of I com- 
pared with pure solvent or buffer solutions (Figs. 4 and 5). This discussion 
readily explains the greater release rate of griseofulvin and tolbutamide 
from coprecipitates with I1 than from coprecipitates with I as the ex- 
cipient (Figs. 6 and 7). The excipients dissolve rapidly due to their high 
solubility in water, and this dissolution creates the conditions in solution 
that influence the dissolution rate. 

The difference between I and I1 as excipients for fused dispersion 
systems was less marked for griseofulvin than for tolbutamide. This result 
is apparent in the dissolution behavior of fused drug-excipient mixtures 
(Table I) and in the phase diagrams of the dispersion systems (4). The 
mean particle size of griseofulvin was changed little by incorporation into 
fused I1 dispersions and subsequent release by dissolution, but that  of 
tolbutamide (Fig. 8) was reduced greatly. These differences may be ac- 
counted for by the low solubility of griseofulvin in each molten excipient 
and by the much greater solubility of tolbutamide in molten I1 than in 
molten I (4). On rapid cooling of a solution, the deposited solute, in this 
case solid tolbutamide, usually has a reduced particle size, because the 
rate of crystal nucleation is increased relative to the rate of crystal growth 
(15). When the dispersion systems are prepared by coprecipitation from 

ethanol, the differences in the dissolution rate between I and I1 as ex- 
cipients are as large for griseofulvin as for tolbutamide (Figs. 6 and 7). 
In these cases, the particles of solid drug are deposited from solution in 
ethanol, and this process is largely independent of the precise nature of 
the excipient. Other factors, particularly solubility in and the viscosity 
of the dissolution medium, then can exert an overwhelming influence. 

The release rate of tolbutamide from dispersion systems in polyeth- 
ylene glycol 4000 or 6000 was found to be greater from coprecipitated 
dispersions than from fused dispersions (7). The state of subdivision, i .e.,  
the total surface area of the drug, seems the most likely explanation for 
differences arising from the method of preparation of the dispersion 
systems. 

Polymorphic changes did not occur in the preparation of the dispersion 
systems (4) and, therefore, cannot be used to explain any of the phe- 
nomena reported here. 

The surface activity of I1 may be advantageous in promoting the bio- 
availability of griseofulvin. For instance, I1 may be capable of acting like 
bile salts, which can solubilize and increase the dissolution rate of 
griseofulvin and other drugs (16-18). In this connection, polyoxyethylene 
40 stearate, like the triglycerides, possesses a fatty acid residue, although 
the ability of triglycerides to increase the bioavailability of griseofulvin 
is claimed to be due solely to enhanced dissolution and not to enhanced 
absorption of the dissolved drug (19). 
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Abstract Two types of controlled-release formulations of propoxy- 
phene hydrochloride, one with a buffer system in the pellet core, were 
studied with regard to intra- and intersubject variations of C,, and T,, 
of propoxyphene as well as propoxyphene plus norpropoxyphene in 35 
volunteers after administration of a single 150-mg dose. Statistically 
significant differences between the formulations in intrasubject variance 
were revealed, and the availability rate of the buffered product showed 
significantly better reproducibility, presumably due to the established 
low'sensitivity of its release rate to the in oitro environment, i .e.,  pH. 

Keyphrases IY Propoxyphene-influence of type of controlled-release 
formulation on drug release, pH dependency 0 Dosage forms, controlled 
release-propoxyphene, influence of type of formulation on drug release, 
pH dependency Release rates-propoxyphene, influence of type of 
controlled-release formulation, pH dependency 

The analgesic a-d-propoxyphene currently is available 
in two types of multiple-unit controlled-release formula- 
tions. One formulation is supported with a buffer system 
in the pellet core (1) to secure a pH-independent drug re- 
lease. The other formulation does not have such a system. 
In vitro studies have shown a pronounced difference in the 
sensitivity of these two formulations to the nature of the 
dissolution medium, particularly its pH (Fig. 1). 

The present study concerns the significance in viuo, in 
terms of intra- and intersubject variations, of these for- 
mulation-related differences in in uitro drug release with 
respect to selected pharmacokinetic parameters. 

EXPERIMENTAL 

Subjects-Thirty-five volunteers [15 females and 20 males, 18-60 
years old (median 24 years old) and 47.4-83.5 kg (median 65 kg)] served 
as test subjects. Prior to the study, the subjects were found to be healthy 
by clinical examination and various laboratory tests, including serum 
creatinine, serum bilirubin, liver enzymes, and hemoglobin. Twenty-four 
subjects were nonsmokers, and 11 were smokers. Four females were taking 
oral contraceptives. Informed consent was obtained from all of the 
subjects. 

Blood Sampling-Venous heparinized blood samples (-20 ml) were 
drawn before (0 hr) and 2,3,4,6,8, and 12 hr after drug administration. 
Immediately after sampling, the plasma was separated by centrifugation 
and frozen a t  -2OO until it was assayed. No deterioration was found with 
storage. 

Assay of Plasma Samples-The plasma concentrations of propoxy- 
phene and norpropoxyphene were measured by a mass fragmentographic 
method (2). The lower detection limit of the method was 4 ng/ml for 
propoxyphene and 3 ng/ml for norpropoxyphene. The coefficient of 
variation was <6%. 

Propoxyphene Products-Seven batches of Formulation A' and two 
batches of Formulation B2 were used. Formulation A (without a buffer 
system) consisted of a sugar core coated with the drug and.a lacquer. 
Formulation B consisted of the drug and a buffer system in a homoge- 
neous core coated with a lacquer (1). The release rate patterns of both 

Diffucap controlled-release propoxyphene (Batches 83602,83606,83612,84150, 

* Repro-Dose controlled-release propoxyphene (Batches 87055 and 87056). A/S 
84154,84403, and 83610). Eurand, Milan, Italy. 

formulations (containing 150 mg of a-d-propoxyphene hydrochloride) 
were designed to yield a controlled, sustained release (Table I). Both 
formulations were supplied in identical red, hard gelatin capsules. 

Dosage gchedule-Except for the contraceptive pill, no drugs were 
allowed for 7 days before the study. During the study, alcoholic beverages 
and smoking were not permitted. 

Subjects fasted overnight before each treatment and were not per- 
mitted to eat until 2 hr after dosing, a t  which time a standardized 
breakfast with 300 ml of fluid was given. During the remaining observa- 
tion period, the ambulatory subjects had free access to fluid and food 
intake and in this respect imitated the clinical situation. Single 150-mg 
doses of controlled-release propoxyphene hydrochloride were adminis- 
tered a t  9 am with 300 ml of tap water. 

Experimental  Designs-The study involving Formulation A was 
performed as an unbalanced, incomplete block design with at  least 7 days 
between dosage days. Each subject received one to three different batches. 
The study involving Formulation B was performed as a nonrandomized 
crossover trial with a t  least 7 days between the two dosage days. 

Calculations and  Statistical Analyses-The peak plasma concen- 
tration (CmaX) and the time to the peak concentration (TmaX) of pro- 
poxyphene and propoxyphene plus its major metabolite, norpropoxy- 
phene, were used as dependent variables in the statistical analyses. 

The intra- and intersubject variations, expressed as the variances in 
the variance components model (Eq. l), were estimated using the stan- 
dard computer program GLIM (3). T o  estimate intersubject variance 
corrected for interbatch variation and the standard errors of these pa- 
rameters, the method described by Searle (4) was applied to the data 
obtained for Formulation A. The estimation was straightforward in the 
balanced design for the study involving Formulation B. 

A comparison between formulations was made by standard variance 
ratio F tests for intrasubject variance and by an approximate variance 
ratio test (5) for intersubject variance. For each formulation, the variation 
of each dependent pharmacokinetic characteristic ( y , )  is expressed 
by: 

YLj = P + 7 r l  + P j  + €1) (Eq. 1) 

for subject i receiving a dose from batch j ,  where T,. PI, and are the 
values of the independent, normally distributed, random variables with 

Table  I-Dissolution Test (pH 1.2 USP Buffer excluding 
Enzymes) of Controlled-Release Propoxyphene of Different 
Batches of Formulations A * and  B (n = 4)  

~ 

Mean (*SD) Amount of Propoxyphene 
Released, mg 

Within Within Within 
Batch 1 hr 2 hr 6 hr 

83602" 
83606" 
83612O 
84150" 
84154" 

47 (3.0) 79 (2.7) 140 (6.3) 
142 (4.2) 56 (4.2) 89 (4.9) 

49 (1.5) 89 (5.0) 153 (7.5) 
49 (3.6) 86 (1.6) 155 (6.3) 
52 (3.5) 87 (5.7) 132 (9.9) 

84403" 60 (5.2) 91 (5.2) 136 (3.6) 
83610° 50 (5.0) 77 (3.9) 134 (3.5) 
Average 51.9 85.4 141.7 
(Pooled estimate) (3.5) (4.4) (6.3) 

132 (1.2) 87055 57 (3.2) 91 (1.7) 
87056 60 (2.0) 91 (1.7) 132 ii.2j 
Average 58.5 91.0 132.0 
(Pooled estimate) (2.7) (1.7) (1.2) 

Alfred Benzon, Copenhagen, Denmark. 

0022-3549l80l1100-1327$01.00/0 
@ 1980, American Pharmaceutical Association 

a Diffucap. b Repro-Dose. 
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Figure 1-The p H  dependency of drug release from Formulation A 
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zero means and variances and are the intersubject, interbatch, and in- 
trasubject variance components, respectively. 

The intrasubject variance results from differences in the response from 
the same subject a t  different times, but it also is due to subject-batch 
interactions, to intrabatch variation, and to errors of measurement. The 
different kinds of variation cannot be separated further on the basis of 
the existing data. 

The fit of the model was assessed with a normal probability plot of 
residuals in the case where C,, was the dependent variable. 

Since TmaX is a discrete variable and thus is in disagreement with the 
normality assumption of the model, i t  is irrelevant to test the fit of the 
model in this case. For the same reason, the variance ratio F test used for 
comparison of the intersubject variance must be considered as an ap- 
proximate test with T,,,. 

Dissolution Procedure-The cumulative release of propoxyphene 
was determined at 1,2, and 6 hr by means of the NF  XIV rotating-bottle 
procedure (6), which was modified to maintain a constant pH during the 
dissolution test and to include only one measurement per dosage unit. 
The rotation speed was 30 f 1 rpm, and the dissolution medium was 25 
ml of sulfate buffer at pH 1.2 or 2.0 or citrate buffer a t  pH 4.5, thermo- 
stated a t  37 f 0.1O. The amount of propoxyphene released was deter- 
mined by measuring the absorbence a t  257 nm (Table I). 

0 
a 
: l o -  

RESULTS 

Batch Testing la V i t r G T h e  release rate pattern of each batch was 
analyzed (Table I) and found to be in compliance with the specifications 
for the products, i.e., at least 90% of the capsules released an amount of 
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Figure 2-Individual peak concentrations of propoxyphene after ad- 
ministration of 150 mg of propoxyphene hydrochloride from a batch of 
Formulation A or B. The symbol 2 indicates equal C,,, values obtained 
with different batches; * represents an  outlier. 

propoxyphene within 60 f 15 mg a t  1 hr, 93 f 20 mg a t  2 hr, and 132 f 
20 mg a t  6 hr. The release data were normally distributed. Both products 
released 100% of the propoxyphene within 10 hr. 

The observed intrabatch standard deviation for Formulation B was 
statisbically significantly lower a t  2 (p < 0.05) and 6 (p < 0.001) hr than 
the standard deviation for Formulation A (Table I). 

p H  Dependency In V i t r c r T h e  amount of propoxyphene released 
after 1 hr was tested at pH 1.2,2.0, and 4.5 (Fig. 1). The sensitivity to the 
pH of the dissolution medium was pronounced for Formulation A, 
ranging from 40 to 10% of drug released a t  pH 1.2 and 4.5, respectively. 
In contrast, virtually no pH-dependent change in released propoxyphene 
was observed with Formulation B. 

Outliers-Three subjects (A5, A17, and B31) were outliers with re- 
spect to specific values of C,,, and TmaX since the normality assumption 
of the variance components model (Eq. 1) for these values was not met 
(Table 11). In the statistical tests involving these parameters, as well as 
for consideration of the ranges (Figs. 1-4), outliers were excluded. No 
clinical reasons or connection to the smoking or taking of contraceptive 
pills by the subjects could be applied to the outliers. 

Plasma Propoxyphene-The peak concentration of propoxyphene 
displayed a considerable within-subject variation, with the widest range 
being 61-123 ng/ml after administration of Formulation A compared to 
a variation of 107-130 ng/ml after administration of Formulation B (Fig. 
2). Total variation, including intra- and intersubject variations, ranged 
from 32 to 123 ng/ml after administration of Formulation A and from 40 
to 134 ng/ml after administration of Formulation B (Fig. 2). 

Table 11-Comparison of Formulations A and  B * with Respect t o  Residual Variance (Intrasubject Variance) 

Formulation A Formulation B 
Residual Residual Variance Outliers: Formulation, 
Variance, Variance, Ratio, 

Parameter n e / m 1 D F  nez/rnP DFC A/B 
Subject, 
Value 

Propoxyphene Cmax 226.0 14 76.9 7 2.9 NSd A, 5,433 
A, 5,224 
B, 31,274 

T m a x  2.9 14 0.4 8 6.8 (p < 0.01) A, 17, 12e 
Propoxyphene plus Cmax 1242.1 14 185.7 7 6.7 (p  < 0.01) A, 5,588 

norpropoxyphene Tmax 4.5 14 0.4 8 11.9 (p < 0.001) B, 31,432 

a Diffucap. b Repro-Dose. c Subject 33 was excluded due to a missing blood sample 4 hr after ingestion of Batch 87056. Not significant. Or later. 
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Figure 3-Individual time to peak concentrations of propoxyphene 
after administration of 150 mg of propoxyphene hydrochloride from a 
batch of Formulation A or B. The symbol 2 indicates equal T,,,,,* values 
obtained with different batches; * represents an outlier. 

The maximum range of T,,, within a subject was 4 hr or more after 
ingestion of Formulation A and only 2 hr after ingestion of Formulation 
B (Fig. 3). 

In total, the time to the peak concentration ranged from 3 to 8 hr and 
from 2 to 6 hr after ingestion of Formulations A and B, respectively (Fig. 
3). 

Comparison of the two types of controlled-release products with respect 
to intrasubject variation showed a statistically significantly ( p  < 0.01) 
lower variance of T,,,, with a variance 6.8 times greater after adminis- 
tration of Formulation A than after Formulation B (Table 11). With re- 
spect to C,,., the difference in the intrasubject variation between the 
two formulations was less pronounced; the variance ratio between For- 
mulations A and B was 2.9 but was not statistically significant (Table 11). 
The difference between the two formulations with respect to intersubject 
variations in C,,, and T,,, also was not statistically significant. 

Propoxyphene plus Norpropoxyphene-As with propoxyphene, 
the amount of propoxyphene and its major metabolite, norpropoxyphene, 
displayed a pronounced intrasubject variation in C,,,, reaching a max- 
imum of 193-313 ng/ml and of 259-305 ng/ml after administration of 
Formulations A and B, respectively (Fig. 4). Overall, the peak concen- 
trations ranged from 134 to 355 ng/ml after ingestion of Formulation A 
and from 184 to 311 ng/ml after administration of Formulation B (Fig. 
4). 

The maximum range of T,,, within a subject was >8 hr after admin- 
istration of Formulation A and only 2 hr after administration of For- 
mulation B (Fig. 5). The total ranges of T,, were from 3 to 12 hr or more 
and from 3 to 6 hr after ingestion of Formulations A and B, respectively 
(Fig. 5). 

Compared to Formulation €3, the intrasubject variances of C,,, and 
T,, were statistically significantly ( p  < 0.01) larger after administration 
of Formulation A by factors of 6.7 and 11.9, respectively (Table 11). 

As in the case of propoxyphene alone, no statistically significant dif- 
ference in the intersubject variance components for C,,, and Tmnx of 
propoxyphene plus norpropoxyphene was found. 

DISCUSSION 

No statistically significant difference was found in either the intra- or 
intersubject variation of Cmax of propoxyphene after administration of 
the two formulations, although the intrasubject variance ratio between 
Formulations A and B was 2.9 (Table 11). 

The total range, including the intra- and intersubject variations, of 
Cmax of propoxyphene showed a threefold variation (Fig. 2), which was 
a narrower range compared to the one observed after ingestion of plain 
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Figure I-Individual peak concentrations of propoxyphene plus nor- 
propoxyphene after administration of 150 mg of propoxyphene hy- 
drochloride from a batch of Formulation A or B. The symbol 2 indicates 
equal C,,, values obtained with different batches; * represents an 
outlier. 

propoxyphene products, where C,, values showed five- to 10-fold ranges 
(2,7-9). Hence, the C,,, value of propoxyphene for the two controlled- 
release formulations seems to be subject to a significantly smaller in- 
tersubject variation compared to plain products, contrary to what usually 
is assumed (10). This finding indicates that with controlled-release 
products, an optimal effect might be obtained by a standard dose regimen 
with a minimized risk of toxic peak concentrations of propoxyphene. 
Because single-dose studies are not always applicable to multiple-dose 
conditions, i .e.,  the clinical situation, this assumption has to be con- 
firmed. 

Among the physiological factors that may influence the bioavailability 
of a drug from an oral, controlled-release dosage form are the gastric 

0 5 1 0  15 20 25 
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Figure 5-Indiuidual time to peak concentrations of propoxyphene 
plus norpropoxyphene after administration of 150 mg of propoxyphene 
hydrochloride from a batch of Formulation A or B. The symbol 2 indi- 
cates equal T,,, values obtained with different batches; * represents 
an outlier. 

Journal of Pharmaceutical Sciences I 1329 
Vol. 69, No. 11, November 1980 



emptying time, intestinal motility, surface area, specific absorption site, 
blood flow, and first-pass metabolism (11,12). The influence of the gastric 
emptying time and intestinal motility on intra- and intersubject varia- 
tions in the rate and extent of availability largely can be avoided by the 
use of multiple-unit, controlled-release dosage forms (11, 13). These 
dosage forms are comprised of subunits, e.g., pellets or microencapsulated 
crystals, that are dispersed and distributed throughout the GI tract when 
the capsule or tablet disintegrates (14). 

In the present single-dose study dealing with intra- and intersubject 
variations in the rate of availability, both formulations were multiple-unit 
dosage forms, but they showed a highly significant difference in release 
properties with respect to pH dependency (Fig. 1). When a multiple-unit 
dosage form is under consideration, the importance of pH dependency 
is expected to be closely related to the pharmacokinetic characteristics 
of the drug (i.e., saturable or with an absorption rate-dependent first-pass 
metabolism) since the influence of gastric emptying on intra- and in- 
tersubject variations can be eliminated. However, corroboration of such 
suggestions is not obtained easily from the literature. 

The intrasubject variance of Cmax of propoxyphene plus norpropoxy- 
phene was significantly lower ( p  < 0.011, by factor of 6.7, after adminis- 
tration of Formulation B (Table 11). The rate of appearance of norpro- 
poxyphene in the circulation is a function both of the absorption rate of 
propoxyphene and of its N-demethylation. Because the highest intra- 
subject variance was observed after ingestion of the formulation whose 
drug release was most sensitive to the pH of the environment, i .e.,  For- 
mulation A (Fig. l), the possibility of an absorption rate-dependent 
first-pass metabolism cannot be excluded. 

With respect to T,, of both propoxyphene and propoxyphene plus 
norpropoxyphene, a significantly (p < 0.01) lower intrasubject variance, 
by factors of 6.7 and 11.9, respectively, was observed after ingestion of 
Formulation B (Table 11). Expressed in terms of intrasubject ranges, 
identical ranges, ie., 2 hr for both parameters, were observed after ad- 
ministration of Formulation B. In contrast, the ranges observed for 
Formulation A were larger and not the same; the ranges were 4 and 8 hr 
or more, respectively (Figs. 3 and 5). The greater reproducibility of the 
rate of availability after administration of Formulation B can be ascribed 
directly to its lower sensitivity to the surrounding pH with respect to drug 
release. Thus, the significance of the type of controlled-release formu- 
lation with regard to minimizing the intrasubject variance in Cmax and 
T,,, has been demonstrated. 

Clinically, increased predictability of the time of onset of action pre- 
sumably is the primary advantage of the improved reproducibility of the 

plasma concentration pattern with Formulation B compared to For- 
mulation A. 
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Abstract  0 Hydrolytic reactions of nimetazepam and nitrazepam in 
acidic solutions a t  body temperature were studied spectrophotometri- 
cally. The open-ring compounds produced by hydrolysis were in equi- 
librium with the corresponding closed-ring compounds (protonated 
nimetazepam and nitrazepam). Forward-reaction rate constants of both 
drugs were greater than the rate constant of diazepam. In nimetazepam, 
the forward-reaction rate constant was smaller than the reverse-reaction 
rate constant; in nitrazepam, the reverse-reaction rate constant was much 
smaller than the forward-reaction rate constant, and possible amide bond 
cleavage was indicated. The activation energies of the forward and reverse 
reactions of nimetazepam and the forward reaction of nitrazepam were 
calculated from Arrhenius-type plots, whereas no clear temperature 
dependency was observed in the reverse-reaction rate constant of ni- 
trazepam. The effect of pH on these reactions also was examined. In 
addition, the pKa values of nimetazepam and nitrazepam were calculated 
to be 2.53 and 2.77, respectively. 

Keyphrases 0 1,4-Benzodiazepines-nimetazepam and nitrazepam, 
kinetics and mechanisms of reversible hydrolysis Nimetazepam- 
kinetics and mechanisms of reversible hydrolysis, pKa determination 

Nitrazepam-kinetics and mechanisms of reversible hydrolysis, pKa 
determination Hydrolysis-nimetazepam and nitrazepam, kinetics 
and mechanisms, reversible reaction 

The hydrolytic cleavage of benzodiazepines has been 
considered to take place only at elevated temperatures 
(1-4). On the other hand, pyrazolodiazepinones have been 
shown to be hydrolyzed easily at ambient temperatures (5). 
During permeation studies of benzodiazepines at 30°, 
chemical changes of some benzodiazepines were noted in 
the receptor solution, which was kept acidic (6). This ob- 
servation prompted a kinetic investigation of the hydro- 
lytic reaction in acidic media at 37O, and the results indi- 
cated that diazepam undergoes reversible ring-opening 
reactions at  its azomethine bond, even at 37" (7). 

Since reactions of drugs in acidic media may cause errors 
in the measurement of dissolution rates in acidic dissolu- 
tion media and also may influence absorption from the GI 
tract following oral administration of acid-labile drugs, it 
is worthwhile to examine the relationship between the 
chemical structures of benzodiazepines and the rate and 
extent of hydrolytic reactions. The present report com- 
pares the rate constants of nimetazepam (N-methylni- 
trazepam) and nitrazepam with the rate constant of di- 
azepam (7) and relates the different rate constants to 
structural differences. 

EXPERIMENTAL 

Materials-Nimetazepam', nitrazepam2, 2-glycylamino-5-nitro- 
benzophenone hydrochloride2, and 2-amino-5-nitrobenzophenone' were 
used as received, and their identity and purity were verified by their NMR 
spectra. Chloroform and ethanol were distilled prior to use. Other 
chemicals were reagent grade3 and were used without further purifica- 
tion. 
~ 

Pharmaceutical Division, Sumitomo Chemical Co., Osaka, Japan. * Nippon Roche K.K.,  Tokyo, Japan. 
3 Wako Pure Chemical Industries, Osaka, Japan. 

Kinetic Studies-The kinetic studies of the hydrolysis of nime- 
tazepam and nitrazepam were carried out spectrophotometrically. De- 
tailed procedures were given previously (7). For experiments a t  pH 2.2, 
2.8, 3.3, and 7.4,O.l M citric acid-0.2 M NaZHP04 or 0.1 M phosphate 
buffers were used. 

By employing the molar absorptivity of nimetazepam, nitrazepam, the 
chloroform-unextractable species from nimetazepam, and P-glycylam- 
ino-5-nitrobenzophenone, the concentration of each species was com- 
puted from the observed absorbance in the UV spectra. The forward- and 
reverse-reaction rate constants ( k f  and k,) for the reversible first-order 
reactions were obtained from (8): 

P - P ,  k f + k r t  
Po- P ,  2.303 

I o g L =  -- 

where PO, Pt ,  and P ,  are the concentrations or fractions of unreacted 
nimetazepam or nitrazepam at time zero, t ,  and infinity, respectively, 
and Keq is an equilibrium constant. 

Separate determinations of protonated nimetazeparn and the chlo- 
roform-unextractable species in the kinetic studies in the constant- 
temperature bath and partition kinetic experiments were carried out as 
reported previously (7). 

Determination of pKa of Nimetazepam and  Nitrazepam-Stock 
solutions of nimetazepam and nitrazepam in ethanol were diluted with 
0.1 N HCI, pH 7.4 phosphate buffer, and 1 M sodium acetate-1 N HCI 
of a t  least seven pH values around pH 2.5 and 2.7, respectively. The ab- 
sorbance of the diluted solutions was measured quickly a t  280 nm to 
minimize errors due to changes in the chemical species by hydrolysis. The 
pKa values were calculated according to the standard spectrophotometric 
method (9). 

RESULTS 

Na tu re  of Reaction and Properties of Reaction Products of 
Nimetazepam-The spectral change of nimetazepam in 0.1 N HCI at 
37" is shown in Fig. 1. Following chloroform extraction of the acidic so- 
lution of nimetazepam that had equilibrated for >210 min, the spectrum 
of the aqueous layer was quite different from that of the equilibrated 
solution (before extraction). This observation indicates the presence in 
the equilibrated solution of at least two species that differed markedly 
in their partition coefficients. 
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Figure 1-Typical spectral changes due to the hydrolysis of 4.26 X 
M nimetazepam in 0.1 N HCl at 37". Absorbance at 280 nm decreased 
with time [measured at 0,5,15,30,60,W, and 210 ( m )  min]. 
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I MINUTES 

WAVELENGTH, nm 

Figure 2-Typical spectral changes due to the ring-closure reaction 
of the chloroform-unextractable species a t  4.19 X M formed from 
nimetazepam in 0.1 N HCl saturated with chloroform a t  37O. Absorb- 
ance a t  280 nm increased with time [measured a t  0,5,15,30,50,80,120, 
and 240 (a) rnin]. 

Since nimetazepam was extracted quantitatively into chloroform im- 
mediately after acidification of the aqueous nimetazepam solution, 
protonated nimetazepam was shown to be chloroform unextractable. The 
species that remained in the aqueous solution after chloroform extraction 
was essentially unextractable with chloroform since a second extraction 
did not significantly affect the spectrum of the aqueous layer. 

The reversible nature of the reaction was demonstrated by the for- 
mation of protonated nimetazepam from the chloroform-unextractable, 
species. A spectrum of this species with a A,,, value of 259.5 nm, which 
was taken immediately following extraction (Fig. 2,O min), changed with 
time to give a spectrum (Fig. 2,240 min) that was quite similar to that 
of the equilibrium mixture starting from protonated nimetazepam (Fig. 
1,210 min). The spectrum in the equilibrium state changed quickly to 
that of nimetazepam when the pH value of the medium was raised to pH 
7.4 by the addition of 2.5 and 0.0025 N NaOH and pH 7.4 phosphate 
buffer. In addition, a spectrum of the species extracted with chloroform 
from the equilibrated mixture starting from the chloroform-unextractable 
species was identical to that of nimetazepam extracted with chloroform 
From an acidic solution of nimetazepam immediately after dilution of the 
stock nimetazepam solution. Figure 3 depicts the changes in the con- 
centration of both species obtained by separate determinations of each 
species. An approach to and eventual attainment of the equilibrium are 
apparent. 

Results of the partition kinetics experiments are shown in Fig. 4. An 
essentially first-order decrease in the amount of the chloroform-unex- 
tractable species indicates that nimetazepam is removed from the system 
as s w n  as it is formed and that the reaction can go to completion. This 
process may be used to synthesize nimetazepam from the chloroform- 
unextractable species in aqueous solutions. Since all of the chloroform- 
unextractable species was converted to nimetazepam, the reaction is 
quantitatively reversible. 

Na tu re  of Reaction and Properties of Reaction Products of Ni- 
trazepam-The spectral change of nitrazepam in 0.1 N HCI a t  3 7 O  (Fig. 

I 
0 100 200 300 

MINUTES 
Figure %,Separately determined concentrations of protonated ni- 
metazepam (0) and the chloroform-unextractable species (0) for the 
hydrolysis of 8.29 X M nimetazeparn in 0.1 N HCl a t  37'. 

-0.8 1 
Figure 4-Changes in absorbance (A) with time of the chloroform- 
unextractable species in the aqueous layer (0.1 N HCL) in the partition 
kinetics experiment using chloroform a t  37'. Nimetazepam solution 
(1.36 X lO-'M) was incubated in 0.1 N HCl a t  37' for 5.5 hr prior to the 
partition experiment. 

5) differed from the changes of nimetazepam and diazepam. Although 
the isosbestic points of nitrazepam in Fig. 5 were observed initially at  251 
and 363 nm (not shown), they gradually moved to 252 and 346 nm after 
incubation for 11 hr, and the spectral change continued for >29 hr. Ap- 
pearance of a new A,,, a t  358 nm when the test solution was incubated 
for 18 days a t  3 7 O  indicates formation of a benzophenone derivative, 2- 
amino-5-nitrobenzophenone, which was produced by hydrolysis of both 
the azomethine and amide bonds of nitrazepam. Authentic 2-amino-5- 
nitrobenzophenone has a A,,, a t  362 nm. 

A spectrum obtained from an equilibrated solution of authentic 2- 
glycylamino-5-nitrobenzophenone, an opened form of nitrazepam, with 
an original A,,, of 263.5 nm was quite similar to that of the test solution 
incubated for 11 hr (protonated nitrazepam) (Fig. 5 , l l  hr). In addition, 
a spectrum of the equilibrated nitrazepam in 0.1 N HC1 rapidly changed 
to that of nitrazepam by the addition of 2.5 and 0.0025 N NaOH and pH 
7.4 phosphate buffer. This result indicates the reversibility of the reaction 
of nitrazepam in the acidic solution. 

Although a quinazoline derivative with a A,,, at -295 nm in 0.1 N HCI 
was reported to be produced by incubation of nitrazepam in 0.1 N HCI 
a t  90° for 28 hr (2), no increase in absorbanFe at 295 nm was noted in the 
spectrum of nitrazepam (Fig. 5). Furthermore, Fig. 5 has an isosbestic 
point at 251 nm. This observation indicates that this reaction is essentially 
one step. Therefore, ring contraction upon closure to quinazoline may 
be negligible under mild conditions. 

S t r u c t u r a l  Assignment of Chloroform-Unextractable 
Species-Similar to the case of diazepam, although definite identifica- 
tion of the chloroform-unextractable species from nimetazepam is yet 
to be achieved, the ohservations discussed earlier ruled out 2-methyl- 
amino-5-nitrobenzophenone, which is not expected to be cyclized, as the 

1.01 

0 . 8 .  

w 
y 0.6 

2 a 
rn a 0.4 

6 

250 300 360 

Figure 5-Typical spectral changes due to the hydrolysis of 4.1 I X 
M nitrazepam in 0.1 N HC1 a t  370. Absorbance a t  277 nm decreased with 
time (measured a t  0,0.67, 1.5,2.5,3.5,5, 7,9,13, 18, and 27 hr). 
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Table I-Rate Constants of Ring-Opening and  Ring-Closure 
Reactions Estimated by Four  Procedures  

Rate Constant a t  
37', hr-I 

Ring Ring 
Estimqtion Procedure Opening Closure 

2 4 6 8 
HOURS 

M nitrazepam (A) in 0.1 N HC1 a t  37'. 
Figure 6-Plots according to Eq. 1 for 4.26 X 
and 4.1 I X 

M nimetazeparn (@) 

chloroform-unextractable species. Since assignment of an open-ring 
compound a t  the azomethine bond as the structure of the chloroform- 
unextractable species did not contradict any spectrophotometric and 
partition characteristics of the species, 2-glycyl(methyl)amino-5-ni- 
trobenzophenone was tentatively assigned to the chloroform-unex- 
tractable species. 

In nitrazepam, the same reaction as for diazepam and nimetazepam 
is likely to take place initially, but an additional hydrolysis of the amide 
bond to produce 2-amino-5-nitrobenzophenone seems to occur, as judged 
from spectral changes. 

As with diazepam, the chloroform-unextractable species could not be 
isolated as such from aqueous solutions because of the reversible nature 
of the reaction in 0.1 N HCI and because they are rapidly cyclized to form 
nimetazepam and nitrazepam a t  pH values above their pKa values. Thus, 
any attempt to extract the ionized form of the chloroform-unextractable 
species into organic solvents after neutralization failed. 

Quantitative Aspects-The linear relations were obtained in plots 
according to Eq. 1 (Fig. 6 ) .  The reversible first-order reactions with re- 
spect to nimetazepam and nitrazepam are indicated. Reaction rate con- 
stants calculated for nimetazepam according to Eqs. 1 and 2 are recorded 
in Table I. Although the general magnitude of the rate constants rea- 
sonably agreed, they differed somewhat from each other depending on 
the experimental method employed. In any case, both the forward- and 
the reverse-reaction rate constants of nimetazepam were greater than 
those of diazepam (7), and the rate constant of ring closure was greater 
than that of the ring-opening reaction. The former observation was at- 
tributed to a greater effect of the nitro group than the chloro group on 
the reactivity. The latter observation indicates a greater concentration 
of the closed-ring compound (protonated nimetazepam) than the open- 
ring compound in the equilibrium state at 37'. 

Effect of Temperature-The rate constants a t  25,50, and 61' for 
nimetazepam and at 25 and 50" for nitrazepam were calculated from 
spectral changes similar to those a t  37". Arrhenius-type rate constant 
uersus temperature plots for nimetazepam (Fig. 7) indicate that the re- 
verse-reaction rate constants of nimetazepam were greater than the 
forward-reaction rate constants below 50' and that the former constant 
was smaller than the latter constant a t  temperatures above 50'. This 
result indicates a greater concentration of the open-ring compound than 
the closed-ring compound (protonated nimetazepam) a t  equilibrium a t  
temperatures above 50". 

In nitrazepam, the rate constants of the reverse reaction at 25,37, and 
50° were much smaller than those of the forward reaction and were within 
the range of experimental error; therefore, no clear dependency of the 
reverse-reaction rate constants on temperature was noted. The activation 
energies (mean f S E )  calculated were 16.1 f 0.3 and 11.7 * 0.8 kcal/mole 
for the forward and reverse reactions of nimetazepam, respectively. These 
values were smaller than corresponding values in diazepam (7). The ac- 
tivation energy (mean f S E )  for the forward reaction of nitrazepam was 
17.2 f 2.1 kcal/mole. 

Effect of pH-Preliminary studies indicated that spectral changes 

Spectral change starting from protonated 0.61 0.82 

Spectral change starting from chloroform- 0.53 0.91 

Assay of nimetazepam extracted into chloroform 0.45 0.74 

Decrease in absorbance in aqueous layer during - 0.61 

nimetazepam (Fig. 1) 

unextractable species (Fig. 2) 

layer (Fig. 3) 

partition kinetics experiments (Fig. 4) 

similar to those shown in Figs. 1 and 5 took place in the buffers a t  pH 2.2 
and 3.3 for nimetazepam and a t  pH 2.8 for nitrazepam. However, the 
changes in absorbance were smaller than those in 0.1 N HCI, indicating 
that the reactions proceeded to a lesser extent. At pH values higher than 
the pKa values of nimetazepam and nitrazepam, little change in the ab- 
sorbance with time was observed. As already indicated, open-ring com- 
pounds, once formed in the acidic solutions, reverted back to nime- 
tazepam and nitrazepam when the pH values of the media were in- 
creased. 

pKa Values of Nimetazepam and Nitrazepam-The calculated pKa 
values were 2.53 for nimetazepam and 2.77 for nitrazepam. The latter 
value is smaller than the reported pKa value (3.2) of nitrazepam (10). 

DISCUSSION 

At body temperature, the reversible reactions involving hydrolysis of 
4,5-azomethine bonds of nimetazepam and nitrazepam are expected to 
take place. The result that  the forward-reaction rate constant of nime- 
tazepam is greater than that of diazepam may be explained by the lower 
electron density of the A-ring of nimetazepam (nitrobenzene group) 
caused by the higher electron-withdrawing tendency of the nitro group 
in nimetazepam relative to that of the chlorine in diazepam. The same 
mechanism may be applicable to the acidic hydrolysis of m-nitrobenzoate, 
which was hydrolyzed faster than m-chlorobenzoate to the same degree 
(11). 

The result that  the forward-reaction rate constant of nimetazepam is 
greater than that of nitrazepam may be explained by the higher electron 
density of the A-ring of nitrazepam caused by the delocalization of the 
lone electron on the amide nitrogen. In nimetazepam, the lone electron 
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Figure 7-Arrhenius-type rate constants of ring-opening (@) and 
r ingdosure (0) reactions of nimetazepam and ring-opening (A) re- 
action of nztrazeparn in 0.1 N HCl. 
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on the amide nitrogen is fixed by the methyl group. This difference is not 
unique in nimetazepam and nitrazepam because the same trend was 
observed with diazepam and desmethyldiazepam. Diazepam in acidic 
solution reached equilibrium after incubation for 11 hr (7), whereas 
desmethyldiazepam in acidic solution did not reach equilibrium, even 
after incubation for 210 hr4. 

Since further hydrolysis of the amide bond of the chloroform-unex- 
tractable species from nitrazepam to 2-amino-5-nitrobenzopbenone is 
expected to be irreversible, such a hydrolysis in the stomach may reduce 
the amount of the chloroform-unextractable species that reverts back 
to the original drug and then is absorbed from the intestine. However, 
since the irreversible hydrolysis of the amide bond of nitrazepam proceeds 
only at a slow rate, it is not expected to affect the bioavailability of orally 
administered nitrazepam. The rate constant of formation of 2-amino- 
5-nitrobenzophenone was not determined in the present study. However, 
the magnitude of this rate relative to that of the reverse-reaction rate, 
the dissolution rate of the drug in the stomach, the forward-reaction rate 
constant, and the stomach-emptying rate is expected to affect the bio- 
availability of nitrazepam. 

Based on the experimental data obtained in the present i n  vitro study, 
it  may be postulated that after administration of dosage forms of nime- 
tazepam and nitrazepam, some nimetazepam and nitrazepam dissolved 
in the stomach is hydrolyzed to the open-ring compounds because of the 
acidic pH of the stomach contents. When the open-ring compounds 
empty from the stomach to the intestine, they are expected to revert back 
to the parent drugs upon increase in the pH value of the media. Therefore, 
there can be little loss in drug bioavailability. 
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Abstract Isomers of distamycin A and tripyrrole congocidine con- 
taining 2,5-disubstituted pyrroles were synthesized along with distamycin 
and congocidine homologs containing a single pyrrole ring. Selected 
compounds were evaluated for their cytotoxicity and antiviral activity. 
All of the tripyrrole derivatives tested in this series were nontoxic but 
were less active than distamycin A. The monopyrrole derivative, N -  
methyl-5-nitropyrrole-2-carboxamido-~-propionamidine hydrochloride, 
was nontoxic and was almost as active antivirally as distamycin A. 
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Distamycin A (I), a basic oligopeptide antibiotic isolated 
from the fermentation medium of Streptomyces distalli- 
cus (l), has interesting antibacterial (2) and antiviral ac- 
tivities. As an antiviral drug, distamycin A inhibits the 
multiplication of DNA viruses and certain retroviruses 
(3-7). The mechanism of its antiviral activity is believed 
to be related to its ability to bind to single- and double- 
stranded DNA molecules, with a particularly high affinity 

for adenine-thymine-rich DNA sequences. Subsequent 
formation of a DN A-distamycin A complex destroys the 
DNA molecule, which serves as a template for the enzyme 
DNA polymerase (3-7). Distamycin A has been used 
clinically in cases of herpes virus infections (8). 

Distamycin A belongs to a group of compounds known 
as pyrrole amidine antiviral antibiotics. Another member 
of this group is congocidine (netropsin, 11) (6, 7). This 
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on the amide nitrogen is fixed by the methyl group. This difference is not 
unique in nimetazepam and nitrazepam because the same trend was 
observed with diazepam and desmethyldiazepam. Diazepam in acidic 
solution reached equilibrium after incubation for 11 hr (7), whereas 
desmethyldiazepam in acidic solution did not reach equilibrium, even 
after incubation for 210 hr4. 

Since further hydrolysis of the amide bond of the chloroform-unex- 
tractable species from nitrazepam to 2-amino-5-nitrobenzopbenone is 
expected to be irreversible, such a hydrolysis in the stomach may reduce 
the amount of the chloroform-unextractable species that reverts back 
to the original drug and then is absorbed from the intestine. However, 
since the irreversible hydrolysis of the amide bond of nitrazepam proceeds 
only at a slow rate, it is not expected to affect the bioavailability of orally 
administered nitrazepam. The rate constant of formation of 2-amino- 
5-nitrobenzophenone was not determined in the present study. However, 
the magnitude of this rate relative to that of the reverse-reaction rate, 
the dissolution rate of the drug in the stomach, the forward-reaction rate 
constant, and the stomach-emptying rate is expected to affect the bio- 
availability of nitrazepam. 

Based on the experimental data obtained in the present i n  vitro study, 
it  may be postulated that after administration of dosage forms of nime- 
tazepam and nitrazepam, some nimetazepam and nitrazepam dissolved 
in the stomach is hydrolyzed to the open-ring compounds because of the 
acidic pH of the stomach contents. When the open-ring compounds 
empty from the stomach to the intestine, they are expected to revert back 
to the parent drugs upon increase in the pH value of the media. Therefore, 
there can be little loss in drug bioavailability. 
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Distamycin A (I), a basic oligopeptide antibiotic isolated 
from the fermentation medium of Streptomyces distalli- 
cus (l), has interesting antibacterial (2) and antiviral ac- 
tivities. As an antiviral drug, distamycin A inhibits the 
multiplication of DNA viruses and certain retroviruses 
(3-7). The mechanism of its antiviral activity is believed 
to be related to its ability to bind to single- and double- 
stranded DNA molecules, with a particularly high affinity 

for adenine-thymine-rich DNA sequences. Subsequent 
formation of a DN A-distamycin A complex destroys the 
DNA molecule, which serves as a template for the enzyme 
DNA polymerase (3-7). Distamycin A has been used 
clinically in cases of herpes virus infections (8). 

Distamycin A belongs to a group of compounds known 
as pyrrole amidine antiviral antibiotics. Another member 
of this group is congocidine (netropsin, 11) (6, 7). This 
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compound has biological activities similar to those of dis- 
tamycin A. 

DISCUSSION 

Little information is available on the structural requirements for the 
antiviral activity of distamycin A (9-17) and congocidine (18,191. Due 
to the lack of clinically useful antiviral drugs, a thorough investigation 
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into the structure-activity relationships of the known antiviral com- 
pounds is of importance. In continuation of previous research on the 
structure-activity relationships of pyrrole amidine antiviral antibiotics 
(13,16), the present study concerned the synthesis of novel distamycin 
and congocidine analogs and evaluation of their antiviral activity. 

In all of the previous work (9-20), the peptide bonds were between 
positions 2 and 4 of the pyrrole ring. Thus, it was decided to determine 
if the location of the peptide in the pyrrole ring was critical for the anti- 
viral activity of this series. Accordingly, isomers and homologs of dis- 
tamycin A (I)  and congocidine (11) in which the peptide bonds were 
moved to positions 2 and 5 of the pyrrole ring were synthesized. 

Chemistry-The synthetic route is outlined in Scheme I and is similar 
to the first total synthesis of distamycin A (21). The starting material was 
N-methyl-5-nitropyrrole-2-carboxylic acid (111) (22). Compound I11 was 
prepared and purified similarly to its 4-nitro isomer. The acid (111) was 
converted to its acyl chloride (IV), which was condensed with P-amino- 
propionitrile to give the nitro nitrile (V). Compound V was reduced 
catalytically to the amine (VI) which, without further purification, was 
condensed with N-methyl-5-nitropyrrole-2-carboxyl chloride (IV) to give 
the dipeptide (VII). 

The reduction-condensation process was repeated, leading to the in- 
termediate nitro nitrile (VIII). Compound VIII was converted to the ni- 
troamidine compound (IX) by the standard reaction with hydrochloric 
acid followed by ammonia (23). Compound IX served as a precursor for 
the synthesis of the distamycin and the tripyrrole congocidine isomers. 
Reduction of IX yielded the amino amidine compound (X), which, due 
to its sensitivity and instability, was condensed directly with formic acid 
in the presence of dicyclohexylcarbodiimide (24) to give the distamycin 
isomer (XI) or with glycocyamine hydrochloride (XVII) (25) to give the 
congocidine analog (XII). The total yield in this synthesis was lower than 
the yield obtained in the synthesis of analogs containing peptide bonds 
between positions 2 and 4 (21,22). This result can be explained by the 
instability and minor chemical reactivity of a-amino pyrrole derivatives 
during condensation (26). Chemical reactions not requiring condensation 
of an a-amino pyrrole, such as in the preparation of V and IX, showed 
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similar yields as the analogs with peptide bonds between positions 2 and 
4 (21,22). 

In comparing the UV data of IX and XI to those of analogous com- 
pounds in the distamycin series, a bathochromic shift of 30 nm was noted. 
In the NMR spectra of IV, V, VII, and VIII, the pyrrolic N-methyl group 
that was closest to the aliphatic side chain appeared a t  4.1-4.2 ppm, and 
the aromatic hydrogens showed an AB system with J = 4 Hz. 

Compound V served as a starting material for the preparation of 
2,5-disubstituted monopyrrole derivatives of distamycin and congocidine 
(Scheme 11). It was convefted to the nitroamidine (XIII) by the standard 
reaction with hydrochloric acid followed by ammonia (23). Compound 
XI11 was reduced catalytically to give the amino compound (XIV), which, 
without isolation, was condensed with formic acetic anhydride (21) or 
glycocyamine hydrochloride in the presence of dicyclohexylcarbodiimide 
to give XV or XVI, respectively. The IR, NMR, and mass spectra of the 
monopyrrole compounds (V, XIII, XV, and XVI) were similar to those 
of tripyrroles. 

Virology-Selected compounds of this series were tested for their 
cytotoxicity and ability to inhibit Herpes simplex Type 1 viral replication 
in cultured cells. The details of these techniques were given previously 
(17). 

EXPERIMENTAL 

Unless otherwise stated, the following procedures were followed. UV 
measurements were made for solutions in ethanol or dimethylforma- 
mide'. IR2 spectra were taken in potassium bromide pellets. PMR3 data 
were determined in dimethyl SUlfOXide-d6 as the solvent with sodium 
3'-(trimethylsilyl)tetradeuteropropionate as the external standard. TLC 
was performed on 0.3-mm silica gel plates, which were developed with 
Ehrlich's reagent [2% N,N-(dimethy1amino)benzaldehyde in 6 N HCl] 
or by irradiation at  254 nm. Mass spectra4 were obtained by direct inlet 
a t  80 ev; in several cases, the technique of field desorption was used. 
N-Methyl-5-nitropyrrole-2-carboxylic Acid (111)-N-Methyl- 

5-nitropyrrole-2-carboxylic acid methyl ester (22) (5 g, 27.1 mmoles) was 
dissolved in ethanol (50 ml), and a solution of sodium hydroxide (1.9 g 
in 125 ml of water) was added. The reaction mixture was stirred overnight 
a t  room temperature, and the ethanol was evaporated. The solution was 
cooled and acidified with 6 N HC1. 

The precipitate formed was filtered off and crystallized from etha- 
nol-water to give I I I , 4  g (87%), mp5 198'; NMR: 6 4.22 (s, 3H, N-CH3), 
6.82, and 7.08 (d, 2H, J = 4 Hz, aromatic H); UV (ethanol): Amax 225 ( c  
11,000) and 392 (15,500) nm; I R  urn, 3100,2600-2900,1680,1450,1350, 
1290, and 1250 em-'; mass spectrum: m/e 170 (M+, loo%), 152 (17), 122 
(65). and 109 (48). 

Anal.-Calc. for C6H4Np04: c, 42.4, H, 3.53; P!, 16.5. Found c ,  42.5; 
H, 3.37; N, 16.1. 
N-Methyl-5-nitropyrrole-2-carboxamido-~-propionitri~e (V) 

-Compound 111 (3 g, 18.2 mmoles) was dissolved in thionyl chloride and 
boiled under reflux for 1 hr. The remaining thionyl chloride was evapo- 
rated. The residue (IV) was dissolved in benzene (30 ml) and added 
gradually to a solution of P-aminopropionitrile6 (1.23 g, 176 mmoles) and 
sodium bicarbonate (2.1 g) in water (25 ml). The reaction mixture was 
stirred a t  room temperature and filtered. 

The precipitate formed was crystallized from methanol-water to give 
V, 3.3 g (&I%), mp 117-119'; N M R  6 2.79 (t, 2H, J = 4.8 Hz, C-CH*), 3.52 
(t, 2H, J = 4.8 Hz, N-CHp), 4.12 (s, 3H, N-CH3), 6.78, and 7.02 (d, 2H, 
J = 3.6 Hz, aromatic H); UV (ethanol): A,, 271 (e 10,700) and 345 
(14,200) nm; I R  u,, 3270,3110,2960,2250,1640,1530,1460,1490,1160, 
and 1070 cm-'; mass spectrum: mle 222 (M+, 32%). 205 (5), 192 (32), 182 
(51,174 (6), and 153 (100). 

And-Calc. for C9H10N403: C, 48.65; H, 4.54; N, 25.22. Found: C, 
48.58; H, 4.69; N, 24.78. 

N-Methyl-5-( N-methyl-5-nitropyrrole -2 -carboxamido)pyrrole- 
2-carboxamido-fl-propionitrile (VI1)-Compound V (4 g, 18 mmoles) 
was dissolved in dimethylformamide (30 ml) and reduced at atmospheric 
pressure with 10% palladium-on-charcoal (1.2 g) to give VI. Water (90 
ml) was added, and the catalyst was filtered off. Sodium bicarbonate (2.25 
g) was introduced into the filtrate, followed by a solution of IV (3.06 g, 
18 mmoles) in benzene (15 ml). The mixture was stirred overnight. The 
precipitate formed was filtered off and washed with 5% NaHC03 and 
water. 

The residue was crystallized from ethanol to give VII, 1.1 g (IS%), mp 
241-245'; N M R  6 2.74 (t, 2H, J = 5 Hz, C-CHp), 3.44 (t, 2H, J = 5 Hz, 
N-CH?), 4.12 ( s , ~ H ,  N-CHa), 6.02 (d, lH,  J = 3 Hz), 6.76 (d, IH, J =: 3 
Hz), 6.98 (d, lH,  J = 4.8 Hz), 7.2 (d, lH, J = 4.8 Hz, aromatic H), 8.16 (t, 
lH, aliphatic amide H), and 10.2 (s, lH, aromatic amide H); UV (ethanol): 
Amax 271 (c 17,000) and 345 (14,200) nm; IR  vmar 3320,3230,1670,1640, 
1540, 1460, 1370, 1350, 1290, and 1240 cm-'; mass spectrum: m/e 344 
(M+, loo%), 328 (3.5), 312 (141, and 275 (8). 

And-Calc. for C ~ ~ H ~ ~ N S O C H ~ O  C, 49.72; H, 4.97; N, 23.20. Found 
C, 50.11; H, 5.01; N, 23.30. 

N-Methyl-5-[ N-methyl-5-( N-methyl-5-nitropyrrole-2-carbox- 
amido)pyrrole-2-carboxamido]pyrrole -2 -carboxmido-B -propi- 
onitri le (VII1)-Compound VII (1  g, 3.2 mmoles) was dissolved in di- 
methylformamide (10 ml). The reduction procedure followed was that 
described for obtaining VII from V. Sodium bicarbonate (330 mg) was 
introduced into the filtrate, followed by a solution of IV (620 mg, 36 
mmoles) in benzene (8 ml). The mixture was stirred overnight. The 
precipitate formed was filtered off and washed with 5% NaHC03 and 
water. 

The precipitate obtained was crystallized from methanol to give VIII, 
700 mg (47%), mp 270'; N M R  6 2.80 (t, 2H, J = 5 Hz, C-CHp), 3.41 (t, 

4Hz),6.12 (d, 1 H , J  = 4Hz),6.83 (d, 1 H , J  = 4 Hz),7.1 (d, 1H,J = 2 Hz), 
7.16 (d, IH, J = 2 Hz), 7.32 (d, 1 H , J  = 4 Hz, aromatic H), 8.25,9.7, and 
10.3 (amide H); UV (dimethylformamide): A,, 298 (c 15,200) and 348 
(12,900) nm; I R  u,, 3250,3060,2960,2250,1640,1540,1470,1360,1230, 
and 1040 em-'; mass spectrum: mle 466 (M+, lo%), 370 (2), 369 (2), 344 
(24), 340 (38), 314 (lo), 299 (24), and 275 (100). 

And-Calc. for CzlHzpNaOVHzO: C, 52.66; H, 4.96; N, 23.14. Found 
C, 52.76; H, 5.18; N, 23.11. 

N-Methyl-5-[ N-methyl-5-( N-methyl-5-nitropyrrole-2-carbox- 
amido)pyrrole-2-carboxamido]pyrrole -2 -carboxmido-@ -propi- 
onamidine Hydrochloride (1X)-Compound VIII (700 mg, 1.5 mmoles) 
was dissolved in absolute ethanol (20 ml). The solution was cooled to 0' 
and stirred, and dry hydrochloric acid was bubbled through it for 1 hr. 

2H, J = 5 Hz, N-CHz), 3.80, 3.81, 4.28 (s, 9H, N-CHB), 6.02 (d, lH ,  J = 

1 Unican S. P. 1800. 
2 Perkin-Elmer model 577. 

Bruker (60 Hz). 
4 Varian CH-5. 
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Table I-Toxicity and Plaque Inhibition by Distamycin and 
Congocidine Derivatives 

Maximal Nontoxic Inhibition 
Compound Concentration, pg/mla of Virus Progenyb, % 

I 
IX 
XI 

XI11 
XVI 

25 
>200c 
>200 
>200 
> 200 

99.7 
98.45 
96.3 
99.12 
76.4 

0 Toxic effect is regarded as cell death within 2 days of incubation of cultured 
cells with the drug at 37’. The maximal nontoxic concentration is defined as the 
nontoxic drug concentration whose twofold increase causes toxicity. The titer 
of virus progeny produced in untreated infected cells and in cells treated with each 
distamycin derivative was determined b plaque assay on BSC-1 cells. The virus 
progeny yielded by infected cells was tagen as loo%, and the yield of virus from 
infected treated cells was related to the yield from untreated infected cells. All 
compounds were tested at a concentration of 200 Mg/ml except for I, which was 
tested at 25 wg/ml. c The designation >200 indicates that the drug was nontoxic 
at 400 pg/ml. 

The solution was kept a t  @ for an additional 12 hr, the ethanol was 
evaporated, and the dry residue was washed with ether. Then the residue 
was dissolved in absolute ethanol (15 ml). The solution was cooled to Oo 
and stirred, and dry ammonia was bubbled through it  for 1 hr. 

After the bubbling was stopped, the solution was stirred a t  room 
temperature for 12 hr. The ethanol was evaporated, and the residue was 
crystallized from methanol to give IX, 520 mg (67%), mp 192-198’; NMR 
6 2.89 (d, 2H, C-CHz), 3.6 (d, 2H, N-CHz), 3.78,3.81,4.29 (s, 9H, N-CH3), 
6.02 (d, 1H, J = 4 Hz), 6.18 (d, 1 H . J  = 4 Hz), 6.94 (d, lH,  J = 3.84 Hz), 
7.21,7.36 (d, 2H, J = 4 Hz, aromatic H), 8.26,9.66 (amide H), and 8.74 
(amidine H); UV (ethanol): A,,, 261 (c 8800) and 295 (10,000) nm; IR  
u,,, 3100-3300,1640,1540,1450,1300, and 1260 ern-'; mass spectrum 
(field desorption): m/e 466 (M - NH3), 412,344, 248, and 218. 

N-Methyl-5-[ N-methyl-&( N-methyl - 5-(formylamido)pyrrole- 
2-carboxamido)pyrrole -2-carboxamido]pyrrole-2-carboxamido- 
6-propionamidine Hydrochloride (XI)-Compound IX (400 mg, 0.77 
mmole) was dissolved in dimethylformamide (7 ml) and reduced at  at- 
mospheric pressure with 1oo/o palladium-on-charcoal (120 mg). The 
mixture was filtered. The intermediate amine (X) presumably obtained 
was not purified due to instability. Formic acid (53 mg, 1.15 mmoles) in 
dimethylformamide (10 ml) was gradually added under nitrogen to  a 
solution of X and kept a t  0’ for 1 hr. 

The reaction mixture was stirred a t  room temperature overnight and 
filtered, and the filtrate was evaporated. The residue was crystallized from 
ethanol-ethyl acetate to give XI, 20 mg (5%), mp 182-190’; UV (ethanol): 
A,, 324 (c 24,400) nm; I R  Y,, 3OOO-3440,2440,2860,1680,1640,1520, 
1450,1370,1330,1250, and 1100 cm-’; mass spectrum: mle 421 (l%), 382 
(21,340 (40), 314 (lo), 220 (12), and 218 (100). 

N-Methyl-5-[ N-methyl-5-( N-methyl-5-(guanidinoacetamido)- 
pyrrole-2-carboxamido)pyrrole -2- carboxamido]pyrrole-2-car- 
boxamido-6-propionamidine Dihydrochloride (XI1)-Compound 
XI1 was obtained from IX as described for XI. The only difference was 
that the intermediate amine (X) was condensed with glycocyamine hy- 
drochloride7 (XVII) (1.18 mg, 0.77 mmole), 2 mg (2%); UV (ethanol): X, 
237 (c 17,100) and 298 (11,200) nm; I R  u,, 2980-3440,1680,1640,1490, 
1280, and 1230 cm-I; mass spectrum: mle 344 (9%), 340 (71,314 (5), 289 
(81,220 (loo), and 218 (26). 

N-Methyl-5-nitropyrrole -2 -carboxamid0 -6- propionamidine 
Hydrochloride (XII1)-Compound XI11 was obtained from the nitrile 
(V) (2 g, 9 mmoles). The reaction procedure followed was the same as that 
described for obtaining IX from VIII, 1.5 g (73%), mp 189’; UV (ethanol): 
A, 240 ( c  8100) and 344 (9800) nm; I R  urn, 3340,3240,3080,1670,1540, 
1470,1290, 1250, 1200, and 1150 cm-’; NMR 6 2.81 (t, 2H, J = 6 Hz, 

(d, 2H, J = 4 Hz, aromatic H), and 8.94 (amidine H); mass spectrum: m/e 
222 (M - NH3, SO%), 209 (loo), 192 (75), and 153 (65). 

Anal.-Calc. for C ~ H I ~ N ~ O ~ H C I :  C, 39.20; H, 5.12; C1, 12.9 N, 25.6. 
Found C, 39.31; H, 5.42; C1,12.63; N, 25.53. 
N-Methyl-5-formylamidopyrrole-2-carboxamido -8- propion- 

amidine Hydrochloride (XV)-The nitropyrrole derivative (XIII) (1.5 
g, 5.4 mmoles) was dissolved in 80% methanol (30 ml) and reduced at  
atmospheric pressure with 10% palladium-on-charcoal (0.4 9). The 
mixture was filtered and evaporated. The intermediate amine (XIV) 
presumably obtained was not purified due to its instability. Formic acetic 

C-CH2), 3.79 (t, 2H, J = 6 Hz, N-CH2), 4.24 (s, 3H, N-CH3), 6.94,7.27 

’ Fluka, Switzerland. 

anhydride (21), freshly prepared, was gradually added to the cooled 
residue. The reaction mixture was stirred a t  room temperature for 1 hr 
and then was poured into ether (50 ml). 

A white precipitate formed and was washed with ether. The crude 
precipitate was purified by chromatography on a silica gel column (90 
g); the eluent was chloroform+thanol-water (1W.504). Compound XV 
(230 mg, 16%) was obtained; UV (ethanol): A,,, 280 ( c  20,900) nm; IR: 
v, 3OOo-3500,1760,1620,1500,1380,1330,1270, and 1150 cm-’; NMR 

(d, 2H, J = 5 Hz, aromatic H), 8.14 (amide H), 8.84,9.30 (amidine H), and 
10.34 (formyl H). 
N-Methyl-5-(guanidinoacetamido)pyrrole -2- carboxamido -8- 

propionamidine Dihydrochloride (XV1)-Compound XVI was ob- 
tained from XI11 following the procedure described for the preparation 
of XI1 from IX (WO yield), mp 190-195’; UV (ethanol): A,, 235 (c 21,100) 
nm; I R  u,, 3370,3180,2940,2780,2700,1650,1500,1280, and 1120 cm-1; 
NMR: 6 3.39 (t, 2H, N-CH2), 3.74 (9, 3H, N-CHn), 6.7, and 7.8 (d, 2H, 
aromatic H); mass spectrum: m/e 232 (53%), 219 (30), 193 (8), 181 (100), 
and 169 (65). 

Virology-The details for the virological experiment were given 
previously (17). 

6 2.81 (t, 2H, C-CHz), 3.79 (t, 2H, N-CHz), 3.91 (s ,  3H, N-CH3),6.16,6.94 

RESULTS 

The four compounds tested were nontoxic at  400 pg/ml (Table I). The 
most marked inhibition was shown by XIII. Isomer XI showed lower 
inhibition than i t s  precursor (IX) and most of the other tripyrrole de- 
rivatives of distamycin and congocidine (17,20). 

The tripyrrole compounds tested showed less antiviral activity than 
distamycin A and the tripyrrole derivatives of congocidine (17,20). Ap- 
parently, the peptide bond a t  positions 2 and 4 of the pyrrole rings is 
critical for the antiviral activity in the distamycin or congocidine series. 
The greatest antiviral activity in the 2,5-disubstituted pyrrole series was 
demonstrated by XIII, which was less toxic and had almost the same 
antiviral activity as distamycin A. Compound XI11 is more antivirally 
active than similar monopyrrole homologs of distamycin A or congocidine 
(13, 20). 
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Abstract 0 The pharmacological disposition of four negatively charged 
phospholipid vesicles with radioactive cholesteryl oleate as a tracer was 
investigated in rats. The acidic phospholipids included phosphatidyl- 
serine, phosphatidylglycerol, phosphatidylinositol, and diphosphati- 
dylglycerol (cardiolipin). The blood half-life of phosphatidylserine ves- 
icles was the shortest (<2  min), while that of phosphatidylinositol was 
the longest (90 min). Cardiolipin and phosphatidylglycerol vesicles had 
intermediate blood half-lives (7 and 18 min, respectively). The distri- 
bution of these vesicles in six major organs (liver, spleen, heart, kidneys, 
lungs, and brain) varied greatly. Contrary to the long-held belief, it was 
possible to prepare negatively charged phospholipid vesicles with long 
blood half-lives. Furthermore, tissue disposition of these negatively 
charged vesicles could be manipulated partially by judicious selection 
of their components. 

Keyphrases 0 Phospholipid vesicles, negatively charged-tissue dis- 
tribution in rats Drug delivery systems-negatively charged phos- 
pholipid vesicles, tissue distribution in rats 

Phospholipid vesicles, or liposomes when in combination 
with several similar preparations, are small (20-50 nm in 
diameter), single-bilayered, aqueous dispersions of phos- 
pholipids (1). The solutes entrapped in the closed interior 
aqueous compartment of phospholipid vesicles are pro- 
tected from reacting with exterior chemicals. This property 
makes phospholipid vesicles an ideal pharmaceutical 
system for the in uiuo delivery of biologically active ma- 
terial to target cells (2-5). 

BACKGROUND 

The interaction between cells and phospholipid vesicles consists of two 
known mechanisms (6), endocytoais and membrane fusion. Cells can take 
up phospholipid vesicles uia endocytosis, producing intracellular vesicles 
that subsequently are degraded through fusion with lysosomes. Alter- 
natively, phospholipid vesicles can fuse directly with the cell membrane, 
and the contents become incorporated into the cytoplasm. In terms of 
therapeutic efficacy, membrane fusion offers certain pharmacological 
advantages. For example, in enzyme replacement therapy in the treat- 

ment of storage disease, vesicle-entrapped enzymes retain their activity 
if they do not encounter the catalytic proteases in lysosomes (4). 

Negatively charged phospholipids are involved in cell membrane fusion 
(7,8). Vesicles prepared with negatively charged phospholipids have been 
used successfully to deliver biologically active chemicals to cells in culture 
(9). However, difficulties frequently are encountered in the in oioo ap- 
plication of negatively charged phospholipid vesicles. In plasma (or any 
calcium-containing medium), negatively charged liposomes sometimes 
aggregate to form larger particles, which are removed rapidly from cir- 
culation by the reticuloendothelial system (10). In addition, various blood 
proteins interact with phospholipid vesicles, and phospholipid molecules 
from blood lipoproteins are apt to exchange with those of the phospho- 
lipid vesicles (11, 12). These complicated interactions are expected to 
influence the pharmacological fate of circulating phospholipid ves- 
icles. 

These considerations prompted an investigation of the pharmacoki- 
netics of four negatively charged phospholipid vesicles in rats, particularly 
since negatively charged liposomes with long blood half-lives may have 
enhanced bioavailability to the target tissue. 

EXPERIMENTAL 

Chemicals-Phosphatidylserinel (bovine brain), phosphatidylgly- 
cerol', phosphatidylinositol', cardiolipin', cholesterol2 (chromato- 
graphically pure), cholesteryl [ 1-'*C]oleate3 (20 mCi/mmole), and eth- 
ylenediaminetetraacetic acid disodium salt4 were used as received. All 
solvents were glass distilled5. 

Liposome Preparation-Well-characterized single-bilayer vesicles 
were prepared by the simple method of Batzri and Korn (13). A solution 
of 3.75 mg of the phospholipid, 1 mg of cholesterol, and 0.05 pmole of 
cholesteryl [l-14C]oleate (1 pCi) in 0.5 ml of chloroform was dried first 
under a nitrogen stream at room temperature and then in a vacuum 
desiccator for 2 hr a t  torr. This procedure was essential to obtain 
a consistent liposome preparation. 

The lipid mixtures were dissolved in 100 p1 of ethanol a t  37'. The 
ethanolic lipid solution was added as a fine stream with a 1OO-pl gastight 

1 Sigma Chemical Co., St. Louis, Mo. 
Applied Science Laboratories, State College, Pa. 
New England Nuclear, Boston, Mass. 

4 Matheson, Coleman and Bell, Norwood, Ohio. 
5 Burdick & Jackson Laboratories, Muskegon, Mich. 
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Abstract 0 The pharmacological disposition of four negatively charged 
phospholipid vesicles with radioactive cholesteryl oleate as a tracer was 
investigated in rats. The acidic phospholipids included phosphatidyl- 
serine, phosphatidylglycerol, phosphatidylinositol, and diphosphati- 
dylglycerol (cardiolipin). The blood half-life of phosphatidylserine ves- 
icles was the shortest (<2  min), while that of phosphatidylinositol was 
the longest (90 min). Cardiolipin and phosphatidylglycerol vesicles had 
intermediate blood half-lives (7 and 18 min, respectively). The distri- 
bution of these vesicles in six major organs (liver, spleen, heart, kidneys, 
lungs, and brain) varied greatly. Contrary to the long-held belief, it was 
possible to prepare negatively charged phospholipid vesicles with long 
blood half-lives. Furthermore, tissue disposition of these negatively 
charged vesicles could be manipulated partially by judicious selection 
of their components. 

Keyphrases 0 Phospholipid vesicles, negatively charged-tissue dis- 
tribution in rats Drug delivery systems-negatively charged phos- 
pholipid vesicles, tissue distribution in rats 

Phospholipid vesicles, or liposomes when in combination 
with several similar preparations, are small (20-50 nm in 
diameter), single-bilayered, aqueous dispersions of phos- 
pholipids (1). The solutes entrapped in the closed interior 
aqueous compartment of phospholipid vesicles are pro- 
tected from reacting with exterior chemicals. This property 
makes phospholipid vesicles an ideal pharmaceutical 
system for the in uiuo delivery of biologically active ma- 
terial to target cells (2-5). 

BACKGROUND 

The interaction between cells and phospholipid vesicles consists of two 
known mechanisms (6), endocytoais and membrane fusion. Cells can take 
up phospholipid vesicles uia endocytosis, producing intracellular vesicles 
that subsequently are degraded through fusion with lysosomes. Alter- 
natively, phospholipid vesicles can fuse directly with the cell membrane, 
and the contents become incorporated into the cytoplasm. In terms of 
therapeutic efficacy, membrane fusion offers certain pharmacological 
advantages. For example, in enzyme replacement therapy in the treat- 

ment of storage disease, vesicle-entrapped enzymes retain their activity 
if they do not encounter the catalytic proteases in lysosomes (4). 

Negatively charged phospholipids are involved in cell membrane fusion 
(7,8). Vesicles prepared with negatively charged phospholipids have been 
used successfully to deliver biologically active chemicals to cells in culture 
(9). However, difficulties frequently are encountered in the in oioo ap- 
plication of negatively charged phospholipid vesicles. In plasma (or any 
calcium-containing medium), negatively charged liposomes sometimes 
aggregate to form larger particles, which are removed rapidly from cir- 
culation by the reticuloendothelial system (10). In addition, various blood 
proteins interact with phospholipid vesicles, and phospholipid molecules 
from blood lipoproteins are apt to exchange with those of the phospho- 
lipid vesicles (11, 12). These complicated interactions are expected to 
influence the pharmacological fate of circulating phospholipid ves- 
icles. 

These considerations prompted an investigation of the pharmacoki- 
netics of four negatively charged phospholipid vesicles in rats, particularly 
since negatively charged liposomes with long blood half-lives may have 
enhanced bioavailability to the target tissue. 

EXPERIMENTAL 

Chemicals-Phosphatidylserinel (bovine brain), phosphatidylgly- 
cerol', phosphatidylinositol', cardiolipin', cholesterol2 (chromato- 
graphically pure), cholesteryl [ 1-'*C]oleate3 (20 mCi/mmole), and eth- 
ylenediaminetetraacetic acid disodium salt4 were used as received. All 
solvents were glass distilled5. 

Liposome Preparation-Well-characterized single-bilayer vesicles 
were prepared by the simple method of Batzri and Korn (13). A solution 
of 3.75 mg of the phospholipid, 1 mg of cholesterol, and 0.05 pmole of 
cholesteryl [l-14C]oleate (1 pCi) in 0.5 ml of chloroform was dried first 
under a nitrogen stream at room temperature and then in a vacuum 
desiccator for 2 hr a t  torr. This procedure was essential to obtain 
a consistent liposome preparation. 

The lipid mixtures were dissolved in 100 p1 of ethanol a t  37'. The 
ethanolic lipid solution was added as a fine stream with a 1OO-pl gastight 

1 Sigma Chemical Co., St. Louis, Mo. 
Applied Science Laboratories, State College, Pa. 
New England Nuclear, Boston, Mass. 

4 Matheson, Coleman and Bell, Norwood, Ohio. 
5 Burdick & Jackson Laboratories, Muskegon, Mich. 
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Table I-Normalized Tissue Distribution of Negatively Charged Phospholipid Liposomes in Rats  90 rnin a f t e r  Intravenous 
Administration a 

Organ Phosphatidylserine Cardiolipin Phosphatidylglycerol Phosphatidylinositol 

Heart 1.01 f 0.07 1.14 f 0.16 1.39 f 0.10 2.09 f O . l l b  
Lungs 1.49 f 0.17 2.26 f 0.68 1.79 f 0.35 4.81 f 0.54b 
Liver 94.42 f 0.16 92.27 f 0.41 94.51 f 0.76 87.40 f 0.85b 
Spleen 1.74 f 0.08 3.43 f 0.39* 0.89 f 0.09* 2.96 f 0.56b 
Kidneys 1.11 f 0.06 0.74 f 0.09 1.15 f 0.24 1.99 f 0.23 
Brain 0.24 f 0.05 0.15 f 0.02 0.27 f 0.04 0.53 f 0.05b 
Percent of dose recovered 45 70 40 20 

~~ ~~ ~ ~~ 

Each value is the mean f SE of six determinations (two groups of three rats) b p < 0.05 compared with corresponding phosphatidylserine values 

microsyringe6 to 2 ml of isotonic saline containing 10 mM ethylenedi- 
aminetetraacetic acid (pH 7.4) while being vortexed at 37'. Vesicles thus 
prepared were transparent and remained so for at least 10 hr a t  room 
temperature. However, in these experiments, liposomes always were 
prepared fresh on the day of use. 

Pharmacokinetic Studies-Male Sprague-Dawley rats, 200-300 g, 
were used. Laboratory rat chow and water were provided freely. While 
the rat was under pentobarbital anesthesia, a 0.5-ml vesicle preparation 
was administered intravenously via the lateral tail vein. Blood samples 
of 100 pl were collected by clipping the tail at various intervals and then 
were combusted in a sample oxidizer7. The radioactive carbon dioxide 
was absorbed in 6 ml of a high-capacity carbon dioxide-absorbing solu- 
tions, and this solution was diluted with an equal volume of xylene-based 
counting fluidg. The radioactivity of the samples was determined with 
a scintillation spectrometerlo. Quenching was determined and corrected 
automatically with an external standard; the counting efficiency for 
carbon 14 was 95%. 

After 90 min, the rat was killed by decapitation. The blood was drained, 
and the internal organs were removed, rinsed with deionized water, 
blotted with tissue paper, and weighed. Tissue samples were processed 
in the same manner as the blood except that  11 ml each of the carbon 
dioxide-absorbing solution and the counting fluid was used. In the 
phosphatidylserine study, three rats were killed a t  20 rnin because of the 
short plasma half-life of the vesicles. The tissue disposition patterns were 
similar to those from rats killed a t  90 min. 

RESULTS AND DISCUSSION 

The disappearance of the four negatively charged liposomes from the 
blood after a single intravenous administration is depicted in Fig. 1. 
Phosphatidylserine liposomes were eliminated quickly from the circu- 
lation; 4 min after liposome administration, the blood radioactivity de- 
creased almost 10-fold, with the half-life estimated to be 1.2 min by 
nonlinear regression analysis. In contrast, phosphatidylinositol liposomes 
persisted much longer (half-life of 90 rnin); phosphatidylglycerol and 
cardiolipin liposomes showed half-lives of 18 and 7 min, respectively. 

Table I summarizes the normalized percent distribution of radioac- 
tivity in six major organs 90 min after intravenous administration of the 
four liposomes. These results must be considered in light of the fraction 
of the administered dose recovered in these organs: 45% of phosphati- 
dylserine, 70% of cardiolipin, 40% of phosphatidylglycerol, and 20% of 
phosphatidylinositol. Clearly, in all of the studies, the liver took up almost 
all of the radioactivity. However, although it was still high, the hepatic 
radioactivity of phosphatidylinositol was the lowest (87.4%) of the four 
liposomes. Since the recovery of the administered phosphatidylinositol 
also was the lowest (20%), the smallest amount of this liposome persisted 
in the liver 90 min after its administration. 

As a major component of the reticuloendothelial system, the liver 
undoubtedly plays a critical role in the elimination of liposomes from the 
blood. Compared with the other three liposomes, phosphatidylinositol 
liposomes were taken up to the least extent by the liver. Consequently, 
their elimination from the blood is expected to be much slower than the 
elimination of the other liposomes. This finding is consistent with the 
observation that phosphatidylinositol showed the longest half-life in the 
blood in viuo. 

The comparative distribution of liposomal radioactivity in the six or- 
gans is shown in Fig. 2, with the hepatic radioactivities normalized to 

Hamilton. 
Model B306, Packard Instrument Co., Downers Grove, Ill. 
Carbo-sorb, Packard Instrument Co.. Downers Grove, 111. 

9 Permafluor V, Packard Instrument Co., Downers Grove, 111. 
lo Tri-carb model 2650, Packard Instrument Co., Downers Grove, 111. 

100%. Of the total administered radioactivity recovered, more phos- 
phatidylinositol liposomes than any other liposomes were found in all 
organs except the spleen. This finding is attributed to the more protracted 
exposure of the organs to phosphatidylinositol liposomes due to the rel- 
atively long blood half-life of these liposomes. 

The optimal application of liposomes to  drug delivery depends on the 
mechanism of liposomal internalization. For encapsulated, biologically 
active chemicals that  are resistant to liposomal enzyme catalysis, endo- 
cytosis may not be detrimental. However, for other drugs, particularly 
enzymes for replacement therapy, endocytosis may lead to their degra- 
dation by lysosomes. In contrast, fusion of the plasma membrane with 
liposomes can result in the release of encapsulated materials directly into 
the cytoplasm. Accordingly, membrane fusion would be preferred for 
liposomal delivery of drugs. 

Negatively charged phospholipids are believed to be essential in the 
fusion process (8, 14). Tissue membranes that actively participate in 
fusion are high in negatively charged phospholipids, particularly in neural 
tissues in which exocytosis contributes significantly in neurotransmission 
(15). Liposomes recently were used as a model biomembrane system 
(16-18). The fusion of liposomes under defined conditions provides in- 
formation on the nature of this process. Generally, the chemical prop- 
erties of the phospholipid and the cation are critical to fusion. Of the 
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Figure 1-Plasma disappearance of negatively charged phospholipid 
vesicles. Key: PS, phosphatidylserine; PG, phosphatidylglycerol; PI, 
phosphatidylinositol; and CL,  cardiolipin. Each point represents the 
average value from six animals. 
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negatively charged phospholipids, phosphatidylserine fuses a t  the lowest 
cation concentration. Furthermore, among divalent cations, calcium is 
the most effective in inducing fusion. The free calcium concentration in 
plasma is -1 mM. At this calcium concentration, phosphatidylserine 
vesicles alone, but not other negatively charged phospholipid vesicles, 
precipitate and cause disorganization of the membrane and leakage of 
the contents. This finding is consistent with the observation that the 
phosphatidylserine liposome blood half-life is <2 min, indicating that 
phosphatidylserine vesicles are not useful for drug delivery. 

The various components in plasma may interact with liposomes. Some 
phospholipids exchange with blood lipoproteins and vesicles, and various 
apolipoproteins may bind to liposomes. These interactions must be 
quantified before a serious application of negatively charged liposomes 
to drug delivery can be attempted. The interactions between blood 
components and phosphatidylglycerol and cardiolipin liposomes probably 
account for their relatively short blood half-life. Although the pharma- 
cological experiments were not designed to identify these interactions, 
the results suggested their existence. 

Phosphatidylinositol liposomes were comparatively stable in the 
bloodstream since their half-life i n  uiuo was the longest. Dapergolas et 
al. (19) showed that insulin encapsulated with phosphatidylinositol li- 
posomes had hypoglycemic activity in rats when given orally. It is inferred 
that phosphatidylinositol liposomes can maintain their integrity in an 
extreme chemical environment. Because inositol, a carbohydrate, is highly 
hydrated in aqueous media, the banded water molecules surrounding a 
phosphatidylinositol liposome may contribute to its low reactivity and 
thus sustain its long blood half-life. 

In conclusion, based on pharmacokinetic observations of four nega- 
tively charged phospholipid vesicles in the rat, phosphatidylinositol 
vesicles clearly deserve further studies; they have a very long circulation 
half-life and a relative high uptake by organs in which the reticulo- 
endothelial system plays a minor role. 
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Abstract  0 A simple, specific, high-pressure liquid chromatographic 
method for lidocaine and its active dealkylated metabolites, 
monoethylglycinexylidide (I) and glycinexylidide (II), is described. Re- 
coveries were 94% for lidocaine, 98% for I, 77% for 11, and 99% for the in- 
ternal standard, ethylmethylglycinexylidide (111). The sensitivity of the 
assay is 0.04 pg/ml. Coefficients of variation for day-to-day replicate 
analyses of lidocaine and the metabolites were <7%. 

Keyphrases  Lidocaine-high-pressure liquid chromatographic 
analysis, human plasma 0 High-pressure liquid chromatography- 
analysis, lidocaine and active dealkylated metabolites, human plasma 
0 Antiarrhythmics-lidocaine, high-pressure liquid chromatographic 
analysis, human plasma 

Lidocaine, a widely used antiarrhythmic drug, under- 
goes extensive metabolism in the liver. Two of its principal 
metabolites, monoethylglycinexylidide (I) and glycine- 
xylidide (11), often are found in significant concentrations 
in plasma and both possess pharmacological and toxico- 
logical properties (1-4). The pharmacokinetic parameters 
of lidocaine are affected by disease states (5-7) as well as 
by the duration of the infusion (6,8,9). The elimination 
of I was shown to be reduced in heart failure (6, lo), and 
that of I1 was reduced in both renal (11) and heart (6) 
failure. 

The wide interpatient variability of plasma lidocaine, 
I, and I1 levels (5, 10, 12), the narrow margin between 
therapeutic and toxic plasma lidocaine levels, and the 
possible contribution of I and I1 to the therapeutic and 
toxic effects of lidocaine warrant routine monitoring of 
plasma lidocaine, I, and I1 levels in patients receiving li- 
docaine infusions. 

A simple, rapid, accurate, and specific analytical method 
for quantitating lidocaine, I, and I1 in plasma by high- 
pressure liquid chromatography (HPLC) is presented. 

EXPERIMENTAL 

Materials-The amounts and concentrations of lidocaine', I], II', and 
ethylmethylglycinexylidide' (111) are expressed as the free base. Hy- 
drochloric acid2 was ultrex grade. Phosphoric acid?, monobasic potassium 
phosphate3, and methylene chloride3 were reagent grade. Acetonitrile3 
was HPLC grade. 

Apparatus-The analyses were performed on a liquid chromatograph 
equipped with a variable-wavelength UV detectolJ. Separation was 
carried out on an RP-8 10-pm column5. The instrumental conditions 
included a mobile phase of 18% acetonitrile in 0.1 M phosphate buffer 
adjusted to pH 3.2 at a flow rate of 2 ml/min, and the detector was set a t  
195 nm. 

Procedure-To 2 ml of plasma contained in a culture tube were added 
0.1 ml of 0.5 N NaOH and 50 p1 of the internal standard (III,5 pg/100 pl). 
The solution was vortexed for 30 sec. Following the addition of 2.5 ml of 

Astra Pharmaceuticals. * d.  T. Baker Chemical Co. 
Fisher Scientific Co. 
Hewlett-Packard series 1084. 

5 Hewlett-Packard Co. 
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Figure &Typical chromatogram. The retention times were 3.33 min 
for  I (0.53 pg/ml),  4.43 min for I I  (0.60 pglml), 5.23 rnin for I I I ,  and 6.61 
rnin for lidocaine (2.35 pg/rnl). 

methylene chloride, the mixture was shaken for 10 min on a reciprocating 
shaker and then centrifuged a t  3500 rpm. The aqueous phase was dis- 
carded; the organic phase was dried over anhydrous sodium sulfate and 
transferred to a second culture tube, to which was added 0.5 ml of 0.01 
N HCI. The mixture was shaken for 60 min on a reciprocating shaker and 
centrifuged, and 150 p1 of the aqueous phase was injected into the chro- 
matograph. 

Standard samples were prepared by spiking human plasma with in- 
creasing concentrations of lidocaine (0.1,0.4,0.8,2,3,4, and 5 pg/ml) and 
the metabolites (0.04,0.16,0.32,0.8,1.2, 1.6, and 2 pg/ml). Calibration 
curves, which were identical whether prepared in plasma or in water, were 
constructed by plotting the ratios of the peak heights of lidocaine, I, and 
I1 to the peak height of the internal standard against the concentrations 
of lidocaine, 1, and 11. 
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Table I-Day-to-Day Reproducibility 

Plasma 
Concentration, 

Compound u d m l  n cv. % 

Lidocaine 2.0 
0.8 

I 

I1 

0.8 
0.32 
0.8 
0.32 

22 4.8 
11 3.0 
22 2.2 
11 4.1 
21 3.5 
10 6.8 

Analytical recovery of lidocaine and 1-111 was determined by comparing 
the peak areas obtained by direct injection of standard aqueous solutions 
with those obtained from the injection of the same standard solutions 
after running them through the extraction procedure. Three samples were 
run a t  each of the seven different concentrations. 

Blood samples were obtained from 75 patients receiving lidocaine for 
therapeutic o r  prophylactic indications and were analyzed by both the 
presently described method and by a GLC method (13). 

RESULTS AND DISCUSSION 

The standard curves were linear throughout the ranges studied ( r2  = 
0.991(,0.999, and 0.998 for lidocaine, I, and 11, respectively). The average 
(&SO) analytical recoveries were 94.3 f 3.4% for lidocaine, 98.4 f 4.1% 
for I. 77.2 f 2.7%, for 11, and 99.7 f 2.1% for 111. The retention times were 
3.33,4.43,5.23, and 7.01 min for 11, I, 111, and lidocaine, respectively. The 
day-to-day reproducibility of replicate analyses of standard plasma 
samples containing different concentrations of lidocaine, I, and I 1  is 
presented in Table I. A typical chromatogram is shown in Fig. 1. 

Concomitantly administered drugs included digoxin, propranolol, 
procainarnide, nitroglycerin, carbamazepine, diazepam, flurazepam, 
isosorbide dinitrate, chlorpropamide, dipyridamole, allopurinol, meth- 
yldopa, furosemide, spironolactone, sulfinpyrazone, hydrochlorothiazide, 
hydralazine, morphine, aspirin, and oxazepam. None interfered with the 
assay. The sensitivity of the assay is 0.04 pg/ml, and a concentration as 
low as 0.01 pg/ml can he detected in the plasma. 

The least-squares regression analysis of the data for the GLC method 
( X )  versus the presently described m e t h d  ( Y )  gave the following results: 
Y' intercept, 0.08; slope, 0.99; r?, 0.99; and Sy, 0.57. These results suggest 
that the HPLC method is relatively free of significant systematic errors 
(14). 

Plasma levels of I1 in one patient whose myocardial infarction was 
complicated by severe heart failure rose progressively, attaining 3.2 pg/ml 
on the 5th day of continuous lidocaine therapy. The corresponding li- 
docaine and I levels were 2.4 and 0.5 pg/ml. respectively. The infusion 
rate was 20 pglkgimin, and there were no signs of lidocaine toxicity. The 
relatively low lidocaine concentration in this patient was surprising since 
previous work in this (9) and other (6) laboratories indicated that both 
heart failure and prolonged infusions should produce plasma lidocaine 
concentrations of 4 pg/ml at  an infusion rate of 20 pg/kg/min. 

l h e  highest level of I (1.5 pg/ml) recorded was in another myocardial 
infarction patient with heart failure after 19 hr of continuous lidocaine 
inf'usion (35  pglkgimin). In this patient, the plasma lidocaine concen- 
tration was 5.2 pg/ml and the concentration of I1 was 0.70 pg/ml. Im- 
mediately after the sample was taken, the infusion was ceased, and 
samples were taken hourly (Fig. 2). The lidocaine concentration fell ex- 
ponentially to 0.16 pg/ml after 12 hr ( t  112.141 min), and the concentration 
o f  I also appeared to decline exponentially, reaching 0.23 pg/ml after 12 
hr. The concentration of I1 was still 0.59 pg/ml 12 hr later. The half-lives 
cannot be determined for the metabolites from the slopes of their plasma 
disappearance curves since they are both synthesized from lidocaine and 
eliminated during the sampling period. This patient recently had suffered 
a stroke, rendering evaluation of possible neurological toxic effects dif- 
ficult. 

The elevated levels of metabolites in heart failure were reported by 
other investigators. Prescott et al. (6) reported progressively rising I and 
I 1  levels in patients in whom the myocardial infarction was complicated 
by heart failure. Halkin et al. (10) found higher I levels in patients with 
heart tailure but did not measure I1 levels. Narang et al. (15) described 
one patient with mild congestive heart failure whose I level was 183% of 
that of lidocaine (lidocaine, 1.38 pg/ml; I, 2.53 pg/ml), thus contributing 
more than unchanged lidocaine to the antiarrhythmic effect. 

Few conclusions can be drawn concerning the relative contributions 
of  1 and I1 to the pharmacological and toxic effects of lidocaine therapy 

0.2 

0.1 I 
0 12 

HOURS 
Figure %-Plasma concentrations of lidocaine (m),  II (A), and I (0 )  
ouer the 12-hr period immediately follouJing cessation of the lidocaine 
infusion. 

because their concentrations have been measured in only a limited 
number of patients. The availability of this method, as well as other 
HPLC and GLC methods (15-19) that simultaneously measure lidocaine, 
I, and 11, should result in further studies of lidocaine and its active me- 
tabolites. 
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Abstract  The synthesis and antidepressant properties of a new py- 
rimido[4,5-d]pyrimidine are described. Spectral data determined in so- 
lution and in the solid state allowed establishment of the relationship 
between the activity and the conformation of the molecule. The spatial 
structure seems to be in accordance with a possible binding a t  the 
presynaptic a-receptor sites. 

Keyphrases Pyrimido[4,5-d]pyrimidines-synthesis and evaluation 
for antidepressant activity, binding a t  presynaptic a-receptor sites, 
structure-activity relationships 0 Structure-activity relationships- 
pyrimido[4,5-d]pyrimidines, synthesis and evaluation for antidepressant 
activity, binding a t  presynaptic a-receptor sites Antidepressant ac- 
tivity-pyrimido[4.5-d]pyrimidines, synthesis and evaluation for anti- 
depressant activity, binding a t  presynaptic a-receptor sites, structure- 
activity relationships 

The basic assumptions in the analysis of a structure- 
activity relationship are that the drug and the receptor 
exhibit mutual complementarity and that the study of 
drug conformation yields information relevant to the ge- 
ometry of the binding sites of the receptors. As a contin- 
uation of studies on 1,3-dimethyl-2,4-dioxo-6-substituted 
octahydropyrimido[4,5-d]pyrimidines (l), the particular 
behavior of the 6-benzyl derivative (I) was evaluated. This 
compound appears to possess significant antidepressant 
activity. Antidepressant drugs containing the pyrim- 
ido[4,5-d]pyrimidine ring system have not been described. 
In addition, the apparent importance of the benzyl moiety' 
in inducing such properties prompted the establishment 
of relationships between three-dimensional molecular 
structure and pharmacological response. 

The mechanism of action of antidepressant drugs has 
been studied recently (2). It is generally accepted that the 
therapeutic effect of antidepressant agents may be a con- 
sequence of an increased availability of norepinephrine at  
postsynaptic sites. A 3-week administration of tricyclic 
antidepressant drugs gradually decreased the sensitivity 
of the presynaptic a-receptor (3), which would explain the 
delay in the onset of the clinical effect. On the other hand, 

~ ~ ~ ~ 

Other pyrimido[4,5-d]pyrlmidines with a 6-alkyl or aryl group were devoid of 
such activity (1). 

the feedback inhibition of brain norepinephrine neurons 
by tricyclic antidepressants was due to an a-receptor 
mediation (4). This finding would explain the increase of 
the availability of norepinephrine at  postsynaptic receptor 
sites after an antidepressant treatment. A correlation may 
be postulated between antidepressant activity and the 
action of the drug at the a-adrenergic receptors. 

EXPERIMENTAL* 

1.3- Dimethyl- 2,4- dioxo- 6- benzyl- 1,2,3,4,5,6,7,8- octahydropy- 
rimido[4,5-d]pyrimidine (1)-To an ethanolic solution of 9 g (0.06 
mole) of 1,3-dimethyl-6-aminouracil were added successively 8.5 g (0.08 
mole) of benzylamine and 12 ml of 35% aqueous formaldehyde (0.12 mole) 
solution. The mixture was stirred and heated under reflux for 2 hr and 
then concentrated tn  U ~ C U O  to dryness. The residual solid was washed 
with acetone and recrystallized from ethanol to give 14 g (81%) of white 
crystals. Further recrystallization from ethanol gave an analytical sample, 
mp 160'; IR(KBr pellets): 1630 and 1690 (C=O), 3150 (NH), and 2750 
and 2810 (CH2) cm-l; PMR (dimethyl sulfoxide-ds): d 3.23 (s, 3H, CH3a), 

= 3 Hz, NHe), 3.56 (s,2H, CHZf), and 7.56 (s, 5H, phenyl g) ppm. 
Anal.-Calc. for C16H18N402: C, 62.92; H, 6.34; N, 19.56. Found: C, 

62.88; H, 6.33; N, 19.56. 
Pharmacological Assays-Compound I was subjected to the classical 

tests for psychopharmacological effects. The central nervous system 
(CNS) activity was evaluated first as described by Irwin (5). Graded doses 
were given to groups of five mice, and the animals were observed con- 

3.36 (5,3H, CHBb), 3.75 ( s ,  2H, CH~C),  4.15 (d, 2H, CHZd), 7.48 (t, IH,Jd-, 

Melting points were determined with a Buchi capillary melting-point apparatus 
and are uncorrected. PMR spectra were obtained with a Jeol-MH 60 spectrometer 
using tetramethylsilane as the internal standard. IR spectra were recorded on a 
Perkin-Elmer 177 spectrometer. Crystallographic data were collected on a Philips 
PW 1100 diffractometer with graphite monochromated M h a  radiation a t  room 
temperature. Elemental analyses were performed with a Perkin-Elmer CHN 240 
instrument. 
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The basic assumptions in the analysis of a structure- 
activity relationship are that the drug and the receptor 
exhibit mutual complementarity and that the study of 
drug conformation yields information relevant to the ge- 
ometry of the binding sites of the receptors. As a contin- 
uation of studies on 1,3-dimethyl-2,4-dioxo-6-substituted 
octahydropyrimido[4,5-d]pyrimidines (l), the particular 
behavior of the 6-benzyl derivative (I) was evaluated. This 
compound appears to possess significant antidepressant 
activity. Antidepressant drugs containing the pyrim- 
ido[4,5-d]pyrimidine ring system have not been described. 
In addition, the apparent importance of the benzyl moiety' 
in inducing such properties prompted the establishment 
of relationships between three-dimensional molecular 
structure and pharmacological response. 

The mechanism of action of antidepressant drugs has 
been studied recently (2). It is generally accepted that the 
therapeutic effect of antidepressant agents may be a con- 
sequence of an increased availability of norepinephrine at  
postsynaptic sites. A 3-week administration of tricyclic 
antidepressant drugs gradually decreased the sensitivity 
of the presynaptic a-receptor (3), which would explain the 
delay in the onset of the clinical effect. On the other hand, 

~ ~ ~ ~ 

Other pyrimido[4,5-d]pyrlmidines with a 6-alkyl or aryl group were devoid of 
such activity (1). 

the feedback inhibition of brain norepinephrine neurons 
by tricyclic antidepressants was due to an a-receptor 
mediation (4). This finding would explain the increase of 
the availability of norepinephrine at  postsynaptic receptor 
sites after an antidepressant treatment. A correlation may 
be postulated between antidepressant activity and the 
action of the drug at the a-adrenergic receptors. 

EXPERIMENTAL* 

1.3- Dimethyl- 2,4- dioxo- 6- benzyl- 1,2,3,4,5,6,7,8- octahydropy- 
rimido[4,5-d]pyrimidine (1)-To an ethanolic solution of 9 g (0.06 
mole) of 1,3-dimethyl-6-aminouracil were added successively 8.5 g (0.08 
mole) of benzylamine and 12 ml of 35% aqueous formaldehyde (0.12 mole) 
solution. The mixture was stirred and heated under reflux for 2 hr and 
then concentrated tn  U ~ C U O  to dryness. The residual solid was washed 
with acetone and recrystallized from ethanol to give 14 g (81%) of white 
crystals. Further recrystallization from ethanol gave an analytical sample, 
mp 160'; IR(KBr pellets): 1630 and 1690 (C=O), 3150 (NH), and 2750 
and 2810 (CH2) cm-l; PMR (dimethyl sulfoxide-ds): d 3.23 (s, 3H, CH3a), 

= 3 Hz, NHe), 3.56 (s,2H, CHZf), and 7.56 (s, 5H, phenyl g) ppm. 
Anal.-Calc. for C16H18N402: C, 62.92; H, 6.34; N, 19.56. Found: C, 

62.88; H, 6.33; N, 19.56. 
Pharmacological Assays-Compound I was subjected to the classical 

tests for psychopharmacological effects. The central nervous system 
(CNS) activity was evaluated first as described by Irwin (5). Graded doses 
were given to groups of five mice, and the animals were observed con- 

3.36 (5,3H, CHBb), 3.75 ( s ,  2H, CH~C),  4.15 (d, 2H, CHZd), 7.48 (t, IH,Jd-, 

Melting points were determined with a Buchi capillary melting-point apparatus 
and are uncorrected. PMR spectra were obtained with a Jeol-MH 60 spectrometer 
using tetramethylsilane as the internal standard. IR spectra were recorded on a 
Perkin-Elmer 177 spectrometer. Crystallographic data were collected on a Philips 
PW 1100 diffractometer with graphite monochromated M h a  radiation a t  room 
temperature. Elemental analyses were performed with a Perkin-Elmer CHN 240 
instrument. 
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I 
Figure I-Computer drawn perspectiue uiew of I 

2 3.80 

Figure 2-Comparison between the chemical shifts o/ the c proton (and 
d proton) for different 8-substituted pyrimidopyrimidines. 

tinuously over 6 hr. Lethality and delayed effects were noted 24 hr after 
drug administration. 

Tests for Neurological Deficit-Actioity Chambers (6)--Sedative 
activity was measured in groups of 10 mice housed singly in photobeam 
cages. The number of beam interruptions occurring during the 60-min 
periods immediately prior to and after dosing was recorded. 

Traction Test (7)-The percentage of mice unable to climb onto a wire 
and balance themselves within 5 sec after being suspended by the fore- 

/ 

3-3- - 

II 111 

paws was determined 60 min after administration of the test com- 
pound. 

Forced Motor Activity @-This activity was evaluated by the use of 
a rod revolving a t  14 rpm. The number of mice remaining on the rod for 
>1 min was used as the measure. 

Anticonvulsant Activity-Conuulsions from Pentylenetetrarol 
(9)-Pentylenetetrazol was administered in a convulsifying dose (125 
mg/kg ip) to groups of 10 mice pretreated for 1 hr with the test compound. 
Animals that  did not have any tonic-clonic attack for 30 min after the 
pentylenetetrazol were considered to be protected. 

Convulsions from Electroshock (ZO)-The effect of the compound on 
the maximal electroshock seizure was investigated in mice after intra- 
peritoneal administration. The stimulation was carried out by means of 
corneal electrodes a t  30 mamp for 0.2 sec. The percentage of mice pro- 
tected from the tonic phase of the seizure was recorded. 

Antipsychotic Activity (11)-The ability to reverse a conflict of 
motivation between exploration and punishment was assessed. The floor 
of the cage was divided into four plates. When a mouse went from one 
plate to another, it was subjected to an electrical shock. 

Prevention of Prochlorperazine-Induced Catalepsy (IZ)-This 
measurement was used as an index of antidepressant activity. Groups 
of five rats were pretreated with prochlorperazine (10 mg/kg sc); 5.5 hr 
later, they were treated with the test compound having anticataleptic 
activity. The test compound was given again 0.5, 1.5, and 2.5 hr there- 
after. 
d-Amphetamine-1nduced.Lethality (13)-d-Amphetamine-induced 

lethality was used to evaluate antipsychotic activity. Mice were medicated 
orally with test drugs 0.5 hr before intraperitoneal injection of d-am- 
phetamine (20 mg of the free basekg). Deaths were recorded during the 
following 4 hr. 

RESULTS 

The Irwin test (5) showed that I was not toxic up to 300 mg/kg PO. No 
peculiar symptomatology was observed. Compound I had no effect on 
the motor activity for mice a t  a dose of 100 mg/kg (6). At the same dose, 

Q 

Figure 3-Proposrd binding mode at n-ndrenergic receptor sites for norepinephrine and I 
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traction (7) and equilibration (8) reflexes were not changed, and pen- 
tylenetetrazol- or electroshock-induced convulsive effects (9,lO) were 
not antagonized. No anxiolytic activity was observed until 30 mg/kg was 
administered (11). No central anticholinergic action was noted a t  100 
mg/kg by the classical antipilocarpine test in rats (14). 

Prochlorperazine-induced catalepsy (13) was inhibited at the EDSO 
value of 30 mg/kg ( p  < 0.05, Student t test). The amphetaminic group 
toxicity effect was potentiated at  50 m g k  (13). Thus, the results reported 
here suggest that  I may be a significant and selective antidepressant 
compound. 

S t ruc tu ra l  Determinations-The crystal data were: space group 
P2/C; a = 7.109(3), b = 12.766(3), and c = 16.110(4) A; p =  97.52(5); V 
= 1395.2 A3; Z = 4; D, = 1.33; and R = 0.052. 

The distances between the center of the phenyl ring and N-6 and N-8 
atoms are 3.73 and 5.30 A, respectively (Fig. 1). The interatomic distance3 
between N-6 and N-8 is 2.40 A. 
PMR Spectrographic Results-The shifts (expressed in d parts per 

million using deuterated dimethyl sulfoxide as the solvent) (Fig. 2) cor- 
responding to the methylene protons (c and d )  of I were designed un- 
ambiguously and compared to shifts reported previously for other com- 
pounds (I1 and 111) (1). 

The chemical shifts of protons c and d unequivocally indicate that the 
anisotropic cone of the phenyl ring is closed to proton d (deshielding ef- 
fect) and that, in solution, I exhibits a privileged conformation in ac- 
cordance with that observed in the solid state. 

DISCUSSION 

A number of binding sites a t  the receptor are known to be important 
for a-adrenergic activity: the catechol moiety, the @-hydroxyl group, and 
the ammonium function (Fig. 3). The extended Huckel theory (16) and 
the perturbative configuration interaction using localized orbitals (17, 
18) calculations have permitted postulation of the distance between the 
center of the aryl ring and the oxygen atom (3.6-3.7 A), the center of the 
ring and the nitrogen atom (5.1-5.2 A), and the nitrogen-oxygen distance 
(2.8-2.9 A) as the main characteristics of the molecule binding the a- 
adrenergic receptor sites. 

The spatial configuration of I fits this proposed model. 
I t  can be concluded that I displays structural features making it suit- 

3 Full details concerning the crystallographic data (interatomic distances, angles, 
and coordinates) are available (15). 

able for binding the presynaptic receptor sites. Nevertheless, I cannot 
activate them; the bulky group attached to  the nitrogen atom accounts 
for this inhibition. As such, when it partially occupies the site, it hinders 
the feedback inhibition of norepinephrine, increasing its release in the 
synaptic cleft. This effect could account for its pharmacological properties 
and provides information on the activity of certain antidepressant 
drugs. 
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Abstract The pharmacological activity of salicylates is related to the 
nonprotein-bound fraction of drug in the plasma. Free fatty acids have 
been shown to displace bound drug and to increase the serum levels of 
salicylates. Continuous ultrafiltration was used to measure unbound 
salicylic acid at 37'. A nonlinear analysis of the ultrafiltration data using 
whole number values for the number of binding sites indicates that so- 
dium oleate displaces the salicylic acid competitively at  both binding sites. 

Since the pharmacological activity of many drugs is re- 
lated to the non-protein-bound fraction of the drug in 
plasma (1-3), any decrease in the fraction of protein-bound 
drug may be expected to result in an increased pharma- 

Increased concentrations of fatty acids due to disease or the infusion of 
fatty acid emulsions perhaps may produce toxic levels of salicylic acid. 

Keyphrases Sodium oleate-effect on binding of salicylic acid to 
human serum albumin 0 Salicylic acid-binding to human serum al- 
humin, effect of sodium oleate Protein binding-effect of sodium oleate 
on binding of salicylic acid to human serum albumin 

cological effect. Free fatty acids bind rapidly to albumin 
at  more than one site (4-6), have a higher affinity for al- 
bumin than do most drugs (7, 8), and increase the con- 
centration of unbound drug in uiuo by displacement of 
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traction (7) and equilibration (8) reflexes were not changed, and pen- 
tylenetetrazol- or electroshock-induced convulsive effects (9,lO) were 
not antagonized. No anxiolytic activity was observed until 30 mg/kg was 
administered (11). No central anticholinergic action was noted a t  100 
mg/kg by the classical antipilocarpine test in rats (14). 

Prochlorperazine-induced catalepsy (13) was inhibited at the EDSO 
value of 30 mg/kg ( p  < 0.05, Student t test). The amphetaminic group 
toxicity effect was potentiated at  50 m g k  (13). Thus, the results reported 
here suggest that  I may be a significant and selective antidepressant 
compound. 

S t ruc tu ra l  Determinations-The crystal data were: space group 
P2/C; a = 7.109(3), b = 12.766(3), and c = 16.110(4) A; p =  97.52(5); V 
= 1395.2 A3; Z = 4; D, = 1.33; and R = 0.052. 

The distances between the center of the phenyl ring and N-6 and N-8 
atoms are 3.73 and 5.30 A, respectively (Fig. 1). The interatomic distance3 
between N-6 and N-8 is 2.40 A. 
PMR Spectrographic Results-The shifts (expressed in d parts per 

million using deuterated dimethyl sulfoxide as the solvent) (Fig. 2) cor- 
responding to the methylene protons (c and d )  of I were designed un- 
ambiguously and compared to shifts reported previously for other com- 
pounds (I1 and 111) (1). 

The chemical shifts of protons c and d unequivocally indicate that the 
anisotropic cone of the phenyl ring is closed to proton d (deshielding ef- 
fect) and that, in solution, I exhibits a privileged conformation in ac- 
cordance with that observed in the solid state. 

DISCUSSION 

A number of binding sites a t  the receptor are known to be important 
for a-adrenergic activity: the catechol moiety, the @-hydroxyl group, and 
the ammonium function (Fig. 3). The extended Huckel theory (16) and 
the perturbative configuration interaction using localized orbitals (17, 
18) calculations have permitted postulation of the distance between the 
center of the aryl ring and the oxygen atom (3.6-3.7 A), the center of the 
ring and the nitrogen atom (5.1-5.2 A), and the nitrogen-oxygen distance 
(2.8-2.9 A) as the main characteristics of the molecule binding the a- 
adrenergic receptor sites. 

The spatial configuration of I fits this proposed model. 
I t  can be concluded that I displays structural features making it suit- 

3 Full details concerning the crystallographic data (interatomic distances, angles, 
and coordinates) are available (15). 

able for binding the presynaptic receptor sites. Nevertheless, I cannot 
activate them; the bulky group attached to  the nitrogen atom accounts 
for this inhibition. As such, when it partially occupies the site, it hinders 
the feedback inhibition of norepinephrine, increasing its release in the 
synaptic cleft. This effect could account for its pharmacological properties 
and provides information on the activity of certain antidepressant 
drugs. 
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Abstract The pharmacological activity of salicylates is related to the 
nonprotein-bound fraction of drug in the plasma. Free fatty acids have 
been shown to displace bound drug and to increase the serum levels of 
salicylates. Continuous ultrafiltration was used to measure unbound 
salicylic acid at 37'. A nonlinear analysis of the ultrafiltration data using 
whole number values for the number of binding sites indicates that so- 
dium oleate displaces the salicylic acid competitively at  both binding sites. 

Since the pharmacological activity of many drugs is re- 
lated to the non-protein-bound fraction of the drug in 
plasma (1-3), any decrease in the fraction of protein-bound 
drug may be expected to result in an increased pharma- 

Increased concentrations of fatty acids due to disease or the infusion of 
fatty acid emulsions perhaps may produce toxic levels of salicylic acid. 

Keyphrases Sodium oleate-effect on binding of salicylic acid to 
human serum albumin 0 Salicylic acid-binding to human serum al- 
humin, effect of sodium oleate Protein binding-effect of sodium oleate 
on binding of salicylic acid to human serum albumin 

cological effect. Free fatty acids bind rapidly to albumin 
at  more than one site (4-6), have a higher affinity for al- 
bumin than do most drugs (7, 8), and increase the con- 
centration of unbound drug in uiuo by displacement of 
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0 number of binding sites and the affinity constants for each site. The raw 
data, i.e., the filtrate concentration, C/, as a nonlinear function of the 
volume filtered, V, were fitted using a computer5 and the NONLIN 
program (28): 
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(Eq. 1) 

where C,, V,, and P are the reservoir concentration, ultrafiltration cell. 
volume, and moles of protein, respectively. 

All calculations were corrected by subtraction of the void volume from 
the total volume filtered (26). The void volume, V', was calculated using 
the NONLIN program to fit the following equation iteratively (27): 

s 2 C/ = C, - c r e ( y )  (Eq. 2) 

Initial estimates of binding constants were obtained from the computer 
program MAP (28), which calculates the map of the sum of squares sur- 
face. All fits were obtained for a two-site model either with four Daram- 

3 
0 2 4 6 8 10 12 

VOLUME FILTERED, ml 
Figure I-Relationship between unbound salicylic acid and ultrafil- 
trat ion uolume for salicylic acid alone (A) and salicylic acid with 2.0 
mEq of sodium oleate to). 

eters, i.e., nl, K1, n2. and K z ,  or with two parameters, i.e., K1 and K2, with 
whole numbers assigned to nl and nz. 

RESULTS AND DISCUSSION 

The salicylic acid concentration in the ultrafiltrate is a nonlinear 
function of the volume filtered (Fig. 1) .  From these data, a Scatchard plot 
(Fig. 2) can be constructed using a mass balance analysis of the cell (29). 
Examination of the intercept on the r axis in Fig. 2 for salicylic acid alone 
and in the presence of 2.0 mEq of sodium oleatehiter suggests at  least four 
salicylate binding sites on human serum albumin distributed between 

bound drug (9, lo)* Since salicylates can be 
highly protein bound at  certain concentrations (11-14), 
drug displacement due to elevated free fatty acid con- 
centrations may have significant clinical implications 
(15). . ,  

Palmitic, oleic, and linoleic acids are the major free fatty 
acids present in serum (16,17). Elevated concentrations 

mEq/liter, have been reported in renal disease (18), dia- 
betes (19), hyperthyroidism (20), stress and exercise 
(21-23), myocardial infarction (24), and infection (25). 
Because free fatty acid increases are common in clinical 
practice and may result in significant drug displacement, 
the changes in salicylic acid binding in the presence of 

in uitro using human serum albumin at  37". 

of free fatty acids, i.e., above the normal range of 0.3-0.8 20,000 

varying free fatty acid concentrations were investigated 15,000 

A 

A 

A A  
t 

EXPERIMENTAL I A A  
Human serum albumin' was prepared in pH 7.4 phosphate buffer a t  

a physiological concentration of 4 g/100 ml. Salicylic acid2 solutions were 
prepared in pH 7.4 phosphate buffer a t  concentrations between 700 and 
800 pg/ml. Sodium oleate:' was added to the human serum albumin to 
yield concentrations of 0.5, 1.0, 1.5, and 2.0 mEq/liter. 

The bound fraction of drug was determined using continuous ultra- 
filtration (26). The salicylic acid solution was placed in the reservoir above 
the 25-mm ultrafiltration cell, equipped with a membrane having a 10,OOO 
Dalton molecular weight cutoff4. The cell then was filled with either 
human serum albumin or a human serum alhumin-sodium oleate mix- 
ture. The contents of the cell and reservoir were kept a t  37O in a water 
bath. 

The ultrafiltrate was collected under nitrogen (<20 psi) in tared, 
glass-stoppered test tubes a t  a flow rate of -10 ml/hr. After an initial 
collection of 1 ml (to allow for the void volume), samples were collected 
and the collected filtrate volumes were determined by reweighing the 
tubes and converting weights to volumes, assuming a solution density 
of one (filtrate volumes varied between 0.1 and 0.7 ml). 

Salicylate concentrations were determined spectrophotometrically 
a t  the absorption maximum of 295 nm from suitably diluted filtrate 
samples. A regression line of absorbance as a function of salicylate con- 
centration was linear up to 40 pg/ml ( r  = 0.999, n = 8). A control study 
performed without protein showed no evidence of drug binding by the 
membrane or other parts of the cell. 

The method of Greene and Nightingale (27)  was used to calculate the 

1 Fraction V powder, Calbiochem 
2 A-277, Fisher. 

Pfaltz and Bauer. 
Millipore, PTSC 

h 

A 

A 0 
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a 
2.1 0,000 
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0- 1 2 
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Figure 2-Scatchard plot of salicylic acid binding. Key: A ,  salicylic acid 
alone; and 0, salicylic acid with 2.0 mEq of sodium oleate; r is the  moles 
of salicylic acid bound per mole of human serum albumin and D equals 
molcs of unbound salicylic acid. 

5 Itel AS-6 model 3. 
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Table I-Scatchard Parameters  for  Salicylic Acid Binding to  4% 
Human Serum Albumin at 37" 

K i ,  K2, 
Model n1 l i tershole nz l i tershole 

Unconstrained 1.33 18,750 2.48 840 
(0.22)" (10.600) (0.21) (310) , ,  . ,  

Constrained 2 7440' ' 2 430 
(2460) (48) 

a The standard deviation is given in parentheses. 

two classes of sites. The data are quite clear for the systems that did not 
contain sodium oleate but are not unequivocal for the systems containing 
sodium oleate. 

Table I lists the Scatchard parameters of a two-class binding model 
that  were obtained by fitting the filtrate data as a function of volume to 
Eq. 1 using the NONLIN program. The estimates for these parameters 
are in reasonable agreement with those of other investigations at 37' (30, 
31). 

The NONLIN program can be modified to constrain the number of 
binding sites to whole numbers (32). The most likely combination of 
whole numbers of a two-class binding model, i .e. ,  nl and n2, appears to 
be one of the following constrained systems: 1,3; 1,4; 1,5; 2,2; 2,3; and 
2,4. The best-fit constrained model for the two binding sites (nl and n2) 
using the criteria of smaller sums of squares was 2,2. This result differs 
from a similar analysis of a Scatchard plot of salicylic acid binding to 0.3% 
human serum albumin a t  25O, in which 1 ,4  was reported for nl and n2, 
respectively (32). The 2 ,2  model also appeared to describe adequately 
the salicylic acid binding in the presence of 0.5-2.0 mEq of sodium 
oleatehter. 

Figure 3 demonstrates that  the apparent dissociation constants for 
both classes of binding sites decreased apparently linearly with increasing 
oleate concentration. Decreased affinity for binding without a change 
in the number of binding sites also was shown for diazepam in the pres- 
ence of oleic acid (10). 
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u 500r 
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SODIUM OLEATE CONCENTRATION, mEq/liter 
Figure 3-Relationship between the apparent dissociation constants 
for  the two classes of salicylic acid binding sites and the sodium oleate 
concentration. 
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Figure 4-Relationship between the percent of unbound salicylic acid 
and the total drug concentration. Key: A, salicylic acid alone; and 0, 
salicylic acid with 2.0 mE9 of sodium oleate. 

Oleic acid appears to alter the binding affinity for salicylic acid to 
human serum albumin without affecting the number of binding sites. 
Similar competitive effects of free fatty acids on the binding of salicylic 
acid and other drugs have been attributed to allosteric conformational 
changes of protein molecules (32). 

The unbound percent of salicylic acid as a function of total drug con- 
centration calculated from the mass balance of cell contents is shown in 
Fig. 4. A twofold increase in the percent unbound salicylic acid, i .e.,  from 
-20 to 40%, occurred a t  oleic acid levels of 2.0 mEq/liter, as compared 
to normal free fatty acid levels of -0.5 mEq/liter. 

This investigation was purely in uitro in nature, and there always is 
an uncertainty in any attempt to extrapolate in uitro data to in uiuo 
clinical situations. However, it is known that the toxic effects of salicylic 
acid are related to its unbound concentration, the dose-related volume 
of distribution, and the clinical status of the patient, e.g., acidosis (15). 
Since salicylic acid binding can be reduced considerably by elevation of 
the free fatty acid level, any substantial increase in free fatty acids due 
to disease or the use of fatty acid emulsion infusions may perhaps be 
potentially clinically relevant. Since salicylic acid has a quite high ther- 
apeutic ratio, the effect may not be hazardous; however, it would be de- 
sirable to study the effects of the free fatty acid concentration on several 
strongly bound drugs with low therapeutic indexes. 
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Abstract Two novel series of benzimidazole derivatives bearing 
structural modifications of certain drugs were prepared for evaluation 
for potential anticancer activity. The first series was a group of alkylating 
agents, and the second series was a variety of 4-substituted-1-thio- 
acetyl-3-thiosemicarbazides. The tests of some representative products 
for antileukemic activity against P-388 lymphocytic leukemia indicated 
no significant effects. 

Keyphrases 0 Antineoplastic agents, potential-benzimidazole sulfonic 
esters and nitrogen mustards, synthesis and evaluation for antileukemic 
activity Benzimidazole derivatives-sulfonic esters and nitrogen 
mustards, synthesis and evaluation for anticancer activity 

Among the benzimidazole alkylating agents whose 
syntheses have been described ( 1 4 ,  only 2-[bis(2-chlo- 
roethyl)aminoethyl]benzimidazole (benzimidazole mus- 
tard NSC 23891, I) has shown pronounced anticancer ac- 
tivity (6,7). Interest in the effect of structural modification 
on the anticancer activity of such compounds prompted 
the synthesis of benzimidazole sulfonic esters (IV-IX) and 
nitrogen mustards (X and XI) (Scheme I), in which the 
thioethyl chain replaced the methylenic group in I. In 
addition, 4-substituted-l-(2-mercaptoacetylbenzimid- 
azole)-3-thiosemicarbazides (XIV-XX) (Scheme 11) were 
prepared to compare their anticancer properties with those 
reported for some heterocyclic a-formylthiosemicarbazone 
derivatives (8-11). 

RESULTS AND DISCUSSION 

Chemistry-The sulfonic esters (IV-IX) were prepared starting with 
S-alkylation of benzimidazole-2-thione or the 1-substituted derivatives 
(11) with ethylene chlorohydrin in the presence of potassium hydroxide, 
followed by treatment of the resulting alcohols (111) with methanesulfonyl 
chloride or p-toluenesulfonyl chloride and pyridine (12) (Scheme I). 

c1 H 
CLCH,CH,lfR:. HCI 

I 

R,SO,CI 
R,  c1 

X:  R ,  = H, R ,  = CH,CH,CI 
XI: R ,  = R, = H 

IV: R ,  = CH,, R, = CH, 

VI: R ,  = C,H,C&, R, = CH, 
V: R, = CH,, R, = 4-CH,C6H, 

VII: R ,  = C,H,CH,, R, = 4-CH,C6H, 
VIII: R ,  = CH,SO,, R, = CH, 
IX: R ,  = 4-CH3C,H,S0,, R ,  = I-CH,C,H, 

Scheme I 

When the I-position in the alcohols (111) was vacant, the reactions pro- 
ceeded with the production of the disulfonated products (VIII and IX) 
(Table I). The bi- and monofunctional nitrogen mustards (X and XI) 
were synthesized by reacting benzimidazole-2-thione with a mixture of 
tris(2-chloroethy1)amine hydrochloride or bis(2-chloroethy1)amine hy- 
drochloride and triethylamine in absolute ethanol. 

Treatment of benzimidazole-2-thione (11) with ethyl bromoacetate gave 

1348 f Journal of Pharmaceutical Sciences 
Vol. 69, No. 1 1, November 1980 

0022-3549f 80f 1 100- 1348$0 1.001 0 
@ 1980, American Pharmaceutical Association 



Pharmacol., 15,351 (1976). 

Biochem. Pharmacol., 23,1767 (1974). 

J. Pharm Sci., 63,1423 (1974). 

(13) J. F. Zaroslinski, S. Keresztes-Nagy, R. F. Mais, and Y. T. Oester, 

(14) R. F. Mais, S. Keresztes-Nagy, J. F. Zaroslinski, and Y. T. Oester, 

(15) A. K. Done, Pediatrics, 54,670 (1974). 
(16) K. Diem and C. Lentner, Eds., “Scientific Tables,” 7th ed., 

(17) A. Saifer and L. Goldman, J. Lipid Res., 2,268 (1961). 
(18) M. S. Losowsky and D. H. Kenward, J. Lab. Clin. Med., 71,736 

(19) J. A. Moorehouse, J. Steinberg, and N. J. Rosen, J. Clin. Endo- 

(20) C. E. Rich, E. L. Bierman, and I. I,. Schwartz, J. Clin. Inoest., 38, 

(21) R. J. Havel, A. Naimark, and C. F. Borchgrevink, ibid., 42,1054 

(22) K. Rodahl, H. I. Miller, and B. Issekutz, J. Appl. Physiol., 19,489 

Ciba-Geigy, Basel, Switzerland, 1970, pp. 600-602. 

(1968). 

crinol. Metab., 23,1080 (1963). 

275 (1959). 

(1963). 

(1964). 
(23) P. Paul and W. L. Holmes, Lipids, 8,142 (1973). 
(24) V. A. Kurien and M. F. Oliver, Lancet, 2,122 (1966). 
(25) J. I. Gallin, D. Kay, and W. M. O’Leary, N. Engl. J .  Med., 281, 

(26) W. F. Blatt, S. M. Robinson, and J. J. Bixler, Anal. Biochem., 26, 

(27) D. S. Greene and C. H. Nightingale, Acad. Pharm. Sci. Abstr., 

(28) C. M. Metzler, G. L. Elfring, and A. J. McEwen, Biometrics, 30, 

(29) D. S. Campion and R. Olsen, J. Pharm. Sci., 63,249 (1974). 
(30) V. P. Shah, S. M. Wallace, and S. Riegelman, ibid., 63, 1364 

(31) 0. Borga, I. Odar-Cederlof, V. A. Ringberger, and A. Norlin, Clin. 

(32) J. E. Fletcher and A. A. Spector, Mol. Pharmacol., 13, 387 

1081 (1969). 

151 (1968). 

6,117 (1976). 

562 (1974). 

(1974). 

Pharm. Ther., 20,464 (1976). 

(1977). 

Novel Potential Anticancer Agents 
Derived from Benzimidazole 

EL-SEBAII A. IBRAHIM, A.-MOHSEN M. E. OMARX, and 
M. A. KHALIL 
Received March 4,1980, from the Pharmaceutical Chemistry Department, Faculty of Pharmacy, Uniuersity of Alexandria, Alexandria, 
Egypt. Accepted for publication May 20,1980. 

Abstract Two novel series of benzimidazole derivatives bearing 
structural modifications of certain drugs were prepared for evaluation 
for potential anticancer activity. The first series was a group of alkylating 
agents, and the second series was a variety of 4-substituted-1-thio- 
acetyl-3-thiosemicarbazides. The tests of some representative products 
for antileukemic activity against P-388 lymphocytic leukemia indicated 
no significant effects. 

Keyphrases 0 Antineoplastic agents, potential-benzimidazole sulfonic 
esters and nitrogen mustards, synthesis and evaluation for antileukemic 
activity Benzimidazole derivatives-sulfonic esters and nitrogen 
mustards, synthesis and evaluation for anticancer activity 

Among the benzimidazole alkylating agents whose 
syntheses have been described ( 1 4 ,  only 2-[bis(2-chlo- 
roethyl)aminoethyl]benzimidazole (benzimidazole mus- 
tard NSC 23891, I) has shown pronounced anticancer ac- 
tivity (6,7). Interest in the effect of structural modification 
on the anticancer activity of such compounds prompted 
the synthesis of benzimidazole sulfonic esters (IV-IX) and 
nitrogen mustards (X and XI) (Scheme I), in which the 
thioethyl chain replaced the methylenic group in I. In 
addition, 4-substituted-l-(2-mercaptoacetylbenzimid- 
azole)-3-thiosemicarbazides (XIV-XX) (Scheme 11) were 
prepared to compare their anticancer properties with those 
reported for some heterocyclic a-formylthiosemicarbazone 
derivatives (8-11). 

RESULTS AND DISCUSSION 

Chemistry-The sulfonic esters (IV-IX) were prepared starting with 
S-alkylation of benzimidazole-2-thione or the 1-substituted derivatives 
(11) with ethylene chlorohydrin in the presence of potassium hydroxide, 
followed by treatment of the resulting alcohols (111) with methanesulfonyl 
chloride or p-toluenesulfonyl chloride and pyridine (12) (Scheme I). 
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VIII: R ,  = CH,SO,, R, = CH, 
IX: R ,  = 4-CH3C,H,S0,, R ,  = I-CH,C,H, 

Scheme I 

When the I-position in the alcohols (111) was vacant, the reactions pro- 
ceeded with the production of the disulfonated products (VIII and IX) 
(Table I). The bi- and monofunctional nitrogen mustards (X and XI) 
were synthesized by reacting benzimidazole-2-thione with a mixture of 
tris(2-chloroethy1)amine hydrochloride or bis(2-chloroethy1)amine hy- 
drochloride and triethylamine in absolute ethanol. 

Treatment of benzimidazole-2-thione (11) with ethyl bromoacetate gave 
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Table I-l-Substituted-2-(alkyl or  arylsulfonoxyethy1)thiobenzimidazoles 

Melting Yield, Molecular Analysis, % 
Compound Point 70 Formula Calc. Found 

C 46.01 45.90 
4.80 H 4.90 

N 9.70 10.10 
22.70 
56.10 
5.00 
7.20 

S 22.30 
C 56.30 
H 5.00 
N 7.70 

V 87' 85 

S 17.69 17.80 
VI 

VII 

VIII 

87-88' 

loo-lolo 

197-199' 

78 

81 

85 

C 56.30 
H 5.00 
N 7.70 
S 17.69 
C 62.90 
H 5.00 
N 6.39 
S 14.60 
C 37.70 
H 4.02 

56.50 
4.90 
7.70 
17.20 
62.73 
5.14 
6.30 
14.70 
38.00 
4.10 
8.30 
27.30 
54.50 

N 8.00 
S 27.42 
C 54.90 IX 127-128" 90 
H 4.40 4.40 
N 5.57 5.90 s 19.10 19.20 

the corresponding S-alkyl ester (XII) (13), which, on reaction with hy- 
drazine hydrate in ice, yielded benzimidazole-2-mercaptoacetohydrazide 
(XIII) (13). Heating this acid hydrazide with the equivalent amount of 
alkyl-, aryl-, or aralkylisothiocyanates in refluxing ethanol (14) produced 
the required 4-substituted-l-(2-mercaptoacetylbenzimidazole)-3- 
thiosemicarbazides (XIV-XX) (Scheme I1 and Table 11). The new 
products were identified by microanalysis and IR spectra and, for some 
representative compounds, by PMR and mass spectra. 

Anticancer Screening-Compounds IV-VIII, X, XI, XIV-XVI, and 
XX were evaluated against P-388 lymphocytic leukemia in mice'. The 
activities were measured as the ratio of the mean survival time of the test 
animals to that of the control animals expressed as a percentage (% T/C). 
All-compounds tested were inactive since their % T/C values were 
<125. 

The inactivity of the synthesized alkylating agents was assumed to be 
due to the presence of sulfur in the thioethyl chain separating the alkyl- 
ating function from the benzimidazole ring. This assumption is supported 
by the fact that no loss in carcinostatic activity or therapeutic index was 
observed when the methyl group in methylbis(2-chloroethy1)amine (HNz 
NSC 762) was replaced by a longer or more complex substituent (7). On 
the other hand, the lack of anticancer activity of the thiosemicarbazides 
(XIV-XX) was attributed to their inability to form the tridentate ligands 
(15) with the iron required by ribonucleoside diphosphate reductase; as 
a result, they cannot block DNA synthesis. 

Stirring was continued for 3 hr, and the mixture was left in the refrigerator 
overnight. Sufficient ice-cold water was added with vigorous stirring. The 
separated products were filtered, washed well with water, and crystallized 
from a benzene-light petroleum mixture. The yields and physical con- 
stants of the products are given in Table I; IR (KBr): 1355 and 1170 
(asymmetric and symmetric SOz) cm-l; PMR for V (deuterochloroform): 
6 2.29 (s, 3H, aromatic CH3), 3.89 (s, 3H, N-CHB), 4.38-4.62 (m, distorted, 
2H, S-CHz), 4.80-5.25 (m, distorted, 2H, CHzOSOz), and 6.89-7.81 (m, 
8H, aromatic H) ppm. 
2-[2-[Bis(2-chloroethyl)amino]ethyl]thiobenzimidazole Hy- 

drochloride (X)-A mixture of benzimidazole-2-thione (0.45 g, 0.003 
mole), tris(2-chloroethy1)amine hydrochloride (0.72 g, 0.003 mole), and 
triethylamine (0.3 g) in absolute ethanol (20 ml) was heated under reflux 
for 6 hr. The separated product was filtered and crystallized from absolute 
ethanol as white crystals, 0.55 g (72%), mp 223-225O; TLC: Rf 0.53 

H,NNH,. H,O 
H \ 

XI1 

EXPERIMENTAL* 

2-(2-Hydroxyethyl)thiobenzimidazole and Corresponding 1- 
Methyl- and 1-Benzyl Derivatives (111)-Ethylene chlorohydrin (7 
g, 0.1 mole) was added dropwise to an ice-cold solution of benzimid- 
azole-2-thione (11) (0.1 mole) in 12% KOH (40 ml). The mixture was 
stirred for 3 hr and set aside overnight at  room temperature. The sepa- 
rated products were crystallized from ethanol or aqueous ethanol, iden- 
tified by their IR spectra, and used for the preparation of the sulfonic 
esters; IR (mineral oil): 3175 (associated OH and NH), 1620 (C=N). 1510 
(6 NH), 1265 (OH, out of plane bending), and 1065 (C-0) cm-'. 

I-Substituted-2-(alkyl o r  arylsulfonoxyethy1)thiobenzimidazoles 
(IV-1X)-Methanesulfonyl chloride or p-toluenesulfonyl chloride (0.3 
mole) was added to a well-stirred and cooled (ice-salt bath) solution of 
the 2-(2-hydroxyethyl)thiobenzimidazoles (111) in dry pyridine (10 ml). 

NH, 
XI11 

I R-N=C----S 

CH,CH ,O H 

I 
H 

XIV: R = n-C,H, 

XVI: R = 2-CH,C,H4 
XVII: R = 3-CH,C,H4 

XVIII: R = 4-CH,C,H4 

XV: R = C,H, 

XIX: R = 2-CH,0C6H, 
XX: R = C,H,CH, 

Scheme II 

~ ~~ 

Assays were performed in accordance with the protocol of the Drug Evaluation 
Branch, National Cancer Institute, Bethesda, MD 20014. The compounds, dissolved 
or suspended in saline with Tween SO, were given as intraperitoneal injections 24 
hr after tumor implantation in BDFl male and female mice. With a multiple-dose 
assay, the antileukemic activity of the products was evaluated on Day 30 after tumor 
implantation. 

2 All melting points are uncorrected. IR spectra were measured on a Beckman 
4210 IR spectrophotometer. PMR and mass spectra were measured a t  Janssen 
Pharmaceutica Laboratories, Belgium. 
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Table 11-4-Substituted- 1-(2-mercaptoacetylbenzimidazole)-3-thioaemicarbazidea 

Compound 
Melting 
Point 

Yield, 
% 

Molecular 
Formula 

Analysis, 3% 
Calc. Found 

XIV 172-174" 83 Ci4HisN50S2 c 49.85 50.10 
H 5.60 5.70 
N 20.77 21.00 s 18.99 18.60 

53.70 
H 4.20 4.37 
N 19.56 19.00 
S 17.80 17.60 

XVI 176-178" 85 Ci7Hi7N50S2 c 54.98 54.89 
H 4.58 4.09 
N 18.80 18.50 
S 17.20 17.00 

XVII 173-174" 86 C17HnN50Sz c 54.98 54.89 
H 4.58 4.82 
N 18.80 19.20 s 17.20 17.30 

55.06 
H 4.58 4.67 
N 18.80 19.10 
S 17.20 17.60 

52.34 
H 4.39 4.73 
N 18.00 17.50 
S 16.49 16.60 xx 181-182" 93 C ~ ~ H I ~ N ~ O S ~  C 54.98 55.27 
H 4.58 4.67 
N 18.80 18.70 
S 17.20 17.00 

85 Ci6H15N50Sz c 53.60 xv 186-188" 

XVIII 168-169' 88 Ci7Hi7N50S2 C 54.98 

XIX 130-132' 86 Ci7Hi7N502Sz C 52.71 

(chloroform-benzene-ethanol 2.5:3:0.5); IR (KBr): 2600 (broad, N+H) 
cm-1. 

Anal.-Calc. for C ~ ~ H I ~ C I ~ N ~ S :  C, 44.10; H, 5.05; Cl, 30.04; N, 11.84; 
S, 9.02. Found: C, 44.00; H, 5.10; Cl, 29.60; N, 12.00; S, 8.60. 

The PMR spectrum of the free base in deuterochloroform showed: 6 
2.99 and 3.09 [2t, overlapping, 6H, J = 5 Hz,CH2N(CHz)CH2], 3.42 and 
3.53 (2 t ,  overlapping, 6H, J = 5 Hz, SCH2 and (CHZCI)~], 7.11-7.32 (m, 
2H, aromatic H), and 7.4-7.61 (m, 2H, aromatic H of benzimidazole) ppm; 
mass spectrum: mle (relative abundance, %) (M+ absent) 281 and 283 
(2), 264 (3), 232 (26), 176 (44), 161 (14), 150 (loo), 118 (16), 91 (8), 65 (ll), 
36 (161, and 28 (26). 
2-[2-[(2-Chloroethyl)amino]ethyl]thiobenzimidazole (XU- 

Compound XI was prepared as described for X except that  bis(2-chlo- 
roethy1)amine hydrochloride was used instead of tris(2-chloroethy1)amine 
hydrochloride; TLC: R, 0.61. 

Anal.-Calc. for CllH14CIN3S: C ,  51.60; H, 5.50; C1, 13.80; N, 16.40; 
S, 12.52. Found: C, 51.50; H, 5.50; CI, 13.40; N, 16.00; S, 12.70. 
1-(2-Mercaptoacetylbenzimidazole)-4-alkyl-, aryl-, and aral- 

kyl-3-thiosemicarbazides (XIV-XX)-A solution of equimolar 
amounts of an alkyl-, aryl-, or aralkylisothiocyanate and benzimid- 
azole-2-mercaptoacetohydrazide (XIII) (13) in ethanol was left overnight 
a t  room temperature to deposit the products. They were filtered and 
crystallized from ethanol or aqueous ethanol. The yields and physical 
constants of the products are summarized in Table 11; IR (mineral oil): 
3270-3140 (NH), 1670 (C=O, amide I band), 1350 (amide I1 band and, 
in part, N+C=S amide band), 1250 (amide I11 band), and 1565-1530, 
1345-1325,1075-1050, and 870-830 (N+C=S I, 11,111, and IV amide 
bands, respectively) cm-' (14). 
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Abstract  Electron-capture GLC was utilized for simultaneous 
quantitation of clobazam, a 1,5-benzodiazepine derivative, and its active 
metabolite, desmethylclobazam, in human plasma and serum. After 
addition of diazepam as the internal standard, samples were extracted 
into benzene-isopentanol. The organic extracts were evaporated to 
dryness, reconstituted, and subjected to chromatographic analysis 
without derivatization or cleanup. All three compounds were resolved 
completely and had favorable chromatographic properties using an 
OV-101 liquid phase. The limits of detection are 3-5 ng/ml for clobazam 
and 5-10 ng/ml for desmethylclobazam. Relative standard deviations 
for identical samples do not exceed 6%. The application of the method 
to a clinical phacmacokinetic study is demonstrated. 

Keyphrases  0 Clobazam-electron-capture GLC analysis with 
desmethylclobazam, human plasma 0 Desmethylclobazam-electron- 
capture GLC analysis with clobazam, human plasma 0 GLC, electron 
capture-analyses, clobazam and desmethylclobazam, human plasma 

Clobazam (1) is a 1,5-benzodiazepine derivative utilized 
as a sedative and antianxiety agent (1-3). The major 
metabolic pathway of clobazam in humans appears to in- 
volve hepatic N-demethylation, yielding desmethylclo- 
bazam (11) (4). This metabolite also has pharmacological 
activity (5). The present report describes a rapid and 
sensitive method for simultaneous quantitation of cloba- 
zam and desmethylclobazam in plasma following thera- 
peutic doses of the parent compound. 

EXPERIMENTAL 

Apparatus and Chromatographic Conditions-The analytical in- 
strument was a gas chromatograph' equipped with a 15-mCi 6:1Ni-elec- 
tron-capture detector and an electronic integrator. The column was coiled 
glas (122 cm long X 4 mm i.d.) packed with 10% OV-101 on 80-100-mesh 
Chromosorb WHP'. The carrier gas was argon-methane3 (95:5) at  a flow 
rate of 25 ml/min. The operating temperatures were: injection port, 310'; 
column, 26.5'; and detector, 320'. At  the beginning of each workday, the 
column was primed by injection of 2-3 pl of a solution of azolectin4 (1 
mg/ml) in benzene. 

Preparat ion of Stock Solutions-Clobazam5 and desmethylcloba- 
%am5 (10 mg) each were dissolved in 2-3 ml of absolute ethanol and di- 
luted to 100 ml with benzene. The stock solution, containing 100 pg/ml, 
were stored in amber bottles a t  - 4 O .  Freezing of the stock solutions is 
recommended because desmethylclobazam may deteriorate when stored 
unfrozen. Diazepam6 (111) served as the internal standard in all analyses, 
and the stock solution of diazepam was prepared similarly. 

Working standards, containing 1.0 pg of each compound/ml, were 
prepared daily by appropriate dilution with benzene or  toluene. 

Preparat ion of Samples-A constant amount (100 @I) of a l-gg/ml 
working solution of the internal standard was added to round-bottom 
13-11-11 glass culture tubes equipped with polytef-lined screw-top caps. 
The solutions were evaporated to dryness a t  40-50' under mildly re- 
duced pressure in a vacuum oven. Calibration standards were prepared 
by addition of known amounts of clobazam and desmethylclobazam, 

Hewlett-Packard model 5830A 
Supelco Inc., Bellefonte, Pa. 
Matheson Gas Pniducts, Gloucester, Mass. 
Associated Concentrates, Wwdside, N.Y. 
Supplied by Dr. S. K. Puri, Hoechst-Roussel Pharmaceuticals, Somerville. 

Supplied by Dr. W. E. Scott, Hoffmann-La Roche Inc., Nutley, N.J. 
N.J. 

I 
CH3 

I11 

ranging from 25 to 300 ng, to some of these tubes. The solvents again were 
evaporated to dryness. 

One millilter of drug-free control plasma was added to each calibration 
tube, and 0.5-1 ml of unknown plasma was added to each tube that 
contained only the internal standard. The calibration standards were 
extracted and analyzed daily together with each set of unknowns. Samples 
found to contain clobazam or desmethylclobazam concentrations ex- 
ceeding the limits of the standard curve were reextracted using a smaller 
aliquot of plasma. 

Extraction-To each tube was added 3-5 ml of benzene (containing 
1.5% isopentanol to minimize adherence to glassware). The tubes were 
agitated for 30 sec on a vortex-type mixer and then centrifuged a t  room 
temperature for 10 min at  400Xg. An aliquot of the organic layer was 
transferred to another tube and evaporated to dryness at  40' under mildly 
reduced pressure. The residue was redissolved in 100-200 pl of toluene 
(containing 15% isopentanol), of which 1-6 pI was injected into the 
chromatograph. 

Clinical Pharmacokinetic Study-A healthy 3O-year-old male 
volunteer participated after giving informed consent. After an overnight 
fast, a single 20-mg dose of clobazam (two 10-mg tablets) was adminis- 
tered with 150 ml of water. Venous blood samples were drawn into 
heparinized tubes a t  multiple time points over the next 168 hr. Plasma 
was separated and frozen until it was assayed. Plasma concentrations of 
clobazam and desmethylclobazam were determined as described. 

The apparent elimination half-life of clohazam during the terminal 
Cp) phase of the plasma concentration curve was determined by least- 
squares regression analysis. 

RESULTS 

Evaluation of Method-Under the described chromatographic 
conditions, the approximate retention times were: diazepam, 5.5 min; 
clobazam, 7.4 min; and desmethylclobazam, 8.8 min (Fig. 1). 

The relation between the plasma concentration of clobazam or 
desmethylclobazam and the peak area ratio7 of each compound to the 
internal standard was linear through plasma concentrations of a t  least 
300 ng/ml (Table I). The relative standard deviations ( R S D )  for replicate 

' Peak height ratw can he used. 
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Figure 1-Chromatogram of a drug-free control plasma extract ( A )  and 
chromatogram of  the same plasma sample to which was added: di-  
azepam ( D Z ) ,  100 nglml; clobazam (CRZ) ,  50 nglml; and desmethyl- 
clobazam (DMCRZ).  50 nylml ( R ) .  The chromatographic conditions 
are given in the text .  

samples (n = 10) containing 25 ng of clobazam and desmethylcloba- 
zam/ml were 1.8 and 5.490, respectively. At 50 ng/ml, the RSU values were 
2.5 and 2.9%. The approximate detection limits were 3-5 nglrnl of original 
sample for clobazam and 5-10 nglml of original sample for desmethyl- 
clobazam; below these limits, the RSD values exceeded ~ W O .  Residue 
analysis indicated that recovery of clobazam, desmethylclobazam. and 
diazepam was >95% complete and independent of concentration. 

Plasma samples from patients receiving clobazam are stable a t  room 
temperature for at least 24 hr. Freezing is recommended for prolonged 
st.orage. Plasma extracts also are stable a t  room temperature and can be 
stored frozen after reconstitution. Samples are not sensitive to ambient 
light, or to temperatures of <40°. 

Pharmacokinetic Study-A peak plasma clobazam concentration 
of 510 ng/ml was reached a t  1.5 hr after dosage (Fig. 2). The elimination 
half-life during the terminal (0) phase of the curve was 22 hr. Disap- 
pearance of clobazam was mirrored by formation of its metabolic product. 
The highest desmethylclobazam concentration was 91 nglml, which was 
reached 48 hr after clobazam dosage. 

DISCUSSION 

The sensitivity and specificity of the electron-capture detector have 
facilitated development of quantitative assays for a number of benzo- 
diazepines in human blood and plasma following therapeutic doses 
(6-10). The present report describes the application of this approach to 
the simultaneous quantitation of clobazam and its major pharmacolog- 
ically active metabolite, desmethylclobazam. Preliminary studies in this 
laboratory suggested that phenyl methyl silicone liquid phases (such as 
OV-17) could be used for this purpose. However, chromatographic peaks 

Table  I-Representative Calibration Data  

Area Ratio 
Concentration. nelml Clobazam Desmethylclobazam 

25 
50 
75 

100 
150 
200 
300 

Correlation coefficient 
Slope ( & S E )  

Intercept (fSE) 
Slope through origin 
(*SE) 

0.17 
0.33 
0.54 
0.70 
1.07 
1.44 
2.12 

0.999 
0.00714 

(rt0.000066) 
-0.009 (fO.01) 

0.00710 
(fO.OOOO36) 

0.18 
0.35 
0.56 
0.74 
1.14 
1.56 
2.35 

0.999 
0.00795 

(f0.0000607 1 
-0.039 (f0.01) 

0.00774 
(fO.ooOo66) 
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Figure 2-Plasma concentrations of clobazam and desmethylclobazam 
over 168 hr af ter  a single 20-mg oral dose of clobazam administered to 
a healthy male volunteer. 

for the desmethyl metabolite were asymmetric, thereby complicating 
reliable quantitation. Utilization of a less polar silicone phase (OV-101) 
substantially improves the chromatographic properties of desmethyl- 
clobazam but still allows complete resolution of clobazam and its me- 
tabolite from the internal standard and from endogenous plasma con- 
taminants, provided a relatively high phase load (10%) is used. 

The clinical pharmacokinetic study illustrates that the method is 
suitable for pharmacokinetic studies of clobazam and its metabolite 
following single therapeutic doses. Absorption of clobazam following oral 
dosage in the fasting state was rapid, with the peak plasma concentration 
attained 1.5 hr after administration. Clobazam elimination proceeded 
with a half-life of 22 hr and was mirrored by the formation of desmeth- 
ylclobazam, which, in turn, was eliminated more slowly than the parent 
drug. Since both compounds have pharmacological activity, plasma 
concentrations of both compounds must be measured simultaneously 
and considered to elucidate the clinical implications of the kinetic 
properties of clobazam. 
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Use of Nitrogen-Specific Detector for GLC 
Determination of Caramiphen in Whole Blood 
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Abstract 0 A sensitive GLC determination of caramiphen in whole blood 
was developed using a nitrogen-specific detector. The method permits 
the determination of levels of caramiphen as low as 2.5 ng/ml of blood 
and provides sufficient sensitivity and reproducibility for clinical use. 

Keyphrases o Caramiphen-analysis in whole blood by GLC with ni- 
trogen-specific detector 0 GLC-analysis, caramiphen, nitrogen-specific 
detector 0 Antitussives-caramiphen, GLC analysis in whole blood with 
nitrogen-specific detector 

1 

Caramiphen ethanedisulfonate' (P-diethylaminoethyl 
1-phenylcyclopentane-1-carboxylate ethanedisulfonate, 
I) is an antitussive used as an active ingredient in cough1 
cold preparations. 

A sensitive determination of caramiphen in blood was 
developed to support clinical studies. The use of a nitro- 
gen-specific detector was proven to be specific and sensi- 
tive for other nitrogen-containing compounds in this lab- 
oratory and in reported methods for imipramine and 
desipramine (11, pemoline (2), and bucainide (3). 

EXPERIMENTAL 

Reagents-Hexane2 was nanograde, and methanol3 and sodium hy- 
droxide4 were reagent grade. Diphenylpyraline hydrochloride? was used 
as the internal standard. 

All glassware was washed with chromic acid, silanized with 5% di- 
chlorodimethylsilane6 in toluene, and rinsed. with toluene and then 
methanol. 

Instrumentation-The gas chromatograph7 was equipped with a 
nitrogen-phosphorus flame-ionization detector and a 1 -mv recorder. The 
chromatograph was fitted with a 183-cm X 4-mm i.d. wiled glass column 
packed with 3% OV-17 on 80-100-mesh Chromosorb WHP6. The column 
was conditioned overnight a t  310' with a helium flow and several 25-gl 
injections of a silylating agent*. Normal operating temperatures were 270, 

Table I-Reproducibility of Caramiphen Standards 

Blood Mean Peak 

ng/ml n Ratio f SE SE, % 
Concentration, Height 

2.5 
5 

10 
15 
20 
30 
40 

2 0.05 f 0.004 6.7 
4 0.12 f 0.012 10.0 
5 0.28 f 0.010 3.6 
4 0.43 f 0.021 4.9 
5 0.59 f 0.01 1 1.9 
5 0.93 f 0.008 0.9 
4 1.21 f 0.051 4.2 

~~ 

' Synthesized at  SmithKline Corp. 
* Mallinckrodt. 

d.  T. Baker Chemical Co. 
Fisher Scientific Co. 
Napco Chemical Co. 
Supelco Inc. ' Perkin-Elmer model 3920. " Rejuv-8. Supelco Inc. 
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Figure 1-Chromatogram of a control blood sample that was spiked 
with the caramiphen reference standard and the internal standard. The 
peak at 1.6 min rqwesents 20 ng of caramiphenlml whereas the internal 
standard (total of250 ng) has a retention time of2.7min. 

300, and 300O for the oven, injection port, and manifold, respectively. The 
recorder speed was 20 mm/min. Helium was used as the carrier gas a t  a 
flow rate of 60 ml/min. The air gauge was set a t  3.5 kg/cm2. The detector 
was run in the nitrogen mode a t  a setting of 710. 

Preparat ion of Standards-Standard stock solutions of 10 mg/100 
ml (as the free base) of caramiphen and the internal standard were pre- 
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Table 11-Blood Levels of Caramiphen in  11 Subjects Receiving 20 mg of Caramiphen Edisylate at 0,4, and  8 hr Daily for 4 
Consecutive Days 

Concentration of Caramiphen, ng/ml 
Subject 0 hr 1 hr 2 hr 4 hr 5 hr 6 hr 8 hr 9 hr 10 hr 13hr 18hr 24hr 

1 7.0 43.5 43.5 20.0 74.5 65.0 20.3 21.3 46.0 31.0 13.5 7.5 
2 2.5 4.0 11.5 4.5 9.3 17.5 5.0 9.5 12.8 5.8 2.5 3.3 

4 <1 3.4 31.4 14.6 24.8 21.5 7.9 7.0 21.5 6.3 2.8 1.2 

6 2.7 16.4 10.6 4.0 5.7 27.8 6.8 4.0 4.0 6.3 7.0 2.0 

3 3.3 27.8 18.0 9.5 16.0 45.5 17.0 21.0 40.0 14.0 5.3 2.5 

5 9.6 46.6 32.7 15.5 64.5 48.5 21.0 25.0 53.0 22.5 11.6 7.0 

7 3.5 25.0 23.0 9.0 27.0 34.0 14.0 10.0 29.0 10.0 4.0 3.0 
8 5.3 6.0 57.3 29.0 28.5 78.0 30.5 41.5 59.5 36.0 15.5 6.0 
9 3.0 15.5 26.0 11.0 28.0 19.0 9.8 10.0 24.5 13.5 6.8 4.0 

10 3.0 21.8 27.0 16.5 47.0 34.5 13.0 63.8 34.8 11.5 7.5 4.0 
11 2.5 11.5 11.0 3.5 3.3 23.0 10.5 25.0 18.0 5.0 2.8 2.0 
Average 3.9 20.1 26.5 12.5 29.9 37.7 14.2 21.6 31.2 14.7 7.2 3.9 

pared in methanol. A working internal standard solution (0.5 pg/ml) was 
prepared by diluting 1 ml of the stock solution to 200 ml with distilled 
water. A working standard caramiphen solution (100 ng/O.l ml) was 
prepared by diluting 1 ml of the stock solution to 100 ml with distilled 
water. 

Extraction Procedure-Aliquots of 0,12.5,25,50,75,100,150,200, 
300, and 400 pl of the working standard solution of I were added to 5 ml 
of  hlank whole blood in 12-ml silanized test tubes. A 0.5-ml aliquot of the 
working internal standard solution was added to each tube. These sam- 
ples were used to generate a standard curve. A 0.5-ml aliquot of the in- 
ternal standard solution was added to all unknown samples (5-ml ali- 
quots). 

The pH was adjusted to 9.0 with 5% NaOH. A 1-ml aliquot of hexane 
w'as added, and the tubes were stoppered and shaken slowly (65 shakes/ 
min) on an automatic shakerg for 30 min and centrifuged'O for 10 min. 
The hexane layer was transferred to a second 13-ml silanized test tube, 
and the blood was extracted with another 1-ml aliquot of hexane with 
shaking for 30 min and centrifugation for 10 min. The second hexane 
extract was added to the first extract, and the combined solution was 
evaporated to dryness under a nitrogen stream. The residue was dissolved 
in 25 pl of  methanol. Aliquots (2 pl) were injected into the gas chroma- 
tograph. 

Calculations-A calibration curve was constructed by plotting the 
peak height ratio of caramiphen to the internal standard against the blood 
concentration of caramiphen on linear coordinate paper. Unknown values 
were read from the calibration curve. 

RESULTS AND DISCUSSION 

Figure 1 is a typical chromatogram of a spiked blood sample used for 
the standard curve. The peak at  1.6 min represents 20 ng of carami- 

phen/ml, and the peak a t  2.7 min represents the internal standard (total 
of 250 ng added). 

Spiked standards over the range of 2.5-40 ng/ml were analyzed. Table 
I shows the standard deviation and standard error obtained: 

The assay sensitivity was <2.5 ng/ml of blood. Calibration curves were 
linear over the range of 2.5-80 ng of caramiphedml of blood. 

Caramiphen is stable in frozen whole blood specimens for at  least 1 
week. Its stability was not studied beyond this period. 

After overnight fasting, 11 subjects received 20 rng of caramiphen 
edisylate (plain drug in capsule) a t  0,4,  and 8 hr daily for 4 consecutive 
days. On the 4th day, blood was drawn in heparinized syringes a t  0,1,2, 
4,5,6,8,9,10,13,18, and 24 hr. The levels of caramiphen found are shown 
in Table 11. 

All 11 blood samples were screened hefore drug administration, and 
no interference peaks appeared in the area of caramiphen or its internal 
standard. These control bloods were spiked with the caramiphen stan- 
dards and the internal standard. Based on these studies, the method was 
judged as specific for the determination of caramiphen in blood from 
controlled clinical studies when the subjects were free from other medi- 
cation. 

The sensitivity, reproducibility, and specificity make this method 
desirable for bioavailability and pharmacokinetic studies. 
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Abstract 0 Eighteen healthy volunteers were administered single doses 
of commercially available solid dosage forms of aspirin, magnesium sa- 
licylate (I), and choline magnesium trisalicylate (II), equivalent to -500 
mg of salicylic acid, in a randomized, complete crossover design. Plasma 
salicylate and urine salicylurate levels were measured by high-pressure 
liquid chromatography at frequent intervals following dosing; the re- 
sultant profiles, areas under the curve (AUC), and percentages of dose 
excreted as salicylurate were statistically analyzed by an analysis of 
variance. The plasma salicylate levels following the two dosage forms 
containing I and I1 were virtually identical when corrected for small 
differences in the dose. The plasma salicylic acid level following aspirin 
was -10% lower during the 1.5-3.0-hr interval due to a portion of unhy- 
drolyzed aspirin, but the dose-corrected AUC for the products tested did 
not differ significantly (p  < 0.05). During the 24 hr following dosing, 66.5 
f 12.1,68.4 f 7.1, and 60.9 f 14.i%of the salicylic acid were excreted as 
urine salicylurate for aspirin, I, and 11, respectively, with no significant 
difference ( p  < 0.05). Based on this study, there are no significant dif- 
ferences in the rate and extent of absorption of salicylate following the 
three dosage forms tested, and the elimination kinetics of salicylic acid 
are not altered by these dosage forms. 

Keyphrases 0 Salicylate-comparison of plasma levels following ad- 
ministration of aspirin, magnesium salicylate, and choline magnesium 
trisalicylate 0 Aspirin-plasma salicylate levels following administration 
of solid dosage form, comparison with magnesium salicylate and choline 
magnesium trisalicylate Magnesium salicylate-plasma salicylate 
levels following administration of solid dosage form, comparison with 
aspirin and choline magnesium trisalicylate 0 Choline magnesium tri- 
salicylate-plasma salicylate levels following administration of solid 
dosage form, comparison with aspirin and magnesium salicylate 

Relatively high doses of salicylate, primarily as aspirin, 
frequently are indicated for prolonged periods in the 
treatment of rheumatoid arthritis. This intensive salicylate 
therapy commonly is associated with GI disturbances and 
acute blood loss (1). Recent reports (2-4) suggested that 
choline magnesium trisalicylate (11) can effectively deliver 
salicylate without the gastric irritation associated with 
aspirin. Magnesium salicylate (I) also was reported’ to be 
less irritating to the gastric mucosa than aspirin. 

If the two salts of salicylic acid are to be used as alter- 
natives to aspirin, it is important to know the rate and 
extent of their absorption compared to aspirin. Further- 
more, because the kinetics of metabolism and excretion of 
salicylate are complex and serum concentration depen- 
dent, the potential influence of the dosage form on elimi- 
nation also should be evaluated. In the present study, 
plasma salicylate and urine salicylurate profiles following 
equivalent single doses of aspirin, I, and I1 were mea- 
sured. 

EXPERIMENT 

Drug Products-Three commercially available products were chosen 

’ D. Earnest, Arizona Medical Center, University of Arizona, Tucson, Ariz., 
personal communication. 

to provide aspirin2, magnesium salicylate?, and choline magnesium sa- 
licylate4. The salicylate content of each was determined and is reported 
with the results. 

Clinical Protocol-Eighteen male volunteers underwent a compre- 
hensive examination including urine analysis and hematological and 
blood chemistry determinations to ensure that they were in good health. 
Volunteers ranged in age from 18 to 24 years and in weight from 62 to 85 
kg, and all were within f20% of ideal body weight. No volunteer had a 
history of chronic drug use, and none had taken any medications, in- 
cluding salicylate, during the 14 days preceding the study. The three 
drugs were administered as single doses, equal to -500 mg of salicylic 
acid, following a randomized, complete crossover design with a minimum 
o f  3 days between doses. 

Following an 8-hr fast, drugs were administered with 240 ml of water; 
no additional food or water was allowed until a standard meal was given 
Iollowing the 4-hr blood sample. Blood samples were taken via an in- 
dwelling catheter from a forearm vein, with heparin used to maintain the 
patency of the catheter. Vacutainer tubes5 were chilled and samples were 
handled as described previously (5) to ensure stability. Blood (7 ml) was 
collected prior to dosing and a t  15,30,45, and 60 min and 1.5,2,3,4,8, 
12, and 16 hr after dosing. All urine voided was collected 6 hr prior to 
dosing and for the 0-12- and 12-24-hr intervals following dosing. 

Plasma salicylate and urine salicylurate levels were determined by the 
previously described (5) high-pressure liquid chromatographic method 
with two modifications. Since the unhydrolyzed aspirin was not to be 
measured, the retention times of salicylic acid and urine salicylurate were 
decreased by increasing the amount of acetonitrile in the mobile phase 
to 22.5%. Only fluorescence detection was employed, with metaanisic acid 
as the internal standard. A comprehensive evaluation of the method 
proved its sensitivity, specificity, and reproducibility to he equal or better 
than published values (5). Samples were stored a t  -3OO prior to anal- 
ysis. 

RESULTS AND DISCUSSION 

Table I presents the mean plasma salicylic acid and urine salicylurate 
levels with the computed parameters and statistical analysis. Estimates 
of the area under the curves ( A U C )  up to the 16-hr sample (ALICO-16 in 
(micrograms times hours) per milliliter] were computed by the trape- 
zoidal method, and the half-lives were calculated by linear regression of 
the natural logarithm of the plasma concentration uersus time for the 
4-. 8-, 12-, and 16-hr samples. The AUC to infinity (AUC -_ in (micro- 
grams times hours) per milliliter] was computed as AUCo_le + 1.44t1/2Cp,6, 
while the maximum plasma concentration, CPmalr and the time of C,,,, 
t,,,, were read directly from the data for each volunteer. The urine sa- 
licylurate level is reported as the total milligrams excreted during the 
0-12-, 12-24-, and 0-24-hr periods and as the percentage of the dose of 
salicylate excreted as salicylurate in 24 hr. 

As expected, the analysis of variance showed no significant difference 
in the plasma salicylate level between I and I1 a t  any time, while the 
plasma salicylate level following aspirin was slightly lower during the 
1.5-3.0-hr interval. This small difference in the plasma salicylate level 
probably was due to a portion of the aspirin being unhydrolyzed during 
the early part of the sampling period. Over the 16 hr, the hydrolysis of 
aspirin produced more salicylate, with the dose-corrected A UC,, 

Bayer Aspirin, Glenbrook Laboratories, Division of Sterling Drug, New York, 

Magan, Adria-Warren Teed Pharmaceuticals, Columbus, Ohio. 
Trilisate, Purdue Frederick Co.. Norwalk. Conn. 

N.Y. 

’ Recton-Dickinson 278-069,7.0 ml containing 14 rng of potassium oxalate and 
17.5 mg of sodium fluoride. 
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Table I-Mean Plasma Salicylic Acid and Urine Salicyluric Acid Levels following Three  Sources of Salicylate 

Parameter 

Plasma Concentration, pg/ml [Mean” f SD (n = 18)j 
Choline Magnesium 

(500 mg of Salicylic Acid) 
Aspirin Magnesium Salicylate Trisalicylate 

(481 mg of Salicylic Acid) (494 mg of Salicylic Acid) 

0 hr 
0.25 hr 
0.50 hr 
0.75 hr 
1.0 hr 
1.5 hr 
2.0 hr 
2.5 hr 
3.0 hr 
4.0 hr 
8.0 hr 

12.0 hr 
16.0 hr 

S U m b ,  mg 
su12-241 mg 
SUn-24,  mg 
Percent salicylic acid as salicylurate 

<0.05 a 
10.7 f 8.94 a 
22.7 f 10.5 a 
28.0 f 9.49 a 
30.9 f 8.98 a 
32.9 f 7.41 a 
33.1 f 5.74 a 
31.9 f 5.39 a 
30.5 f 5.28 a 
26.4 f 5.35 a 
11.0 f 3.92 a 
3.27 f 2.09 a 

224 f 49.6 a 
2.02 f 0.399 a 
226 f 52.5 a 
35.9 f 5.87 a 
1.64 f 0.698 a 
0.46 f 0.11 a 
0.07 f 0.01 a 
407 f 90.5 a 
57.4 f 33.2 a 
464 f 84.7 a 
66.5 f 12.1 a 

0.908 f 0.786 

<0.05 a 
11.2 f 8.71 a 
24.5 f 11.0 a 
31.2 f 12.2 a 
33.6 f 11.5 a 
36.5 f 6.10 a,b 
35.0 f 5.06 b 
33.0 f 4.65 a,b 
30.8 f 4.53 a 
25.5 f 4.88 a 
10.5 f 2.82 a 
2.86 f 1.14 a 

0.695 f 0.322 a 
223 f 40.5 a 

2.01 f 0.196 a 
225 f 41.4 a 
39.1 f 6.21 b 
1.44 f 0.670 a 
0.47 f 0.09 a 
0.08 f 0.01 b 
393 f 69.3 a 
69.9 f 68.3 a 
465 f 48.5 a 
68.4 f 7.1 a 

<0.05 a 
7.27 f 4.81 a 
19.0 f 8.17 a 
28.4 f 10.42 a 
35.4 f 10.42 a 
37.5 f 7.97 b 
36.5 f 5.71 b 
34.4 f 5.41 b 
32.0 f 5.36 b 
27.4 f 4.65 a 
11.1 f 3.18 a 
3.20 f 1.39 a 

0.783 f 0.388 a 
232 f 42.1 a 
2.05 f 0.198 a 
235 f 43.2 a 
41.4 f 6.75 b 

0.47 f 0.09 a 
0.08 f 0.01 b 
369 f 77.7 a 

65.7 f 48.1 a 
430 f 99.3 a 
60.9 f 14.1 a 

1.54 f 0.583 a 

a A common letter indicates no significant difference ( p  < 0.05) by an analysis of variance and the least-significant difference method (8). Salicylurate excreted 

A UC-ID,  being equivalent to the products containing salicylate salts. 
Furthermore, the absorption rate as indicated by the time to reach the 
maximum plasma concentration did not differ significantly among the 
three products tested. 

The percentage of salicylate excreted as salicylurate agreed closely with 
previous observations (6,7) and did not differ significantly ( p  < 0.05) 
among the three treatments. Moreover, the apparent elimination half-life 
of 2.0 hr was identical for the three treatments and was as expected for 
a single 500-mg dose. Although chronic administration should produce 
a longer half-life (6,7), this result will not be dependent on the dosage 
form as long as the rate and extent of absorption do not differ substan- 
tially. 

Based on the present study, the absorption and elimination kinetics 
and the resultant plasma concentration of salicylate following adminis- 
tration of the commercially available solid dosage forms of I and I1 are 
virtually identical. Furthermore, administration of commonly employed 
aspirin tablets provides a plasma salicylate level that is only slightly lower 
(10%) a t  the peak time due to some unhydrolyzed aspirin being present. 
Over a 16-hr period, and probably on chronic dosing, there would be no 
significant differences in the plasma salicylate level. 

The possible therapeutic implications of these observations depend 
on the importance of unhydrolyzed aspirin in the body and the possible 
effects the different forms of salicylate may have on the GI mucosa over 
time. However, based solely on the plasma salicylate concentration 
produced, there is no reason to differentiate among the three sources of 
salicylate evaluated in the present study. 
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New Compounds: 
Synthesis of para -Substituted Nortropanyl Benzoates 
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Abstract The syntheses of the p-methyl-, p-tert-butyl-, p-chloro-, 
p-cyano-, p-amino-, and unsubstituted benzoate esters of nortropine are 
reported. These compounds were characterized by their NMR, IR, and 
mass spectra and analytical data. 

Keyphrases Nortropanyl benzoate-para-substituted derivatives, 
synthesis, NMR, IR, and mass spectral characterization 0 Tropanyl 
esters-demethylation to yield nortropanyl esters for comparison of ki- 
netic data 

To investigate the role of the tropanyl N-methyl group 
in the substrate specificity of rabbit serum atropin ester- 

ase, a series of nortropanyl benzoate esters was required. 
Specifically, the kinetic data will be compared to those 
obtained with the tropanyl benzoates (1). These com- 
pounds also will be useful in a continuing study of the an- 
ticholinergic properties of tropanyl benzoate (endo -8- 
azabicyclo[3.2.l]octan-3-yl benzoate) and its para-sub- 
stituted methyl, methoxy, tert-butyl, chloro, cyano, and 
amino derivatives. 

The most direct approach for producing the nortropanyl 
esters is demethylation of the corresponding tropanyl es- 
ters. Of the methods available for removal of N-methyl 

,CH3 
N 

I 

&O 

/CO*CH*CC& 
N 

/ H  
N 

1 

h0 
Scheme I 

I 

2i0 
Table I-Physical Data of para-Substituted Nortropanyl Benzoates 

Melting Point of Yield, Analysis, % 
Substituent Melting Point Hydrochloride % Formula Calc. Found 

H 92-93' 314-315' dec. 27 C14Hi7N02 C 72.70 72.53 
7.44 

24 1-244' N 6.06 6-06 
214-216' (4) H 7.41 

OCH:, 

83-84' 

61-63' 

343-345" dec. 47 

302-303' dec. 46 C15HigN03 

0 13183 
c 73.43 

13.58 
73.23 

H 7.81 7.78 
N 5.71 5.65 
0 13.05 12.86 
C 68.93 69.79 
H 7.33 7.46 
N 5.36 5.31 
0 18.37 18.22 

ter t  -Butyl 117-118' 258-265' dec. 36 CisHz5NOz C 75.23 75.09 
H 8.77 8.94 
N 4.78 4.87 
0 11.13 11.23 

CI 117-118' 317-318' dec. 17 C I ~ H I ~ C ~ N O Z  C 63.28 63.17 
H 6.07 fi.23 

CN 

NHz 

N 11.37 11.19 
0 12.99 12.69 

As the picrate. 
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Table 11-Spectral Data of para-Substi tuted Nortropanyl Benzoates 

Molecular Ion, IR Spectrum 'H-NMR Spectrum (Deuterochloroform), 13 
Setbstib m/e (70 of (Potassium Bromide), H-1, 

uent base peak) cm-' Aromatic H-3 H-5 H-8" H-2, H-4, H-6, H-7 R 

H 231 (0.7) 3400 b. 3160.2960. 1710. 1455. 1325.1280. . ,  I ~ ~~ , _ _ _ ~ .  ~ ~ . .  7.27-8.10 5.28 3.52 - 1.80, 1.87, 1.95, 2.00, 2.05, 2.10, - 
i260,1'220 i'Gio, 1125,i075,io30,860,7io 

1260,1180,1110, 1085,1000,855,760,690 
3400 b. 2940. 1695, 1600. 1570. 1500. 1420. 

2.15, 2.23 (sh) 
245 (3.6) 3400 b, 3240, 2950, 1710, 1605, 1360, 1280, 7.15-7.70 5.30 3.54 1.75 1.85, 1.87 (sh), 2.00,2.05,2.07, 2.43 

261 (1.4) 
n i'i n 0'1 

CH:i 

OCH:, 
1280. ~260.1170.1115.1100.1035.845.770 

t t7rt - 3420 b, 3300,2960, 1705, 16i0, 14&, 1410, 
Butyl 1280, 1260,1190,1125,970,855,775,710 

c1 265 (4.3) 3400 h, 3240,2940,1710,1590, 1485,1400. 

287 (0.7) 

1360,1275,1260, 1170, 1120, 1000,855,760 
CN 256 (2.9) 3400 b, 3235,2940, 2245,1710,1410, 1315, 

1285, 1265, 1120, 1090, 1005,855,775,700 
NH2 246 (0.4) 3440,3375,3290,2940,1680,1600, 1515, 

1310,1280,1260,1165,1110,1000,850,770 

L. 1 I ,  L.L3 

6.79-8.05 5.27 3.52 - 1.70, 1.80, 1.83, 1.93 (sh), 2.00, 3.82 

7.42-8.07 5.32 3.57 1.80 1.95, 2.02, 2.07, 2.15,2.17, 2.27 1.37 
2.03, 2.10,2.15,2.23 

7.20-8.00 5.27 3.53 1.63 1.77, 1.85, 1.95, 2.02, 2.05, 2.18, -- 
2.27 

6.67-8.27 5.35 3.58 1.73 1.80 (sh). 1.90. 1.98 (sh). 2.08. - 
2.12 ishj; 2.20; 2.27,2.32 

6.65-7.96 5.26 3.54 - 1.76, 1.80, 1.84, 1.95, 1.98, 2.03, 4.13 
2.09,2.15,2.23 

'rhe5e d w g n m e n t \  were determined upon addition of deuterium oxide 

groups, the use of 2,2,2-trichloroethyl chloroformate fol- 
lowed by reductive cleavage by zinc in acetic acid (Scheme 
I) appeared to be the best procedure since it preserves the 
ester linkage and avoids the benzoylation of a secondary 
amine alcohol. This method was reported by Woodward 
(2) and later used (3) to obtain nortropanyl acetate. The 
nortropanyl esters reported here were characterized by 
their NMR, IR, and mass spectra and analytical data. 

EXPERIMENTAL' 

The tropanyl benzoate was dissolved in 30 ml of benzene; if a cloudy 
solution was obtained, the benzene-water azeotrope was distilled until 
the solution was clear. Potassium carbonate and distilled 2,2,2-trichlo- 
roethyl chloroformate were added, and the mixture was refluxed for 4 
days. A second portion of the chloroformate, equal to the first portion, 
was added after 2 days. The mixture was filtered, and the solvent was 
removed from the filtrate. 

The clear residue was dissolved in a minimum amount of acetic acid. 
Zinc dust was added slowly over 2 hr, with sufficient cooling to maintain 
room temperature, until bubbling was no longer evident. The acetic acid 
was removed by evaporation, and 100 ml of water was added. The slurry 
was made basic with sodium hydroxide, which produced a copious white 

precipitate. This mixture was extracted with ethyl acetate. The extract 
was dried over magnesium sulfate, and the solvent was removed. The 
resulting free base was purified by recrystallization of its hydrochloride 
salt in ethanol. Analytical samples were sublimed (Table I). 

RESULTS AND DISCUSSION 

All of the esters furnished the expected NMR spectra. They were 
comparable to those of the previously reported tropanyl benzoates except 
that  the bridgehead protons appeared -0.4 ppm downfield. The mass 
spectra base peak for all of the compounds was n l e  110, corresponding 
to the nortropanyl ion. In all spectra, there were peaks a t  mle 68,80, and 
126. The substituted benzoyl and phenyl fragments were detected in all 
cases except for the p-tert-butyl compound. The molecular ion peaks 
were observed and were of low relative intensity compared to the tropanyl 
benzoates (1). A summary of these data appears in Table 11. 
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CO M MU NlCA T I 0  NS 

Acetylation of Sulfisoxazole by Isolated 
Perfused R a t  Kidney 

Keyphrases Sulfisoxazole-renal metabolism to N4-acetyl metabolite 
using the isolated perfused rat kidney 0 Metabolism, renal-sulfisoxa- 
zole, acetylation by the isolated perfused rat kidney 

To the Editor: 
Although the kidneys contain many metabolizing en- 

zymes of the liver (l), renal drug metabolism has received 
limited attention, due partially to the relegation of the 
kidneys to organs of excretion. The isolated perfused 
kidney is a useful technique for studies of the renal dis- 
position of drugs. In many cases, experiments with the 
isolated perfused kidney give results that are consistent 
with data obtained from in uiuo studies and more clearly 
define the role of the kidneys in the overall disposition of 
a drug. In our laboratory, the isolated perfused kidney has 
been used in renal clearance studies of several compounds 
(2 ,3)  as well as in studies of renal metabolism and inter- 
conversion of salicylic and salicyluric acids (4). 

Since sulfisoxazole (I) is eliminated largely by renal 
excretion, it can be influenced by protein binding, urinary 
pH, and the urine flow rate (56) .  Studies in our laboratory 
on the renal clearance of sulfisoxazole by the isolated 
perfused kidney indicated that rat kidneys metabolize this 
drug to its N4-acetyl metabolite (11). 

Male Sprague-Dawley rats, 350-375 g, were used in the 
isolated perfused kidney experiments. The surgical tech- 
nique and experimental details were reported previously 
(2-4). Sulfisoxazole (6.5 mg) was administered to attain 
an initial concentration of -100 pg/ml, and perfusion was 
continued for 90 min. The experimental time was divided 
into nine 10-min urine collection periods. Urine samples 
were assayed for sulfisoxazole and N4-acetylsulfisoxazole 
by a modified high-performance liquid chromatographic 
assay (7). 

The mean urinary excretion rates for N4-acetylsulfi- 
soxazole and sulfisoxazole from five perfusion experiments 
are presented in Table I. Although the amounts of N4- 
acetylsulfisoxazole excrete4 in the urine were low, they 
accounted for 5-7% of the total drug excreted as sulfisox- 
azole plus N4-acetylsulfisoxazole during the 90-min ex- 

Table I-Urinary Excretion Rates of N4-Acetylsulfisoxazole (11) 
Formed by the Perfused Rat Kidney following Administration of 
6.5 mg of Sulfisoxazole (I) 

Urinary Excretion Rate, pg/lO min 
Minutes 11 I 

10 0.87 f 0.25O 11.12 f 4.24“ 
20 1.16 f 0.62 
30 1.08 f 0.57 
40 1.74 f 0.55 
50 1.58 f 0.48 

18.78 f 10.02 
18.40 f 5.72 
27.98 f 12.82 
31.13 f 18.28 

60 1.45 f 0.47 34.70 f 18.21 
70 1.58 f 0.38 28.30 f 8.42 
80 1.53 f 0.19 27.30 f 6.09 
90 1.43 f 0.27 28.38 i 7.08 
Total 12.06 226.02 

a Mean f SD, n = 5. 

periment. Previous in uiuo experiments on elimination of 
sulfisoxazole in the rat indicated that, of the total drug 
excreted in the urine, 12% is excreted as the N-acetyl me- 
tabolite (8). The present results thus indicate that half of 
the excreted N-acetyl metabolite is due to renal metabo- 
lism and that, in the rat, the kidneys contribute signifi- 
cantly to the metabolic disposition of sulfisoxazole. 
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Anti-Inflammatory Activity of 
Cannabichromene Homologs 
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anti-inflammatory activity 

To the Editor: 
As part of our continuing study of the cannabinoids, we 

recently reported that cannabichromene has anti-in- 
flammatory activity. The two tests used to show this ac- 
tivity were the carrageenan-induced rat paw edema test 
and the red cell stabilization assay (1). To determine the 
effect of changing the length and position of the side chain 
of cannabichromene on its anti-inflammatory activity, four 
homologs were prepared and tested. 

Cannabichromene-Cs (I), cahabichromene-C1 (11), and 
cannabichromene-Co (111) were prepared following the 
procedure outlined previously (2), starting from olivetol, 
orcinol, and resorcinol, respectively. The yield of I was 

I: R = C,H,,  IV: R = C,H,, 
11: R = CH, V : R = H  

111: R = H 
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Table I-Effectiveness of Cannabichromene and Its CI Homolog in Inhibiting Carrageenan-Induced Rat Paw Edema a 

Dose, Mean 
Compound mdkr Inhibition, % Difference * SEM n P <  

Vehicle control - 
I 120 

240 
480 ~~. 

60 
120 
240 

- 

70 
86 

100 
53 
63 
92 

0.340 0.560 24 - 
0.102 0.049 8 0.01 
0.048 0.020 8 0.001 
0.002 0.058 8 0.001 
0.160 
0.126 
0.027 

0.037 
0.031 
0.038 

8 
8 
7 

0.01 
0.001 
0.001 

Phenylbutazone 60 52 0.163 0.023 8 0.01 
120 76 0.082 0.046 8 0.01 

Rats received intraperitoneal injections uf test Compounds 30 min prior to injection of carrageenan, and postinjection measurements were taken after 3 hr. * Preinjection 
volume - postinjection volume. c Each test group was compared to the vehicle control g r w p  using the Student 1 test. 

-60% (molar conversion) and that of I11 was 48.3%, while 
the yield of I1 was only 10.8%. Although only trace amounts 
of the iso-compounds were formed from the Cg and C1 
homologs, almost equal quantities of I1 and isocannabi- 
chromene-Co (V) were formed under the same conditions. 
Thus, the same reaction was used to prepare I1 and V. 
Similar yields of I1 and V were formed when the same re- 
action was carried out in pyridine. However, isocannabi- 
chromene-Cs (IV) was prepared by refluxing olivetol with 
citral in pyridine at  110' for 7 hr following literature pro- 
cedures (3 ,4) .  Purification was carried out in all cases by 
column chromatography on silica gel with benzene-chlo- 
roform (1: l )  as the solvent system. 

Because cannabinoids often have been misidentified, 
all natural and synthetic cannabinoids were subjected to 
GLC and GLC-mass spectrometric analysis using electron 
voltage-mass fragment intensity graphs for positive 
identification. Trimethylsilyl derivatives were used when 
needed. All analyses were conducted in accordance with 
published protocols (5 ,6) .  

Compounds I-V were tested using the red cell stabili- 
zation assay, and I and I1 also were tested using the rat paw 
edema assay. All testing was conducted using previously 
described methods (1). All of the test compounds and 
phenylbutazone (used as a positive control) were tested in 
the red cell stabilization assay at  a final concentration of 
1 X M. Compounds I and I1 and phenylbutazone were 
tested in the rat paw edema assay at the intraperitoneal 
doses indicated in Table I. The intraperitoneal route was 
chosen because our previous work showed that cannabi- 
chromene is more effective by the intraperitoneal route 
than by the conventional oral route. Positive and negative 
controls were tested to ensure that the effects observed 

Table 11-Effectiveness of Cannabichromene Homologs on the 
Red Cell Stabilization Assay ( n  = 3) a 

Inhibition, 
Compound % Mean SEM 

Vehicle control - 13.43 0.13 
I 94 0.76 0.05 

I1 86 1.86 0.13 
Phenylbutazone 66 4.59 0.11 
Vehicle control ~ 17.21 0.52 

I 79 3.66 0.52 
IV 75 4.27 0.25 
111 69 5.34 0.75 
V 43 9.86 0.53 

Phenvlbutazone 54 7.86 0.70 

1' All compounds were tested at a final concentration of 1 X lo-' M .  * Mean of 
three replicates of blood taken from the same dog. Compounds I and I1 were tested 
using blood from one dog. and I and 111-V were tested using blood from a second 
dog. Vehicle positive controls from hoth tests are given. 

were true anti-inflammatory effects rather than the result 
of counterirritation. 

Cannabichromene and its derivatives stabilized red cell 
membranes, as indicated by the inhibition of heat-induced 
hemolysis (Table 11). They inhibited hemolysis more ef- 
fectively than did phenylbutazone at equimolar concen- 
trations, except for V. Both I and I1 inhibited carra- 
geenan-induced rat paw edema a t  all doses tested. The 
percent inhibition produced by I and I1 was roughly 
equivalent to the inhibition produced by phenylbutazone 
when all were tested at 120 mgkg. Phenylbutazone was not 
tested at 240 and 480 mg/kg since it is lethal at those 
doses. 

The length and position of the side chain on the can- 
nabichromene moiety appear to have little or no effect on 
its potency, with the possible exception of V. This indi- 
cation is of interest since Hollister (7) found that the 
psychological effects of another Cannabis compound, 
(-)-trans-Ag-tetrahydrocannabinol, were diminished as 
the length of the side chain was reduced. For example, the 
C-3 side-chain homolog of (-)-trans-Ag-tetrahydrocan- 
nabinol was only -25% as active as (-)-trans-Ag-tet- 
rahydrocannabinol itself. 

Further experiments on the anti-inflammatory effects 
of cannabichromene are in progress, and the results will 
be reported. 

(1) P. W. Wirth, E. S. Watson, M. A. ElSohly, C. E. Turner, and J. C. 
Murphy, Life Sci., 26,1991 (1980). 

(2) M. A. EISohly, E. G. Boren, and C. E. Turner, .I. HeterocycL Chem., 
15,699 (1978). 

(3) L. Crombie and R. Ponsford. Chem. Commun.. 1968.894. 
(4) L. Crombie and R. Ponsford; J .  Chem. Soc., 1971,796. 
(5) C. E. Turner, K. W. Hadley, J. H. Holley, S. Billets, and M. L. Mole, 

(6) S. Billets, F. El-Feraly, P. S. Fetterman, and C. E. Turner, Org. 
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BOOKS 

REVIEWS 

Principles of Pharmaceutical  Accounting. By FRANCIS A. MARI- 
NO, EDWARD J. ZABLOSKI, and COLMAN M. HERMAN. Lea & 
Febiger, 600 Washington Square, Philadelphia, PA 19106. 1980. xi + 
241 pp. 18 X 26 cm. Price $19.50. 
Undergraduate pharmacy students and practicing pharmacists are the 

intended audience for this book on accounting principles. The major 
advantage of this book is that  i t  was designed specifically for this audi- 
ence. I t  ignores the concepts relevant primarily to multinational manu- 
facturing conglomerates which are found in standard accounting texts, 
while including topics such as reconciliation of bank statements and 
determining prescription dispensing costs. 

Most of the book is devoted to financial accounting (bookkeeping or 
the accumulation and summarization of financial data) rather than 
managerial accounting (the use of financial data to make management 
decisions). This reviewer recognizes that it is difficult for students to learn 
to use data properly without some background in how the data were 
generated. 

While tables and figures are abundant, the amount of actual textual 
material is sparse. Terms tend not to be defined. I t  is assumed that the 
reader knows what gross profit is or will figure i t  out from i ts  use. Ex- 
amples tend to be used in place of definitions (“Cash includes . . . .” 
“Inventory consists of items such as. . . .’I It is 150 pages after “cash” 
is introduced that the reader learns that a certificate of deposit is an in- 
vestment, not cash. The reader never is told that a bottle of aspirin for 
resale to a patient is inventory, while if the aspirin is consumed in the 
pharmacy by employees with a headache, it is a supplies expense. 

Conspicuously absent in the book is any mention of UCAS (Uniform 
Cost Accounting System for Pharmacy). Also lacking is any guidance on 
what the pharmacy owner should look for in selecting an accountant or 
what services can be provided by an accountant. 

The review questions and exercises a t  the end of each chapter are 
helpful aids in reinforcing the concepts presented. 

I t  is not a compliment to say that this book is long overdue. I t  reflects 
a concept of the pharmacist keeping his or her own books and being his 
or her own accountant rather than managing a practice in which annual 
sales may be in excess of a half-million dollars. 

As the only text of its kind in print, individual faculty members should 
review this book for possible use by students. Managers of community 
pharmacy practice are more likely to find that, although it is considerably 
more expensive, UCAS will more effectively satisfy their needs. 

Reviewed by Maven J. Myers 
Philadelphia College of 

Pharmacy and Science 
Philadelphia, PA 19104 

Activated Charcoal: Antidotal and Other Medical Uses. By DAVID 
0. COONEY. (Drugs and the Pharmaceutical Sciences, Vol. 9.) Dekker, 
270 Madison Ave., New York, NY 10016. 1980.160 pp. 15 X 23 cm. 
Price $23.50. 
This book provides a much needed review of the literature concerning 

the use of activated charcoal for the treatment of acute drug overdose or 
poison ingestion. The first chapter emphasizes the advantages of orally 
administered activated charcoal for the treatment of acute poison in- 
gestion relative to other common emergency measures, such as induced 
emesis and gastric lavage. Chapter 2 points out the historical highlights 
of charcoal, indicating that the use of medicinal charcoal was recorded 
in an Egyptian papyrus in 1500 B.C., that a great variety of starting 
materials were used in its manufacture, and that the process of activation 
(which greatly increases the adsorbent capacity of charcoal) was not in- 
troduced until 1900. 

Chapter 3 describes the manufacture, physimhemical properties, and 
adsorptive process of activated charcoal. Such knowledge is important 
for understanding the differences among various charcoal preparations 

and why a certain charcoal may be more effective than other charcoals 
for adsorption of a specific chemical. Chapter 4 is devoted to a discussion 
of the five classical papers of A. H. Anderson, which were published be- 
tween 1946 and 1948. These publications are important because they 
summarized many earlier studies on activated charcoal and reported the 
definitive studies of Anderson, which served as the basis for subsequent 
work by many investigators. 

Chapter 5 discusses the antidotal aspects of activated charcoal, with 
commentaries on characteristics to be considered in the selection of the 
most suitable charcoal preparation for oral antidotal uses (e.g., acid- 
washed charcoal, pore-size distribution predominantly in the 20-A range, 
high internal surface areas, and a fine powder as opposed to granules or 
tahlets), dosages, effects of delayed administration, stability of the 
charcoal-drug complex in the GI tract, storage stability of activated 
charcoal suspension, safety of activated charcoal, fallacies and dangers 
of the so-called universal antidote, and the development of palatable 
formulations of activated charcoal suspension. 

Chapter 6 reviews the results of in uitro and in uioo studies of the 
binding and antidotal potentials of activated charcoal. A great amount 
of previously published data is included. Chapter 7 describes investiga- 
tions of other possible medical or diagnostic applications of activated 
charcoal. Most of these works were published in the 1930s and are mainly 
of historical interest, e.g., intravenous injection of activated charcoal for 
treatment of systemic infections. However, use of activated charcoal to 
bind bacterial toxins in certain GI inPections appears rational, and the 
use of activated charcoal for hemoperfusion appears to be effective. 

A few errors were obvious to the reviewer. On page 40, it is stated that 
the adsorption isotherm for strychnine nitrate (based on in uitro studies 
in human gastric contents) is presented in Fig. 4.8, but this figure is 
concerned with diethylbarbituric acid. On page 41, a statement is made 
in reference to Fig. 4.8 that  a change in pH from 8.4 to 5.0 decreases 
charcoal adsorption of diethylbarbituric acid, whereas the reverse is 
shown in the figures. Also, the data presented in Fig. 4.3 and Table 5.7 
are credited to the wrong authors. However, these errors do not detract 
from the usefulness of the book. 

Probably very few references have escaped citation in this small vol- 
ume. This book is a convenient source of information concerning the 
antidotal application of activated charcoal for management of drug 
overdose or  poison ingestion and should be a useful reference for health 
professionals involved in the treatment of poisoning cases, poison control 
information centers, and people engaged in research. 

Reuiewed by Lincoln Chin 
Department of Pharmacology and 

college of  Pharmacy 
Uniuersity of Arizona 
Tucson, AZ 85721 
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Prescription Drugs in  Short  Supply. By MICHAEL A. SCHWARTZ. 
(Drugs and the Pharmaceutical Sciences, Vol. 8.) Dekker, 270 Madison 
Ave., New York, NY 10016. 1980.130 pp. 15 X 23 cm. Price $17.50. 
This interesting book documents, by case histories, the shortage of 

some vital drugs that occurred between 1973 and 1976. Among the major 
sources of documented information are Senatorial hearings, reports to 
the Drug Enforcement Administration, various symposia, and the Fed- 
eral Register. 

Shortages of five substances are discussed in detail: opium, quinidine, 
heparin, two injectable penicillins, and some large- and small-volume 
parenterals. Although no deaths are known to have resulted from the 
shortages, it is highly likely that there were cases in which optimum pa- 
tient care was not possible because substitute drugs had to be used. 

The shortages were caused by a number of factors which were different 
in most instances for each substance. The demand for codeine increased 
significantly, which contributed to the shortage of opium. This increased 
demand was attributed to: (a) increases in population, ( b )  aging of the 
population, ( c )  an increase in third-party payments for medication, and 

Journal of Phfumaceutlaal Sciences I 1361 
Vol. 69, No. 11, November 1980 



BOOKS 

REVIEWS 

Principles of Pharmaceutical  Accounting. By FRANCIS A. MARI- 
NO, EDWARD J. ZABLOSKI, and COLMAN M. HERMAN. Lea & 
Febiger, 600 Washington Square, Philadelphia, PA 19106. 1980. xi + 
241 pp. 18 X 26 cm. Price $19.50. 
Undergraduate pharmacy students and practicing pharmacists are the 

intended audience for this book on accounting principles. The major 
advantage of this book is that  i t  was designed specifically for this audi- 
ence. I t  ignores the concepts relevant primarily to multinational manu- 
facturing conglomerates which are found in standard accounting texts, 
while including topics such as reconciliation of bank statements and 
determining prescription dispensing costs. 

Most of the book is devoted to financial accounting (bookkeeping or 
the accumulation and summarization of financial data) rather than 
managerial accounting (the use of financial data to make management 
decisions). This reviewer recognizes that it is difficult for students to learn 
to use data properly without some background in how the data were 
generated. 

While tables and figures are abundant, the amount of actual textual 
material is sparse. Terms tend not to be defined. I t  is assumed that the 
reader knows what gross profit is or will figure i t  out from i ts  use. Ex- 
amples tend to be used in place of definitions (“Cash includes . . . .” 
“Inventory consists of items such as. . . .’I It is 150 pages after “cash” 
is introduced that the reader learns that a certificate of deposit is an in- 
vestment, not cash. The reader never is told that a bottle of aspirin for 
resale to a patient is inventory, while if the aspirin is consumed in the 
pharmacy by employees with a headache, it is a supplies expense. 

Conspicuously absent in the book is any mention of UCAS (Uniform 
Cost Accounting System for Pharmacy). Also lacking is any guidance on 
what the pharmacy owner should look for in selecting an accountant or 
what services can be provided by an accountant. 

The review questions and exercises a t  the end of each chapter are 
helpful aids in reinforcing the concepts presented. 

I t  is not a compliment to say that this book is long overdue. I t  reflects 
a concept of the pharmacist keeping his or her own books and being his 
or her own accountant rather than managing a practice in which annual 
sales may be in excess of a half-million dollars. 

As the only text of its kind in print, individual faculty members should 
review this book for possible use by students. Managers of community 
pharmacy practice are more likely to find that, although it is considerably 
more expensive, UCAS will more effectively satisfy their needs. 

Reviewed by Maven J. Myers 
Philadelphia College of 

Pharmacy and Science 
Philadelphia, PA 19104 

Activated Charcoal: Antidotal and Other Medical Uses. By DAVID 
0. COONEY. (Drugs and the Pharmaceutical Sciences, Vol. 9.) Dekker, 
270 Madison Ave., New York, NY 10016. 1980.160 pp. 15 X 23 cm. 
Price $23.50. 
This book provides a much needed review of the literature concerning 

the use of activated charcoal for the treatment of acute drug overdose or 
poison ingestion. The first chapter emphasizes the advantages of orally 
administered activated charcoal for the treatment of acute poison in- 
gestion relative to other common emergency measures, such as induced 
emesis and gastric lavage. Chapter 2 points out the historical highlights 
of charcoal, indicating that the use of medicinal charcoal was recorded 
in an Egyptian papyrus in 1500 B.C., that a great variety of starting 
materials were used in its manufacture, and that the process of activation 
(which greatly increases the adsorbent capacity of charcoal) was not in- 
troduced until 1900. 

Chapter 3 describes the manufacture, physimhemical properties, and 
adsorptive process of activated charcoal. Such knowledge is important 
for understanding the differences among various charcoal preparations 

and why a certain charcoal may be more effective than other charcoals 
for adsorption of a specific chemical. Chapter 4 is devoted to a discussion 
of the five classical papers of A. H. Anderson, which were published be- 
tween 1946 and 1948. These publications are important because they 
summarized many earlier studies on activated charcoal and reported the 
definitive studies of Anderson, which served as the basis for subsequent 
work by many investigators. 

Chapter 5 discusses the antidotal aspects of activated charcoal, with 
commentaries on characteristics to be considered in the selection of the 
most suitable charcoal preparation for oral antidotal uses (e.g., acid- 
washed charcoal, pore-size distribution predominantly in the 20-A range, 
high internal surface areas, and a fine powder as opposed to granules or 
tahlets), dosages, effects of delayed administration, stability of the 
charcoal-drug complex in the GI tract, storage stability of activated 
charcoal suspension, safety of activated charcoal, fallacies and dangers 
of the so-called universal antidote, and the development of palatable 
formulations of activated charcoal suspension. 

Chapter 6 reviews the results of in uitro and in uioo studies of the 
binding and antidotal potentials of activated charcoal. A great amount 
of previously published data is included. Chapter 7 describes investiga- 
tions of other possible medical or diagnostic applications of activated 
charcoal. Most of these works were published in the 1930s and are mainly 
of historical interest, e.g., intravenous injection of activated charcoal for 
treatment of systemic infections. However, use of activated charcoal to 
bind bacterial toxins in certain GI inPections appears rational, and the 
use of activated charcoal for hemoperfusion appears to be effective. 

A few errors were obvious to the reviewer. On page 40, it is stated that 
the adsorption isotherm for strychnine nitrate (based on in uitro studies 
in human gastric contents) is presented in Fig. 4.8, but this figure is 
concerned with diethylbarbituric acid. On page 41, a statement is made 
in reference to Fig. 4.8 that  a change in pH from 8.4 to 5.0 decreases 
charcoal adsorption of diethylbarbituric acid, whereas the reverse is 
shown in the figures. Also, the data presented in Fig. 4.3 and Table 5.7 
are credited to the wrong authors. However, these errors do not detract 
from the usefulness of the book. 

Probably very few references have escaped citation in this small vol- 
ume. This book is a convenient source of information concerning the 
antidotal application of activated charcoal for management of drug 
overdose or  poison ingestion and should be a useful reference for health 
professionals involved in the treatment of poisoning cases, poison control 
information centers, and people engaged in research. 

Reuiewed by Lincoln Chin 
Department of Pharmacology and 

college of  Pharmacy 
Uniuersity of Arizona 
Tucson, AZ 85721 

TfJX icfJhJgy 

Prescription Drugs in  Short  Supply. By MICHAEL A. SCHWARTZ. 
(Drugs and the Pharmaceutical Sciences, Vol. 8.) Dekker, 270 Madison 
Ave., New York, NY 10016. 1980.130 pp. 15 X 23 cm. Price $17.50. 
This interesting book documents, by case histories, the shortage of 

some vital drugs that occurred between 1973 and 1976. Among the major 
sources of documented information are Senatorial hearings, reports to 
the Drug Enforcement Administration, various symposia, and the Fed- 
eral Register. 

Shortages of five substances are discussed in detail: opium, quinidine, 
heparin, two injectable penicillins, and some large- and small-volume 
parenterals. Although no deaths are known to have resulted from the 
shortages, it is highly likely that there were cases in which optimum pa- 
tient care was not possible because substitute drugs had to be used. 

The shortages were caused by a number of factors which were different 
in most instances for each substance. The demand for codeine increased 
significantly, which contributed to the shortage of opium. This increased 
demand was attributed to: (a) increases in population, ( b )  aging of the 
population, ( c )  an increase in third-party payments for medication, and 
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sources of documented information are Senatorial hearings, reports to 
the Drug Enforcement Administration, various symposia, and the Fed- 
eral Register. 

Shortages of five substances are discussed in detail: opium, quinidine, 
heparin, two injectable penicillins, and some large- and small-volume 
parenterals. Although no deaths are known to have resulted from the 
shortages, it is highly likely that there were cases in which optimum pa- 
tient care was not possible because substitute drugs had to be used. 

The shortages were caused by a number of factors which were different 
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population, ( c )  an increase in third-party payments for medication, and 

Journal of Phfumaceutlaal Sciences I 1361 
Vol. 69, No. 11, November 1980 



( d )  increased prescribing of codeine. Other factors contributing to the 
opium shortage were the ban on opium growing in Turkey and reduced 
production in India due to unfavorable weather conditions. 

A Dutch cartel succeeded in gaining control of a significant portion of 
the world’s supply of quinidine, which resulted in alleged shortages o f  
this drug and subsequent price increases. 

The heparin shortage resulted from increased demand and also from 
a short supply of the major raw material, the intestinal mucosa of the hog. 
This shortage occurred when the number of hogs being slaughtered was 
reduced. 

The penicillin shortage was attributed to an 11-month shutdown of 
a major manufacturer’s facilities for making the product. 

The author points out that there is a lack of information concerning 
drug shortages and that no agency has the authority and responsibility 
to gather and apply such information. Such an agency, along with a na- 
tional advisory group with representatives from the pharmaceutical in- 
dustry, the health professions, and government, is recommended by the 
author as a means to prevent shortages of essential drugs. 

This book is interesting reading for anyone associated with the health 
professions or the pharmaceutical industry. Most of us are unaware that 
shortages of vital drugs have occurred and can occur in the future. 

Reviewed by Clyde W. Whitworth 
School of Pharmacy 
linioersity of Georgia 
Athens. GA 30602 

Nuclear Medicine: Review Syllabus. Edited by PETER T. KIR- 
CHNER. Society of Nuclear Medicine, 475 Park Ave. S., New York, 
NY 10016.1980.619 pp. 15 X 23 cm. Price $30.00. 
This book is a product of over 50 contributors. It is an update of the 

major scientific and clinical advances that have occurred in nuclear 
medicine since the early 1970s. This volume is not presented as a textbook 
of nuclear medicine nor as an exposition of basic knowledge. In the 
preface, the senior editor states his hope that this book “will achieve its 
goal of assisting physicians in their efforts to maintain or reach clinical 
competence in the specialty of nuclear medicine.” 

The book offers an overview of 12 major areas in nuclear medicine. 
Chapters are included on radiophmacology, instrumentation, radiation 
effects and radiation protection, cardiovascular, the central nervous 
system, endocrinology, gastroenterology, the genitourinary system, he- 
matology-oncology, pulmonary, radioassay, and the skeletal system. The 
majority of the material is presented in a descriptive manner, with il- 
lustrations and tables kept to a minimum. With few exceptions, the text 
is well written, clear, and easy to follow. Difficulty may be encountered 
in attempting to locate a reference in a bibliography that was cited within 
the text. 

The text contains a great amount of pertinent information beneficial 
to nuclear medicine physicians. This book is an excellent source of in- 
formation for nuclear pharmacy practitioners and educators as well. 
Although net useful as an entry level textbook, it is of value as a library 
reference source in institutions with active research and educational 
programs in nuclear medicine or nuclear pharmacy. 

Reoiewed by Stanley M. Shaw 
Department of Bionucleonics 
School of Pharmacy and Pharmacal 

Purdue University 
West Lafayette, IN 47907 

Sciences 

Catalog of Teratogenic Agents, 3rd Ed. Edited by THOMAS H. 
SHEPARD. Johns Hopkins University Press, Baltimore, MD 21218. 
1980.410 pp. 16 X 23.5 cm. 
This reference text is essentially an alphabetized listing of known and 

suspected teratogenic agents that are believed to be involved in the de- 
velopment of congenital anomalies in experimental animals and humans. 
It is an updated version of previous editions, and the reader is made aware 
that yearly revisions probably will be forthcoming. Easy and quick re- 

vision is made possible by the fact that the material has been collected 
in the usual way and then transferred to computer cards and finally to 
tape for storage. New material can be inserted a t  the proper places 
without totally revising the previously written material. Both positive 
and negative results and full bibliographic references are included in the 
discussion of each agent. In addition, there are adequate subject and 
author indexes. 

The stated purpose of the book is to help link the available information 
on experimental teratogenic agents with malformations occurring in 
humans. I t  is clearly pointed out in the introductory material that  this 
task is not easy and that it often is impossible for a variety of reasons. 

The most outstanding contribution to the literature provided by this 
book is the tables of comparative time periods of embryonic and fetal 
development in humans and experimental animals. One can determine 
easily what organ or tissue is developing a t  any time in gestation and 
consequently predict which tissues may be affected should a suspected 
teratogen be present a t  that  particular time. 

Many obviously important references have been left out, a deficiency 
that the author admits may be the case. T o  remedy this problem, the 
author states that anyone wishing to add material or provide corrections 
for future editions should do so on the address form provided in the last 
pages of the text. Unfortunately, this form is not present. 

Because this catalog contains information concerning congenital de- 
fects due to pharmaceuticals, chemicals, environmental pollutants, food 
additives, household products, and viruses, it is recommended as a ref- 
erence souce for anyone who has to answer questions concerning the 
teratogenic nature of the many agents included in these categories. Along 
with teratologists, obstetricians, pediatricians, geneticists, pharmacol- 
ogists, and general practitioners would be particularly interested in this 
book. 

Reoieiued by Ronald F. Gautieri 
Department of Pharmacology 
School of Pharmacy 
Temple University 
Philadelphia, PA 19140 

British Pharmacopoeia 1980. Her Majesty’s Stationery Office, Atlantic 
House, Holborn Viaduct, London EClPJBN, England. 1980.1196 pp. 
22 X 31.5 cm. Price €60. 
The 1980 British Pharmacopoeia provides standards for the quality 

of substances and preparations used in medicine and pharmacy which 
will become effective in the United Kingdom on December 1,1980. The 
1980 RP  incorporates, in edited form, all of the relevant monographs and 
methods currently contained in the European Pharmacopoeia. I t  also 
presents, in updated form, a large number of monographs formerly 
contained in the British Pharmaceutical Codex. 

The increase in the range of entries covered in the BP resulted in its 
expansion to two volumes. Volume I contains monographs of medicinal 
and pharmaceutical substances, including simple organic salts, complex 
synthetic chemicals, vegetable drugs, antibiotics, and hormones and vi- 
tamins. The standards are accompanied by information on their action, 
use, dose, solubility, storage, and labeling. Style changes in this edition 
include indication of the stereochemical configuration in structural for- 
mulas, where possible. SI units have been introduced where practicable, 
and an approximate equivalent in the more familiar cgs system is given 
in parentheses. 

Volume I1 includes an extensive formulary section. It also features 
discussions of blood products, immunological products, radiopharma- 
ceutical preparations, and surgical materials. The 24 appendixes in 
Volume I1 describe procedures and requirements that are necessary for 
interpretation of the standards. Among the subjects featured in the ap- 
pendixes are reagents, spectroscopic and chromatographic analyses, 
determinations of physical properties, limit tests, disintegration tests 
for dosage forms, and biological and biochemical assays and tests for 
antibiotics, immunological products, hormones, blood and related 
products, and enzymes. Tests for sterility, microbial contamination, and 
efficacy of preservatives also are included. A 48-page index is provided 
a t  the end of Volume 11. 

The significant expansion of the British Pharmacopoeia since its 
previous (1973) edition enhances its value as a reference source. 

Staff Review 
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major scientific and clinical advances that have occurred in nuclear 
medicine since the early 1970s. This volume is not presented as a textbook 
of nuclear medicine nor as an exposition of basic knowledge. In the 
preface, the senior editor states his hope that this book “will achieve its 
goal of assisting physicians in their efforts to maintain or reach clinical 
competence in the specialty of nuclear medicine.” 

The book offers an overview of 12 major areas in nuclear medicine. 
Chapters are included on radiophmacology, instrumentation, radiation 
effects and radiation protection, cardiovascular, the central nervous 
system, endocrinology, gastroenterology, the genitourinary system, he- 
matology-oncology, pulmonary, radioassay, and the skeletal system. The 
majority of the material is presented in a descriptive manner, with il- 
lustrations and tables kept to a minimum. With few exceptions, the text 
is well written, clear, and easy to follow. Difficulty may be encountered 
in attempting to locate a reference in a bibliography that was cited within 
the text. 

The text contains a great amount of pertinent information beneficial 
to nuclear medicine physicians. This book is an excellent source of in- 
formation for nuclear pharmacy practitioners and educators as well. 
Although net useful as an entry level textbook, it is of value as a library 
reference source in institutions with active research and educational 
programs in nuclear medicine or nuclear pharmacy. 

Reoiewed by Stanley M. Shaw 
Department of Bionucleonics 
School of Pharmacy and Pharmacal 

Purdue University 
West Lafayette, IN 47907 

Sciences 

Catalog of Teratogenic Agents, 3rd Ed. Edited by THOMAS H. 
SHEPARD. Johns Hopkins University Press, Baltimore, MD 21218. 
1980.410 pp. 16 X 23.5 cm. 
This reference text is essentially an alphabetized listing of known and 

suspected teratogenic agents that are believed to be involved in the de- 
velopment of congenital anomalies in experimental animals and humans. 
It is an updated version of previous editions, and the reader is made aware 
that yearly revisions probably will be forthcoming. Easy and quick re- 

vision is made possible by the fact that the material has been collected 
in the usual way and then transferred to computer cards and finally to 
tape for storage. New material can be inserted a t  the proper places 
without totally revising the previously written material. Both positive 
and negative results and full bibliographic references are included in the 
discussion of each agent. In addition, there are adequate subject and 
author indexes. 

The stated purpose of the book is to help link the available information 
on experimental teratogenic agents with malformations occurring in 
humans. I t  is clearly pointed out in the introductory material that  this 
task is not easy and that it often is impossible for a variety of reasons. 

The most outstanding contribution to the literature provided by this 
book is the tables of comparative time periods of embryonic and fetal 
development in humans and experimental animals. One can determine 
easily what organ or tissue is developing a t  any time in gestation and 
consequently predict which tissues may be affected should a suspected 
teratogen be present a t  that  particular time. 

Many obviously important references have been left out, a deficiency 
that the author admits may be the case. T o  remedy this problem, the 
author states that anyone wishing to add material or provide corrections 
for future editions should do so on the address form provided in the last 
pages of the text. Unfortunately, this form is not present. 

Because this catalog contains information concerning congenital de- 
fects due to pharmaceuticals, chemicals, environmental pollutants, food 
additives, household products, and viruses, it is recommended as a ref- 
erence souce for anyone who has to answer questions concerning the 
teratogenic nature of the many agents included in these categories. Along 
with teratologists, obstetricians, pediatricians, geneticists, pharmacol- 
ogists, and general practitioners would be particularly interested in this 
book. 

Reoieiued by Ronald F. Gautieri 
Department of Pharmacology 
School of Pharmacy 
Temple University 
Philadelphia, PA 19140 

British Pharmacopoeia 1980. Her Majesty’s Stationery Office, Atlantic 
House, Holborn Viaduct, London EClPJBN, England. 1980.1196 pp. 
22 X 31.5 cm. Price €60. 
The 1980 British Pharmacopoeia provides standards for the quality 

of substances and preparations used in medicine and pharmacy which 
will become effective in the United Kingdom on December 1,1980. The 
1980 RP  incorporates, in edited form, all of the relevant monographs and 
methods currently contained in the European Pharmacopoeia. I t  also 
presents, in updated form, a large number of monographs formerly 
contained in the British Pharmaceutical Codex. 

The increase in the range of entries covered in the BP resulted in its 
expansion to two volumes. Volume I contains monographs of medicinal 
and pharmaceutical substances, including simple organic salts, complex 
synthetic chemicals, vegetable drugs, antibiotics, and hormones and vi- 
tamins. The standards are accompanied by information on their action, 
use, dose, solubility, storage, and labeling. Style changes in this edition 
include indication of the stereochemical configuration in structural for- 
mulas, where possible. SI units have been introduced where practicable, 
and an approximate equivalent in the more familiar cgs system is given 
in parentheses. 

Volume I1 includes an extensive formulary section. It also features 
discussions of blood products, immunological products, radiopharma- 
ceutical preparations, and surgical materials. The 24 appendixes in 
Volume I1 describe procedures and requirements that are necessary for 
interpretation of the standards. Among the subjects featured in the ap- 
pendixes are reagents, spectroscopic and chromatographic analyses, 
determinations of physical properties, limit tests, disintegration tests 
for dosage forms, and biological and biochemical assays and tests for 
antibiotics, immunological products, hormones, blood and related 
products, and enzymes. Tests for sterility, microbial contamination, and 
efficacy of preservatives also are included. A 48-page index is provided 
a t  the end of Volume 11. 

The significant expansion of the British Pharmacopoeia since its 
previous (1973) edition enhances its value as a reference source. 

Staff Review 

1362 I Journal of Pharmaceutical Sciences 
Vol. 69, No. 11, November 1980 



( d )  increased prescribing of codeine. Other factors contributing to the 
opium shortage were the ban on opium growing in Turkey and reduced 
production in India due to unfavorable weather conditions. 

A Dutch cartel succeeded in gaining control of a significant portion of 
the world’s supply of quinidine, which resulted in alleged shortages o f  
this drug and subsequent price increases. 

The heparin shortage resulted from increased demand and also from 
a short supply of the major raw material, the intestinal mucosa of the hog. 
This shortage occurred when the number of hogs being slaughtered was 
reduced. 

The penicillin shortage was attributed to an 11-month shutdown of 
a major manufacturer’s facilities for making the product. 

The author points out that there is a lack of information concerning 
drug shortages and that no agency has the authority and responsibility 
to gather and apply such information. Such an agency, along with a na- 
tional advisory group with representatives from the pharmaceutical in- 
dustry, the health professions, and government, is recommended by the 
author as a means to prevent shortages of essential drugs. 

This book is interesting reading for anyone associated with the health 
professions or the pharmaceutical industry. Most of us are unaware that 
shortages of vital drugs have occurred and can occur in the future. 

Reviewed by Clyde W. Whitworth 
School of Pharmacy 
linioersity of Georgia 
Athens. GA 30602 

Nuclear Medicine: Review Syllabus. Edited by PETER T. KIR- 
CHNER. Society of Nuclear Medicine, 475 Park Ave. S., New York, 
NY 10016.1980.619 pp. 15 X 23 cm. Price $30.00. 
This book is a product of over 50 contributors. It is an update of the 

major scientific and clinical advances that have occurred in nuclear 
medicine since the early 1970s. This volume is not presented as a textbook 
of nuclear medicine nor as an exposition of basic knowledge. In the 
preface, the senior editor states his hope that this book “will achieve its 
goal of assisting physicians in their efforts to maintain or reach clinical 
competence in the specialty of nuclear medicine.” 

The book offers an overview of 12 major areas in nuclear medicine. 
Chapters are included on radiophmacology, instrumentation, radiation 
effects and radiation protection, cardiovascular, the central nervous 
system, endocrinology, gastroenterology, the genitourinary system, he- 
matology-oncology, pulmonary, radioassay, and the skeletal system. The 
majority of the material is presented in a descriptive manner, with il- 
lustrations and tables kept to a minimum. With few exceptions, the text 
is well written, clear, and easy to follow. Difficulty may be encountered 
in attempting to locate a reference in a bibliography that was cited within 
the text. 

The text contains a great amount of pertinent information beneficial 
to nuclear medicine physicians. This book is an excellent source of in- 
formation for nuclear pharmacy practitioners and educators as well. 
Although net useful as an entry level textbook, it is of value as a library 
reference source in institutions with active research and educational 
programs in nuclear medicine or nuclear pharmacy. 

Reoiewed by Stanley M. Shaw 
Department of Bionucleonics 
School of Pharmacy and Pharmacal 

Purdue University 
West Lafayette, IN 47907 

Sciences 

Catalog of Teratogenic Agents, 3rd Ed. Edited by THOMAS H. 
SHEPARD. Johns Hopkins University Press, Baltimore, MD 21218. 
1980.410 pp. 16 X 23.5 cm. 
This reference text is essentially an alphabetized listing of known and 

suspected teratogenic agents that are believed to be involved in the de- 
velopment of congenital anomalies in experimental animals and humans. 
It is an updated version of previous editions, and the reader is made aware 
that yearly revisions probably will be forthcoming. Easy and quick re- 

vision is made possible by the fact that the material has been collected 
in the usual way and then transferred to computer cards and finally to 
tape for storage. New material can be inserted a t  the proper places 
without totally revising the previously written material. Both positive 
and negative results and full bibliographic references are included in the 
discussion of each agent. In addition, there are adequate subject and 
author indexes. 

The stated purpose of the book is to help link the available information 
on experimental teratogenic agents with malformations occurring in 
humans. I t  is clearly pointed out in the introductory material that  this 
task is not easy and that it often is impossible for a variety of reasons. 

The most outstanding contribution to the literature provided by this 
book is the tables of comparative time periods of embryonic and fetal 
development in humans and experimental animals. One can determine 
easily what organ or tissue is developing a t  any time in gestation and 
consequently predict which tissues may be affected should a suspected 
teratogen be present a t  that  particular time. 

Many obviously important references have been left out, a deficiency 
that the author admits may be the case. T o  remedy this problem, the 
author states that anyone wishing to add material or provide corrections 
for future editions should do so on the address form provided in the last 
pages of the text. Unfortunately, this form is not present. 

Because this catalog contains information concerning congenital de- 
fects due to pharmaceuticals, chemicals, environmental pollutants, food 
additives, household products, and viruses, it is recommended as a ref- 
erence souce for anyone who has to answer questions concerning the 
teratogenic nature of the many agents included in these categories. Along 
with teratologists, obstetricians, pediatricians, geneticists, pharmacol- 
ogists, and general practitioners would be particularly interested in this 
book. 

Reoieiued by Ronald F. Gautieri 
Department of Pharmacology 
School of Pharmacy 
Temple University 
Philadelphia, PA 19140 

British Pharmacopoeia 1980. Her Majesty’s Stationery Office, Atlantic 
House, Holborn Viaduct, London EClPJBN, England. 1980.1196 pp. 
22 X 31.5 cm. Price €60. 
The 1980 British Pharmacopoeia provides standards for the quality 

of substances and preparations used in medicine and pharmacy which 
will become effective in the United Kingdom on December 1,1980. The 
1980 RP  incorporates, in edited form, all of the relevant monographs and 
methods currently contained in the European Pharmacopoeia. I t  also 
presents, in updated form, a large number of monographs formerly 
contained in the British Pharmaceutical Codex. 

The increase in the range of entries covered in the BP resulted in its 
expansion to two volumes. Volume I contains monographs of medicinal 
and pharmaceutical substances, including simple organic salts, complex 
synthetic chemicals, vegetable drugs, antibiotics, and hormones and vi- 
tamins. The standards are accompanied by information on their action, 
use, dose, solubility, storage, and labeling. Style changes in this edition 
include indication of the stereochemical configuration in structural for- 
mulas, where possible. SI units have been introduced where practicable, 
and an approximate equivalent in the more familiar cgs system is given 
in parentheses. 

Volume I1 includes an extensive formulary section. It also features 
discussions of blood products, immunological products, radiopharma- 
ceutical preparations, and surgical materials. The 24 appendixes in 
Volume I1 describe procedures and requirements that are necessary for 
interpretation of the standards. Among the subjects featured in the ap- 
pendixes are reagents, spectroscopic and chromatographic analyses, 
determinations of physical properties, limit tests, disintegration tests 
for dosage forms, and biological and biochemical assays and tests for 
antibiotics, immunological products, hormones, blood and related 
products, and enzymes. Tests for sterility, microbial contamination, and 
efficacy of preservatives also are included. A 48-page index is provided 
a t  the end of Volume 11. 

The significant expansion of the British Pharmacopoeia since its 
previous (1973) edition enhances its value as a reference source. 

Staff Review 

1362 I Journal of Pharmaceutical Sciences 
Vol. 69, No. 11, November 1980 



DECEMBER 1980 
VOLUME 69 NUMBER 12 

JOURNAL OF 
PHARMACEUTICAL 

SCIENCES 
MARY H. FERGUSON 

Editor 

SHELLY ELLIOTT 
Production Editor 

NICOLER’E TRIANTAFELLU 
Copy Editor 

EDWARD G. FELDMANN 
Contributing Editor 

SAMUEL W. GOLDSTEIN 
Contributing Editor 

BELLE R. BECK 
Editorial Secretary 

DAVID BOHARDT 
Director of Publications 

L. LUAN CORRIGAN 
Assistant Director of Publications 

EDITORIAL ADVISORY BOARD 

JOHN AUTIAN HERBERT A. 

NORMAN R. 
LIEBERMAN 

FARNSWORTH DAVID E. MANN, JR. 

WILLIAM 0. FOYE 

WILLIAM J. JUSKO 

GERALD J. PAPARIELLO 

EDWARD G. RIPPIE 

The Journal of Pharmaceutical Sciences (ISSN 002’2- 
3549) is published monthly by the American Pharmaceu- 
tical Association (APhA) at 2215 Constitution Ave., N.W., 
Washington, DC 20037. Secondclass postage paid at 
Washington, D.C., and at additioql mailing office. 

All expressions of opinion and statements of supposed 
fact appearin in articles or editorials carried in this journal 
are publishei on the authority of the writer over whose 
name they appear and are not to be regarded as necessarily 
expressing the policies or views of APhA. 

Offices-Editorial, Advertising, and Subscription: 2215 
Constitution Ave., N.W., Washington. DC 20037. All 
Journal staff may be contacted at this address. Printing: 
20th & Northampton Streets, Easton, PA 18042. 

Annual Subscriptions-United States and foreign, 
industrial and government institutions $60, educational 
institutions $60, individuals for personal use only $30; 
single copies $5. All foreign subscriptions add $5 for postage. 
Subscription rates are subject to change without notice. 
Members of APhA may elect to receive the Journal of 
Pharmaceutical Sciences as a part of their annual $80 
(foreign $85) APhA membership dues. 

Claims-Missing numbers will not be supplied if dues 
or subscriptions are in arrears for more than 60 days or if 
claims are received more than 60 days after the date of the 
issue, or if loss was due to failure to give notice of change of 
address. APhA cannot accept responsibility for foreign 
delivery when i t s  records indicate shipment was made. 

Change of Address-Members and subscribers should 
notify at once both the Post Office and APhA of any change 
of address. 

Photocopying-The code at the foot of the first page of 
an article indicates that APhA has granted permission for 
copying of the article beyond the limits permitted by Sec- 
tions 107 and 108 of the US. Copyright Law provided that 
the copier sends the per copy fee stated in the code to the 
Copyright Clearance Center, Inc., 21 Congress St., Salem, 
MA 01970. Copies may be made for personal or internal use 
only and not for general distribution. 

Microfilm-Available from University Microfilms In -  
ternational, 300 N. Zeeb Road, Ann Arbor, MI 48106. 

0 Copyright 1980, American Pharmaceutical Association, 
2215 Constitution Ave., N.W., Washington, DC 20037; all 
rights reserved. 

ETHICAL CONSIDERATIONS IN 
RESEARCH PUBLICATION 

Periodically, news reports in the public press and the broadcast media inform 
us about a new scandal rocking either Congress or some governmental agency. The 
scandal might be anything from taking bribes, to exerting improper influence, to  
improper moral behavior, to any other of a host of misdeeds. 

Only relatively rarely, however, do we hear about comparable situations in the 
world of science and research. 

In part, this may be because the people involved are more honorable or have a 
greater sense of ethics. It may also be because they are simply less likely to face the 
pressures and temptations that persons who are in positions of greater public 
prominence routinely encounter. 

But we suspect tha t  there is also another explanation. In short, most people in 
research, in science, and in the health professions are inclined to  treat such matters 
with reserve, discretion, and perhaps even a sense of incredulity. It is almost as if 
they refuse t o  believe that such misdeeds occur or tha t  their colleagues and asso- 
ciates could be guilty of the purported practices. For example, the general reluctance 
of physicians to  testify against fellow physicians in malpractice cases is widely 
recognized within the legal profession. 

The  psychology underlying this behavior can be explained in a number of ways. 
But whatever the reason for it, there is no question but tha t  i t  exists. 

These observations are prompted by a detailed expos6 of an alleged scientific 
fraud that was reported this past October in a two-part story appearing in Science 
magazine. Many of the central figures named read like a Who’s Who of American 
medical science. The principal institutions involved are the revered Yale University 
School of Medicine, the Columbia College of Physicians and Surgeons, and the 
National Institutes of Health. 

The  articles in Science are entitled, respectively, “Imbroglio a t  Yale (I): Emer- 
gence of a Fraud” and “Imbroglio a t  Yale (11): A Top Job Lost.” We shall not at-  
tempt to summarize the story because it is exceedingly complex and a brief summary 
might treat one or another of the parties unfairly. As a consequence, we recommend 
to  our readers that  they read the entire report as it is fully laid out in Science. The 
specific wrong-doing includes plagiarism, destruction of data, falsification of data, 
and efforts to conceal or down-play the problem. For the principal scientist involved, 
the episode became an  “intellectual Watergate.” 

In reviewing the scenario, the account in Science reveals that initially the incident 
appeared of minor significance: “The so-called plagiarism consisted of a few un- 
important phrases containing, in total, some 60 words.” After first reviewing the 
case, the dean a t  Yale was inclined to dismiss it. However, over the next year, matters 
gradually snowballed and eventually led to the retraction of 11 papers published 
in prominent scientific journals, the forced resignation of the chairman of the de- 
partment of medicine at Columbia, and a host of other sordid consequences. 

With this background, we would particularly like to highlight a couple of key 
conclusions in the Science articles: 

“The Yale part of the story is Q case study in how Q busy senior inuestigator 
lost touch with the laboratory of a junior associate. It raises serious questions about 
the career pressures that lead to coauthorskip and about the health of team re- 
search in general.” 

“The subtle effects of the Yale imbroglio might never be measured, but they 
will be there nonetheless. Senior researchers, for instance, may hesitate Q bit in 
the future before signing Q paper not carefully checked out.” 

“The fabric of the reward system of coauthorship was torn. To the extent that 
there are [other researchers of similar bent] at large in the labs, doctoring data,  
the incident stands QS Q threat and ( I  warning.” 

All of this may appear to  be very remote to  the Journal of Pharmaceutical Sci- 
ences and its readers, authors, reviewers, and editors. At most, we might consider 
the Yale-Columbia incident to  be of only casual and incidental interest. 

Regrettably, however, over the past decade we have experienced several com- 
parable and analogous situatiohs. Fortunately, in most of these cases, the unethical 
behavior was uncovered before publication of the pertinent manuscripts; as a result, 
appropriate corrective action was taken to  prevent soiling the published literature. 
In several other instances, the particular problem only came to light following the 
paper’s publication and the opportunity thereby afforded an affected party to read 
the paper, to  recognize the existence of a problem, and to  bring that problem to the 
attention of the editors and other pertinent parties. 

Because these instances of apparent fraud or unethical behavior are not widely 
publicized like those mentioned in the opening paragraph above, few of our readers, 
authors, or reviewers are ever aware of them. Nevertheless, they do result in a serious 
embarrassment and a permanent taint on the reputations of the scientist or sci- 
entists involved. Consequently, when it comes to  research publication, we wish to 
counsel the utmost care and caution on the part of all those who would author or 
coauthor papers, as well as on the part of those who have the responsibility to review 
o r  otherwise pass judgment on such manuscripts for possible publication. 
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Abstract  a A strategy for improving the intestinal absorption of 
water-insoluble drugs was developed and tested. The strategy is based 
on making a soluble derivative of an insoluble compound which, in turn, 
is a substrate for enzymes in the surface coat of the brush border region 
of the microvillous membrane. Consequently, just prior to reaching the 
membrane, the physical properties of the diffusing species are changed 
from polar to nonpolar. The experimental test used two drug-drug de- 
rivative pairs, estrone-lysine estrone ester and p-nitroaniline-lysine 
p -nitroanilide. Wall permeabilities were determined using an external 
perfusion technique in the rat  intestine and a laminar flow convective 
diffusion model for transport in the lumen. Analysis of the permeability 
results indicates that the derivatives have higher wall permeabilities than 
the parent compounds and that the microvillous surface coat may be a 
significant contributor to the intestinal wall resistance. Comparison of 
the absorption rates for estrone and the lysine estrone ester indicates that 
the absorption rate of the derivative could be up to five orders of mag- 
nitude greater than that for the parent compound. 

Keyphrases 0 Permeability-intestinal absorption of water-insoluble 
drugs, improved membrane permeability through synthesis of soluble 
derivative as prodrug 0 Absorption, intestinal-water-insoluble drugs, 
improved membrane permeability through synthesis of soluble derivative 
as prodrug Models-intestinal absorption of water-insoluble drugs, 
improved membrane permeability through synthesis of soluble derivative 
as prodrug 

Water-insoluble compounds frequently are absorbed 
slowly due to slow dissolution of the solid andlor a very low 
solution concentration, leading to a small diffusive driving 
force. Two approaches often are used in these cases to 
improve absorption: formulation and soluble derivative 
formation (1). The formulation approach uses physical 
methods such as micronization or dispersion in a soluble 
carrier to increase the dissolution rate of the drug product 
and, hence, the absorption rate. The soluble derivative 
(prodrug) approach attaches a solubilizing progroup (e.g. ,  
phosphate or succinate) to the drug, taking advantage of 
the usually high solubility and dissolution rate of the de- 
rivative salt. Examples of the successful application of both 
approaches are available (1). 

BACKGROUND 

Each approach has its limitations. With the formulation approach, the 
maximal diffusive driving force still is limited by the low aqueous solu- 
bility of the drug. While it may be possible to maintain a supersaturated 
solution for a finite period of time, the supersaturation often is only a 
factor of two or less, which is not sufficient to ensure complete absorption 
for very insoluble compounds. The solubilizing progroup approach is 
limited by the fact that  while the aqueous solubility may be increased 
by several orders of magnitude, the increase in solubility is coupled to 
a decrease in the membrane-water partition coefficient (2-4) and, con- 
sequently, results in a reduction in the membrane permeability. While 
the transport basis for this trade-off will be discussed in more detail, the 
significant point is that  increased aqueous solubility usually is obtained 
a t  the expense of reduced membrane permeability. If, for oral dosage 
forms, the conversion back to the nonpolar drug occurs rapidly, chemi- 
cally or biochemically, in the gut lumen, then the reduced membrane 
permeability of the drug derivative is of no consequence. However, as with 
the formulation approach, the diffusive transport of the drug again is 
limited by its low solubility. 

This report discusses an approach that may avoid this compromise. 
The essential strategy is to make derivatives of insoluble compounds that 
are substrates for enzymes in the brush border region of the mucosal cells. 
In the next section, the biochemical background is reviewed briefly and 
the prodrug strategy is developed. Next, the transport processes involved 
are analyzed. The approach is tested experimentally using two drug-drug 
derivative pairs in an externally perfused rat intestine preparation. The 
results then are discussed in light of the transport models and the po- 
tential of this approach for improving oral absorption. 

Protein Digestion and Absorption-Understanding of the digestion 
and absorption of proteins has increased over the past 20 years, as dem- 
onstrated by numerous reviews and symposium volumes (5-14). Prior 
to reaching the intestine, ingested protein is acted on by gastric and 
pancreatic enzymes. This process is intraluminal and reduces the protein 
to a mixture of free amino acids (<30%) and oligopeptides having two to 
six residues. This mixture is presented to the intestinal mucous mem- 
brane where an active, sodium-dependent carrier transports the free 
amino acids into the cell. Final hydrolysis of the remaining oligopeptides 
occurs along the mucous membrane and is complete so that, for practical 
purposes, only amino acids enter the portal cirrulation. 

For many years, it was assumed that all of the protein was reduced to 
free amino acids prior to transport across the intestinal wall. Then, in a 
pioneering series of reports published between 1959 and 1962, Newey and 
Smyth (15-17) demonstrated that intraluminal hydrolysis accounted 
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Figure 1 -Peptide absorption mechanisms. Key: A,  peptide transport 
and cellular hydrolysis; R, coupled transport and hydrolysis; C 'nter- 
facial hydrolyscs and transport; 0, carrier; @, enzyme; and &,en- 
zyme-carrier system. 

for only a minor portion of the total protein hydrolyzed. in addition, they 
showed that small amounts of dipeptides could be absorbed into the 
enterocytes intact, a finding also reported by Prockop et al. (18). Mat- 
thews and coworkers (19,201 made the important observation that di- 
peptides could be absorbed more rapidly than amino acids. This finding 
established that dipeptides could be transported by a mechanism inde- 
pendent of that used by amino acids. This result was supported by reports 
that patients with defective intestinal amino acid absorption, as in 
Hartnup's disease or cystinuria, are able to absorb dipeptides without 
difficulty (20,21). Several schemes were proposed to account for the final 
stages of hydrolysis and absorption of oligopeptides (22-26), and these 
schemes include one or both of the following mechanisms (Fig. 1:: 

1. Hydrolysis of the small peptides by enzymes in the brush border 
region to amino acids. The amino acids then are transported into the cell 
by a unique carrier system. 

2. The small peptides are reduced to (mostly) dipeptides and tripep- 
tides by enzymes on the external surface of the cell, followed by uptake 
of the di- and tripeptides into the cell where the final hydrolysis takes 
place. 

Membrane Metabolism Strategy-While the nature and specificity 
of the brush border region enzymes still are the subject of intensive re- 
search, the extensive enzymatic activity in the region is well established 
(6, 7, 11, 23). The significance of this fact, from the point of view of a 
prodrug strategy, is based on the solubility-partition coefficient trade-off. 
Increasing the membrane permeability by increasing the membrane- 
water partition coefficient usually results in reduced solubility, leading 
to an optimum partition coefficient. That is, the aqueous (luminal) phase 
and the nonpolar membrane phase have conflicting physical property 
requirements. 

The basis for the prodrug solubilization strategy is as follows. If a 
(soluble) derivative of an insoluble (high membrane-water partition 
coefficient) compound can be made that is a substrate for the brush 
border enzymes located at  the interface between the polar and nonpolar 
phases, then conversion back to the high partition coefficient (low 
aqueous solubility) compound would occur immediately adjacent to the 
nonpolar (membrane) sink. This, in turn, would preclude or minimize 
precipitation of the insoluble drug. In other words, the prodrug strategy 
involves the use of interfacial enzymes to convert a drug (derivative) that 
has desirable properties in the one phase (high solubility) to one having 
desirable properties in the other phase (high partition coefficient). A 
scheme for this approach is presented in Fig. 2. 

THEORETICAL 

Membrane Permeability--The transport of a solute through a 
composite planar membrane will be considered first. The rate of mass 
transport per unit area, J ,  is given by (using the film model) (2,3): 

J = Perf AC (Eq. 1) 

Pa = D / 8 ,  
P, = P C D / 6 ,  

where A(' is the concentration difference between the two sides of the 

Figure 2-Reaction diffusion model for absorption of soluble deriuatiues 
of insoluble compounds. Drug (D) may or may not build up  in the en- 
zyme layer. Key: PD+, charged prodrug; @, enzyme; 6,, diffusion layer 
thickness; 6 ~ ,  enzyme layer thickness; 6,, membrane thickness; and 
PC, membrane-enzyme layer partition coefficient. 

composite barrier, Perf is the effective permeability coefficient, Po is the 
aqueous permeability, P, is the membrane permeability, 6,  and 8, are 
the respective film thicknesses, and PC is the membrane-water partition 
coefficient. Equation 2 can be rewritten as: 

(Eq. 5) 

Under sink conditions, Eq. 1 becomes: 

J = PefKb (Eq. 6) 

From Eq. 5,  it is clear that  as PC increases, Perf increases and, hence, the 
absorption rate increases (Eq. 6). In the limit PC - m ,  Perf = D/6, .  
However, as PC increases, a significant physical constraint must be 
considered: as PC increases, the aqueous solubility decreases and, as a 
result, Cb in Eq. 6 eventually must be replaced by C,, the aqueous solu- 
bility: 

J = Per&, (Eq. 7) 

Equation 7 represents the flux from suspensions. In this situation, 
increasing PC increases Peff but decreases C, to a greater extent. This 
trade-off leads to the existence of an optimum PC value (2,3). Equations 
5-7 are significant to a prodrug strategy since one can increase C, but, 
in most cases, not without a corresponding decrease in Per$. However, 
given the preceding discussion of the interfacial (brush border) enzymatic 
activity, a prodrug strategy based on interfacial reconversion may be 
particularly effective. The transport basis for this approach is as follows. 
The model (Fig. 2) requires three layers with an enzymatic reaction oc- 
curring in the middle layer. The composite barrier is assumed to be pla- 
nar2, and the enzymatic reaction is assumed to be first order. 

The solution for the three-layer model with a first-order reaction in 
the enzyme layer (rate constant = k) is: 

J = P R C ~ ~  (Eq. 8 )  

where PR is a complex function of 6,. b ~ ,  6,, K ,  k ,  and D (Fig. 2). How- 
ever, a much simpler expression is ohtained if it is assumed that the 
membrane layer is a sink for the drug and the membrane is impermeable 
to the (soluble) drug derivative (27). For this two-layer model, PR from 
Eq. 8 becomes: 

with: 

PE = CUD tanh ( ( u 6 ~ )  (Eq. 10) 

a2 = kJD (Eq. 11) 

1 See Ref. 4 for examples where this is not the case. 
*The error involved with this assumption for a cylinder having a radius of 0.2 

crn is only 2-3% (27). 
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where k is the first-order reaction rate in the enzyme layer and P, is Dld,. 
Note that.: 

lim PR = 0 and lim PR = Po 
k-0 k-- 

The most significant point regarding Eqs. 8-11 is that C A ~  is the con- 
centration of the soluble drug derivative and that the membraneaqueous 
solution partition coefficient does not enter into the equation. If the 
enzymatic reaction is fast (large k ) ,  the flux of the soluble drug derivative 
can be orders of magnitude greater than that of the insoluble drug. 

Convective Diffusion Model-The experimental test system used 
a perfused rat intestine. Consequently, a model accounting for both 
convection and diffusion in a tube is required. The most appropriate 
model with the present experimental procedure is a laminar flow model 
(28). The solution to the convective diffusion problem for steady flow in 
a cylindrical tube with a permeable wall gives (27): 

where: 
C,/Co = Z M ,  exp (-/3zGz) (Ell. 12) 

C ,  = outlet (cup-mixing) concentration 
Co = inlet concentration 
Gz = *DL/2Q 
D = aqueous diffusivity of the solute 
L = length of the perfused intestine 
Q = flow rate 

and the Mn and 0, values are functions of the dimensionless (membrane) 
wall permeability, P;, defined as: 

. P,  - - 
D 

where R is the radius of the intestine. 
The P, value is defined by the boundary condition at  the tube wall 

-DCJ  = P , C ,  
dr r - R  

(Eq. 14) 

where C, = C ( R , z )  is the wall concentration. The results in this study 
were analyzed using the laminar flow model, although other models could 
be applied to the data (28). It is important to note that P, (or P;) does 
not contain any contribution from the luminal diffusion of the drug. That 
is, there is no diffusion layer in the model; the luminal diffusion of the 
drug is accounted for by solution of the appropriate transport equation 
(27). For passively absorbed compounds, P: is equal to P& in Eq. 4; for 
the reactive compounds, P: is equal to PH of Eq. 10. Consequently, in 
interpreting the results, P ;  must be interpreted appropriately. 

The preceding analysis can be related to a pharmacokinetic analysis 
through a mass balance on the tube. This approach gives: 

drnldt = Co(1 - C,/Co)Q (Eq. 15) 

where drnldt is the mass transported across the absorbing surface per 
unit time and can be computed directly from the perfusion results. A 
pharmacokinetic analysis would give dmldt = kabsVCO, where V is the 
volume of the intestinal segment. Hence: 

Table I-Coefficients and Exponents for Eq. 19 

n OMn OPn 

1 
2 
3 
4 
5 

0.81905 
0.09753 
0.03250 
0.01544 
0.00879 

2.7044 
6.6790 

10.6734 
14.6712 
18.6699 

made in the abdomen, and a glass cannula was placed 2 and 10 cm distal 
to the ligament of Treitz. A pump5 was used for perfusion at  flow rates 
of 0.05-1.2 mllmin. Glass tubing was used throughout. [14C]Polyethylene 
glycol was used as the volume marker. Volume changes rarely exceeded 
3%. 

An isotonic Sorensen phosphate buffer (pH 6.72) was used. The in- 
testine was perfused first with buffer for 30 min and then for 30-60 min 
(until steady state) with drug solution. A t  the conclusion of the experi- 
ment, the animal was sacrificed. The intestine was excised and the length 
of the intestine from cannula to cannula was measured. The radius was 
calculated from the volume of the excised segment. 

Assay-p-Nitroaniline and L-lysine p-nitroanilide were assayed 
spectrometrically at 375 and 315 nm, respectively. [3H]Estrone, [3H]lysine 
estrone ester, and [14C]polyethylene glycol were assayed by liquid scin- 
tillation. In experiments with lysine p-nitroanilide, the effluent solution 
was analyzed for both lysine p-nitroanilide and p -nitroaniline. Mea- 
surable amounts of p-nitroaniline were not detected in any experiments 
with lysine p-nitroanilide. 

RESULTS AND DISCUSSION 

The experimental design was such that luminal reconversion (either 
biochemical or chemical) of the drug derivatives would not be significant, 
and none was observed. The conditions also maximized the possible at- 
tainment of laminar flow in the lumen (28). The results were analyzed 
using the method of Elliott et aL6, interpreting the wall permeability 
appropriately (Eq. 4 or 10). The approximate wall permeability, OP;, was 
calculated from: 

where: 

and: 

OP;, = In (C,/Co)exp 
-4Gz 

(Eq. 17) 

'p;, = - [ n-1 5 OMn exp (-Ofl;Gz)]/4Gz (Eq. 19) 

The coefficient and exponents in Eq. 19 are given in Table I. This ap- 
proach is equivalent to the diffusion layer approach but with the diffusion 
layer thickness calculated a priori (27). The exact expression for the 
diffusion layer thickness is: 

1 
(Eq. 20) 

p i s  ZMn exp (-P%z) P; 
using the Mn and pn values that 81e appropriate to the permeability, 
pL. While p;I is unknown, analysis of the model shows that is only 
slightly dependent on p.,; hence, Eq. 19, which is appropriate for sink 
conditions [P; = m or C(R,z )  = 01, provides a good estimate. A small 
correction then can be applied to the estimated OP; from Eq. 17 to obtain 
P: (27). 

-_  1 -4Gz kabs = (1 - Cm/CO)Q/V (Eq. 16) d/R = - = 

where C m l C o  is a function of the wall permeability (Eq. 12) and QlV is 
the residence time of the fluid in the perfused segment. Equation 16 in- 
dicates that kebs increases as QlV increases. That is, the fluid stays in the 
intestinal segment longer and increases as C,/Co decreases, i.e., as P: 
or Gz increases. 

- 
Wall Permeabilities-The experimental results and the calculated EXPERIMENTAL 

Materials-The drug-prodrug pairs used were p-nitroaniline3-L- 
lysine p-nitroanilide3 and ["H]e~trone~-[~H]estrone-3'-~-1ysine ester (I). 
[ l4CJPolyethylene glycol4 was used as a volume marker. ["HIEstrone- 
3'-~-lysine ester was synthesized from [3H]estrone and L-lysine. The 
synthesis and physicochemical properties of I will be the subject of a 
subsequent report (29). 

Perfusion Experiments-Male Holtzman rats (300-350 g), fasted 
12-18 hr, were anesthetized intramuscularly (gluteal muscle) with a 5Wo 
urethan solution (150 mg/100 9). A midline longitudinal incision was 

2 c1- 

I 

3 U.S. Biochemical Corp., Cleveland, Ohio. 
4 New England Nuclear, Boston, Mass. 

6 Harvard. 
6 R. L. Elliott, G. L. Amidon, and E. N. Lightfoot, J. Theor. Biol., in press. 
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Table 11-Results for Estrone Experiments Table  111-Results of Lysine Estrone Experiments 

Gz 

0.909 0.00891 2.67 4.64 6.31 
0.847 0.0178 2.33 3.71 6.27 
0.739 0.045 1.68 2.81 4.17 
0.784 0.036 1.68 2.99 3.87 
0.92 0.0094 2.21 4.56 4.31 
0.889 0.0086 3.42 4.70 12.5 
0.908 0.0089 2.7 1 4.64 6.50 
0.903 0.0092 2.77 4.59 6.98 
0.864 0.012 3.04 4.21 10.9 
0.882 0.01 3.13 4.47 10.5 
0.921 0.0074 2.78 4.94 6.34 
0.751 0.035 2.04 3.02 6.33 
0.659 0.086 1.21 2.39 2.45 
0.762 0.033 2.05 3.07 6.24 
0.683 0.082 1.16 2.41 2.23 
0.814 0.021 2.44 3.52 8.04 
0.762 0.041 1.65 2.88 3.89 

0 Akerage OP; = 6.3. s = 2.9, and SEM = 0.7. 

permeabilities are given in Tables 11-V. Table VI presents a summary 
of the results, including the correction factors that are required to obtain 
an estimate of the (laminar flow) wall permeability. In analyzing the data 
in Tables 11-V, the negative membrane permeabilities were omitted. In 
these cases, P&f is greater than the calculated OP;,, predominantly with 
the reactive enzyme substrates having high P; values. The possible 
reasons for this result are as follows. With the laminar flow model a t  any 
xiven G'z value, C,/Co approaches a finite limit as P> - -. Since Pi, = 

3 as P,;, increases above this value, the method loses sensitivity to Pa; that 
is, small changes in the experimentally determined Cm/C0 values give 
rise to widely different P;, values. Experimental variation and error then 
can give rise to C',,/Co values that actually are lower than the values that 
the model can predict. In addition, the flow in the intestine in any given 
experiment may depart from laminar flow. Such mixing decreases CmICo 
helow that expected by the model for very permeable compounds. 

Since the variables of the flow rate and the length of the perfused in- 
testine hoth are incorporated into the dimensionless variable Gz and since 
P; should he independent of Gz7 (27), regression analysis on uersus 
Gz was performed. The results for estrone are shown in Fig. 3, and the 
regression equation is: 

"P;  2 8.57 - 80.5G~ (Eq. 21) 

17 = 17 s = 2.14 r = 0.69 

While there is considerable scatter and the variance does not appear to 
he constant, an increase in "Pt ,  with decreasing Gz (increasing flow rate) 
is suggested by the data. A possible explanation might be that increasing 
the flow rate increases the diameter of the intestine. Since the Graetz 
number is independent of the radius8 ( G z  = nDL/2Q), the result is likely 
to he due to a change in the wall characteristics with the flow rate. For 
example, the surface coat on the microvillous membrane may become 
thinner as the radius increases, and, hence, the resistance would be 
lower. 

Pa ren t  Compound Permeabilities-The wall permeabilities, Pk,  
for p-nitroaniline and estrone are interpreted following Eq. 4 as: 

(Eq. 22) 

Thus, a direct proportionality of I';, with the partition coefficient is ex- 
pected. The octanol-water partition coefficients are -25 and 600, re- 
spectively (30,YI). Hence, the wall permeabilities ( P k )  of 6 and 3 are in 
the correct order, i.c, estrone > p-nitroaniline. Since the aqueous re- 
sistance has been accounted for, the fact that  the wall permeability ratio 
ofestrone ( P ; . ( E , ) ]  top-nitroaniline [P;,(pNA)] is 2 while the partition 
coefficient ratio is 25, comhined with the model: 

clearly suggests that the model for the wall permeability must he im- 

The analysis is based on Opt. rather than P;, since the variation of the correction 
factor with G z  is small. 

8 The (;I value does not depend on R hecause the R dependence of the residence 
time cancels the R dependence of the radial penetration time when the flow rate 
is held constant. 

0.781 0.0062 9.96 5.25 -11.1 
0.84 0.0057 7.64 5.41 -18.5 
0.958 0.005 2.14 5.66 4.45 
0.883 0.0061 5.09 5.28 144.0 
0.955 0.0054 2.13 5.51 3.47 
0.924 0.0061 3.23 5.28 3.36 
0.661 0.0062 16.6 5.25 -7.67 
0.914 0.0059 3.81 5.34 13.2 

Negative values were not included in the statistics (see text). Average OP; = 
34,s = 62,and SEM = 28. 

Table IV-Results for p-Nitroaniline Experiments 

0.892 0.0137 2.08 4.03 4.31 
0.768 0.0055 11.9 5.47 -10.0 
0.888 0.016 1.85 3.83 3.59 
0.696 0.0064 14.1 5.19 -8.21 
0.885 0.016 1.90 3.83 3.79 
0.91 0.016 1.47 3.83 2.39 
0.916 0.0137 1.60 4.03 2.65 
0.912 0.017 1.35 3.76 2.11 
0.892 0.0137 2.08 4.03 4.31 
0.888 0.016 1.85 3.83 3.59 

0 Negative values were not included in the statistics (see text). * Average 
= 3.3, s = 0.9, and SEM = 0.3. 

Table  V-Results for Lysine p-Nitroanilide Experiments a 

c m / c o  Gz K i f  OP,, ,, 
0.772 0.0185 
0.746 0.0145 
0.767 0.012 
0.878 0.017 
0.715 0.012 
0.806 0.012 
0.856 0.013 
0.807 0.014 
0.635 0.01 
0.881 0.01 
0.915 0.01 
0.576 0.016 
0.858 0.011 
0.852 0.011 
0.915 0.0096 
0.791 0.0096 

3.49 
5.05 
5.52 
1.91 
5.31 
4.49 
2.99 
3.82 

3.16 
2.22 

11.3 

8.61 
3.48 
3.64 
2.31 
6.10 

3.66 75.6 
3.96 -18.3 
4.21 - 17.7 
3.76 9.88 
4.21 -20.3 
4.21 -67.5 
4.10 11.0 
4.00 86.0 
4.47 -7.38 
4.47 10.8 
4.47 4.41 
3.83 -6.92 
4.33 17.6 
4.33 22.7 
4.53 4.72 
4.53 -17.6 

Negative values are not included in the statistics (see text). ' Average"P; = 
26. h = 32, and S E M  = 11. 

Table VI-Wall Permeability Values for Compounds Studied 

Compound v;, * y h  P:, 

Estrone 6.3 0.92 6 
Estrone-S'-L-lysine ester 34 0.87 30 
p-Nitroanilide 3.3 0.93 ;3 
L-Lysine p-nitroanilide 26 0.87 23 

Approximate (dimensionless) wall permeability (Eq. 17). * Chrrection factor 
(27). c Estimated wall permeability, 6'; = yo{';. for laminar flow model (Eqs. 12 
and 13). 

proved. Some factors to be considered include: ( a )  the octanol-water 
partition coefficient does not reflect the physiological situation, ( b )  the 
aqueous phase and the membrane phase diffusivities differ greatly, and 
(c) the wall resistance term is composed of more than just a term for the 
nonpolar phase. The first factor undoubtedly is true, but it certainly is 
not the only (or perhaps major) reason. The effect of differing membrane 
diffusivities is analyzed as follows. The convective mass transport model 
used for analysis of the data was solved subject to the first-order boundary 
condition: 

(Eq. 24) 
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estrone and lysine p-nitroanilide, the wall permeability may he inter- 
preted following Eq. 10. Two limits are of interest: high reactivity, where 
t v 6 s  > 1 (tanh n h ~  = 1). for which: 

P,,, = CUD (Eq. 30) 

or: 

P',= cuR (Eq. 31) 

and low reactivity, where N ~ E  << 1 (tanh N ~ E  = lor which: 

P,, = cu2D6~ (Eq. 32) 

0 0.02 0.04 0.06 0.08 
GZ 

Figure 3 - P l ~ ~ t  ofthe wallpermeahility, "P,, for estrone as a function 
of the Craetr number (Gz). 

or: 

-Dsl = P&,, = J ,  
dr r = R  

(Eq. 25) 

where Ju, is the flux a t  the wall, P, is the permeability of the wall, and 
D is the aqueous diffusivity. A membrane model for the wall would 
give: 

where D, and 6, are the membrane parameters. Hence: 
PCD, Pw = - 

6, 
and: 

(Eq. 26) 

(Eq. 27) 

(Eq. 28) 

Thus, the ratio of wall permeabilities is: 

assuming equal aqueous diffusivities for estrone and p-nitroaniline but 
not equal membrane permeabilities. Thus, the small'ratio of dimen- 
sionless wall permeabilities may be due in part to a significantly lower 
D, for estrone. 

The third factor, an additional wall resistance term, is suggested by 
the presence of a surface coat on the microvillous membrane (32). If this 
glycoprotein layer is the major contributor to the membrane resistance, 
then the simple membrane model again would give Eq. 4, but, in this case, 
the partitioning would be into a more polar environment and the dif- 
fusivities of estrone and p-nitroaniline could be substantially different 
in the glycoprotein layer. Hence, both factors may reduce the perme- 
ability ratio. 

Reactive Solute Permeabilities-For the reactive solutes, lysine 

0 
I . 

' E R  

Figure 4-Amount of drug absorbed per unit time (dm/dt) as a function 
of the initial perfusing concentration (CO) for estrone and lysine estrone. 
Key: 0, estrone; 0,  lysine estrone; t, solubilities; and - -, theoretical 
limits. 

(Eq. 33) 

The lysine estrone-lysine p-nitroanilide permeability ratio 
[ P i  (LE1)/PI,(LpNA)] becomes: 

(Eq. 34) 

and: 

While the membrane enzymes involved in the hydrolysis reactions are 
not well characterized, kinetic results for trypsin have shown amides to 
be much poorer substrates than the corresponding esters (33). Conse- 
quently, the similar permeability values for LEI and LpNA are not likely 
to be explained in this manner. 

As with the passively absorbed compounds, it may he that the surface 
coat on the microvillous membrane serves as an additional resistance. 
In this case, the enzymes a t  the interface (and perhaps to some extent 
in the surface coat) would provide the effective sink rather than the 
partitioning into the membrane. Although the scatter in the data is 
considerably larger for the reactive substrates, the results clearly indicate 
that the effective wall permeability of the reactive substrates is higher 
than the corresponding passively absorbed compounds by a factor of five 
to 10. Based on the suggested interpretation, the reason could be that the 
effective thickness of the surface coat is smaller for the reactive sub- 
strates. 

While the interpretation of the permeability values clearly requires 
more experimental work, the most important point to he obtained from 
these results is that the derivatives have permeabilities a t  least as great 
as those of the parent compounds. Consequently, they are absorbed very 
efficiently, even though the compounds have smaller diffusivities and 
much higher polarity (lower partition coefficients) due to t,he protonated 
a- and c-amino groups. Thus, an equal or greater effective permeability 
has been achieved along with much higher aqueous solubility. Since ab- 
sorption of the intact derivatives is unlikely, hydrolysis a t  the membrane 
interface apparently is very effective. 

The results also imply that the interfacial reaction is as fast or faster 
than aqueous diffusion or diffusion through the surface coat since the 
results approach (and exceed) the value that would he obtained it' sink 
conditions ( P ;  = m )  prevail. Furthermore, lysine p-nitroanilide is rela- 
tively stable in solution and yet is absorbed very elficiently. This finding 
suggests that  the hydrolysis of amides is a t  least as fast as luminal dif- 
fusion. Consequently, amide derivatives of amines, which otherwise are 
too stable for chemical reconversion to be effective, may be effective using 
this strategy. 

Absorption Rate-To illustrate further the potential of this approach, 
the results of the estrone and lysine estrone experiments are graphed in 
Fig. 4 following Eq. 15 in the form: 

log dmldt = log [ ( l  - CnJCO)Q\ + log C'O (Eq. 36) 

A single line is drawn through the estrone and lysine estrone data since 
their effective permeabilities are nearly the same. That is, a t  the same 
flow rate, the fraction absorbed (1 - C,/Co) is the same, provided that 
CO is below the saturation concentration. When saturation is reached, 
CO = C, and the amount absorbed per unit time levels off a t  a constant 
value. 

On the other hand, for lysine estrone, the mass transfer per unit time 
increases until the solubility of 0.3 M is reached (29). The result is that 
the amount of lysine estrone absorbed per unit time could be about five 
orders of magnitude greater than that for estrone (note that Fig. 4 is a 

Clearly, many questions remain to be investigated, both with respect 
log-log plot). 
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to the absorption mechanism and to the actual effectiveness of the 
strategy in normal physiological situations. However, the results obtained 
to date strongly suggest that the biochemical strategy offers a new ap- 
proach with great potential for improving drug product efficacy. 

CONCLUSION 

A biochemical strategy for improving the absorption of water-insoluble 
drugs has been tested and shown to have potential for increasing the 
absorption rates of insoluble compounds by several orders of magnitude. 
The strategy is hased on the use of the enzymes in the interfacial brush 
border region of the mucosal cells to effect a conversion of the soluble 
derivative back to the insoluble, high partition coefficient parent com- 
pound. Since the aqueous luminal fluid and nonpolar membrane phases 
have conflicting physical property requirements, the interfacial reaction 
is, in effect, being used to change the physical properties of a compound 
from one having desirable aqueous (luminal) properties to one having 
desirable membrane permeation properties. 

Results on two drug-drug derivative pairs, estrone-lysine estrone and 
P-nitroaniline-lysine p-nitroanilide, show that the effective intestinal 
membrane permeability of the derivatives is actually five to 10 times 
greater than that of the parent compounds. Since the derivatives are 
significantly more polar than the parent compound, the results indicate 
that the effective permeability associated with the interfacial enzymatic 
reaction is not a determining resistance. Thus, the usual physical property 
compromise necessary to obtain efficient drug absorption by other 
strategies is avoided. Analysis of the permeability data for both the parent 
compounds and derivatives suggests that  the surface coat on the micro- 
villous membrane may he an important resistance in the absorption 
process. The apparent residual dependence of the wall permeability on 
G z  also may be due to a thinning of this coat as Gz decreases. In addition, 
the higher wall permeabilities of the derivatives compared to the parent 
compounds may be due in part t.o hydrolysis partially occurring in this 
layer, reducing its effective thickness. 

Analysis of the data in terms of the absorption rate (mass transport 
per unit time) indicates that  an improvement of several orders of mag- 
nitude is possihle. For lysine estrone-estrone, a two to three order of 
magnitude increase has been demonstrated, with a four or five order of 
magnitude increase possible. Given the high solubility, dissolution rate, 
and permeability of lysine estrone, the biochemical strategy appears to 
be capahle of significantly improving the absorption of water-insoluble 
drugs. 
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Abstract  0 In determining intestinal wall permeabilities, several mass 
transport models may be applied to analyze the results from external 
perfusion experiments. The appropriateness of any given model depends 
on the applicability of the model assumptions to the experimental system. 
This report compares several mass transport models with respect to their 
assumptions and applicability to a particular experimental design. The 
models are shown to differ in their assumptions regarding convection and 
diffusion in the perfusing fluid. However, since the wall permeability is 
an unknown parameter in each model and is estimated from the data, 
all of the models f i t  the mass transfer results reasonably well, despite 
fundamentally different assumptions. However, the determined per- 
meabilities differ. Residence time distribution analysis of the experi- 
mental system is more sensitive to the model assumptions. I t  is shown 
that, in a particular experimental system, laminar flow in a cylindrical 
tube is the most appropriate model. The model also has the advantage 
of implicitly accounting for the convection-diffusion problem in the 
perfusing fluid. Hence, the diffusion layer thickness is not estimated from 
the data. With the hydrodynamics defined, the relative permeabilities 
resulting from the application of the several models to the data can be 
interpreted. The wall permeability determined in the suggested manner 
provides an estimate of the limiting assistance under perfect mixing 
conditions. 

Keyphrases Permeability-mass transport models of intestinal wall 
permeability Models, hydrodynamic-mass transport models of in- 
testinal wall permeability Diffusion-mass transport models of in- 
testinal wall permeability 

In determining the permeability of the intestinal wall 
by external perfusion techniques, several models have been 
proposed (1-5). In each model, assumptions must be made 
regarding the convection and diffusion conditions in the 
experimental system. These assumptions, in turn, affect 
the interpretation of the resulting permeabilities. In ad- 
dition, the appropriateness of the assumptions in the 
models to the actual experimental situation must be de- 
termined. Often, good agreement between the predicted 
(theoretical) result and the experimental result is used to 
support the validity of the model. However, in many cases, 
several models may be equally satisfactory, particularly 
when significant variation occurs from experiment to ex- 
periment. In this situation, independent experiments that 
are more sensitive to the assumptions in the models are 
needed to substantiate their validity. 

This report shows that several reasonable models for 
mass transfer in external perfusion experiments can ac- 
count for the data reasonably well because the actual wall 
permeability is unknown. That is, if the permeability is 
treated as a parameter and is estimated from the data, all 
of the models can describe the data relatively well. 

However, the resulting permeabilities differ, and their 
interpretation rests on the validity of the assumptions. 
Consequently, residence time distribution analysis is used 
to obtain more direct insight into the convection and dif- 
fusion assumptions of the mass transfer models. Since the 
laminar flow model discussed previously (5) has the ad- 
vantage of providing a direct measure of the wall perme- 

ability, the experimental system used was one that maxi- 
mizes the possible attainment of these conditions. 

EXPERIMENTAL 

[14C]Polyethylene glycol1 was used for the residence time studies. 
Assays were conducted by liquid scintillation. For the residence time 
perfusion experiments, male Holtzman rats (250-350 kg) were fasted for 
12-18 hr and anesthetized with an intramuscular (gluteal muscle) dose 
of 150 mg/100 g with a 50% urethan solution. A midline abdominal inci- 
sion was made, and the intestine was cannulated 2 and 10 cm distal to 
the ligament of Treitz. The entrance tubing was connected to a three-way 
stopcock such that the test solution would flow straight through the 
stopcock. The buffer solution, isotonic Sorensen’s buffer a t  pH 7.3, was 
perfused through the remaining stopcock arm for 20-30 min. 

The experiment was initiated by turning the stopcock to the test so- 
lution (polyethylene glycol-Sorensen’s buffer) a t  time zero. Samples were 
collected at 15-sec intervals for -2 min ( 2 t )  and then a t  30-sec intervals 
for up to -6 min (6t) .  From the collected samples, 0.1 ml was transferred 
by micropipet to the counting vial. For the step change in concentration, 
the test solution was perfused throughout the experiment. For the (finite) 
pulse change, the stopcock was switched from the buffer to the test so- 
lution and back to the buffer over about a 2-sec interval. The flow rate 
was 0.5 ml/min for all experiments. 

At the conclusion of the experiment, the animal was sacrificed and the 
cannulated intestine was excised. The length and volume of the excised 
intestine were measured to estimate the residence time in the perfused 
segment. The mass transfer studies used 13H]estrone1 and followed a 
procedure described previously (6). 

RESULTS AND DISCUSSION 

Mass Transfer  Models-Four models will be described that differ 
in their convection and diffusion assumptions (Fig. 1). These models 
include the laminar flow, plug flow, and complete radial mixing (diffusion 
layer) models for convective mass transport in a tube and the perfect 
mixing tank model. I t  is convenient to begin with the solute transport 
equation in cylindrical coordinates (5,7): 

(Eq. 1) 

where: 

vz = axial velocity distribution 
D = solute diffusivity in the solvent 
C = concentration of A in B 
z = axial coordinate 
r = radial coordinate 

Introduction of the dimensionless variables: 

Z *  = t/L 
r* = r/R 
u ;  = v,/v, 

G t  = DL/V,R2 = rDLI2Q 
R = radius of the tube 
L = length of the tube 

V ,  = maximum velocity 
Q = perfusion flow rate 

gives: 

1 New England Nuclear, Boston, Mass. 
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Table I-Summary of Various Models 

Model Equation Variables Comments 

Laminar flow 
Plug flow 

C,/Co = ZM, exp( -P",z) 
C,/Co = ZM; exp(-P;Gz) 

P ;  and Gz 
P: and Gz 

M, and P,, are functions of Pt, (Ref. 5) 
ML and p: are functions of P: (Ref. 8) 

PAP; Complete radial mixing C,/Co = exp(-4PirfGz) P;,I and Gz P;ff = - PA + P;, 
Pb'PL, Mixing tank C,/Co = (1 + 4P:ffG~)-' P'& and Gz Pbj, = 

Pb' + PL, 

(Eq. 2) 

This relationship is subject to the first-order boundary condition a t  the 
wall: 

(Eq. 3) 

where PL = P,R/D = the dimensionless wall permeability. 
The main assumptions in arriving a t  Eqs. 1 and 2 are: (a )  the diffusivity 

and density are constant; ( b )  the solution is dilute so that the solvent 
convection is unperturbed by the solute; ( c )  the system is a t  steady state 
(dC/d t  = 0); ( d )  the solvent flows only in the axial ( z )  direction; ( e )  the 
tube radius, R,  is independent of Gz; and (1) axial diffusion is small 
compared to axial convection (7). The boundary condition (Eq. 3) is true 
for many models having a tube wall but does not describe a carrier 
transport or Michaelis-Menten process a t  the wall, except at low solute 
concentrations. Rewriting Eqs. 2 and 32 gives: 

It is clear that  the solution is C = C(r ,  z ,  Gz, P t ) .  That is, Gz and l':" are 
the t,wo fundamental independent (dimensionless) variables. Since the 
measured exit concentration is generally a velocity-averaged concen- 
tration (cup-mixing concentration), averaging over r gives: 

where z (dimensionless) is set equal to 1 (i.e.,  the concentration is mea- 
sured a t  the end of the tube). For the several models discussed here, the 
given solution refers to the cup-mixing concentration, and Gz and PL are 
the only fundamental independent variables. However, the Pa value will 
have different interpretations within the context of the different 
models. 
Laminar Flow Model-In the laminar flow model, the velocity profile 

is taken to be that for a Newtonian fluid in a tube: 

u ;  = vJV,  = 1 - r2  (Eq. 7) 

where V, = 2 ( u )  and (L') is the average flow velocity; i.e., Q = ( 0 )  aR2.  
With this velocity profile, Eq. 4 is separable and with the houndary 
condition in Eq. 5 has the solution (5): 

C,/Co = C M ,  exp(-fl:Gz) (Eq. 8 )  
1 

where C, is the exit cup-mixing concentration a t  length L and CO is the 
inlet concentration (constant). The laminar flow model will be discussed 
in detail in a report" that  also contains tabulated values of the M ,  and 
,~3,~ values as a function of P: , .  

Plug Flow Model-In the plug flow model, the velocity profile is 
considered to be independent of both r and z .  That  is, u, = Q / s R 2  and 

is constant; hence, V ,  = V ,  and V ;  = 1. The solution to Eqs. 4 and 5 is 
18): 

C,/Co = Z Mk exp(-fl;Gz) (Eq. 9) 

where M: = -4P:/(fl? + 6',2P','*) and the p',, values are the roots of the 
equation: 

B'JlCP')  - P';Jo(P) = 0 (Eq. 10) 
with J1 and J O  being zero-order bessel functions of the first and second 
kinds. The roots of Eq. 10 are tabulated in Refs. 8 and 9. 

With this model, the assumption that V, is constant is one of perfect 
slip a t  the wall. That is, V,  is constant throughout the fluid while the 
velocity of the wall is zero. However, there is radial diffusion as well as 
a corresponding concentration gradient toward the wall. The PI; value 
is the true wall permeability if the actual hydrodynamics are of this type. 
For a given wall permeability, the plug flow model predicts greater ab- 
sorption of the solute compared to the laminar flow model due to greater 
convection near the wall. 

Complete Radial Mixing Model-For this model, the velocity profile 
is assumed to be constant as with the plug flow model. In addition, the 
concentration is assumed to be constant radially but not axially. That  
is, there is complete radial, but not axial, mixing to give uniform radial 
velocity and concentration profiles. With these assumptions, Eq. 4 and 

Laminar Flow 
Concantrat ion 

C + m  LL A Q 

L W  

Plug Flow 

CW 
Complete Radial Mixing 

Cm 
Q 

Mixing Tank 
I 

Hereafter, all equations will be in dimensionless form but the asterisk will he 
delqted from the r and I symbols except where the context clearly indicated oth- 
erwise. 

See R. 1.. Elliott, G. L. Amidon, and E. N. Lightfoot, J .  Theor. H i d ,  in 
press. 

Cw Cm 
Figure 1-Velocity and concentration profiles for the models. The 
concentration profiles also are a function of z except for the miring tank 
model. 
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the boundary condition (Eq. 5) have the solution (5 ) :  

CmICo = e~p(-4P;~,-Gz) (Eq. 11) 

where P& replaces P f .  Since no aqueous resistance is included directly 
in the model, the wall resistance usually is augmented with a film or 
diffusion layer resistance. That is, complete radial mixing occurs up to 
a thin region or film adjacent to the membrane. The aqueous (luminal) 
resistance is confined, within this model, entirely to this region in series 
with the membrane. Hence, the wall permeability includes an aqueous 
or luminal resistance term and can be written as: 

(Eq. 12) 
P X  Piff = - 

P;  + P; 
where P;, is the true wall permeability and Pi is the effective aqueous 
permeability (1-3,5). 

The aqueous permeability often is written as: 

Pa = D/6 
or: 

(Eq. 13) 

P; = R / 6  (Eq. 14) 

where 6 is the film thickness and represents an additional parameter that 
needs to be determined from the data to obtain P;. Since the assumed 
hydrodynamic conditions probably are not realistic at the low Reynolds 
numbers for typical experiments, Pi  or 6 / R  is an empirical parameter. 

The complete radial mixing model also can be derived from a differ- 
ential mass balance approach (1) and often is referred to as the diffusion 
layer model. A comparison of the laminar flow and complete radial mixing 
models will be reported later?. 

Mixing Tank Model-This model takes the next step and assumes 
that both radial and axial mixing are complete. The aqueous resistance 
again is thought to be confined to a region (film) next to the membrane 
where only molecular diffusion occurs, whereas the rest of the contents 
are well mixed (perfect mixer). This model is described most easily by 
a mass balance on the system: 

(mass/time)i,l,t - (mass/time)o,t~,t = (mass/tirne).b,,,b,d 
(Eq. 15a) 

or: 

QCo - QCm = (2*RL)(P;ff)Cm (Eq. 156) 

where 27rRL is the area of the mass transfer surface (cylinder) of length 
L and radius R ,  P',ff is the permeability or mass transfer coefficient of the 
surface, and C ,  is the concentration in the tube (which is constant and 
equal to the outlet concentration by the perfect mixing assumption). 
From Eq. 15b is obtained: 

- CLL 

Cm 
(Eq. 16) 

or: 
CO/C, = 1 + 4 P;;rcz (Eq. 17) 

As with the complete radial mixing model, P?n contains the additional 
parameter P: = R/6' that must be estimated from the data. The P: and 
Pk;, values for the mixing tank model differ from those for the complete 
radial mixing model by nature of the different hydrodynamic assump- 
tions. While this model probably is not appropriate to most perfusion 
experiments, it will be useful to compare its ability to correlate mass 
transfer data with the other models. 

Model Comparison and Summary-Table I summarizes the models 
with respect to the predicted mass transfer. If the true wall permeability, 
Pk, were known, then each model could be tested against the data to 
determine its ability to reproduce the data. Since this is not the case, the 
appropriate Pf or P& value must be determined from the data. A test 
of the model then is to determine its ability to correlate the data, given 
a value for the permeability (estimated from the data). That is, the 
equations in Table I correlate the observed Cm/Co as a function of the 
Gz value, with the permeability being used as a variable parameter. 

Mass Transfer Results-Figure 2 presents the results using the 
simple mixing tank model (Eq. 17). The best-fit line (with zero intercept) 
is: 

(co/c,) - 1 = 6.97Gz (Eq. 18) 

with n = 17, s = 0.064, and p < 0.0005. The standard error of the slope 
is 0.43. The P& calculated from Eq. 17 is 1.7. Given the simplicity of the 

0 

0. 

0 

r 

I 

c, EO . - 3 

0 

C 

. 

I I 1 I I 1 I I 

' 1 2 3 4 5 6 7 8  
Gz X 10' 

Figure 2-Graph of (Co/C,) - I versus Gz following the mixing tank 
model (-) and the experimental data (0 )  for estrone. 

model, it accounts for the data reasonably well. However, from the graph, 
it is clear that systematic deviations occur from the best-fit line. If the 
two data points at the highest Gz value were removed from the data set, 
the model would do quite well. 

Figure 3 presents the data as well as the best-fit lines for all four models. 
The permeabilities were estimated uia linear regression following Eqs. 
11 and 17 and by nonlinear regression following Eqs. 8 and 9 for the re- 
spective models. The resulting permeabilities are given in Table 11. From 
Fig. 3, it is clear that it is not possible to choose from among the models 
on the basis of the mass transfer data if the permeability itself is esti- 
mated from the data. The permeabilities differ for the various models. 
Interpretation of the respective permeabilities requires knowledge as to 
which model most closely reflects the actual experimental situation. 

Residence Time Distribution Analysis-To interpret the mass 
transfer results and the associated permeabilities, it is necessary to es- 
tablish the actual hydrodynamics. Since, as noted, the mass transfer data 
are not sensitive to the model if the wall permeability is known, an in- 
dependent method that is more sensitive to the hydrodynamics is re- 
quired. In any given situation, the hydrodynamics implied (assumed) by 
one or another of the mass transfer models may be the most appropriate. 
The experimental design used for this study maximized the possible at- 
tainment of laminar flow. 

Residence time distribution analysis provides one method for deter- 
mining flow characteristics (10-12). A step or pulse change in the inlet 
concentration of a completely inert tracer is made, and the resulting 
appearance of the tracer in the outlet stream is monitored. The appear- 

Table 11-Permeability Values Estimated from the Data for the 
Various Models 

Model Permeabllitv" 

Mixing tank 1.7 (f0.9) 
Complete radial mixing 2.0 (f0.3) 
Plug flow 3.1 (rt0.5) 
Laminar flow 5.7 (f1.3) 

a Dimensionless permeability. Values in parentheses represent the approximate 
95% confidence intervals. 
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For the perfect mixer model, they are: 
F = 1 - e - t / l  

1 -  E = _ e - t / l  

t 
For the laminar flow model, they are: 

1 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3- 

0.2 

0.1-; 

(Eq. 26a) 

(Eq. 266) 
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Figure 3-Graph of log(1OOCm/C0) versus Gz for the several models and 
the experimental data ( 0 )  for estrone. Key: - -, mixing tank model; -, 
complete radial mixing model; - - -, plug flow model; a n d .  - a, laminar 
flab model. 

ance of tracer in the outlet stream is a function of the flow (hydrody- 
namic) conditions since these conditions, in turn, determine the length 
of time a given fluid element entering the inlet stays in the apparatus. 
In dealing with potentially very simple hydrodynamics, three simple 
models are appropriate: mixing tank, plug flow, and laminar tube flow. 
The step change in concentration, C = 0 a t  t < 0 and C = CO a t  t > to, at 
the inlet gives the F curve, while a finite pulse change (12) gives the E 
curve. The F curve is defined as: 

F =  (C)/Co (Eq. 19) 

where ( C )  is the exit cup-mixing concentration and Co is the inlet con- 
centration. 

The E curve is defined by: 

E = dFIdt (Eq. 20) 

For a pulse change in concentration at the inlet with a total mass, M ,  
of tracer injected: 

M = Jw ( C )  dt  (Eq. 21) 

and the E curve is obtained from: 

The (experimental) mean residence time, i, in the apparatus is ob- 
tained from: 

t =  L - i E d t  (Eq. 23) 

for the pulse change and from: 

t = L" (1 - F )  dt (Eq. 24) 

for the step change. The corresponding F and E functions for the plug 
flow model are: 

F = O  t < t  (Eq. 25a) 

F = l  t > t  (Eq. 256) 

E = O  t # i  (Eq. 25c)  

E = input function t = t (Eq. 25d) 

F = 1 -(A)* t > ? / 2  (Eq. 27a) 

1 > t / 2  (Eq. 27b) 9 1 
2 t 3  

E = - -  

The theoretical E and F curves for these models using 0 = t / t  as dimen- 
sionless time are shown in Fig. 4. These models contain only one pa- 
rameter, t .  

More complex, two- (or more) parameter models, e.g., tanks in series 
or a dispersion model, could be fitted to the data. However, given the 
simplicity of the flow situation, this is unnecessary. 

The experimental results from the intestinal perfusion studies also are 
shown in Fig. 4 .  Since the plug flow model clearly is inappropriate, it will 
not be analyzed further. 

Table 111 presents the mean residence times estimated by the following 
three methods: (a )  the volume measurement of the intestine at  t = V/Q, 

e 
a 

0 
b 

Figure 4-Curues for perfusion experiments, F versus d = th (a) and 
E versus 0 (b). Key:  - - -, mixing tank model; -, laminar flow model; - . -, 
plug flow model; and 0, experimental results. 
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Table 111-Estimated Mean Residence Times 

Mixing Tank Laminar Flow 
t (Area) t (regression)b T (regression)h Experiment” ’ (3 

1 65 60.6 63.9 (13) 60.8 (5) 
2 51.5 52.4 i R \  ’ . ~ .  57.8 i5j 

52.6 53.0 iii) 56.8 (4) 
70.1 67.5 (13) 76.1 (9) 

5 97 86.2 82.7 (23) 79.4 (5) 
6 97 82.3 74.8 i i i j  77.2 ii3) 
7 78 65.5 55.8 (11) 55.7 (5) 
8 78 71.5 68.7 (16) 65.0 (2) 
9 78 81.2 75.8 (14) 76.2 (10) 

10 43 46.0 73.6 (75) 37.4 (2) 
11 43 46.2 70.6 (63) 34.6 (3) 
12 85 86.6 230.3 (300) 89.9 (8) 
1 3 85 99.2 237.0 (310) 74.9 (1) 

a Experiments 1-9 represent step changes in inlet concentration, and Experi- 
Numbers in parentheses ments 10-13 represent pulse changes in concentration. 

represent approximat.e 95% confidence intervals. 

(b) integration following Eq. 23 or 24, and (c) nonlinear regression fitting 
of the mixing tapk and laminar flow models to the data using the mean 
residence time, t ,  as the only parameter. 

The results in Fig. 4 and Table I1 clearly suggest that  the laminar flow 
model is the most appropriate of the three simple models. However, the 
data suggest that  some mixing or dispersion is occurring in the system 
since the tracer appears a t  the outlet somewhat faster than laminar flow 
would predict. 

Interpretation of Mass Transfer  Data-Given the results of the 
residence time studies, the permeabilities are interpreted most appro- 
priately on the basis of laminar flow hydrodynamics. The estrone per- 
meability value of 6, determined under the assumption of laminar flow, 
represents an estimate of the true wall permeability. The  luminal diffu- 
sive component, Piq, is not included in the wall permeability. In fact, if 
the flow is laminar, Piq can be calculated from the model (5). 

Assuming that the laminar flow permeability measures the wall per- 
meability, the permeabilities resulting from application of the other 
models can be interpreted. The plug flow value of 3 is lower than the 
laminar flow result since a larger membrane resistance is needed to 
compensate for the lower estimate of the aqueous resistance. That is, the 
larger amount of convection near the wall in the plug flow model leads 
to a larger Piq than actually is the case. Consequently, the membrane 
permeability must be lower to account for the observed result. 

The permeability value for the complete radial mixing model of 2 is 
lower than the plug flow (and laminar flow) model since this model as- 
sumes radial mixing, which leads to still lower estimated luminal 
(aqueous) resistance values and a higher estimated membrane resistance 
(lower permeability value). However, the usual interpretation of the 
complete radial mixing model recognizes that the permeability value 
includes an aqueous (film) resistance. 

The mixing tank model takes the final step in assuming both radial 
and axial mixing. The permeability value for this model is the lowest of 
all of the models. Again, this result is due to the low luminal resistance 
implied by the model. As with the complete radial mixing model, a film 
resistance usually is included in the wall permeability to account for the 
presence of an aqueous resistance. 

If, as suggested, the complete radial mixing Permeability includes a 
film (diffusion layer) aqueous resistance, the permeability value should 
be that obtained from the laminar flow model augmented by a Piq value 
following Eq. 12. However, Piq is a function of both Pu and Gz and, hence, 
must be calculated a t  every flow rate (Gz value) using the known P; 
value. However, an estimate of Piq can be made that is not greatly in error 
by using the O P i q  value for sink conditions at the wall and an average Gz 
value (5). This approach gives O P i q  = 3.7. The predicted permeability for 
the complete radial mixing model thus is 2.2, which is in good agreement 
with the estimated value of 2.0. A more detailed discussion of the basis 
for this calculation was given previously (5,6). 

This discussion illustrates one major advantage of the laminar flow 
approach. The diffusion layer thickness is not a parameter in the model, 
and the wall permeability can be calculated directly. In the complete 
radial mixing model, the Piq (equal to RIS) value enters the model to 
account for the unknown hydrodynamics and, hence, must be estimated 
from the data as well. The residence time distribution analysis indicates 
that  laminar flow can be established to a reasonable approximation in 
external perfusion experiments. Consequently, there is no need to in- 
troduce a new parameter. 

With respect to the normal physiological situation, the hydrodynamics 
clearly are much more complex. However, the wall permeability is of 
intrinsic interest since it represents the limiting (controlling) resistance 
under perfect mixing conditions. Consequently, the wall permeability 
can be used to quantitate the absorption characteristics of drugs as well 
as for an experimental approach to the study of the nature of the wall 
resistance. 

CONCLUSION 

Four mass transport models that can be applied to intestinal perfusion 
studies were developed and compared. The models differ with respect 
to the assumptions regarding convection and diffusion in the perfusing 
fluid. If the wall permeability is estimated from the experimental results, 
all of the models work reasonably well. The wall permeabilities fall in the 
order mixing tank < complete radial mixing (diffusion layer) < plug flow 
< laminar flow. 

Residence time distribution analysis was employed as a more sensitive 
measure of the validity of the underlying model assumptions. In the ex- 
perimental system employed, laminar flow in a circular duct is the most 
appropriate model. This model provides the most direct measure of the 
intrinsic wall (membrane) permeability. The permeabilities for the 
various models are in the expected order for the test system, with the wall 
permeability decreasing in direct proportion to the extent to which the 
models overestimate the aqueous permeability. 

It is concluded that laminar flow in an externally perfused intestine 
is attainable experimentally and provides the most direct measure of the 
intrinsic wall permeability. The wall permeability, in turn, represents 
the limiting permeability under perfect mixing conditions. 
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Abstract The relationship between the dose of levodopa and its 
pharmacokinetic behavior following intravenous and oral administration 
was investigated in dogs and parkinsonian patients. Six beagle dogs re- 
ceived single doses of 2.4, 4.8, and 9.6 mg of levodopahg iv and single 
doses of 4.8,9.6, and 19.2 mg of levodopa/kg PO in a crossover fashion on 
separate occasions. Three parkinsonian patients received single oral doses 
of -3.8, 7.7, and 15.4 mg of levodopalkg in a crossover test. Plasma 
samples were analyzed for intact levodopa and total dopamine. The re- 
lationship between the area under the plasma concentration-time curve 
(AUC) of levodopa and the intravenous dose to dogs was linear. How- 
ever, in both dogs and patients, the relationship after oral dosing was 
nonlinear, with the relative AUC increasing with increasing dose. 
Therefore, the pharmacokinetic behavior of levodopa after oral admin- 
istration to dogs and patients was dose dependent. 

Keyphrases Levodopa-pharmacokinetics, effect of dose, dogs and 
parkinsonian patients Pharmacokinetics-levodopa, effect of dose, 
dogs and parkinsonian patients 0 Bioavailability-levodopa, effect of 
dose, dogs and parkinsonian patients 

It was shown previously (1, 2) that the bioavailability 
of intact levodopa after oral administration was -35% in 
both dogs and parkinsonian patients but that the total 
amount absorbed, including levodopa metabolites, was 
80-90% of the administered dose, probably due to exten- 
sive metabolism of levodopa during absorption (2). On the 
other hand, Cotzias et al. (3) succeeded in treating park- 
insonian patients with high doses of levodopa, and other 
investigators reported the effectiveness of high doses and 
the ineffectiveness of low doses in levodopa therapy (4- 
7). 

The first-pass metabolism and clinical facts described 
indicate the need for an investigation of the absolute bio- 
availability of levodopa at different doses after intravenous 
and oral administration in beagle dogs and in patients. 

EXPERIMENTAL 

Intravenous Dose Studies of Levodopa in Dogs-Six healthy male 
beagle dogs, 10.3-13.3 kg, were fasted for -16 hr and divided into three 
groups of two dogs each. Levodopa injection solution' was injected in- 
travenously, over 30 sec, a t  2.4 mglkg to the first group, a t  4.8 mg/kg to 
the second group, and at 9.6 mg/kg to the third group. Crossover exper- 
iments were carried out a t  1-week intervals. 

Blood samples were withdrawn with a heparinized syringe from the 
contralateral brachial vein. Sampling times were 0,2,5,15, and 30 min 
and 1,1.5,2,3,4, and 6 hr postdosing. Urine was collected before the dose 
and over 48 hr after intravenous administration. The blood and urine 
specimens were processed as described previously (1,2). 

Oral Dose Studies of Levodopa in Dogs-The same six beagle dogs 
that were used in the intravenous dose studies were fasted for -16 hr and 
divided into three groups of two dogs each. Levodopa in capsule form2 

Dopaston injection, Sankyo Co., Ltd., Tokyo, Japan. 
Levcdopa in capsule form was prepared in the same prescription preparation 

as Dopaston capsules, Sankyo Co., Ltd., Tokyo, Japan. 

20.0 A A  
10.0 
8.0 

3 6.0 c 
4.0 

A- % 2.0 

Figure 1-Auerage ( M E )  plasma 
leuels of levodopa ( A )  and total 
dopamine ( B )  following intraue- 
nous administration of levodopa 
to six dogs. Key: A, 2.4 mglkg; 0, 
4.8 mglkg; and a, 9.6 mglkg. 

O.O4/ 0.02 0 1 2 3 4 5 6  

HOURS HOURS 

was administered forcefully orally a t  4.8 mglkg to the first group, a t  9.6 
mghg to the second group, and a t  19.2 mg/kg to the third group with 10 
ml of warm water. Emesis was prevented by keeping the mouth closed 
by hand. Crossover experiments were carried out a t  1-week intervals. 

Blood samples were withdrawn with a heparinized syringe before and 
at  0.5,1,2,3,4, and 6 hr after oral administration. Urine also was collected 
before the dose and over 48 hr. The blood and urine samples were pro- 
cessed as described previously (1,2). 

Oral Dose Studies of Levodopa in Parkinsonian Patients-Three 
parkinsonian patients, 26-63 years old, participated in this study. Three 
days prior to the experiments, all levodopa preparations and other drugs 
administered for the treatment of Parkinson's disease were withdrawn. 
Levodopa capsules3 were administered orally at -3.8 mgfkg together with 
a cup of water at -9 am to the first subject, a t  -7.7 mgkg to the second 
subject, and a t  -15.4 mg/kg to the third subject in the same manner. 
Crossover experiments were carried out at 1-week intervals. 

On the day of the experiment, the patients ate breakfast a t  -7:OO am, 
lunch at  about noon, and dinner at -530 pm. Blood was withdrawn with 
a heparinized syringe before dosing and at  0.5,1,2,3,4, and 6 hr after oral 
administration. The blood sample processing was carried out as described 
previously (1, 2). During the 3 days between the experiments of the 
crossover test, to prevent the appearance of parkinsonian syndrome, 
500-mg doses of levodopa capsules were administered three times per day 
-30 min after each meal instead of withdrawing the drug. 

Assay of Levodopa and Its Metabolites in Plasma and Urine- 
Levodopa and its metabolites in plasma and urine were assayed according 
to the method reported previously (1). 

Dopaston capsules, Sankyo Co., Ltd., Tokyo, Japan 
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Table I-Average (fSE) Pharmacokinetic Parameters of Levodopa and A UC of Levodopa and Total Dopamine following 
Administration of 2.4,4.8, and 9.6 mg of Levodopalkg to Six Dogs 

Dose, mghg 
Parameter 2.4 4.8 9.6 

~~ ~ 

a,  hr-' 
f l ,  hr-l 
0.693/& hr 
klz ,  hr-l 
kzl, hr-l 
k 10, hr-' 
V~,liter/kg 
AUC of levodopa, (mg hr)/literhg 
Clearance of levodopa, literdkghr 
AUC of total dopamine, (mg hr)Aiter/kg 
Ratio of AUC for total donamine to 1evodoDa 

13.7 f 2.8 
1.16 f 0.10 
0.62 f 0.04 
6.7 f 0.61 
3.5 f 0.31 
4.5 f 0.41 

0.25 f 0.025 
0.198 f 0.015 

1.14 f 0.11 
0.106 f 0.009 

0.52 f 0.04 

13.6 f 3.5 
1.08 f 0.12 
0.65 zk 0.05 . .. ~ ~ ~. 

7.1 f 0.58 
3.4 f 0.39 
4.4 f 0.34 

0.23 f 0.021 
0.359 f 0.031 

1.18 f 0.13 
0.215 f 0.017 

0.58 f 0.04 

14.4 f 3.0 
1.04 f 0.11 
0.67 f 0.06 
6.8 * 0.57 
3.7 I o . 3 1  
4.7 f 0.38 

0.27 f 0.024 
0.751 f 0.069 
1.10 f 0.12 

0.418 f 0.035 
0.56 f 0.05 

Pharmacokinetic Analysis-The plasma levodopa concentration 
curves following intravenous administration to dogs were analyzed using 
the program of Hanano et al. (8). The plasma levodopa concentration 
curves following oral administration to dogs and patients were analyzed 
using the BMDP-3R nonlinear regression program (9) with a one-com- 
partment open model. 

RESULTS 

Intravenous Dose Studies of Levodopa in Dogs-The average 
plasma levels of levodopa and total dopamine4 following intravenous 
administration of 2.4-, 4.8-, and 9.6-mg/kg doses of levodopa to six dogs 
are shown in Fig. 1. Plasma levels of levodopa and total dopamine in- 
creased proportionally with the dose of levodopa administered. The linear 
relationship between the dose and the AUC of levodopa is shown in Fig. 
2. Pharmacokinetic parameters of the disposition of intravenously ad- 
ministered levodopa were estimated for each dog by fitting the data to 
the two-compartment open model, assuming linear kinetics. The resul- 
tant parameter estimates are summarized in Table I. The AUC values 
of levodopa and total dopamine corrected for body weight also are shown 
in Table I, as is the ratio of the AUC values of total dopamine to levodopa. 
This ratio, as well as the parameter estimates, is essentially constant and 
independent of the dose of levodopa administered. 

The average urinary excretion of levodopa and its metabolites over 48 
hr after intravenous administration of 2.4,4.8, and 9.6 mg of levodopahg 
to six dogs is shown in Fig. 3. These results show that the total amount 
excreted in the urine following intravenous administration of 2.4,4.8, and 
9.6 mg of levodopdkg was similar, indicating 6045% of the administered 
dose. The patterns of urinary levodopa and its metabolites were essen- 
tially constant, independent of the levodopa dose among the doses ad- 
ministered. 

0.8 I l-/ 
0)  Y . 
t 2  .- c 
c 
.c 
- 
L 

- E 
6 a 
0 a 
0 > 
w 
J 
U 
0 
c, 
3 
q 

0 2 4 6 8 10 
INTRAVENOUS DOSE, mg/kg 

Figure 2-Relationship between the intravenous dose and the observed 
AUC of levodopa corrected for body weight in dogs (average f SE). 

' Total dopamine = conjugated dopamine + unconjugated dopamine. 

Oral Administration of Levodopa in  Dogs-The average plasma 
levels of levodopa and total dopamine following oral administration of 
4.8,9.6, and 19.2 mg of levodopakg to six dogs are shown in Fig. 4. As the 
levodopa dose administered increased, plasma levels of levodopa ap- 
peared to be disproportionally high. However, total dopamine, one of its 
metabolites, revealed an inverse situation; as the dose increased, the 
relative plasma levels of total dopamine were progressively lower. The 
average dose-normalized peak concentrations for levodopa were 0.11 f 
0.01,0.14 f 0.02, and 0.18 f 0.01 kgbiter. While the differences do not 
appear to be statistically significant in most cases, they reflect a trend. 
The relationship between the levodopa dose administered and the ob- 

0 
2.4 4.8 9.6 

INTRAVENOUS DOSE, mg/kg 

Figure 3-Average urinary excretion of levodopa and its metabolites 
following intravenous administration of 2.4, 4.8, and 9.6 mg of leuo- 
dopalkg to six dogs. Key: ID, total levodopa; 0,  total dopamine; n, total 
3,4-dihydroxyphenylacetic acid; and 0 ,  total homovanillic acid. 

3.0 tiA 
2.0 I / \  
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Figure 4-Average (*SE) plasma levels of levodopa ( A )  and total do- 
pamine ( B )  following oral administration of levodopa to six dogs. Key: 
A, 4.8 mglkg; 0 , 9 . 6  mglkg; and @, 19.2 mglkg. 
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Table 11-Average (fSE) Pharmacokinetic Parameters of Levodopa and AUC of Levodopa and Total Dopamine following Oral 
Administration of 4.8,9.6, and 19.2 mg of Levodopa/kg to Six Dogs 

AUC of Total 
Pharmacokinetic Parameters A UC of Levodopa Dopamine Corrected 

kel", t l l 2 ,  Corrected for Weight, for Weight, Ratio of AUC for Total 
Dose, mg/kg hr-I hr (mg hr)/liter/kg (mg hr)/liter/kg Dopamine to Levodopa 

4.8 0.97 f 0.09 0.70 f 0.07 0.080 f 0.010 0.158 f 0.013 1.79 f 0.18 
9.6 0.88 f 0.11 0.74 f 0.08 0.208 f 0.024 0.299 f 0.029 1.47 f 0.14 

19.2 0.96 f 0.10 0.71 f 0.07 0.478 f 0.051 0.548 f 0.051 1.09 f 0.11 

a Elimination rate constant of levodopa obtained by fitting the data to the one-compartment open model. 

Table 111-Average Urinary Excretion of Levodopa and Its Metabolites as Percentage of Administered Dose following Oral 
Administration of 4.8,9.6, and 19.2 mg of Levodopalkg to Six Dogs 

Percent Dose Excreted in 0-48-hr Urine (Average f S E )  
Total Total 

Dose, Total Total 3,4-Dihydroxyphenylacetic Homovanillic 
mdkg Levodopaa Dopamine Acid Acide Totald 

4.8 0.45 * 0.041q 10.2 f 1.0 10.1 f 1.1 31.5 f 3.1 52.5 f 4.9 
~~ 

9.6 &j4 I O:,jSJ. 12.8 f 1.1 12.3 f 1.2 29.5 f 3.0 55.1 f 5.1 
19.2 0.64 f 0.063 4 12.5 f 1.2 12.9 f 1.4 24.5 f 2.1 50.6 f 4.5 

a Total levodopa = unconjugated levodopa + conjugated levodopa. 6 Total 3.4-dihydroxyphenylacetic acid = unconju ated 3,4 dihydroxyphenylacetic acid + conjugated 
3,4-dihydroxyphenylacetic acid. Total homovanillic acid = unconjugated homovanillic acid + conjugated homovaniylic acid.b Sum of total levodopa, total dopamine, 
total 3,4-dihydroxyphenylacetic acid, and total homovanillic acid. Not significant ( p  > 0.05). f Significant ( p  < 0.05). 

served AUC of levodopa is shown in Fig. 5. As the dose increased, the 
A UC increased disproportionately. 

Elimination rate constants of levodopa after oral administration to dogs 
were calculated for each dog by fitting the data to the one-compartment 
open model. These values are summarized in Table 11, along with the 
AllC of levodopa and total dopamine corrected for body weight and the 
ratio of the AUC of total dopamine to that of levodopa. The estimated 
elimination half-lives were essentially constant, independent of the le- 
vodopa dose, but the ratio of the AUC decreased with an incease in the 
dose. On the other hand, the average urinary excretion of levodopa and 
its metabolites over 48 hr after oral administration of 4.8,9.6, and 19.2 
mg of levodopa/kg to six dogs is shown in Table 111. The total amount 
excreted in the urine following oral administration of the three different 
doses was similar, but the total levodopa excreted in the urine appeared 
to increase as the dose increased; only the differences between the 4.8- 
and 19.2-mg/kg doses were statistically significant ( p  < 0.05). 

The absolute bioavailability and the total amount absorbed from the 
GI tract, including levodopa and its metabolites, following oral admin- 
istration of 4.8,9.6, and 19.2 mg of levodopa/kg to six dogs were calcu- 
lated, based on the assumed linear kinetics, using the respective AUC 
or urinary excretion from intravenous doses of 4.8 and 9.6 mg/kg and also 
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Figure 5-Relationship between the oral dose and the observed AUC 
of levodopa corrected for body weight in dogs (auerage f SE). 

using the dose-corrected AUC or urinary excretion from an intravenous 
19.2-mg/kg dose (Table IV). The absolute bioavailability of oral levdopa 
in dogs was dose dependent, while the total amount absorbed was es- 
sentially constant, independent of the dose administered. 

Oral Dose Studies of Levodopa in  Parkinsonian Patients-The 
average plasma levels of levodopa and total dopamine following oral 
administration of 3.8,7.7, and 15.4 mg of levodopa/kg to three patients 
are shown in Fig. 6. The relationship between the dose administered and 
the plasma levels of levodopa and total dopamine was not directly pro- 
portional to the dose. As the dose increased, the relative plasma levels 
of levodopa were progressively higher but the relative plasma levels of 
total dopamine were progressively lower: i.e., the dose-normalized plasma 
levels of levodopa increased with the dose while that of total dopamine 
decreased with the dose. The relationship between the levodopa dose and 
the AUC of levodopa is shown in Fig. 7. As found with the dogs, the AUC 
value of levodopa showed a nonlinear relationship as the dose in- 
creased. 

The elimination rate constant of levdopa after oral administration 
to patients was calculated for each patient by fitting the data to a one- 
compartment open model. In addition, the ratio of the AUC of total do- 
pamine to that of levodopa was calculated (Table V). The AUC values 
of levodopa and total dopamine corrected for body weight also are shown. 
The AUC of levodopa was constant and independent of the levodopa 
dose, but the AUC of total dopamine decreased with an increase in the 
dose. 

The absolute bioavailability of doses of -3.8, 7.7, and 15.4 mg of le- 
vodopa/kg after oral administration to three patients was evaluated on 
the assumptions that levodopa in the body obeys linear kinetics and that 
it is appropriate to compare the two different population groups, using 
the dose-corrected AUC from the intravenous dose reported previously 
(2). This result is listed in Table VI. The absolute bioavailability of oral 
levodopa in three different doses in patients was dose dependent in the 
same way as in dogs. 

DISCUSSION 
To evaluate the influence of the dose of levodopa on the pharmacoki- 

Table IV-Absolute Bioavailability and Total Amount Absorbed, 
Including Metabolites, after Oral Administration to Six Dogs 

Absolute Bioavailability, Total Amount Absorbed, 
Dose, mg/kg % % 

4.8 22.1 f 2.2" 81.7 f 8.2" 
9.6 27.7 f 2.6" 93.1 f 9.4" 

19.2 31.9 f 3.2b 78.1 f 7.5b 

0 Based on the assumed linear kinetics using the respective AUC or urinary ex- 
cretion from intravenous dosing (average f SE). * Based on the assumed linear 
kinetics usin the dose-corrected AUC or urinary excretion from intravenous dosing 
(average f 8 ~ ) .  

1376 I Journal of Pharmaceutical Sciences 
Vol. 69, No. 12, December 1980 



Table V-Average ( M E )  Pharmacokinetic Parameters of Levodopa and AUC of Levodopa and Total Dopamine following Oral 
Administration of Doses of -3.8.7.7, and 15.4 mg of Levodopa/kg to Three Patients 

AUC of Levodopa AUC of Total Dopamine Ratio of AUC for 
Pharmacokinetic Parameters Corrected for Body Weight, Corrected for Body Weight, Total Dopamine 

Dose, mg/kg k . f ,  hr-' t 112, hr (mg hr)/liter/kg (mg hrllliterkg to Levodopa 

3.8 0.88 f 0.09 0.79 f 0.08 0.008 f 0.001 0.040 f 0.003 4.81 f 0.11 
7.7 0.91 f 0.06 0.77 f 0.05 0.026 f 0.003 0.061 f 0.006 2.62 f 0.28 

15.4 0.90 f 0.08 0.77 f 0.07 0.069 f 0.007 0.105 f 0.040 1.62 f 0.61 

a Elimination rate constant of levodopa obtained by fitting the data to the one-compartment open model. 

Table VI-Absolute Bioavailability of Doses of -3.8.7.7, and 15.4 
mg of Levodopa/kg after Oral Administration to Three Patients 

Absolute Bioavailabilitya, % 
Dose, mdkg (Average f S E )  

3.8 
7.7 

15.4 

15.2 f 1.3 
23.4 i 1.9 
31.2 f 3.9 

a Based on the assumed linear kinetics using the dose-corrected AUC from the 
intravenous dose. 

netic behavior and bioavailability of the drug, plasma levodopa and total 
dopamine, one of its main metabolites, and urinary excretion following 
intravenous and oral administration to dogs and parkinsonian patients 
were determined. These results indicated that the pharmacokinetic be- 
havior of levodopa and its total urinary excretion, including its metabo- 

I , - .  . . . . 2 

1 2 3 4 5 6  
HOURS HOURS 

Figure 6-Auerage (fSE) plasma levels of leuodopa ( A )  and total do- 
pamine ( B )  following oral administration of levodopa to three patients. 
Key: A, 3.8 mglkg; 0, 7.7 mglkg; and *, 15.4 mglkg. 

DRAL DOSE, rnglkg 

Figure 7-Relationship between oral doses and observed AUC of le- 
uodopa in patients (auerage f SE). 

lites, following intravenous administration to dogs was essentially con- 
stant within the dose range tested. Although the total urinary excretion 
was constant within the dose range after oral administration to dogs, the 
bioavailability of oral levodopa was dose dependent in both dogs and 
patients, and the urinary total dopamine also appeared to be dose de- 
pendent in dogs. 

The absolute bioavailability of oral levodopa must be calculated based 
on the assumption that levodopa in the body obeys linear kinetics. To 
test this assumption, an experiment is needed in which radiolabeled le- 
vodopa is given intravenously and unlabeled levodopa is given orally to 
the same subject at the same time. However, this assumption might be 
true since the clearance of levodopa in the plasma following intravenous 
administration proved to be constant, independent of the dose, and the 
elimination rate constant of levodopa in the plasma after oral adminis- 
tration was unchanged within the dose range tested, with nearly the same 
value found after intravenous administration. Furthermore, the change 
in total levodopa excreted in the urine after oral administration was 
proportional to the increase in the fraction of oral levodopa absorbed. 

Bioavailability of the drug following oral administration is controlled 
by at  least two factors: the rate and extent of uptake of levodopa in the 
gut and first-pass metabolism as a function of the dose. If active transport 
is the main process controlling the bioavailability of levodopa, then the 
total amount excreted in the urine can be expected to decrease as the dose 
increases. The observed results are contrary to this expectation. There- 
fore, if the active transport of levodopa in the GI tract occurs within the 
dose range tested, it does not play a significant role in affecting bio- 
availability. The elimination rate constant of levodopa in the plasma was 
observed to be constant, independent of the oral levodopa dose. This 
finding suggests the absence of saturation in the systemic elimination 
as the levodopa dose increased. In addition, the ratio of the AUC of total 
dopamine to that of levodopa after oral administration was small as the 
dose increased. This ratio reflects the extent of presystemic metabolism 
when compared to the ratio after intravenous administration (2). 

These data support the contention that the dose-dependent bio- 
availability of levodopa is due to saturable first-pass metabolism during 
absorption. As the oral dose of levodopa is increased, the fraction of the 
dose metabolized to dopamine is reduced, and a larger fraction of the oral 
dose reaches the systemic circulation as intact, pharmacologically active 
drug. This phenomenon seems to be the most important factor in new 
dosage form design for improvement of the bioavailability of levo- 
dopa. 

These results are interesting when they are related to the clinical use 
of levodopa. Hornykiewicz's assertion (10) that Parkinson's disease could 
be improved by offsetting the cerebral dopamine deficiency in parkin- 
sonian patients with the administration of levodopa was not achieved 
at  low doses of the drug. However, the high-dose therapy administered 
in 1967 by Cotzias et al. (11) led to the first successful treatment of 
Parkinson's disease and several subsequent studies (6,12-14) supported 
their findings. The results in this report help explain these results. 
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Abstract 0 A sensitive and useful high-performance liquid chromato- 
graphic method using derivatization was developed for the simultaneous 
determination of intact cephalexin and lysine in their salt. This method 
is rapid and reliable, and its inherent specificity makes it an improvement 
over the common wet chemical methods for stability studies. 

Keyphrases 0 Cephalexin-simultaneous high-performance liquid 
chromatographic determination with lysine in their salt using derivati- 
zation 0 Lysine-simultaneous high-performance liquid chromato- 
graphic determination with cephalexin in their salt using derivatization 
0 High-performance liquid chromatography-analysis, cephalexin and 
lysine in their salt, derivatization 

The sodium salt of cephalexin is absorbed poorly after 
intramuscular injection (1,2). Similar observations were 
made with a related compound, cephradine (3). Investi- 
gations with other soluble salts of cephalexin showed that 
some basic amino acids increased the absorption and 
hioavailahility of cephalexin (4). The extensive use of the 
lysine salt of cephalexin necessitated the development of 
methods for the simultaneous determination of both 
components in this salt. Alkalimetric determination of 
carhoxylic groups and nonaqueous titration of a-amino 
groups cannot be used because these two groups are 
present in both components. For the same reason, the 
Folin reaction with sodium 0-naphthoquinone-4-sulfonate 
or hypobromite and a-naphthol (5) and the Saxena 
method (6 )  for microtitration of amino acid mixtures are 
unsatisfactory, and the selective titration of the €-amino 
group of lysine in aqueous media with sulfuric acid is in- 
sufficiently accurate. 

A recent report described the intramolecular aminolysis 
of some cephalosporins, caused by the nucleophilic attack 
of an a-amino group in the C-7 side chain in the P-lactam 
nucleus, which yields piperazine-2,5-dione derivatives (7). 
Estimation of the rate of disappearance of free amino 
groups was carried out by the 2,4,6-trinitrobenzenesulfonic 

acid (I) assay of Satake et al. (8) in a modified form. Ap- 
plications of this technique to cephalexin lysinate was not 
possible due to interference by lysine. 

A high-performance liquid chromatographic (HPLC) 
procedure for the analysis of lysine and cephalexin trini- 
trophenyl derivatives (I1 and 111, respectively) is presented 
here. I t  is a rapid, sensitive, and specific method for the 
simultaneous determination of these two substances. 

EXPERIMENTAL 

Apparatus-Absorption spectra were obtained with a double-beam 
spectrophotometer’ with a 1.0-cm cell. HPLC assays were performed with 
a liquid chromatograph2 equipped with a variable-wavelength detect09 
and a 1-p1 loop injection valve4. A stainless steel column (25 X 0.46 cm) 
loaded with alkylamine5 (13 pm) was used. 

Reagents-Cephalexin monohydrate6, lysine hydrochloride7, the 
lysine salt of cephalexins, and trinitrobenzenesulfonic acidg were used. 
The buffer solutions of pH values up to 7.6 were McIlvaine’s buffers (9), 
the pH 7.6 buffer was prepared according to the method of Bundgaard 
(7). and the buffer solutions of higher pH were those of Clark and Lubs 
(10). All other reagents were analytical reagent grade. 

General  HPLC Procedure-An aqueous solution containing the 
lysine salt of cephalexin (2.0 ml) (5 X 10-4-2 X 10W3 M) was mixed in a 
100-ml volumetric flask with buffer solution (pH 10,2.0 ml) and I (0.4% 
in water, 5.0 ml). The mixture was shaken and kept in the dark for 1 hr. 
Acetate buffer (pH 4.8,20.0 ml) and aqueous 0.1% o-nitrophenol(2.0 ml 
as the internal standard) were added, and the solution was brought to 
volume with water. 

A sample of this solution (1 pl) was injected into the liquid chroma- 
tograph and developed using an eluent system of 1% citric acid in a 
methanol-water mixture (5:40 v/v) with an isocratic flow rate of 0.75 
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2 Perkin Elmer 601. 
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4 Chrornpack. 
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6 Lilly. 
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The sodium salt of cephalexin is absorbed poorly after 
intramuscular injection (1,2). Similar observations were 
made with a related compound, cephradine (3). Investi- 
gations with other soluble salts of cephalexin showed that 
some basic amino acids increased the absorption and 
hioavailahility of cephalexin (4). The extensive use of the 
lysine salt of cephalexin necessitated the development of 
methods for the simultaneous determination of both 
components in this salt. Alkalimetric determination of 
carhoxylic groups and nonaqueous titration of a-amino 
groups cannot be used because these two groups are 
present in both components. For the same reason, the 
Folin reaction with sodium 0-naphthoquinone-4-sulfonate 
or hypobromite and a-naphthol (5) and the Saxena 
method (6 )  for microtitration of amino acid mixtures are 
unsatisfactory, and the selective titration of the €-amino 
group of lysine in aqueous media with sulfuric acid is in- 
sufficiently accurate. 

A recent report described the intramolecular aminolysis 
of some cephalosporins, caused by the nucleophilic attack 
of an a-amino group in the C-7 side chain in the P-lactam 
nucleus, which yields piperazine-2,5-dione derivatives (7). 
Estimation of the rate of disappearance of free amino 
groups was carried out by the 2,4,6-trinitrobenzenesulfonic 

acid (I) assay of Satake et al. (8) in a modified form. Ap- 
plications of this technique to cephalexin lysinate was not 
possible due to interference by lysine. 

A high-performance liquid chromatographic (HPLC) 
procedure for the analysis of lysine and cephalexin trini- 
trophenyl derivatives (I1 and 111, respectively) is presented 
here. I t  is a rapid, sensitive, and specific method for the 
simultaneous determination of these two substances. 

EXPERIMENTAL 

Apparatus-Absorption spectra were obtained with a double-beam 
spectrophotometer’ with a 1.0-cm cell. HPLC assays were performed with 
a liquid chromatograph2 equipped with a variable-wavelength detect09 
and a 1-p1 loop injection valve4. A stainless steel column (25 X 0.46 cm) 
loaded with alkylamine5 (13 pm) was used. 

Reagents-Cephalexin monohydrate6, lysine hydrochloride7, the 
lysine salt of cephalexins, and trinitrobenzenesulfonic acidg were used. 
The buffer solutions of pH values up to 7.6 were McIlvaine’s buffers (9), 
the pH 7.6 buffer was prepared according to the method of Bundgaard 
(7). and the buffer solutions of higher pH were those of Clark and Lubs 
(10). All other reagents were analytical reagent grade. 

General  HPLC Procedure-An aqueous solution containing the 
lysine salt of cephalexin (2.0 ml) (5 X 10-4-2 X 10W3 M) was mixed in a 
100-ml volumetric flask with buffer solution (pH 10,2.0 ml) and I (0.4% 
in water, 5.0 ml). The mixture was shaken and kept in the dark for 1 hr. 
Acetate buffer (pH 4.8,20.0 ml) and aqueous 0.1% o-nitrophenol(2.0 ml 
as the internal standard) were added, and the solution was brought to 
volume with water. 

A sample of this solution (1 pl) was injected into the liquid chroma- 
tograph and developed using an eluent system of 1% citric acid in a 
methanol-water mixture (5:40 v/v) with an isocratic flow rate of 0.75 
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Figure 1-Time effect on reaction of cephalexin (- -) and lysine (-) 
at different p H  values. 

ml/min and detection at  425 nm. Good chromatographic performance 
was achieved only when the column temperature was 50°. 

Any significant degradation products were detected by TLC after the 
initial reaction at  pH 10. 

Procedure in Basic Degradation Study-Solutions M) of 
cephalexin and lysine in 0.5 N NaOH were prepared. The assay was 
carried out on samples taken after standing for 20 and 60 min, respec- 
tively, a t  room temperature. The pH was adjusted to pH 4.8 with 2 N HCl, 
and HPLC of I1 and I11 was carried out as described. 

Procedure in Acid Degradation Study-Solutions of cephalexin 
and lysine M) in 1 N HCl were maintained at  60' for 1 hr. These 
solutions were brought to pH 4.8 with 1 N NaOH, and HPLC of I1 and 
I11 was carried out as described. 

RESULTS AND DISCUSSION 

The simple spectrophotometric method of Bundgaard (7) could not 
be used for the simultaneous analysis of lysine and cephalexin because 
both derivatives show identical absorption maxima (425 nm). The ve- 
locity constants of the reaction of I with the primary amino compounds 
is known to be related exponentially to the pH of the reaction medium 
(11). Consequently, a study was made to find conditions for the direct 
spectrophotometric assay of cephalexin and lysine in mixtures of these 
two components. Cephalexin and lysine do not react with I at  an appre- 
ciable rate below pH 6. Both I1 and I11 are stable over long periods and, 
a t  other pH values, the reaction obeys pseudo-first-order kinetics, except 
the reaction of lysine and I at pH 7.6, which is linear with time (Fig. 
1). 

The different reaction rates of the a- and t-amino groups of lysine with 

I A '  

-\ 
0.01 I 

2 4 6 8 1 0 1 2  
MINUTES 

Figure 2-Reaction kinetics of I at pH 10.0. Key: X, cephalexin; 0, salt; 
and @, lysine. 

Table I-Absolute Retention Times (Minutes) on Amino Sil-X-I 
Using Different Eluents 

Eluenta 
ComDound A R C D 

I 
I1 

I11 

3.3 >60 7.6 7.6 
6.7 4.2 3.8 3.9 

>60 > 60 7.3 11.6 
- - 5.5 o-Nitrophenol - 

Eluent A is methanol, Eluent B is 1F acetic acid in methanol-water (540 v/v), 
Eluent C is methanol-0.01 M sulfuric acid (540 v/v). and Eluent D is 1% citric acid 
in methanol-water (5:40 v/v). 

Table 11-Parameters of Calibration Curves 

ao, Correlation 
Equationa Compound mg/ml Coefficient n 

h I1 0.0477 0.9909 8 c(mg/ml) = no + a1 - 
hs I11 0.7501 0.9873 8 

c(mg/ml) = a0 + alh(mm) I1 0.0177 0.9916 15 
111 n.nm 0.9977 15 

a h and h, are the heights of the sample and internal standard chromatographic 
peaks, respectively. 

I are apparent from a change in the slope of the rate curve (Fig. 2). The 
slope of the absorbance-time curve for lysine at pH 7.6 is proportional 
to the concentration of lysine and is linear over the concentration range 
of 0.5-1.3 X 10-3 M. By measuring the change of absorbance with time 
a t  pH 7.6, it is possible to measure the concentration of both cephalexin 
and lysine, but there are only small changes in the slope of the line with 
large changes in the lysine concentration, leading to low sensitivity. 

For these reasons, the liquid chromatography of derivatives of I was 
selected since these derivatives are stable (12), they behave well on al- 
kylamine columns (13), and lysine does not absorb appreciably in the 
visible or UV regions. 

Quantitative formation of I1 and I11 occurred most rapidly when the 
reaction medium was at  pH 10 (Fig. 1). However, Amino Sil-X-I columns 
are not stable a t  this pH, and the pH of the medium after formation of 
these derivatives was reduced to pH 4.8. The cephalexin derivative is 
stable for up to 20 hr a t  this pH and the lysine derivative is stable for 2 
hr, after which it slowly decomposes. The retention times of I1 and 111 
using different eluents are shown in Table I. 

Lysine and especially cephalexin (14) are degraded in both alkaline 
and acidic solutions. Many of the degradation products contain primary 
amino groups and are a potential source of interference in the specific 
analysis of lysine and cephalexin, particularly in pharmaceutical products 
undergoing stability studies. 

Pure solutions of lysine and cephalexin were degraded under acidic 
and alkaline conditions for different times, and the chromatograms of 
I1 and I11 were studied. Under alkaline conditions, the original peaks of 
unchanged lysine and cephalexin derivatives (retention times of 3.9 and 
11.6 min, respectively) disappeared, and well-defined peaks of degra- 
dation products appeared (at 8.8 min from I1 and at 1.8,2.4, and 9.4 min 
from 111). However, none of these peaks interfered with the main peaks 
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Figure 3-Chromatogram of III and acid-degraded cephalexin deriu- 
atioe mixture. 
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Figure 4-Chromatogram of I1 and acid-degraded cephalexin deriva- 
tive mixturp. 

used in the assay of lysine and cephalexin. Cephalexin solutions stored 
under acidic conditions a t  6O0 yielded four secondary peaks (retention 
times of 4.1, 11.0, 15.2, and 27.2 min), which could interfere with the 
chromatographic assay. Trinitrophenyl derivatives were prepared from 
mixtures containing 50% of acid-hydrolyzed cephalexin solutions and 
50% of a pure cephalexin or pure lysine solution (Figs. 3 and 4), respec- 
tively. I t  is apparent that  the peak of I1 was not affected by the acid de- 
composition products of cephalexin and that the peak of 111 was affected 
only minimally. The chromatogram of I1 after acid hydrolysis (1 hr) 
showed only two small additional peaks a t  16.4 and 26.0 min. 

The calibration factors used for the quantitative analysis of cephalexin 
and lysine are given in Table 11. The low values of the intercept at the 
origin (ao), when operating with the loop-injection technique but without 
the internal standard, allow use of this technique. Table I1 shows that 

similar calibration parameters were obtained by both techniques (with 
and without an internal standard), corresponding to the listed straight- 
line equations. The average response factors for I1 and 111 were 110.94 
and 36.92 mm/mg with standard deviations of 0.76 and 1.05, respectively, 
for a set of 45 chromatograms. Sensitivity was three times higher for lysine 
than for cephalexin, hut the sensitivity of the instrument allows lower 
detection limits of 0.1 and 0.3 gg/ml for lysine and cephalexin, respec- 
tively. 

The high reproducibility and sensitivity of the HPLC method de- 
scribed here recommend i t  as a suitable procedure for the simultaneous 
analysis of cephalexin and lysine in mixtures of these two products for 
quality control and stability studies of pharmaceutical formulations 
containing cephalexin lysinate. 
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Abstract 0 The chromatographic retention behavior of dextrometh- 
orphan hydrobromide on an octadecylsilane column was investigated as 
a function of the pairing ion and the mobile phase composition. Dramatic 
increases in the capacity factor were observed with pairing ions containing 
more than eight carbons and with decreasing organic modifier (acetoni- 
trile) concentration. Several pharmaceutically important amines ex- 
hibited similar behavior with respect to acetonitrile concentration. An 
analytical method wits developed for dextromethorphan hydrobromide 

hulk drug and syrups and was applied to commercial preparations. 
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drobromide, high-performance liquid chromatographic analysis using 
ion-pair formation 

Dextromethorphan hydrobromide [(+)-3-methoxy- 
17-methyl-9a,l3cr,l4cu-morphinan hydrobromide, I] is a 
centrally active antitussive which, unlike codeine, is devoid 

of analgesic properties and exhibits little or no depression 
of the central nervous system. Because of its lack of ad- 
diction potential, it is widely used in nonprescription 
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Figure 4-Chromatogram of I1 and acid-degraded cephalexin deriva- 
tive mixturp. 

used in the assay of lysine and cephalexin. Cephalexin solutions stored 
under acidic conditions a t  6O0 yielded four secondary peaks (retention 
times of 4.1, 11.0, 15.2, and 27.2 min), which could interfere with the 
chromatographic assay. Trinitrophenyl derivatives were prepared from 
mixtures containing 50% of acid-hydrolyzed cephalexin solutions and 
50% of a pure cephalexin or pure lysine solution (Figs. 3 and 4), respec- 
tively. I t  is apparent that  the peak of I1 was not affected by the acid de- 
composition products of cephalexin and that the peak of 111 was affected 
only minimally. The chromatogram of I1 after acid hydrolysis (1 hr) 
showed only two small additional peaks a t  16.4 and 26.0 min. 

The calibration factors used for the quantitative analysis of cephalexin 
and lysine are given in Table 11. The low values of the intercept at the 
origin (ao), when operating with the loop-injection technique but without 
the internal standard, allow use of this technique. Table I1 shows that 

similar calibration parameters were obtained by both techniques (with 
and without an internal standard), corresponding to the listed straight- 
line equations. The average response factors for I1 and 111 were 110.94 
and 36.92 mm/mg with standard deviations of 0.76 and 1.05, respectively, 
for a set of 45 chromatograms. Sensitivity was three times higher for lysine 
than for cephalexin, hut the sensitivity of the instrument allows lower 
detection limits of 0.1 and 0.3 gg/ml for lysine and cephalexin, respec- 
tively. 

The high reproducibility and sensitivity of the HPLC method de- 
scribed here recommend i t  as a suitable procedure for the simultaneous 
analysis of cephalexin and lysine in mixtures of these two products for 
quality control and stability studies of pharmaceutical formulations 
containing cephalexin lysinate. 
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increases in the capacity factor were observed with pairing ions containing 
more than eight carbons and with decreasing organic modifier (acetoni- 
trile) concentration. Several pharmaceutically important amines ex- 
hibited similar behavior with respect to acetonitrile concentration. An 
analytical method wits developed for dextromethorphan hydrobromide 

hulk drug and syrups and was applied to commercial preparations. 

Keyphrases Dextromethorphan hydrobromide-high-performance 
liquid chromatographic analysis using ion-pair formation 0 High-per- 
formance liquid chromatography-analysis, dextromethorphan hydro- 
bromide, ion-pair formation Antitussives-dextromethorphan hy- 
drobromide, high-performance liquid chromatographic analysis using 
ion-pair formation 
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H3c0R 
I 

cough-cold preparations. The bulk drug and a syrup are 
described in USP XX (1). This drug is present in over 50 
nonprescription antitussive preparations (2). 

For USP XX, bulk I is analyzed by titration with acetous 
perchloric acid (1). The official method for the syrup em- 
ploys extraction into hexane from a basic aqueous phase, 
back-extraction into dilute hydrochloric acid, and spec- 
trophotometric quantitation. An automated system was 
developed which employs formation of an ion-pair with 
bromcresol green at  pH 5.3, extraction of the ion-pair into 
chloroform, and measurement a t  420 nm (3). This method 
has been used for the analysis of I in mixtures with guai- 
fenesin and phenylpropanolamine in cough syrups. GLC 
after isolation by extraction into chloroform also has been 
employed (4). Reversed-phase high-pressure liquid chro- 
matography (HPLC) has been used to measure I in syrups 
containing I and chlorpheniramine maleate (5). Ion-pair 
HPLC recently was employed to measure I in syrups along 
with pseudoephedrine hydrochloride and bromphenira- 

I I I I I I 1 
2 4 6 0 10 12 14 

CARBON CHAIN LENGTH Of 
PAIRING ION 

Figure 1-Plot of the log of the capacity factor of I versus the carbon 
chain length of the pairing ion. All pairing ions were straight-chain alkyl 
sulfates or sulfonates. The mobile phase was the same as reported 
previously (7). 

Table I-Comparison of Capacity Factors a for Several Amines 
Using Different Acetonitrile-Water Mixtures as the Mobile 
Phase 

Amine k'A kB k Blk a 
Dextromethorphan 4.60 97.9 21.3 
Codeine 1.11 8.22 7.4 
Methoxyphenamine 1.79 19.00 10.6 
Tetracaine 3.16 45.60 14.4 
Diazepam 2.02 14.22 7.0 
Ephedrine 1.32 11.22 8.5 
Cocaine 2.21 24.67 11.2 
Naloxone 1.11 8.00 7.2 
Morphine 0.89 5.56 6.2 
Scopolamine 1.21 9.56 7.9 
Lidocaine 1.84 18.33 10.0 
Hydralazine 1.00 12.22 12.2 
Meperidine 2.37 38.30 16.2 
Methadone 5.63 >150 - 
Methylphenidate 2.16 31.12 14.4 
Quinine 4.26 >150 - 

0 kd is the capacity factor obtained in the 55:45 (v/v) acetonitrile-water mobile 
phase; k i  is the capacity factor obtained in the 3763 (v/v) acetonitrile-water mobile 
phase. 

mine maleate (6). This report discussed a method that used 
a microparticulate octadecylsilane column with an aceto- 
nitrile-water mobile phase containing the sodium salt of 
octanesulfonic acid as the pairing ion. 

A comprehensive study was made recently on the effects 
of the carbon chain length of the anionic ion-pairing re- 
agents on the retention behavior of codeine, morphine, and 

I 1 I I 
40 50 60 70 
ACETONITRILE IN WATER, % (v/v) 

Figure 2-Plot of the capacity factor of I as a function of the acetonitrile 
content in the mobile phase. The pairing ion was sodium dioctylsulfo- 
succinate. 
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Table 11-Analysis of Dextromethorphan Hydrobromide Syrup 

Recovery Data, mg15 ml of placebo syrup 

Added, mg Found, mg Recovery, % 0 
0 x 6 min 
W 2.02 

4.08 
6.11 
8.01 

10.02 
12.10 
14.17 
Average 

2.03 
4.08 
6.13 
8.07 

10.04 
12.13 
14.28 

100.6 
100.0 
100.3 
100.7 
100.2 
100.2 
100.7 
100.4 

Precision Data t- z w a - 
0 
X 
W 

z a 
I a a 
0 
I 
t- 
W 
I 
B 
t- 

Dav 1. m d 5  ml Dav 2. ma15 ml 

10.11 10.10 
io.i4 
10.12 
10.13 
10.08 

10.06 
10.06 
10.08 
10.09 
10.14 
10.09 
0.3 

Average 
RSD, % 

10.10 
10.12 
0.3 

I- 
I 

The placebo syrup contained 100 mg of guaifenesinh rnl and 4.759 alcohol. 

ethylmorphine (7). In that study, dioctyl sodium sulfo- 
succinate was an effective ion-pairing reagent for the 
analysis of codeine in syrups. Utilizing the conditions de- 
veloped for codeine as a starting point, a systematic study 
was undertaken to test the applicability of the method for \ L 

I Standard Mobile Phase 
TIME 

Modified Mobile Phase 

Figure 4-Chromatographic tracings of a sample syrup preparation 
containing a large excipient interference. The standard mobile phase 
was the same as described in Fig. 3. The modified mobile phase was the 
same, except that the acetonitrile content was lowered from 55 to 45%. 
The flow rate was 2.0 mllmin. 

6 min - 
0 

0 z a 
I- 
v) 

-1 a z 
W 
t- 

a a 

a 

z_ 

z 
I- 
0 
0 

* z 
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a 
0 z a 
I- 
v) 
A 
U z 
w 
I- 

a 

a 

I 

dextromethorphan in syrups. This paper reports the re- 
sults of this study and describes a reversed-phase ion-pair 
HPLC method for I in syrups and as the bulk drug. The 
chromatographic behavior of several pharmaceutically 
important amines also was examined using the conditions 
employed for the analysis of I. 

z a 
I a a 
9 
t- w 
I 
0 a 
I- 
% w 
0 

z 
d 

EXPERIMENTAL 

Materials-Ethanesulfonic acid', sodium butanesulfonate', sodium 
hexanesulfonate', sodium octanesulfonate', sodium decylsulfate', sodium 
dodecylsulfate', sodium tetradecylsulfate', and sodium dioctylsulfo- 
succinate2 were used as received. Dextromethorphan hydrobromide, 
codeine phosphate, methoxyphenamine hydrochloride, tetracaine hy- 
drochloride, diazepam, ephedrine sulfate, cocaine hydrochloride, nal- 
oxone hydrochloride, morphine sulfate, scopolamine hydrobromide, 
lidocaine hydrochloride, hydralazine hydrochloride, meperidine hy- 
drochloride, methadone hydrochloride, methylphenidate hydrochloride, 
and quinine sulfate were USP or NF quality. 

The internal standard, testosterone propionate, was used as received3. 
Distilled-in-glass acetonitrile4 and deionized water were used for all 
mobile phase preparations. All other chemicals were reagent grade. 
Samples of syrups containing dextromethorphan hydrobromide were 
obtained from a local wholesale drug distributor. 

Apparatus-A modular high-performance liquid chromatograph 

Standard Preparation Sample Preparation 
TIME 

Figure 3-Typical chromatographic tracings of a standard preparation 
and a sample preparation. The internal standard was testosterone 
propionate. The mobile phase was 55% (010) acetonitrile in water and 
contained 0.01 M ammonium nitrate and 0.005 M sodium dioctylsul- 
fosuccinate. The pH of the mobile phase was adjusted to 3.3 with acetic 
acid. The f l g w  rate was 2.0 mllmin. 

1 Eastrnan Kodak Co., Rochester, NY 14650. 

3 Steraloids, Wilton, N.H. 
4 Burdick & Jackson Laboratories, Muskegon, MI 49442. 

Aldrich Chemical Co.,  Milwaukee, WI 53233. 
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Table 111-Analyses of Dextromethorphan Hydrobromide 
Svruos 

Syrup Theory, mg/5 ml Actual", mg/5 ml 

A b  15.0 15.0 and 14.8 
Bb 15.0 15.0 and 14.9 
C' 10.0 10.3 and 10.4 
Dd 15.0 15.1 and 15.4 
E' 10.0 9.7 and 10.2 
Ff 3.5 3.3 and 3.1 

4 min - 
a Two individual assays. * Contained 100 mg of guaifenesinl5 ml and 1.4% alcohol. 

' Contained 100 mg of guaifenesin and 12.5 mg of phenylpropanolamine hydro- 
chloride/5 ml and 4.75% alcohol. d Contained 100 mg of guaifenesid5 ml and 5% 
alcohol. Contained 50 mg of guaifenesin and 12.5 mg of phenylpropanolamine 
hydrochloride/5 ml and 10% alcohol. f Contained 25 mg of guaifenesin/5 ml and 
200 mg of sodium citrate/5 ml and 5% alcohol. 

I 
0 a 
0 
I c 
W 
I 
0 a 
k 
X 
W 
n 

W z 
d 
z 
d * 
I c 
W 
I 

- 
I 

a 

I n 

consisting of a reciprocating piston pump equipped with a pulse damp- 
ener5, an automated loop injector6, a UV detector7 (254 nm), and a re- 
corders was used for all measurements. For quantitative measurements, 
data were collected and processed by a digital computer3. 

Mobile Phase-All mobile phases contained 0.005 M pairing ion and 
0.01 M ammonium nitrate in acetonitrile-water. After mixing, the mobile 
phases were adjusted to pH 3.3 with acetic acid and filtered through a 
5-pm filter. A mobile phase containing acetonitrile and water in a 55:45 
ratio (v/v) was used for the final analysis of I. 

Columns-A microparticulate octadecylsilane columnt0 (10-pm 
particles, 30 cm X 4 mm) was obtained from commercial sources. When 
not in use, the column was flushed with acetonitrile-water (8020 v/v) 
and stored in the same solvent. Flow rates of 2-3 ml/min gave adequate 
resolution with reasonable analysis times. 

Quantitation of Dextromethorphan Hydrobromide in Syrup- 
Exactly 5.0 ml of the syrup was transferred quantitatively to a 125-ml 
erlenmeyer flask containing 40.0 ml of the internal standard solution (15 
mg of testosterone propionate in 1 liter of the mobile phase) and mixed 
well. In some cases, 20.0 ml of the internal standard solution was used. 
When a clear solution did not form upon mixing, 5 ml of water was added 
to the mixture. Aliquots (25 pl) of the samples were chromatographed 
at  a detector setting of 0.032 aufs. Concentrations were determined by 
comparison of peak height ratios from sample preparations to those from 
a standard preparation. 

Bulk drug samples were prepared by adding accurately weighed 
samples (-10 mg) to 40.0 ml of the internal standard solution to produce 
the sample preparation. 

TIME 

Figure 5-Chromatographic tracing of a synthetic mixture of di- 
methylaniline, 3-hydroxy-N-methylmorphinan, and dextromethor- 
phan. See Fig. 3 for  the mobile phase composition and flow rate. 

RESULTS AND DISCUSSION 

Dextromethorphan hydrobromide exhibited retention behavior similar 
to that of codeine under the conditions described previously (7). Figure 
1 shows a plot of the log of the capacity factor for I as a function of the 
carbon chain length of the pairing ion. A dramatic increase in the capacity 
factor was observed with pairing ions containing more than eight carbons. 
When sodium dioctylsulfosuccinate (11) was used, a capacity factor of 
about 100 was obtained. This finding clearly represents a retention time 
far greater than that required for a reasonable retention time. Since I 
lacks the 4,5-ether linkage and the 6-hydroxyl group of codeine, the 
ion-pair resulting from I and I1 would be predicted to be considerably 
less polar than that resulting from codeine and 11. Consequently, a re- 
duction in the polarity of the mobile phase should reduce the capacity 
factor for I. 

This idea was tested by measuring capacity factors of I as a function 
of the acetonitrile content in the mobile phase while keeping the pairing 
ion (11) and the pH constant. The results of this study are shown in Fig. 
2. Below 60% (v/v) acetonitrile, the concentration of the organic modifier 
had a dramatic effect on the capacity factor. As a compromise between 
a short analysis time and resolution of I from syrup excipients, 55% ace- 
tonitrile was chosen for the analytical development. To test the generality 
of the observed relationship of the capacity factor and the acetonitrile 
concentration, several mines were studied using acetonitrile and water 
in ratios of 5545 (v/v) and 37333 (v/v) (11 as the pairing ion). The results 

are shown in Table I. With the exception of methadone and quinine, a 
seven- to 22-fold increase in the capacity factor was observed in going to 
the 37:63 acetonitrile-water mobile phase [this mobile phase has been 
used for the analysis of codeine (7)]. 

Typical chromatographic tracings for standard and sample prepara- 

Table IV-Analysis of Bulk Dextromethorphan Hydrobromide 

Recovery Data 

Added. me Found. me Recoverv. % 

8.08 
9.10 
9.85 

10.77 
11.86 
Average 

8.09 
9.15 
9.71 

10.73 
11.85 

100.2 
100.6 
98.6 
99.7 
99.2 
99.7 

Precision Data 

Added, mg Found, mg Recovery, % 

10.05 
10.08 
10.05 
10.04 

10.09 
10.15 
10.01 

100.4 
100.7 
99.6 

10.10 100.6 
9.99 10.00 100.0 

Model 110, Altex Corp., Berkeley, CA 94710. 
U john LC Autosampler. 

PDP 11, Digital Equipment Co., Maynard, MA 01754. 
lo pBondapak CIS. Waters Associates, Milford, MA 01757. 

7 Ub 111, Laboratory Data Control, Riviera Beach, Fla. 
8 Model XKR, Sargent Welch Co., Skokie, IL 60067. 

10.28 
9.91 

10.09 

10.31 100.3 
10.02 
10.17 

ioi , i 
100.8 
100.4 Average 

RSD. To 0.5 

Journal of Pharmaceutical Sciences I 1383 
Vol. 69, No. 12, December 1980 



tions are shown in Fig. 3. Total analysis time was -15 min. Spiked sam- 
ples of a placebo syrup were analyzed by this method, giving quantitative 
recovery from 2.0 to 14.0 mg/5 ml (Table 11). Replicate analyses of a single 
lot of syrup (n = 6) on 2 days gave precision (expressed as the relative 
standard deviation) of 0.3% (Table 11). 

Other commercially available syrups containing I were obtained and 
analyzed by this method. The results are summarized in Table 111. Ex- 
cellent agreement with the labeled contents was obtained. One syrup 
tested showed a rather large excipient peak that  was not resolved from 
the I peak. T o  solve this problem, the percentage of acetonitrile in the 
mobile phase was reduced to  45% (v/v). Under these conditions, the ex- 
cipient peak was resolved completely from the I peak (Fig. 4) but the 
internal standard peak did not elute in a reasonable time. Using peak 
height measurements, a value of 9.4 mg/5 ml (label claim was 10.0 mg/5 
ml) was obtained for this syrup. This approach demonstrates that  the 
acetonitrile content, as well as the carbon chain length of the pairing ion, 
can be manipulated to produce resolution of the I peak from interfering 
components in the mixture. 

The method also was applied to the analysis of bulk drug samples. In 
this case, consideration must be given to the resolution of I and potential 
impurities arising from the synthetic process. Compound I is synthesized 
by the methylation of (+)-3-hydroxy-17-methyl-9a,l3a,l4a-morphinan 
(111) with phenyltrimethylammonium bromide. The by-product of the 
reaction is dimethylaniline. Cornpendial assays for I include tests for 
dimethylaniline and phenolic compounds (e.g., HI). Since dimethylaniline 
and 111 both are amines, trace amounts would be expected to  be carried 
over in any acid-base extraction of I used for purification. A chromato- 

graphic tracing of a mixture of I, 111, and dimethylaniline is shown in Fig. 
5. The two potential impurities are well resolved from I. The results of 
the analyses of bulk I are shown in Table IV. Quantitative recovery and 
excellent precision are observed. 
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Abstract  A high-performance liquid chromatographic assay was de- 
veloped that separates and quantitates benzocaine and its primary 
degradation product, p-aminobenzoic acid. This method is rapid, sen- 
sitive, and specific. Preliminary stability data obtained with this method 
demonstrate its utility for this purpose. 

Keyphrases tI Benzocaine-high-performance liquid chromatographic 
analysis with p-aminobenzoic acid, effects of pH, temperature, and 
phosphate ion on benzocaine stability 0 p-Aminobenzoic acid-degra- 
dation product of benzocaine, high-performance liquid chromatographic 
analysis with benzocaine tI High-performance liquid chromatogra- 
phy-analysis, benzocaine and p -aminobenzoic acid, stability studies 
of benzocaine Degradation-benzocaine, effect of pH, temperature, 
and phosphate ion 

In spite of the long history of benzocaine as a therapeutic 
agent, little information has appeared regarding its sta- 
bility. It has been reported to be relatively unstable under 
certain conditions, and attempts have been made to de- 
crease its degradation through the use of complexing 
agents (1) and surfactants (2). Benzocaine also may be 
unstable in the presence of pharmaceutical excipients such 
as citric acid, glucose, and cherry flavoring (3). This lack 
of information is due in part to the absence of a rapid, 

specific, stability-indicating assay for benzocaine in the 
presence of its degradation products. 

Over the years, benzocaine has been assayed quantita- 
tively by titration (4), diazotization (5), colorimetry (6), 
potentiometry (7), and crystal formation (81, all of which 
take advantage of the basic and aromatic character im- 
parted by the aryl amino group. Some initial benzocaine 
stability work was undertaken by Higuchi and Lachman 
(1) using a partition spectroscopic method of analysis. GLC 
was used later for the analysis of benzocaine (9-11). 
However, recent data (12, 13) showed interference by p- 
hydroxybenzoates in the UV, GLC, and column chroma- 
tographic methods for benzocaine, thereby raising ques- 
tions about the specificity of these commonly employed 
methods. 

A recently developed high-performance liquid chro- 
matographic (HPLC) assay was reported which measures 
intact benzocaine (14), but the report did not mention the 
separation or identification of the primary degradation 
product of benzocaine, p -aminobenzoic acid. This paper 
describes a rapid, precise, and sensitive method for the 
simultaneous analysis of benzocaine and p-aminobenzoic 
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tions are shown in Fig. 3. Total analysis time was -15 min. Spiked sam- 
ples of a placebo syrup were analyzed by this method, giving quantitative 
recovery from 2.0 to 14.0 mg/5 ml (Table 11). Replicate analyses of a single 
lot of syrup (n = 6) on 2 days gave precision (expressed as the relative 
standard deviation) of 0.3% (Table 11). 

Other commercially available syrups containing I were obtained and 
analyzed by this method. The results are summarized in Table 111. Ex- 
cellent agreement with the labeled contents was obtained. One syrup 
tested showed a rather large excipient peak that  was not resolved from 
the I peak. T o  solve this problem, the percentage of acetonitrile in the 
mobile phase was reduced to  45% (v/v). Under these conditions, the ex- 
cipient peak was resolved completely from the I peak (Fig. 4) but the 
internal standard peak did not elute in a reasonable time. Using peak 
height measurements, a value of 9.4 mg/5 ml (label claim was 10.0 mg/5 
ml) was obtained for this syrup. This approach demonstrates that  the 
acetonitrile content, as well as the carbon chain length of the pairing ion, 
can be manipulated to produce resolution of the I peak from interfering 
components in the mixture. 

The method also was applied to the analysis of bulk drug samples. In 
this case, consideration must be given to the resolution of I and potential 
impurities arising from the synthetic process. Compound I is synthesized 
by the methylation of (+)-3-hydroxy-17-methyl-9a,l3a,l4a-morphinan 
(111) with phenyltrimethylammonium bromide. The by-product of the 
reaction is dimethylaniline. Cornpendial assays for I include tests for 
dimethylaniline and phenolic compounds (e.g., HI). Since dimethylaniline 
and 111 both are amines, trace amounts would be expected to  be carried 
over in any acid-base extraction of I used for purification. A chromato- 

graphic tracing of a mixture of I, 111, and dimethylaniline is shown in Fig. 
5. The two potential impurities are well resolved from I. The results of 
the analyses of bulk I are shown in Table IV. Quantitative recovery and 
excellent precision are observed. 
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Abstract  A high-performance liquid chromatographic assay was de- 
veloped that separates and quantitates benzocaine and its primary 
degradation product, p-aminobenzoic acid. This method is rapid, sen- 
sitive, and specific. Preliminary stability data obtained with this method 
demonstrate its utility for this purpose. 

Keyphrases tI Benzocaine-high-performance liquid chromatographic 
analysis with p-aminobenzoic acid, effects of pH, temperature, and 
phosphate ion on benzocaine stability 0 p-Aminobenzoic acid-degra- 
dation product of benzocaine, high-performance liquid chromatographic 
analysis with benzocaine tI High-performance liquid chromatogra- 
phy-analysis, benzocaine and p -aminobenzoic acid, stability studies 
of benzocaine Degradation-benzocaine, effect of pH, temperature, 
and phosphate ion 

In spite of the long history of benzocaine as a therapeutic 
agent, little information has appeared regarding its sta- 
bility. It has been reported to be relatively unstable under 
certain conditions, and attempts have been made to de- 
crease its degradation through the use of complexing 
agents (1) and surfactants (2). Benzocaine also may be 
unstable in the presence of pharmaceutical excipients such 
as citric acid, glucose, and cherry flavoring (3). This lack 
of information is due in part to the absence of a rapid, 

specific, stability-indicating assay for benzocaine in the 
presence of its degradation products. 

Over the years, benzocaine has been assayed quantita- 
tively by titration (4), diazotization (5), colorimetry (6), 
potentiometry (7), and crystal formation (81, all of which 
take advantage of the basic and aromatic character im- 
parted by the aryl amino group. Some initial benzocaine 
stability work was undertaken by Higuchi and Lachman 
(1) using a partition spectroscopic method of analysis. GLC 
was used later for the analysis of benzocaine (9-11). 
However, recent data (12, 13) showed interference by p- 
hydroxybenzoates in the UV, GLC, and column chroma- 
tographic methods for benzocaine, thereby raising ques- 
tions about the specificity of these commonly employed 
methods. 

A recently developed high-performance liquid chro- 
matographic (HPLC) assay was reported which measures 
intact benzocaine (14), but the report did not mention the 
separation or identification of the primary degradation 
product of benzocaine, p -aminobenzoic acid. This paper 
describes a rapid, precise, and sensitive method for the 
simultaneous analysis of benzocaine and p-aminobenzoic 
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Table I-Degradation of Benzocaine in  Aqueous Solutions a t  Room Temperature 

Benzocaine Remainingb, '36 
Minutes DH 2 DH 7 uH 11 

p-Aminobenzoic Acid Formedc, ?h 
PH 2 PH 7 pH 11 

0 
5 

10 
15 
30 
45 
60 

120 
180 
240 
300 

100.0 
100.1 
100.3 
99.2 
98.0 
96.5 
95.5 
92.4 
87.6 
85.1 
78.5 

100.0 
100.4 

100.4 
100.8 
99.2 
99.5 
98.8 
99.2 
98.3 
98.0 

- 

100.0 
97.5 
90.7 
88.3 
83.6 
77.7 
73.1 
52.0 
40.6 
28.9 
20.0 

- 
- 
- 
- 
2.40 
3.70 
6.20 
9.51 

13.60 
16.32 
24.0 

- 
2.20 
9.00 

11.82 
16.21 
22.10 
27.92 
49.25 
62.32 

1.25 69.05 
2.20 79.93 

~~~ ~ 

(1 25 f 1'. * Average of two determinations. c Percent of amount formed from complete hydrolysis of benzocaine 

acid and reports preliminary stability data using this assay 
method. 

EXPERIMENTAL 

Apparatus-A high-performance liquid chromatograph equipped 
with a multiwavelength detector' was employed in conjunction with a 
microparticulate CIS column2 for separation. 

Reagents-All chemicals and reagents were analytical grade unless 
otherwise indicated. Benzocaine3, p-aminobenzoic acid4, monobasic 
potassium phosphate5, and glass-distilled methanol6 were used as re- 
ceived. Glass-distilled water was used throughout the study. 

Analytical Procedure-All standard solutions of benzocaine and 
p-aminobenzoic acid were prepared in water. The concentrations of 
benzocaine and p-aminobenzoic acid were determined directly from their 
respective peak heights by comparison to a standard curve. The mobile 
phase was methanol-acetic acid-water (33463). At ambient temperature 
and a solvent flow rate of 2 ml/min, the retention times for p-amino- 
benzoic acid and benzocaine were 2 min 28 sec and 7 min 10 sec, respec- 
tively. 

The sensitivity of p-aminobenzoic acid and benzocaine at  an injection 
volume of 10 pl was 0.3 and 0.7 pglml, respectively, which was equivalent 
to 3 and 7 ng injected on column. The assay sensitivity can be increased 
by increasing the injection volume or decreasing the dilution. Similarly, 
the assay sensitivity can be increased about fourfold by using 294 nm 
rather than the more conventional 254 nm as the detector wavelength, 
although this capability may not be available in all laboratories. Injections 
of benzocaine and p-aminobenzoic acid solutions prepared in nonbuffered 
and buffered solutions of pH 2,7, and 11 are chromatographically similar. 
The solutions to be chromatographed are primarily aqueous, and there 
is little risk of evaporation at room temperature. Adequate reproducibility 
can be obtained without the use of an internal standard. 

Stability Studies-Effect o f p H  and Phosphate Ion-A methanolic 
stock solution of benzocaine (5 mg/ml) was diluted to -40 pg/ml with 
water and adjusted to pH 2,7, or 11 with 0.1 N NaOH or 0.1 N HCI. These 
solutions were placed in glass vessels at room temperature (25 f 2'). Each 
experiment was conducted in duplicate. Aliquots (10 pl) were withdrawn 
periodically and assayed for benzocaine and p-aminobenzoic acid. 

In a similar experiment, phosphate (adjusted to 0.1 M) was used in 
place of sodium hydroxide or hydrochloric acid to adjust the solution pH. 
Only phosphate-ion-containing salts and their corresponding acids were 
used in preparing these solutions, as calculated by the Henderson-Has- 
selbach equation (15). 

Effect of Temperature-Benzocaine solutions prepared in phosphate 
buffer (pH 7.0) were placed in sealed glass containers at 40, 60, and 70 
f 1.0'. Aliquots (10 p l )  were assayed periodically for benzocaine and 
p-aminobenzoic acid over a 24-hr period. 

Treatment of Data-Semilogarithmic plots of the benzocaine con- 
centration as a function of time were constructed to evaluate the order 
and rate of benzocaine degradation. All plots were consistent with first- 
order kinetics, i.e., plots of log benzocaine concentration uersws time were 

1 Model 1202 with model 711 solvent delivery system. Laboratory Data Control, 

2 Catalog No. 27324, Waters Associates, Milford, Mass. 
3 Amend Drugs and Chemical Co., Irvington, N.J. 
4 Ruger Chemical Co., Irvin ton N.Y 
5 Fisher Scientific Co., Fair fa&,  N.J. 
6 Rurdick & Jackson Laboratories, Muskegon, Mich. 

Riviera Beach, Fla. 

linear. An Arrhenius plot (15) was constructed from the data obtained 
for the experiment on the effect of temperature. The line of best fit was 
determined by linear regression. 

RESULTS 

A typical chromatogram for benzocaine and p-aminobenzoic acid is 
shown in Fig. 1. Retention times varied slightly from day to day, but no 
interfering peaks were encountered. Standard curves for both benzocainc 
and p-aminobenzoic acid were linear over the concentration range of 
0-100 mghter, using peak height or peak area as a function of concen- 

w 
v) z 
v) w 
U 

2 

i 

2 

Y 

Figure 1-Representatiue chro- 
matogram for benzocaine and p- 
aminobenzoic acid. Key: 1, solvent 
peak; 2, p-aminobentoic acid; and 3, 
benzocaine. The arrow indicates the 
time when the injection was made. 

0 6 12 
MINUTES 
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Table 11-Degradation of Renzoeaine in 0.1 M Phosphate Buffer Solutions at Room Temperature a 

Benzocaine Remainingb, 76 p -  Aminobenzoic Acid FormedC, % 
Minutes PH 2 PH 7 pH 11 PH 2 PH 7 pH 11 

0 100.0 100.0 100.0 - - - 

5 99.4 99.76 99.7 - - - 
10 99.1 99.97 99.5 - - - 
15 99.5 99.5 98.7 - - - 
30 98.3 99.8 97.8 - 
45 99.1 99.8 96.6 - 
60 98.8 100.0 94.6 - 

- 0.84 
- 1.50 
- 2.02 

120 96.9 99.0 93.3 0.82 - 3.20 
180 95.7 99.0 88.2 1.10 0.42 6.20 
240 93.8 98.2 85.5 2.50 0.96 9.60 
300 92.3 98.2 83.6 6.53 0.80 11.35 

a 25 f 1'. Average of two determinations. Percent of total amount available for formation. 

Table 111-Apparent First-Order Rate Constants for Benzocaine 
Degradation at 25" 

Rate Constant, hr-l 
PH Nonbuffered Solution Buffered Solution 

2 
7 

11 

0.0446 
0.0050 
0.314 

0.00604 
0.00385 
0.03920 

tration. The correlation coefficient for the staridard curves over the 
concentration range used in this study, 0-100 mghiter, was 20.99 ( n  = 
8) in all cases. Standard solutions assayed repetitively over 15 weeks 
showed a coefficient of variation of 2% for benzocaine and 1.5% for p- 
aminobenzoic acid. No significant differences were observed ( p  = 0.05) 
between the mean peak height obtained from repeated injections ( n  = 
10) on 2 days. The coefficient of variation in the slope obtained from eight 
standard curves over a 2-month period for benzocaine and p-amino- 

80 - 
70 

60 

- 

- 

50 - 
8 

5 40- 
Ci 

f 
a 

a 
z a 

5 
W 30- 

u 

2 
Lu 

I? 
m 

20 - 

101 I I I 1 
I I 

1 2 3 4 5 6 
HOURS 

Figure 2-Benrocaine degradation in aqueous solutions of three p H  
values at 2 5 O .  Key: a, pH 7, A, pH 2; and 0, p H  11. 

benzoic acid was <3%. The pH of the injected solutions did not affect the 
retention times. 

Table I shows the percent of benzocaine remaining and the percent 
of p-aminobenzoic acid formed (based on the total amount available for 
formation) a t  three pH values. Benzocaine degradation was most rapid 
at pH 11, intermediate at pH 2, and slowest a t  pH 7. Good agreement was 
found between the amount of benzocaine lost and the amount of p- 
aminobenzoic acid formed, suggesting that p-aminobenzoic acid is the 
only major degradation product of benzocaine under these conditions. 
This conclusion is supported by the fact that no other peaks are seen in 
the chromatograms of degraded benzocaine solutions. A plot of log ben- 
zocaine concentration as a function of time for various pH values is shown 
in Fig. 2. The apparent first-order half-lives determined from these data 
were 2.2 hr a t  pH 11,15.5 hr at pH 2, and 139 hr at pH 7. 

Table I1 shows the disappearance of benzocaine and the appearance 
of p-aminobenzoic acid in solutions containing 0.1 M phosphate buffer. 
As was observed in water, benz&aine degradation was most rapid at pH 
11 and slowest at pH 7; good agreement existed between benzocaine loss 

0.01 I I I I I I I 
2.9 3.0 3.1 3.2 3.3 3.4 

I IT ,  OK-' x lo3 

Figure 3-Arrhenius plot of benzocaine stability in 0.1 M phosphate 
buffer (pH 7). 
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Table IV-Observed and Predicted Valuea for Benzocaine Stability at pH 7 in 0.1 M Phosphate Buffer * 

Temperature 1/T, Time for Time for 
( t ) ,  “C OK-’ x 103 k , hr-’ log k 10% Degradation, hr 50% Degradation, hr 

40 
60 
70 
25 
25 

3.195 
3.003 
2.915 
3.356 

0.0136 -1.866 
0.0376 -1.425 
0.0586 -1.232 
0.0051 -3.295 
0.0057 -2.444‘ 

7.75 
2.80 
1.80 

20.78 
18.49* 

50.96 
18.44 
11.82 

136.70 
121.60‘ 

~~ 

Frequency factor ( A )  = 2.35 X lo7 hr-l. Activation energy (E.) = 5.217 kcal/mole. From Arrhenius plot, based on data at 40.60, and 70°C. 

and p-aminobenzoic acid appearance. However, a t  all three pH values, 
the degradation rate was slower in phosphate buffer than in water. 
Half-lives for the loss of benzocaine in the presence of 0.1 M phosphate 
were 17.7 hr at pH 11,115 hr at pH 2, and 180 hr at pH 7. Thus, benzo- 
caine was approximately 1.3 (pH 7), 7.3 (pH 2), and 8.0 (pH 11) times 
more stable in phosphate buffer than in nonbuffered solutions of 
equivalent pH (Table 111). The reason for the protective effect of phos- 
phate ion is unknown. However, increasing the phosphate buffer con- 
centration from 0.1 to 0.5 M while maintaining a constant ionic strength 
with sodium chloride did not alter the degradation rate at room tem- 
perature and pH 7. 

Benzocaine stability was studied at 25, 40, 60, and 70°C in 0.1 M 
phosphate buffer a t  pH 7.0. An Arrhenius plot (15) constructed by 
plotting the apparent first-order rate constants obtained as a function 
of the inverse of temperature (“K) is shown in Fig. 3. Extrapolation of 
the elevated temperature data to room temperature (25OC) results in a 
predicted first-order rate constant of 0.0057 hr-l , which compares fa- 
vorably with the rate constant of 0.0051 hr-’ observed at  room temper- 
ature (Table IV). 

DISCUSSION 

Various analytical methods were employed in previous stability studies 
of benzocaine. These methods suffer from several deficiencies, including 
the inability to quantitate or separate the primary degradation product 
of benzocaine and the lack of a chromatographic step to separate ben- 
zocaine from other potentially interfering materials. The potential in- 
terference of p-aminobenzoic acid in the methods used in some previous 
stability studies ( 1 , l l )  has been discussed (13). The official assay (16) 
employs a diazotization titration and hence may not be specific for ben- 
zocaine alone. The assay described here is rapid and precise and allows 
simultaneous quantitation of benzocaine and its primary degradation 
product, p-aminobenzoic acid. This capability allows for the continuous 
monitoring of mass balance during stability studies and precludes non- 
specific losses such as loss into packaging materials. 

The new assay has been used to study several stability characteristics 
of benzocaine, including the effects of pH, temperature, and phosphate 
ion. Benzocaine degradation is both acid and base catalyzed but is much 
slower in the presence of phosphate ion. First-order kinetics are observed 
in all cases. Studies a t  elevated temperatures indicate that benzocaine 
obeys the Arrhenius equation. Degradation rates a t  room temperature 
agree with those predicted from elevated temperature studies. 

Essentially all of the benzocaine lost due to degradation can be ac- 
counted for by the appearance of p-aminobenzoic acid; hence, p-ami- 

nobenzoic acid appears to be the only significant degradation product 
under the study conditions used. 

The sensitivity of this assay is -0.7 Bg/ml for benzocaine and -0.3 
pg/ml for p-aminobenzoic acid. The sensitivity can be enhanced fourfold 
if a multiple-wavelength detector is used at  294 nm or if the injection 
volume is increased. 

The method described here suffers from no known interference and 
is applicable for the content uniformity and quality control of products 
containing benzocaine. This rapid assay is good for the evaluation of raw 
materials and employs basic equipment found in most analytical labo- 
ratories. 
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Abstract  Improved methods were developed for the preparation of 
enteric-coated microcapsules for tableting by a spray-drying technique, 
and the drug release behavior from the tableted microcapsules was in- 
vestigated using a disintegration apparatus and a new in uitro method 
of simulating the GI tract. As a model system, ammonium solutions of 
sulfamethoxazole and cellulose acetate phthalate were spray dried using 
a centrifugal wheel atomizer a t  140'. Additives such as colloidal silica, 
montmorillonite clay, and talc were included in the formulations for spray 
drying. The influence of the additives on the particle diameter, density, 
packing properties, and compressibility of the product and on the release 
characteristics of the resultant tablet in uitro were investigated. The 
additives in the formulations greatly improved the flow properties of the 
spray-dried products, which could be tableted easily. Products from the 
nonadditive formulations could not be tableted due to their poor flowa- 
bility. The hardness and disintegration rate of the tablet increased with 
increasing concentration of additives in the formulations. X-ray analysis 
and IR spectroscopy confirmed that the crystals of sulfamethoxazole in 
the spray-dried microcapsules with cellulose acetate phthalate were 
converted from Form I to Form 11. In uitro release characteristics of the 
tablets were studied using a disintegrator (JP) in buffer solutions (pH 
1.2 and 7.5) and distilled water. Enteric action of the spray-dried products 
was proved by comparison with the original nontreated powders. The 
additives in the tablet increased the release rate a t  the initial stage in all 
dissolution media used. A new in uitro release simulator was devised 
consisting of a flow-type dissolution container in which the pH of the 
medium was changed continuously from 1.2 to 7.0 to simulate the pH 
change of tablets exposed to the GI tract. 

Keyphrases Microcapsules-preparation of enteric-coated micro- 
capsules for tableting by a spray-drying technique, drug release from 
tableted microcapsules o Tablets-preparation of enteric-coated mi- 
crocapsules for tableting, drug release from tableted microcapsules 0 
Dissolution-tableted enteric-coated microcapsules 

Spray-drying techniques have been used widely for 
drying heat-sensitive foods, pharmaceuticals, and other 
substances because of the rapid evaporation of the solvent 
from the droplets. Interest has been renewed in this 
technique for the preparation of agglomerates or micro- 
capsules of pharmaceuticals. Speiser et al. (1) prepared 
microcapsules of barbituric acid employing a spray poly- 
condensation method. Kawashima and Takenaka (2) 
produced sustained-action antacid tablets by compressing 
spray-dried microcapsules of magnesium carbonate. The 
successful results from these studies emouraged further 
development of this technique for preparation of a new 
dosage form. 

One objective of the present study was to prepare en- 
teric-coated microcapsules of sulfamethoxazole efficiently 
by a spray-drying technique instead of by a phase sepa- 
ration method (3). Proper formulation and spray-drying 
conditions were sought for producing microcapsules with 
enteric action that meet the requirement for tableting. 
Another objective was to devise a new in vitro simulator 
for the GI tract to evaluate the enteric action of the tablet 
prepared by compressing the spray-drikd products. 

/___c._--- ---- ---+ 
. . - . . . - . . . . .. . 

--.+ .. jq E 

Figure 1-Apparatus for a new in vitro release simulator. Key: A,  al- 
kaline solution supplier; B, roller pump (1.27 mllmin); C ,  modified 
dissolution apparatus; D,  water bath (37'); E ,  receiving reseruoir; F, 
motor (94 rpm);  G,  pH electrode; H ,  heater; I ,  USP basket modified by 
attaching four-blade propeller; J ,  pH meter; K ,  stirrer; and - and - - -, 
polyethylene tube plugged with cotton at initial points. 

EXPERIMENTAL 

Spray-Drying Technique-Sulfamethoxazole' was used as received 
as a model pharmaceutical for microencapsulation or agglomeration. 
Sulfamethoxazole and cellulose acetate phthalate2 (50 g each) were dis- 
solved in 1 liter of 5% NH40H. To this solution were added 0,30, and 50 
g of colloidal silica3, montmorillonite clay", and talc5. Formulations 
without cellulose acetate phthalate also were prepared as a reference for 
testing the enteric action. 

The slurries or solutions were atomized into a drying chamber by a 
centrifugal wheel atomizer a t  40,000 rpm. The drying chamber was 
maintained a t  140 f 10'. The dried products were collected by a cyclone 
collector. 

Measurement of Physicochemical Properties-The particle size 
of the spray-dried products was measured by a photographic counting 
method using a particle-size analyzer6. Packing properties and particle 
density were measured by a tapping powder method and with a he- 
lium-air comparison pycnometer7, respectively. The surface topography 
of the spray-dried particles coated with gold was investigated with a 
scanning electron microscope8. To analyze the crystalline form of sul- 
famethoxazole in the spray-dried products, X-ray diffraction patternsg 
and IR spectralo were obtained. 

Dissolution Test of Tablets Prepared from Spray-Dried Prod- 
ucts-Spray-dried products with additives and the mixtures with mi- 
crocrystalline cellulose11 (1:l) were tableted using a single-punch tablet 
machine. The dimensions and weights of 10 tablets were measured. The 
hardness of the tablets was measured by a moving platen-type hardness 
testerI2. Tablet hardness is presented as average values. 

The dissolution test of a tablet was undertaken using the JP IX dis- 
integration apparatus and the specified disintegration test solutions (pH 
1.2 and 7.5) and distilled water a t  37'. Tests also were conducted with 
a new ih uitro release simulator (Fig. I )  with a flow-type dissolution 
container in which the pH of the medium was changed continuously to 
simulate the pH change on the surface of the tablets exposed in the GI 
tract. 

Shionogi Pharmaceutical Co., Japan. * Kishida Chemical Co., Japan. 
Japan Aerosil K.K., Japan. 
Veegum-K, R. T. Vanderbilt Co. 

5 Matsumura Sangyo Co., Japan. 
6 Karl Zeiss TGZ-3. 

Model 1302, Micromeritics Instrument Co. 
3 Nihon Denshi JMS-S1. 
9 Nihon Denshi JDX. 

Nihon Denshi DS-403G. 
I' Asahi Kasei Kogyo K.K.. Japan. 

Kyowa Seiko K.K., Japan. 
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Table I-Micromeritic Properties of Powdered and Tableted Spray-Dried Products a 
~ ~~ ~ 

Montmorillonite 
ProDertv Clav Colloidal Silica Talc No Additive 

With Cellulose Acetate Phthalate 
Weight of additive, g 30 50 30 50 30 50 

S,, cm2/g 4947 3386 3190 2498 2986 4126 2159 
P,  g/cm3 1.38 1.39 1.50 1.50 1.50 1.50 1.25 
a 0.29 0.32 0.14 0.06 0.36 0.31 0.37 
b 0.05 0.08 0.07 0.12 0.05 0.05 0.07 

- 
D a w  w 8.8 12.8 12.8 15.9 13.4 9.9 22.2 

c 
H ,  kg 

0.12 0.05 0.07 0.07 0.19 0.16 - 
3.7 24.2 2.2 12.4 1.1 2.3 - 

Without Cellulose Acetate Phthalate 
Weight of additive, g 30 30 50 30 50 
D a w  pm 8.1 7.1 3.6 3.5 8.8 
S,, cm2/g 4619 5093 9898 10,988 3940 
P,  g/cm3 1.61 1.66 1.68 1.55 1.72 
a 0.31 0.13 0.16 0.39 0.45 
b 0.06 0.13 0.07 0.07 0.09 
c 0.21 0.63 0.45 0.31 0.32 
H. ke 8.7 45 - 2.27 3.77 

~ ~ 

Key: D,,, geometric mean diameter; S,, specific area measured by air permeability method; p,  porosity of tablet; and H, hardness of tablet. 
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Figure 2-Scanning electron microscopic photographs of spray-dried products. Key: A-1 and A-2, spray-dried products prepared from formulations 
containing cellulose acetate phthalate (50g); B-1 and B-2, spray-dried products prepared from formulations containing cellulose acetate phthalate 
(50 g )  and colloidal silica (50 g);  and C-1 and C-2, spray-dried products prepared f rom formulations containing colloidal silica (50g). 
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Figure 3-X-ray diffraction patterns of original and spray-dried sul- 
famethoxazole. Key: A, Form I ,  original sulfamethoxazole; B,  Form I I ,  
sulfamethoxazole recrystallized in water at  dry ice-acetone tempera- 
ture; C ,  spray-dried products prepared from formulations containing 
cellulose acetate phthalate (50 g )  and colloidal silica (50 g ) ;  and D, 
spray-dried products prepared from formulations containing talc (50 
R ) .  

The test was carried out by placing a tablet in the basket specified in 
the USP dissolution apparatus, which was modified by attaching a 
four-blade propeller. This basket was set 1.0 f 0.2 cm from the bottom 
of the container and was rotated at 94 rpm. The pH 1.2 medium (300 ml) 
was introduced into the dissolution apparatus, followed by the addition 
of the alkaline medium (pH 7.5) at a rate of 1.27 mumin. Simultaneously, 
the agitated dissolution medium was removed at  the same rate to a res- 
ervoir using a rotating-type pump13. With this technique, the volume of 
medium in the container was held to 300 ml and the pH of the medium 
was changed continuously from 1.2 to 7.0. This pH change corresponds 
to that of the GI tract. The pH change in the dissolution medium was 
monitored by a pH meter placed in the dissolution medium. 

Aliquots of 2 ml of the dissolution medium in the apparatus and the 
reservoir were sampled at prescribed intervals through a pipet plugged 
with cotton and were filtered through a Millipore filter (0.3 pm). Aliquots 
of distilled water (same volume and temperature) were added immedi- 
ately to the dissolution apparatus to keep the volume of the dissolution 
medium in the container constant during the test. The concentration of 
dissolved sulfamethoxazole in the medium was determined spectro- 
photometrically at a suitable UV region using a double-beam spectro- 
photometer 14. 

RESULTS AND DISCUSSION 

Physicochemical Properties of Spray-Dried Products-The size 
distribution of the spray-dried particles was described in log-normal form. 
The geometric mean diameter ranged from 3.6 to 22.0 pm. The formu- 
lations including cellulose acetate phthalate and the additives yielded 
smaller products than the formulations without the additives. The 

'3 Fume Science Co.,  Japan. 
l4 Hitarhi model 556. 

-' ' 
3400 3000 2600 1600 1400 1200 1000 000 

WAVE NUMBER, cm-' 

Figure 4-IR spectra of original and spray-dried sulfamethoxazole. 
Key: A, Form I ,  original sulfamethorazole; B, Form II, sulfamethoxazole 
recrystallized in water at dry ice-acetone temperature; C ,  spray-dried 
products prepared from formulations containing cellulose acetate 
phthalate (50g)  and colloidal silica (50g); and D,  spray-dried products 
prepared from formulations containing talc (50 g ) .  

products prepared from the formulations with the additives alone became 
smaller compared to the others (Table I). 

Scanning electron microscopic photographs of the spray-dried products 
are shown in Fig. 2. The surfaces of the products prepared from the 
nonadditive formulations were covered with flake-like crusts (Fig. 2A). 
When the additives were added to the formulations, no flakes appeared, 
and the surface had an orange peel texture (Fig. 2B). Figure 2C shows an 
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Figure %Release patterns of tablets without microcrystalline cellulose 
in various media. Key: 0, distilled water; A, pH 1.2; and 0, pH 7.5. The 
additive was 30 g of colloidal silica. 
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Figure 6-Drug release patterns of tablets without cellulose acetate 
phthalate and microcrystalline cellulose and with varying amounts of 
colloidal silica in various dissolution media. Key: 0,  30g,  p H  1.2 me- 
dium; 0 , 5 0 g , p H  1.2medium; ~ , 3 0 g , p H  7.5medium; o , 5 0 g , p H  7.5 
medium; A, 30g,  distilled water; and A, 50g ,  distilled water. 
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Figure 8-Drug release patterns of tablets containing microcrystalline 
cellulose with varying amounts of colloidal silica in uarious dissolution 
media. Key: 0,Og,pH1.2medium; .,30g,pH1.2medium; O,Og,pH 
7.5 medium; .,30g, p H  7.5 medium; 0 ,  Og, distilled water; and +, 30 
g, distilled water. T h e  original powder also was dissolved in pH 1.2 ( A )  
and 7.5 (A) media. 

image of the product with the additives alone, which seems to be an ag- 
glomerate 
are adsorbed onto the surface. 

mulations with cellulose acetate phthalate alone (Fig. 2A) suggests that 
their particle density and packing property differ from those ofthe other 
formulations. It was assumed that these products might be lighter than 
those with the additives. This assumption was proved by the particle 
density data given in Table I. The products including the additives alone 

products in a tapped graduated cylinder was represented by (4): 

spray-dried products including the additives was improved with in- 
creasing amounts of the additives, as indicated by their greater hardness 

taining colloidal silica and montmorillonite clay (Table I). 
The crystalline forms of the spray-dried products were investigated 

by X-ray diffraction analysis and IR spectroscopy~ The IR spectra and 
X-ray diffraction patterns of the untreated original sulfamethoxazole 
used in the present study identified the crystals as Form I, as defined 
previously (5). The peaks in the X-ray diffraction patterns of the 

(Fie. 3). This finding indicated that some sulfamethoxazole crystals were 

Of lobes’ Many sulfamethoxazole crystals 

The characteristic bulkiness of the spray-dried product frorn the for- and porosity. This trend appeared with the ‘On- 

had a higher particle density. The packing process, of the spray-dried spray-dried were less intense than,those ofthe 

(Eq. 1) 

(Eq. 2 )  

converted to a disordered form due to rapid crystallization. 
In the patterns of the products with cellulose acetate phthalate, re- 

eardless of whether the additives were included. fairlv characteristic 

where b is a constant, n is the number of taps, VO is the volume of powder 
in a measuring cylinder at the loosest packing, and Vn is the volume after 
the nth tapping. The parameter a in Eq. 1 for the products without ad- 
ditives was found to be larger than that of the particles with montmo- 
rillonite clay and colloidal silica. This finding indicates that the particles 
with the additives might be packed more easily since a corresponds to 
the proportion of consolidation at  the closest packing attained. 

Tablets could not be made directly by compressing the products 
without the additives due to their poor flowabilities. The products in- 
cluding the additives were tableted easily. compressibility of the 
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Figure 7-Percentage of drug release as a function of the square root 
of the residence t ime with and without cellulose acetate phthalate, 
without microcrystalline cellulose, and with varying amounts of colloidal 
silica in various dissolution media. Key for formulations with cellulose 
acetatephthalate: 0 , 5 0 g , p H  1.2medium; 0 , 3 0 g , p H  7.5 medium; ., 
50 g, p H  7.5 medium; and A, 30 g, distilled water; 0 represents a for- 
mulation without cellulose-acetate phthalate and containing 50 g of 
colloidal silica in  a p H  7.5 medium. 

peaks of Form I1 appeared. Form I1 was prepared as a ieference by re- 
crystallization in water at dry ice-acetone temperature (Fig. 3). The X-ray 
diffraction patterns of the products with colloidal silica and montmo- 
rillonite clay proved that they were Form I. The patterns of the products 
with talc exhibited peaks of both Forms I and 11, indicating that they were 
a mixture. 

The polymorphic forms of the spray-dried products also were con- 
firmed by their IR spectra (Fig. 4). The spray-dried products with cel- 
lulose acetate phthalate exhibited the characteristic bands of Form I1 
at  3080,2990, and 1640 cm-l, which did not appear in the spectrum of 
Form I. Differences in the spectra from Form I also were found at  1395, 
1330,1150, and 750 cm-’. When cellulose acetate phthalate was excluded 
from the formulations, the spectra of the spray-dried products changed 
to those of Form I. Spectra of the products with talc exhibited the intense 
bands at  3300 and 3150 cm-1 and several characteristic bands of Form 
11. This result suggests that the products with talc contain Forms I and 
11. 

It has been suggested that polymorphism in sulfonamides may be 
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Figure 9-Drug release (closed symbols) and pH change (open symbols) 
patterns in  a flow-type simulator for formulations containing uarying 
amounts of colloidal silica. Key for formulations containing cellulose 
acetate phthalate: 0,  0, Og; A, A, 30g; and W ,  0 , 5 0 g .  The  formulation 
without cellulose acetate phthalate and containing 50g of colloidal silica 
is represented by +, 
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Figure 10-Drug release (closed symbols) and p H  change (open sym- 
bols) patterns in a flow-type simulator for formulations containing 
varying amounts of additiues. Key for formulations with cellulose ace- 
tate phthalate: 0, 0 , 5 0 g  of talc; A, A, 50g of montmorillonite clay; and 
D, 0, no additioe. Key for formulations without cellulose acetate 
phthalate: +. Sr. 30g of talc; and +, 0 ,  30g of montmorillonite clay. 

brought about due to the intermolecular hydrogen bonding (6 ,7) .  Hy- 
drogen bonding in the alkaline solutions used might be attained mainly 
by the interaction between the hydrogen of the p-amino group and the 
oxygen of the S-0 group in the sulfamethoxazole molecule. Furthermore, 
cellulose acetate phthalate molecules might influence the way in which 
the sulfamethoxazole molecules associate in the solution. This effect was 
confirmed by the fact that the products from the simple formulations 
without cellulose acetate phthalate or the additives exhibited Form I but 
not Form 11. Such a polymorphism might make the drug metastable, but 
it could improve solubility. 

Dissolution Behavior of Tablets in Disintegration Apparatus- 
Dissolution patterns of the tablets of the spray-dried products with col- 
loidal silica and cellulose acetate phthalate in the disintegration test 
solutions (pH 1.2 and 7.5) and distilled water were determined using a 
disintegration apparatus (Fig. 5). The dissolution curves in the alkaline 
solution were distinguished by their much faster release rate from those 
in the other media used due to the enteric-coating action of the cellulose 
acetate phthalate contained in the tablet. Although the initial release rate 
in the acidic solution was faster than in distilled water, the slope of the 
release curve became almost identical a t  the later stage. In the alkaline 
solution, the tablets were gradually disintegrated to  fine particles and 
a few small pieces; in the acidic media, disintegration did not occur, and 
only the size of the tablet slowly decreased during the dissolution pro- 
cess. 

The dissolution behavior of the tablets prepared from the formulations 
with colloidal silica but without cellulose acetate phthalate is shown in 
Fig. 6. There was less variation in the rate in the three dissolution media 
used. The colloidal silica may have acted as a disintegrating agent due 
to its wettability, which might have resulted in an increased release rate. 
However, when the concentration of colloidal silica in the tablet was in- 
creased, the release rate was decreased significantly, which might have 
been due to a matrix-like structure of the tablet binding strongly with 
colloidal silica. 

These differences in the release behavior of the tablets were explained 
by plotting the data on a semisquare root graph (Fig. 7). In the acidic 
solution and distilled water, all release patterns of the tablets, regardless 
of the formulation, became fairly straight lines after enhanced dissolution 
periods. This finding indicates that the release process a t  the later stage 
obeys the Higuchi model (8)  represented by: 

Q = [D(2A - CS)Cst]’’* (Eq. 3) 

where Q is the amount dissolved per unit area of exposure at time t, A 
is the total amount of drug present in the matrix per unit volume, C, is 
the solubility of the drug in the external phase of the matrix, and D is the 
diffusion constant. When C, << A, Eq. 3 can be transformed to a more 
convenient form to exhibit the release patterns described in Fig. 7 (9): 

C‘, = 100[S,,(2DC,t/A)112] (Eq. 4) 

where C, is the percent of the drug dissolved and S, is the specific surface 
area. In alkaline solution, the release patterns of the tablets with and 
without cellulose acetate phthalate exhibited sigmoid curves and straight 
lines, respectivelv. 

When microcrystalline celluloses were mixed into the spray-dried 
products in a 1:l ratio, tablets could be made even if the products without 
the additives were used. However, the hardness of the tablet was insuf- 
ficient for practical use compared with the tablets containing the addi- 
tives. The dissolution rate of the tablets containing microcrystalline 
cellulose became faster than that of the tablets without it in all dissolution 
media due to their rapid disintegration. The distinct discrepancies of the 
release patterns depended on the type of dissolution medium used (Fig. 
8). The prolonged release in the acidic medium was clearly evident when 
compared to the mixtures of microcrystalline cellulose and original sul- 
famethoxazole. Thus, the effectiveness of the enteric coating of the 
spray-dried products containing cellulose acetate phthalate is proved 
in Figs. 7 and 8. 

In the alkaline medium and in distilled water, the dissolution rate was 
delayed when the additives were included in the formulations. In the 
acidic solution, the release rate of the tablet with the additives was faster 
than for those without them. This result might have been due to the fact 
that  the additives included in the discrete microcapsules could promote 
penetration of the solvent. 

Dissolution Behavior of Tablet  Containing Various Additives in 
a Flow-Type Simulator-Gastric contents do not become alkaline 
merely as a result of passing through the pylorus. The upper small in- 
testine is more likely to be slightly acidic. Thus, to simulate in uiuo action, 
i t  may be desirable to conduct the enteric test in a dissolution medium 
whose pH is changed continuously from 1.2 to 7.0 rather than in a medium 
fixed a t  pH 7.0 or above. Release patterns of tablets prepared from the 
mixtures of microcrystalline cellulose and the spray-dried products 
containing various additives exposed to a medium whose pH changed 
continuously from 1.2 to 7.0 are shown in Figs. 9 and 10. The pH change 
of the medium with residence time followed a sigrnoid curve which varied 
slightly from batch to batch, although the patterns were almost iden- 
tical. 

The release rate of the tablets with cellulose acetate phthalate was 
relatively fast a t  the initial stage, followed by a stage with a decreased 
rate. After the residence time of 70-90 min a t  pH 3.5-5.5, the release rate 
increased rapidly again, which caused an inflection on the release curve. 
It is reasonable to assume that this point corresponds to the starting point 
of the enteric action. By increasing the concentration of colloidal silica, 
the release rate a t  the initial stage (pH values of <3.54.0)  increased due 
to enhancement of the solvent penetrating action by colloidal silica (Fig. 
9). 

The release patterns of the tablets without cellulose acetate phthalate 
were characterized by a smooth convex curve without an inflection point. 
With talc and montmorillonite clay, similar enteric action of the tablets 
containing cellulose acetate phthalate was observed; however, some 
solvent penetration appeared a t  the lower concentrations of these addi- 
tives. A t  the later stage (pH > 5.0), the release rate was more delayed 
compared to that of the additive-free tablets. This result might have been 
due to the fact that  the drug was adsorbed firmly in the pores of the ad- 
ditives, forming a matrix-like structure. 

From these results, it is concluded that the enteric-coating behavior 
of the tablets was more clearly demonstrated by using the flow-type 
simulator and a medium whose pH changed continuously than by 
studying dissolution and disintegration at constant pH values. By this 
technique, it also was possible to detect the pH above which the enteric 
action was overcome. 
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Abstract 0 The preferential adsorption of the protonated form of weak 
bases by montmorillonite causes an increase in the pK,ff of atrazine. The 
effect on the acid-base equilibrium of atrazine is related to the ex- 
changeable cation on the surface of montmorillonite. The greatest effect 
was produced by the presence of 3-hydroxypropylammonium-saturated 
montmorillonite, which caused the pK,n of atrazine to increase 5.3 units 
to 6.9. This shift in pK,ffcauses the protonated form of atrazine to be the 
predominate species in the pH range encountered in the GI tract and 
should result in a high degree of adsorption of atrazine. Fraction-bound 
studies confirmed this hypothesis by demonstrating virtually complete 
adsorption of atrazine by 3-hydroxypropylammonium-saturated 
montmorillonite up to pH 6. The fraction-bound studies also verified that 
protonated atrazine is adsorbed more completely by 3-hydroxypro- 
pylammonium-saturated montmorillonite than by bentonite USP or 
sodium-saturated montmorillonite. I t  is believed that saturation of the 
clay surface by an organic cation alters the surface environment of the 
clay, which results in enhanced adsorption of the protonated form of 
atrazine. The potential utility of montmorillonite saturated with an or- 
ganic cation as an adsorbent for the emergency treatment of poisoning 
by weak bases is suggested. 

Keyphrases 0 Montmorillonite-saturation with organic cations for 
potential treatment of poisoning by weak bases Adsorbents-mont- 
morillonite saturated with organic cations, potential treatment of poi- 
soning by weak bases Poisoning-weak bases, potential treatment with 
organic cation-saturated montmorillonite 

A major limitation in the use of clays as adsorbents in 
the treatment of poisoning is that their strongest adsorp- 
tion mechanism is chemisorption of cations due to the 
negative charge of clays arising from isomorphous sub- 
stitution (1). Clays such as montmorillonite have a high 
adsorptive capacity for cations but do not interact strongly 
with neutral molecules (2). Thus, weak bases, which con- 
stitute a large chemical class of potential poisons, are well 
adsorbed by montmorillonite if the pK is high so that the 
protonated form of the weak base is present in the pH 
range encountered in the GI tract. However, montmoril- 
lonite is a less effective adsorbent if the pK of the weak 
base is low since these weak bases then exist as neutral 
molecules in the GI tract. 

It was observed recently that the first acid-base equi- 
librium of tetracycline was displaced in the presence of 
montmorillonite while the second and third acid-base 
equilibria were not altered (3). The presence of montmo- 
rillonite thus caused the protonated form of tetracycline 
to be present in a montmorillonite suspension over'a wider 
pH range than occurs in an aqueous solution. As a result, 
adsorption of tetracycline by montmorillonite occurred 
over a wider pH range than was expected based on solution 
pK values. The nature of the exchangeable cation in- 
fluenced the magnitude of the shift in the first acid-base 
equilibrium of tetracycline (4). For example, sodium-sat- 
urated montmorillonite caused a greater shift than did 
calcium-saturated montmorillonite. 

I t  was hypothesized that montmorillonite that was 
specially treated to replace the naturally occurring inor- 
ganic cations with an organic exchangeable cation might 
have a desirable effect on the acid-base equilibrium of 
weak bases. 3-Hydroxypropylammonium hydrochloride 
was chosen as the organic cation because it is a cation in 
the pH range of interest and is relatively small. 

Atrazine (2-chloro-4-ethylamino-6-isopropylamine- 
s-triazine) was chosen as a model weak base because it was 
expected to be neutral in the pH range of the GI tract due 
to its pK of 1.64 (5). 

EXPERIMENTAL 

Materials-Atrazine' and bentonite USP2 were obtained commer- 
cially. Montmorillonite (Wyoming bentonite) was a reference standard3. 
The presence of organic matter in the bentonite USP sample was es- 
tablished by the peroxide method (6). Thirty milliliters of 30% Hz02 was 
added to 15 ml of a 1% clay suspension and heated in a steam bath for 15 
min. The treated clay was centrifuged along with an untreated reference 
suspension. The presence of organic matter was indicated when the color 
of the sample sediment was significantly lighter than the reference 
sediment. 

Metal-ion analysis by atomic absorption spectrometry4 was used to 
identify the exchangeable cations in the bentonite USP, and X-ray dif- 
fraction5 was used to identify the nonclay components. 

Sodium-saturated montmorillonite was prepared by washing a 2% 
montmorillonite suspension with 1 M NaCl. The washing procedure was 
repeated five times, and excess salt was removed by repeated washing 
with water until the addition of silver nitrate to the supernate gave a 
negative chloride test. 

Calcium-saturated montmorillonite was prepared in the same manner 
using 1 M CaClz as the exchanging solution. 
3-Hydroxypropylammonium-saturated montmorillonite was prepared 

similarly using a 1 M 3-hydroxypropylammonium hydrochloride solution 
as the exchanging solution. 

T o  confirm that 3-hydroxypropylammonium was the exchangeable 
cation after the washing procedure, the following comparison was made. 
Since ammonium washing is commonly used to remove calcium from 
montmorillonite (7), the amount of calcium exchanged by washing cal- 
cium-saturated montmorillonite with l M ammonium acetate was 
compared to the amount of calcium replaced by washing an identical 
aliquot of caicium-saturated montmorillonite with 1 M S-hydroxypro- 
pylammonium chloride. Two aliquots of a 2% calcium-saturated mont- 
morillonite suspension were washed five times with either 1 M ammo- 
nium acetate or 1 M 3-hydroxypropylammonium chloride. Following 
centrifugation, the calcium content of the pooled supernate from all five 
washings was determined by atomic absorption spectromet$. Complete 
exchange of calcium by 3-hydroxypropylammonium chloride was indi- 
cated by the recovery from three individually tested clay samples of 72.9 
f 2.5 mEq of Ca2+/100 g following ammonium acetate washing and 69.8 

Ciba-Geigy Corp., Ardsley, N.Y. 
R. F. Revson and Co., New York, N.Y. 

3 Clay Mineral Repository, Department of Geology, University of Missouri, 
Colorado, Mo. 

Germany. 

' Techtron 6, Varian Associates, Palo Alto, Calif. 
Siemens AG Kristalloflex 4 generator, type F diffractometer,Karlsruhe, West 
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Figure 1-Acid-base titration of atrazine in clay suspensions. Key: 8, 
aqueous solution; 0,  bentonite USP; m, sodium-saturated montmoril- 
lonite; and 0 ,  3-hydrorypropylammonium-saturated montmoril- 
lonite. 

f 3.1 mEq of Ca2+/100 g following 3-hydroxypropylammonium chloride 
treatment. 
UV Spectroscopic Titrations-Displacement of the pK of atrazine 

in clay suspensions was determined by spectroscopic titration. The pK,ff 
and the partial molar Gibbs free energy change upon addition of the clay, 
ACi, for atrazine and atrazine-Hf were calculated from the spectroscopic 
titration curve using the procedure of Feldkamp and White (8). 

The UV spectra of the protonated and neutral forms of atrazine show 
the greatest difference in absorbance a t  223 nm. Thus, titration curves 
were constructed by preparing a series of atrazine-clay suspensions 
containing 5 mg of atrazine and 200 mg of clay/liter a t  different pHb (bulk 
pH) conditions and determining the absorbance a t  223 nm. 

Titration of atrazine in aqueous solution was done using the same 
procedure except that  the clay was omitted. 

Adsorption Studies-The fraction of atrazine bound by the clay a t  
different pHb conditions was determined using the samples from the 
spectroscopic titration experiment. A sample of each suspension was 
centrifuged, and 15 ml of supernate was collected. Sufficient hydrochloric 
acid was added to ensure that all of the atrazine was in the protonated 
form (pHb = 0.5). The absorbance was measured a t  223 nm. 

The fraction of atrazine bound, f ,  was calculated from: 

(Eq. 1) 

where A0 is the absorbance of an atrazine solution (5 mghter) containing 
only the protonated form of atrazine, A, is the absorbance of the sample 
supernate, and A, is the absorbance of the reference supernate. 

RESULTS AND DISCUSSION 

The effect of bentonite USP, sodium-saturated montmorillonite, and 
3-hydroxypropylammonium-saturated montmorillonite on the acid-base 
equilibrium of atrazine is shown in Fig. 1. In aqueous solution, the pK 
of atrazine was found to be 1.64, which agrees with previously reported 
values (5) .  

In general, pK,n and AC, depend on the composition of the system, 
1 e., pH, ionic strength, temperature, pressure, other solutes, and con- 
centration. Therefore, the reported values for p k f f  and AC, represent 
average values over the pH range of interest. 

The presence of bentonite USP caused the titration curve of atrazine 
to shift to higher pH values, indicating that the protonated form of 
atrazine interacts with the clay to a greater extent than does the neutral 
form of atrazine. This interaction caused a shift in the apparent disso- 
ciation constant, pK,", of atrazine. The magnitude of the interaction of 
each species of atrazine with the clay can be characterized by AC, (8). 

As seen in Table I, the apparent dissociation constant of atrazine in- 
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Table I-Effect of Bentonite USP, Sodium-Saturated 
Montmorillonite, and  3-Hydroxypropylammonium-Saturated 
Montmorillonite on the Acid-Base Equilibrium of Atrazine 

ACBH+, kcal/ ACE, kcal/ 
Sample PKeff mole mole 

Aqueous solution 1.64 
Bentonite USP 2.80 - 

- - 
.1.46 4 

suspension 
Sodium-saturated 4.40 -3.61 -0 

montmorillonite. 
suspension 

nium-saturated 
montmorillonite 

3-Hydroxypropylammo- 6.90 -7.21 4 

creased from 1.64 to 2.80 in the presence of bentonite USP. The change 
in the partial molar Gibbs free energy of the protonated form of atrazine 
was - 1.46 kcal/mole, indicating that this species of atrazine interacted 
with the clay. In contrast, virtually no interaction occurred between the 
neutral atrazine molecule and the clay since ACE was approximately 
zero. 

The acid-base equilibrium of atrazine was affected more strongly by 
sodium-saturated montmorillonite. The value of p&ff increased by al- 
most 3 units, reflecting the increased interaction of the protonated form 
of atrazine with the sodium-saturated montmorillonite (Table I). 

Although bentonite USP is predominantly a sodium-saturated 
montmorillonite (9, lo), the effect of bentonite USP on the acid-base 
equilibrium of atrazine was not as great as that produced by sodium- 
saturated montmorillonite. The sample of bentonite USP contained 
sodium as the major exchangeable cation, although 7.1 and 2.7% of the 
exchange capacity was satisfied by calcium and magnesium ions, re- 
spectively. In addition, X-ray diffraction showed the presence of quartz, 
gypsum, and calcite, while the peroxide test indicated the presence of 
organic material. 

Thus, the smaller effect of bentonite USP on the acid-base equilibrium 
of atrazine may be due to the screening effect of the divalent exchangeable 

A 
ATRAZINE-H' 

looK 7 
50t K ATRAZINE 

2 4 6 a 1 0  

!- 

50 ATRAZINE-H+ 

a 
v) 

c t x ATRAZINE 

ATRAZINE-H* ATRAZINE 50i-AL 2 4 PHb 6 8 10 

Figure 2-Distribution of ionic species of atrazine in clay suspensions 
based on pK,//. Key: A, aqueous solution; NaM, bentonite USP sus- 
pension; and 3-HAM, 3-hydronypropylammonium-saturated mont- 
morillonite. 



1 3 6 7 9 11 
pHb 

Figure 3-Effect of p H b  on the fraction of htrazine bound, f, in clay 
suspensions. Key: 0, bentonite USP; m, sodium-saturated montmo- 
rillonite; and 0, 3-hydroxypropylammonium-saturated montmoril- 
lonite. 

cations. It also is possible that the organic material in bentonite USP 
reduces the protonated atrazine-clay interaction. Similar findings were 
reported by Feldkamp ( l l ) ,  who observed a reduced ability of charged 
sites to interact with the protonated form of bases in soils containing 
organic matter. 

The presence of 3-hydroxypropylammonium-saturated montmoril- 
lonite produced the greatest effect on the acid-base equilibrium of 
atrazine. The pK,n of atrazine in a 3-hydroxypropylammonium-satur- 
ated montmorillonite suspension was 6.9, an increase of more than 5 units 
in comparison to the pK of atrazine. This shift was caused by the strong 
interaction of the protonated form of atrazine with the 3-hydroxylpro- 
pylammonium-saturated montmorillonite, as evidenced by the magni- 
tude of A?&+ and the virtual absence of any interaction of atrazine with 
the specially treated clay (Table I). 

The interaction of atrazine with the clay surfaces caused a substantial 
shift in p k f f ,  which resulted in an altered distribution of the protonated 
and neutral forms of atrazine. Figure 2 demonstrates the dramatic shift 
in the pH region in which the protonated form of atrazine predominated 
due to the presence of 3-hydroxypropylammonium-saturated montmo- 
rillonite. 

The changes in the acid-base equilibrium of atrazine in the presence 
of bentonite USP, sodium-saturated montmorillonite, or 3-hydroxy- 
propylammonium-saturated montmorillonite. resulted in dramatic 
changes in the adsorption profde of atrazine (Fig. 3). Bentonite USP and 
sodium-saturated montmorillonite both adsorbed 4 0 %  of the atrazine, 
although the maximum adsorption occurred at  a higher pHb (2.6) for 
sodium-saturated montmorillonite than for bentonite USP (2.0). The 
fraction of atrazine bound by 3-hydroxypropylammonium-saturated 
montmorillonite approached 100% at pHb values up to 5. 

The pHb of maximum adsorption of atrazine reflects the pK,a of 
atrazine in the presence of each clay. At low pHb conditions, both protons 
and protonated atrazine cations compete for the negatively charged sites 
on the clay surface. The pHb of maximum adsorption occurs when the 
interaction of protonated atrazine with the clay surface predominates. 
At  pHb conditions favoring the formulation of the neutral atrazine species 
based on pI<Bff, the fraction bound curves decreased. Virtually no ad- 
sorption occurred at higher pHb conditions, where the unionized atrazine 
would predominate. This observation confirms that A i 7 ~  is virtually zero 
as reported in Table I. 

The fraction-bound study also suggests that saturation of montmo- 

rillonite with an organic cation such as 3-hydroxypropylammonium in- 
creases the interaction between the protonated form of atrazine and the 
clay. It is believed that the 3-hydroxypropylammonium cation induced 
a highly diffuse, electrical double layer a t  the surface of montmorillonite. 
Thus, 3-hydroxypropylammonium was less effective than sodium in 
countering the negative surface charge of montmorillonite. 

A number of factors may be responsible for this effect. The distribution 
of the electrostatic charge on the organic cation might render it less ef- 
fective than sodium in satisfying the surface charge. Geometric consid- 
erations also may prevent effective balancing of the surface charge by 
the organic cation. 

It is not surprising that the protonated form of atrazine was able to 
replace the exchangeable cations in montmorillonite since large organic 
cations are adsorbed by van der Waals forces in addition to electrostatic 
forces (1). Hendricks (12) reported that large organic cations adsorbed 
by montmorillonite were nearly impossible to replace by smaller cat- 
ions. 

In addition to the formation of a highly diffuse, electrical double layer, 
the strong interaction of atrazine with 3-hydroxypropylammonium- 
saturated montmorillonite may be enhanced by a surface environment 
that is highly compatible with protonated atrazine. This is possible if the 
exchangeable organic cation induces a structured environment at the clay 
surface in which the polarity of the surface phase is similar to the polarity 
of protonated atrazine. As a consequence, protonated atrazine will exhibit 
a greater preference for the clay phase than for the solution phase. 

Surface modification of montmorillonite through organic cation sat- 
uration may have an important therapeutic application in the treatment 
of poisoning. For weak bases with low pK values, the uncharged base 
should exist throughout the small intestine where systemic absorption 
is most likely. Conventional clay adsorbents such as bentonite USP do 
not strongly interact with neutral molecules and, therefore, are not ef- 
fective in treating poisoning by weak bases. However, when montmoril- 
lonite is saturated with an organic cation such as 3-hydroxypropylam- 
monium, the fraction of weak base bound and the pHb range over which 
adsorption takes place should be greatly increased. Evaluation of the 
toxicity of small organic cations that may serve as exchangeable cations 
in montmorillonite may lead to the development of organic cation-sat- 
urated montmorillonite, which may prove valuable in the treatment of 
poisoning by weak bases. 
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Abstract A high-pressure liquid chromatographic assay for carboprost 
tromethamine as the bulk drug and in a sterile solution formulation is 
described. The procedure involves derivatization of the prostaglandin 
to form the IIV-ahsorhing naphthacyl ester, which then is chromato- 
graphed on a silica gel column using met hylene chloride-1,3-butane- 
diol-water (496:4:0.25) as the mobile phase. This procedure is compared 
with a nonderivatization procedure with refractive index detection. Both 
procedures separate the 15R-epimer of carboprost from carboprost, hut 
only the derivatization procedure separates the 5-trans-isomer of car- 
boprost. Possihle reasons for the better separation using the derivatiza- 
tion procedure are discussed. Both procedures gave a coefficient of 
variation of -1% for carhoprost. The derivatization procedure gave a 
coefficient of variation of -7% for the 15R-epimer and 5-trans-isomer 
when present at 2% of the carhaprost level. 

Keyphrases Carboprost-comparison of high-pressure liquid chro- 
matographic assays with and without derivatization 0 High-pressure 
liquid chromatography -analysis, carhoprost, comparison of procedures 
with and without derivatization Prostaglandins-carboprost, high- 
pressure liquid chromatographic analysis, comparison of procedures with 
and without derivatization 

Several reviews of prostaglandins have been published. 
Oesterling et al. (1) reviewed the nomenclature, chemistry, 
stability, analytical methods, metabolism, and biology of 
many prostaglandins. Analytical methods have been de- 
veloped for the assay of prostaglandins in biological ma- 
trixes using GLC, radioimmunoassay, and GLC-mass 
spectrometry. Liquid chromatography has been used to  
separate prostaglandins of similar structures (2-4). 

The high-pressure liquid chromatographic (HPLC) 
assays presented here were developed for carboprost 
[ (  15S)-15-methyldinoprost, I] and its possible impurities 
or degradation products in bulk drug and pharmaceutical 
formulations. A similar prostaglandin, dinoprost (11), was 
used as the internal standard in the nonderivatization 
procedure. 

Carboprost and dinoprost are present initially as their 
t,romet,hamine salts. The free acids are formed during ex- 
traction. 

EXPERIMENTAL 

Nonderivatization Assay-HPLC Conditions-A high-pressure 
liquid chromatograph' was used with a differential refractometer de- 
tector'. Two 3.9-mm X 30-rm microparticulate silica gel columns3 were 
used in series. The flow rate of the mobile phase was maintained at. 1 
ml/min, and a 25-pI injection volume was used with a loop injector4. The 
chart speed was 0.64 cm/min, and attenuation of the refractive index 
detector was set at 9.6 X unit full scale. The mobile phase was ace- 
tonitrile-methanol-acetic acid (96:3:1). 

Internal Standard Solution-An aqueous solution containing -3.4 
mg of' dinoprost tromethaminelml was prepared. 

Bulk Drug Carboprost Tromethamine Reference Preparation-To 
a separator were added -3.3 mg of carboprost tromethamine reference 

~ ~~~~~ 

1 I)uPont model 830. 
Waters model R-401. 
Watrrs Micro-Porasil. 
Valco 

standard, accurately weighed, 1.0 ml of the internal standard solution, 
and 0.5 g of boric acid. The mixture was swirled to dissolve the boric acid 
partially, and the carboprost free acid and the internal standard were 
extracted from the aqueous layer using two 5-ml portions of chloroform. 
The chloroform extracts were combined and evaporated to dryness with 
a nitrogen stream. 

Carboprost Tromethamine Sterile Solution Rejerence Reparation- 
Ten milliliters of 0.9% benzyl alcohol5 in water was added to a separator, 
followed by the same additions as used for the reference preparation of 
bulk drug carhoprost tromethamine. 

Bulk Drug Sample Preparation-The same procedure as that for the 
reference preparation was used, substituting the bulk drug sample for 
the carboprost tromethamine reference. 

Carboprost Tromethamine Sterile Solution Sample Preparation- 
Ten milliliters of sterile solution (0.25 mg carboprost equivalents/ml) was 
added to a separator, followed by 0.5 g of boric acid and 1.0 ml of the in- 
ternal standard solution. Carboprost and the internal standard were 
extracted from the aqueous layer using two 5-ml portions of chloroform. 
The extracts were combined and evaporated to dryness with a nitrogen 
stream. 

Procedure-To the residues of both the reference and the sample was 
added 0.5 ml of the mobile phase. The vials were swirled to dissolve the 
residue and chromatographed using the described HPLC conditions. 

Derivatization Assay-HPLC Conditions-A high-pressure liquid 
chromatograph' was used with a UV detector6 at  254 nm. A single 3.9-mm 
X 30-cm microparticulate silica gel column3 was used. The flow rate was 
maintained a t  -1.8 ml/min, and a 10-1.11 injection volume was used with 
a loop injector4. The recorder chart speed was 0.64 cm/min, and attenu- 
ation on the UV detector was set a t  0.08 aufs. The mobile phase was 
methylene chloride-l,3-butanediol-water (496:3.5:0.25). 

Internal Standard Solution-A mobile phase solution containing -3 
or 7 mg of guaifenesin/ml was prepared for the assay of carboprost sterile 
solution (0.25 mg/ml) or the bulk drug, respectively. 

Deriuatization Reagents-An acetonitrile solution containing 20 mg 
of a-bromo-2-acetonaphthone? or 10 pI of diisopropylethylamine8/ml 
was used. 

Bulk Drug Reference Preparation-Approximately 5.0 mg of carbo- 
prost tromethamine reference was weighed accurately and transferred 
to a stoppered 35-ml centrifuge tube. 

Sterile Solution Reference Reparation-A solution containing -0.332 
mg of carboprost tromethamine reference/ml in water and 9 mg of benzyl 
alcoho15/ml was accurately prepared. 

Bulk Drug Sample Preparation-Approximately 5 mg of the carho- 
prost tromethamine sample was weighed accurately and transferred to 
a 35-ml centrifuge tube. 

Sterile Solution Sample Preparation-The solution (0.25 mg of car- 
hoprost equivalent/ml) was used without dilution. 

Procedure-For bulk drug, 20.0 ml of methylene chloride and 2.0 ml 
of citrate buffer (0.5 M, pH 4.0) were added to the sample and reference 
tubes. After the tubes were shaken for 10 min and centrifuged, the top 
aqueous layer was discarded. A 4.0-ml aliquot of the methylene chloride 
layer was transferred to a small vial and evaporated to dryness. Eighty 
microliters of the cu-hromo-2-acetonaphthone solution was added, 
followed by 60 pl of the diisopropylethylamine solution. The vials were 
swirled to dissolve the residue and allowed to stand for 1 hr or heated a t  
30-35' for 15 min. Then the solutions were evaporated to dryness, and 
2.0 ml of the internal standard was added. After mixing, the solutions 

5 The benz 1 alcohol was added to provide similar extraction conditions for the 
reference anlsamples.  

6 Component of DuPont model 830 liquid chromatograph. 
Aldrich Chemical Co. The derivation effectiveness of this reagent varied from 

lot to lot. A satisfactory reagent was obtained by hot filtration through activated 
charcoal using carbon tetrachloride, followed by recrystallization. 

Aldrich Chemical Co. 
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I: R=CH3 
n: R = H  

were chromatographed within 24 hr of derivatization using the described 
HPLC conditions. The standard and sample preparations were protected 
from light, because light was shown to cause degradation of the 
naphthacyl ester of carboprost. 

For the sterile solution, 2.0 ml of the sample solution and 2.0 ml of the 
reference solution were added to separate stoppered 35-ml centrifuge 
tubes. To each tube were added 20.0 ml of methylene chloride and 1.0 
ml of citrate buffer. The tubes were shaken for 10 min and centrifuged. 
The top aqueous layer was discarded, and an 8.0-ml aliquot of the 
methylene chloride layer was transferred to a small vial and evaporated 

Table I-Comparison of Extent of Reaction Completeness for 
Carboprost Tromethamine and Carboprost Free Acid after 
1 hr 

Sample 
Weight, mg 

~~~~~~ 

Peak Height Ratio1 
Ratio Weight 

Carboprost Tromethamine 
0.2720 0.6961 2.559 
0.2720 0.8815 3.241 
0.2720 0.7379 2.713 
Mean 2.838 
c v ,  90 12.6 

Mean 4.745 
CV, % 0.6 

Table 11-Reaction of Carboprost with 
a-Bromo-2'-acetonaphthone Solution Containing 
Diisopropylethylamine at Several Time Intervals 

Sample Peak Height Ratio/ 
Minutes Weight, mg Ratio Weight 

25 0.2614 
40 0.2614 
60 0.2614 
81 

105 
150 

0.2614 
0.2614 
0.2614 

1.1989 4.586 
1.2787 4.892 
1.2945 4.952 
1.2988 4.969 
1.3039 4.988 
1.3132 5.024 

Table 111-Precision in the Assay of Carboprost Bulk Drug 

Sample Peak Height Ratio/ 
Weight, mg Ratio Weight 

2.585 
2.834 
2.613 
2.522 
2.523 
Average cv. % 

3.467 
3.464 
3.181 
3.533 
3.460 
3.166 
Average cv, 970 

Derivatization Procedure 
1.601 0.619 
1.766 0.623 
1.648 0.631 
1.567 0.621 
1.596 0.633 

0.625 
0.9 

Nonderivatization Procedure 
1.567 0.452 
1.571 0.454 
1.452 
1.592 
1.588 
1.453 

0.457 
0.451 
0.459 
0.459 
0.455 
0.8 
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Figure 1-Chromatograms of the 15R-epimer of dinoprost (a),  the 
25R-epirner of carboprost a t  0.5% (b), the 15R-epirner of carboprost 
at  1.0% (b'), carboprost (c), and dinoprost (internal standard) (d) using 
the nonderivatization HPLC procedure with refractive index detec- 
tion. 

using a nitrogen stream (complete evaporation was not obtained due to 
the presence of benzyl alcohol extracted from the aqueous solution). Forty 
microliters of a-bromo-2-acetonaphthone solution was added, followed 
by 30 gl of diisopropylethylamine solution. After swirling to mix and 
dissolve the residue, the solution was allvwed to stand for 1 hr or heated 
a t  30-35' for 15 min. The acetonitrile then was evaporated, and 1.0 ml 
of the internal standard solution was added. After mixing, the solutions 
were chromatographed within 24 hr of derivatization using the described 
HPLC conditions. Standard and sample preparations were protected 
from light, because light was shown to cause degradation of the 
naphthacyl ester of carboprost. 

Calculations-For the bulk drug: 
R Wref % purity of carboprost tromethamine = 2 X - X P (Eq. 1) 

where R, is the peak height ratio of the carboprost peak to the internal 
standard peak in the sample preparation; Rre. is the peak height ratio of 
the carboprost peak to the internal standard peak in the reference 
preparation; Wrer is the weight, in milligrams, of carboprost trometh- 

Rref Wa 
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Figure 2-Chromatogram of guaifenesin impurity (a), guaifenesin 
(internal standard) ( b ) ,  2-naphthacyl carboprost ( c ) ,  and the 2- 
naphthacyl5- trans-isomer of carboprost ( d )  using the derioatization 
procedure with UVdetection. 

amine reference standard; W, is the weight, in milligrams, of sample; and 
P is the purity of the carboprost tromethamine reference expressed in 
percent. 

For the sterile solution: 
Rs Wref mg of carboprost/ml of sterile solution = - X - X F,  X P 

Rref Vs 
(Eq. 2) 

where R, is the peak height ratio of the carboprost peak to the internal 
standard peak in the sample preparation; Rref is the peak height ratio of 
the carboprost peak to the internal standard peak in the reference 
preparation; W,f is the weight, in milligrams, of carboprost trometh- 
amine reference standard used in the procedure; V, is the volume, in 
milliliters, of sample; F, is the factor to convert carboprost tromethamine 
(mol. wt. 489.65) to carboprost (mol. wt. 368.50) = 0.7526; and P is the 
purity of the carboprost tromethamine reference expressed as a dec- 
imal. 

For the impurities: 
A, or A, 

?6 impurity = x 100 
A. -I- A b  4- A,  (Eq. 3) 

1 

d 

1 1 1 1 1 
0 5 10 15 20 

RETENTION TIME, min 

Figure 3-Chromatogram of a guaifenesin impurity (a), guaifenesin 
(internal standard) (b) ,  2-naphthacyl15R-epimer of carboprost at 0.5% 
( c ) ,  2-naphthacyl carboprost at an attenuation four times that of  the 
other peaks (d ) ,  and 2-naphthacyl5-trans-isomer of carboprost at 2.3% 
(e) using the derioatization procedure with UV detection. 

or: 
F,H, or F,H, 

F,H, -+ Hb -I- F,H, % impurity = x 100 (Eq. 4) 

where A, is the area of the 15R-epimer peak, Ab is the area of the car- 
boprost peak, A, is the area of the 5-trans-isomer peak, Fa is the factor 
to normalize the 15R-epimer peak height (0.78), F, is the factor to nor- 
malize the 5-trans-isomer peak height (1.12), H, is the peak height of 
the 15R-epimer peak, Hb is the height of the carboprost peak, and H, is 
the height of the 5-trans-isomer peak. 

RESULTS AND DISCUSSION 

Both assay procedures (derivatization and nonderivatization) involve 
extraction of the prostaglandin as the free acid from an acidified aqueous 
solvent into an organic solvent. This extraction is tailored for the assay 
of dilute sterile solutions of the prostaglandin in which a concentration 
step is necessary when using the nonderivatization procedure. Further- 
more, the derivatization reaction proceeds much more rapidly with the 
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Table IV-Assay Results by the Derivatization Procedure of 
Replicate Samples of the 15R-Epimer and 5-trans-Isomer in 
Carboprost Bulk Drug at Concentration Levels of 1.7 and 2.3% 

15R-Epimer 5-trans-Isomer 
Content, % Content, % 

Average cv, % 

1.6 
1.9 
1.6 
1.7 
1.5 
1.6 
1.7 
1.7 
1.7 
7.1 

2.4 
2.5 
2.6 
2.4 
2.3 
2.0 
2.4 
2.4 
2.4 
7.4 

free acid than with the tromethamine salt (Table I). After 1 hr, the tro- 
methamine salt samples exhibit a low mean ratio and a high variation 
between samples, while the free acid samples exhibit a high mean ratio 
and little variation between samples. The derivatization reaction for the 
free acid is essentially complete after 1 hr (Table 11). 

Recovery studies showed that the extraction procedure produced 
nearly complete recovery (-96%) of the prostaglandin. To eliminate 
possible bias, the reference is carried through the complete procedure 
along with the sample to be assayed. Replicate samples assayed by either 
method gave a relative standard deviation of <1% (Table 111). 

Chromatograms of carboprost (nonderivatization procedure) are shown 
in Fig. 1; authentic samples of the 15R-epimer of carboprost had been 
added at concentrations of 4 . 5  and 1.0% of the carboprost concentration. 
The epimer peak is baseline separated from the carboprost peak, making 
the assay satisfactory for stability studies (carboprost degrades to the 
15R-epimer under acidic conditions). The small peak on the front side 
of the 15R-epimer is the 15R-epimer of dinoprost, which was used as the 
internal standard. 

To obtain greater sensitivity for the assay of the 15R-epimer in car- 
boprost samples, the derivatization procedure was developed. Formation 
of the 2-naphthacyl ester has been used for fatty acids (5) and is similar 
to p-nitrophenacyl derivatization of prostaglandins (4). The 2-naphthacyl 
ester of carboprost was found to exhibit greater absorptivity than the 
p-nitrophenacyl ester at 254 nm with the UV detector. A chromatogram 
of 2-naphthacyl carboprost using guaifenesin as the internal standard 
is shown in Fig. 2. 

In comparing the nonderivatization and derivatization methods, it is 
evident that derivatization produced better chromatography. The 
15R-epimer is better separated, and another impurity, the 5-trans-isomer 
of carboprost, is baseline separated from carboprost. Although the non- 
derivatization procedure is less time consuming because of the absence 
of a derivatization step, it is not satisfactory if the 5-trans-isomer is 
present in the carboprost sample. Although severd mobile phases were 

tried, the 5-trans-isomer could not be separated from carboprost using 
the nonderivatization procedure, even with two silica columns in series. 
With the derivatization procedure, greater separation than is shown in 
Fig. 2 can be achieved by decreasing the relative concentration of 1,3- 
butanediol in the mobile phase. This is a definite advantage of the deri- 
vatization procedure. 

Increased liquid chromatographic separation of the 15-position epimers 
of carboprost is observed with the derivatization procedure, probably 
because of the reduced polarity of the carboxyl group by naphthacyl ester 
formation. The presence of the highly polar carboxyl group masks subtle 
polarity differences due to the position of the hydroxyl groups in the 
isomers. Thus, the blocking of the carboxyl group maximizes the effect 
of the hydroxyl groups, and the polarity differences between the 15- 
position epimers become more significant. 

Figure 3 shows a chromatogram (derivatization procedure) of carbo- 
prost with the 15R-epimer added. In the absence of reference samples 
to quantitate the impurities by peak height percent, the 15R-epimer and 
5-trans-isomer peak heights must be multiplied by response factors of 
0.78 and 1.12, respectively. The response factors were required to nor- 
malize peak height differences due to retention times. These factors were 
determined using authentic samples. Since the UV chromophore in each 
compound is the naphthacyl ester, carboprost and the two impurities 
should have the same absorptivity. By measuring peak area instead of 
peak height, response factors were not needed. Results by peak area 
percent showed good agreement with carboprost samples spiked with 
impurities a t  known concentrations. Assay results of replicate samples 
of the 15R-epimer at a concentration of 1.7% and of the 5-trans-isomer 
at a concentration of 2.3% in carboprost bulk drug are shown in Table IV. 
A coefficient of variation of -7% was obtained for both impurities by peak 
area percent at 2% of the carboprost concentration. 

Light caused degradation of the naphthacyl ester of carboprost. When 
derivatized samples were placed near a light source, a noticeable increase 
in the peak corresponding to the 5-tram-isomer was observed. No sig- 
nificant change was observed in derivatized samples protected from light 
for 24 hr. The peak height ratios of carboprost to the internal standard 
and of the 5-trans-isomer to carboprost showed no significant changes. 
The degradation in light may be due to the chromophore. Acetophenone 
and several similar compounds have been shown to act as photosensitizers 
for cis-trans-isomerization (6). 
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Abstract  o The pharmacokinetics of quinidine and the 0-desmethyl 
metabolite 6'-hydroxycinchonine were studied in rabbits. After intra- 
venous bolus injections of equimolar doses, the blood concentration-time 
curves of each agent declined biexponentially, which was characteristic 
of a two-compartment open model. A significant difference between 
quinidine and fi'-hydroxycinchonine was observed for the following pa- 
rameters: t l / ~ ~ ,  p, t1 /20 ,  k l z ,  Vds,  and the intercompartmental distribution 
ratio, k12/k21. The results showed that the distribution of the metabolite 
was slower than quinidine and suggested that it also was less extensive. 
The Vd,? value for 6'-hydroxycinchonine was approximately one-half of 
the value observed for quinidine, and its k12/k21 ratio was about one- 
fourth of the quinidine value. The terminal half-lives for quinidine and 
the metabolite were 132.4 f 27.1 and 65.4 f 34.4 min, respectively. Total 
body clearance was similar for both compounds. The findings of this study 
could he explained by the greater polarity or greater water solubility of 
6'-hydroxycinchonine. The limited data in humans coupled with the 
results of this investigation suggest that, although it is intrinsically active, 
the 0-demethylated metabolite probably contributes little to the anti- 
arrhythmic effects seen after quinidine administration in humans. 

Keyphrases n Quinidine-and its 0-desmethyl metabolite, comparison 
of pharmacokinetics in rabbits 0 Pharmacokinetics-comparison of 
quinidine and its 0-desmethyl metabolite, rabbits 0 Antiarrhythmic 
agents-quinidine and its 0-desmethyl metabolite, pharmacokinetics, 
rabbits 

6'-Hydroxycinchonine (0-desmethylquinidine, V) is a 
newly reported metabolite of quinidine (I) (1,2). Nwangwu 
et al. (3, 4) reported that the antiarrhythmic potency of 
V was equivalent to that of I when tested against aconi- 
tine-induced arrhythmias in mice. They also suggested 
that V was less toxic than I. Drayer et al. (1,2) showed that 
Y possessed 4 0 %  of the antiarrhythmic activity exhibited 
by quinidine using a chloroform- and hypoxia-induced 
ventricular fibrillation animal model. 

Quinidine metabolites such as 2'-oxoquinidinone (IV), 
3-hydroxyquinidine (III), and V are believed to contribute 
to the antiarrhythmic effects seen after the administration 
of I in humans' (5), but they have not been tested directly 
for such activity. 

The purpose of this study was to investigate the com- 
parative pharmacokinetics of I and V in rabbits. This in- 
formation could provide important insight into the be- 
havior of this metabolite relative to quinidine in hu- 
mans. 

EXPERIMENTAL 

Materials-Restrained, male New Zealand White rabbits2, 4-5 kg, 
were used. 

Quinidine base, free of the dihydro analog (II), was obtained as de- 
scribed previously (6) and was used to prepare a parenteral solution of 
quinidine sulfate containing 20 mg (0.062 mmole) of quinidine base/ml 
of solution. An injectable solution containing 19.14 mg (0.062 mmole) of 
V /ml  was prepared fresh from the dihydrochloride salt just before in- 

' R. S. Dzindzio, W. M. Vosik, and C. T. Ueda, unpublished data. 
Earl B. Daubert, Breeding and Laboratory Rabbits, Omaha, Neb. 
Prepared hy Dr. Laverne D. Small. 

I11 I 
H 
IV 

CHI=CHXH 

Ho* 
V 

dividual experiments. Chromatographic analysis of V revealed 8% of a 
substance that was presumed to be its dihydro derivative since this ma- 
terial also was prepared from commercial quinidine sulfate powder4. 
Because it did not interfere with the assay for V, no attempt was made 
to remove this minor impurity. 

Methods-To give the intravenous bolus injections and to withdraw 
blood samples for drug and metabolite analysis, a 25-gauge vein infusion 
set with a winged adapter5 was placed in a marginal ear vein and secured 
to the external ear with adhesive tape. After a control blood specimen 
was obtained, 1 ml of drug solution was given as an intravenous bolus 
dose. Complete administration of each dose was achieved by flushing the 
contents of the infusion set with -0.8 ml of heparinized normal saline 
(5 unitdml). Blood specimens of 0.5 ml for the analysis of I and V were 
collected in heparinized tubes6 at 5, 10, 15, 30, 45, and 60 min and 
thereafter a t  0.5-hr intervals for up to 3-4 hr after the dose. The blood 
samples were stored a t  -20' until they were assayed. 

Blood concentrations of V were determined by the following high- 

Sigma Chemical Co., St. Louis, Mo. 
Miniset 2 0 7 5 ,  Travenol Laboratories, Deerfield, 111 
Becton-Dickinson, Rutherford, N.J. 
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performance liquid chromatographic procedure. After the previously 
frozen samples were thawed, 0.5 ml of whole blood was diluted in a 15-ml 
culture tube with 0.5 ml of distilled water and 0.5 ml of 0.2 M phosphate 
buffer (pH 7.4), containing 40 ng of dihydroquinidine (11) as the internal 
standard. Following the addition of 100 jd of 95% ethanol to this mixture, 
the sample was vortexed7 and extracted with 4 ml of benzene by shaking 
for 2 hr on a reciprocating shakers at room temperature. 

The benzene extract was separated by centrifugation, and the upper 
organic layer was carefully removed by pipet and transferred to a 5-ml 
conical tube. The benzene extract, to which was added 100 pl of absolute 
alcohol, then was evaporated to dryness at room temperature under a 
nitrogen stream. The residue was reconstituted with 25 pl of the mobile 
phase, and an aliquot was injected into a preconditioned liquid chro- 
matograph. 

The concentrations of V in the unknown samples were determined 
from standard calibration curves prepared with the experimental spec- 
imens. In the concentration range of 0.5-10 pg/ml for V, the peak height 
ratio of V to the internal standard was linearly related to the metabolite 
concentration. The best-fitting equations for the standard curves were 
obtained by linear regression analysis. 

The liquid chromatographg was equipped with a loop injector'O, a 
pBondapak CIS reversed-phase column" (30 cm X 3.9 mm i.d.), and a 
fluorescence detector'*. The mobile phase, which was filtered and de- 
gassed before use, consisted of 15% (v/v) a~etoni t r i le '~  in a 2.5% (v/v) 
solution of acetic acid and was pumped at a flow rate of 2 ml/min (about 
1800 psi). The column eluate was monitored with an excitation wave- 
length of 315 nm and a KV 418 emission cutoff filter. The detector sen- 
sitivity setting was 0.5-1.0 pamp full scale with a time constant set a t  4 
aec and a chart speed14 of 0.5 cm/min. 

As shown in Fig. 1, with the chromatographic conditions used, V and 
the internal standard (11) were readily separable with elution times of 
-2 and 4 min, respectively. The minor impurity, presumed to be the di- 
hydro analog of V, eluted about midway between the metabolite and 
internal standard peaks. Peak c in Fig. 1 was an unknown benzene-ex- 
+?actable substance in rabbit blood. 

Blood quinidine concentrations were determined with the TLC-flu- 
orometric procedure described previously (7). 

After the quinidine and V bolus doses, the blood concentration-time 
curves for both agents declined biexponentially (Fig. 2). Therefore, the 
data were fitted using the least-squares computer program NONLIN (8) 
and a digital computer to: 

C b  = Aecnt + Be-ot (Eq. 1) 

where c b  is the concentration of alkaloid in the blood a t  time t, A and B 
are ordinate intercept constants, and a and 0 are first-order disposition 
rate constants. Each value was weighted by the reciprocal of the con- 
centration squared. Initial parameter estimates were obtained with the 
CSTRIP computer program (9). 

Equation 1 describes the two-compartment open model shown in 
Scheme I. This model was used to characterize the disposition of I and 
V in rabbits. The pharmacokinetic parameters were derived as reported 
previously (10, l l ) .  The Student t test was used to evaluate the signifi- 
cance of the observed difference. 

RESULTS AND DISCUSSION 

As shown in Fig. 2 for a representative animal, the blood concentra- 
tion-time curves for I and V declined biexponentially after intravenous 
injection of equimolar doses of the two agents. The pharmacokinetic 
constants derived for each compound are presented in Table I. Three 
rabbits were given both I and V. The remaining animals received only 
one agent. 

A significant difference between quinidine and the 0-demethylated 
metabolite was observed for the following parameters: t1 /z0,  0, t1/2,9,  kl2 
(the first-order rate constant for movement of the drug from the central 
to the peripheral compartment), v d p  (the apparent volume of distribu- 
tion), and k12/k21 (the intercompartmental distribution ratio). No dif- 
ference was observed in the remaining parameters between the two 

Vortex-Genie, Scientific Industries, Springfield, Mass. 
Eberbach Corp., Ann Arbor, Mich. 
Series 2, model 2/2, Perkin-Elmer, Norwalk, Conn. 

Waters Associates, bilford, Mass. 
Model FS-970, Schoeffel Instrument Corp., Westwood. N.J. 

lo Model 7105, Rheod ne, Berkeley, Calif. 

Is Burdick 81 Jackson Laboratories, Muskegon, Mich. 
'4 Model 23, Perkin-Elmer, Norwalk, Conn. 
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Figure I-Lipuid chromatograms of blank blood ( A )  containing the 
internal standard (11) (b) and a blood sample ( R )  containing V (a)  and 
I1 (b). Peak c is a n  unknown element extracted from rabbit blood. 

compounds; I and V exhibited similar total body clearance rates. 
Compared to quinidine, the (Y or distribution half-life for the metab- 

olite was longer (2.9 uersus 1.7 min), indicating that it distributed more 
slowly in the body. The smaller klz value for V (0.134 versus 0.226 min-1) 
agreed with this finding. Furthermore, the distribution of V did not ap- 
pear to be as extensive as I. The apparent volume of distribution of V of 
1.56 f 0.92 l i t e d k g  was about one-half of the distribution volume for 
I, which was 3.26 f 1.11 literdkg. However, the central compartment 
volumes for both compounds were of similar size. Thus, the volume of 
the peripheral or tissue compartment was smaller for the metabolite. 

The observed k 12/k21 ratio, an intercompartmental distribution 
coefficient, was substantially smaller for the 0-demethylated metabolite 
compared to quinidine (4.65 versus 17.08). Since the blood flow between 
the two compartments probably was the same for both agents, the dif- 

compar tmen t  

intravenous d - ~  central metab;lism 

excretion dose compar tmen t  

Scheme I-Two-compartment open model. 
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Table I-Mean Disposition Constants for 6‘-Hydroxycinchonine (V) and  Quinidine ( I )  a f t e r  Intravenous Bolus Injections in Rabbits 
( f SD) 

Parameter V” I* 
~ ~~~ 

t Value Significance Level 

0.290 f 0.141 
2.86 f 1.29 

0.013 f, 0.006 
65.35 f 34.39 
0.134 f 0.048 
0.037 f 0.024 

0.446 f 0.143 ~ ~ . ~~. 

1.72 f 0.62 
0.006 f 0.002 

132.44 f 27.11 
0.226 f 0.089 
0.019 f 0.015 

2.02 
2.21 
3.17 
4.09 
2.28 
1.73 

p <0.10 
p < 0.05 
p < 0.01 
p < 0.005 
p < 0.05 

NSC 
0.133 f 0.131 0.207 f 0.136 1.03 NS 

V,, l i t e d k  0.22 f 0.15 0.20 f 0.27 0.14 NS 
Cl, ml/minykg 16.84 f 5.08 16.80 f 4.51 0.02 NS 

V ,  X k10, ml/min/kg 15.5 f 4.2 17.0 f 4.8 0.59 NS 

v d p ,  literdkg 1.56 f 0.92 3.26 f 1.11 3.04 p < 0.02 
k12/k21 4.65 f 3.10 17.08 f 9.44 3.08 p < 0.01 

n = 6. * n = 8. Not significant 

ferences in the k12/k21 ratio between I and V as well as the observed dif- 
ferences in t 1/2*, k 12, and v d p  most likely were the results of the greater 
lipid solubility of I. 

The terminal half-life values of 65.4 f 34.4 and 132.4 f 27.1 min for 
V and I ,  respectively, showed that the metabolite was eliminated more 
rapidly than the parent drug. This observation is in agreement with the 
greater polarity or greater water solubility of the 0-demethylated mol- 
ecule and indicates that  the metabolite would accumulate to a lesser 
extent than I on repeated dosing of the parent drug (12). 

On the basis of its greater polarity, it was anticipated that V would be 
cleared a t  a faster rate than 1. Therefore, the similarity in total body 
clearance for V and I was unexpected. Nevertheless, this finding is ex- 
plained by the following reason. It is widely recognized that metabolism 
alters the physicochemical properties (e.g.. lipid solubility) of a drug 
molecule, which then leads to changes in its disposition characteristics. 
For drugs that are converted to more polar metabolites, these biotrans- 
formation products would be expected to have smaller volumes of dis- 
tribution because their ability to cross lipid membranes by diffusion 
would be diminished. Furthermore, it is reasonable to expect that  they 
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Figure 2-Computer-simulated curues and experimental data points 
following intrauenous bolus injections of20 mg o f 1  ( 0 )  and 19 mg of V 
(+) in a single rabbit. 

would be eliminated more rapidly (i.e., larger p) since they are more water 
soluble. From the relationship for total body clearance, Cl = vdp ,  it can 
be seen that a decrease in vd and an increase in p tend to offset each other 
and, thus, minimize the anticipated changes in Cl from situations where 
v d  or 0 changes alone. 

When metabolism involves the conversion to less polar metabolites, 
a similar situation would be in effect wherein the volumes of distribution 
and first-order elimination rate constants of the metabolites would in- 
crease and decrease, respectively. This situation was observed recently 
(13) for diethyldithiocarbamate (a metabolite of disulfiram) and its 
metabolite, methyl diethyldithiocarbamate in dogs. Diethyldithiocar- 
bamate, with a vd value of 0.16 liter/kg and a p value of 0.205 min-’, is 
readily soluble in water. Methyl diethyldithiocarbamate (vd = 2.53 li- 
ters/kg and p = 0.014 min-I) is virtually insoluble in water (highly lipid 
soluble). The observed total body clearances for the respective drug 
species were 33.1 and 31.9 ml/min/kg. 

In this study, the clearance of V and I from the central compartment 
( k l o  X V,) also was similar (16 versus 17 ml/min/kg). 

In humans, quinidine is eliminated essentially by metabolism (14,15). 
The fate of V is not known. Drayer et al. (2) detected conjugated and 
unconjugated V in the urine of four patients receiving quinidine and es- 
timated that both forms accounted for -1-2s of the quinidine dose. 
Preliminary findings in this laboratory also suggest that the 0 -demeth- 
ylation pathway is a minor route for quinidine elimination in humans. 
These observations, coupled with the results of this study on the dispo- 
sition and accumulation characteristics of V in rabbits, suggest that, al- 
though the 0-demethylated metabolite possesses intrinsic antiar- 
rhythmic activity (1-4), it probably contributes little to the antiar- 
rhythmic effects seen after the administration of quinidine in hu- 
mans. 
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Abstract  In a study of complex formation between macromolecules 
and small ligands such as drugs, it appeared that the association constants 
must be calculated with more care (i.e., after a thorough investigation 
of the influencing parameters such as buffer composition, ionic strength, 
and temperature) to allow meaningful interpretations of the phenomena. 
For this purpose, factorial analysis seems to be the method of choice; it 
offers the advantage of evaluating the influence of several variables and 
their interactions a t  the same time with a minimum of experiments. The 
method was applied to the association of povidone with two ligands, 
salicylic acid and benzoic acid. Parameters such as buffer composition 
and ionic strength, which affect binding, could be distinguished. Espe- 
cially a t  pH 7.00, a great positive influence of buffer ions (phosphate 
buffer) and a relative positive interaction between temperature and ionic 
strength were noted. Knowledge of the influences of these parameters 
allowed comparison of the effects of the functional groups attached to 
the ligand molecules, as well as their degree of dissociation, on adsorption 
to permit more meaningful interpretation of thermodynamic con- 
stants. 

Keyphrases 0 Salicylic acid-binding to povidone, effects of temper- 
ature, buffer composition, and ionic strength Benzoic acid-binding 
to povidone, effects of temperature, buffer composition, and ionic 
strength Povidone-complex formation with salicylic acid and benzoic 
acid, effects of temperature, buffer composition, and ionic strength 0 
Complexation-povidone with salicylic acid and benzoic acid, effects of 
temperature, buffer composition, and ionic strength 

The binding of various drugs with macromolecules in 
aqueous solution has been reviewed (1-3). Vallner (3) 
showed the discrepancies among the results obtained by 
several investigators and cited the need for the calculation 
of the association constants in a more meaningful manner. 
These discrepancies often are due to the uncontrolled in- 
fluence of variables such as buffer composition, pH, ionic 
strength, and temperature. There have been few reports 
concerning the influence of buffer ions on the binding onto 
macromolecules (4,5). The parameters usually are studied 
in the classical manner, i.e., by successively changing one 
parameter at a time. However, as demonstrated previously 
(6), an accurate interpretation of the individual effects of 
the variables or their interactions is not possible with that 
approach. 

Factorial analysis offers the possibility of evaluating the 
influence of individual variables and their interactions at  
the same time with a minimum of experiments. This 
method seems to be a first step for a thorough study of 

complex formation. Once the influence of these parameters 
is known, comparison of the effects of the functional 
groups attached to the ligands and their degree of disso- 
ciation on adsorption is possible, and the association 
constants can be interpreted more meaningfully. The ap- 
plication of factorial analysis to the binding of two simple 
ligands, benzoic acid and salicylic acid, onto povidone 
demonstrates the advantages and possibilities of this 
method in the study of complex formation. 

EXPERIMENTAL 

Reagents-Povidone' with a molecular weight of 700,000 was used 
as the macromolecule and was oven dried a t  50" until a constant weight 
was reached. Salicylic acid2 (p.a.) and benzoic acid3 (p.a.) were used 
without further purification. 

Buffer solutions were used a t  pH 7.00 (phosphate buffer) and a t  pH 
values equal to the pKa value of the two cosolutes (McIllvaine buffers) 
plus and minus 0.80; the solutions were brought to a determined ionic 
strength with sodium chloride. To control the influence of buffer ions, 
two kinds of buffer solutions were used; the normal buffers are denoted 
by 1 and those with half of the normal capacity are indicated as 0.5. The 
pH of the solutions at 25 and 50' was controlled with a potentiometric 
pH measurement4 and adjusted if necessary. 

Methods-The solutions containing the ligand and povidone were 
prepared in the respective buffers and allowed to stand overnight to attain 
equilibrium. Ultrafiltrations was performed, using a membrane of re- 
generated cellulose with a claimed cutoff value of -10,000 mol. wt. units. 
Compressed nitrogen (4 kg/cm2) was used, and the filtration was per- 
formed under continuous stirring of the sample solution to avoid accu- 
mulation of the macromolecule a t  the membrane-solution interface 
(7). 

The concentration of unbound ligand in the filtrate was assayed 
spectrophotometrically. Corrections were made for membrane adsorption 
effects, and the concentration of bound ligand was calculated. The 
spectrophotometric measurements were performed with a double-beam 
spectrophotometer6 a t  296 nm for salicylic acid and at  224 nm for benzoic 
acid. 

Calculations-Complex formation can be studied as a function of 
either macromolecule concentration or ligand Concentration. In the first 
method, the relative tendencies of several ligands to form complexes are 
expressed as the ratio of the total ligand concentration, T ,  to the con- 

' Polyvinylpyrrolidone (Kollidon K90), BASF, Brussels, Belgium. 
a Merck. 

U.C.B. 
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Amicon model 52. 
Perkin-Elmer model 124. 
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cially a t  pH 7.00, a great positive influence of buffer ions (phosphate 
buffer) and a relative positive interaction between temperature and ionic 
strength were noted. Knowledge of the influences of these parameters 
allowed comparison of the effects of the functional groups attached to 
the ligand molecules, as well as their degree of dissociation, on adsorption 
to permit more meaningful interpretation of thermodynamic con- 
stants. 

Keyphrases 0 Salicylic acid-binding to povidone, effects of temper- 
ature, buffer composition, and ionic strength Benzoic acid-binding 
to povidone, effects of temperature, buffer composition, and ionic 
strength Povidone-complex formation with salicylic acid and benzoic 
acid, effects of temperature, buffer composition, and ionic strength 0 
Complexation-povidone with salicylic acid and benzoic acid, effects of 
temperature, buffer composition, and ionic strength 

The binding of various drugs with macromolecules in 
aqueous solution has been reviewed (1-3). Vallner (3) 
showed the discrepancies among the results obtained by 
several investigators and cited the need for the calculation 
of the association constants in a more meaningful manner. 
These discrepancies often are due to the uncontrolled in- 
fluence of variables such as buffer composition, pH, ionic 
strength, and temperature. There have been few reports 
concerning the influence of buffer ions on the binding onto 
macromolecules (4,5). The parameters usually are studied 
in the classical manner, i.e., by successively changing one 
parameter at a time. However, as demonstrated previously 
(6), an accurate interpretation of the individual effects of 
the variables or their interactions is not possible with that 
approach. 

Factorial analysis offers the possibility of evaluating the 
influence of individual variables and their interactions at  
the same time with a minimum of experiments. This 
method seems to be a first step for a thorough study of 

complex formation. Once the influence of these parameters 
is known, comparison of the effects of the functional 
groups attached to the ligands and their degree of disso- 
ciation on adsorption is possible, and the association 
constants can be interpreted more meaningfully. The ap- 
plication of factorial analysis to the binding of two simple 
ligands, benzoic acid and salicylic acid, onto povidone 
demonstrates the advantages and possibilities of this 
method in the study of complex formation. 

EXPERIMENTAL 

Reagents-Povidone' with a molecular weight of 700,000 was used 
as the macromolecule and was oven dried a t  50" until a constant weight 
was reached. Salicylic acid2 (p.a.) and benzoic acid3 (p.a.) were used 
without further purification. 

Buffer solutions were used a t  pH 7.00 (phosphate buffer) and a t  pH 
values equal to the pKa value of the two cosolutes (McIllvaine buffers) 
plus and minus 0.80; the solutions were brought to a determined ionic 
strength with sodium chloride. To control the influence of buffer ions, 
two kinds of buffer solutions were used; the normal buffers are denoted 
by 1 and those with half of the normal capacity are indicated as 0.5. The 
pH of the solutions at 25 and 50' was controlled with a potentiometric 
pH measurement4 and adjusted if necessary. 

Methods-The solutions containing the ligand and povidone were 
prepared in the respective buffers and allowed to stand overnight to attain 
equilibrium. Ultrafiltrations was performed, using a membrane of re- 
generated cellulose with a claimed cutoff value of -10,000 mol. wt. units. 
Compressed nitrogen (4 kg/cm2) was used, and the filtration was per- 
formed under continuous stirring of the sample solution to avoid accu- 
mulation of the macromolecule a t  the membrane-solution interface 
(7). 

The concentration of unbound ligand in the filtrate was assayed 
spectrophotometrically. Corrections were made for membrane adsorption 
effects, and the concentration of bound ligand was calculated. The 
spectrophotometric measurements were performed with a double-beam 
spectrophotometer6 a t  296 nm for salicylic acid and at  224 nm for benzoic 
acid. 

Calculations-Complex formation can be studied as a function of 
either macromolecule concentration or ligand Concentration. In the first 
method, the relative tendencies of several ligands to form complexes are 
expressed as the ratio of the total ligand concentration, T ,  to the con- 

' Polyvinylpyrrolidone (Kollidon K90), BASF, Brussels, Belgium. 
a Merck. 

U.C.B. 
Radiometer, Copenhagen, Denmark. 
Amicon model 52. 
Perkin-Elmer model 124. 
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Table I-Binding of Salicylic Acid (1.00 X 
(6.00%) at pH 2.20 

M )  t o  Povidone 

Ionic Tempera- Percentage of Differ- 
Strength Buffer ture Ligand Bound ence 

~~ 

Low 
Low 
High 
High 

- 
- 
_- 
- 

Low 
Low 
High 
Hiah 

Influence of Temperaturea 
25' - 50° 

Low - 56.9 54.0 
High - 57.1 55.0 
Low - 62.9 62.2 
High - 62.8 62.4 

- 

Influence of Ionic Strengthb 
J.I i60i15 p &OO 

Low Low 
Low High 54.0 62.2 
High Low 57.1 62.8 
High High 55.0 62.4 

Influence of Buffer IonsC 

- Low 56.9 57.1 
0.5 Buffer 1 Buffer 

- High 54.0 55.0 
- Low 62.9 62.8 
_. High 62.2 62.4 

-2.9 
-2.1 
-0.7 
-0.4 

+6.0 
+8.2 
+5.7 
+7.4 

+0.2 
+1.0 
-0.1 
+0.2 

Factor A = temperature; low level = 25' and high level = 50'. Factor B = ionic 
Factor C = buffer ions; low strength ( p ) :  low level = 0.15 and high level = 1.00. 

level = 0.5 and high level = 1. 

centration of the free form, F, as a function of the percentage of povidone 
(8- 10): 

Q = - = - [ P V P ) + I  (Eq. 1) 

where r is the number of moles of ligand bound per mole of macromole- 
cule and [PVP] is the molar concentration of povidone in the solution. 
If r / F  is constant (i.e.,  if the same type of binding is taking place with 
increasing povidone concentration), a linear relationship is obtained (1 1) 
between T / F  and [PVP]. 

The second method permits the calculation of equilibrium constants 
and the maximum number of binding sites on the macromolecule. The 
basic theory of the calculation of ligand-macromolecule equilibria was 
described previously (12-15). If no interaction phenomena take place, 
then reversible binding can be described by: 

T r  
F F  

nkF 
l + k F  

r=- (Eq. 2) 

where n represents the total number of sites available and k is the in- 
trinsic binding constant. The relationship between the intrinsic binding 
constant, k ,  and the constants for the individual equilibrium reactions, 
k , ,  is given by (16): 

n - ( i -  1) 
k i = (  ] k  (Eq. 3) 

where n is the total number of available sites and i is the number of 
possible combinations of n binding sites taken exactly i a t  a time. 

t 'C L 0 H 

buffer L H o L  H @ L  H @ L  H 

buffer L H e L  H Q L  H o i  H 

positive interaction 
0 no effect 
@ positive effect 
0 negative effect 

Figure l-Influence of parameters on the complexing of salicylic acid 
(1.00 X lo-? M) u i t h  povidone (6.00S) at pH2.20. 

The hyperbolic graph of r uersus F (Eq. 2) can be converted into linear 
form. The approach of Klotz et al. (12) usually is used: 

1 - - -  r * J + -  n n k F  

1: = hn - kr (Eq. 5) F 
Consequently, graphical representations of l /r  uersus 1/F or r/F uersus 
r are used to obtain n (the number of binding sites) and k (the intrinsic 
binding constant). Curvature of such plots usually indicates the existence 
of more than one class of sites (17). 

Factorial  Analysis-The overall objective of factorial analysis is to 
obtain a general picture of how the results are affected by changing the 
parameters or factors. The theory and practice of factorial analysis were 
given by Philippe (6) and Chatfield (18). In complex formation, the 
principal parameters or factors to be considered are ionic strength, buffer 

(Eq. 4) 

The Scatchard equation (15) is: 

Table 11-Experimental Conditions of the Treatment  Combinations with the Resulting Percentage of Ligand Bound and  the Analysis 
of Variance of Binding of Salicylic Acid (1.00 X M )  to Povidone (6.00%) at pH 2.20 

~~ ~~ 

Column 8: 
Column Sum of 

Column 2: Col- 7: Squares 
Column 1: Percentageof umn Col- Col- Col- Degrees (Column Column Column Column 11: 
Source of LigandBound 3: umn umn umn of 6)' 9: 10: Significant Level 
Variation Exp.1 Exp.2 Sum 4 5 6 Freedom 2 X 8 Variance F FA :21;2: 

1 
A. 
H h  
AB 

AC 
HC 
ABC 

57.0 56.8 113.8 221.8 471.9 946.4 
53.7 54.3 108.0 250.1 474.5 -12.2 1 9.303 9.303 33.83 Temperature: -0.001 < p 
63.2 62.6 125.8 224.2 -7.3 54.4 1 184.960 184.960 672.58 Ionic strength: +0.001 < p 
62.5 61.8 124.3 250.3 -4.9 7.4 1 3.423 3.423 12.45 TemDerature and 

io&c strength: +0.01 < p < 
o no1 

56.9 57.2 114.1 -5.8 28.3 2.6 1 0.423 0.423 1.54 Ruffeiions: 0 
55.7 54.4 110.1 -1.5 26.1 2.4 1 0.360 0.360 1.31 
62.6 63.0 125.6 -4.0 4.3 -2.2 1 0.303 0.303 1.10 
62.9 61.8 124.7 -0.9 3.1 -1.2 1 0.090 0.090 0.33 

Experimental error 8 4.40/2 X 
R 

0.6 See Table I footnotes for explanation 
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Table 111-Analysis of Variance at the Different Levels of Binding of Salicylic Acid (1.00 X M) to Povidone (6.00%) at pH 2.20 

Degrees of Sum of Significant Level 
Factor Freedom Squares Variance F F: 

C 
BC 
Experimental error 

A 
AB 
AC 
ABC 
Experimental error 

1 
A c 
AC 
Experimental error 

B 
AB 
BC 
ABC 
ExDerimental error 

1 
1 
1 
4 

1 
1 
1 
4 

1 
1 
1 
4 

1 
1 
1 
4 

Low Temperature (25') 

69.031 69.031 
0.001 0.001 
0.031 0.031 

0.6512 X 4 
High Temperature (50') 

119.351 119.351 
0.781 0.781 
0.361 0.361 

3.7512 X 4 

Low Ionic Strength (p = 0.15) 

12.005 
0.720 
0.405 

12.005 
0.720 
0.405 

2.1812 x 4 
High Ionic Strength (p = 1.00) 

0.720 0.720 
0.005 0.005 
0.045 0.045 

2.2212 x 4 

849.62 
0.02 Buffer ions: 0 
0.39 

Ionic strength: +0.001 < p 

254.62 
1.67 Buffer ions: 0 
0.77 

Ionic strength +0.001 < p 

44.06 Temperature: -0.001 < p 
2.64 Buffer ions: 0 
1.49 

2.60 Temperature: 0 
0.02 Buffer ions: 0 
0.16 

ions, and temperature. In the present experiment, allof these factors were 
investigated at  two levels. For simplicity, a letter was written when the 
corresponding factor was in the high level and not written when it was 
in the low level. When all of the factors were in the low level, a number 
one was written. Generally, with n factors at two levels, 2" treatment 
combinations were possible. To obtain an estimation of the experimental 
error, each factor was determined in duplicate. The sum of the duplicates 
was analyzed using the Yates method (19), which is a systematic method 
for estimating the individual effects and performing the analysis of 
variance. 

RESULTS AND. DISCUSSION 

To determine the influence of the dissociation of the ligand molecules 
on their binding to povidone, each ligand was investigated at two pH 
values: at pH = pKa - 0.80 and at  pKa + 0.80. At these pH values, the 
drugs are 86.3% in the undissociated and dissociated state, respectively. 
Salicylic acid also was investigated at  pH 7.00, where the drug is fully 
dissociated. 

Salicylic Acid (pKa 3.0)-Salicylic acid was investigated at  pH 2.20 
and 3.80. Table I summarizes the factors and their respective levels a t  
pH 2.20. To demonstrate the difficulties in interpreting the results, they 
are represented in Table I by changing one parameter from the low to the 
high level, with the other variables being either a t  a low or high level. For 
instance, by observing the ionic strength at the low and the high levels, 
the positive influence of this variable can be seen since the results change 
from -56 to 62% of the ligand bound. However, the results obtained by 
changing the temperature from 25 to 50° are not so easy to interpret. The 
influence seems to be negative and is greater a t  low than at  high ionic 

strength, probably due to an interaction of the temperature and the ionic 
strength. An accurate interpretation is impossible. 

With factorial analysis, the parameter effects and interaction phe- 
nomena can be interpreted easily and accurately. In Table 11, the results 
given in Table1 are analyzed according to Yates (19). In the first column, 
all of the treatment combinations are listed in a systematic way; the re- 
sults are determined in duplicate for each factor and are expressed as the 
percentage of ligand bound (column 2); their sum is listed in column 
3. 

According to Yates, with three factors, three columns have to be cal- 
culated (columns 4-6). Each column is generated from the preceding 
column in the same way. The first 2"-' values in a column are the sums 
of successive pairs of numbers in the preceding column. The next Zn-' 
values are the .differences of the successive pairs. In this way, the final 
column gives the total effect corresponding to the particular treatment 
combinations. With these estimates, an analysis of variance is performed. 
This analysis consists of splitting a total sum of squares into sums of 
squares for the factors considered. The total effect of each factor is 
squared (column 8) and divided by the number of observations (23 X 2), 
with each factor possessing one degree of freedom. The estimate of the 
residual variation, i.e., the variance of the experimental error, is calculated 
by the sum of squares of the variations between the duplicates, divided 
by 2 X 8. 

With an F test, the significance of the observed effects is tested (column 
10). Table I1 shows that the ionic strength has an overall positive influ- 
ence; however, increasing the temperature reduces the adsorption, and 
buffer ions have no influence at  all. Moreover, a relative positive inter- 
action is noted between ionic strength and temperature (factor AB). 

By splitting up the results at low and high temperatures, more infor- 

Table IV-Experimental Conditions of the Treatment Combinations with the Resulting Percentage of Ligand Bound and the Analysis 
of Variance of the Binding of Salicylic Acid (1.00 X M) to Povidone (6.00%) a t  pH 2.20 

Percentage of 
Source of Ligand Bound Degrees of Sum of Significant Level 
Variation Exp. 1 Exp. 2 Freedom Squares Variance F F:, E 1 :i362 

1 57.0 56.8 
A" 53.7 54.3 1 38.131 38.131 217.11 Temperature: -0.001 < p 
Bb 56.8 57.5 1 0.051 0.051 0.29 Ionic strength 0 
AB 53.2 54.2 1 0.076 0.076 0.43 
C' 56.9 57.2 1 0.001 0.001 0.00 Buffer ions: 0 
AC 53.7 54.4 1 0.031 0.031 0.17 
BC 56.7 57.0 1 0.031 0.031 0.17 
ABC 53.6 54.1 1 0.076 0.076 0.43 
Experimental error 8 2.8112 X 8 

level = 0.5 and high level = 1. 
Factor A = temperature; low level = 25' and high level = 50'. * Factor B = ionic strength ( p ) ;  low level = 0.15 and high level = 0.40. Factor C = buffer ions; low 
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Table V-Experimental Conditions of the Treatment Combinations with the Resulting Percentage of Ligand Bound and the Analysis 
of Variance of the Binding of Salicylic Acid (1.00 X M) to Povidone (6.00%) at pH 3.80 

Percentage of 
Source of Ligand Bound Degrees of Sum of Significant Level 
Variation Exp. 1 Exp. 2 Freedom Squares Variance F FQ ?% 1 hY 

1 52.4 53.1 
A "  46.6 45.5 1 147.623 147.623 524.88 Temperature: 0.001 < p 
B" 52.0 52.4 1 0.063 0.063 0.22 Ionic strength: 0 
A H  45.9 46.8 1 1.103 1.103 3.92 

AC 
BC 
ABC 

52.2 53.1 1 
45.8 46.5 
51.8 52.0 
46.3 47.0 

1 
1 
1 

0.000 0.000 
0.160 0.160 
0.000 0.000 

0.00 Buffer ions: 0 
0.57 
0.00 

0.040 0.040 0.14 
Experimental error 8 4.5012 X 8 

' I  < See 'Tahle 1 footnotes for explanation. 

Table VI-Experimental Conditions of the Treatment Combinations with the Resulting Percentage of Ligand Bound and the Analysis 
of Variance of the Binding of Salicylic Acid (1.00 X M) to Povidone (5.00%) at pH 7.00 

Percentage of 
Source of Ligand Bound Degrees of Sum of Significant Level 
Variation Exp.1 Exp.2 Freedom Squares Variance F FQ :e 1 I!%! 

1 49.0 50.2 
A" 42.8 41.6 1 268.141 268.141 1059.32 Temperature: -0.001 < p 
Bb 49.3 50.0 1 0.001 0.001 0.00 Ionic strength: 0 
AH 42.0 42.5 1 0.006 0.006 0.02 
C '  56.6 56.4 1 102.516 102.516 405.00 Buffer ions: +0.001 < p 
A c 47.6 47.6 1 2.481 2.481 9.80 Temperature and 

BC 56.4 56.7 1 0.006 0.006 0.02 
ARC 47.8 47.5 1 0.006 0.006 0.02 
Experimental error 8 4.0512 X 8 

ionic strength -0.05 < p < 0.01 

Factor A = temperature; low level = 25 and high level = 50°. * Factor B = ionic strength (p); low level = 0.25 and high level = 0.50. Factor C = buffer ions; low level 
= 0.5 and high level = 1. 

Table VII-Experimental Conditions of the Treatment Combinations with the Resulting Percentage of Ligand Bound and the 
Analysis of Variance of the Binding of Benzoic Acid (1.00 X M) to Povidone (6.00%) at pH 3.40 

Source of 
Variation 

Percentage of 
Ligand Bound 

Exp.1 Exp.2 
Degrees of Sum of 
Freedom Squares 

1 
A "  .. 
B h  
AR 
C' 
A(' 
RC 
ABC 
Experimental error 

~~ 

39.0 39.2 
41.0 40.9 

41.2 40.9 
39.1 39.0 
41.3 40.7 
39.1 39.2 
41.1 40.9 

39.4 323.9 
1 14.251 
1 0.016 
1 0.001 
1 0.001 
1 0.001 
1 0.001 
1 0.006 
8 

Significant Level 
Variance F F Q  :%,?i2 
14.251 281.49 Temperature: +0.001 < p 
0.016 0.31 Ionic strength: 0 
0.001 0.01 
0.001 0.01 Buffer ions: 0 
0.001 0.01 
0.001 0.01 
0.006 0.11 

0.8112 X 8 

See Table Vl footnotes for explanation. 

Table VIII-Experimental Conditions of the Treatment Combinations with the Resulting Percentage of Ligand Bound and the 
Analysis of Variance of the Binding of Benzoic Acid (1.00 X M) to Povidone (6.00%) at pH 5.00 

Percentage of 
Source of Ligand Bound Degrees of 
Variation Exp. 1 Exp. 2 Freedom 

1 16.7 16.8 
A" 14.3 14.23 1 
B" 16.9 16.6 1 
A H  14.4 14.6 1 
c c  17.0 16.3 1 
AC 
B c 
AHC 

15.2 14.7 1 
17.2 16.3 1 
14.1 14.9 1 

Experimental error 8 

Sum of Significant Level 
Squares Variance F FI:21:i"G' 

17.640 17.640 109.40 Temperature: -0.001 < p 
0.040 0.040 0.25 Ionic strength 0 
0.090 0.090 0.56 
0.023 0.023 0.14 Buffer ions: 0 
0.063 0.063 0.39 
0.023 0.023 0.14 
0.063 0.063 0.39 

See Table V I  footnotes for explanation. 

mation about the influence of the ionic strength can be obtained; by 
considering the results a t  low and high ionic strengths, the influence of 
temperature can be analyzed more specifically. The results obtained by 
splitting a t  the different levels together with their analysis of variance 

are given in Table 111. Considering the results a t  the different levels 
(Table 111). the overall positive influence of ionic strength is maintained 
for the two temperatures, while the negative influence of temperature 
is observed a t  low ionic strength. 
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400 t 3001 

Figure 2-Influence of temperature on the complexing of salicylic acid 
with pouidone at pH 2.20. The salicylic acid concentration was 5.00 X 
10-4-l.00 X M, the povidone concentration was 6.00% (8.57 X 

M), the ionic strength was 0.15, and the buffer ions were 1. 

In Fig. 1, the influence of the differefit variables investigated before 
and after splitting the results a t  the different levels is represented. This 
figure also offers a good idea of how much information can be obtained 
from factorial analysis. In the middle of the graph, the overall effects are 
indicated; on the side, the results after splitting the results are repre- 
sented. 

By lowering the high level of the ionic strength from 1.0 to 0.40 and 
maintaining the other factors at their original levels, the percentage of 
ligand bound is determined by ultrafiltration, and a factorial analysis 
is carried out again. From these results (Table IV), it is noted that ionic 
strength no longer has an effect on the binding at  these levels whereas 
temperature and buffer ions behave as indicated in Table I. 

For salicylic acid at pH 3.80, where the drug is mainly dissociated, the 
same factors as are given in Table I were investigated. The levels used 
and the corresponding results are summarized in Table V. In contrast 
with the phenomena observed at  pH 2.20, ionic strength no longer in- 
fluenced the binding of salicylic acid to povidone while increasing the 
temperature also diminished the adsorption. The observations remained 
after splitting the results a t  the different levels of ionic strength and 
temperature. 

The adsorption of salicylic acid in the dissociated state onto povidone 
was investigated at pH 7.00 using a phosphate buffer. Factorial analysis 
was carried out with three factors at two levels (Table VI). Increasing the 
temperature and the ionic strength had a negative and no influence, re- 
spectively, on the binding of salicylic acid. At pH 7.00, in contrast to pH 
2.20 and 3.80, the buffer ions enhanced complex formation (from 49.6 
to 56.9% of the ligand was bound). At the two lower pH values, the buffer 
ions were mainly monovalent phosphate and citrate ions. At pH 7.00, the 
phosphate ions were present as dibasic phosphate ions at 3876, indicating 
the great influence of these ions on complex formation. However, dibasic 
phosphate ions do not always enhance complex formation.Thus, no in- 

// 

1IF 

Figure 3-Influence of temperature on the complexing of salicylic acid 
with povidone at  pH 3.80. The salicylic acid concentration was 5.00 X 
10-4-l.00 X M, the pouidone concentration was 6.00% (8.57 X 

M), the ionic strength was 0.15, and the buffer ions were 1. 

0 I 

1000 2000 
1/F 

Figure 4-Influence of temperature on the complexing of benzoic acid 
with povidone at pH 3.40. The benzoic acid concentration was 1.00 X 
10-4-l.00 X M, the pooidone concentration was 6.00% (8.57 X 

M), the ionic strength was 0.25, and the buffer ions were 1. 

fluence was found for the binding of methyl orange to povidone at pH 
7.00 (20). On the other hand, dibasic phosphate ions increased binding 
for chlorpromazine with carboxymethylcellulose sodium (21), as well as 
citrate ions, by complex formation of local anesthetics and polyvinyl al- 
cohol (22). 

It is concluded that binding depends not only on the kind of buffer ions 
present but also on the structure of the macromolecule and the ligand. 
A second important conclusion is evident; without knowledge of the in- 
fluence of buffer ions, the binding tendency of the undissociated and 
dissociated forms of salicylic acid cannot be compared. 

Benzoic Acid (pKa 4.2)-For benzoic acid, the same factors and levels 
were investigated as for salicylic acid. However, the buffers used were 
McIllvaine buffers at pH 3.40 and 5.00. The ionic strength was maintained 
at 0.25 and 0.50. At  pH 3.40 and 5.00, the ionic strength and buffer ions 
had no influence on the binding of benzoic acid to povidone (Tables VII 
and VIII). A t  pH 3.40, where benzoic acid is mainly undissociated, the 
adsorption was enhanced by increasing the temperature; a t  pH 5.00, the 
binding was diminished. 

Isotherms and Thermodynamic Calculations-Isotherms were 
obtained at 25 and 50'; they are represented graphically using the Klotz 
isotherm (Eq. 4) in Figs. 2 and 3 for salicylic acid and in Figs. 4 and 5 for 
benzoic acid. 

For the two derivatives, a linear relationship was observed, with the 
two lines nearly going through the origin. From Eq. 2, it is seen that this 
finding implies that kF << 1; from Eq. 4, it is shown that l/n equals zero 
or n is infinite, indicating a nearly infinitely large number of adsorption 
sites. The fraction of the ligand bound to the macromolecule does not vary 
significantly with the ligand concentration, and the binding process ap- 

0' 

A' 
1OOOl ,' 

0 
500 1000 1500 2000 

1 IF 
Figure 5-Influence of temperature on the complexing of benzoic acid 
with povidone at  pH 5.00. The benzoic acid concentration was 1.00 X 
lO-4-l .OO X M, the povidone concentration was 6.00% (8.57 X 
10-5 M), the ionic strength was 0.25, and the buffer ions were 1. 
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Table IX-Thermodynamic Data for t he  Binding of Salicylic Acid and  Benzoic Acid to Povidone 

nk (X10-3) nk (XlO-.?) ASo,  
a t  298 OK, a t  323 OK, AF” (323 OK), AHo, kcalhole 

Cosolute PH literdmole l i tershole kcal/mole kcalhole  degree 

Salicylic 2.20 16.2 15.4 -6.2 -0.4 +18.0 
acid 3.80 13.1 9.3 -5.9 -2.1 +11.8 

Benzoic 3.40 7.8 8.5 -5.8 f0.7 +20.1 
arid 5.00 2.5 2.0 -4.9 -1.5 + 10.4 

pears to be unsaturable. The same finding was made by Higuchi and 
Kuramoto (23) in a study of complex formation between benzoic acid and 
povidone7 in aqueous solution. Values for nk are deduced from the slopes. 
According to Scholtan (20), the value of n can be determined only with 
much uncertainty, so it has little physical meaning. In this case, it is better 
to use the value of nk = kl, which is a measure for the strength of the 
binding, while n is indicative of the binding capacity. 

The thermodynamic functions calculated from k 1 do not necessarily 
refer to a single site on the macromolecule. However, the values are useful 
in considering the nature of the binding, in comparing the binding of 
different ligands with the same macromolecule, and in analyzing the ef- 
fects of parameters such as pH and ionic strength (14). The standard free 
energy, AFo, for complex formation is calculated from: 

AFO = -RT In nk (Eq. 6) 

With the assumption that, there is no significant temperature dependence 
of the enthalpy change within the temperature range used, the standard 
enthalpy change, AHo, for the association of 1 mole of ligand with 1 mole 
of macromolecule is given by: 

(Eq. 7) 

and the entropy change, AS”,  is obtained by substituting AHo and AF” 
in the Gibbs-Helmholtz equation: 

(Eq. 8) 

Thermodynamic data for the association reactions are reported in Table 
IX. The negative sign for A F o  means that the binding process occurs 
spontaneously. The high positive entropy and small negative enthalpy 
values are characteristic for hydrophobic binding (24-26). The positive 
entropies are associated with many reactions involving the binding of 
ligands to macromolecules as well as proteins (27-30) and to macromol- 
ecules such as polymethacrylic acid (31), polyvinyl alcohol (32), meth- 
ylcellulose (33), hydroxyethyl cellulose (33), and povidone (34-36). With 
the knowledge that the buffer composition and ionic strength have no 
influence on the adsorbing tendency of the two derivatives studied, the 
thermodynamic constants calculated from the isotherms are due entirely 
to the hinding of the ligand to the macromolecule. Thus, comparison of 
the thermodynamic constants and the effect of the substituted groups 
as well as the effect of their degree of dissociation on the binding tendency 
is possible now. 

For salicylic acid (Table IX), the binding strength was lowered by in- 
creasing temperature, both for the undissociated and dissociated forms; 
at  the two temperatures, binding was highest for the undissociated form. 
The same findings can be noted for benzoic acid, except for the undis- 
sociated form, where the binding strength was highest a t  323 OK. Sub- 
stitution of a hydroxyl function in the ortho-position of the carboxyl 
function increased the binding strength a t  298 OK by a factor of 2.1 for 
the undissociated form and by a factor of 5.3 for the dissociated form; a t  
323 “K, it increased by factors of 1.8 and 4.6, respectively. The observa- 
tions indicate that hydrogen binding also may play an important role in 
the binding. The application of factorial analysis is under investigation 
in the study of complex formation between povidone and a series of 
benzene and pyridine derivatives. 
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Abstract  0 A newly developed high-pressure liquid chromatographic 
method was used to study the optimum dosage regimen needed to sup- 
press endogenous hydrocortisone. Nine volunteers were randomly placed 
in three groups. Each group received 1 mg of dexamethasone at  11 pm 
(Treatment A), 2 mg of dexamethasone at 11 pm (Treatment B), or 1 mg 
at 11 pm and an additional 1 mg at 6 am the following day (Treatment 
C). Analysis of multiple blood samples obtained the day before and the 
day after drug administration showed suppression in all three groups. 
Although the duration and extent of this suppression varied, adequate 
suppression to permit bioavailability studies was observed for Treatments 
B and C. 

Keyphrases Hydrocortisone-suppression of endogenous hydro- 
cortisone with dexamethasone D Dexamethasone-suppression of en- 
dogenous hydrocortisone 

The principal natural glucocorticoid in humans is hy- 
drocortisone (1). Although numerous synthetic glucocor- 
ticoids have been prepared, hydrocortisone remains an 
important agent in modern adrenocorticosteroid therapy, 
and many generic formulations have appeared on the 
market. However, the bioequivalence of these products has 
not been established. To conduct bioequivalence studies, 
assay methodology must be available with the required 
sensitivity, specificity, accuracy, and precision. A number 
of apparently adequate high-pressure liquid chromato- 
graphic (HPLC) methods have been reported recently 
(2-9). 

BACKGROUND 

Hydrocortisone production follows a circadian rhythm, so suppression 
of hydrocortisone production is necessary to simplify the interpretation 
of bioavailability data. Therefore, in addition to an appropriate analytical 
procedure, a method that will adequately suppress the endogenous hy- 
drocortisone levels is needed. Without this suppression, it is not possible 
to quantitate the bioavailability of the administered hydrocortisone 
dosage forms. One way to achieve this suppression is to administer 
dexamethasone. This procedure was used in studies on prednisone (10, 
11) and prednisolone (12, 13). In these cases, dexamethasone adminis- 
tration was necessary since endogenous steroids cross react with the 
antiserums used in these radioimmunoassays. 

Dexamethasone is thought to act by blocking the release of endogenous 
ACTH (14). However, no extended detailed quantitative study has been 
performed to determine the amount of dexamethasone required to sup- 
press endogenous steroids. The duration of such suppression also is not 
clearly established. 

In one study (15), hydrocortisone levels were determined a t  2 and 4 
hr after administration of 1 mg of dexamethasone. During this period, 
hydrocortisone levels dropped to 14% of their basal values. In another 
study (16), the degree of suppression of endogenous hydrocortisone was 
related to the time of day the dexamethasone was administered. In a third 
study (17), 8 mg of dexamethasone was given for 2 days. The mean plasma 
hydrocortisone level for the subjects was 6.8 ng/ml; the blood sampling 
time was not given. 

The present paper explores the extent and duration of dexamethasone 
suppression of circulating endogenous hydrocortisone using a newly 
developed, highly sensitive and specific HPLC assay. 

EXPERIMENTAL 

The nine normal male volunteers (22-45 years old) involved in this 

Table  I-Subject Data 

Identification Group Height, cm Weight, kg Age, years 

1 A 18.5 7.1 28 
2 
3 
4 

_ _  -_ -  . -  ~. 

A 180 80 22 
A 170 63 25 
B 168 74 37 

5 B 170 77 31 
6 
7 
8 

~ 

B 178 66 28 
C 185 15 39 
C 180 75 22 

9 C 178 64 45 

study had normal vital signs and selected laboratory parameters. The 
subjects, 63-80 kg, were randomly assigned to three groups of three each 
(Table I). Group A received 1 mg of dexamethasone, Group B received 
2 mg of dexamethasone, and Group C received 2 mg of dexamethasone 
in two 1-mg divided doses administered 7 hr apart. Dexamethasone was 
given as an oral elixir' (0.5 mg/5 ml) in all cases. 

Basal values for plasma hydrocortisone levels were determined from 
heparinized blood samples (8 ml each) obtained a t  8 am, 10 am, 12 noon, 
2 pm, 4 pm, 6 pm, and 8 pm on Day 1 of the study. Prior to receiving the 
evening dexamethasone dose, the subjects were required to fast after 8 
pm and to maintain that fast until noon the following day. At 11 pm on 
the same evening, dexamethasone (Groups A and C, 1 mg; and Group B, 
2 mg) was administered to all volunteers followed by 180 ml of water. The 
following morning (Day 2), subjects in Group C received an additional 
1 mg of dexamethasone followed by 180 ml of water at 6 am. Heparinized 
blood samples then were taken from all volunteers beginning a t  8 am and 
continuing at 10 am, 12 noon, 2 pm, 4 pm, 6 pm, and 8 pm. All samples 
were collected, and the plasma was separated and frozen until it was as- 
sayed for hydrocortisone. 

All plasma samples were assayed using a previously reported HPLC 
method (9) with minor modifications. An internal standard (I-preg- 
nene-l7a, 20a,21-triol-3,11-dione) was added to the plasma, which then 
was extracted with methylene dichloride-ether (6040). After separation 
and evaporation of the organic phase, derivatization was carried out with 
dansylhydrazine. Upon completion of the reaction, the excess dan- 
sylhydrazine was reacted with pyruvic acid and a second extraction was 
performed. 

The samples were placed in a water bath at room temperature and were 
evaporated just to dryness under a gentle nitrogen stream. The residue 
was immediately taken up in 200 p1 of the HPLC mobile phase. Five 
microliters of this solution was injected* later onto a well-conditioned 
microparticulate silica columng. Elution4 was carried out with an ethylene 
dichloride-butanol-water (93:6.6:0.4) mobile phase (1.5 ml/min). Con- 
ditioning of the column was achieved by pumping the mobile phase 
through the column for 1-2 days. The effluent was monitored with a 
fluorescence detector5 [excitation, 240 nm; emission, 470 nm (cutoff fil- 
ter)]. A linear calibration curve was found for hydrocortisone concen- 
trations from 3 to 1000 ng/ml. 

A special glassware cleaning procedure was adopted to eliminate ex- 
traneous chromatographic peaks that sometimes were observed. The 
procedure consisted of rinsing the glassware with distilled water (no soap 
was used), placing it into a commercial oven6, which then was carried 
through a self-cleaning cycle, and rinsing all of the items with distilled 
water and methanol. 

The hydrocortisone levels present in the clinical plasma samples were 

Decadron, lot A3240, Merck Sharp and Dohme. 
Model U6K sample injection valve, Waters Associates, Milford, Mass. 
Prepacked Hihar 11 column with LiChrosorh SI-60 5-prn silica, Applied Science 

Model M6000A pump, Waters Associates, Milford, Mass. 
Model FS970, Schoeffel Instruments, Westwood, N.d. 
Kenmore model 423 self-cleaning oven, Sears, Roebuck and Co.. Chicago, Ill. 

Laboratories, State College, Pa. 
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Table 11-Basal Plasma Hydrocortisone Levels on Day 1 of Study 

Hydrocortisone Concentration, ng/ml 
Group A Group B Group C 

Time Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Subject 6 Subiect 7 Subject 8 Subiect 9 

8 am 
10 am 
Noon 
2 Pm 
4 Pm 
6 Pm 
8 pm 

116 182 
148 218 
56 108 
76 164 

150 114 162 212 208 
102 126 120 182 210 
108 100 94 130 92 
128 76 144 138 74 

94 120 90 62 60 100 78 
102 148 148 28 94 96 88 
44 102 24 14 46 68 42 

138 
164 
92 

122 
88 

126 
104 

78 
98 
86 
86 
42 
58 
28 

Table 111-Plasma Hydrocortisone Levels on Day 2 after Dexamethasone Administration 

Hvdrncortisnne Concentration. nP/ml 

Time 

8 am 
10 am 
Noon 
2 Pm 
4 Pm 
6 Pm 
8 ~m 

Group A tiroup B tiroup C 
Subject 1 Subject 2 Subiect 3 Subiect 4 Subiect 5 Subiect 6 Subject 7 Subject 8 Subject 9 

7 8 12 10 10 7 16 8 16 
12 7 4 7 9 7 9 6 8 
24 8 18 6 9 10 7 8 11 
10 8 12 10 11 10 11 10 14 
13 7 9 11 8 8 7 7 12 
40 82 36 10 7 9 8 9 7 
14 44 14 8 36 9 8 19 9 

determined from standard curves prepared by plotting the peak height 
ratios of the dansylhydrazones of hydrocortisone and the internal stan- 
dard uersus the concentrations of the known standards. T o  correct the 
standard curve for endogenous levels of hydrocortisone present in the 
control plasma, the peak height ratio of the control plasma was subtracted 
from all data points used in the standard curve. 

RESULTS AND DISCUSSION 

T o  establish the regimen for dexamethasone administration that would 
sufficiently suppress endogenous hydrocortisone production, three 
dexamethasone regimens were evaluated. The basal plasma levels of 
hydrocortisone in all nine subjects on Day 1 are recorded in Table 11. 
There was a general trend, but not a smooth progression, of decreasing 
plasma levels from morning to evening. This trend agrees with the ob- 
servation that plasma hydrocortisone levels follow a circadian rhythm. 

The plasma levels of hydrocortisone on Day 2 are given in Table 111. 
Substantial suppression was seen in all subjects. The plasma levels in 
subjects on Treatment C did not exceed 16 ng/ml from 8 am to 6 pm. 
Volunteers receiving Treatment B had plasma levels below 11 ng/ml 
throughout the same period. The plasma levels achieved with both 
Treatments B and C were quite stable. Suppression of endogenous hy- 
drocortisone was not as complete in the subjects receiving Treatment A 
and showed greater variations. All three volunteers in Group A had 
plasma levels of a t  least 36 ng/ml by 6 pm on Day 2. 

Since stress is known to affect the plasma levels of endogenous hy- 
drocortisone ( 1  8), concern existed about the possibility of endogenous 
hydrocortisone levels fluctuating after suppression had been achieved 
with dexamethasone administration. In this study, the plasma level 
fluctuations seen during the control period were virtually absent in the 
postadministration period. This finding is important since any significant 
variations in the suppressed plasma hydrocortisone levels would seriously 
hinder the interpretation of bioavailability data of hydrocortisone dosage 
forms. 

A profile analysis (19) using an F test for the average treatment effects, 
time effects, treatment with time effects, and subject effects was per- 
formed on the basal and suppressed plasma hydrocortisone levels. The 
data were analyzed by comparing Treatment A with Treatments B and 
C as well as Treatment B with Treatment C. The statistical analysis of 
basal plasma levels indicated that there were no significant differences 
due to what were evaluated as treatment effects ( p  = 0.52 and 0.90) and 
no significant differences due to treatment with time effects ( p  = 0.29 
and 0.56). However, there were significant differences due to time ( p  = 
0.0001) and intersubject variability ( p  = O.OoOl), which could be expected. 
For the suppressed plasma hydrocortisone levels, the analysis indicated 
Treatment A was significantly different from Treatments B and C ( p  = 
0.007). Treatments B and C were not significantly different ( p  = 0.97). 
A test of t,he treatment with time effects likewise indicated that Treat- 
ment A was significantly different from Treatments B and C (p = 0.OoOl) 
but that Treatments B and C were not ( p  = 0.98). 

As shown in the preceding analysis, the extent and duration of the 
suppression of endogenous plasma hydrocortisone were similar with 
Treatments B and C. Therefore, selection of either regimen for subse- 
quent bioavailability studies would be reasonable. However, since 
Treatment C requires an evening and a morning dose, Treatment B is 
more convenient. In addition, the possibility cannot be ruled out that an 
early morning dose of dexamethasone may affect the kinetics of orally 
administered hydrocortisone. 

A study is underway to investigate the kinetics of hydrocortisone fol- 
lowing a single oral dose; Treatment B administration of dexamethasone 
is being used. 
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Abstract The blood levels of propranolol in rats and dogs were com- 
pared after the administration of nasal, intravenous, and oral solutions. 
The results indicate that the blood drug levels after nasal and intravenous 
administration were identical, but the oral administration resulted in 
considerably lower blood levels. Sustained-release formulations of the 
drug also were administered nasally and resulted in low initial but pro- 
longed blood levels. The bioavailability of the sustained-release formu- 
lation was identical to that of the intravenous administration. 

Keyphrases 0 Propranolol-nasal absorption from different dosage 
forms, rats and dogs Bioavailability-propranolol, comparison of 
sustained-release nasal formulation with intravenous administration, 
rats and dogs Absorption, nasal-propranolol from different dosage 
forms, rats and dogs 

The oral, administration of propranolol in human 
subjects resulted in considerable variation in plasma drug 
levels. Peak plasma levels in five subjects given 80-mg oral 
doses varied sevenfold, while 10-mg doses given intrave- 
nously to the same subjects varied only twofold (1). Fur- 
thermore, the bioavailability of an 80-mg oral dose in 
several subjects varied from 16 to 60% of that of a 10-mg 
iv dose. The variations in blood levels as well as the low 
bioavailability from oral doses have been attributed to 
extensive drug metabolism during absorption and first 
passage through the liver (1-3). A previous report (4) in- 
dicated that the blood levels of propranolol after intrave- 
nous and nasal administration of 1-mg doses in rats were 
identical but that oral administration of the same dose 
resulted in considerably lower blood levels. 

This report presents the results on the nasal absorption 
of propranolol in rats and dogs after its administration in 
a solution and a sustained-release formulation. 

Table I-Composition of Sustained-Release Dosage Forms of 
Propranolol Used in Rat  Studies 

Ingredient 
Formulation 

SR-A SR-B SR-C 
I 

- - Propranolol hydrochloride, mg 1 
Propranolol (base), mg - 0.88" - 

Methylcellulose, mg 3 3 3 
Saline, ml 0.1. 0.1 0.1 

Propranolol stearate, mg - - 1.84" 

a One milligram as propranolol hydrochloride. 

Table 11-Composition of Dosage Forms of Propranolol Used in 
Dog Studies 

Nasal 
Ingredient Intravenous Oral Solution SR-D SR-E 

- Propranolol 20 20 20 - 
hydrochloride, mg 

Propranolol - - - 36.8a 36.8" 
stearate, mg 

- 15 Methylcellulose, mg - - - 
Saline, ml 1 50 0.2 0.5 0.5 

0 Twenty milligrams as propranolol hydrochloride. 

CONCHAE ESOPHAGUS TRACHEA 

NASAL CAVITY \ \ I 

Figure 1-Diagram of the surgical procedure of nasal absorption in the 
rat. 

EXPERIMENTAL 

Materials-Propranolol hydrochloride USPl, propranolol free base, 
and propranolol stearate were used. Propranolol free base and pro- 
pranolol stearate were prepared from propranolol hydrochloride. 

Composition of Formulations-The formulations used in the rat and 
dog studies are listed in Tables I and 11, respectively. 
In Vitro Dissolution-The dissolution study was carried out using 

the USP rotating-basket method; 0.2 g of Formulation SR-A, SR-B, or 
SR-C was placed in the basket, which was lined from the inside with filter 
paper. (The filter paper was used as a barrier for the diffusion of meth- 
ylcellulose.) The dissolution medium consisted of 500 ml of pH 7.4 iso- 
tonic buffer at 37'. The basket was rotated at  100 rpm. A 0.5-ml volume 
of the medium was withdrawn periodically, added to 0.2 ml of 0.1 N HCl, 
and assayed later. 

Animal Studies-Rats-Male Sprague-Dawley rats, -270 g, were 
anesthetized with pentobarbital (50 mg/kg). The surgical operation 
carried out on the rats was that described by Hirai et a1.* (Fig. 1). An 
incision was made in the neck, and the trachea was cannulated with a 
polyethylene tube3. Another tube was inserted from the esophagus to the 
posterior part of the nasal cavity. The nasopalatine was closed with an 
adhesive agent4 to prevent drainage of the drug from the nasal cavity to 
the mouth. The sustained-release preparation (equivalent to 1 mg of 
propranold hydrochloride) was administered to the nasal cavity through 
the tube by means of a syringe. Blood (0.1-0.2 ml) was sampled from the 
femoral aorta periodically and analyzed later. 

Dogs-Three beagle dogs, -10 kg, were used in this crossover study. 

Ayerst Laboratories, New York, N.Y. 
S. Hirai, T. Yashiki, and T. Matsuzawa, presented a t  the 98th annual meeting 

3 PE 260, Intramedic, Clay Adams, New York, N.Y. 
Super Glue, Woodhill Permetex, Cleveland, Ohio. 

of the Pharmaceutical Society of Japan, Okayama, Japan, April 1578. 
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Table 111-Peak Blood Level ( C,,,,,J, Time to Peak ( T,,,,,), and 
Area under  Curve (AUC) a f t e r  Nasal Administration of 
Sustained-Release Dosage Forms of Propranolol in Rats  

- 600- 
E 

=, 300- 

. 
0) 

100- 

60 - 
30 - 

Intravenous - - 1033.8 f 30.8 - 
Oral 96.9 f 18.6 50.0 196.9 f 25.8 0.190 
Nasal 

Solution 1161.4 f 29.0 6.3 1033.0 f 48.7 0.999 .. . 

SR-A 949.0 f 46.5 10.0 968.4 2 15.4 0.936 
SR-B 912.3 f 88.3 13.3 1031.1 f 42.1 0.997 
SR-C 341.5 f 35.5 71.2 1044.1 f 30.5 1.009 

Mean f S E  ( n  = 3 or 4). 

Table IV-Peak Plasma Level ( Cma,), Time to Peak (T,,,,,), and 
Area under  Curve (AUC) a f t e r  Intravenous, Oral,  and Nasal 
Administration of Propranolol i n  Dogs 

Intravenous - - 1892.1 f 102.1 - 
Oral 42.5 f 7.2 50 130.1 f 8.2 0.068 
Nasal 

Solution 1539.2 f 70.9 5 1942.1 f 64.2 1.026 
SR-D 236.6 f 24.3 80 1902.3 f 66.4 1.005 
SR-Eb 64.3 f 5.6 180 - - 

" Mean f SE ( n  = 3).  Not enough points to calculate ALICo-,. 

For the intravenous administration, the dogs were anesthetized with the 
intravenous injection of 30 mg of pentobarbital sodium/kg. The admin- 
istered solution (20 mg of propranolol hydrochloride) was injected 
through the cubital vein. For the oral administration, the dogs were not 
anesthetized and the drug was administered by a stomach tube. For the 
nasal administration, the dogs were anesthetized and both the solution 
and the sustained-release preparation were administered to the nasal 
cavity through the nostrils with a micropipet and a syringe, respectively. 
Blood was sampled periodically from the cubital vein. After centrifuga- 
tion, 0.5 ml of plasma was separated and analyzed later. 

Analytical Method-Blood and plasma levels of propranolol were 
assayed spectrophotofluorometrically by a minor modification of the 
method of Shand et al. (1). Distilled water (0.5 ml) was added to 0.1-0.5 
ml of blood or plasma. The mixture then was made alkaline with 0.5 ml 
of 1 N NaOH and extracted into 10 ml of heptane. After shaking and 
centrifugation, 8 ml of the heptane layer was extracted into 1.5 ml of 0.1 
N HCI; the fluorescence of the acid layer was determined by a spectro- 
photofl~orometer~ (maximum excitation a t  295 nm and maximum 
emission a t  360 nm). The minimum detectable concentration was 3 ng/ml; 
pentobarbital did not interfere with the assay. Corrections were made 
for the blank. 
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Figure 2-In vitro release profile of propranolol f rom three sus- 
tained-release formulations. Key: 0, SR-A; A, SR-B; and 0,  SR-C. 
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Figure 3-Mean blood levels of propranolol i n  rats (n = 3 or 4 ) .  Key:  
0, nasal SR-A; A ,  nasal SR-B; 0 ,  nasal SR-C; A ,  nasal solution; 0 ,  
intravenous; and ., oral. 

The samples of the in uztro dissolution study also were analyzed 
spectrophotofluorometrically. 

RESULTS 

Figure 2 shows the in vitro release profile of propranolol from three 
sustained-release formulations (SR-A, SR-B, and SR-C) administered 
nasally to rats. 
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Figure 4-Mean blood levels of propranolol i n  dogs (n = 3). Key: 0, 
intravenous; A,  oral; 0,  nasal solution; A, nasal SR-D; and ., nasal 
SR-E. 
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Figure 3 shows the mean b l d  propranolol levels in rats after the nasal 
administration of the sustained-release formulations as compared to 
those obtained previously (4) after intravenous, oral, and nasal admin- 
istration of an isotonic solution of the drug. 

The pharmacokinetic parameters calculated for the different formu- 
lations and for the different administration routes are shown in Table 
111. 

Figure 4 shows the mean plasma level in dogs after the nasal admin- 
istration of the solution and two sustained-release formulations as well 
as the intravenous and oral solutions. Table IV shows the pharmacoki- 
netic parameters in dogs calculated for the different formulations and 
for the different administration routes. 

DISCUSSION 

The oral administration of propranolol to human subjects resulted in 
low and variable plasma drug levels compared to intravenous adminis- 
tration (1). Similar results were obtained in rats and dogs after the oral 
administration of propranolol solution (Figs. 3 and 4). However, the data 
in Figs. 3 and 4 clearly show that the nasal administration of the drug 
solution in both rats and dogs resulted in plasma drug levels similar to 
those of an intravenous administration. The data in Figs. 3 and 4 show 
that the sustained-release formulations resulted in lower initial blood 
levels of the drug. However, the drug level in the blood was maintained 
longer. Furthermore, the blood drug profile from the sustained-release 

formulations administered to rats correlated with the in uitro (Fig. 2 )  
release of the drug from these formulations. 

The pharmacokinetic parameters for the different formulations and 
different administration routes obtained for both rats and dogs are shown 
in Tables 111 and IV, respectively. The maximum blood levels of the drug 
observed after administration of the sustained-release formulations were 
much lower than those observed after administration of the nasal solu- 
tions. However, the bioavailability calculated from the area under the 
blood level curves was identical. 

The results of this study strongly suggest that the nasal administration 
of propranolol is superior t o  the oral route and as effective as the intra- 
venous route. A study is underway on the bioavailability of propranolol 
from nasal dosage forms in humans. 
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Abstract 0 Plasma concentration profiles were studied after single oral 
doses of phenylbutazone of 100,300, and 600 mg in cachets to six healthy 
volunteers. The pharmacokinetics of phenylbutazohe can be described 
by a two-compartment open model. The drug is absorbed rapidly and 
distributed partially into an extravascular compartment; about one-third 
remains in the plasma. The mean elimination half-life was 77 hr (54-99 
hr), and there was a linear relationship between the dose and the area 
under the plasma concentration curve. In a multiple-dose study, six 
healthy volunteers received 150 mg of phenylbutazone in cachets twice 
daily every 11-13 hr for 17 days. A steady state was reached after -200 
hr of chronic treatment. The resultant steady-state plasma concentrations 
were about four times higher than the peak concentration produced by 
a single 150-mg dose. The half-lives corresponding to the apparent 
elimination rate constant for the first and last administrations did not 
differ in each subject. The theoretical minimum concentrations are higher 
than the pseudosteady state reached during chronic treatment. 

Keyphrases 0 Phenylbutazone-pharmacokinetics after single and 
multiple oral doses Pharmacokinetics-phenylbutazone, single and 
multiple oral doses Anti-inflammatory agents-phenylbutazone, 
pharmacokinetics after single and multiple oral doses 

Phenylbutazone has been used as an anti-inflammatory 
agent for about 25 years. After oral administration, it is 
completely and rapidly (1) absorbed and almost com- 
pletely metabolized (1-3). Its half-life in plasma ranges 
from 1 to 3 days (1,2,4-6) and shows large interindividual 
differences. Phenylbutazone is highly protein bound 

(-99%) (1). The drug is eliminated mainly in the urine 
(60-70%) (1,2). 

The single-dose kinetics of phenylbutazone have been 
studied (1, 7, 8), and two-compartment model was pro- 
posed for it (8). There is an almost linear relationship be- 
tween the dose and the area under the plasma concentra- 
tion curve (AUC) (9). 

No precise information is available on multiple-dose 
kinetics. The steady-state plasma levels of phenylbutazone 
were measured by several investigators (1,lO-14) and were 
predicted by Orme et al. (12) from knowledge of the half- 
lives of antipyrine in individual subjects but not from the 
single-dose kinetics of phenylbutazone. The discrepancy 
between predicted and measured steady-state plasma 
levels of phenylbutazone has been discussed, and it was 
suggested that an increase in the volume of distribution 
occurs after multiple dosing (14). 

Recent advances in analytical methodology (15) have 
made possible the investigation of the pharmacokinetics 
of phenylbutazone in humans in greater detail. This report 
describes the plasma concentration profiles obtained after 
the oral administration of phenylbutazone in single doses 
of 100,300, and 600 mg and after repeated administration 
of 150 mg twice daily for 17 days. 
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Figure 3 shows the mean b l d  propranolol levels in rats after the nasal 
administration of the sustained-release formulations as compared to 
those obtained previously (4) after intravenous, oral, and nasal admin- 
istration of an isotonic solution of the drug. 

The pharmacokinetic parameters calculated for the different formu- 
lations and for the different administration routes are shown in Table 
111. 

Figure 4 shows the mean plasma level in dogs after the nasal admin- 
istration of the solution and two sustained-release formulations as well 
as the intravenous and oral solutions. Table IV shows the pharmacoki- 
netic parameters in dogs calculated for the different formulations and 
for the different administration routes. 

DISCUSSION 

The oral administration of propranolol to human subjects resulted in 
low and variable plasma drug levels compared to intravenous adminis- 
tration (1). Similar results were obtained in rats and dogs after the oral 
administration of propranolol solution (Figs. 3 and 4). However, the data 
in Figs. 3 and 4 clearly show that the nasal administration of the drug 
solution in both rats and dogs resulted in plasma drug levels similar to 
those of an intravenous administration. The data in Figs. 3 and 4 show 
that the sustained-release formulations resulted in lower initial blood 
levels of the drug. However, the drug level in the blood was maintained 
longer. Furthermore, the blood drug profile from the sustained-release 

formulations administered to rats correlated with the in uitro (Fig. 2 )  
release of the drug from these formulations. 

The pharmacokinetic parameters for the different formulations and 
different administration routes obtained for both rats and dogs are shown 
in Tables 111 and IV, respectively. The maximum blood levels of the drug 
observed after administration of the sustained-release formulations were 
much lower than those observed after administration of the nasal solu- 
tions. However, the bioavailability calculated from the area under the 
blood level curves was identical. 

The results of this study strongly suggest that the nasal administration 
of propranolol is superior t o  the oral route and as effective as the intra- 
venous route. A study is underway on the bioavailability of propranolol 
from nasal dosage forms in humans. 

REFERENCES 

(1) D. G. Shand, E. M. Nuckolls, and J. A. Oates, Clin. Pharmacol. 

(2) T. Suzuki, Y. Saitoh, S. Isozaki, and R. Ishida, Chem. Pharm. Bull., 

(3) T. Walle, T. C. Fagan, E. C. Conradi, U. K. Walle, and T.  E. Gaff- 

(4) A. A. Hussain, S. Hirai, and R. Bawarshi, J.  Pharm. Sci., 68,1196 

Ther., 11,112 (1970). 

20,2731 (1972). 

ney, Clin. Pharmacol. Ther., 26,167 (1979). 

(1979). 

Pharmacokinetics of Phenylbutazone in Healthy 
Subjects after Oral Administration of Single and 
Multiple Doses 

A. SIOUFI *x, D. COLUSSI *, F. CAUDAL *, 
J. P. SCHOELLERf and P. MASSIASB 
Received December 10,1979, from the *Biopharmaceutical Research Center and the * 
France, and the 4Department of Rheumatic Diseases, Antoine Beclbre Hospital, Clamart, France. 

dical Department, Ciba-Geigy, Rueil- lmaison, 
Accepted for publication June 23,1980. 

~~ ~ 

Abstract 0 Plasma concentration profiles were studied after single oral 
doses of phenylbutazone of 100,300, and 600 mg in cachets to six healthy 
volunteers. The pharmacokinetics of phenylbutazohe can be described 
by a two-compartment open model. The drug is absorbed rapidly and 
distributed partially into an extravascular compartment; about one-third 
remains in the plasma. The mean elimination half-life was 77 hr (54-99 
hr), and there was a linear relationship between the dose and the area 
under the plasma concentration curve. In a multiple-dose study, six 
healthy volunteers received 150 mg of phenylbutazone in cachets twice 
daily every 11-13 hr for 17 days. A steady state was reached after -200 
hr of chronic treatment. The resultant steady-state plasma concentrations 
were about four times higher than the peak concentration produced by 
a single 150-mg dose. The half-lives corresponding to the apparent 
elimination rate constant for the first and last administrations did not 
differ in each subject. The theoretical minimum concentrations are higher 
than the pseudosteady state reached during chronic treatment. 

Keyphrases 0 Phenylbutazone-pharmacokinetics after single and 
multiple oral doses Pharmacokinetics-phenylbutazone, single and 
multiple oral doses Anti-inflammatory agents-phenylbutazone, 
pharmacokinetics after single and multiple oral doses 

Phenylbutazone has been used as an anti-inflammatory 
agent for about 25 years. After oral administration, it is 
completely and rapidly (1) absorbed and almost com- 
pletely metabolized (1-3). Its half-life in plasma ranges 
from 1 to 3 days (1,2,4-6) and shows large interindividual 
differences. Phenylbutazone is highly protein bound 

(-99%) (1). The drug is eliminated mainly in the urine 
(60-70%) (1,2). 

The single-dose kinetics of phenylbutazone have been 
studied (1, 7, 8), and two-compartment model was pro- 
posed for it (8). There is an almost linear relationship be- 
tween the dose and the area under the plasma concentra- 
tion curve (AUC) (9). 

No precise information is available on multiple-dose 
kinetics. The steady-state plasma levels of phenylbutazone 
were measured by several investigators (1,lO-14) and were 
predicted by Orme et al. (12) from knowledge of the half- 
lives of antipyrine in individual subjects but not from the 
single-dose kinetics of phenylbutazone. The discrepancy 
between predicted and measured steady-state plasma 
levels of phenylbutazone has been discussed, and it was 
suggested that an increase in the volume of distribution 
occurs after multiple dosing (14). 

Recent advances in analytical methodology (15) have 
made possible the investigation of the pharmacokinetics 
of phenylbutazone in humans in greater detail. This report 
describes the plasma concentration profiles obtained after 
the oral administration of phenylbutazone in single doses 
of 100,300, and 600 mg and after repeated administration 
of 150 mg twice daily for 17 days. 
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EXPERIMENTAL 

Subjects-Six healthy volunteers were instructed to take no drugs 
of any kind for at least 1 week prior to the study and no drugs other than 
phenylbutazone during the experiment. 

Five males and one female, 23-29 years and 58-95 kg, participated in 
the single-dose study. Subjects 2,3, and 5 took part in the later multi- 
ple-dose study together with three additional volunteers. The subjects 
in this group of four males and two females were 22-29 years old and 
59-80 kg. 

Procedure-Phenylbutazone was given as the pure active ingredient 
in cachets without any excipient. 

Single-Dose Study-Each subject received 100,300, and 600 mg a t  
4-week intervals according to the crossover design. The doses were given 
to the fasting subjects with 100 ml of water a t  -8 am, 2 hr before a light 
standardized breakfast. A standard lunch was given 4 hr later. 

Blood samples (5 ml) were collected in heparinized tubes before and 
0.5,1,2,3,4,6,8,24,48,72,96, and 168 hr after drug administration. The 
48-hr sample was omitted after the 600-mg single dose, but additional 
samples were collected after 240 and 336 hr. Plasma was separated by 
centrifugation and kept a t  -2OO until analysis. 

Multiple-Dose Study-Each subject received one 150-mg dose on 
the 1st and 22nd days and 150 mg twice daily from the 5th day until the 
21st day. The interval after the first dose was allowed so that the total 
plasma concentration curve of the first dose could be plotted over 96 hr. 
Morning doses were taken a t  -9 am during breakfast. Evening doses were 
taken during the meal at -8 pm. 

Blood samples were collected in heparinized tubes a t  various times 
after the first and last administrations and just before each morning dose 
during chronic treatment. Plasma was obtained by centrifugation and 
kept a t  -2OO until the time of analysis. 

D r u g  Assay-Phenylbutazone was assayed in plasma samples from 
the single-dose study by a GLC method using a flame-ionization detector 
that  measured concentrations as low as 250 ng/ml of plasma. All samples 
were assayed in duplicate. 

In the meantime, a new GLC method (15) was developed using an 
electron-capture detector capable of determining concentrations down 
to 10 ng/ml of plasma with the same extraction procedure as used in the 
flame-ionization technique. Plasma samples from the multiple-dose study 
were analyzed for phenylbutazone by the electron-capture GLC method. 
All samples were assayed in duplicate. 

Both methods yielded similar results for the same set of samples. Two 
spiked plasma solutions were prepared (250 and 2500 ng of phenylbu- 
tazone/ml of plasma) and analyzed six times by the flame-ionization 
method and six times by the electron-capture method for each concen- 
tration. The results were 250.8 f 3.6 (CV%, n = 6) and 2473.3 f 4.3 with 
flame-ionization detection and 249.8 f 5.0 and 2483.0 f 5.3 with elec- 
tron-capture detection. 

Moreover, the three unconjugated metabolites of phenylbutazone in 
plasma (15) were tested by the flame-ionization and electron-capture 
methods. None of these metabolites interfered with phenylbutazone 
chromatography. 

80 i 

Table I-Individual Pharmacokinetic Parameters  of 
Phenylbutazone from Single-Dose Study a 

Dose, Crnax, Trnax, T ~ I z ,  AUC-, 
mg Subject pg/ml hr hr (pghr)/ml 

100 1 
2 

12.48 
17.05 
14.25 

1.81 
2.88 
3.22 

99.0 
74.5 

1188 
1496 
1080 
1596 
1167 
1108 
1272 
217 

n 73.7 
83.5 
66.0 

4 
5 

12.63 
13.80 
15.32 

7.03 
2.90 
1.81 6 

Mean 
SD 

63.6 
76.7 
13.0 

86.6 
54.1 
74.5 
78.7 
82.5 

14.25 
1.73 

Median 
1 
2 
3 

2.89 
300 35.05 

42.96 
30.77 
46.33 

3470 
3050 
3461 
4046 
3362 
3083 
3412 

360 

3.29 
5.09 
5.86 

4 
5 
ti 

1.85 
3.23 
2.86 

35.43 
39.97 
38.41 
5.73 

70.7 
74.5 
11.5 

Mean 
SD 

Median 3.26 
6.38 600 1 

2 
3 

51.18 
81.44 
81.34 
83.30 
88.11 
65.87 
75.20 
13.94 

92.4 
70.0 
82.5 
94.8 
62.4 
70.0 
78.7 
13.2 

6615 
6349 
7430 
9734 
5629 
4441 
6700 
1795 

3.57 
2.35 
2.96 
1.73 

4 
5 
6 

Mean 
SD 

Median 

0.99 

2.65 

7',,,, and k~ values were calculated from the multiexponential equation 
giving the best fit to the experimental results. The T112 values were derived from 
k ~ ,  and the AU(' values were extrapolated to time infinity according to the TI/* 
values. 

Mathematical  Methods-The calculations, curve fitting, and sta- 
tistical analysis were carried out with the aid of a computer' equipped 
with a plotter2. 

RESULTS 

Single-Dose Study-plasma Concentration-Time Curues-The 
curves were obtained by using a multiexponential computer program that 
selects the equation giving the best fit to the experimental results. The 
individual curves, as well as the average curves (Fig. l), exhibited a 
two-phase decline of the plasma concentration as a function of time. This 
finding indicates a distribution phase that is sufficiently slow, as com- 
pared to the absorption phase, to be visible after absorption is almost 
completed. 

The pharmacokinetics of phenylbutazone, therefore, can be described 
by a two-compartment open model. With the assumption that all transfer 
processes, including absorption, are first order, such a model corresponds 
to a three-term exponential equation. In fact, 16 of the 18 individual 
curves fitted such an equation. 

The equations of the average curves are as follows. For the 100-mg 
dose: 

[,' = -88.00e-l.fi5lt + 12,22e-0.SG06t + 1(374e-0.1jO%U (Eq. 1) 

For the 300-mg dose: 
c' = -18o,0oe-i HOet + 4p~~-n.n~1nt  + 30,78~-0"'01L ( E ~ ,  2) 

For the 600-mg dose: 
[,' = -152,38e-0.YY4L + 5~g4e-0.400St + 55,67e-l).009"l (Eq, 3) 

The individual equations permitted the calculation of the phar- 
macokinetic parameters shown in Table 1. 

Absorption-Phenylbutazone was absorbed rapidly, with the maxi- 
mum concentration being reached -3 hr after administration. Never- 
theless, the individual values of T,,, were scattered, and there was a 
variable delay in some subjects before absorption started (lag time). 

In six of 18 cases, the rate of absorption appeared to be slow initially 
and then increased gradually. This finding indicates that drug absorption 
was fast enough to have little, if any, effect on the other two phases, i .e . ,  
distribution and elimination. 

HOURS 

Figure I-Mean plasma phenylbutatone concentrations ( f s D )  in s i x  
healthy oolunteers for doses of I00 ( O ) ,  300 (O), and 600 (A) mg. Curve 
A shows concentrations up to 168 hr for 100 and 300 mg and up  to 336 
hr for 600 mg. Curoe R shouls concentrations up to 24 hr. 
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Figure 2-Relationship between dose and C,,, (0 )  and between dose 
and AUC, (0) for phenylbutazone in a single-dose study. 

Distribution-The apparent volume of distribution can be estimated 
from the area under the plasma concentration curve (AUC) and the 
elimination rate constant ( k ~ ) :  

(Eq. 4) 

where F is the fraction of the dose absorbed. 
The average value of the apparent volume of distribution (V,,,,) for 

all doses was 10.2 liters, assuming that F = 1. The volume of plasma 
(calculated on the basis of 41 ml/kg of body weight) was 2.9 liters. Since 
F is 51, -30% of the administered phenylbutazone remained in the 
plasma. 

Elimination-The overall elimination rate constant, k~ (Table I), 
clearly was independent of the dose. The mean elimination half-life for 
all doses was 77 hr, but the individual values varied from 54 to 99 hr. The 
intrasubject variation was less but was not negligible. 

Dose Dependency of Pharmacokinetic Parameters-As shown in Fig. 
2, there was a satisfactory linear relationship between the dose and Cmax 
and between the dose and AUC, (AUC extrapolated to infinity). 

Multiple-Dose Study-Phenylbutazone elimination half-lives (Tl /z)  
estimated from the slope of the terminal linear segment of log-linear plots 
of the plasma concentration were similar at the beginning and end of the 
chronic treatment. Mean values ( f S D )  were 65.5 (rt8.9) and 66.8 (rt12.0) 
hr, respectively. The areas under the concentration profiles following 
administration of the first dose were measured by the trapezoidal rule 
and extrapolated to time infinity using the values. Their mean value 
( A S D )  was 1697 (f231) (pg hr)/ml, which was in good agreement with 
the value calculated from the single-dose study [1706 (pg hr)/ml]. 

The AUC values after single doses were larger than those for a dose 
interval after multiple dosing; the mean values for the six subjects were 
1697 ( p g  hr)/ml for AUCg after a single dose and 1140 ( f ig  hr)/ml for 
AIICQ;? after multiple doses. (Plasma levels after 516 hr were estimated 
roughly by interpolation from the 512- and 528-hr values.) The ratio of 
these two mean AUC values is similar to the ratio of the measured (-90 
pglml) to the predicted (-130 pg/ml) steady-state plasma levels 
(-0.7). 

As chronic treatment proceeded, the plasma phenylbutazone con- 
centration measured just before the morning dose increased progressively 
up to values about four times higher than the peak concentration fol- 
lowing the administration of the first dose of the treatment (mean value * SD, 24.7 f 6.2 pg/ml). Theoretical phenylbutazone concentrations just 
before the morning dose were obtained by the superposition technique 
and were distinctly higher than the corresponding experimental values 
(Fig. 3). 

DISCUSSION 

The pharmacokinetics of single doses of phenylbutazone can be de- 
scribed by a two-compartment open model. The drug was absorbed 
rapidly after oral administration in a single dose. It was distributed 
partially to an extravascdlar compartment, but a t  least one-third of the 
absorbed drug remained in the plasma. This finding is in agreement with 
the data reported by Burns et al. (I). The mean elimination half-life of 
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Figure  3-Predicted (0) and observed (A) average plasma concen- 
trations of phenylbutazone during chronic treatment. 

phenylbutazone was -77 hr, with individual values varying from 54 to 
99 hr, which are within the reported range (1,2,4-6). There was a satis- 
factory linear relationship between the dose and the A UC. This finding 
is in agreement with the results reported by Lukas et al. (9); the fourfold 
increase of the dose did not cause a qualitative change in the elimination 
kinetics of phenylbutazone. 

Single doses showed a linear relationship of AUC, C,.,, and dose UP 
to 600 mg, whereas upon multiple dosing, the plasma levels were lower 
than would be expected from a linear superposition of single-dose ki- 
netics. 

The differences found between single-dose predictions and actual 
steady-state concentrations cannot be correlated to the fact that  two 
analytical procedures were used for the two phases of the study. Both 
methods yielded similar results for the same samples, and there was no 
interference between phenylbutazone and its three metabolites in the 
two methods. 

In the multiple-dose study, the half-lives corresponding to the apparent 
elimination rate constant in each subject did not differ greatly for the first 
and last administrations. The theoretical minimum concentrations were 
much higher than the pseudosteady-state concentrations reached during 
chronic treatment in healthy volunteers. 

The same effects were noticed by Edstrom (8) in patients with ank- 
ylosing spondylitis and by Orme and coworkers (12,13) in patients with 
rheumatoid arthritis. 

Burns et al. (1) showed that, after multiple dosing, increases in the 
dosage of phenylbutazone did not produce a proportional increase in 
plasma levels, which tended to reach a limiting concentration. Moreover, 
when phenylbutazone was administered intravenously to a subject whose 
plasma level was at this limiting concentration, the drug disappeared 
rapidly from the plasma until the level declined to the limiting value; after 
this level was reached, the concentration decreased at a much slower rate. 
Burns et al. (1) assumed that this phenomenon was due to a greatly in- 
creased rate of metabolism a t  higher dosages. The present results are not 
in agreement with this assumption; the half-life is a t  least as long a t  the 
end of chronic treatment as a t  the beginning. 

On the condition that absorption is complete after multiple dosing, 
the present data show an increase in drug clearance from the plasma, since 
the steady-state levels are lower than predicted. However, since the 
elimination half-life is unchanged, the volume of distribution probably 
is increased. This is reasonable since phenylbutazone has a low extraction 
ratio and is highly protein bound. An increase in the free fraction a t  high 
concentrations (12.13) would explain the increase in the clearance and 
the volume of distribution with no change in.the half-life. 
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Abstract The bioavailability of a new, slow-release potassium chloride 
product consisting of coated beads in a hard gelatin capsule was compared 
with the bioavailahility of two marketed products, an elixir and a slow- 
release tablet, by determining the urinary excretion of potassium. Twelve 
healthy male volunteers were dosed with a total of 80 mEq of potassium, 
in a single dose for the capsule and tablet and in three 26.6-mEq doses 
at 6-hr intervals for the elixir. Mean recoveries in 24-hr urine potassium 
levels from all three dosage forms after subtracting normal urine potas- 
sium excretion levels were 50.8% from the capsule, 53.9% from the elixir, 
and 63.1% from the tablet. Maximum excretion rates were reached a t  2.0 
hr for the elixir, 6.8 hr for the capsule, and 4.0 hr for the tablet. Fewer side 
effects were reported with the capsule than with the elixir and tablet. 

Keyphrases Potassium chloride-bioavailability and pharmacoki- 
netics of slow-release capsule Bioavailability-potassium chloride in 
slow-release capsule 0 Pharmacokinetics-potassium chloride in slow- 
release capsule 

Potassium chloride is indicated for the treatment of 
hypokalemic alkalosis associated with various cardiovas- 
cular disorders. Aqueous solutions of potassium chloride 
are effective potassium supplements when taken as pre- 
scribed; however, because of an unpleasant taste due to the 
chloride ion, patient compliance during long-term therapy 
has been a problem. More palatable forms of potassium 
salts, such as the gluconate or mixtures of bicarbonate, 
citrate, and acetate, are available, but the chloride ion has 
been shown to be a prerequisite for effective treatment 
(1). 

BACKGROUND 

A new, slow-release potassium chloride preparation containing 600 mg 
(8 mEq) of potassium chloride' in the form of small, nearly spherical 
heads enclosed in a hard gelatin capsule was developed to avoid or min- 
imize a high localized concentration of potassium within the GI tract. The 
potassium chloride crystals are specially coated to permit a uniform, 
controlled in uiuo release over 8-10 hr. Extensive toxicity testing in an- 

' Berlex 1.aboratories Inc., Cedar Knolls, N.d. 

Table  I-Cumulative Potassium Recovery from 12 Subjects af ter  
24 hr 

Mean" 
Control Potassium 

Net Increase in Urine Potassium 
in 24 hr, mEq 

Subject Level, mEq Elixir Capsule Tablet 

1 51.0 * 7.3 46.6 22.0 49.1 

6 52.9 f 4.1 52.5 39.0 52.1 
7 45.8 f 10.1 56.0 42.4 45.3 
8 41.6 f 12.0 50.6 61.0 41.6 
9 64.2 f 1.3 12.3 38.7 42.9 

10 48.8 f 3.2 37.3 32.9 42.6 
11 52.2 f 12.8 37.6 62.5 44.8 
12 54.1 f 5.9 39.2 42.2 51.9 

Mean f 53.3 f 7.5 43.1 f 11.4 40.6 f 11.4 50.5 f 7.6 
SD 

Average of 3 control days (Days 0.4, and 8) 

imals was carried out to compare the new capsule preparation with a 
marketed wax-matrix tablet2. The results indicated a marked difference 
in the ulcerogenic potential of the tablet and capsule dosage forms (2). 
Based on the animal toxicity data, i t  was concluded that the new capsule 
dosage form is not likely to cause local irritation of the GI mucosa. 

Certain pharmacokinetic characteristics of potassium make accurate 
determination of bioavailability difficult. Up to 98% of the physiological 
potassium in humans is distributed within the intracellular space. The 
major elimination pathway of potassium is via urinary excretion; the 
secondary elimination pathway is uia the feces and perspiration. Bio- 
availability estimates derived from serum potassium levels are inaccurate 
because of the homeostatic mechanisms that maintain serum potassium 
levels within a relatively narrow range (3). 

Attempts to determine the bioavailability of potassium preparations 
by measuring urinary potassium levels have been reported (4-6). T o  
achieve any success, the bioavailability study must he conducted where 
there can be careful control of the diet, fluid intake, physical activity, and 
urine collection. Fixed menus with a known potassium content should 
be given throughout the study. Strenuous exercises that might cause 
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Abstract The bioavailability of a new, slow-release potassium chloride 
product consisting of coated beads in a hard gelatin capsule was compared 
with the bioavailahility of two marketed products, an elixir and a slow- 
release tablet, by determining the urinary excretion of potassium. Twelve 
healthy male volunteers were dosed with a total of 80 mEq of potassium, 
in a single dose for the capsule and tablet and in three 26.6-mEq doses 
at 6-hr intervals for the elixir. Mean recoveries in 24-hr urine potassium 
levels from all three dosage forms after subtracting normal urine potas- 
sium excretion levels were 50.8% from the capsule, 53.9% from the elixir, 
and 63.1% from the tablet. Maximum excretion rates were reached a t  2.0 
hr for the elixir, 6.8 hr for the capsule, and 4.0 hr for the tablet. Fewer side 
effects were reported with the capsule than with the elixir and tablet. 

Keyphrases Potassium chloride-bioavailability and pharmacoki- 
netics of slow-release capsule Bioavailability-potassium chloride in 
slow-release capsule 0 Pharmacokinetics-potassium chloride in slow- 
release capsule 

Potassium chloride is indicated for the treatment of 
hypokalemic alkalosis associated with various cardiovas- 
cular disorders. Aqueous solutions of potassium chloride 
are effective potassium supplements when taken as pre- 
scribed; however, because of an unpleasant taste due to the 
chloride ion, patient compliance during long-term therapy 
has been a problem. More palatable forms of potassium 
salts, such as the gluconate or mixtures of bicarbonate, 
citrate, and acetate, are available, but the chloride ion has 
been shown to be a prerequisite for effective treatment 
(1). 

BACKGROUND 

A new, slow-release potassium chloride preparation containing 600 mg 
(8 mEq) of potassium chloride' in the form of small, nearly spherical 
heads enclosed in a hard gelatin capsule was developed to avoid or min- 
imize a high localized concentration of potassium within the GI tract. The 
potassium chloride crystals are specially coated to permit a uniform, 
controlled in uiuo release over 8-10 hr. Extensive toxicity testing in an- 
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Table  I-Cumulative Potassium Recovery from 12 Subjects af ter  
24 hr 

Mean" 
Control Potassium 

Net Increase in Urine Potassium 
in 24 hr, mEq 

Subject Level, mEq Elixir Capsule Tablet 

1 51.0 * 7.3 46.6 22.0 49.1 

6 52.9 f 4.1 52.5 39.0 52.1 
7 45.8 f 10.1 56.0 42.4 45.3 
8 41.6 f 12.0 50.6 61.0 41.6 
9 64.2 f 1.3 12.3 38.7 42.9 

10 48.8 f 3.2 37.3 32.9 42.6 
11 52.2 f 12.8 37.6 62.5 44.8 
12 54.1 f 5.9 39.2 42.2 51.9 

Mean f 53.3 f 7.5 43.1 f 11.4 40.6 f 11.4 50.5 f 7.6 
SD 

Average of 3 control days (Days 0.4, and 8) 

imals was carried out to compare the new capsule preparation with a 
marketed wax-matrix tablet2. The results indicated a marked difference 
in the ulcerogenic potential of the tablet and capsule dosage forms (2). 
Based on the animal toxicity data, i t  was concluded that the new capsule 
dosage form is not likely to cause local irritation of the GI mucosa. 

Certain pharmacokinetic characteristics of potassium make accurate 
determination of bioavailability difficult. Up to 98% of the physiological 
potassium in humans is distributed within the intracellular space. The 
major elimination pathway of potassium is via urinary excretion; the 
secondary elimination pathway is uia the feces and perspiration. Bio- 
availability estimates derived from serum potassium levels are inaccurate 
because of the homeostatic mechanisms that maintain serum potassium 
levels within a relatively narrow range (3). 

Attempts to determine the bioavailability of potassium preparations 
by measuring urinary potassium levels have been reported (4-6). T o  
achieve any success, the bioavailability study must he conducted where 
there can be careful control of the diet, fluid intake, physical activity, and 
urine collection. Fixed menus with a known potassium content should 
be given throughout the study. Strenuous exercises that might cause 
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Table 11-Cumulative Potassium Excretion (Milliequivalents) per Time Period for Each of 12 Subjects 

Subject 
Interval, hr 1 2 3 4 5 6 7 8 9 10 11 12 M e a n f  SD 
Elixir 

0-6 9.7 17.8 11.2 7.9 12.1 11.3 9.2 21.0 2.9 14.6 2.3 13.2 11.1 f 5.4 
6-12 16.7 10.3 14.2 9.1 16.0 17.5 12.0 11.2 7.8 10.7 19.8 6.3 12.6 i 4.2 
12-24 20.1 20.3 17.9 34.0 13.9 23.7 34.8 18.4 1.6 i2.0 15.5 19.7 19 3 I9.O 
Total 46.5 48.4 43.3 51.0 42.0 52.5 56.0 50.6 12.3 37.3 37.6 39.2 43.0f 11.4 

Capsule 
0-6 8.2 25.5 16.0 6.3 9.1 12.4 0.2 28.5 13.0 11.5 19.3 12.2 13.6 f 7.9 
6-12 7.5 9.7 11.1 19.8 12.9 21.6 32.2 32.5 17.7 11.3 26.6 16.3 18.3 f 8.2 
12-24 3.9 3.1 13.0 11.1 9.0 5.3 10.8 0.0 8.0 10.1 16.0 13.7 8.7 f 4.8 
Total 19.6 38.3 40.1 37.2 31.0 39.3 43.2 61.0 38.7 32.9 61.9 42.2 40.6 f 11.4 

0-6 25.0 37.2 33.8 41.3 29.5 28.9 30.5 24.9 19.4 21.3 29.3 39.8 30.1 f 7.0 
6-12 13.8 7.8 13.2 11.9 18.9 16.1 12.5 16.7 11.8 11.9 15.5 8.4 13.2 f 3.3 
12-24 10.3 10.4 6.8 8.4 16.7 7.1 2.3 0.0 11.7 9.4 0.0 3.7 7.2 f 5.0 
Total 49.1 55.4 53.8 61.6 65.1 52.1 45.3 41.6 42.9 42.6 44.8 51.9 50.5 f 7.6 

Tablet 

a After correcting for control values for each urine collection period. 

excessive perspiration, and thus loss of electrolytes, should be 
avoided. 

The following three-way crossover study was designed to determine 
the bioavailability and pharmacokinetics of potassium chloride sus- 
tained-release capsules by urinary potassium excretion in volunteers 
maintained in a cloistered environment. 

EXPERIMENTAL 

Twelve healthy male volunteers, 19-55 years (mean 31 years) and 
weighing within f10% of the ideal weight for their height and frame (7), 
participated in the study. Informed consent was obtained. The subjects 
were examined and found to have no hepatic, renal, or cardiovascular 
disease or history of GI disorders due to peptic or duodenal ulcer. Routine 
laboratory determinations, 12-lead ECCs, and physical examinations 
were conducted before admission to the study center3. 

The subjects remained in the study center under the supervision of the 
medical and nursing staff throughout the 15-day study. To avoid salt and 
water loss through perspiration, the subjects stayed indoors in air-con- 
ditioned rooms from 900 am to 4:30 pm every day and did not engage in 
strenuous exercise. 

The first 3 days after admission (Days -3, -2, and -1) were diet- 
adaptation days. Day 0 was the control day for the treatment on Day 1. 
After two rest days (Days 2 and 3), a second control day (Day 4) was ob- 
served and then was followed by the second treatment on Day 5. Days 
6 and 7 were rest days, followed by the third control day (Day 8) and the 
final treatment on Day 9. On Day 12.3 days after the final treatment, the 
subjects were released from the center. 

The three potassium chloride products, capsules4, elixir5, and tablets6, 
were administered in a randomly assigned fashion in an open-label, 
three-way crossover treatment. The total dose of elixir, equivalent to 80 
mEq of potassium, was divided into three 26.6-mEq doses administered 
a t  6-hr intervals. The capsules and tablets were administered as single 
doses, each consisting of 80 mEq of potassium (10 capsules and 10 tablets, 
respectively). On the three treatment days (Days 1,5, and 9), each subject 
received one of the three treatments after an 8-hr fast. 

All urine voided on Days -3-+11 was collected. On the control days 
(Days 0.4, and 8) and treatment days (Days 1,5, and 9), urine was col- 
lected hourly for 16 hr beginning at 600 am. On the other days, urine was 
collected every 4 hr for 16 hr. A 16-24-hr collection was made on the 
control days as well as on the treatment days. The volume of each col- 
lection was recorded, and a sample was analyzed for its potassium and 
creatinine concentration. Urine potassium was determined by flame 
photometry (8). The assay sensitivity was fO.l mEqhiter. Creatinine was 
determined by the alkaline picrate method (9). Stool guaiac tests were 
performed on all feces to determine any loss of blood. 

The subjects were required to drink 5200 ml of fluid each day. They 
received a uniform diet containing an average of 100 mEq of potassium, 
340 mEq of sodium, and 4920 cal/day. No additional food or snacks were 
permitted. Meals were served a t  7:OO am, 12:30 pm, 5:OO pm, and 1000 

~ 

3 Quincy Research Center, Kansas City, Mo. 
Potassium Chloride SR Capsules (lot L-7717), Berlex Laboratories Inc. 

5 Kay Ciel Elixir (lot w60920), Berlex Laboratories Inc., Cedar Knolls, N.J. 
6 Slow-K (lot 1670), Ciba Pharmaceutical Co., Summit, N.J. 

pm. Drugs were administered, and the effects of the treatments were 
monitored by the attending staff physician. 

All subjects received the constant attention of the nursing staff and 
were encouraged to report any untoward effect, however trivial it might 
appear to them. During morning, afternoon, and evening rounds, drug 
effects and general health problems were discussed with every subject. 

RESULTS AND DISCUSSION 

Changes in the urine potassium levels for each collection were deter- 
mined by first averaging the urine potassium levels for the three predosing 
control days for each subject and then subtracting these values from the 
corresponding urine potassium levels of the treatment day. Each subject’s 
cumulative urine levels for 24 hr on the control days and treatment days 
are listed in Table I. The mean control value for 12 subjects was 59.0 mEq. 
The mean increase in the 24-hr potassium level was 43.1 mEq for the 
elixir, 40.6 mEq for the capsule, and 50.5 mEq for the tablet. These values 
correspond to 53.9% recovery from the 80-mEq dose administered for the 
elixir, 50.8% for the potassium chloride sustained-release capsule, and 
63.1% for the tablet. 

The 24-hr urine collection data were divided into three fractions to 
determine the potassium elimination patterns of the capsule and tablet 
in comparison to the elixir. The results (Table 11) indicate that the elixir, 
which was administered every 6 hr, showed eliminations of 11.1 mEq in 
0-6 hr, 12.6 mEq from 6 to 12 hr, and 19.3 mEq from 12 to 24 hr. The 
corresponding figures for the capsule were 13.6, 18.3, and 8.7 mEq, re- 
spectively, indicating slow and sustained release of potassium. In contrast, 
the tablet showed eliminations of 30.1 mEq in 0-6 hr, 13.2 mEq from 6 
to 12 hr, and 7.2 mEq from 12 to 24 hr. Sixty percent of the total potas- 
sium eliminated from the tablet was eliminated in the first 6 h, compared 
to 33.5% for the capsule. 

The mean maximum excretion rate and the time for the maximum 
excretion rate were calculated for each dosage form. The excretion rate 
maximum was 6.1 mEq/hr (average of three doses) for the elixir, 8.1 
mEq/hr for the capsule, and 10.1 mEq/hr for the tablet (Table 111). The 
mean time for the maximum excretion rate was 2.0 hr for the elixir (av- 
erage of three doses), 6.8 hr for the capsule, and 4.0 hr for the tablet. The 
capsule showed a slow excretion rate, characteristic for a sustained-release 

Table  111-Potassium Excretion Kinetics 

Elixir 
First Second Third 
Dose Dose Dose Capsule Tablet 

Meanmaxi- 6.262.9 5.1f1.9 6 . 9 f 3 . 1  8 .1f4 .0  10.1rt3.0 
mum 
excretion 
rate f SD, 
mEq/hr 

maximum 
excretion rate 
f SD, hr 

Meantimeof 1 . 8 f 1 . 1  1 . 9 f 1 . 1  2.3f0.8 6.8*3.0 4.0f2.5 

Excretion rate (mEq/hr) = [urine potassium (mEq) - mean control urine po- 
tassium (mEq) for urine collection periodllurine collection period (hr). 
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Figure I-Mean urinary potassium excretion rate before and after 
administration of 80-mEq oral doses of potassium chloride QS slow- 
release capsules, elixir, and tablets i n  12 subjects. Data for dosage forms 
were corrected for the mean potassium excretion during each collection 
period on the control days. Ke-v: - a  - 0 . -, capsules; - - 0, - -, elixir; 
- - ~- -, tablets; and -0-, control (mean of 3 control days).  

product, and reached a maximum much later than the immediately 
available elixir dosage form. The tablet also showed delayed release; 
however, the time for the maximum excretion rate was considerably 
shorter than for the capsule. The excretion rate curve of each product 
is shown in Fig. 1. Urine creatinine values for all subjects were within the 
normal range. Stool guaiac tests were negative for all subjects. 

A Friedman two-way analysis of variance nonparametric, K-sample, 
related-measures test was significant a t  the 0.05 level, and differences 
in potassium excretion between the various formulations for each time 
interval were analyzed further using Wilcoxon’s matched-pairs signed- 
ranks procedure (one tailed) (Table IV). For the mean 24-hr cumulative 
potassium recovery, both the elixir and the capsule were significantly 
lower than the tablet but were not significantly different from each other. 
This also was true for the early period of potassium excretion (0-6 hr), 
where the mean potassium level from the tablet was almost triple that  
ofthe ot,her two formulations. During the 6-12-hr period, both the elixir 
and tablet means were significantly lower than the capsule mean; in the 
12-24-hr period, both t.he capsule and the tablet gave significantly lower 
values than the elixir. 

There also were significant differences between the mean potassium 
excret.ion between the time intervals for each formulation. For tablets, 
the greatest excretion occurred during the first 6 hr, and each succeeding 
interval featured significantly less excretion than its predecessor. For 
capsules and the elixir, the 12-24-hr period was significantly different 
from the two earlier periods. 

Because of the complexity of potassium distribution and elimination 
kinetics in humans, the comparatively low recoveries seen in this study 
are not surprising. In another well-controlled crossover study with strict 
management of the diet, exercise, and fluid intake, only 27.4% of the 
potassium was recovered from the tablet2 compared to 59.7% from a 10% 
solution of potassium chloride (4 ) .  

In a study of subject.s receiving an effervescent tablet form of potassium 
chloride, only 46.4% of the potassium was recovered from the urine (5). 
Higher recoveries of potassium from urine have been reported (10, 11). 
However, these results are questionable because the controls seemed to 
be inadequate. 

Despite the fact that 10 potassium chloride sustained-release capsules 
were administered as a single dose, there were no serious adverse reactions 
in any of the 12 subjects. Subject 1 complained of diarrhea from 2 to 10 
hr after receiving the dose. A similar dose of the tablets elicited com- 
plaints of stomach pains starting 20 min after the dose and lasting for -1 
hr in Subject.s 1, 3 ,  and 9. Abdominal cramps and nausea lasting -1 hr 

Table  IV-Differences in  Cumulative Potassium Excretion for  
T h r e e  Formulations 

Interval 
Formulation 0-6 hr 6-12 hr 12-24 hr 0-24 hr 

Elixir - ca sule NS” 0.05 0.05 NS 
Elixir - t a b e t  0.05 NS 0.05 0.05 
Capsule - 0.05 0.05 N S  0.05 

tablet 

Not significant. 

were reported by Subject 7 who received the tablets. The elixir produced 
nausea in Subject 10 30 min after the second dose of 26.6 mEq, and 
Subject 1 vomited 45 min after the second dose. Thus, of the seven 
complaints, four were related to the tablet, two to the elixir, and one to 
the capsule. 

CONCLUSION 

The results of this study show that the new potassium chloride slow- 
release capsule dosage form is equal in bioavailability to a 10% solution 
of potassium chloride. When tested in a three-way crossover study in 12 
normal, healthy male volunteers, the rate of elimination, and thereby the 
rate of absorption, of potassium chloride sustained-release capsules were 
slower and more uniform than for the tablets or the elixir. The two 
slow-release products produced prolonged potassium levels after ad- 
ministration of a single dose. The potassium chloride sustained-release 
capsule was well tolerated, even though the subjects were given an un- 
usually high single dose of 10 capsules, equivalent to 80 mEq of potas- 
sium. 
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Abstract 0 A radioimmunoassay procedure was developed for the an- 
tihistamine terfenadine Ia-[4-(l,l-dimethylethyI)phenyl]-4-(hydroxy- 
diphenylmethy1)-1-piperidinebutanol). The keto analog of terfenadine 
was converted to its 0-carboxymethyloxime derivative, which was con- 
jugated to bovine thyroglobulin by a mixed anhydride technique. Rabbits 
were immunized with the resulting conjugate, and antiserums capable 
of binding radiolabeled terfenadine were obtained. Tritium-labeled 
terfenadine was prepared by a combination of exchange and reduction 
with platinum oxide in the presence of tritium gas, and the procedure 
yielded a specific activity of 48 Ci/mmole. Plasma containing terfenadine 
was diluted with sodium carbonate solution and extracted with hexane, 
and the hexane extracts were evaporated and analyzed. The between- 
assay coefficient of variation on control samples ranged from 8% at 10 
ng/ml to 14% a t  1 ng/ml. The lower practical sensitivity limit was at least 
as low as 0.25 ng/ml(25 pg measured). Two metabolites of terfenadine 
cross-reacted 16-30% with the antiserum used. However, extraction 
eliminated essentially all of these compounds. Analysis of plasma samples 
from human subjects given terfenadine showed marked intersubject 
variability and low plasma levels. 

Keyphrases 0 Radioimmunoassay-terfenadine, human plasma 0 
Terfenadine-radioimmunoassay, human plasma 0 Antihistaminics- 
terfenadine, radioimmunoassay, human plasma 

A new antihistamine, terfenadine (Ia), is under clinical 
study'. Metabolism studies in animals2 indicated that 
plasma levels of the parent drug could be expected to be 
in the low nanogram per milliliter range. Therefore, for 
bioavailability studies, a sensitive analytical procedure was 
needed. Radioimmunoassay was chosen because of its 
sensitivity, specificity, and simplicity. 

This report describes the synthesis of an immunogen 
containing a haptenic moiety corresponding to terfenadine, 
the production of antiserum in rabbits, the synthesis of 

HO NCHLCH2CH,CHOH 

Io: R = CH, 
Ib: R = CH,OH 
Ic: R = COOH 

Id 

II 

Merrell Research Center. 
'G. J .  Wright, G. A. Leeson. K. C. Chan, and W. C. Knapp, unpuhlished data. 

tritium-labeled terfenadine as a radioligand for competi- 
tive binding studies, and the development of a radioim- 
munoassay procedure for terfenadine which was applied 
to human studies. 

EXPERIMENTAL3 

a-[4-( l,l-Dimethylethyl)phenyl]-4-(hydroxyd~phenylmethy~)- 
1-piperidinebutanone 0-Carboxymethyloxime (V)-Reaction of 
1.00 g of c~-[4-(l,l-dimethylethyl)phenyl]-4-(hydroxydiphenylmethyl)- 
1-piperidinebutanone (11) under nitrogen with 300 mg of carboxy- 
methoxylamine hemihydrochloride in a refluxing mixture of 50 ml of 
methanol and 6 ml of 1 M sodium acetate in water for 16 hr yielded, after 
workup and recrystallization (chloroform-carbon tetrachloride), 719 mg 
(67% yield) of the oxime acid (V) as a white solid, mp (uncorrected) 
138-145' (capillary), 138-142' (hot-stage microscope); UV (0.1 N 
NaOH): A,,, 256 ( 6  12,790) nm; PMR (100 MHz, pyridine-ds): 6 1.1 1 [s, 
C(CH&], 2.03 (m, CHz), 2.50 (t,J = 7 Hz, CHzC=N), 3.05 (br t, N-CHz), 
and 5.07 (s, OCHzCO); PMR (60 MHz, chloroform-d3): 6 1.25 [s, 
C(CH&], 4.52 (s, OCHpCO), and 6.8-7.8 (m, aromatic H). 

Anal.-Calc. for C33H42N204: C, 75.24; H, 7.80; N, 5.16. Found: C, 
74.95; H, 7.60; N, 4.76. 

Conjugation Reaction-The oxime acid (V) (16.25 mg, 0.03 mmole) 
in 4 ml of dioxane, on reaction with tributylamine (7.4 pl) and isobutyl 
chloroformate (39.5 PI) under nitrogen for 20 min a t  14-15', yielded a 
solution of the mixed anhydride (VI). To this solution was added a so- 
lution (pH 11.2, 15') of 82.2 mg (1.25 X mmole) of bovine thyro- 
globulin4 and 86 pl of 1 N NaOH in 4 ml of water. The thyroglobulin flask 
was rinsed with -1 ml of aqueous sodium hydroxide (pH 11.2), which also 
was added to the mixed anhydride. 

The reaction mixture was stirred for 4.5 hr a t  8" and then poured onto 
a 2.2 X 31.5-cm agarose gel5 column in which the liquid phase was diox- 
ane-water (1:l). The column was eluted with distilled dioxane-water 
(1:l). The eluate fraction from 25 to 60 ml was lyophilized to yield the 
conjugate (VII) (102 mg) as a fluffy white fluorescent solid. The molar 
ratio (hapten to protein) was calculated to be I41 by differential UV 
spectrophotometry (2) a t  255 nm in 0.1 N NaOH6. 

Catalytic Formation of Tritiated Terfenadine-To 10 mg of I1 as 
the free base in 0.7 ml of dry 1,4-dioxane was added 5 mg of platinum 
oxide, and the mixture was stirred under tritium gas ( 5  Ci) for 2 days. It 
then was filtered through successive layers of diatomaceous earth, 
magnesium sulfate, molecular sieve, and cotton in a Pasteur pipet. Half 
of the filtrate was concentrated, brought up in 0.1 ml of ethyl acetate, and 
chromatographed on silica gel plates (0.1 mm thick) with toluene-di- 
ethylamine (9:l) as the mobile phase. The terfenadine bands were eluted 
with ethyl acetate. The ethyl acetate was evaporated almost to dryness, 
and the tritiated terfenadine (110 mCi) was brought to volume in a 50-ml 
volumetric flask with benzene-ethanol (9:l). Thin-layer radiochroma- 
tography (toluene-diethylamine 91)  indicated pure tritiated terfenadine. 

PMR spectra were recorded on a Varian EM 360 spectrimeter a t  tic1 MHz or 
oil R HA-100 sj)ectriimeter a t  100 MHz with tetramethylnilane as the internal 
stniiilard. IR spectra were iihtained on a I'erkin-Elmer 467 grating IR spectri i -  
phtitiimeter. Analvtiral 'TLC un silica gel 6UF-254 preciiated TLC plates (0.26 mm 
thick) lrom EM Reagents, Elmsfurd, N.Y., was routinely used to miinitor react ions. 
Elemental analyses were friim Micro-Tech Laboratories, Skokie, Ill. Terfenadine 
( I n )  and its analugs lb-Id were prepared at  Merrell Research Center 11). 

4 Type 1, Siama Chemical GI., St. Louis. Mu. 
Hio-Gel A. Bio-Rad Lahoraturies, Richmmid, Calif. 
The equation used was: 

ml,lar ratio = Acunl m d .  Wt.thyroglohulm - fthyn,glohulin('ronj 

fnxirne acidCrcinj - Acunj m d  Wt.haptsn resrdue 
where A is the absorbance, C is the concentration in milligrams per milliliter, mol. 
Wt.thyrwiubutin = 670,000, mol. wt.b ten residue = 542 - 18 (loss of water in conjugation 
reaction) = 524, torime acid = 12,798at 255 nm, and fthyroglohuli? = 490,000 a t  255 nm. 
This formula differs slightly from the calculation of Ref. 2, which ignores the weight 
of the hapten residue in calculating the absorbance due to the protein. 

0022-354918011200- 14 19$0 1.0010 
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a or b 
RCHTCOR' - RCHTCTOHR' 

III N 

VII 

OH 

R = (C,HJLC N-(CHJ2- '-c 
R = *CHJ)3 
I 

. S ( ~ h ~ r t i ( ,  I -  Sjritlicws of tritiuni-lnht"ed terfwiadine and of irnrnunogrn. 
Kc.! to  rcac,tion stvps: a ,  tritium. pallndium-on-chnrcoa~, and dioranr; 
h. tritium, platinurn oxidc , ,  a n d  dioranr; c ,  ccrrboiymrthoxq.iarninc. 
s( ~ d i u  ni acct a t c, (in d ni r t / in  n i d ;  d,  isohu t yl ch lorofor mat e,  t ri bu tvla m in e, 
and dioxnnr (cf., H v f .  9) ;  and c. hotvnr thyraglobdin (Tg) and aqueous 

sodiuni h,droridf, (cf'., Ref .  9 ) .  

The specific activity was determined by self-displacement in radioim- 
munoassay ( 3 ) .  

Development of Antiserum-The thyroglobulin conjugate was dis- 
solved in 0.970 NaCl a t  a concentration of 0.2 mg/ml with adjustment of 
the pH (by addition of a few drops of dilute sodium bicarbonate) to 
achieve complete solution. Five milliliters of this solution was emulsified 
wit,h Freund's complete adjuvant7, and the emulsion was used to im- 
munize four New Zealand White rabbits (two male and two female) in- 
tradermally (about 20sites) with 2 ml of the mixture (4). After 4 weeks, 
a 0.1-mg/ml solution was emulsified with an equal volume of Freund's 
incomp1et.e adjuvant7 and injected intradermally as described (2 ml/ 
rabbit). Rabbits were bled 12 days later (ear vein, 30 ml). 

Four weeks after the first booster injection, each rabbit was injected 
subcutaneously with 1 ml o f  a solution of the conjugate (0.1 mg/ml) in 
0.9%, NaCI, and subsequent booster iiijections were given at 4-week in- 
tervals (total of seven subcutaneous booster injections). Rabbits were 
bled -12 days after each booster injection. Serums were stored a t  
-zoo. 

Analytical Procedures-The buffer was 0.1 M phosphate-buffered 
saline (pH 6.8, prepared from 5.38 g of monobasic sodium phosphate 
monohydrate, 16.35 g of dihasic sodium phosphate heptahydrate, and 
9.0 g of sodium chioride/liter) containing 0.1% NaNa and 0.1% bovine 
serum albumin". 

Standard solutions were prepared from human male drug-free plasmag 
(citrate as anticoagulant ). A 50-ng/ml solution o f  terfenadine in plasma 
was made hy adding an ethanol solution ( 2 0  pg/ml) to plasma. Further 
dilutions in plasma yielded standards containing 0.5,0.75,1,2,3,5,8, and 
12 ng/ml. Control samples containing 1.3,s .  and 10 ng/ml were made up 
separately to check the reproducibility of the assay and standard prep- 
aration. Standard and cont.rol solutions were aliquoted into 3.7-ml vials 
and stored at -20". 

Plasma (0.5 ml) (blank, st.andard, control, or unknown) was placed in 
a 20-ml scintillation vial. To the vial was added 0.5 ml of 0.1 M Na2C03. 

Miles hhoratories. Elkhart, Ind. " Fraction V (essentially fatty acid free), catalog No. A6003, lot 48C-7171, Sigma 

" Plasma Associates. West Chester, Pa.  
('hemical GI., St. Louis. Mo. 

The mixture was shaken, and 4.0 ml of hexane was added. The vials were 
capped, placed in an upright position in a reciprocating shaker, and 
shaken overnight a t  -80 cycles/min. The vials were immersed in dry 
ice-acetone to freeze the aqueous layer, and the hexane was decanted. 
Aliquots (0.8 ml) of the hexane were then transferred to individual 12 X 
75-mm glass culture tubes, and the hexane was evaporated in a centri- 
fuge-type vacuum evaporatorlo. T o  the residue were added 10 pl of 
aqueous ethanol (l : l) ,  10 p1 of an aqueous ethanolic (1:l) solution of 
tritium-labeled terfenadine (-16,000 cpm), 0.6 ml of buffer, and 0.1 ml 
of diluted antiserum. For direct measurement of metabolite cross-reac- 
tions. terfenadine and metabolites were added in 10 of aqueous eth- 
anol. 

The contents were vortexed and incubated overnight a t  4'. A 0.5-ml 
aliquot of a 1.5% suspension of charcoal" (washed to remove fine parti- 
cles) in buffer was added. Tubes were agitated on a vortex mixer and al- 
lowed to stand for 20 min a t  4". They were then centrifuged for 15 min 
a t  733Xg and 4'. The supernate was decanted into liquid scintillation 
vials, each containing 10 ml of scintillation cocktail ( 5 ) .  Radioactivity was 
measured in a liquid scintillation spectrometer. Samples were counted 
to a precision of 2% (2a) or for 5 min, whichever came first, for three 
separate cycles. 

Data Treatment-The counts per minute for each vial from the three 
cycles were averaged. In some earlier work and to determine the cross- 
reactions of metabolites, standard curves were determined and calcula- 
tions were made by the logit-log procedure (6); however, all of the plasma 
analyses were performed by means of a four-parameter logistic procedure 
(7.8). 

Clinical Procedure-The clinical portion of this studyI2 involved 
six male volunteers from whom informed consent was obtained. The 
subjects were randomly placed in three groups of two. Group 1 took 60 
mg as a single tablet, Group 2 took two 60-mg tablets, and Group 3 took 
three 60-mg tablets after an overnight fast. Venous blood samples (10 
ml) were drawn in tubesIs containing solid ethylenediaminetetraacetic 
acid as the anticoagulant just before dosing (0 hr) and a t  0.5,1,1.5,2,3, 
4,6,8,12,18, and 24 hr after dosing. The blood samples were centrifuged 
and the plasma was separated, labeled with a code number, and frozen. 
The plasma samples were kept frozen until they were assayed, and the 
code was not broken until the assays were completed. 

RESULTS 

Synthesis of Immunogen and  Radioligand-Reaction of the ketone 
analog (11) of terfenadine with 0-carboxymethylhydroxylamine led in 
reasonable yield to the desired 0-carboxymethyloxime (V, Scheme 1). 
The presence in the PMR spectrum of a singlet a t  6 5.07 (pyridine-ds) 
or 4.52 (chloroform-ds) was indicative of OCH&O. The presence of only 
one peak in this region indicated that only one isomer was isolated. For 
steric reasons, this isomer was assigned the E-stereochemistry shown in 
V. Compound V was converted to a mixed anhydride (9) and conjugated 
to bovine thyroglobulin, presumably by reaction with the c-aminolysine 
groups of the protein. Differential UV determination indicated that 141 
terfenadine moieties were incorporated per molecule of the thyroglob- 
din.  

Tritium-labeled terfenadine (48 Ci/mmole) was obtained by treatment 
of the ketone (11) with platinum oxide and tritium gas. 

Development of Assay-Initial studies showed that when terfenadine 
was added in aqueous ethanol solution, binding equilibrium was reached 
by 0.5 hr. However, for plasma analysis, overnight incubation was nec- 
essary. Bovine serum albumin was preferable to gelatin as a buffer protein 
because it markedly reduced nonspecific binding (radioactivity not ad- 
sorbed to charcoal). Nonspecific counts per minute values were <2.5% 
of the total counts per minute at final charcoal concentrations above 0.4%, 
and net binding was constant over the range of 0.4-0.8% charcoal but 
decreased sharply a t  concentrations above 1.2%. The nonspecific counts 
per minute values remained constant after a 10-min exposure to charcoal; 
after 20 min, net binding decreased <0.5%/min. 

The titer of all antiserums was measured with 7.5-Cilmmole radiola- 
beled terfenadine obtained by the reduction of I1 with tritium gas over 
palladium-on-charcoaIl4. Titer was defined as the dilution that bound 
50% of -16,000 cpm of labeled terfenadine when 0.1 ml was used in an 
incubation and thus is partially a function of the specific activity of the 

Speed-Vac, Savant Instrument Co.. Hicksville, N.Y. 
' I  Norit A, Fisher Scientific Co., Pittsburgh, Pa. 
l* Cintest Inc., Cincinnati, Ohio. 
l 3  Venoject tubes, Kimble-Terumo, Toledo, Ohio. 
14 C. E. Cook, M. Myers, and C.  R.  Tallent, unpublished data. 
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Table I-Cross-Reactions with Terfenadine Antiserum 

Test Cross- 
Antiserumb Compound Reaction, 70 

R5-2 Ib 70 
Ic 42 
Id 3 

I 1  38 
R7-2 

-~ 
Ib  
Ir 

21 
17 -- 

Id 0.9 
I1 19 

R7-5 Ib 29 
Ic 21 
Id 0.8 
I1 29 

0 Radioligand s ecific activity was 48 Ci/mmole * The first number refers to the 
rabbit; the seconlnumber refers to the bleeding. See Experimental for details of 
immunization. Rabbit 5 was a male; Rabbit 7 was a female. 

radioligand. Antiserums from one female and one male rabbit did not 
exhibit any titer greater than 1:500. The titer and percent displacement 
of the radioligand by 500 pg of terfenadine a t  the antiserum titer that 
initially bound 50% of the radioligand are shown in Fig. 1 for antiserums 
from the other two rabbits. Antiserum R5-2 gave the highest titer a t  1: 
1325, but R7-5 exhibited the greatest sensitivity. When radiolabeled 
terfenadine with a specific activity of 48 Ci/mmole was used, the 50% titer 
of R5-2 was increased from 1:1325 to 1:9500 and that of R7-5 was in- 
creased from 1:500 to 1:5000. The sensitivity of the assay was such that 
25 pg of terfenadine caused 10% displacement of bound radioligand. 

When plasma (0.5 ml) containing 1 and 10 ng of tritiated terfena- 
dine/ml was diluted 1:l with 0.1 M Na2C03 and extracted three times 
(shaking for 30 min) with 2 ml of hexane, the average total recovery was 
71.5 f 2.9% ( S D )  for the 1-ng/ml solution and 72.5 f 3.7% for the 10- 
nglml samples (triplicate samples). Extraction in 20-ml liquid scintilla- 
tion vials containing 0.5 ml of plasma, 0.5 ml of 0.1 M Na2C03, and hexane 
(2 or 4 ml) shake+ gently (80 cycledmin) overnight in a vertical position 
gave excellent recoveries (80% using 2 ml of hexane and 90% using 4 
ml). 

The cross-reaction of Metabolites IbI6 and Ic16 and common fragment 
Id l6 as well as the ketone (11) was measured by comparison of the amount 
required to displace 50% of bound radioligand (5) (Table I). Although 
pure samples of the metabolites cross-reacted with the terfenadine an- 
tiserums, the specificity of the overall assay is dependent on the extent 

4 8 12 16 20 24 
WEEKS AFTER FIRST IMMUNIZATION 

Figure 1-Antiserum t i ter  (dot ted l ines)  and sensitivity (solid l ines)  
as a function o f  t ime after the  first immunization. The radioligand was 
[3HJterfenadine with a specific activity of 7.5 Cilmmole. Sensitivity was 
measured by percent displacement of the  radioligand from ant iserum 
by 500 pg of unlabeled terfenadine when the  antiserum initially bound 
50% of the  radioligand. Key:  0 and 0, Rabbit 5; and 0 and m, Rabbit 
7. 

Dubnoff shaker. 
Metabolite Ib is a~4-(l,l-dimethyl-2-hydroxyethyl)phenyl]~4-(hydroxydi- 

pheny1methyl)-1-piperi inebutanol, Ic is 4-[l-hydroxy-4-(hydroxydiphenyl- 
methyl)-l-piperidinebutyl]-a,a-dimethylbenzeneacetic acid, and Id is 44hy- 
droxydipheny1methyl)piperidine. 

Table 11-Examination of Potential  Interference of Metabolites 
with Plasma Analysisa 

Terfenadine Measured, ng equivalentslml 
Metabolite Ic Ib  

Added, Experi- Experi- Experi- Experi- 
ment A ment B mentA mentB ndml  

0 0.02 0 0.02 0 
1 0 0 0 0.11 
3 0 0 0.05 0.31 

0 0.2; 0.08 
100 O b  - 0.27 - 1.35 
10 

a Metabolites were added to plasma, which then was diluted with sodium car- 
bonate solution and extracted with hexane. The hexane extracts were analyzed for 
terfenadine equivalents. (See Experimental for details of extraction and anal sis ) 
Experiments A and B were run at separate times. Antiserum R7-5 was used. sVNOt 
done. 

to which the metabolites were extracted from plasma by the hexane. 
Therefore, solutions of terfenadine and Ib and Ic were prepared in plasma 
and analyzed. Metabolites were calculated as the nanogram equivalents 
of terfenadine per milliliter based on the terfenadine standard curve. 
Table I1 shows that the carboxylic acid metabolite ( I c )  a t  100 ng/ml 
cross-reacted to the extent of only 0.3 ng equivalent of terfenadine/ml 
and that the alcohol ( Ib)  a t  the 100-ng/ml level was measured as 1.4 ng 
equivalents/ml. 

Validation of Assay-Table 111 shows the mean values obtained for 
control samples in 10 consecutive assays as well as calculations of be- 
tween-assay and within-assay variability. These calculations were carried 
out according to the procedure of Rodbard (10). One assay included a 
blank plasma pool and 38 blind samplesl7. The sample code was not 
broken until after the assay results were reported. Acceptable agreement 
was achieved between added and found values (Table IV). The regression 
equation was y (found) = 0 . 9 3 ~  (added) + 0.40 ng/ml ( r  = 0.9792, n = 
39). 

Plasma Levels in  Humans-Plasma levels in the six subjects studied 
were low and highly variable between subjects (Fig. 2). One subject who 
was given 180 mg exhibited the maximum concentration recorded (5.8 

lor 

4 8 , 12 16 20 24 
HOURS 

Figure 2-Plasma levels of terfenadine in h u m a n  males given a single 
oral dose of terfenadine. Levels were measured by the radioimmuno- 
assay procedure described. Samples  were analyzed a t  0.5 ,1 ,1 .5 ,2 ,3 ,4 ,  
6,8.12,18, and 24 hr,  but data points  below 0.2 nglml were below assay 
sensitivity and are not shown. Key:  and *, 60-mg dose; 0 and A, 
l?O-mg dose; and 0 and 0, 180-mg dose. 

The samples were prepared at Merrell-National Laboratories and shipped to 
the Research Triangle Institute. 

Journal of Pharmaceutical Sciences I 1421 
Val. 69, No. 12, December 1980 



Table 111-Results from Analysis of Control Samples f rom 10 Consecutive Assays a 

Statistical 
Variable Blank 

Concentration, ng/ml 
1 3 5 10 

Average 
SD (between assays) 
P V, 70 (between assays) 
SD (within assay, single extract) 
C’V, W (within assay, single extract) 
S D  (within assay, three extracts) 
CV. % (within assav. three extracts) 

0.12 0.99 2.95 5.00 10.57 
0.07 0.14 0.35 0.63 0.89 

58 14.0 11.9 12.6 8.4 
- 0.09 0.31 0.51 0.69 
- 9.2 10.5 10.1 6.5 
- 0.053 0.18 0.29 0.40 
- 5.3 6.0 5.8 3.8 

Triplicate samples were extracted and duplicate aliquots of each extract were analyzed. Calculations were done according to the method of Rodbard (10) 

ng/ml 1 hr after dosage). In contrast, the corresponding value for one 
subject given 120 mg was only 0.28 ng/ml, and the second highest plasma 
level (1.3 ng/ml) was achieved by a subject given a 60-mg dose. 

DISCUSSION 

Since terfenadine is a small molecule, the development of antibodies 
capable of binding it required the synthesis of a protein conjugate that 
incorporated the terfenadine moiety. T o  minimize the cross-reaction of 
terfenadine metabolites, those portions of the molceule that are princi- 
pally involved in metabolic reactions should be left free to influence 
antibody selectivity. Two known metabolites are the alcohol ( Ib)  and the 
carhoxylic acid (Ic). Other metabolites having hydroxylation on an aro- 
matic ring apparently also are present’. However, the ketone (11) resulting 
t’rom oxidation of the secondary benzylic hydroxyl group of terfenadine 
apparently is not a metabolite. Therefore, the carboxymethyloxime an- 
alog (V) of terfenadine (derived from 11) was chosen as the hapten. 
Compound V lacks the asymmetric center of terfenadine, which should 
minimize the possibility that the antiserum developed would be selective 
for only one optical isomer of terfenadine. 

Several coupling experiments were carried out to achieve maximum 
incorporation of the drug moiety into thyroglobulin while retaining 
reasonable solubility properties of the thyroglobulin. An agarose gel 
(suitable for use with organic or aqueous-organic solvent mixtures) al- 
lowed separation of the conjugate and unreacted acid with a good yield 
of the desired conjugate, and the ratios of the reactants given under 
Experimental resulted in the best combination of hapten incorporation 
and solubility of the conjugate. 

Although a radioligand with a specific acitivity of 0.86 Ci/mmole was 
obtained readily by reduction of I1 with sodium borotritide, material of 
a higher specific activity was required for best sensitivity. A combination 
of catalytic exchange (11) and catalytic reduction of the keto group with 
tritium gas was chosen. Palladium-on-carbon initially was used as the 
catalyst, but it yielded terfenadine with a specific activity of only 7.5 
Ci/mmole. Platinum oxide has been reported to give high yields in the 
reduction of acetophenone to 1-phenylethanol(12). Reduction of plati- 
num oxide with tritium gas would lead to the formation of tritiated water, 
which should undergo exchange reactions with the enolic form of the 
ketone (11). Reduction of the keto group with excess tritium gas in the 
presence of the platinum catalyst would yield the desired alcohol. In fact, 
these conditions resulted in terfenadine with a specific activity of -48 
Ci/mmole. 

Since the metabolites are more polar than terfenadine, extraction of 
plasma with a relatively nonpolar solvent should significantly reduce the 
amounts of metabolites in the final analytical sample. The polarity of the 
carboxylic acid and phenolic metabolites also could be enhanced by 
making the plasma samples basic with sodium carbonate solution. 
Hexane extraction of alkalinized plasma markedly improved the assay 

Table IV-Blind Analysis of Terfenadine Plasma Samples 

Added, Number of Found, 
ndml  Samples mean f S D  
~~ ~ 

0.0 
1.02 
2.04 
3.06 
4.07 
5.09 
6.11 
7.13 
8.14 

10.2 

3 
6 
2 
2 
6 
3 
5 
3 
1 
8 

0 
1.22 f 0.03 
2.22 f 0.05 
3.33 f 0.13 
4.44 f 0.09 
5.19 f 0.42 
6.32 f 0.41 
6.36 f 1.48 
8.28 
9.73 f 1.03 

specificity since very large amounts of the metabolites were required to 
make a significant contribution to the assay results. Little interference 
from the carboxylic acid (Ic) would be expected at levels 50 times those 
of terfenadine or from the alcohol metabolite (Ib) a t  10 times the ter- 
fenadine levels. Thus, the assay should measure terfenadine itself with 
little contribution from its metabolites. In view of the structure of the 
immunogen, the relatively low cross-reactivity of the ketone (11) is 
noteworthy. Use of terfenadine as a radioligand apparently selects the 
antibody population with stronger affinity for the secondary alcohol 
structure. 

When the assay was run several times, the reproducibility and accuracy 
of the measurement of control samples were acceptable (Table 111). The 
between-assay coefficient of variation ranged from 14% at 1 ng/ml to 8% 
at 10 ng/ml. The coefficient of variation within assays based on the ex- 
traction of samples in triplicate and assay of each extract in duplicate 
was 16%. Indeed, calculations show that duplicate plasma extracts an- 
alyzed in duplicate would be acceptable, with a coefficient of variation 
of <8%. Acceptable accuracy and precision also were obtained with blind 
spiked samples. 

As expected from the metabolism studies in animals, low levels of 
terfenadine were observed in the plasma of human subjects administered 
the drug. The variability between subjects was marked (Fig. 2), but such 
variability has been observed with other drugs (13, 14). There was no 
apparent correlation between the dose administered and the maximum 
plasma level observed. However, since this was not a crossover study, 
individual variation could account for the apparent discrepancy. In ad- 
dition to the initial absorption peak at -1 hr, a t  least one secondary peak 
in the plasma concentration was seen for some subjects18 (Fig. 2). The 
low plasma levels achieved with relatively high doses, the large variation 
in plasma levels (not highly dose correlated), and the secondary maxima 
observed in the plasma levels strongly indicate that a significant first-pass 
effect and enterohepatic circulation as well as other factors influence the 
plasma levels of terfenadine in humans. These questions will be addressed 
in a future study. 
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Abstract  0 A series of 3’-(O-acyl) derivatives of etilefrine (a-((ethyla- 
mino)methyl] -3’-hydroxybenzyl alcohol) was synthesized. Correlations 
between structure and solubility, pKa value, lipophilicity, and ester- 
ase-catalyzed hydrolysis were demonstrated. Of special interest is the 
3’-(O-pivaloyl) derivative, which shows, in addition to favorable solubility 
and improved lipophilicity, marked stability against enzymatic cleavage 
in blood along with a high rate of hydrolysis in the liver. 

Keyphrases 0 Etilefrine-synthesis and evaluation of 3’-(O-acyl) de- 
rivatives as prodrugs 0 Prodrugs-etilefrine, synthesis and evaluation 
of J’-(O-acyl) derivatives as prodrugs 

The uncertain activity of orally aaministered phe- 
nolethanolamines is partly assumed to result from meta- 
bolic processes during absorption. Phenolethanolamines 
with a free hydroxyl group in the meta-position are pri- 
marily subject to this gut wall first-pass metabolism. As 
they pass the intestinal wall, they are conjugated to inac- 
tive compounds. For example, in the intestinal wall, 80% 
of orally administered isoproterenol is converted to sulfate 
(1, 2) in the meta-position. During the gut wall passage, 
a similar conjugation was found for orciprenaline (me- 
taproterenol) (3), terbutaline (4), norfenefrine (51, and 
etilefrine (6). Due to this early metabolic reaction, the 
bioavailability of compounds, even those with a high rate 
of absorption, is frequently reduced (7). 

To avoid the attack of conjugating enzymes at  the 3‘- or 
5’-hydroxy group, it was masked by acylation, thus con- 
verting the phenolethanolamines into prodrugs. 0-Acyl 
derivatives of this type are known for phenylephrine (8, 
9), etilefrine (8, 91, norepinephrine (lo), meta-norepi- 
nephrine (lo), epinephrine (8,9), meta-epinephrine (8,9), 
isoproterenol (lo), orciprenaline (lo), N-tert-  butylnor- 
epinephrine (ll), and terbutaline (12). These 0-acyl de- 
rivatives differ from their parent drug significantly in their 
solubility, dissociation constants, and lipophilicity. In 
addition to these properties that affect the absorption rate, 
enzymatic cleavage is influenced by the structure of the 
acyl radicals (8,9, 13). 

Since enzymatic hydrolysis also is dependent on the 
number and position of the acyl radicals, it was of interest 
to test 0-acyl derivatives of one phenolethanolamine that 
only differed by the acyl radical. By taking into account 

all properties essential for bioavailability, a search has been 
centered on a prodrug applicable for therapeutic use. 
Therefore, the model compound selected was etilefrine 
{ a-[ (ethylamino)methyl]-3’-hydroxybenzyl alcohol), which 
is used in the treatment of circulatory diseases. Its systemic 
bioavailability as unmetabolized etilefrine is -50% (6,7), 
although it is completely absorbed. 

A series of 3’-(O-acyl) derivatives of etilefrine was syn- 
thesized according to various methods (Table I). Their 
physical properties and hydrolysis rates are listed in Table 
11. 

RESULTS AND DISCUSSION 

Starting from 3’-hydroxy-2-(benzylethylamino)acetophenone (I), 
which was prepared according to known procedures for the synthesis of 
hydroxy-2-(benzylalkylamino)acetophenones (14, 151, acylation was 
carried out according to Methods A-E (Scheme I). The esters (11) ob- 
tained were debenzylated with hydrogen in the presence of palladium- 
on-carbon to give intermediates (III), which were reduced to the corre- 
sponding alcohols (IV), usually without interrupting the reaction 
(Method F). In cases where the substituents at the nucleus were sensitive 
to hydrogenolysis (IVr), the keto group was reduced with sodium boro- 
hydride (Method G). In one case (IVf), isolation of the levorotatory form 
(IVg) was achieved by reaction with (+)-dibenzoyltartaric acid (Method 
H). 

The compounds thus obtained had characteristic IR, PMR, and mass 
spectra, consistent with the structures indicated. All IR spectra exhibited 
strong, sometimes broad absorptions a t  3340-3160 cm-I (OH), bands 
between 2500 and 2360 cm-I with several splits (NH:), and intensive 
absorptions a t  -1760-1730 cm-I (C=O) (Table 111). 

Common to all PMR spectra were CH3 signals from NCHYCH~ as a 
triplet a t  -1.3-1.4 ppm, both CH2 absorptions due to CHnNHCH2 as a 
multiplet at  2.9-3.1 ppm, a multiplet between 5.0 and 5.5 ppm due to the 
CH proton from CHOH, and broad absorptions centered in the regions 
of 5.7-5.8 ppm (OH) and 9.0-9.2 ppm (NH). The latter absorptions dis- 
appeared on treatment with deuterium oxide. The absorptions of the 
m-disubstituted phenyl-ring protons and those due to the R group are 
summarized in Table 111. 

The mass spectra of IVa-IVs contained the molecular ions of the free 
amines and peaks at M - 18 (H20) with low intensity. In addition, di- 
agnostic fragments appeared in all cases a t  m/e 162l (M - HzO - RCO) 
and 1342 (M - H20 - RCO - CO). The dominant ions a t  m/e 58 

High-resolution mass spectrum: calc. for C~OHIZNO, 162.0919; found, mle 

High-resolution mass spectrum: calc. for CSHIZN, 134.0970; found, m/e 
162.0922. 

134.0967. 
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with a free hydroxyl group in the meta-position are pri- 
marily subject to this gut wall first-pass metabolism. As 
they pass the intestinal wall, they are conjugated to inac- 
tive compounds. For example, in the intestinal wall, 80% 
of orally administered isoproterenol is converted to sulfate 
(1, 2) in the meta-position. During the gut wall passage, 
a similar conjugation was found for orciprenaline (me- 
taproterenol) (3), terbutaline (4), norfenefrine (51, and 
etilefrine (6). Due to this early metabolic reaction, the 
bioavailability of compounds, even those with a high rate 
of absorption, is frequently reduced (7). 

To avoid the attack of conjugating enzymes at  the 3‘- or 
5’-hydroxy group, it was masked by acylation, thus con- 
verting the phenolethanolamines into prodrugs. 0-Acyl 
derivatives of this type are known for phenylephrine (8, 
9), etilefrine (8, 91, norepinephrine (lo), meta-norepi- 
nephrine (lo), epinephrine (8,9), meta-epinephrine (8,9), 
isoproterenol (lo), orciprenaline (lo), N-tert-  butylnor- 
epinephrine (ll), and terbutaline (12). These 0-acyl de- 
rivatives differ from their parent drug significantly in their 
solubility, dissociation constants, and lipophilicity. In 
addition to these properties that affect the absorption rate, 
enzymatic cleavage is influenced by the structure of the 
acyl radicals (8,9, 13). 

Since enzymatic hydrolysis also is dependent on the 
number and position of the acyl radicals, it was of interest 
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all properties essential for bioavailability, a search has been 
centered on a prodrug applicable for therapeutic use. 
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bioavailability as unmetabolized etilefrine is -50% (6,7), 
although it is completely absorbed. 
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thesized according to various methods (Table I). Their 
physical properties and hydrolysis rates are listed in Table 
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RESULTS AND DISCUSSION 

Starting from 3’-hydroxy-2-(benzylethylamino)acetophenone (I), 
which was prepared according to known procedures for the synthesis of 
hydroxy-2-(benzylalkylamino)acetophenones (14, 151, acylation was 
carried out according to Methods A-E (Scheme I). The esters (11) ob- 
tained were debenzylated with hydrogen in the presence of palladium- 
on-carbon to give intermediates (III), which were reduced to the corre- 
sponding alcohols (IV), usually without interrupting the reaction 
(Method F). In cases where the substituents at the nucleus were sensitive 
to hydrogenolysis (IVr), the keto group was reduced with sodium boro- 
hydride (Method G). In one case (IVf), isolation of the levorotatory form 
(IVg) was achieved by reaction with (+)-dibenzoyltartaric acid (Method 
H). 

The compounds thus obtained had characteristic IR, PMR, and mass 
spectra, consistent with the structures indicated. All IR spectra exhibited 
strong, sometimes broad absorptions a t  3340-3160 cm-I (OH), bands 
between 2500 and 2360 cm-I with several splits (NH:), and intensive 
absorptions a t  -1760-1730 cm-I (C=O) (Table 111). 

Common to all PMR spectra were CH3 signals from NCHYCH~ as a 
triplet a t  -1.3-1.4 ppm, both CH2 absorptions due to CHnNHCH2 as a 
multiplet at  2.9-3.1 ppm, a multiplet between 5.0 and 5.5 ppm due to the 
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R - C - 0  b H  
II 

Table I-Etilefrine 3'4  0-Acyl) Derivatives 0 

Compound (as Melting Yield (Pure), 
Hydrochloride) R Point % Formula Method 

IVa 
IVb 

114"" 
116.1" 
138.1"* 
159.8" 
134.2" 
209.4" 
225"" 
117.4"" 
204.3"" 
127.6" 
169" 
138.4" 
1440n 
190.10" 
161"" 
180.1 " L l  

207.1'" 
190.2"" 
186.2" 

49 
37 
55 

B/F 
A/F 
D/F IVC 

IVd 
IVe 
IVf 
IVgC 
IVh 
IVi, 
IVJ 
IVk 
IVI 
IVm 
IVn 

57 
45 
65 

60 
51 

6d 

B/F 
D/F 
A/F 
He 
E/F . 
D/F 

46 
51 
63 
17 

B/F 
D/F 
D/F 
E/F 
D/F 41 

69 
77 
52 
27 
55 

A/F 
C/F 
C/F 
D/F/G 
D/F IVS 

~ ~ ~ ~~ ~ ~ ~~~ ~~ ~ ~ ~ 

(I Recrystallized from methanol-ether. * Recrystallized from isopropanol (-)-Enantiomer of IVf. Referenced to racemate. For resolution of racemic salt, see 
Experimental 

(CHzNHC2Ha mostly base peak) and rnle 30 (CHzNH2) were due to 
characteristic amine fragmentations. Furthermore, all mass spectra, with 
the exception of IVh and IV9, showed typical fragment ions (R, RCO, 
or RCOH) from ester cleavage (Table 111). 

Table I1 illustrates that the high water solubility of the etilefrine hy- 
drochloride was hardly influenced by introducing short aliphatic acyl 
radicals (IVa-1Ve). Surprisingly, water solubility was reduced markedly 
whenever the acyl radical was highly branched (IVf and Wg). While 
araliphatir acyl radicals still led to sufficient solubility in water (IVj, IV1, 
and IVrn), this was no longer the case either with very long aliphatic acyl 
radicals (IVh) or with aromatic acyl radicals that carry some substituents 
(IVp-IVr) a t  the nucleus. 

Phenolethanolamines in solution represent a mixture of the uncharged 
form and ionic species (cation, anion, and zwitterion) (16). At half-neu- 
tralization, these components are in a specific equilibrium, which is 
represented by an apparent average pKa value. The pKa value is de- 
pendent on the substituent a t  the amino nitrogen and is increased from 
8.67 (norfenefrine) (17) to 8.89 (phenylephrine) (17) or 9.0 (etilefrine) 
(18) for the 3'-hydroxyphenylethanolamines when introducing a methyl 

or ethyl radical into the amino group. The same value also was obtained 
for etilefrine in 1.5 X 10-3 M aqueous solution (Table 11). 

When the phenolic hydroxyl group is lost, the participating compo- 
nents of the dissociation equilibrium are reduced to the uncharged form 
and the ammonium compound. This results in a change of the pKa value 
(17). As shown by the pKa values of the acyl derivatives (IVa-IVf) in 
aqueous solution, the same effect can be observed when the phenolic 
hydroxyl group is masked with an acyl radical. However, in methanolic 
solution, the pKa values decreased from 9.4 (water) to 8.7 (90.7% meth- 
anol). The pKa values of IVg-IVs could not be ascertained because of 
insufficient solubility, although some of these compounds, being hy- 
drochlorides, would be easily water soluble (IVj, IVI, and Wm).  However, 
considering that all acyl derivatives in water-methanol (9.390.7) showed 
identical pKa values, it is assumed that the pKa value of 9.4 found for 
IVa-IVj in water would be the same for IVg-IVs. 

As suggested by the pKa values, 2.45% of the etilefrine and 0.99% of 
the acyl derivatives (IVa-IVs) are present in aqueous solution of pH 7.4 
in the uncharged form. Judging by the partition coefficient, 2.1% of et- 
ilefrine was present in the lipophilic phase. This value closely corresponds 

Table 11-Physical Properties and Hydrolysis Rates  of Etilefrine 3'-( 0-Acyl) Derivatives 

pKab 
Water-Methanolf 

Water' (9.3:90.7) 

Compound 
(as Solubility" 

Hydrochloride) Percent M 

Hydrolysis Ratesd, 
/L1 of co* 

Human Bloodg Rat Blood# Rat Liverh 

57.5 44 182 
47.5 46.5 226 
32 25.4 204 
34.5 32 220 
30.7 34 194 
5.6 4.6 196 
5.6 4.6 196, 

0.4 0 45 
1 1 I - - - 

log P in 
n -0ctanol-BufferC 

Etilefrine 75 3.4 
IVa 60 2.3 
IVb 65 2.4 
IVC 60 2.1 
IVd 60 2.1 

9.0 8.9 
9.4 8.7 
9.4 8.7 

-1.66 
-1.57 
-0.85 

9.4 8.7 
9.4 8.7 
9.4 8.7 

-1  8.7 
8.7 - 1 8.7 

9.4 8.7 
1 - 

-0.39 
-0.16 

IVP 65 2.1 
IVf 12 4.0 X lo-' 

2 6.6 X 1W2 
<0.05 <1.0 x 

9 2.6 X lo-' 
3 
IVi 

0.23 
0.20 
0.20 

>2 
1.5 

I 55 1.6 - 8.7 
1.4 X lo-' -1 8.7 6.9 x lo-' - L 8.7 5 

25 6.5 x lo-' - I 8.7 
IV1 
IVm 25 

2.4 X lo-' -1  8.7 
L 8.7 IVn 8 

IVO 9 2.7 X lo-' - 
5.5 x 10-2 -1 8.7 - 1 8.7 

2 
1 2.6 X 

IVP 

0.4 1.0 x 10-2 - 1  8.7 
IVY 
IVr 

- L 8.7 IVS 0.3 7.0 x 10-3 

% 0.23 
0.91 
1.36 

6.9 
3.0 
1.0 

86.5 130 
2.4 95 
1.6 25 

1.41 
1.20 

1.4 4.2 75 
9.0 0.2 60 
0.8 I 0.3 21. - -1  - 
0.3 0.1 0: 1 

1 1 - -1 - 
i - i - i - 

1.20 
1.89 
0.38 
1.72 
1.82 

' In water. accuracy of f5%. Accuracy of f0.05 pK unit. Phosphate buffer, pH 7.4.0.15 M ;  initial concentrations = 1.0 X 103-1.8 X 103 M .  Substrate concentration 
A suspension of a liver homogenate (60 01 lo-' M .  ' ;, = 1.5 X 1W2 M .  f c = 2 X 

P I )  and suhstrate (XI pmoles) in 2.5 X lo-' M NaHC03 (2940 pl ) .  ' Not determinable because of poor solubility of the base. 
M .  *. Blood (30 w l )  and substrate (30 pmoles) in 2.5 X 10-2 M NaHC03 (2970 PI). 
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U HO 
I 

Method A: RCOCl 
Method B: RCOCI/RCOOH 
Method C: RCOCl/C,H, 
Method D: RCOCl/CF,COOH 
Method E: RCOCI/NaOH/H,O 1 

II 
0 

I1 

1 Method F H,. palladium-on-carbon 

II 
0 

m 
Method F: €I,, palladium-on-carbon 
Method G: NaBH, 1 

1 Method H: (+)-dibenzoyltartaric acid 

I 
R-C-0 OH 

II 
0 

(-)-IV 
Scheme I 

to the existing amount of the uncharged form of etilefrine. A similar li- 
pophilicity was shown by IVa, although the addition of an acetyl radical 
in the molecule would suggest an increase. However, since IVa has a 
higher pKa value than etilefrine itself, its normally higher lipophilicity 
is reduced because of the higher dissociation a t  pH 7.4. With increasing 
lipophilicity of the acyl moiety (IVb-IVs), the amount of ionized acyl 
etilefrine in the lipophilic phase is augmented. 

The experimentally determined A log P values of homologs are in most 
cases in reasonable agreement with the reported x values (19-23). 
However, in some cases (IVajIVb, IVcjIVe, and IVjjIVk), considerable 
discrepancies were observed. This finding is attributed to the fact that  
the Hansch x value system will falter whenever aliphatic groups are near 
a very polar moiety such as the carbonyl function. 

On the basis of log P values found through experimentation, it is evi- 
dent that  the lipophilicity increases with the chain length (IVb < IVc < 
IVe < IVh). However, the lipophilicity of the n-acyl derivatives is not 
necessarily higher than that of the iso-acyl compounds (IVc < IVd). A 
similar inconsistency was observed for the 5’-(O-acyl) derivatives of 9- 

P-D-arabinofuranosyladenine (24). The levorotatory form of the pivaloyl 
derivative (IVg) showed no difference compared to the racemate (IVf). 
Even the change of position of a methyl substituent in the benzoyl radical 
(IVn and IVo) did not alter the lipophilicity. 

After absorption through the gut wall, orally administered substances 
are transported by the blood into the liver by way of mesentery veins and 
the vena portae. Through this passage, the 3’-(O-acyl) derivatives of et- 
ilefrine are protected from attacking conjugating enzymes, provided they 
do not become subject to esterase-catalyzed hydrolysis. T o  obtain better 
insight into the cleavage, tests were conducted with these esters in diluted 
rat and human blood and in rat liver homogenate. 

The rate of enzymatic hydrolysis of the aliphatic acyl radicals decreased 
in human blood with increasing alkyl chain length (IVa > IVb > IVc > 
We) or when the radical was highly branched (IVc > IVf = IVg) (Table 
11). In most cases, rat blood was slightly less active in hydrolyzing acyl 
radicals than was human blood, but the deviations in general were rather 
low. However, there was one exception. The phenyl acetyl derivative (IVj) 
was hydrolyzed extremely rapidly by rat blood, probably due to a specific 
esterase in this species. The hydrolysis carried out by the enzymes of the 
.rat liver was much faster and was nearly the same with the aliphatic acyl 
radicals, whereas compounds with araliphatic or aromatic acyl radicals 
were split up according to their steric hindrance in the blood as well as 
in the liver. Thus, the hydrolysis rate was decreased as the size of the 
aromatic system of the araliphatic acyl derivatives was enlarged (IVj > 
IVm) or the length of the alkyl radical grew (IVj > IVk > IV1). For the 
aromatic acyl radicals, the splitting rate was reduced considerably if 
substituents were introduced a t  position 2 or positions 2 and 6 (IVn > 
IVo > IVq). Due to insufficient solubility in 2.5 X M NaHC03, hy- 
drolysis rates of IVh, IVp, IVr, and IVs could not be ascertained enzy- 
matically. 

As the data in Table I1 illustrate, the 3’-(O-acyl) derivatives of etilefrine 
can differ by over 100-fold with respect to solubility, lipophilicity, and 
enzymatic cleavage. In selecting a prodrug with improved bioavailability 
after oral administration, the following criteria are decisive: (a) sufficient 
solubility and enhanced lipophilicity for accelerated absorption; ( b )  very 
reduced enzymatic hydrolysis during absorption, thus giving improved 
protection against conjugation; and ( c )  extensive enzymatic hydrolysis 
while passing through the liver, resulting in the fast release of drug ac- 
tivity. 

Judging by the cleavage through hepatic enzymes, the aliphatic acyl 
derivatives (IVa-IVg) are superior to IVh3-IVs. Of these compounds, 
We-IVg promise more accelerated absorption than etilefrine due to their 
70 times greater lipophilicity. Since the pivaloyl derivative (IVf) exhibits 
a hydrolysis rate in the blood of less than one-fifth of’that of IVe and 
possesses a solubility six times higher than that of IVg, IVf was preferred. 
Comparative absorption studies with dogs4 and humans5 Fonfirmed the 
superiority of this compound to etilefrine. As shown with tritium-labeled 
material, the absorption rate was increased with dogs4 and humans5 when 
a pivaloyl radical was introduced, and bioavailability was increased by 
46%5. 

Investigations of the pharmacological properties of etilefrine pivalate 
will be discussed elsewhere. 

EXPERIMENTAL6 

Chemical Methods-Method AIF: Etilefrine 3’-Piualate (IVf) Hy- 
drochloride-A mixture of 1-HCl (30.6 g, 0.1 mole) in pivaloyl chloride 
(60.3 g, 0.5 mole) was stirred and heated slowly to 106’ with an increasing 
rate of hydrogen chloride evolution. The suspension was maintained a t  

3 After completion of these studies, results of comparative pharmacokinetic in- 
vestigations on etilefrine and its stearoyl derivative (IVh) were published (25). It 
was shown that introduction of the stearoyl radical reduced the bioavailability of 
etilefrine by 49%. 

D. Henschler, unpublished results. 
J. H. Hengstmann, Department of Medicine, University of Bonn, Bonn, West 

Germany, personal communication. 
6 All melting points were obtained using a Mettler FP 1 melting-point apparatus 

and are uncorrected. Microanalyses were carried out at the Analytical Laboratories, 
5279 Gummersbach, West Germany. Purity of intermediates not subjected to ele- 
mental analysis was ascertained by TLC erformed on Merck silica gel 60 Fm. Spots 
were located under UV light or with io&e vapor. Solvent mixtures used for TLC 
were chloroform-methanol-water (59:33:8) (Solvent A), chloroform-methanol- 
water (9091)  (Solvent B), and chloroform- methanol (982) (Solvent C). 

UV absorption curves were recorded on a Beckman ACT A 111 UV-visible spec- 
trophotometer. IR spectra were run on a Perkin-Elmer model 257 spectropho- 
tometer, and PMR spectra were determined on a Varian EM 360 spectrometer. 
Mass spectra were obtained from a Varian MAT 112 S spectrometer using a di- 
rect-sample insertion s stem and ionization by electron im act (70 ev). Optical 
rotations were m e a s d w i t h  a Schmidt-Haensch (model Poktronic I) electronic 
polarimeter. The pH values were obtained using a Metrohm A 603 pH meter. 
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Table 111-Spectral Data  for  Etilefrine 3’-( 0-Acyl) Derivatives 

PMRb 
Compound 

(as 
Hydrochlo- IR”, Sol- Mass Fragmentations, 

ride) V C = O  vent 6 for RCOOC6H4- m/e (relative intensity, %) 

1Va 
IVb 

IVc 

IVd 

IVe 

3l 

3 h  

IVi, 

IVl 

IVm 
IVn 
IVO 
IVP 

1760 A 
1760 A 

1760 A 

1755 A 

1760 A 

1745 B 
1750 A 

1745 A 
1740 A 
1755 A 
1750 A 

1750 A 
1730 B 
1730 A 
1730 A 

1.38 (t, 3H, CH3) and 6.73-7.53 (m, 4H, aromatic H) 
1.22 (t, 3H, CH3), 2.55 (4, 2H, CHz), and 6.73-7.47 
(rn, 4H, aromatic H) 

6.80-7.50 (m, 4H, aromatic H) 
1.02 (t, 3H, CH3), 1.73 (m, 2H, CH~CHS),  2.50 (t, 2H, COCHz), and 

1.27 Id, 6H,CH(CH3)2], 2.90 (m, IH,  CH), and 6.73-7.50 (m, 4H, 
aromatic H) 

0.95 (t ,  3H, CH3), 1.20-1.97 [m, 4H, (CHz)&H3], 2.52 (t, 2H, COCHz), 
and 6.75-7.46 (m, 4H, aromatic H) 

1.33 (s, 9H, C(CH&] and 6.83-7.60 (m, 4H, aromatic H) 
0.90 (t. 3H. CHd.  1.05-1.93 (m. 30H. (CH?)I .SCH~. 2.50 (t. 2H. COCH?). - _ _  - 

and 6.80-7.37 (m. 4H. aromatic H) 
1.07-2.45 (m, 13H, l-CH3C6H10) and 6.81-7.50 (m, 4H, aromatic H) 
3.80 (s, 2H, CH2) and 6.70-7.50 (m, 9H, aromatic H) 
1.58 (d, 3H, CH3), 3.93 (q, l H ,  CH), and 6.7-7.5 (m, 9H, aromatic H) 
0.95 (t. 3H. CHs). 1.95 (m. 2H. CH?). 3.65 (t. 1H. CH). and 6.67-7.50 

(m, 9H, aromatic H) 
4.21 (s,2H, CH2) and 6.68-8.10 (rn, I l H ,  aromatic H) 
2.45 (s, 3H, CH3)and 6.96-8.15 (m, 8H, aromatic H) 
2.61 (s, 3H, CH3) and 6.88-8.25 (m, 8H, aromatic H) 
2.30 (s, 3H, 4-CH4, 2.40 (s, 6H, 2- and 6-CH3), and 6.76-7.43 (m, 6H. 

aromatic H) 

223 (M+, 0.1) and 43 (8) 
237 (M+, O.l), 29 (16), and 57 (9) 

251 (M+, 0.2), 43 (15). and 71 (9) 

251 (M+, 0.5), 43 (28), and 71 (11) 

265 (M+, 0.3), 57 (8), and 85 ( 3 )  

265 (M+, 0.2), 57 (20), and 85 (2) 
447 (M+, 0.1) and 267 (0.7) 

305 (M+. 0.3). 97 (11). and 125 (0.7) 
~~ ~ , ~ ~ I I  ~ 

299 (M+, o.l), 91 (18): and 118 (6) 
313 (M+, 0.4), 105 (331, and 132 (10) 
327 (M+, 0.6), 119 (14), and 146 (12) 

349 (M+. 1). 141 (39). and 168 (21) 
299 (M+: 1): 91 (43), and 119 (100) 
299 (M+, 2), 91 (52), and 119 (95) 
327 (M+, I), 119 (251, and 147 (100) 

1740 B 3.86 ( s ,  6H, 20-CH3) and 6.58-7.63 (m, 7H, aromatic H) 345 (M+, 1) and 165 (100) :$ 1750 C 7.06-7.82 (m, 7H, aromatic H) 353 (M+, O.l), 145 (5), and 173 (16) 
IVs 1740 B 6.62-8.08 (m, 13H, aromatic H) 361 (M+, 2), 153 (25). and 181 (75) 

0 IR spectra were run in potassium bromide, and absor tion values are in reciprocal centimeters. * PMR spectra were run at 60 MHz in deuterochloroform (A), methanol-d, 
(B) ,  or dimethyl sulfoxide-ds (C), and chemical shifts (1) are given in parts per million relative to tetramethylsilane as the internal standard. Multiplicities of the peaks 
are expressed as singlet (s), doublet (d), triplet (t), quartet (q),  and multiplet (m). 

this temperature until the starting material went into solution; the 
temperature then was raised to 110’ and maintained there until cessation 
of gas evolution (-2 hr). After evaporation of the remaining pivaloyl 
chloride. the residue was dissolved in methanol (30 ml) and poured into 
petroleum ether (700 ml). The precipitate, Rf 0.8 on TLC (Solvent B), 
was filtered, dissolved in isopropanol-water (330 ml), and hydrogenated 
in the presence of 10% palladium-on-carbon (3.3 g) a t  room temperature 
and normal pressure until the calculated amount of hydrogen had reacted 
(about 3 hr). After removal of the catalyst and then the solvent by vacuum 
evaporation, the residue was crystallized from isopropanol to give 19.6 
g (65%) of IVf-HCI, mp 209.4’. Rf 0.4 (Solvent A). 

Anal.-Calc. for C1sH23NOrHCI: C, 59.69; H, 8.01; N, 4.64. Found: 
C, 59.69; H. 7.91; N, 4.39. 

Method R/F. Etilefrine 3‘- (2-Methylpropionate) (IVd) Hydrochlo- 
ride-A suspension of I.HCI (30.6 g, 0.1 mole) in 2-methylpropionyl 
chloride (85.2 g, 0.8 mole) and 2-methylpropionic acid (85 ml) was stirred 
and heated slowly until the starting material went into solution; then the 
mixture was refluxed for 0.5 hr. After evaporation to dryness, the residue, 
R, 0.8 on TLC (Solvent B), was reprecipitated and hydrogenated under 
the same conditions as described for the preparation of IVfaHCI to give 
16.4 g (57%) of IVd.HCI after crystallization from isopropanol, mp 159.8’, 
R/ 0.4 (Solvent A). 

Anal.-Calc. for Cl4H21N03-HCl: C, 58.43; H, 7.71; N, 4.87. Found: 
C. 58.48; H, 7.59; N, 4.85. 

Method C/F.  Etilefrine 3’- (2,4,6-Trimethylbenzoate) (IVp) Hydro- 
chlonde-A mixture of I-HCI (30.6 g, 0.1 mole) in 2,4,6-trimethylbenzoyl 
chloride (36.5 g, 0.2 mole) and benzene (20 ml) was refluxed for 1.5 hr. 
The mixture was extracted a t  room temperature with petroleum ether. 
The bottom layer was separated and evaporated under reduced pressure. 
The residue, Rf 0.8 on TLC (Solvent B), was dissolved in isopropanol- 
water (450 ml) and hydrogenated in the presence of 10% palladium- 
on-carbon (11.0 g) in the same manner as described for the preparation 
of IV/.HCI to give 28.0 g (77%) of IVp-HCI after recrystallization from 
methano-ether, mp 180.1°, R/ 0.4 (Solvent A). 

Anal.-Calc. for C2”H2hNO~HCI: C, 66.01; H, 7.20; N, 3.85. Found: 
C, 65.96; H, 7.10; N, 381.-- 

Method DlF: Etilefrine 3’-(4-Meth~lbenzoate) (IVn) Hydrochlo- 
ride-To a suspension of I-HCI (30.6 g,O.l mole) in trifluoroacetic acid 
(39.9 g, 0.35 mole) was added 4-methylbenzoyl chloride (30.9 g, 0.2 mole) 
over 0.5 hr with vigorous evolution of hydrogen chloride. The mixture 
was refluxed for 1.5 hr. The volatile portion was distilled off under vac- 
uum, and the residue was stirred in ether. The  precipitate was poured 
into a mixture of ether (500 ml) and water (100 ml). After cooling, the 
two-phase system was adjusted to pH 9 with cold ammonium hydroxide. 

The organic layer was separated and washed twice with cold 1 N NaOH 
(400 ml) and water (400 mi). After removal of the solvent under vacuum, 
the residue, Rf  0.8 on TLC (Solvent B), was dissolved in isopropanol- 
water (300 ml), acidified to pH 2 with hydrochloric acid, and hydroge- 
nated in the presence of 10% palladium-on-carbon (6.5 g) in the same 
manner as described for the preparation of IVf-HCI to give 13.8 g (41%) 
of IVn-HCI after recrystallization from methanol-ether, mp 190.1’, Rj 
0.4 (Solvent A). 

Anal.-Calc. for CleH21N0rHCI: C, 64.38; H, 6.60; N, 4.17. Found: 
C, 64.43; H, 6.56; N, 4.17. 

Method DIFIG: Etilefrine 3’-(2,6-Dichlorobenzoate) (IVr) Hydro- 
chloride-A mixture of IaHCI (30.6 g, 0.1 mole) and 2,6-dichlorobenzoyl 
chloride (42.0 g, 0.2 mole) in trifluoroacetic acid (114.0 g, 1 mole) was 
stirred and heated slowly to 80’ with an increasing rate of hydrogen 
chloride evolution. Then the mixture was refluxed for 1.5 hr. After 
evaporation of the volatile portion, the oily residue was poured into a 
mixture of ice and ammonium hydroxide and extracted twice with ether 
(500 mi). The organic layer was separated and washed with cold 1 N 
NaOH and water. The solvent was evaporated to give 23.0 g (52%) of 3’- 
hydroxy-2-(benzylethylamino)acetophenone 3’-(2,6-dichlorobenzoate) 
(IIr)  as an oil, Rf 0.9 (Solvent B). 

A solution of I1 r (23.0 g, 0.052 mole) in methanol-water (91,300 mi) 
was adjusted to pH 2 with hydrochloric acid and then hydrogenated in 
the presence of 10% palladium-on-carbon (2.3 g) a t  room temperature 
and atmospheric pressure until 1 equivalent of hydrogen had reacted. 
After the catalyst and then the solvent were removed by vacuum evap- 
oration, the residue was crystallized from methanol-isopropanol to give 
12.0 g (60%) (31% referenced to I.HC1) of 3’-hydroxy-2-(ethylamino)- 
acetophenone 3’-(2,6-dichlorobenzoate) (IIIr) hydrochloride, mp 170’ 
dec., Rf  0.85 (Solvent A). The PMR and IR spectral data supported the 
assigned structure. 

Sodium borohydride (4.0 g) was added in portions to a mixture of 
IIIr-HCI (12.0 g, 0.031 mole) in dry methanol (200 ml) over 1 hr while the 
temperature of the reaction was kept below 5’. Excess sodium horohy- 
dride was destroyed by the addition of acetic acid. After evaporation to 
dryness, the residue was suspended in diluted ammonium hydroxide (200 
ml) and extracted with ether. The organic layer was separated, washed 
with water, and evaporated to dryness. The residue was dissolved in 
isopropanol-water (91,400 ml), acidified to pH 2 with hydrochloric acid, 
and concentrated. The solid residue was crystallized with methanol+ther 
to give 10.5 g (87%) (27% referenced to 1-HCI) of IVreHCI, mp 190.2’, Rf 
0.4 (Solvent A). 

Anal.-Calc. for C ~ ~ H ~ ~ C I ~ N O Y H C I :  C, 52.26; H, 4.64; N, 3.59. Found: 
C, 52.35; H, 4.63; N, 3.58. 
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Method E/F: Etilefrine 3'Stearate ( I V h )  Hydrochloride-A mixture 
of IeHCI (30.6 g, 0.1 mole) and stearoyl chloride (33.3 g, 0.11 mole) in 1 
N NaOH (250 ml) was stirred a t  ambient temperature for 1 hr. The 
mixture was extracted with ether, and the organic layer was washed with 
1 N NaOH and water. 

After removal of the solvent under reduced pressure, the waxy residue, 
Rf  0.8 on TLC (Solvent C), was taken up in methanol (1 liter) and ad- 
justed to pH 2 with hydrochloric acid. The mixture was hydrogenated 
in the presence of 10% palladium-on-carbon (10.0 g) a t  40' and atmo- 
spheric pressure until the calculated amount of hydrogen had reacted. 
After the catalyst and solvent were removed by vacuum evaporation, the 
residue was crystallized from methanol-ether to give 29.1 g (60%) of 
1Vh-HCl, mp 117.4", Rf 0.5 (Solvent A). 

Anal.-Calc. for C28H49N03'HCl: C, 69.46; H ,  10.41; N,  2.89. Found: 
C, 69.82; H, 10.27; N, 2.77. 

Method H: (-)-Etilefrine 3'-Piualate (IVg) Hydrochloride-To a 
mixture of IVf-HCl (301.8 g, 1 mole) in water (2.7 liters) and (+)-0,O- 
dibenzoyltartaric acid monohydrate (188.0 g, 0.5 mole) in methanol (2.7 
liters) was added sodium bicarbonate (42.0 g, 0.5 mole) a t  room tem- 
perature. The solution was cooled slowly to 2" and maintained a t  this 
temperature for 5 days. The white crystalline precipitate was filtered off 
and washed with cold methanol-water (1:l). This product was recrys- 
tallized (13 times) from methanol-water (55:45) until the optical rotation 
remained constant. The yield was 39.1 g of (-)-etilefrine 3'-pivalate 
(+)-0,O-dibenzoylhydrogentartrate, mp 163.5' dec., [a]? +55.3' ( c ,  1 
in methanol). 

This product was dissolved in methanol-water (91,200 ml), acidified 
to pH 2 with hydrochloric acid, and concentrated. The residue was 
crystallized with methanol-ether to give 18.1 g of IVg-HCl(6%) referenced 
to IVf.HCI, mp 225O, Rf 0.4 (Solvent A), [ L Y ] ~  -36.7" ( c ,  1 in meth- 
anol). 

Anal.-Calc. for C15H23NOYHCl: C, 59.69; H, 8.01; N, 4.64. Found: 
C, 59.72; H, 7.98; N, 4.58. 

Determination of Solubility-An excess of each compound (100- 
1000 mg weighed accurately) was stirred in a portion of water a t  room 
temperature for 1 hr. Additional portions of water were added a t  1-hr 
intervals until the entire sample was dissolved under stirring. The per- 
centage solubility, S, was calculated according to: 

S(%)  = x 100 (Eq. 1) 
weighboi,tion 

Measurement of pKa Values-The pKa values listed in Table I1 were 
determined by measuring the pH of a solution containing equivalent 
concentrations of the amine and its salt. These solutions were obtained 
by adding to a solution of the salt the calculated amount of aqueous 0.1 
N NaOH for half-neutralization. The concentrations of the compound 
were 1.5 X A4 in water and 2 X lo-* M in water-methanol. For 
IVg-IVs, which were insufficiently soluble in water a t  the point of half- 
neutralization, aqueous solutions were made up to contain 90.7% meth- 
anol a t  half-neutralization. The pH values were measured using a pH 
meter with a digital scale a t  room temperature. The results were esti- 
mated to be accurate to f0.05 pK unit. 

The percentage of the protonated form, [BH]+, a t  pH 7.4 is expressed 
by: 

weighb,,,I, 

100 
1 + antilog (7.4 - pKa) [BH]+(%) = (Eq. 2) 

Measurement of Partition Coefficients-For the partitioning, pure 
n-octanol saturated with 0.15 M phosphate buffer (pH 7.4) and phos- 
phate buffer saturated with n-octanol were used. Normally, 20-40-mg 
samples were dissolved in the buffer solution (50 ml) and shaken with 
the n-octanol solution (50-600 ml) a t  room temperature for 0.5 hr. After 
centrifugation, an aliquot of the bottom layer was removed and diluted 
to give an absorbance range of 0.2-0.7, measured a t  the absorption 
maximum of the compounds (206-223 nm) using a 1-cm cell. A standard 
curve of at least four points was used for each sample to determine the 
concentration in the bottom layer. Multiple analyses showed the data 
in Table I1 to be reproducible. The partition coefficient, P, was calculated 
from: 

p=--- Vbuffer (cbuffer: i 1) (Eq. 3) 
Vn-octanol CbufBr f 

The first factor in Eq. 3 is the ratio of the volumes of the buffer and 
n-octanol used for partitioning of the sample. The second factor contains 
the ratio of the initial to the final concentration in the buffer layer, as 
determined by readings of the absorbance in the UV region. 

Determination of Enzymatic Ester Cleavage-The Warburg 
manometric technique was used as described by Ammon (26). Blood was 
obtained from one healthy female volunteer and from rats (female Wistar, 
180 9). One part of rat liver (female Wistar, 180 g) was homogenized in 
one part of buffer (2.5 X M NaHC03). 

Heparinized blood (30 pl) or rat liver homogenate (60 pl) diluted with 
buffer to 300 pl was pipetted into the side arm, and the solution of the 
respective ester substrate in the buffer (30 pmoles/2700 pl) was put into 
the main trough of the calibrated reaction vessels. After equilibration 
for 10 min with a stream of nitrogen and carbon dioxide (955), the vessels 
were closed, and the reaction was started by mixing the enzyme prepa- 
ration with the substrate-buffer solution. Readings were taken a t  5-min 
intervals for up to 1 hr, corrected for volume and actual atmospheric 
pressure, transformed into volume units, and plotted as microliters of 
carbon dioxide against time. The plotted curves were idealized graphically 
and adjusted for spontaneous hydrolysis as determined in the control 
vessels without the addition of enzymes. With some sparingly water- 
soluble substrates, stock solutions were obtained with pure ethanol. With 
final ethanol concentrations not exceeding 5%, no inhibition of esterase 
activities was recorded. 
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Abstract  0 The pharmacokinetics of fluorouracil were examined after 
single 250-mg iv doses and 500-mg oral doses to female patients with 
breast cancer. In five patients who received intravenous fluorouracil, the 
mean peak plasma level of unchanged drug was 13.4 pg/ml, the elimi- 
nation half-life was 6.3 min, and the plasma clearance was 1410 ml/min. 
The last value is similar to the hepatic blood flow. In six patients who 
received oral fluorouracil, the mean peak value of unchanged drug in 
plasma, which occurred within 20 min of dosing, was 8.3 pg/ml, and the 
fluorouracil elimination half-life was 7.2 min. The overall bioavailability 
of oral fluorouracil as unchanged drug was 2870, and the variation in 
plasma drug levels between individuals was similar following oral and 
intravenous doses. The data provide additional evidence of saturable 
hepatic metabolism of fluorouracil during the first pass. 

Keyphrases 0 Fluorouracil-comparison of oral and intravenous doses 
pharmacokinetics, human plasma Pharmacokinetics-fluorouracil 
levels in human plasma following intravenous and oral doses Anti- 
neoplastic activity-fluorouracil, pharmacokinetics, human plasma 

The pharmacokinetics of fluorouracil following intra- 
venous administration to humans have been characterized 
(1-4). The drug distributes into an apparent body volume 
equivalent to 25% of the body weight and is cleared rapidly 
from the circulation, principally due to metabolism, with 
a half-life of 5-15 min. The high plasma clearance of flu- 
orouracil suggests that considerable first-pass metabolism 
occurs following oral administration (5). 

Reports on the availability of orally dosed fluorouracil 
to the general circulation are conflicting. Cohen et al. (1) 
reported 50 and 80% absorption in two patients, while 
other investigators reported much lower absorption (6). 
A recent study suggested that the availability of fluo- 
rouracil increases with increasing dose (2), which may be 
due to saturation of the initial degradative metabolic step 
in the liver (7). 

The circulating levels of fluorouracil in patients re- 
ceiving relatively low single doses of fluorouracil by the 
intravenous and oral routes were examined. The descrip- 
tion of these data and comparisons with previous reports 
are the subjects of this paper. 

EXPERIMENTAL 

Subjects and  Protocols-The subjects were 11 female patients 
undergoing therapy for breast carcinoma, postmastectomy, as outpatients 
a t  the Selly Oak Hospital, Birmingham, England. Characteristics of the 
subjects and diagnostic information are given in Table I. The subjects 
were ambulatory and were taking solid food. They were being treated 
under the conditions of a multicenter trial to examine the benefits of 
cyclic adjuvant chemotherapy in both node-positive and node-negative 
operable breast cancer. Node-positive patients received fluorouracil by 
intravenous injection; node-negative patients were dosed orally. 

The medication received by the two groups of subjects is summarized 
in Table 11. Since each subject received either oral or intravenous fluo- 
rouracil, i t  was not possible to examine fluorouracil kinetics after oral 
and intravenous doses in the same person. 

All fluorouracil doses were administered at  the hospital in the presence 
of the attending physician. Intravenous doses of 250 mg of fluorouracil 

were administered in 5 ml of water for injection into a forearm vein over 
30 sec. Oral doses of 500 mg of fluorouracil were administered in 10 ml 
of water for injection followed immediately by 90 ml of orange juice. No 
dietary restrictions were applied. Since subjects had to travel from their 
homes to  the hospital to receive the fluorouracil doses, an interval of a t  
least 1 hr elapsed between eating and dosing. 

Blood samples (10 ml) were taken from a forearm vein in the arm, not 
used for drug administration in the intravenous study, and were placed 
in heparinized tubes. Plasma was promptly separated and stored at  -20" 
until it was assayed. 

Assay-Fluorouracil was extracted from plasma by the method de- 
scribed previously (3). The high-pressure liquid chromatographic 
(HPLC) system consisted of a 25-cm X 4-mm (10-pm particle size) col- 
umnl preceded by a 5-cm X 4-mm (10-pm particle size) guard column2, 
a constant-volume pump3, and a variable-wavelength d e t e c t d  set at  265 
nm. The solvent was loA2 M phosphate buffer (pH 5.5) at a flow rate of 
2 ml/min. 

Uridine was used as the internal standard since i t  had a shorter re- 
tention time in this system than thymidine (3). Dried residues from ex- 
tracted plasma were redissolved in 200 pl of 5% methanol in water, and 
50 pl of this solution was injected into the chromatograph. Fluorouracil 
was measured by the peak height ratio method against uridine. Using this 
procedure, the retention volumes for fluorouracil and uridine were 11 and 
21 ml, respectively, and the time required to analyze each sample was 
reduced from 30 (3) to 11 min. The method had similar sensitivity and 
reproducibility for fluorouracil to those reported previously (3). The lower 
limit of detection was 0.1 pg/ml, and neither commonly occurring nu- 
cleosides nor drugs other than fluorouracil being taken by the subjects 
interfered with the chromatographic peaks of fluorouracil or uridine. 

All pharmacokinetic parameters were obtained by standard graphical 
procedures (9). All rate constants were calculated by linear regression 
of the natural logarithm of the fluorouracil concentration against time. 
In the intravenous studies, the value of Co was corrected for the 30-sec 
fluorouracil injection time. In the oral studies, it was not possible to obtain 
a value for the absorption rate constant for Patient MD because of the 
absence of data during the absorption phase of the plasma fluorouracil 
profile. 

Fluorouracil standard5 and uridine6 were used as received. All other 
chemicals and reagents were of the highest grade available and were used 
as received. 

RESULTS 

Individual plasma levels of fluorouracil obtained from the intravenous 
and oral doses are given in Table 111, and the mean values from the two 
dosage forms are summarized in Fig. 1. The results of the pharmacoki- 
netic analysis are described in Table-IV. 

Following intravenous dosing, plasma fluorouracil levels a t  the 5-min 
sampling varied from 6.4 to 29.5 pg/ml with a mean value of 13.4 pg/ml. 
Drug levels declined monoexponentially between 5 and 45 min and had 
returned to baseline values by 60 min. The mean half-life of fluorouracil 
in plasma was 6.3 min, the mean distribution volume was 0.2 liter/kg, and 
the plasma clearance was 1410 ml/min. 

Following oral dosing, peak plasma levels of fluorouracil ranged from 
4.4 to 14.3 pg/ml with a mean value of 8.3 pg/ml and occurred 10-20 rnin 
postdosing. The mean half-life of drug elimination was 7.2 min, statis- 

1 Whatman Partisil PXS ODS-2 column 
2 Waters RP-8 Lichrosorb. 

Waters model M6000. ' Pye Unicam model LC3. 
Lot 578103, Hoffmann-La Roche Laboratories, Nutley, N.d. 
Analytical reagent, Sigma Chemical Co., St. Louis, Mo. 
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Table I-Subject Statistics and  Clinical and  Diagnostic Data  
- 

Serum 
White Red Glutamic Alkaline 
Blood Blood Hemoglo- Oxalacetic Phospha- 

Age, Weight, Height, Cells, Cells, Platelets, bin, Albumin, Transaminase, tase, K.A. 
Subiect years kg cm x 103/mm3 X 106/mm3 X 103/mm3 E% n% unitdliter unitsa 

3.7 
I* 

4.4 

ID 52 66 154 5.6 4.0 382 
ME 61 56 168 5.1 4.9 220 

EG 52 80 163 5.8 3.9 282 
AM 55 90 157 6.2 4.4 174 
DT 57 55 160 5.7 4.5 167 
ET 62 57 155 6.1 3.8 227 
RO 50 62 164 6.5 4.1 187 
MD 59 66 158 4.9 4.6 254 

Oral 

12.9 4.0 
13.6 4.1 
14.7 4.8 
12.4 4.7 
13.6 - b 

13.1 4.6 
13.7 4.1 
13.6 4.2 
12.2 4.4 
12.4 3.9 
13.5 4.4 

29 
17 
20 
21 
- 

19 
10 
17 
15 
13 
13 

9 
4 
7 
6 
- 

14 
9 
7 
6 
3 
4 

King-Armstrong units (8). * Not determined. 

Table 11-Medication Received on the  Day Preceding and on the Day of Fluorouracil  Administration 

Time of 
Dosage Group Medication Medication, hr 

Intravenous, 250 mg, five patients Day preceding study 
20 mg of prochlorperazine maleate PO 1030 

1330 
1430 
1430 
2000 
'7000 
2015 

0845 
0900 
0930 
1700 
2300 

0900 

20 mg of prochlorperazine maleate PO 
50 mg of doxorubicin iv 

1 mg of vincristine iv 
250 mg of cyclophosphamide iv 
150 mg of methotrexate iv' 
20 mg of prochlorperazine maleate PO 

Day of study 
20 mg of prochlorperazine maleate PO 

15 nig of leucovorin iv 
15 mg of leucovorin PO 
15 mg of leucovorin PO 

250 mg of fluorouracil iv 

Oral, 500 mg, six patients Day of study 
500 mg of fluorouracil PO with 10 m of chlorambucil 

PO and 25 mg of methotrexate pog.c 

* Methotrexate administered as a 12-hr infusion in 1 liter of normal saline, starting at  2000 hr. * Chlorambucil and rnethotrexate were taken by the subjects a t  their 
On the following day, subjects received additional oral doses uf 500 rng of fluorouracil and 10 rng of chloram- home after blood sampling procedures were completed. 

bucil. 

Table 111-Plasma Levels of Fluorouracil  followine: Intravenous and  Ora l  Doses 

Dose, Plasma Fluorouracil, pg/ml 
Subject mg/kg Omin 5min LOmin 15min 20min 30min 45min 60min 90min 120min 

Intravenous 
a MG 3.4 0.0 6.4 8.3 - 1.9 0.3 0.2 ND - - 

MF 3.3 0.0 13.8 3.4 - 2.6 1.2 0.3 ND - - 
F T  3.6 0.0 29.5 17.8 - 5.7 0.5 0.1 ND - - 
ID 3.8 0.0 8.1 3.2 1.9 0.9 0.4 0.1 ND - - 
ME 4.5 0.0 9.2 4.5 3.1 2.3 0.8 0.2 0.1 
Mean 3.7 0.0 13.4 7.4 2.5 2.7 0.6 0.2 0.0 
SD 0.5 0.0 9.4 6.1 - 1.8 0.4 0.1 

EG 6.3 0.0 - 1.2 - 5 .O 2.7 0.6 0.1 
AM 5.6 0.0 - 3.1 4.4 2.9 0.6 0.2 0.1 
D T  9.1 0.0 - 2.8 - 8.9 2.1 0.3 0.2 ND ND 
ET 8.8 0.0 - 8.1 10.7 12.2 5.5 0.6 0.1 ND ND 
RO 8.1 0.0 - 3.4 5.0 4.6 1.8 0.4 0.2 0.1 ND 
MD 7.6 0.0 - 14.3 11.2 10.9 6.4 1.6 0.9 0.1 0.1 
Mean 7.6 0.0 - 5.6 7.8 7.4 3.2 0.6 0.3 0.1 0.0 
SD 1.4 0.0 - 4.9 3.6 3.8 2.3 0.5 0.3 0.1 - 

- - 
- - 
- - 

0 2  
- - 
- - 

Not determined. b Not detectable. 

tically indistinguishable from the equivalent value after intravenous 
dosing, while the absorption half-time was 3.4 min. This value was ob- 
tained by conventional curve-stripping procedures assuming first-order 
absorption and elimination (9) and indicates fast absorption of fluo- 
rouracil under the conditions employed in this study. The absorption 

phase was essentially complete within 20 min of dosing. 
The ratio of the mean areas under the plasma fluorouracil curves from 

the oral and intravenous doses, corrected for the individual elimination 
rate constants (Table IV), provides a measure of the efficiency with which 
fluorouracil is absorbed from the oral dose as unchanged drug (10). The 
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Table IV-Pharmacokinetic Values Obtained from Analysis of Plasma Fluorouracil  Data  

Pharmacokinetic Parameters" 
k o ,  t1/2a, kel, t 1/2el, CO, Cm,,, t lnax,  AUC, AUCkei, V ,  Vkel, 

Subject min-I min min-' min pg/ml pg/ml min (pgmin)/ml pg/ml l i terkg mI/min 

Intravenous 
._ h __ 0.11 6.3 19.7 - - 173 19 0.17 1384 

- 0.10 6.9 17.1 - - 170 17 0.19 1463 
MG 

- - 0.13 5.3 68.7 - - 545 71 0.051 464 
MF 

_ _  - 0.13 5.3 16.0 - - 122 16 0.23 1973 
F T  

- 0.09 7.7 12.7 - - 141 13 0.35 1764 
ID 

Mean __ ._ 0.11 6.3 26.8 _ _  - 230 27 0.20 1410 
ME 

SD - - 0.02 1.0 23.5 - - 177 25 0.11 579 
Oral 

EG 0.20 3.5 0.09 7.7 - 5.0 20 121 I 1  
0.23 3.0 0.09 7.7 - 4.4 15 80 7 AM 

152 11 DT 0.19 3.6 0.07 9.9 - 8.9 20 
ET 0.20 3.5 0.12 5.8 - 12.2 20 290 35 

0.22 3.2 0.09 7.7 - 5.0 15 121 11 
287 17 - - 0.06 11.6 - 14.3 10 

RO 

Mean 0.21 3.4 0.09 8.4 - 8.3 17 175 15 
MD 

SD 0.02 0.3 0.02 2.0 - 4.2 4 91 10 

- 

- 

- - 
- - 
- - 
- - 
- - 
- - 
- - 
- - 

" The notati(~ns are: k , .  first-order rate constant for drug absorption; t lpio, half-time for absorption; k.1, first-order rate constant for drug elimination; t l /zelr  half-life 
01 eliminatiim: ro. concentratiim at time zero obtained by extrapolation of plasma fluorouracil levels after intravenous dosing; C,,,, maximum concentration of fluorouracil 
in plasma after oral dosing; L,,,, time at which C,,, occurs; ALIC, area under fluorouracil concentration uersus time curve in plasma calculated by the trapezoidal rule; 
..If Tf '/<el, area corrected lor variance in k , ~ ;  V .  apparent distribution volume of fluorouracil in the body obtained from V = doseKO; and Vk.1, plasma clearance of fluorouracil. * N o t  determined. 

mean corrected area from the oral dose of 500 mg is 15 wg/ml, while that  
from the intravenous dose is 27 pg/ml. Correction for dose size yields a 
ratio of 0.28, indicating an average fluorouracil availability of 28% from 
the oral dose. 

DISCUSSION 

The plasma levels of fluorouracil obtained from the intravenous dose 
in this study are comparable to those obtained previously (1-3). The mean 
distribution volume for fluorouracil of 0.2 liter/kg and the plasma 
clearance of 1410 ml/min are consistent with previously reported values 
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Figure I-Mean fluorouracil levels i n  plasma following single 250-mg 
intravenous doses (0) to  fivesubjects and 500-mgoral doses ( 0 )  t o  six 
subjects. 

of 0.35 literkg and 1441 ml/min obtained in three patients (2) and of 0.25 
liter/kg and 1265 ml/min obtained in eight patients (3). 

Although the overnight methotrexate infusion in these patients was 
terminated 1 hr before the fluorouracil dose, circulating levels of meth- 
otrexate still would be present at  the time of fluorouracil dosing and could 
have affected the circulating levels of fluorouracil. However, due to the 
relatively low dose of methotrexate and the low binding of both com- 
pounds to plasma proteins (2, l l ) ,  direct interaction between these drugs 
in plasma, which might influence fluorouracil distribution, is unlikely. 

Previous reports suggested that absorption of fluorouracil from oral 
dosage forms is extremely variable (6,7). Clarkson et al. (12) reported 
a two- to 10-fold reduction in the initial plasma fluorouracil levels in 
patients after oral doses compared to equivalent intravenous doses. Finn 
and SadBe (13) also obtained variable plasma levels of fluorouracil after 
oral administration to three patients with colon cancer, with peak drug 
levels varying between 0.8 and 60 wg/ml. However, in two patients, the 
circulating levels of fluorouracil were prolonged relative to those after 
intravenous dosing. Other studies demonstrated efficient absorption of 
oral fluorouracil(1, 14), which has been associated with high and pro- 
longed drug levels in plasma and bile. High fluorouracil levels in bile after 
oral doses may be particularly advantageous in treating hepatic metas- 
tases and tumors of the biliary tree (14). 

Cohen et al. (1) suggested that the nature of fluorouracil absorption 
may depend on the vehicle with which the drug is administered but also 
may be influenced by the degree of hepatic involvement. Their data 
suggested that patients with hepatic tumor or metastases achieve lower 
but more prolonged circulating levels of fluorouracil than patients with 
no hepatic involvement. This theory was supported partially by Finn and 
SadBe (13). who obtained prolonged plasma levels of fluorouracil in pa- 
tients with hepatic involvement, and by Garrett et al. (2), who obtained 
a similar disappearance rate for fluorouracil from plasma after oral and 
intravenous doses to patients with relatively normal liver function. In 
the latter study, fluorouracil absorption as unchanged drug was more 
efficient from a 1000-mg oral dose than from a 500-mg dose in two indi- 
viduals, suggesting saturable metabolism of fluorouracil during the first 
pass (5). 

The results obtained in the present study are consistent with the hy- 
potheses (1,2). Absorption of fluorouracil from the oral doses to subjects 
who had no discernible hepatic involvement was efficient and rapid. 
Although the clinical protocol prevented intravenous and oral doses being 
given to the same subjects, thus preventing direct comparisons within 
an individual, the plasma data nevertheless indicate that the oral dose 
was -28% available as unchanged drug. This value is intermediate be- 
tween the values of 1-15% reported by Garrett et al. (2) and of 50-80% 
reported by Cohen et al. (1) and provides further evidence that hepatic 
clearance of fluorouracil, which is similar to hepatic blood flow after 
parenteral doses (lo), is highly saturable during the first pass. 

Furthermore, the data obtained in this study indicate that circulating 
levels of oral fluorouracil may be as reproducible between individuals as 
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those obtained from intravenous doses. The apparent inconsistency be- 
tween this observation and some earlier reports may be explained by the 
relatively homogeneous patient population used in this study and the 
heterogeneous (at least regarding the degree of hepatic involvement) 
patient group (1) or the very small numbers of subjects (2,13) used pre- 
viously. Considerable variability in circulating levels of fluorouracil also 
was reported following intravenous doses to male and female patients 
(4). 

While i t  is recognized that the clinical effectiveness of fluorouracil is 
a complex function of the anabolic metabolism of fluorouracil and the 
biochemistry of cell death and cell resistance, the present results indicate 
that oral fluorouracil in this patient population is absorbed with repro- 
ducible efficiency, resulting in no greater variation in circulating drug 
levels than that following intravenous doses. 

This observation may have important implications in fluorouracil 
treatment of patients with breast cancer, particularly in view of the re- 
lationship that exists between the patient response rate and circulating 
levels of fluorouracil(15). 
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Abstract Condensation products were prepared by the reaction of 
ninhydrin with indole and 2,5-dimethylindole. The structures of these 
1:l adducts were assigned as 3-(2-hydroxy-2-indane-1,3-dionyl)indole 
and 3-(2-hydroxy-2-indane-1,3-dionyl)-2,5-dimethylindole, respectively, 
on the basis of spectral data including 13C-NMR evidence. 13C-NMR also 
was used to  confirm the structure of a thiourea-ninhydrin adduct as a 
substituted thioindeno[ 1,2-d]imidazole-2,8-dione. 

Keyphrases 0 Ninhydrin-condensation products with indoles and 
thiourea, structural elucidation by NMR spectroscopy Heterocyclic 
adducts-cyclic ureides, condensation products of ninhydrin with indoles 
and thiourea, structural elucidation by NMR spectroscopy NMR 
spectroscopy-structural elucidation of condensation products of nin- 
hydrin with indoles and thiourea 

Interest in the heterocyclic adducts formed between 
ninhydrin (triketohydrindene hydrate, I) and aromatic 
amines (1,2) and enamines (3) led to the investigation of 
the reaction products of this reagent with certain aromatic 

compounds whose structure might contain an enamine 
moiety. The structures of indole and 1-naphthylamine 
could be visualized as such; the N-1, C-2, and C-3 positions 
of indole and the NH2, C-1, and C-2 positions of 1-naph-. 
thylamine possess the enamine triad (4). It was found that 
1 -naphthylamine forms a stable pentacyclic adduct with 
I, whose mode of cyclization has not been definitely es- 
tablished (5). 

BACKGROUND 

The ready formation of a 1:l adduct between I and indole was first 
reported by Tomita and Fukagawa (6). However, the structure assigned 
by these investigators involved attack of the C-2 position of indole at the 
masked, central carbonyl group of ninhydrin to give 11. This is in contrast 
to the expected reactivity of the C-3 position in indole (7, 8). 

The reaction between I and indole was repeated by Roth and Kok (9); 
a stable, yellow adduct (1:1) was obtained with the same melting point 
as reported previously (6). These investigators (9) reported this adduct 
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those obtained from intravenous doses. The apparent inconsistency be- 
tween this observation and some earlier reports may be explained by the 
relatively homogeneous patient population used in this study and the 
heterogeneous (at least regarding the degree of hepatic involvement) 
patient group (1) or the very small numbers of subjects (2,13) used pre- 
viously. Considerable variability in circulating levels of fluorouracil also 
was reported following intravenous doses to male and female patients 
(4). 

While i t  is recognized that the clinical effectiveness of fluorouracil is 
a complex function of the anabolic metabolism of fluorouracil and the 
biochemistry of cell death and cell resistance, the present results indicate 
that oral fluorouracil in this patient population is absorbed with repro- 
ducible efficiency, resulting in no greater variation in circulating drug 
levels than that following intravenous doses. 

This observation may have important implications in fluorouracil 
treatment of patients with breast cancer, particularly in view of the re- 
lationship that exists between the patient response rate and circulating 
levels of fluorouracil(15). 
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I, whose mode of cyclization has not been definitely es- 
tablished (5). 

BACKGROUND 

The ready formation of a 1:l adduct between I and indole was first 
reported by Tomita and Fukagawa (6). However, the structure assigned 
by these investigators involved attack of the C-2 position of indole at the 
masked, central carbonyl group of ninhydrin to give 11. This is in contrast 
to the expected reactivity of the C-3 position in indole (7, 8). 

The reaction between I and indole was repeated by Roth and Kok (9); 
a stable, yellow adduct (1:1) was obtained with the same melting point 
as reported previously (6). These investigators (9) reported this adduct 
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Table I-Carbon 13 Chemical Shifts of Substituted Indoles 

Compound RI Rz R3 C-3a' C-7a' c-2' c-3' c-5'  c-4' (2-6' 

Indole" H H H 128.8 136.1 125.2 102.6 122.3 121.3 120.3 
2-Methylindole" H CH3 H 129.9 137.1 135.7 100.4 121.1 120.0 119.9 
3-Methylindole" H H CH3 129.2 137.3 122.7 111.4 122.3 119.4 119.6 

128.7 135.1 134.2 98.4 126.5 121.1 118.4 2,5-Dimethylindole CH3 CH3 

126.7 132.9 134.6 110.0 126.3 119.3 - 121.6' 
I11 H H 
VII CHs CH2 - 

H b  124.9 136.4 124.8 110.2 119.4'-121.9 - 
b 

Taken from Ref. 12. R3 = 2-hydroxy-1,3-indandion-2-yl. c May be interchanged. 

Table 11-Carbon 13 Chemical Shifts of 2-Substituted Indandionyl Moieties 

Compound RI RP C-1 and C-3 c -2  C-4 and C-7 C-5 and C-6 C-3a and C-7a 

I X = O H  197.7 88.3 124.5 137.8 139.2 
111 H H 198.9 77.8 123.3 136.4 138.9 ~~. 

VII CH3 CH3 198.7 78.0 123.0 136.0 139.7 
XI X = NHCON(CH&" 197.3 79.8 123.2 135.9 138.5 

Taken from Ref. 13 

as having Structure 111, based on the interpretation of the PMR spectrum. 
However, a warning concerning the assignment of C-2 or C-3 substitutions 
in indole indicates that the effects of concentration and solvent polarity 
should be considered (10) when structural interpretations based on PMR 
evidence are made. However, these considerations were not cited in the 
report of Roth and Kok (9). 

To establish unambiguously the structures of 111 and the products 
derived from 2,5-dimethylindole, thiourea, and I, 13C-NMR spectroscopy 
was employed in the present study. Interest in the latter adduct (11) 
stems from the cyclic ureide (V) formed between urea and I (2). The 
nucleophilicity of the sulfur in thiourea prompted determination of the 
mode of cyclization; this investigation sought to distinguish between IV 
and VI or its [1,2-d]-isomer. 

EXPERIMENTAL' 

Melting points are uncorrected. All carbon spectra were decoupled with 
a 1-kHz wide noise bandwidth. All spectra were obtained in deuterated 
dimethyl sulfoxide; chemical shifts are reported relative to tetrameth- 
ylsilane as the internal standard. Mass spectra were obtained on a dou- 
ble-focusing instrument2 equipped with an electron-impact (70 ev) source 
and a direct-sample introduction probe. 

Synthesis of 3-(2-Hydroxy-2-indane-l,3-dionyl)-2,5-dimethyl- 
indole (VII)-2,5-Dimethylindole (14.5 g, 0.01 mole) was dissolved in 
hot methanol (50 ml). To this solution was added I (1.78 g, 0.01 mole) in 
methanol (30 ml). The reaction mixture was warmed for 1 hr (80') with 
stirring and set aside overnight. A volume of water equal to approximately 
one-third of the solution volume was added, and the solution was warmed 
and set aside for 2.5 hr. The crystals were filtered, washed with hot water, 
and dried. 

The product weighed 2.67 g (87.5%), mp 200-205" dec. Recrystalliza- 
tion from methanol-water gave golden-yellow crystals, mp 198-202' dec.; 
I R  3375 (OH), 3275 (NH), 1700, and 1748 (C=O) cm-l; PMR: 6 10.97 

I II 

IR spectra were taken on a Perkin-Elmer model 237 spectrophotometer and 
determined in potassium bromide pellets. PMR spectra were obtained on a Varian 
XL-100 NMR spectrometer with a Nicolet TT-100 Fourier transform accessory. 
The observing frequency for protons was 100 MHz; for carbon it was 25.2 MHz. * Dupont 21-492. 

(s, lH, NH), 8.05 (s, 4H, aromatic), 7.29-6.75 (m, 3H, indole), 6.54 (s, lH,  
OH), 2.31 (s, 3H, CHB), and 2.26 (s,3H, CH3) (upon addition of deuter- 
ated water, the signals a t  6 10.97 and 6.54 were diminished); mass spec- 
trum: m/e 305 (M+, 80%). 

Ad-Calc.  for C19H15N03: C, 74.72; H, 4.95; N, 4.58. Found: C, 74.63; 
H, 4.92; N, 4.60. 

Synthesis of 1,3,3a,8a-Tetrahydro-3a,8a-hydroxy-2-thi- 
deno[ 1,2-d]imidazole-2,8-dione (1V)-To 10 g of I (0.056 mole) in -400 
ml of hot water was added thiourea (4.25 g, 0.056 mole) dissolved in a 
minimum volume of water. The reaction mixture was stirred for 1 hr a t  
SOo, cooled, and filtered. White crystals (12.0 g, 91%) were obtained, mp 
236240'. Recrystallization from water gave crystals with a melting point 
of 240-242'; IR: 3350-3100 (OH and NH) and 1715 (C=O) cm-'; mass 
spectrum: m/e 236 (M+, 100%). 

Anal.-Calc. for C10H8N203S: C, 50.85; H, 3.38; N, 11.86; S, 13.55. 
Found: C, 50.94; H, 3.44; N, 11.82; S, 13.66. 

RESULTS AND DISCUSSION 

The carbon 13 chemical shifts of the carbon atoms of the adducts and 
some appropriate model compounds are shown in Tables I and 11. Of 
critical significance are the peaks at  124.8 and 110.2 ppm, assigned to C-2' 
and C-3'3, respectively, of adduct 111. This assignment is based on analogy 

I 
H 

m 

w x = s  
v : x = o  

VI 

These positions refer to the indole moiety. 
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Table 111-Carbon 13 Chemical Shifts of C=O and C=S 

Compound Chemical Shift of C-2 

NH [iy 

p - N H z  N 

x :x=o  165.9 
VIII: x = s 183.4 

IX 159.0 
V 158.3 

IV 178.4 

to the carbon 13 shifts assigned to simple C-2 and C-3 methylindoles 
shown in Table I. Such substituted carbons are shifted downfield by -10 
ppm. The data clearly indicate that this adduct is the 3-substituted indole 
(111). Similarly, the 2,5-dimethylindole-ninhydrin adduct was assigned 
Structure VII (Table I). In this case, the C-3’ position of the indole moiety 
absorbs at 110.0 ppm. The pertinent chemical shifts such as those of C-2’ 
are in agreement with those of the model compounds. This result also is 
consistent with the expected chemistry for a 2-substituted indole. In 
addition, the chemical shifts of the carbons in the indanedione moiety 
as shown in Table I1 support the structural assignments of adducts 111 
and VII. 

The reaction of I with thiourea in neutral aqueous solution gave a 
product that was assigned Structure IV. The C=S group previously has 
been difficult to identify positively by IR spectra (14). Moreover, the 
superior nucleophilicity of the thiocarbonyl sulfur over that of the ni- 
trogen atom in this ambident nucleophile is well known (15,16). Thus, 
the thiazoline structure (VI) could not be excluded since the PMR 
spectrum of the adduct in dimethyl sulfoxide-ds showed two exchange- 
able one-proton singlets at 9.70 and 9.48, a four-proton aromatic multiplet 
centered at 7.85, and a two-proton broad exchangeable singlet at 6.88, 
attributable to a primary amino group, as in VI, or two separate NH ab- 
sorbances, as in IV (which have the same chemical shift). 

These considerations necessitated examination of the 13C-NMR data 
of this adduct along with closely related model compounds (Table 111). 
Since the thiocarbonyl group in ethylenethiourea (VIII) absorbs at 183.4 

A 
VII 

ppm, and the corresponding carbon of 2-amino-2-thioazoline (IX) absorbs 
at  159.0, and the adduct in question absorbs at 178.4 (C=S), one con- 
cludes that this adduct has a thioureide structure (IV). In addition, a 
change from ureidocarbonyl to thiocarbonyl produces a downfield shift 
of -1S20 ppm. This result is in accord with the differences in the 
chemical shift of C-2 (thiocarbonyl versus carbonyl) in uracil (17), V 
versus IV, and ethyleneurea (X) versus ethylenethiourea (VIII) in Table 
111. 
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Abstract 0 A rapid, sensitive, and specific high-performance liquid 
chromatographic method was developed for the determination of khellin 
in serum and urine using theophylline as the internal standard. Chro- 
matography was performed on a reversed-phase CIS column with 65% 
(vlv) methanol as the mobile phase. The assay is capable of measuring 
khellin concentrations down to 100 nglml with a total procedure time of 
<20 min. Oral administration of 60 mg of khellin tablets to two healthy 
human males was carried out, and the serum samples were analyzed by 
the described method. Serum concentration-time profiles are pre- 
sented. 

Keyphrases Khellin-high-performance liquid chromatographic 
analysis in human serum and urine 0 High-performance liquid chro- 
matography-analysis, khellin in human serum and urine 0 Vasodila- 
tors-khellin, high-performance liquid chromatographic analysis in 
human serum and urine 

Khellin (4,9-dimethoxy-7-methyl-5H-furo[3,2-g] [ 11- 
benzopyran-5-one, I), the active ingredient of Ammi uis- 
naga, is used mainly as a vasodilator in the treatment of 
renal colic and renal stones. 

Gravimetry (l), colorimetry (2,3), and TLC-colorimetry 
(4) are used for the determination of I in formulations and 
A. oisnaga extracts. The gravimetric assay is tedious and 
lacks the desired sensitivity ( 5 ) ,  while the colorimetric 
methods suffer from color instability and inefficiency (4). 
An analytical method for the determination of this drug 
in biological fluids has not been available, and no infor- 
mation has been presented on its elimination and distri- 
bution patterns in humans. 

This report describes a rapid, specific, accurate, and 
sensitive high-performance liquid chromatographic 
(HPLC) method for the determination of I in serum and 
urine. The procedure involves a simple, one-step solvent 
extraction followed by HPLC using theophylline (11) as an 
internal standard. 

EXPERIMENTAL 

Reagents and Solvents-Khellin' (I) was recrystallized from iso- 
propanoll. Theophylline* (11) was used as supplied. Chloroform3 and 
methanol3 were analytical reagent grade and were used without further 
purification. Double-distilled water was employed in the mobile 
phase. 

Apparatus and Operating Conditions-The analysis was performed 
using a high-performance liquid chromatograph4 with a 254-nm UV 
detecto$, an injection system6, and a 30-cm X 4-mm i.d. reversed-phase, 
high-efficiency CIS column7. The mobile phase was methanol-water 
(6535), which was filtered twice through a 0.45-pm pore filters and de- 
gassed before use. The flow rate was 0.8 ml/min but occasionally varied 
between 0.6 and 1 ml/min. 

Koch-Li ht Laboratories Colnbrook Bucks, England. * Sigma CEemical co., St. Louis, MO. 
3 E. Merck, Darmstadt, West Germany. 
4 Model 6000, Waters Associates, Milford, Mass. 

Model 440, Waters Associates, Milford, Mass. 
6 Model U6K, Waters Associates, Milford, Mass. 
7 pBondapak CIS, Waters Associates, Milford, Mass. 
8 Millipore Corp., Bedford, Mass. 

C b a 

9 6 3 0 9  6 3 0 9  0 3 d 
MINUTES 

Figure 1-Chromatograms of 1 -ml human serum samples containing 
5 pg of theophylline (internal standard). Key: a ,  taken prior to khellin 
administration; b, taken 6.5 hr after oral administration of 60-mg khellin 
tablets; and c, spiked with 1 pg of khellin. The mobile phase was 65% 
(ulu) methanol at a flow rate of 0.8 mllmin, and the chart speed was 0.5 
cmlmin. 

Extraction-A 1-ml portion of water, serum, or urine was transferred 
to a 13-ml centrifuge tube, and 5 or 20 pg of I1 and 7 ml of chloroform were 
added. The tube was vortexed for 60 sec and centrifuged for 8 min a t  2000 
rpm. After the aqueous creamy phase was aspirated and discarded, 5 ml 
of the organic phase was transferred to a glass tube and evaporated in a 
water bath at 60'. The residue was reconstituted with 0.2 ml of the mobile 
phase by shaking it for 30 sec on a vortex mixer, and 15-25 pl was injected 
onto the column. 

Standard Curves-Calculations were carried out using standard 
curves constructed by analyzing 1-ml samples of the respective fluid 
spiked with 5 or 20 pg of I1 and known amounts of I and plotting the peak 
height ratio (IhI) versus the corresponding concentration of I. The 
standard curve data were subjected to least-squares linear regression 
analysis, and the resulting equation was utilized for the calculation of the 
drug concentration in the unknown samples. 

Se rum Level Study in Humans-Two healthy human males were 
given three 20-mg tablets of khelling after fasting for 12 hr. Blood samples 
(5 ml) were removed from the median cubital vein a t  the indicated time 
intervals and placed in centrifuge tubes. After allowing the blood to clot, 
serum was cultivated and stored frozen until analysis. The assay was 
performed in duplicate. 

Urine Collection-Urine was collected from one subject a t  various 
intervals after drug administration, and the volume was recorded. 
Samples (1 ml) were transferred into stoppered centrifuge tubes and 
stored frozen until assay. Urine collection was stopped 11 hr after drug 
administration. 

RESULTS 

Figure 1 shows typical chromatograms of a blank serum sample with 
a sample spiked with 1 pg of khellin (I) and another sample obtained from 
a healthy human volunteer 6.5 hr after oral administration of 60 mg of 
I. All three samples contained 5 pg of theophylline (the internal standard, 
11). The specificity of this method is clearly demonstrated by the absence 
of interfering peaks. With 65% methanol in water as the eluent at a flow 
rate of 0.8 mllmin, the retention times for I and I1 were 9 and 4.4 min, 
respectively. 

Lynamine, Memphis Chemical Co., Cairo, Egypt 
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Figure 2-Chromatogram of 1-ml 
human serum sample spiked with 
8 pg of I and 20 pg of 11. The mo- 
bile phase was 70% (vlv) metha- 
nol at  a flow rate of 1.0 mllmin, 
and the chart speed was 0.5 cml 
min. 

:t 

Figure 2 represents a chromatogram of a urine sample spiked with 8 
and 20 pg of I and 11, respectively. The retention times for I and I1 were 
5 and 3.3 min, respectively, using 70% methanol as the mobile phase at 
a flow rate of 1.0 mllmin. The small peak preceding the drug peak was 
due to an impurity, which appeared to be adequately separated from the 
drug. Complete resolution was obtained by decreasing the flow rate and 
the methanol content of the mobile phase. 

Recovery-The described procedure for the extraction of I from 
serum and urine is simple, rapid, and efficient. There was no back-ex- 
traction involved, and the extraction was carried out in <10 min. The 
relative serum to water recovery of I as measured by the ratio of the slopes 
of the standard curves of the peak height ratio versus concentration ob- 
tained for I in serum and water, respectively, was 0.88. Addition of 0.1 
ml of 0.1 N NaOH to the samples did not increase the relative recovery. 
There was excellent linearity between the peak height ratios and khellin 
concentrations in serum and urine ( r  > 0.999 for both) in the concen- 
tration range employed, i.e., 0.1-5 pglml for serum and 1-20 pg/ml for 
urine. 

Accuracy-Table I shows the amounts found and the actual amounts 
with which 1-ml blank serum samples were spiked and analyzed according 

Table I-Accuracy of HPLC Assay for Khellin in  Serum 

Experiment 1 Experiment 2 
Amount Amount Percent Amount Percent 

Added, pg Found, pg Error Found, pg Error 

1 .o 1.04 4 1.03 3 
2.0 1.90 5 1.86 7 
4.0 3.96 1 4.12 3 
8.0 8.04 0.5 7.82 2.25 

10.0 9.98 0.2 9.28 7.2 

to the described method. The experiment was performed in duplicate, 
and the percent error for each unknown sample was calculated according 
to (6): 

X 100 (Eq. 1) amount added - amount found 
amount added 

As can be seen in Table I, the percent error was -0.2-5%. In no case 
did it exceed 7.5%, indicating the excellent accuracy and reproducibility 
of the described method. 

ReliabilitySince no other method is available for the determination 
of I in serum and urine, comparison of this HPLC assay with another 
method was impossible. However, the accuracy demonstrated for this 
method indicates that it is reliable for assaying I in these biological 
fluids. 

Serum Levels and Urine Collection Data-The serum khellin 
concentration-time profiles are shown in Fig. 3. The total amount of the 
unchanged drug excreted through the urine in 11 hr was only 48.1 pg. 

'70 error = 

DISCUSSION 

The lack of an analytical method for the determination of khellin (I) 
in biological fluids has precluded its clinical monitoring in patients. In- 
deed, since the therapeutic serum index for this drug has not been es- 
tablished, dosing is quite arbitrary. The daily dose of I ranges from 20 
to 100 mg, and dosing frequency varies from once to three times daily. 
Furthermore, no information is available on the half-life and other 
pharmacokinetic parameters for this drug. 

To the knowledge of the present investigators, this report is the first 
to deal with the determination of khellin in biological fluids and the first 
to give data on the oral absorption of this drug in humans. As shown in 
Fig. 3, the serum khellin levels following the administration of 60 mg of 
khellin table? ranged from 0.100 to 1.7 pg/ml, and the half-life, as de- 
termined from the semilogarithmic plot of the three terminal data points 
assuming rapid absorption, was -1.5-5.6 hr. The fraction of the dose 
excretedunchanged through the urine in 11 hr was only 0.8%. Therefore, 
it appears that the elimination of I occurs principally by metabolism, and, 
hence, analysis of the unchanged drug in the urine may be of little in- 
terest. 

Further investigation to extend this preliminary information on the 
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Figure 3-Serum khellin concentration in two healthy human males 
following oral administration of three 20-mg khellin tablets. 
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pharmacokinetics of I in humans is underway, and the results will be 
reported later. (1971). 

(3) M. S. Karawya, G. Nour, and A. Sina, Planta Med., 19, 367 
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1025 (1970). 
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in Drug Bioavailability,” J. Blanchard, R. W. Sawchuck, and B. B. Brodie, 
Eds., S. Karger, Basel, Switzerland, 1979, p. 92. 

REFERENCES 

( 1 )  M. R. I. Saleh and S. Gharbo, Egypt .  Pharm. Bull., 40, 73 

(2) I. R. Fahmy and N. Badran, J .  Pharrn. Pharmacol.., 2, 561 
(1962). 

(1950). 

Differential Pulse Polarographic Determination of Colchicine 

WALTER HOLAKX and WILLIAM M. PLANK 
Received December 4,1979, from the Food and Drug Administration, Department of Health, Education, and Welfare, 850 Third Auenue, 
Brooklyn, NY 11232. Accepted for publication June 4, 1980. 

Abstract  0 A differential pulse polarographic method for the analysis 
of colchicine-containing dosage forms is described. The reduction of the 
tropolone carbonyl is useful for quantitative analysis in that the rela- 
tionship of the colchicine concentration to the current is linear over the 
concentration range of 0 to -50 pg/ml, with a slight negative deviation 
a t  higher concentration. The procedure involves no preliminary treat- 
ment, is simple and specific, and is applicable to the assay of composite 
tablets, individual tablets, and injectable solutions. Polarography is 
conducted on a solution of colchicine in pH 1.81 Britton-Robinson buffer 
with 0.01% alkylphenoxy polyethoxyethanol. The quantitative analysis 
is achieved using the method of standard addition. A relative standard 
deviation of 3.2% was obtained for tablets. The results agree with those 
obtained using the USP XIX method. 

Keyphrases 0 Colchicine-analysis by differential pulse polarography 
Polarography, differential pulse-analysis of colchicine 

Colchicine (I), an alkaloid obtained from various species 
of Colchicum, is used for the suppression of gout. The USP 
XIX assay for colchicine tablets involves extraction with 
chloroform followed by a spectrophotometric determina- 
tion. The quantity of the drug specified to be taken for the 
assay is 3 mg. Since the usual tablet strength is 0.5 mg, this 
amount is equivalent to six tablets. For a content unifor- 
mity test, the method needs to be scaled down sixfold to 
accommodate a single tablet. As a result, the aqueous 
phase volume, as well as the organic volumes used for ex- 
tractions, becomes less than optimum, so that difficulties 
with the procedure may be encountered. 

Colchicine has a tropolone ring which bears a reducible 
carbonyl group, similar to an aromatic aldehyde that was 
determined by classical direct-current polarography in 
Britton-Robinson or Mcllvane buffer (1-3). Reduction of 
colchicine at a dropping mercury electrode was studied at  
various pH levels by Sartori and Guadiano (4). These in- 
vestigators reported that below pH 8, two reduction waves 
are obtained; the potential of the first wave becomes more 
negative with increasing pH and reaches that of the second 
wave at pH -8. Above pH 8, there is only one wave, whose 
potential does not vary with pH and corresponds to the 
formation of a secondary alcohol. This reduction is irre- 
versible (4). 

However, the sensitivity of direct-current polarography 
is limited due to the large capacitance current contribution 
to the Faradaic current. This difficulty is reduced in dif- 

bCH, 

I 

ferential pulse polarography. This paper describes the 
application of differential pulse polarography to the de- 
termination of colchicine in dosage forms with the goal of 
developing a general method applicable to the assay of 
composite tablets as well as individual tablets and injection 
solutions. 

EXPERIMENTAL 

Apparatus and Polarographic Conditions-A polarographic ana- 
lyzer’ equipped with a drop timer2 in conjunction with a three-electrode 
system was used for polarographic determinations. The electrodes were 
a dropping mercury electrode, a saturated calomel electrode, and a 
platinum wire auxiliary electrode. The drop timer was set a t  1 sec, and 
the height of the mercury column was 70 cm. Other conditions were: 
current range, 2-5 pamp; pulse amplitude, 50 mv; and scan rate, 5 mghec. 
The potential range scan was from -0.7 to -1.2 v. All polarograms were 
recorded on an x-y recorder3. 

Reagents and  Chemicals-All chemicals were reagent grade unless 
otherwise specified. The standard was colchicine USP4. 

Supporting Electrolyte Solution-One liter of solution was prepared 
to contain 0.04 M acetic acid, 0.04 M phosphoric acid, and 0.04 M boric 
acid in water (pH 1.81). Different pH buffers were prepared for the pH 
uersus polarographic behavior study by mixing 100 ml of the supporting 
electrolyte solution with the required volumes of 0.2 M NaOH and 
checking with the pH meter5. 

Standard Colchicine Solution-Colchicine standard, 25 mg, was 
accurately weighed and dissolved with supporting electrolyte solution 
in a 25-ml volumetric flask and then diluted to volume with the same 
solvent. 

Surfactant Solution-The surfactant solution was 0.5% alkylphenoxy 
polyethoxyethanol in water6. 

~ 

1 Model 174, Princeton Applied Research Cor 
2 Model 174/70, Princeton Applied Research &rp., Princeton, N.J 

Omnigraphic model 2200-3-3, Houston Instruments, Austin, Tex. 
4 City Chemical Corp., New York, N.Y. 
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pharmacokinetics of I in humans is underway, and the results will be 
reported later. (1971). 

(3) M. S. Karawya, G. Nour, and A. Sina, Planta Med., 19, 367 

(4) M. S. Karawya, M. A. El-Kiey, and G .  Nour, J .  Pharrn. Sci., 59, 
1025 (1970). 

(5) I. R. Fahmy, M. A. El-Kiey, and A. Shoaib, Proc. Pharrn. SOC. 
Egypt . ,  Sci. Ed., 5,91 (1953). 

(6) M. A. Schwartz and J. A. De Silva, in “Principles and Perspectives 
in Drug Bioavailability,” J. Blanchard, R. W. Sawchuck, and B. B. Brodie, 
Eds., S. Karger, Basel, Switzerland, 1979, p. 92. 
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Abstract  0 A differential pulse polarographic method for the analysis 
of colchicine-containing dosage forms is described. The reduction of the 
tropolone carbonyl is useful for quantitative analysis in that the rela- 
tionship of the colchicine concentration to the current is linear over the 
concentration range of 0 to -50 pg/ml, with a slight negative deviation 
a t  higher concentration. The procedure involves no preliminary treat- 
ment, is simple and specific, and is applicable to the assay of composite 
tablets, individual tablets, and injectable solutions. Polarography is 
conducted on a solution of colchicine in pH 1.81 Britton-Robinson buffer 
with 0.01% alkylphenoxy polyethoxyethanol. The quantitative analysis 
is achieved using the method of standard addition. A relative standard 
deviation of 3.2% was obtained for tablets. The results agree with those 
obtained using the USP XIX method. 

Keyphrases 0 Colchicine-analysis by differential pulse polarography 
Polarography, differential pulse-analysis of colchicine 

Colchicine (I), an alkaloid obtained from various species 
of Colchicum, is used for the suppression of gout. The USP 
XIX assay for colchicine tablets involves extraction with 
chloroform followed by a spectrophotometric determina- 
tion. The quantity of the drug specified to be taken for the 
assay is 3 mg. Since the usual tablet strength is 0.5 mg, this 
amount is equivalent to six tablets. For a content unifor- 
mity test, the method needs to be scaled down sixfold to 
accommodate a single tablet. As a result, the aqueous 
phase volume, as well as the organic volumes used for ex- 
tractions, becomes less than optimum, so that difficulties 
with the procedure may be encountered. 

Colchicine has a tropolone ring which bears a reducible 
carbonyl group, similar to an aromatic aldehyde that was 
determined by classical direct-current polarography in 
Britton-Robinson or Mcllvane buffer (1-3). Reduction of 
colchicine at a dropping mercury electrode was studied at  
various pH levels by Sartori and Guadiano (4). These in- 
vestigators reported that below pH 8, two reduction waves 
are obtained; the potential of the first wave becomes more 
negative with increasing pH and reaches that of the second 
wave at pH -8. Above pH 8, there is only one wave, whose 
potential does not vary with pH and corresponds to the 
formation of a secondary alcohol. This reduction is irre- 
versible (4). 

However, the sensitivity of direct-current polarography 
is limited due to the large capacitance current contribution 
to the Faradaic current. This difficulty is reduced in dif- 

bCH, 

I 

ferential pulse polarography. This paper describes the 
application of differential pulse polarography to the de- 
termination of colchicine in dosage forms with the goal of 
developing a general method applicable to the assay of 
composite tablets as well as individual tablets and injection 
solutions. 

EXPERIMENTAL 

Apparatus and Polarographic Conditions-A polarographic ana- 
lyzer’ equipped with a drop timer2 in conjunction with a three-electrode 
system was used for polarographic determinations. The electrodes were 
a dropping mercury electrode, a saturated calomel electrode, and a 
platinum wire auxiliary electrode. The drop timer was set a t  1 sec, and 
the height of the mercury column was 70 cm. Other conditions were: 
current range, 2-5 pamp; pulse amplitude, 50 mv; and scan rate, 5 mghec. 
The potential range scan was from -0.7 to -1.2 v. All polarograms were 
recorded on an x-y recorder3. 

Reagents and  Chemicals-All chemicals were reagent grade unless 
otherwise specified. The standard was colchicine USP4. 

Supporting Electrolyte Solution-One liter of solution was prepared 
to contain 0.04 M acetic acid, 0.04 M phosphoric acid, and 0.04 M boric 
acid in water (pH 1.81). Different pH buffers were prepared for the pH 
uersus polarographic behavior study by mixing 100 ml of the supporting 
electrolyte solution with the required volumes of 0.2 M NaOH and 
checking with the pH meter5. 

Standard Colchicine Solution-Colchicine standard, 25 mg, was 
accurately weighed and dissolved with supporting electrolyte solution 
in a 25-ml volumetric flask and then diluted to volume with the same 
solvent. 

Surfactant Solution-The surfactant solution was 0.5% alkylphenoxy 
polyethoxyethanol in water6. 

~ 
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Table I-Composite Tablet Assay of Commercial Samples by the Differential Pulse Polarographic Method and by the USP XIX 
Method 

~ 

Differential Pulse Polarography" USP XIX" 
Colchicine Percent Percent 

Dosage Form Amount Declared Amount Found of Claim Amount Found of Claim 

Tablets 0.60 mg/tablet 0.59 mg/tablet 99.3 0.60 mg/tablet 100.0 
Tablets 0.50 mgltablet 0.50 mg/tabletb 100.0 0.49 mg/tablet 98.0 
Injection 1 mg/2 ml 1.04 mg/2 ml 104.0 1.04 mg/2 ml 104.0 
Tablets 0.648 mg/tablet 0.590 mg/tablet 91.0 0.582 mg/tablet 89.8 

a Single determinations. * Mean value of six determinations; RSD = 3.2%. 

Procedure-Composite Tablet Assay-Twenty tablets were weighed 
accurately, and the average weight per tablet was determined. The tablets 
were ground thoroughly in a mortar, and a portion of the powder con- 
taining -0.5 mg of colchicine was weighed and transferred to a 50-ml 
volumetric flask. About 20 ml of supporting electrolyte solution was 
added, and the flask was stoppered and shaken for -5 min. Then 1 ml 
of surfactant solution was added, and the solution was diluted to volume 
with supporting electrolyte solution and mixed. 

Content Uniformity-The same procedure was used as for the com- 
posite tablet assay, except that an intact tablet was used as the 
sample. 

Polarographic Procedure-Ten milliliters of the solution to be as- 
sayed was pipetted into the dry polarographic cell, and the solution was 

I 1 I t 

-€, v versus saturated calomel electrode 
0.9 1.1 

Figure 1-Direct-current polarograms of colchicine in Rritton-Rob- 
inson buffer (pH 1.81). Key: 1.10 pglml; and 2,20 pglml. 

deaerated for 5 min with nitrogen and then polarographed under the 
described conditions. With a micropipet, 100 p1 of the standard solution 
was added, and the solution was deaerated for 1 min and polarographed 
exactly as before. Peak heights were measured that occurred at --0.88 
v uersus a saturated calomel electrode. The milligrams of colchicine in 
the sample was calculated from: 

A 
( B  X 1.01) - A 

mg/tablet or mg/ml of injection solution = 

50 1 
X 0.1 X - X - 

10 c (Eq. 1) 

where A is the peak height of the sample, B is the peak height of the 
sample plus the standard, 1.01 is the concentration factor for the dilution, 

J 

t I I I I 
0.7 0.9 1.1 

4, v versus saturated calomel electrode 

Figure 2-Polarograms of colchicine (20 Fg/ml) in Britton-Robinson 
buffer (pH 1.81) and 0.01 5% alkylphenoxy polyethoxyethanol. Key: 1, 
direct-current mode; and 2, differential pulse polarographic mode. 
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1 

0.9 1.1 1.3 1.5 
-€, v versus saturated calomel electrode 

Figure 3-Diflerential pulse polarographic behavior of colchicine (20 
pglrnl) as a function o f p H .  

and C is the number of tablets or milliliters of injection solution. In  the 
composite tablet assay, (I is the weight of the sample divided by the av- 
erage weight per tablet; in the individual tablet assay, C = 1. 

RESULTS AND DISCUSSION 

When the initial differential pulse polarograms in Britton-Robinson 
buffer (pH 1.81) a t  colchicine concentrations of 10-50 pg/ml were re- 
corded, there was a pronounced concentration-related peak potential shift 
in the anodic direction. The effect of adsorption was suspected and then 
was confirmed by running polarograms in the direct-current mode and 
observing the presence of a maximum (Fig. 1). Addition of 0.01% alkyl- 
phenoxy polyethoxyethanol (Fig. 2) to the test solution eliminated the 
maximum and almost all of the peak potential shift. 

The general polarographic behavior of colchicine is similar to that of 
aromatic aldehydes. For example, the data for benzaldehyde (5) indicate 
that the mechanism for its reduction involves the formation of a free 

Table  11-Content Uniformity Analysis of 0.5-mg Colchicine 
Tablets  by Differential Pulse Polarography 

Tablet Amount Found, mghablet 

1 
2 
3 
4 
5 
6 
7 
8 
9 

LO 
Averwe 

0.50 
0.50 
0.54 
0.50 
0.50 
0.50 
0.48 
0.49 
0.47 
a3a 
0.50 

radical followed by dimerization (first wave) and the production of benzyl 
alcohol (second wave). A similar mechanism may be operative during the 
reduction of colchicine. The differential pulse polarographic behavior 
of colchicine as a function of p H  is shown in Fig. 3. 

The electrochemical properties of colchicine are useful for i ts  quanti- 
tative measurement in pharmaceutical dosage forms. Quantitation is 
achieved by a method of standard addition to compensate for differences 
in sample matrixes. 

A linear relationship between colchicine concentration and electro- 
chemical behavior ( AilAE) was established from the following data 
points (micrograms per milliliter uersus microamperes): 11.2, 1.08; 22.4, 
2.23; 33.6,3.29; and 44.8,4.35. The line showed an intercept of 0.020gamp, 
a slopz of 0.0971 (vamp ml)/vg, and a correlation coefficient of 0.9998. 
The  line showed a slight negative deviation from linearity a t  higher 
concentrations. 

Four commercial preparations were analyzed using the proposed 
method and the USP XIX procedure (6). The results are given in Table 
I. An estimate of the precision of the differential pulse polarographic 
method obtained by analyzing one sample six times gave a relative 
standard deviation of 3.2%. Ten individual tablet assay results for 0.5-mg 
tablets ranged from 0.47 to 0.54 mghablet (Table 111, with an average of 
0.50 mghablet. The same value was obtained for the composite tablet 
assay. 

The differential pulse polarographic assay presented here is rapid and 
sensitive and is specific for analyzing colchicine-containing preparations. 
Moreover, the same procedure is applicable for the assay of individual 
tablets. The results of the differential pulse polarographic method are 
in excellent agreement with those obtained using the more involved USP 
XIX assay. 
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Abstract  An extraction and GLC assay procedure was developed for 
quantitation of procainamide hydrochloride and acecainide hydrochlo- 
ride in rat feed. 4-Amino-N-(2-(dipropylamino)ethyl]benzamide hy- 
drochloride was synthesized and utilized as an internal standard. The 
assay has good precision and accuracy and was used to establish the 
stability of acecainide hydrochloride and procainamide hydrochloride 
in rat feed. 

Keyphrases 0 Procainamide hydrochloride-GLC analysis in rat 
feed o Acecainide hydrochloride-GLC analysis in rat feed 0 GLC- 
analysis, procainamide hydrochloride and acecainide hydrochloride in 
rat feed 

The identification of acecainide (N-acetylprocainamide) 
as the major metabolite of procainamide in humans (1,2) 
generated interest in acecainide as an antiarrhythmic agent 
and has required development of an assay for the simul- 
taneous determination of these two drugs (3). Although 
sensitive spectrophotometric methods have been employed 
(4,5), they do not exhibit the specificity of GLC (6,7) and 
high-performance liquid chromatographic (8-1 1) assays 
reported for the analysis of these compounds in plasma and 
urine. 

In accord with present regulatory trends, there also is 
a need to monitor accurately and ensure precise drug levels 
in chronic toxicity studies. Such studies are conducted at  
therapeutic and subtoxic drug concentrations and, thus, 
require a t  least two widely varying levels of drug deter- 
mination. 

The present study established a GLC procedure for 
accurately determining procainamide hydrochloride and 
acecainide hydrochloride concentrations in rat feed. A 
structural analog of procainamide, 4-amino-N- [2-(dipro- 
pylamino)ethyl] benzamide hydrochloride, is utilized as 
an internal standard to minimize extraction and assay 
variability. 

EXPERIMENTAL 

Materials-Procainamide hydrochloride1 and acecainide hydro- 
chloride2 were not <98% pure by nonaqueous titration. Elemental 
analysis and melting-point data also indicated the purity of the raw 
material. Diethyl ether was reagent grade. The rats were given a com- 
mercial rat food ad libitum3. 

The internal standard, 4-amino-N-[2-(di-n-propylamino)ethyl]- 
benzamide hydrochloride, was obtained through a synthetic scheme 
analogous to that employed for the synthesis of procainamide (12, 13). 
Recrystallization of the final product was effected from ethanol to provide 
white crystals in a 33% overall yield, mp 185-187'; chemical-ionization 
mass spectrum: M + 1,264. 

Anal.-Calc. for C15H26ClN30: C, 60.11; H, 8.68; N, 14.02. Found: C, 
59.96; H, 8.74; N, 13.82. 

Instrumentation-Assays were performed with a gas-liquid chro- 

~ ~~ 

NAPP Chemical Co., Lodi, N.J. 
Ganes Chemical Co., New York, N.Y. 
Ralston-Purina, St. Louis, Mo. 

matograph4 equipped with a flame-ionization detector. A 1.2-m X 2-mm 
i.d. glass column, packed with 3% OV-17 on 100-120-mesh Chromosorb 
W-HP, was maintained at 245 or 270" for procainamide or acecainide, 
respectively. The column inlet was maintained at  275O, while the detector 
temperature was 300'. The carrier gas was helium a t  a flow rate of 20 
ml/min. 

Analysis of Ra t  Feed-Standard solutions of procainamide hydro- 
chloride and acecainide hydrochloride were prepared in water a t  10.0 
mg/ml. The internal standard solution was prepared in water a t  4.0 
mg/ml. 

A 2.0-g homogeneous aliquot of rat feed containing drug was accurately 
weighed and added to 1.0 ml of the internal standard and 19 ml of water 
(pH 2) in a centrifuge tube. The contents were extracted and centrifuged. 
The water layer containing the drug and internal standard was trans- 
ferred to a second tube. The solution was made basic (pH 12) with sodium 
hydroxide, sodium chloride (2 g) and ether (20 ml) were added, and the 
drugs were extracted into the ether layer. The contents were centrifuged, 
and the ether layer was drawn offfor concentration and/or injection into 
the gas-liquid chromatograph (normally 2.0 pl). 

Standard curves were constructed by spiking the drug-free rat feed 
with appropriate volumes of procainamide hydrochloride or acecainide 
hydrochloride standard solutions and following the procedure outlined. 
Peak area ratios of the drug to the internal standard were plotted against 
milligrams of drug per gram of feed. 

RESULTS AND DISCUSSION 

In the analysis of acecainide and procainamide from rat feed, it was 
desirable to sample a representative quantity of drug in feed and to utilize 
an internal standard that would have physical properties similar to those 
of the test substances. Sampling of <I g of feed could result in consid- 
erable assay variability caused by drug-feed mixing variability. Extrac- 
tion of more than a few grams of feed requires large extraction vessels and 
considerable quantities of solvents and the internal standard. Extraction 
of samples and addition of the internal standard to an aliquot introduces 
assay variability caused by extraction differences. 

The described procedure yielded small representative samples and 
permitted the use of a true internal standard. The use of the di-n-propyl 
derivative provided an internal standard with partitioning and chro- 
matographic properties similar to those of acecainide and procainamide. 
The internal standard has a retention time between those of procain- 
amide and acecainide and does not overlap with either test substance. 

In the procainamide assay (column temperature 245O), procainamide 
has a retention time of -2.8 min while the internal standard elutes at  4.0 
min. With the aeecainide analysis, the column temperature is 270O. 
Procainamide elutes with the solvent, the internal standard elutes a t  1.8 
min, and acecainide emerges a t  3.5 min. This procedure is specific for 
acecainide and procainamide, with no interfering peaks present in the 
chromatogram. 

The analysis of acecainide hydrochloride in rat feed was linear over 
a wide concentration range. Standards were determined in quadruplicate 
a t  1.0, 2.0,5.0, and 10.0 mg of drug/g of feed. The resulting plot had a 
correlation coefficient of 0.9990, an intercept of -0.004, and a slope of 
0.1 15. The analytical range was extended by varying the concentration 
of the internal standard and the final volume of ether. Standards deter- 
mined in duplicate a t  10.0,20.0,30.0, and 40.0 mg of acecainide hydro- 
chloride/g of feed gave a correlation coefficient of 1.000, an intercept of 
-0.142, and a slope of 0.145. In this example, 3.0 ml of the internal 
standard a t  4.0 mg/ml was added to the feed, and the ether extract con- 

4 Model 5830, Hewlett-Packard, Avondale, Pa. 
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taining the drugs did not require concentration. The coefficients of 
variation for the standard curves a t  the low and high concentrations were 
3.89 and <lob, respectively. The analysis of acecainide in rat feed is 
linear, precise, and accurate over the needed concentration range. The 
construction of a standard curve spanning the desired concentration 
range on each day of analysis assures good quantitation of drug ih the feed. 

Procainamide hydrochloride was analyzed from 0.50 to 50.0 mg/g of 
feed. Standards were determined in quadruplicate at  0.5,1.0,2.0, and 5.0 
mg/g of feed. Over this concentration range, the linear regression ex- 
hibited a correlation coefficient of 0.9997, an intercept of -0.067, and a 
slope of 0.872. Increasing the concentration of the internal standard again 
allowed extension of the analytical range. Standards determined in 
quadruplicate at  5.0, 10.0,20.0, and 50.0 mg/g of feed exhibited a corre- 
lation coefficient of0.9998, an intercept of 0.027, and a slope of 0.063. The 
coefficient of variation for both standard curves was <lYo. The assay of 
procainamide hydrochloride from rat feed is linear, precise, and accurate 
over the desired concentration range. 

Acecainide hydrochloride in rat feed was tested and shown to he stable 
(85-115% of the theoretical amount) for up to 5 months a t  ambient 
temperature. Procainamide hydrochloride exhibited some instability 
over the same period, but the cause or result of this instability was not 
determined. 

Acecainide and procainamide may be mixed with rat feed and accu- 
rately analyzed with this procedure. The drugs were stable in rat feed if 
kept a t  or helow room temperature and utilized within a few months. 
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Abstract 0 A rapid and specific high-pressure liquid chromatographic 
assay is described for the quantitative analysis of 4’-demethylepipodo- 
phyllotoxin-9-(4,6-O-ethylidene-~-~-glucopyranoside) (I) in plasma. 
After chloroform extraction, I was analyzed by reversed-phase chroma- 
tography and UV detection (252 nm). The maximum sensitivity was 0.1 
pg/ml. Quantitation was by relative response factor calibration using an 
integrating microcomputer. Over the concentration range of O.&W pg/ml, 
the average recovery of I from plasma was 95.4 f 3.8% (SD) .  

Keyphrases 4-Demethylepipodophyllotoxin -9- (4,6-O-ethylidene- 
P-D-glucopyranoside)-high pressure liquid chromatographic analysis 

High-pressure liquid chromatography-analysis, 4-demethylepipo- 
dophyllotoxin-9-(4,6-O-ethylidene-~-~-glucopyranoside) 0 Antitumor 
activity-4-demethylepipodophyllotoxin -9- (4,6 -0- ethylidene-0-D- 
glucopyranoside), high-pressure liquid chromatographic analysis 

The semisynthetic epipodophyllotoxin analog 4’-de- 
methylepipodophyllotoxin-9-(4,6-0-ethylidene-~-~-glu- 
copyranoside) (I) has shown activity against a variety of 
human tumors (1). Since I is undergoing advanced clinical 
investigation, it is desirable to monitor plasma drug con- 
centrations from different dosage regimens and from drug 
interaction studies. Analysis of I previously was carried out 
by radioisotopic techniques (2-4). This report discusses 
a high-pressure liquid chromatographic (HPLC) method 
developed for the quantitation of 1 in plasma. 

EXPERIMENTAL 

Apparatus-The analyses of I were conducted using a liquid chro- 
matograph’ operated a t  ambient temperature and equipped with a 
variable-wavelength detector (252 nm). Separations were performed on 
a 250 X 3.0-mm i.d. reversed-phase column2. Samples were introduced 
onto the column through a septumless injector (10 pl) coupled to an au- 
tomatic sampler injection system’. The chromatograms were traced on 
a strip-chart recorder with the peak area integration performed by a 
microcomputing data system’. 

Reagents and  Solvents-Compound I was obtained as a gift3. All 
chemical reagents were analytical grade except for methanol and dioxane, 
which were pesticide residue or HPLC quality4. 

Chromatographic Conditions-The mobile phase was a 50:50 mix- 
ture of 5 mM KH2P04-NaOH buffer (pH 7.8) and methanol with the flow 
rate adjusted to 40 m l h r  (-lo00 psi). A precolumn2 was used to minimize 
the effect of extraneous plasma-extracted material on the performance 
of the reversed-phase column. 

Extraction Procedure-Aliquots (2.0 ml) of plasma were transferred 
to 15-ml thick-wall’centrifuge tubes5, diluted with 2 ml of water, and 
extracted with 4 ml of chloroform. The mixture was vortexed vigorously 
for 30 sec, and the phases were separated by centrifugation (15 min a t  
10,OOOXg). The lower organic layer was removed by a Pasteur pipet (24 

Model 8500, Varian Co., Sunnyvale, Calif. 
Partisil-10 ODs, Whatman Inc., Clifton, N.J. 

Burdick &Jackson Laboratories, Muskegon, Mich. 
Corex No. 8441. 

3 Also known as VP-16-213 and NSC-141540; supplied by Ms. Kozkuz, Sandoz 
Pharmaceuticals, Hanover, N.J. 
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taining the drugs did not require concentration. The coefficients of 
variation for the standard curves a t  the low and high concentrations were 
3.89 and <lob, respectively. The analysis of acecainide in rat feed is 
linear, precise, and accurate over the needed concentration range. The 
construction of a standard curve spanning the desired concentration 
range on each day of analysis assures good quantitation of drug ih the feed. 

Procainamide hydrochloride was analyzed from 0.50 to 50.0 mg/g of 
feed. Standards were determined in quadruplicate at  0.5,1.0,2.0, and 5.0 
mg/g of feed. Over this concentration range, the linear regression ex- 
hibited a correlation coefficient of 0.9997, an intercept of -0.067, and a 
slope of 0.872. Increasing the concentration of the internal standard again 
allowed extension of the analytical range. Standards determined in 
quadruplicate at  5.0, 10.0,20.0, and 50.0 mg/g of feed exhibited a corre- 
lation coefficient of0.9998, an intercept of 0.027, and a slope of 0.063. The 
coefficient of variation for both standard curves was <lYo. The assay of 
procainamide hydrochloride from rat feed is linear, precise, and accurate 
over the desired concentration range. 

Acecainide hydrochloride in rat feed was tested and shown to he stable 
(85-115% of the theoretical amount) for up to 5 months a t  ambient 
temperature. Procainamide hydrochloride exhibited some instability 
over the same period, but the cause or result of this instability was not 
determined. 

Acecainide and procainamide may be mixed with rat feed and accu- 
rately analyzed with this procedure. The drugs were stable in rat feed if 
kept a t  or helow room temperature and utilized within a few months. 
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Abstract 0 A rapid and specific high-pressure liquid chromatographic 
assay is described for the quantitative analysis of 4’-demethylepipodo- 
phyllotoxin-9-(4,6-O-ethylidene-~-~-glucopyranoside) (I) in plasma. 
After chloroform extraction, I was analyzed by reversed-phase chroma- 
tography and UV detection (252 nm). The maximum sensitivity was 0.1 
pg/ml. Quantitation was by relative response factor calibration using an 
integrating microcomputer. Over the concentration range of O.&W pg/ml, 
the average recovery of I from plasma was 95.4 f 3.8% (SD) .  

Keyphrases 4-Demethylepipodophyllotoxin -9- (4,6-O-ethylidene- 
P-D-glucopyranoside)-high pressure liquid chromatographic analysis 

High-pressure liquid chromatography-analysis, 4-demethylepipo- 
dophyllotoxin-9-(4,6-O-ethylidene-~-~-glucopyranoside) 0 Antitumor 
activity-4-demethylepipodophyllotoxin -9- (4,6 -0- ethylidene-0-D- 
glucopyranoside), high-pressure liquid chromatographic analysis 

The semisynthetic epipodophyllotoxin analog 4’-de- 
methylepipodophyllotoxin-9-(4,6-0-ethylidene-~-~-glu- 
copyranoside) (I) has shown activity against a variety of 
human tumors (1). Since I is undergoing advanced clinical 
investigation, it is desirable to monitor plasma drug con- 
centrations from different dosage regimens and from drug 
interaction studies. Analysis of I previously was carried out 
by radioisotopic techniques (2-4). This report discusses 
a high-pressure liquid chromatographic (HPLC) method 
developed for the quantitation of 1 in plasma. 

EXPERIMENTAL 

Apparatus-The analyses of I were conducted using a liquid chro- 
matograph’ operated a t  ambient temperature and equipped with a 
variable-wavelength detector (252 nm). Separations were performed on 
a 250 X 3.0-mm i.d. reversed-phase column2. Samples were introduced 
onto the column through a septumless injector (10 pl) coupled to an au- 
tomatic sampler injection system’. The chromatograms were traced on 
a strip-chart recorder with the peak area integration performed by a 
microcomputing data system’. 

Reagents and  Solvents-Compound I was obtained as a gift3. All 
chemical reagents were analytical grade except for methanol and dioxane, 
which were pesticide residue or HPLC quality4. 

Chromatographic Conditions-The mobile phase was a 50:50 mix- 
ture of 5 mM KH2P04-NaOH buffer (pH 7.8) and methanol with the flow 
rate adjusted to 40 m l h r  (-lo00 psi). A precolumn2 was used to minimize 
the effect of extraneous plasma-extracted material on the performance 
of the reversed-phase column. 

Extraction Procedure-Aliquots (2.0 ml) of plasma were transferred 
to 15-ml thick-wall’centrifuge tubes5, diluted with 2 ml of water, and 
extracted with 4 ml of chloroform. The mixture was vortexed vigorously 
for 30 sec, and the phases were separated by centrifugation (15 min a t  
10,OOOXg). The lower organic layer was removed by a Pasteur pipet (24 
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MINUTES 

Figure 1-Liquid chromatogram o f l .  Key: A, I injected directly; and 
B, I derived from spiked plasma. A down arrow (1) indicates the start 
of integration, and an up arrow (1) indicates the end of integration. The 
largest peak in each panel is I. The occasional shoulder on I is associated 
with impurities from dioxane. 

cm) and transferred to either 15-ml ground-glass conical centrifuge tubes 
or to all-glass evaporator cups6. A second and third extraction were 
performed similarly. 

The pooled chloroform layers from each sample were dried under re- 
duced pressure either in a water bath (45O) using a rotary evaporator or 
a t  45” in a sample concentrate$. T o  the dried chloroform extracts was 
added 2 ml of chloroform, and the samples were redried. This step was 
repeated two times with 1 and 0.5 ml of chloroform, respectively. The final 
residues were transferred in 0.2 ml of dioxane to microsample vials, 
capped, and prepared for HPLC analysis. 

Extraction Efficiency-Plasma from a local blood bank was used 
along with tritium-labeled and unlabeled I. The efficiency of extracting 
I from plasma was established using the following procedure. Known 
amounts of I and 0.01 pCi of radiolabeled I (14 pCi/pmole) were added 
to drug-free plasma (10 ml each) to achieve concentrations of I from 0.1 
to 100 pg/ml. Aliquots (2.0 ml) of each plasma sample were transferred 
to thick-wall centrifuge tubes and stored frozen (-20°) until they were 
extracted. Samples ( n  1 6) at each concentration were analyzed in du- 
plicate. Quantitation of I was accomplished by the relative response 
factors calculated from analysis of standards of I of known concentration. 
The linearity of the calibration curve for I wasestablished over the con- 
centration range of 0.1-100 pg/ml. Specificity for I was established using 
drug-free plasma. 

Clinical Specimens-Written informed consent was obtained from 
two patients who participated in the institutionally approved I protocol. 
This protocol called for administration of I a t  10 mg/m2 by intravenous 
push followed immediately by a continuous infusion of I for 24 hr. Venous 
blood (5 ml) was collected in heparinized tubes a t  specified times and 
centrifuged for 2 min a t  100OXg, and the plasma was removed and stored 
frozen until it was analyzed for I. 

RESULTS AND DISCUSSION7 

Figure 1A shows the elution profile of I (largest peak) directly injected 
into the high-pressure liquid chromatograph. The shoulder on the peak 
of I was observed with different batches of dioxane and was independent 

6 Brinkmann Instruments, Westbury, N.Y. 
The PROPHET computer system is sponsored by the Division of Research 

Resources of the National Institutes of Health (5). 
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Figure 2-Plasma levels of I. According to  the protocol (written in- 
formed consent was obtained from the patients with an institutionally 
approved protocol), I was administered by a 24-hr continuous infusion 
at 180 (0) and 340 (0 )  mg/m2 immediately after a 10-mg/m2 short in- 
travenous infusion (30 min).  

of the peak height of I. Figure 1B also shows a typical elution pattern of 
I (largest peak) derived from spiked plasma. To date, no interfering peaks 
from plasma have created a problem in the quantitation of I. The re- 
tention time of I in this system was 6.63 f 0.04 min. A standard curve for 
I as a function of the peak area uersus drug concentration (0.1-100 pg/ml) 
was linear with a correlation coefficient of >0.99 for six runs. The ex- 
traction efficiency for I over the concentration range of 0.5-90 pg/ml was 
95.4 f 3.8%, and this percentage was used in all recovery calculations. 
This range of drug concentrations is suitable for most clinical doses of 
the drug (>lo0 mg/m2) and for measurements of I up to 48 hr or longer 
after drug administration. 

Figure 2 shows two plasma curves for I as determined by this HPLC 
method. The more common wavelength detector (254 nm) can be used 
with somewhat reduced sensitivity for I (maximum sensitivity of 0.8 
pg/ml). By increasing the proportion of methanol in the mobile phase to 
75%, an analog of I, 4’-demethylepipodophyllotoxin-9-(4,6-0-thenyli- 
dene-0-D-glucopyranoside), can be quantitated in plasma by this 
method. 
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Abstract 0 A procedure to assay rapidly blood aminoglycoside levels 
was developed based on growth curve analysis of continuous absorbance 
measurements of a bacterial test strain. Of the means available for 
monitoring bacterial growth quantitatively, turhidimetric measurement 
was selected because it can be used to perform a clinical assay in <4 hr. 
Continuous turbidimetric measurements provide information as soon 
as the antimicrobial agent affects growth, which often occurs within 60 
min of the start of an assay. Several bacterial isolates were evaluated 
before Staphylococcus aureus (MHMC 386) was chosen as the test 
microorganism. This isolate was quite sensitive to the aminoglycoside 
antibiotics, permitted the rapid measurement of blood levels of amikacin, 
gentamicin, kanamycin, and tohramycin, and exhibited a linear dose- 
response relationship of turbidity over a wide range of antibiotic con- 
centrations. 

Keyphrases 0 Antibiotics, aminoglycoside-amikacin, gentamicin, 
kanamycin, and tobramycin, effect on bacterial growth, turbidimetric 
measurement of blood levels 0 Antibacterials-amikacin, gentamicin, 
kanamycin, and tobramycin, effect on bacterial growth, turbidimetric 
measurement of blood levels 0 Spectrophot.ometry-turbidimetric de- 
termination of blood levels of amikacin, gentamicin, kanamycin, and 
tobramycin, effect on bacterial growth 

The concentration at which aminoglycoside antibiotics 
injure animal cells is only two to four times greater than 
the concentration required to inhibit most common bac- 
terial pathogens. In addition, distribution of the drug to 
the various body compartments is not the same in all in- 
dividuals. Accordingly, a rapid assay is required for the 
optimal usage of aminoglycosides. 

BACKGROUND 

There is a direct relationship between bacterial growth measured 
turbidimetrically and the increase in hacterial numbers, collective mass, 
and cell volume. During the period when cells are dividing with a constant 
doubling time, the number of cells increases exponentially. If to is the 
starting time and t2 is the time required for the average bacterium to 
become two, then the number of bacteria (N2)  a t  t2 can be calculated 
from: 

log N2 = N o  10"''2 (Eq. 1) 

where Nu is the number of bacteria at  the starting time. The Rayleigh- 
Dehye theory can be used to interrelate turbidity and cell mass if tur- 
bidity can be measured as a function of the ratio of the particle size to the 
wavelength a t  maximum turbidity and if the refractive indexes of the 
solvent and the particle are not significantly different. The concentration 
01 bacteria per unit, volume of suspending medium can be calculated 
from: 

(Eq. 2 )  

where 0 is the modification of the light int.ensity due to the finite size of 
the part,icle, V is the volume of the particle, N is the number of part.icles 
per milliliter, Ro-is the reduced intensity for unpolarized light scattered 
at an angle 0 from an incident beam, D is the density of the particle, X is 
the wavelength ot'the light, M is the ratio of the refractive indexes of the 
particle and the medium, and p is the refractive index function (1). 

Equation 2 indicates that at  O 0 ,  light-scattering turbidity is related 
directly to the number or mass of bacteria (1-3). Based on this theory, 
spectrophotometric techniques were developed to assay antimicrobial 
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Figure 1-Plot of the change of the turbidity of  a bacterial suspension 
grown at 3 7 O  As gentamicin exerted its e f fec t ,  the bacteria stopped 
growing and the absorbancp decreased. 

agents. These systems have been used primarily in industry, where rel- 
atively high concentrations of antibiotics are measured. The development 
of clinical turbidimetric assays has suffered from a lack of sensitive 
equipment and the labor-intensive nature of this assay. 

EXPERIMENTAL 

A sensitive, low-noise spectraphotometer' was developed recently that 
automatically determines the bacterial density every 5 min under tem- 
perature-controlled conditions (4). This instrument currently is sold for 
antibiotic susceptibility tests. Because of its availability and ability to 
yield continuous printouts of absorbance measurements without ma- 
nipulation of the cell, it seemed a likely candidate for the clinical assay 
of aminoglycosides. 

A unique feature of this instrument is the design of the cell. The cell 
consists of two physically separated compartments: an upper compart- 
tnent, which accepts the bacterial test strain and allows growth to occur 
to the log phase; and a lower compartment, which is divided into discrete, 
1-cm.l chambers, with each chamber able to receive one antibiotic test 
specimen. A technique to determine the concentration of blood amino- 
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Figure 2-Plot of area under the curve produced from a graph of ab- 
sorbance versus time (Fig. I) calculated for each antibiotic concentra- 
tion, the control (no antibiotic), and the patient’s serum. The area under 
the curve was proportional to  the antibiotic concentration in the pa-  
tient’s serum. The amount of antibiotic in a patient’s serum can be 
calculated by direct interpolation from a plot of log antibiotic concen- 
tration versus area under the curve. The patient’s serum concentration 
was 6.8 pg/ml. 

glycoside levels using growth curve analysis from turbidimetric mea- 
surements supplied by this instrument was developed. 

The selected strain of Staphylococcus aureus (MHMC 386) was sen- 
sitive to  the aminoglycoside antibiotics and did not clump when grown 
in broth. S. aureus MHMC 386 was resistant to penicillin and sensitive 
to amikacin, cephalothin, chloramphenicol, clindamycin. erythromycin, 
gentamicin, kanamycin, oxacillin, tetracycline, tobramycin, and van- 
comycin. Antibiotic medium No. 5* was prepared according to directions 
from the manufacturer and adjusted to pH 7.4. A 17-ml volume of this 
medium was added to a sterile test tube. All antibiotics were obtained 
in powder form of known potency3. Aminoglycosides were prepared in 
standard solutions of 100 pg/ml in 0.1 M phosphate buffer (pH 7.9) (5). 
Stock solutions were frozen a t  -20’ and stored for no longer than 90 
days. 

Human serum was obtained from normal blood bank donors and was 
heated to 56’ for 30 min and filter sterilized (porosity 0.45 pm). For the 
measurement of serum antibiotic concentrations, the following dilutions 
in serum a t  pH 7.4 were made: amikacin, 25,15,10, and 5 pg/ml; genta- 
micin, 10,5, 2.5, and 1 pg/ml; kanamycin, 25, 15,10, and 5 pg/ml; and 
tobramycin, 10,5,2.5, and 1 pg/ml. 

Forceps sterilized by alcohol and flaming were used to place filter paper 
disks4 on a sterile petri plate, and 25 p1 of each standard was added to 
individual disks. Twenty-five microliters of the patient’s serum was added 
to each of two other disks. If the patient was receiving a P-lactam anti- 
biotic, 0.25 ml of a broad-spectrum P-lactamase was added to 2 ml of the 
patient’s serum prior to addition to the disks, and an appropriate corre- 
lation computation was made for this dilution. Each disk was placed in 

* Difco Laboratories, Detroit, Mich. 
Ames Laboratories, Elkhardt. Ind. 
No. 740E, Schlicher and Schuell, Keane, N.H. 

Table I-Comparison of Blood Antibiotic Levels by Bioassay and  
Turbidi ty  

Number of Discrepancy between Methods“ 
Antibiotic Soecimens 0-570 5-10% 10-1570 15-25% >25% 

Gentamicin 112 20 38 28 13 2 
Kanamycin 22 27 27 32 14 0 
Tobram ycin 26 15 42 36 3 4 
Amikacin 11 9 45 36 9 0  

Percentages are rounded to the nearest whole number. 

a separate compartment in the multichambered cell. Although the disks 
were used within 2 hr of preparation, the stability of aminoglycosides on 
the disks for long periods is not known. 

A suspension of S. aureus at 0.5 MacFarland’s turbidity was made in 
0.9% NaCI, and 0.1 ml of this suspension was added to 17 ml of antibiotic 
broth No. 5. Fifteen milliliters was added to the upper growth chamber 
of the cell, and the cell was placed in the spectrophotometer, which was 
temperature controlled a t  35’. The bacterial suspension was physically 
separated from the antibiotics and the patient’s serum until log-phase 
growth was entered as monitored by continuous turbidimetric reading. 
Utilizing a suction device built into the instrument, the bacterial sus- 
pension was drawn into compartments containing the disks. Incubation 
and continuous readings at 470 nm continued until the compartment with 
the smallest concentration of standard antibiotic had exerted its ef- 
fect. 

RESULTS AND DISCUSSION 

Figure 1 represents a typical determination. The area under the curve 
for each standard and the area under the curve of the patient’s specimen 
were calculated by the least-squares method. The areas under the curve 
for the two individual patient serum compartments were averaged. Log 
antibiotic concentration was plotted versus the area under the curve (Fig. 
21, and the amount of antibiotic in the patient’s specimen was determined 
by direct interpolation from this graph. 

Table I presents a comparison of results obtained by a standard 
bioassay method (5,6) with those obtained by the turbidimetric assay. 
The bioassay and turbidimetric assays agreed, on the average, within 10% 
for the 161 blood specimens tested. The turbidimetric assay could de- 
termine 10 pg of gentamicidml within 160 min of the start of an assay, 
a period comparable to the radioimmunoassay method. As little as 1 pg 
of gentamicidml could be determined within 4 hr. The ability to deter- 
mine physiological concentrations of the other aminoglycoside antibiotics 
was equally rapid. 

CONCLUSION 

Under carefully controlled conditions, turbidimetric assay of antibi- 
otics can be applied to clinical specimens. Because turbidimetric assays 
are amenable to automation and can be monitored continuously without 
human intervention, the data can be produced and interpreted with al- 
most no expenditure of the technician’s time. Currently, blood antibiotic 
level measurements are generally restricted to large medical institutions. 
With automated spectrophotometric systems, all medical facilities could 
determine blood antibiotic concentrations rapidly when potentially toxic 
antimicrobial agents are administered. 
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Abstract  0 One lot of meprobamate raw material and 28 lots of tablets 
were examined for impurities by TLC. All lots contained di-(Z-methyl- 
2-propyl-3-carbamoyloxypropyl) carbonate (V) a t  levels that  ranged 
between 0.1 and 1.0% of the total drug content. Nine lots also contained 
low levels of a second impurity (4 .1%) ,  and one of these lots contained 
a third impurity (4.1%), neither of which was identified. Estimates of 
the unidentified impurities were based on the assumption of a TLC re- 
sponse with furfural-hydrochloric acid spray equivalent to that of me- 
probamate. Compound V was identified by mass spectrometry and PMR 
and IR spectroscopy and by comparison of the TLC R, value to that of 
a synthesized sample of V. 

Keyphrases 0 Meprobamate-identification of impurities in tablets 
0 Drug impurities-meprobamate, identification in tablets 

The origins of organic impurities in drugs and some 
consequences of their presence were outlined previously 
(1). The present paper reports the occurrence of impurities 
in 28 lots of meprobamate tablets. 

Meprobamate (I)  can be synthesized (2,3) by reduction 
of methylpropylpropanedioic acid diethyl ester (11) with 
lithium aluminum hydride to the corresponding 2- 
methyl-2-propyl-1,3-propanediol(III). Reaction of I11 with 
phosgene affords the dichlorocarbonate (IV), which, upon 
treatment with ammonia, yields I. 

USP XX (4) and BP 1973 ( 5 )  contain specifications for 
meprobamate raw material and tablets. The BP includes 
a specification of 1% for related substances (not specified), 
with the test to be done by TLC. There are no USP speci- 
fications for impurities in meprobamate. 

EXPERIMENTAL 

Materials-All drugs and formulations were obtained directly from 
the manufacturer. Ammonia', 2-methyl-2-propyl-l,3-propanedio12, ethyl 
chlorocarbonate3, diethyl carbonate3, furfura14, pyridine4, sodium 
methoxide4, hydrochloric acid5, and anhydrous sodium sulfate5 were 
obtained commercially. All solvents6 were analytical grade. Precoated 
silica gel GF-60 (20-cm X 20-cm X 0.25-mm) TLC plates7 and silica gel 
powder5 (60-200 mesh) were used. All PMR spectra were obtained in 
deuterochloroformX on an 80-MHz instrumentg with tetramethylsilane 
as the internal standard. Mass spectral'" samples were introduced uia 
the direct probe and were recorded at  an ionizing potential of 70 ev. 

Standard Solutions-The standard solutions consisted of 100 mg of 
I/ml and 1 .O mg of V/ml in acetone. 
TLC System-The chloroform-ethanol (9010) developing solution 

was allowed to equilibrate in filter paper-lined chromatographic tanks 
for 20 min prior to use. Spots were visualized by spraying the plates se- 
quentially with furfural and concentrated hydrochloric acid. The Rf 
values and the lower limits of detection of I and related compounds were 
established by the serial dilution of stock solutions. 

Sample Preparation-To prepare the raw material samples, -400 

-~ 
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A British Drug Houses, Poole, England. 
i, .I. T. Baker Cheinical Co., Phillipshurg. N.J .  
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mg of I, accurately weighed, was dissolved in 4 ml of acetone. To prepare 
the tablet samples, an amount of powdered tablet equivalent to 400 mg 
of I was weighed into a 10-ml screw-capped tube, extracted by shaking 
for 15 min with 4 ml of acetone, centrifuged, and filtered. 

Screening fo r  Impurities-Aliquots (10 pl) of the tablet extracts in 
acetone were applied to the TLC plates. Decomposition on the plate was 
checked for by two-dimensional TLC but was not found. The concen- 
tration of impurities was estimated by comparison of the spot diameters 
and intensities with the corresponding spots from the standard solutions, 
with the assumption that the response of the unidentified impurities to 
the spray was the same as that of I. 

Isolation of Impurities-An amount of formulation equivalent to 
2 g of I was shaken with two 40-ml portions of acetone for 15 min and 
filtered. The combined fractions were evaporated to dryness, and the 
residue was dissolved in 200 ml of ether. The ether solution was parti- 
tioned three times with 0.05 N NaOH to remove any fatty acids present 
as excipients, evaporated to dryness, redissolved in -10 ml of the TLC 
solvent system, and poured onto the top of a slurry-packed silica gel5 glass 
column prepared from 50 g of silica gel and 200 ml of the TLC solvent. 
After -70 ml of the TLC solvent system had flowed through the column, 
45 fractions of 3 ml each were collected. 

The location of the various compounds was established by spotting a 
15-pl aliquot of every other fraction on a TLC plate. The plate was de- 
veloped and the spots were visualized with the furfural-hydrochloric acid 
spray. The fractions containing the impurity to be identified were com- 
bined, evaporated to dryness, and subjected to mass spectral, NMR, and 
IR" analyses. 

Syntheses-The syntheses are illustrated in Scheme I. 
2-Methyl-2-propyl-3-hydrowypropylcarbamate (VI)-Compound 

VI was prepared in a 40% yield from the dioxanone (VIII) using the 
method described by Ludwig and coworkers (2,3), mp 51-52'; IR (KBr): 
3380 (OH), 3240,3200 (NH), 1690 (C=O), 1620 (C-N), 1075, and 1040 

0 
v11 

Scheme I 

I I  Pye Unicam SP lo00 IR spectrophotometer. 
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CJ-4 I +  

mle 83 

-NH,COOH 

m / e  97 

- C H 2 d H - - C H 3  m/e 158 
GH,’ 
m/e 55 

1-HNCO 

H7C3 H3cK0H1’ CHz 

m/e 115 
Scheme II  

(C-0) cm-l; PMR (CDC13): 6 5.16 (broad, 2H, NHz), 3.90 (s,  2H, CHzO), 
3.28 [s ,  2H, CH20H (disappears with DzO exchange)], 3.03 (broad, lH,  
OH), 1.22, and 0.90 (m, 10H, alkyl protons) ppm; mass spectrum (70 ev, 
45O): M+ absent, mle 101 (31.0%), 96 (18), 84 (loo), 83 (95),75 (88), 62 
(87), and 55 (96). 

(2-Methyl-2-propyl-3-carbamoyloxypropyl)ethyl Carbonate (VII )  
(2,3)-To 4 ml of chloroform in which 118 mg (1.5 mmoles) of pyridine. 
had been dissolved were added 52 mg (0.3 mmole) of VI and 33 mg (0.3 
mmole) of ethyl chlorocarbonate dissolved in -2 ml of chloroform. The 
reaction mixture was refluxed for 1 hr and then poured into cold water. 
The chloroform layer was washed with 10% hydrochloric acid, washed 
again with water, dried over anhydrous sodium sulfate, and filtered. 
Evaporation of the filtrate yielded 69 mg (95%) of oily VII; IR (film): 3470, 
3360 (NH), 1730 (C=O), 1600 (C-N), 1060, and 1005 (C-0) cm-’; PMR 
(CDCl3): 6 4.62 (broad, 2H, NHz), 4.20 (q,2H, OCHZCH~), 3.94 (s ,  2H, 
CHzO), 3.90 (s,2H, CHzO), 1.28, and 0.90 (m, 13H, alkyl protons) ppm; 
mass spectrum (70 ev, 25’): M+ absent, mle 173 (28%), 144 (26), 114 (50), 
101 (42), 96 (95), 84 (96), 83 (loo), 75 (55),62 (88), and 55 (96). 
Di-(2-methyl-2-propyl-3-carbamoyloxypropyl) Carbonate (V)  (2, 

3)-Compound VI, 18 mg, and 25 mg of VII were dissolved in 5 ml of 
chloroform and refluxed in the presence of -1 mg of sodium methoxide 
for 3 hr. The mixture was cooled, diluted with chloroform, washed with 
water, and dried over anhydrous sodium sulfate. Evaporation to dryness 
yielded V (45%), mp 88-90O; IR (film): 3490,3380 (NH), 1730 (C=O), 
1610 (C-N), 1260, and 1070 (C-0) cm-’; PMR (CDCl3): 6 4.70 (broad, 
4H, NHz), 3.97 ( s ,  4H, OCHz), 3.93 (s,  4H, OCHz), 1.26, and 0.93 (m, 20H, 
alkyl protons) ppm; mass spectrum (70 ev, 115’): M+ absent, mle 220 
(33%), 158 (go), 144 (16), 115 (24), 97 (loo), 84 (45), 83 (57), and 55 
(63). 

RESULTS AND DISCUSSION 

The TLC Rj values and the limits of detection of I, VI, VII, and the 

Twenty-eight lots of meprobamate tablets and one lot of drug raw 
impurities in tablet formulations are given in Table I. 

Table I-TLC Characteristics of Meprobamate and Related 
Compounds 

Rf Limit of Detection, 
Compound Absolute Re 1 a t  i v e Kg 

I 0.26 1.00 1 
VI 0.27 1.04 2 

VII 0.56 2.15 2 
V 0.42 1.61 1 

0.35 1.35 - IX 
X 0.65 2.50 - 

material were screened for impurities by TLC. All lots contained V a t  
levels ranging from 0.1 to 1.0%. Nine lots also contained a second impu- 
rity, designated as IX, and one of these lots contained a third impurity, 
X. The levels of IX and X were estimated by TLC to be -0.1%, with the 
assumption of a response identical to that of meprobamate. They were 
not investigated further. The identity of V was established by IR, PMR, 
and mass spectral analyses and by comparison of the TLC Rf value with 
that of a synthesized specimen. 

The structure postulated for V is supported by the mass spectral and 
PMR data. The molecular ion is absent from the electron-impact mass 
spectrum, but the chemical-ionization spectrum obtained with methane 
shows a weak peak a t  mle 377 (3%), attributable to MH+, and a strong 
fragment at  mle 158 (loo%), also present in the electron-impact spectrum, 
corresponding to  breakage of the carbonate bond. The ion at  mle 115 is 
formed by the loss of isocyanic acid from the mle 158 fragment, and the 
base peak, mle 97, is attributable to a loss of water from mle 115. 
Mechanisms for the formation of fragments in the mass spectrum of V 
are proposed in Scheme I1 (6, 7). The PMR spectrum shows the NH:! 
protons at  4.70 ppm and two singlets for the two sets of - C H r ,  with each 
singlet integrating for four protons. The aliphatic part of the spectrum 
is similar to that of meprobamate because of the symmetry of the mole- 
cule. 

Compound V may form during the synthesis of meprobamate by the 
reaction of IV with the semichlorinated derivative of 111, which, upon 
treatment with ammonia, would yield V. It is unlikely that V is a degra- 
dation product of meprobamate. 
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Abstract  0 The latex of Lqynadeniurn grantii Hook. f. (Euphorbiaceae) 
yielded a novel skin irritant, 12-0-tigloyl-4-deoxyphorbol- 13-isobutyrate 
( I ) .  The identity of the diterpene parent alcohol and the relative positions 
of the esterifying groups were established by spectral analysis and ex- 
periments leading to the hydrolysis and acetylation of I. Compound I is 
the first phorbol derivative to be reported from the genus Synade- 
nium. 

Keyphrases 0 12-O-Tigloyl-4-deoxyphorbol-13-isobutyrate-isolation 
as skin irritant from Synadenium grantii and identification 0 Eu- 
phorbiaceae-isolation of phorbol ester derivative as skin irritant from 
Synadenium grantii Diterpene esters-isolation as skin irritant from 
S.ynadenium grantii 

Synadeniurn grantii is a member of a small genus of 15 
species indigenous to East Africa (1). The shrub is grown 
in Europe and North America as an ornamental plant (2). 
A previous clinical report described symptoms from con- 
tact with the latex of this plant, which included burning 
and blistering of the face and neck (3). 

This study was initiated to determine whether the tox- 
icological effects of S. grantii latex are due to phorbol ester 
constituents since many representatives of this class of 
irritant and tumor-promoting diterpenoids have been 
found in the related genus Euphorbia (4). A previous 
phytochemical study of S. grantii enabled the detection 
of euphol, tirucallol, euphorbol, and an isomer of lanosterol 
( 5 ) ,  although these phytosterols do not produce a skin- 
irritant effect (6). 

In the present work, fractionation of S.  grantii latex 
resulted in the isolation of a novel irritant natural product, 
12-O-tigloyl-4-deoxyphorbol-13-isobutyrate (I). Esters of 
4-deoxyphorbol were isolated before from only two plant 
species (7-9). 

EXPERIMENTAL 

Plant  Material-Synadenium grantii Hook. f. (Euphorbiaceae), 
propagated from a cutting’, was used as the source of latex2. 

Extraction and  Fractionation-Dried latex (19.9 g) was extracted 
a t  room temperature with six 100-ml portions of acetone. After drying, 
the residue (6.1 g) was partitioned between 60 ml of hexane and two 20-ml 
portions of methanol-water (9:l). Mouse ear-irritant activity (10) was 
traced to the methanol-water layer (1.1 g), which was subjected to low- 
pressure column chromatography on octadecylsilyl silica gel? with 
water-acetonitrile-methanol (3:2:2) as the eluting solvent. Irritant 
fractions were concentrated into 200 mg of the original column charge. 
The major active4 principle, I, was purified by preparative TLC on silica 
gel G3 in chloroform-benzene-ether-ethyl acetate (1:3:3:1) (Rf  0.22) and 
methylene chloride-ether-acetone (3:l:l) (Rf 0.55), as well as on dieth- 
ylene glycol-impregnated kieselguhr G3 (8) in cyclohexane-methyl ethyl 
ketone (91) (double development) (R f  0.32). 

Characterization of I-Resinous lZ-O-tigloyl-l-deoxyphorbol-13- 
isohutyrate (I) (10 mg, 0.05%) exhibited major absorbance maxima in the 
IH spectrum6 a t  v,,, 3430 (broad), 1710,1650,1625, and 1250 cm-’ and 

1 Provided by Longwood Gardens, Kennett Square, Pa. 

YE: Merck, Darmstadt, West Germany. 

The plant was identified by Dr. D. D. Soejarto, and a representative sample was 

Biological test. data will be published later. 
Heckman 18-A (as potassium bromide pellet). 

de osited in the herbarium of the Field Museum, Chicago, Ill. 

zn 

I: R ,  = OCC(CH,)=CHCH,, R, = OCCH(CH,),, 
R, = H, R, = OH 

11: R,  = OCC(CH,)=CHCH,, R, = R, = H, R, = CYH 
111: R, = R, = R, = OCCH,, R, = a H  

in the UV spectrumfi a t  A,, 220 (log c 4.37) nm. The NMR spectrum7 
showed signals a t  6 0.91 (d, lH, J = 6 Hz, 14-H), 0.95 (d, 3H, J = 6Hz, 
18-CH3), 1.10-1.26 (m, 12H, l6-CH3,17-CH3, and two isobutyl CH3), 1.74 
[m, 6H, 19-CH3 and =CH(CH3)], 1.85 (s,3H, 2’-CH3), 2.25-2.61 (m, 3H), 
2.92 (m, lH, OH, exchangeable with D20), 3.24 (m, LH, 10-H), 3.99 (s, 
2H, 20-Hz), 5.51 (d, lH, J = 9.5 Hz, 12-H), 5.54 (m, lH, 7-H), 5.82 (m, lH, 
OH, exchangeable with DzO), 6.91 [m, lH, =CH(CH3)], and 7.55 (m, lH, 
1-H). Its mass spectrums exhibited principal fragment ions a t  m/e 500 
(M+, 4%), 482 (3), 457 (3; found, 457.2221; calc. for CzfiH3307,457.2225), 
412 (lo), 401 (8), 312 (16; found, 312.1727; calc. for C20H2403,312.1725), 
294 (IS), 83 (loo), 71 (30), and 43 (52). 

Hydrolysis, Epimerization, and  Acetylation of I-Hydrolysis and 
epimerization of I (6 mg) in 0.02 M KOH in methanol for 15 min at  room 
temperature (8) led to the formation of a more polar compound, 12-0- 
tigloyl-4-deoxy-4cy-phorbol(II) (4 mg), which was purified by preparative 
TLC on silica gel3 in methylene chloride-acetone-hexane (3: 1:l) (triple 
development) (Rf 0.10). The major absorbances in the IR spectrum5 of 
I1 were observed at vmaX 3400 (broad), 1690,1640, and 1625 cm-’,and in 
the UV spectrum6 a t  A,, 220 (log E 3.82) nm. In the NMR spectrum7 of 
11, an upfield shift for the C-1 proton to 6 7.10 was evident, as well as a 
downfield shift for the C-10 proton to b 3.42, suggesting an epimerization 
of the C-4 proton on hydrolysis (7,s). There were no signals in the NMR 
spectrum of I1 assignable to an isobutyrate moiety, although all of the 
tigliate signals observed in the NMR spectrum of I were present. Other 
assignable signals were observed a t  6 0.95 (d, 3H, J = 8.8 Hz, N-CHJ), 
1.17 (s, 6H, 16-CH3 and 17-CH3), 1.79 (m, 3H, 19-CH3), 3.92 (s,2H, 20- 
Hz), and 4.91 (d, lH, J = 12 Hz, 12-H). Although the molecular ion of I1 
was not apparent in the mass spectrum, fragment ions were observed at 
m/e 394(3%),330(2),312(16),294(14),91(27),83(100),69(24),and55 
(55). 

Compound I1 (2 mg) was hydrolyzed further with 0.05 M KOH in 
methanol at ambient temperature for 45 min. The product was parti- 
tioned and acetylated by a standard procedure (8). The resulting com- 
pound, 4-deoxy-4a-phorbol-l2,13,20-triacetate (111) (2 mg), was identical 
to an authentic sample (co-TLC, mass spectral, and NMR analyses) 
(8). 

DISCUSSION 

The parent diterpene alcohol of the major skin-irritant factor (I) in 
S. grantii latex was shown to he 4-deoxyphorbol by hydrolysis (with si- 
multaneous epimerization) (7), acetylation, and direct comparison to 
4-deoxy-4a-phorbol-l2,13,20-triacetate (111). The two esterifying groups 
in I were positioned a t  (2-12 and C-13 since the NMR resonance at  6 3.99 

6 Beckman DB-G (in methanol). 
Varian T-60A with Nicolet TT-7 FT attachment (60 MHz) (in deuterochloro- 

8 Hitachi Perkin-Elmer RMU-6D and Varian MAT 112s (70 ev, low resolu- 
form with tetramethylsilane as the internal standard). 

tion). 
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is typical of other 4-deoxyphorbol diesters with a primary hydroxyl group 
at  C-20 (7-9). Mass spectral and NMR observations permitted the as- 
signment of these ester functions as tiglic and isobutyric acids (9,ll). The 
tiglic group was assigned to (3-12 because a fragment ion in the mass 
spectrum of I at m/e 401 indicated the loss of an acyloxy radical rather 
than a whole acid substituent from the molecular ion, an effect that was 
noted previously in phorbol12,13-diesters (12). In contrast, as indicated 
by the fragment ion at  m/e 412, the C-13 isobutyric substituent left the 
molecule of I as an acid (12). Confirmation of these assignments was 
achieved using a selective hydrolysis procedure in which the C-12 sub- 
stituent of I was less susceptible to hydrolysis than the C-13 substituent 
(8). This procedure resulted in the formation of 11, in which the tiglyl 
substituent was detected by NMR and mass spectral analyses. 

Esters of 4-deoxyphorbol appear to be rare in the plant kingdom, 
having been described previously in Euphorbia tirucalli (7,8) and E .  
biglandulosa (9). The irritant principle I in S. grantii is the first repre- 
sentative in this series to be esterified with two short-chain acids. 
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Abstract In addition to providing an efficient synthesis of 3- 
methoxymorphinan hydrochloride, the use of 2,2,2-trichloroethyl chlo- 
roformate in the N-demethylation of dextromethorphan led to the iso- 
lation of two novel zinc salts of 3-methoxymorphinan. 

Keyphrases 0 Dextromethorphan-N-demethylation to yield 3- 
methoxymorphinan hydrochloride and two novel zinc salts of 3- 
methoxymorphinan Antitussives-dextromethorphan, N-demethyl- 
ation to yield 3-methoxymorphinan hydrochloride and two novel zinc 
salts of 3-methoxymorphinan 3-Methoxymorphinan-synthesis by 
N-demethylation of dextromethorphan 

A sample of 3-methoxymorphinan (V) recently was re- 
quired in these laboratories for pharmacological evalua- 
tion. Compound V is one of the three known metabolites 
of dextromethorphan (3-methoxy-N-methylmorphinan, 
I) (1,2), a clinically useful antitussive agent. This report 
describes a new synthesis of V from I and the isolation of 
novel zinc salts of V. 

EXPERIMENTAL’ 

Synthesis of 1,3,4,9,10,10a-Hexahydro-6-methoxy-2H-l0,4a- 
(iminoethan0)phenanthrene-11-carboxylic Acid 2,2,2-Trichlo- 

1 Meltin points are uncorrected. IR s ectra were recorded with a Perkin-Elmer 
model 727% spectrophotometer. NMF! spectra were obtained with a Varian 
EM360A spectrometer. Mass spectra were recorded with a Finnigan model 4023 
gas chromatoeraoh-mass soectrometer (electron impact and chemical ionization) 
i t  70 ev. Comhstion analyses for carbon, hydrogen, nitrogen, chlorine, and zinc 
were uerformed bv Dow Analytical Laboratories and Galbraith Laboratories, 

roethyl Ester (11)-Dextromethorphan hydrobromide monohydrate2 
(27.8 g, 75.0 mmoles) was partitioned between chloroform and a solution 
of 5.7 g of potassium hydroxide in water. The organic layer was separated, 
dried (sodium sulfate), and concentrated to leave a viscous oil, which 
solidified upon standing to yield 20.4 g (100%) of I, mp 107-110’; IR 
(mineral oil): 1610 cm-’. TLC on silica gel with chloroform-methanol 
(9:l) gave a single spot a t  Rj N 0.1. 

To a solution of I (8.14 g, 30.0 mmoles) in 100 ml of benzene was added 
2,2,2-trichloroethyl chloroformate3 (6.99 g, 33.0 mmoles). After refluing 
for 1 hr, the solution was concentrated to leave 14.6 g of crude I1 as a 
viscous oil; IR (mineral oil): 1710 (C=O) cm-’; NMR (deuterochloro- 
form): I3  4.70 (s,2H, OCHz); mass spectrum (70 ev, electron impact): m/e 
431 (molecular ion). TLC on silica gel with chloroform-methanol (91) 
gave a single spot at Rj N 0.8. 

Synthesis of 3-Methoxymorphinan Tetrachlorozincate (1V)-To 
a solution of I1 (12.7 g, 29.3 mmoles) in 100 ml of 90% acetic acid was 
added 5 g of powered zinc. An exotherm followed. After 20 min, TLC 
indicated completeness of the reaction, and the mixture was filtered. The 
filtrate was concentrated to a white solid, which was triturated with ether 
and collected to yield 3-methoxymorphinan tetraacetatozincate (III), 
mp 157-167’ (glass); NMR (deuterochloroform and dimethyl sulfox- 
ide-ds): I3  7.20-7.00 (m, lH, aromatic), 6.87-6.68 (m, 2H, aromatic), 3.80 
(s,3H, OCH3), 3.30-3.00 (m, 3H, CHNHCHz), and 2.06 (5, - 6H, acetate 
ions); mass spectrum (70 ev, electron impact): m/e 257 (molecular ion). 
TLC on silica gel with chloroform-methanol (91) gave a single spot a t  
Rf  N 0.15. 

Crude I11 (10.0 g) was dissolved in 2000 ml of chloroform, and dry hy- 
drogen chloride gas was bubbled through the solution for 10 min. The 
solution was concentrated, and the resulting oil partially crystallized upon 
standing under ether. Trituration with a small volume of isopropanol 

2 Dow Chemical Co., Indianapolis, Ind. 
3 Aldrich Chemical Co., Milwaukee, Wis. Knoxhle,  Tenn. 

0022-35491 801 1200- 1447$0 1.001 0 
@ 1980, American Pharmaceutical Association 

Journal of Pharmaceutical Sciences I 1447 
Vol. 69, No. 12, December 1980 



is typical of other 4-deoxyphorbol diesters with a primary hydroxyl group 
at  C-20 (7-9). Mass spectral and NMR observations permitted the as- 
signment of these ester functions as tiglic and isobutyric acids (9,ll). The 
tiglic group was assigned to (3-12 because a fragment ion in the mass 
spectrum of I at m/e 401 indicated the loss of an acyloxy radical rather 
than a whole acid substituent from the molecular ion, an effect that was 
noted previously in phorbol12,13-diesters (12). In contrast, as indicated 
by the fragment ion at  m/e 412, the C-13 isobutyric substituent left the 
molecule of I as an acid (12). Confirmation of these assignments was 
achieved using a selective hydrolysis procedure in which the C-12 sub- 
stituent of I was less susceptible to hydrolysis than the C-13 substituent 
(8). This procedure resulted in the formation of 11, in which the tiglyl 
substituent was detected by NMR and mass spectral analyses. 

Esters of 4-deoxyphorbol appear to be rare in the plant kingdom, 
having been described previously in Euphorbia tirucalli (7,8) and E .  
biglandulosa (9). The irritant principle I in S. grantii is the first repre- 
sentative in this series to be esterified with two short-chain acids. 
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Abstract In addition to providing an efficient synthesis of 3- 
methoxymorphinan hydrochloride, the use of 2,2,2-trichloroethyl chlo- 
roformate in the N-demethylation of dextromethorphan led to the iso- 
lation of two novel zinc salts of 3-methoxymorphinan. 

Keyphrases 0 Dextromethorphan-N-demethylation to yield 3- 
methoxymorphinan hydrochloride and two novel zinc salts of 3- 
methoxymorphinan Antitussives-dextromethorphan, N-demethyl- 
ation to yield 3-methoxymorphinan hydrochloride and two novel zinc 
salts of 3-methoxymorphinan 3-Methoxymorphinan-synthesis by 
N-demethylation of dextromethorphan 

A sample of 3-methoxymorphinan (V) recently was re- 
quired in these laboratories for pharmacological evalua- 
tion. Compound V is one of the three known metabolites 
of dextromethorphan (3-methoxy-N-methylmorphinan, 
I) (1,2), a clinically useful antitussive agent. This report 
describes a new synthesis of V from I and the isolation of 
novel zinc salts of V. 

EXPERIMENTAL’ 

Synthesis of 1,3,4,9,10,10a-Hexahydro-6-methoxy-2H-l0,4a- 
(iminoethan0)phenanthrene-11-carboxylic Acid 2,2,2-Trichlo- 

1 Meltin points are uncorrected. IR s ectra were recorded with a Perkin-Elmer 
model 727% spectrophotometer. NMF! spectra were obtained with a Varian 
EM360A spectrometer. Mass spectra were recorded with a Finnigan model 4023 
gas chromatoeraoh-mass soectrometer (electron impact and chemical ionization) 
i t  70 ev. Comhstion analyses for carbon, hydrogen, nitrogen, chlorine, and zinc 
were uerformed bv Dow Analytical Laboratories and Galbraith Laboratories, 

roethyl Ester (11)-Dextromethorphan hydrobromide monohydrate2 
(27.8 g, 75.0 mmoles) was partitioned between chloroform and a solution 
of 5.7 g of potassium hydroxide in water. The organic layer was separated, 
dried (sodium sulfate), and concentrated to leave a viscous oil, which 
solidified upon standing to yield 20.4 g (100%) of I, mp 107-110’; IR 
(mineral oil): 1610 cm-’. TLC on silica gel with chloroform-methanol 
(9:l) gave a single spot a t  Rj N 0.1. 

To a solution of I (8.14 g, 30.0 mmoles) in 100 ml of benzene was added 
2,2,2-trichloroethyl chloroformate3 (6.99 g, 33.0 mmoles). After refluing 
for 1 hr, the solution was concentrated to leave 14.6 g of crude I1 as a 
viscous oil; IR (mineral oil): 1710 (C=O) cm-’; NMR (deuterochloro- 
form): I3  4.70 (s,2H, OCHz); mass spectrum (70 ev, electron impact): m/e 
431 (molecular ion). TLC on silica gel with chloroform-methanol (91) 
gave a single spot at Rj N 0.8. 

Synthesis of 3-Methoxymorphinan Tetrachlorozincate (1V)-To 
a solution of I1 (12.7 g, 29.3 mmoles) in 100 ml of 90% acetic acid was 
added 5 g of powered zinc. An exotherm followed. After 20 min, TLC 
indicated completeness of the reaction, and the mixture was filtered. The 
filtrate was concentrated to a white solid, which was triturated with ether 
and collected to yield 3-methoxymorphinan tetraacetatozincate (III), 
mp 157-167’ (glass); NMR (deuterochloroform and dimethyl sulfox- 
ide-ds): I3  7.20-7.00 (m, lH, aromatic), 6.87-6.68 (m, 2H, aromatic), 3.80 
(s,3H, OCH3), 3.30-3.00 (m, 3H, CHNHCHz), and 2.06 (5, - 6H, acetate 
ions); mass spectrum (70 ev, electron impact): m/e 257 (molecular ion). 
TLC on silica gel with chloroform-methanol (91) gave a single spot a t  
Rf  N 0.15. 

Crude I11 (10.0 g) was dissolved in 2000 ml of chloroform, and dry hy- 
drogen chloride gas was bubbled through the solution for 10 min. The 
solution was concentrated, and the resulting oil partially crystallized upon 
standing under ether. Trituration with a small volume of isopropanol 

2 Dow Chemical Co., Indianapolis, Ind. 
3 Aldrich Chemical Co., Milwaukee, Wis. Knoxhle,  Tenn. 
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CI,CCH,COCl - 0 
benzene II 

NCOCH2CC13 

I 

/ zinc , H ~ C o ~  /) acetic acid , 
NH: ,Zn(OOCCH3):- 

111 

V.HCI 
Scheme I 

effected complete crystallization. Recrystallization of this material twice 
from isopropanol-ethyl acetate gave 2.19 g of IV, mp 191-192’; IR 
(mineral oil): 3200-2750 (NH;), 1600,1505,1235, and 1030 cm-l; NMR 
(dimethyl sulfoxide-ds): 6 9.07 (broads, 2H, NH:, deuterium oxide ex- 
changeable), 7.30-7.10 (m, lH,  aromatic), 6.96-6.77 (m, 2H, aromatic), 
and 3.78 (s, 3H, OCH3). TLC on silica gel with chloroform-methanol (91) 
gave a single spot a t  Rf N 0.15. 

Anal.-Calc. for C~H&14N204Zn: C, 56.40; HI 6.68; C1, 19.59; N, 3.87; 
Zn, 9.03. Found: C, 56.52; H, 6.54; Cl, 19.40; N, 3.70; Zn, 8.94. 

Synthesis of 3-Methoxymorphinan (V) Hydrochloride-Crude 
I11 (21.8 g, 26.7 mmoles) was dissolved in chloroform and treated with 
75 ml of 1 N NaOH. A flocculent white precipitate was removed by fil- 
tration. The organic phase of the filtrate was separated, dried (sodium 
sulfate), and concentrated to yield 10.5 g (77%) of V as a viscous oil; IR 
(neat): 1610,1490,1240,1040, and 745 cm-’; NMR (deuterochloroform): 
6 7.15-6.95 (m, IH, aromatic), 6.88-6.64 (m, 2H, aromatic), and 3.79 
(s, 3H, OCH3). 

A solution of the free base (10.0 g, 38.8 mmoles) in ether+thyl acetate 
was treated with ethereal hydrogen chloride until oiling no longer oc- 
curred. Scratching produced a white solid, which was collected, washed 
with ether, and air dried to yield 9.30 g (81%) of V, mp 249-250.5’ 
(methanol-et,her-ethyl acetate) [lit. (3) mp 253.5-255’1; IR (mineral 
oil): 3100-2400 (NH:), 1610, 1510, 1245, 1040, and 900 cm-I; NMR 
(dimethyl sulfoxide-ds): 6 9.55 (broad s, 2H, NH:, deuterium oxide ex- 
changeable), 7.26-7.05 (m, lH,  aromatic), 6.95-6.73 (m, 2H, aromatic), 
and 3.75 (s,3H,OCH3). 

RESULTS AND DISCUSSION 

N-Demethylation of I was accomplished previously using phenyl 
chloroformate (followed by hydrolysis of the resulting carbamate) (3) 
or cyanogen bromide (4). 2,2,2-Trichloroethyl chloroformate was con- 
sidered an attractive potential reagent for this N-demethylation since 
i t  is mild and was previously employed for the demethylation of tertiary 
methylamines. Yields are high for N-demethylation using this reagent; 
morphine was demethylated in 75% yield with 2,2,2-trichloroethyl 
chloroformate (5). Demethylation with 2,2,2-trichloroethyl chloroformate 
generally leads to fewer side reactions and a cleaner product than does 
demethylation with cyanogen bromide. The use of ethyl or phenyl chlo- 
roformate for demethylation requires a strong acid or strong base for 
hydrolysis of the intermediate carbamates, whereas 2,2,2-trichloroethyl 
chloroformate does not. 

Accordingly, dextromethorphan (I) was treated with 2,2,2-trichlo- 
roethyl chloroformate to produce 11. Treatment of an acetic acid solution 
of I1 with zinc dust produced a material that was partially characterized 
and assigned as the zinc tetraacetate salt of 3-methoxymorphinan (111). 
This remarkable salt (mol. wt. 818.30) was soluble in chloroform and 
displayed an elution position on a silica gel TLC plate using chloro- 
form-methanol (91) as the eluent. Spectral data were in accord with the 
structural assignment for I11 (Scheme I). However, the structure of 111 
was clearly indicated by its conversion to the zinc tetrachloride salt of 
3-methoxymorphinan (IV). 

Treatment of a chloroform solution of I11 with dry hydrogen chloride 
yielded a white solid, which, when recrystallized twice from isopropa- 
nol-ethyl acetate, displayed a sharp melting point a t  191-192’. An 
aqueous solution of this material, when treated with aqueous silver ni- 
trate, produced a voluminous, white precipitate. Spectral data for this 
material were in accord with Structure IV and were similar to those re- 
corded for 111. Elemental combustion analysis established the structure 
of the zinc salt as IV. Correct analyses for carbon, hydrogen, nitrogen, 
chlorine, and zinc were obtained. These analyses could be obtained only 
if the salt was dried under vacuum a t  60”. Drying at  40 or 80’ led to in- 
correct analyses, presumably due to insufficient removal of volatile 
substances and decomposition, respectively. 

The tendency for 3-methoxymorphinan (V) to associate with zinc 
produced two salts (111 and IV), whose identification was subordinate 
to the preparation of the desired metabolite (V). However, it is speculated 
that the ability of at  least one metabolite of dextromethorphan to complex 
with zinc (and perhaps other trace metals) may be intimately associated 
with the pharmacology displayed by I. 

Associated zinc was separated readily from 111 by partitioning between 
chloroform and aqueous base. The chloroform layer then contained 
noncomplexed V, which was isolated and treated with dry hydrogen 
chloride to produce 3-methoxymorphinan (V) hydrochloride. The overall 
yield of V-HCl from I was -70%. 
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Inotropic and Blood Pressure-Lowering Agent 
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Abstract  A GLC method for the quantitative determination of for- 
skolin, a novel positive inotropic and blood pressure-lowering agent, is 
described. This method is simple, rapid, and sensitive and is suitable for 
the routine assay of plant materials and pharmaceutical preparations 
containing forskolin. 

Keyphrases Forskolin-GLC analysis in plant extracts and phar- 
maceutical preparations 0 GLC-analysis, forskolin in plant extracts 
and pharmaceutical preparations 0 Antihypertensive agents-forskolin, 
GLC analysis in plant extracts and pharmaceutical preparations 

Forskolin (1a,6/3,9a-trihydroxy-7/3-acetoxy-8,13-epoxy- 
labd-14-en-ll-one, Ia) is a novel positive inotropic and 
blood pressure-lowering agent isolated from the Indian 
plant Coleus forskohlii Briq. (Labiatae) (1,2). Compound 
Ia currently is under preclinical development. 

Different rapid, precise methods for the quantitative 
estimation of forskolin in plant materials and pharma- 
ceutical preparations, as well as for application to phar- 
macokinetic studies, are under investigation in these lab- 
oratories. This report describes a GLC method for the 
assay of forskolin; it is applicable to forskolin in plant ex- 
tracts and pharmaceutical preparations. 

EXPERIMENTAL 

Instrumentation-The gas-liquid chromatograph' was equipped with 
a flame-ionization detector and a 180-cm X 5-mm glass, coil-shaped 
column packed with 3% 0V- l2  on 100-120-mesh Gas Chrom Q3. Nitrogen 
was the carrier gas a t  a flow rate of 20 ml/min, and the air and hydrogen 
flow rates were set to maximize the detector response. A potentiometric 
continuous-line recorder4 (2.5 mv) with a speed of 300 m m h r  was used. 
The temperatures were: injector, 250'; column oven, 220'; and manifold, 
270'. A microsyringe5 was used in the GLC analysis. 

Reagents and  Materials-Samples of forskolin (Ia ), 7-deacetylfor- 
skolin (Ib), plant materials, and tablets of forskolin were obtained6. The 
solvents were analytical grade. 

@R% .SO 

OH 
-. 

OH 
Ia: R = OCOCH, 
Ib: R = OH 

' Model 900, Bodenseewerk, Perkin-Elmer Co., clberlingen, West Germany. 
2 E. Merck. Darmstadt. West Germanv. 
3 SupeIco, kellefonte, Pa. 

Kompensograph. 1288 X 288, type M-810-417, Siemens Aktiengesellschaft, 
Erlangen, West Germany. 

Hamilton 701N. Micromesure AG., 7402, Bonaduz, Switzerland. 
These samples were obtained from the research and development laboratories 

01 Hoechst Pharmaceuticals Ltd. The plant materials were identified as C. forskohlii 
Briq. (No. HOE 141) and C. spicotus Benth. (No. HOE 142), both of the Labiatae 
family, by Miss Virbala Shah of Hoechst Pharmaceuticals Ltd. Voucher specimens 
are preserved at  the Herbarium of the Research Centre, Hoechst Pharmaceuticals 
Ltd., Mulund, Bombay 400 080, India. 

S t anda rd  Solutions and  Calibration Curves-Forskolin (120 mg) 
was dissolved in chloroform (10 ml). The internal standard solution was 
prepared by dissolving Ib (80 mg) in chloroform (10 ml). Forskolin so- 
lutions were prepared in triplicate from these solutions to contain 1.2, 
2.4, 3.6, 4.8, and 6 mg of forskolin/ml of chloroform, in which the con- 
centration of the internal standard was 4 mg/ml. 

Each solution (1 p1) was injected in triplicate onto the column. The 
peak area ratio of forskolin to the internal standard was plotted against 
the ratio of the weight of forskolin to the internal standard to yield a 
calibration curve. 

Preparation of Semipurified Extracts of Plant  Materials-The 
dried and finely divided plant material (15 g) was extracted with benzene 
(3 X 150 ml) a t  40-50' for 5 hr, and the combined extracts were filtered 
and concentrated in uacuo. The residue was triturated with petroleum 
ether (bp 60-80') (2 X 50 ml), and the petroleum ether layer was de- 
canted. The petroleum ether-insoluble residue was treated further with 
methanol (2 X 50 ml), and the methanolic solution was separated and 
concentrated in uacuo to constant weight to provide the semipurified 
extract. 

Assay of Plant Materials-The semipurified plant extract was dis- 
solved, depending on its weight, in chloroform (0.125-3.0 ml). The solu- 
tion always was adjusted to contain the internal standard a t  a concen- 
tration of 4 mg/ml. One microliter of the solution was injected onto the 
column. The mean peak area ratio of six injections was used for quanti- 
tation of the amount of forskolin in C. forskohlii. 

Assay of Forskolin Tablets (5 mg/Tablet)-Ten tablets, each 
weighing an average of 125 mg, were powdered. A quantity equivalent 
to one tablet (125 mg) was transferred to a 25-ml centrifuge tube. Chlo- 
roform (10 ml) was added, and the suspension was centrifuged for 10 min; 
the procedure was repeated three times. 

The pooled chloroform extracts left a residue upon evaporation of the 
chloroform in uacuo, and this residue was dissolved in chloroform (0.5 
ml) and mixed with the internal standard solution (0.5 ml). One microliter 
of this solution was injected in quadruplicate onto the column. 

Placebo tablets also were extracted in parallel with the sample. The 
placebo chromatogram was checked for interfering peaks at  the retention 
times for forskolin and the internal standard. 

RESULTS AND DISCUSSION 

The gas chromatogram of forskolin and the internal standard is pre- 
sented in Fig. 1. The retention times were 21.6 and 18.0 min, respectively. 
The GLC responses for forskolin and Ib were linear over a range of a t  least 
1.2-6.0 jig of the drug and the internal standard injected separately. The 
minimum detectable level was 30 ng of forskolin. A calibration curve 
indicated that a linear relation existed in the 1.2-6.0-pg range between 
the peak area ratio of forskolin to the internal standard and the ratio of 
the weight of forskolin to the internal standard. 

Typical chromatograms for a semipurified extract of C. forskohlii and 
the semipurified extract of C. forskohlii together with the internal 
standard (4 pg) are presented in Fig. 2. A GLC-mass spectrometric 
analysis of the semipurified extract of C. forskohlii revealed that the peak 
with the retention time of that  for forskolin gave a mass spectrum iden- 
tical to that of a standard forskolin sample. By referring to the calibration 
curve, the amount of forskolin present in C. forskohlii was calculated. 
In the different samples assayed, forskolin occurred in amounts ranging 
from -0.05 to 0.1% of the dry weight of the plant material, depending on 
the part of the plant that was assayed as well as on the time and location 
of collection of the plant material. The results agreed well with amounts 
of forskolin isolated from bulk quantities of plant material (1). Therefore, 
the method is a rapid and sensitive technique for evaluating and con- 
trolling the quality of C. forskohlii. 

T o  find alternative and, possibly, richer sources of forskolin than C. 
forskohlii, the method was applied to semipurified extracts of other 
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Figure 1-GLCseparation of forskolin ( B )  and the  internal standard 
( A ) .  
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MINUTES 

Figure 2-Typical GLC separation of a semipurified extract of C.  
forskolii (-) and of a semipurified extract of C. forskohlii together with 
the internal standard (-). Key: A, internal standard; and B, for- 
skolin. 
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Figure 3-Gas-liquid chromatogram of a semipurified extract of C .  
spicatus (--) and o j the  semipurified extract of C. spicatus spiked with 
forskolin (B) and the internal standard ( A )  (-). 
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Figure 4-Gas-liquid chromatogram of the placebo tablet (--) and of 
the tablets of forskolin with the internal standard (-). Key: A,  internal 
standard; and B,,forskolin. 

Coleus species and taxonomically related Plectranthus species (3). As 
typical examples, chromatograms for the semipurified extract of C. spi- 
catus Benth. (Labiatae) and the semipurified extract spiked with for- 
skolin and the internal standard are presented in Fig. 3. In none of the 
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six Coleus species other than C. forskohlii and the six Plectranthus 
species assayed was forskolin detected a t  levels as low as -1 X of 
the dry weight of the plant material (3). 

Chromatograms from the assay of forskolin tablets are presented in 
Fig. 4. There was no interference due to peaks observed in the placebo 
samples. Assays were carried out in quadruplicate on five samples. The 
results indicated 5.12 mg of forskolidtablet (label claim of 5.0 mg/tablet) 
with a range of 5.07-5.19 mg/tablet and a RSD of f0.28%. 
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Abstract A series of diazomethyl ketone and chloromethyl ketone 
analogs prepared from N-tosyl amino acids was shown to have anti-in- 
flammatory activity in mice a t  20 mgkg  and in rats a t  10 mg/kg. N -  
Tosyl-L-alanine and N-tosyl-/3-alanine chloromethyl ketones demon- 
strated the most potent anti-inflammatory activity. The writhing reflex 
also was inhibited a t  20 mgkg  in mice. In the tail flick test, N-tosyl- 
D,L-alanine and N-tosyl-D,L-isoleucine chloromethyl ketones demon- 
strated the highest increase in time. Toxicity studies indicated good 
therapeutic indexes for most of these agents. 

Keyphrases Anti-inflammatory activity-diazomethyl ketone and 
chloromethyl ketone analogs prepared from N-tosyl amino acids, bio- 
logical evaluation 0 N-Tosyl amino acids-diazomethyl ketone and 
chloromethyl ketone analogs, evaluation for anti-inflammatory ac- 
tivity 

A series of N-tosyl, N-benzoyl, N-acetyl, N-carboben- 
zyloxy, and N-cinnamyl cyanomethyl esters of amino acids 
was shown to have anti-inflammatory and immunosup- 
pressive activities in mice (1). The standard proteolytic 
inhibitor tosylphenylalanyl chloromethyl ketone also was 
active as an anti-inflammatory agent. This report discusses 
a series of diazomethyl ketones and chloromethyl ketones 
of N-tosyl amino acids that demonstrated similar ac- 
tivity. 

EXPERIMENTAL 

The synthesis and physical data of this series of compounds were re- 
ported previously (2). The synthetic methods were essentially those 
outlined by Schoellman and Shaw (3). Male CF1 mice (-30 g) or male 
Sprague-Dawley rats (-160 g) were administered the test drugs a t  20 or 
10 mg/kg ip, respectively, in 0.05% polysorbate 80,3.5 hr prior to the in- 
jection of 1% carrageenan in 0.9% saline into the plantar surface of the 
right hindfoot. Isotonic saline was injected into the left hindfoot to obtain 
baseline data. After 3 hr, both feet were excised a t  the tibiotarsal (ankle) 
joint according to a modification of the method of Winter et al. (4,5). 

As an analgesic screen, the tail flick (6) method was employed with male 
CF1 mice (-30 g) who received the test drugs a t  20 mg/kg ip 5 min prior 
to the analgesic test. An apparatus was designed and implemented in 

r 1 I 
binary coded 

segment 

optical nense 
amplifiers decimal to aeven 

control logic counterldiaplay 

Fl Fi (two elements) hebaod 

u-- 
Figure 1-Functional diagram of tail flick apparatus. 

these laboratories to measure the tail flick response time of mice (Fig. 
1). A control box housed all of the timing, logic, and sensing circuitry and 
the feedback controls. A secondary box provided the self-contained heater 
(55 f 0.5'1, the temperature-sensing elements, and special custom-made 
optical sensors to detect the flick of the tail. The sense signals were cou- 
pled to the control box to regulate the surface temperature and to freeze 
the digital clock (accuracy of 0.001%) display a t  the time of the first tail 
flick. 

The writhing reflex also was utilized as an analgesic test. Mice were 
administered the test drugs at 20 mg/kg ip 20 min prior to the adminis- 
tration of 0.5 ml of 0.6% acetic acid (7). After 5 min, the number of 
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six Coleus species other than C. forskohlii and the six Plectranthus 
species assayed was forskolin detected a t  levels as low as -1 X of 
the dry weight of the plant material (3). 

Chromatograms from the assay of forskolin tablets are presented in 
Fig. 4. There was no interference due to peaks observed in the placebo 
samples. Assays were carried out in quadruplicate on five samples. The 
results indicated 5.12 mg of forskolidtablet (label claim of 5.0 mg/tablet) 
with a range of 5.07-5.19 mg/tablet and a RSD of f0.28%. 
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Abstract A series of diazomethyl ketone and chloromethyl ketone 
analogs prepared from N-tosyl amino acids was shown to have anti-in- 
flammatory activity in mice a t  20 mgkg  and in rats a t  10 mg/kg. N -  
Tosyl-L-alanine and N-tosyl-/3-alanine chloromethyl ketones demon- 
strated the most potent anti-inflammatory activity. The writhing reflex 
also was inhibited a t  20 mgkg  in mice. In the tail flick test, N-tosyl- 
D,L-alanine and N-tosyl-D,L-isoleucine chloromethyl ketones demon- 
strated the highest increase in time. Toxicity studies indicated good 
therapeutic indexes for most of these agents. 

Keyphrases Anti-inflammatory activity-diazomethyl ketone and 
chloromethyl ketone analogs prepared from N-tosyl amino acids, bio- 
logical evaluation 0 N-Tosyl amino acids-diazomethyl ketone and 
chloromethyl ketone analogs, evaluation for anti-inflammatory ac- 
tivity 

A series of N-tosyl, N-benzoyl, N-acetyl, N-carboben- 
zyloxy, and N-cinnamyl cyanomethyl esters of amino acids 
was shown to have anti-inflammatory and immunosup- 
pressive activities in mice (1). The standard proteolytic 
inhibitor tosylphenylalanyl chloromethyl ketone also was 
active as an anti-inflammatory agent. This report discusses 
a series of diazomethyl ketones and chloromethyl ketones 
of N-tosyl amino acids that demonstrated similar ac- 
tivity. 

EXPERIMENTAL 

The synthesis and physical data of this series of compounds were re- 
ported previously (2). The synthetic methods were essentially those 
outlined by Schoellman and Shaw (3). Male CF1 mice (-30 g) or male 
Sprague-Dawley rats (-160 g) were administered the test drugs a t  20 or 
10 mg/kg ip, respectively, in 0.05% polysorbate 80,3.5 hr prior to the in- 
jection of 1% carrageenan in 0.9% saline into the plantar surface of the 
right hindfoot. Isotonic saline was injected into the left hindfoot to obtain 
baseline data. After 3 hr, both feet were excised a t  the tibiotarsal (ankle) 
joint according to a modification of the method of Winter et al. (4,5). 

As an analgesic screen, the tail flick (6) method was employed with male 
CF1 mice (-30 g) who received the test drugs a t  20 mg/kg ip 5 min prior 
to the analgesic test. An apparatus was designed and implemented in 

r 1 I 
binary coded 

segment 

optical nense 
amplifiers decimal to aeven 

control logic counterldiaplay 

Fl Fi (two elements) hebaod 

u-- 
Figure 1-Functional diagram of tail flick apparatus. 

these laboratories to measure the tail flick response time of mice (Fig. 
1). A control box housed all of the timing, logic, and sensing circuitry and 
the feedback controls. A secondary box provided the self-contained heater 
(55 f 0.5'1, the temperature-sensing elements, and special custom-made 
optical sensors to detect the flick of the tail. The sense signals were cou- 
pled to the control box to regulate the surface temperature and to freeze 
the digital clock (accuracy of 0.001%) display a t  the time of the first tail 
flick. 

The writhing reflex also was utilized as an analgesic test. Mice were 
administered the test drugs at 20 mg/kg ip 20 min prior to the adminis- 
tration of 0.5 ml of 0.6% acetic acid (7). After 5 min, the number of 
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Table I-Anti-Inflammatory and  Analgesic Activity of Diazomethyl Ketone and  Chloromethyl Ketone Analogs Prepared from N- 
Tosyl Amino Acids 

Compound ( n  = 6) 

Anti-Inflammatory Screen 
Mouse at Rat a t  Writhing Reflex at Tail Flick a t  

20 mg/kg, mean0 10 mg/kg, mean 20 mg/kg, mean 20 mg/kg, mean 
% inhibition % inhibition % inhibition % increase 

f SD f SD f SD f SD 
I N-Tosyl-L-alanine diazomethyl ketone 
I1 N-'l'osyl-6-alanine diazomethyl ketone 

111 N-Tosyl-L-valine diazomethyl ketone 
IV N-Tosyl-L-leucine diazomethyl ketone 
V N-Tosyl-D,L-isoleucine diazomethyl ketone 

VI 6-(N-Tosyl)aminocaproic acid diazomethyl ketone 
VII N-Tosyl-glycine chloromethyl ketone 

VIII N-Tosyl-L-alanine chloromethyl ketone 
IX N-Tosyl-D,L-alanine chloromethyl ketone 
X N-Tosyl-P-alanine chloromethyl ketone 

XI N-Tosyl-L-valine chloromethyl ketone 
XI1 N-Tosyl-D,L-isoleucine chloromethyl ketone 

XI11 N-Tosyl-L-proline chloromethyl ketone 
XIV 6-(N-Tosyl)aminocaproic acid chloromethyl 

XV Tosylphenylalanyl chloromethyl ketone 
XVI Indomethacin (10 mg/kg) 

XVII Phenylbutazone (50 mg/kg) 

ketone 

XVIII Morphine (1 mg/kg) 
1% Carboxymethylcellulose 

41 f 2 
23 f 4 
25 f 4 
38 f 3 
34 f 2 

29 f 4 
59 f 2 
26 f 4 
47 f 3 
3 9 4 2  
45 f 2 
53 f 2 
43 f 2 

56 f 2 
74 f 2 

7 f 5 b  

- 
0 f 4d 

22 f 7 
31 f 4 

48 f 4 
4 1 f 9  

54 f 4 

-. 

- 

S i 1 8  
34 f 7 
6 1 f 8  
55 f 6 
53 f 7 
49 f 7 
54 f 6 

- 
78 f 8 
47 f 5 
- 

0 f 5e 

41 f 4 
43 f 7 

49 f 7 
62 f 6 

60 f 6 
80 f 3 
66 f 7 
62 f 7 
44 f 2 
45 f 4 
46 f 3 
52 f 7 

- 

.- 

168 f 11 
132 f 9 

232 f 8 
264 f 11 

- 

- 
205 f 10 
160 f 7 
419 f 12 
119 f 1oc 
243 f 11 ~~~~ ~ 

532 f 8 
282 f 9 
215 f 7 

- 

2 1 0 4  7 
0 f 9f 

In the absence of a superscript, the mean inhibition is significantly higher than the control at p 5 0.001. Not significant. p 5 0.010. A 59.5-mg increase in foot 
weight. A 0.655-g increase in foot weight. f Seventy-eight stretch reflexed10 min. g 12.21 sec for first tail flick. 

stretches, characterized by repeated contractures, was counted for 10 
min. 

had an LDso value of 1 4 0 0  mg/kg; VII, IX, XIII, and XIV had an LD50 
value of >200 mg/kg. Compound V had an LDw value of -100 mg/kg, 
while the value for VIII was 140 mg/kg. The solubility of the material and 
the limited amount of compounds curtailed further detailed studies of 

Toxicity studies were determined in male CF1 mice (8). 

RESULTS AND DISCUSSION toxicity. 

With the exception of VI, all of the diazomethyl ketone and chloro- 
methyl ketone analogs of N-tosyl amino acids demonstrated significant 
anti-inflammatory activity in both mice and rats (Table I). Compounds 
VIII and X demonstrated the highest activity; a t  20 mg/kg, they showed 
improved activity over phenylbutazone a t  50 mg/kg in rats. In the 
writhing reflex, a test that mimics inflammation pain, V, VII-X, and XIV 
demonstrated potent activity, which was actually higher than that of 
indomethacin a t  a comparable dose. In the tail flick test, a narcotic an- 
algesic test, the N-tosyl amino acid derivatives also were active and were 
comparable to morphine at  1 mg/kg. Although IX and XI1 demonstrated 
the best activity in the tail flick test, they did not possess the highest 
anti-inflammatory activity or the ability to inhibit the writhing reflex. 
Previous studies (2) indicated that these compounds were not toxic in 
mice when administered for 10 days a t  20 mg/kg. 

Toxicity studies in male mice indicated that I, 11, IV, VI, and X-XI1 
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Abstract 0 The usefulness of a distinct enzyme-hydrolyzed preparation 
for the identification of conjugated and esterified estrogens USP was 
studied. No significant differences were found when the GLC identifi- 
cation test was performed on the acid-hydrolyzed assay preparation. 

Keyphrases Estrogens-identification of conjugated and esterified 
estrogens in pharmaceutical preparations, comparison of acidic and en- 
zymatic hydrolysis procedures for sample preparation Enzymatic 
hydrolysis-procedure for sample preparation for identification of 
conjugated and esterified estrogens in pharmaceutical preparations, 
comparison with acidic hydrolysis procedure 0 GLC-identification of 
conjugated and esterified estrogens in pharmaceutical preparations, 
comparison of acidic and enzymatic hydrolyses for sample prepara- 
tion 
~ ~~ 

Conjugated and esterified estrogens are two types of 
natural estrogenic substances. Both groups are described 
in USP XIX (1) as a mixture of the sodium salts of the 
sulfate esters of the estrogenic substances, principally es- 
trone and equilin for conjugated estrogens and estrone for 
esterified estrogens, that are of the type excreted by 
pregnant mares. 

Since the publication of USP XIX, the colorimetric 
identification test has been replaced by a more specific 
GLC identification test (2) to show the presence of other 
complementary estrogens, in particular, a-estradiol, 
P-estradiol, 17a-dihydroequilin, 17P-dihydroequilin, 
17a-dihydroequilenin, 17P-dihydroequilenin, 9-dehy- 
droestrone, and equilenin. However, one major result of 
this test has been a substantial increase in analysis time. 

This report discusses the possibility of reducing the 
analysis time and avoiding many of the required manip- 
ulations by using a single sample preparation for both 
Table I-Comparison of the Enzymatic Hydrolysis and  the 
Milder Acidic Hydrolysis of a Commercial Conjugated Estrogens 
Formulation 

Milder Acid 
Enzyme Hydrolysis Hydrolysis 

Amount", Amountb, 
Steroid % u CV,% % u CV,% 

a-Estradiol 
P-Estradioll 

17a-dihydro- 
equilin 

17P-Dihydro- 
equilin 

17a-Dihydro- 
equilenin 

17P-Dihydro- 
equilenin 

Estrone 
Equilin 
9-Dehydro- 

estrone 
Equilenin 
Assay, TO of 

label claim 

3.9 0.18 4.6 3.5 0.12 3.3 
15.5 0.14 0.9 15.6 0.42 2.7 

2.0 0.11 5.7 1.0 0.04 4.2 

1.5 0.14 9.4 1.4 0.26 18.8 

0.4 0.05 11.8 0.3 0.08 30.0 

50.2 0.98 1.9 51.7 1.09 2.1 
23.0 0.25 1.1 23.1 0.83 3.6 

1.7 0.16 9.3 1.4 0.13 9.6 

2.3 0.84 36.0 2.3 0.32 13.8 
105.3 2.6 2.4 103.1 5.2 5.0 

Average of five determinations. Average of seven determinations. 

identification and assay. The colorimetric assay described 
in USP requires a more purified extract than the GLC 
identification test. This extract is obtained by acidic hy- 
drolysis and subsequent purification. The GLC identifi- 
cation test introduced recently involves a long enzymatic 
hydrolysis procedure (2.5 hr), resulting in an extract that 
is not pure enough for use in the assay. 

The milder acidic hydrolysis procedure (3), developed 
in these laboratories to replace the USP XIX acidic hy- 
drolysis procedure, and the USP XIX acidic hydrolysis 
procedure were compared to an enzymatic hydrolysis 
procedure (4), which was very similar to the procedure used 
in the USP XIX GLC identification test. Qualitative and 
quantitative results were obtained by the GLC procedure 
of McErlane and Curran (4). 

EXPERIMENTAL 

Apparatus-The gas chromatograph' was equipped with a U-shaped 
column and a flame-ionization detector. Peak retention times and areas 
were obtained using a reporting integrator2. 

Acidic Hydrolysis-The . residue obtained from elution with di- 
cyclohexylamine acetate solution was dissolved in 20 ml of methanol. A 
few antiburnping granules were added as a boiling aid. A 6.0-ml portion 
of hydrochloric acid of a specified concentration was added. A water 
condenser was placed in the neck of the flask, and the flask was placed 
on a steam bath so that only the liquid was immersed. After the specified 
time, the flask was cooled in an ice bath. The hydrolysate was extracted 
and purified as in the USP procedure. 

For milder acidic hydrolysis, 0.6 N HCI (1 in 20) was used for 12.0 min. 
For the USP acidic hydrolysis, 2 N HCI (1 in 6) was used for 10 min. The 
stronger acidic hydrolysis required 4 N HCI (1 in 3) for 12 min. 

Enzyme Hydrolysis-An aliquot equivalent to -1.5 mg of conjugated 
estrogens in a 50-ml centrifuge tube was shaken for 30 min with 15 ml of 
0.02 M sodium acetate (pH 5.2) and then extracted twice with 10 ml of 
benzene (shaken for 20 rnin each time). The tube was centrifuged for 10 
min, and the benzene was discarded. After all traces of residual benzene 
had been removed, 7500 units of sulfatase enzyme? was added, and the 
tube was incubated for 30 min a t  45' with occasional shaking. The tube 
then was cooled to room temperature, 15 ml of chloroform was added, 
and the tube was shaken for 15 min. After centrifugation for 10 min, the 
chloroform layer was filtered through anhydrous sodium sulfate and 
stored in a well-closed container in the refrigerator until it was used for 
derivatization. 

Sample Derivatization-Two portions of each hydrolysate equivalent 
to 300 pg of estrogens were transferred to separate 5-ml polytef-lined 
screw-capped conical vials. T o  one vial was added 50 pg of ethynyl es- 
tradio14 (internal standard). The samples were evaporated to dryness 
using low heat and a gentle nitrogen stream. To the vials containing the 
internal standard were added 0.2 ml of pyridine and 0.05 ml of silylating 
reagent5; the vial then was capped and heated for 15 rnin a t  60'. To the 
other vial (no internal standard) was added 0.2 ml of a 2% solution of 
methoxamine in pyridine; this sample was heated for 3 hr a t  60'. After 

1 Model 2500, Bendix Corp., Ronceverte, WV 24970. 
Model 3385A automation system, Hewlett-Packard, Avondale, PA 19311 
Si ma Chemical Co., St. Louis, MO 63172. 
UJP reference standard: 
TRISIL TBT, Pierce Chemical Co., Rockford. IL 61 105. 
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Table 11-Comparison of t he  Enzymatic Hydrolysis and 
Hydrolysis Using Three Acid Concentrations of a Commercial 
Conjugated Estrogens Tablet  

Enzyme Acid Hydrolysis, % 
Steroid Hydrolysiso, % 1 in 20* 1 in 6b  1 in 36 

a-Estradiol 0.8 0.8 
b- Estradiol/ 4.3 4.3 

17a-dihydroequilin 
170-Dihydroequilin 1.0 0.8 
17a-Dihydroequilenin 0.5 0.5 
170-Dihydroequilenin 0.3 0.4 
Estrone 59.9 60.3 
Eauilin 30.0 29.7 
9-Dehydroestrone 
Equilenin 
Assay, 9’0 of 

label claim 

1.4 1.1 
2.1 2.1 

118.7 112.1 

0.8 0.8 
4.3 4.9 

1.0 1.4 
0.5 0.5 
0.2 - c  

60.3 60.3 
30.0 30.1 
1.1 - c  

1.9 2.0 
117.3 114.9 

0 Average of two determinations. Sufficient materials to perform a single de- 
Peaks were present but had an area less than the area reject termination only. 

setting. 

this time, 0.05 ml of silylating reagent was added, and the solution was 
heated at 60° for 10 min. 

A 2-4-pl aliquot was injected into a 1.8-m X 0.63-cm 0.d. (6 f t  X 0.25 
in.) glass U-shaped column packed with 3% methyl phenyl cyanopropyl 
silicone6 (OV-225) on 100-120-mesh Chromosorb WHP7. The temper- 
ature was maintained a t  225O, and the helium flow rate was 50 ml/ 
min. 

RESULTS AND DISCUSSION 

Results from the milder acidic hydrolysis (assay preparation) and the 
enzymatic hydrolysis (test preparation) in the identification of a com- 
mercial conjugated estrogens formulation, which fully met requirements 
of the previous colorimetric identification test, are shown in Table I. 
Average amounts, standard deviations, and coefficients of variation ( C V )  
are given for each component. 

The distinctive estrone and equilin peaks and the prominent 0-estra- 
diol/l7a-dihydroequilin peake showed the same relative amounts, within 
experimental error, with both hydrolysis procedures. Moreover, the 
relative amounts of other additional minor peaks (a-estradiol, 17P- 
dihydroequilin, 17a-dihydroequilenin, 17P-dihydroequilenin, 9-dehy- 
droestrone, and equilenin) were very similar to each other. 

Reproducibility was good for the major peaks (CV I 3.6%) but de- 
creased in proportion to the concentration of the minor peaks. 

The robustness of the acidic hydrolysis procedure was studied. Table 
I1 shows a comparison of the enzymatic hydrolysis and three different 
acidic hydrolyses where the acid concentration was varied (0.6,2, and 4 
N )  for the identification of conjugated estrogens tablets that were bor- 

Ohio Valley Specialties Chemical, Marietta, OH 45750. 
’ Chromatographic Specialties, Brockville, Ontario, K6V SW1, Canada. 
“The procedure does not resolve these two components. 

Table 111-Comparison of the  Enzymatic Hydrolysis and the 
Milder Acidic Hydrolysis of a Commercial Esterified Estrogens 
Product  

Enzyme Acid 
Steroid Hydrolysisa, % Hydrolysis*, % 

a-Estradiol 
P-Estradiol/l7m-dihydroequilin 
17P-Dihydroequilin 
17m-Dihydroequilenin 
17P-Dihydroequilenin 
Estrone 
Equilin 
9-Dehydroestrone 
Equilenin 
Assay, 9’0 of label claim 

1.6 
5.8 
0.4 
0.8 
0.2 

78.1 
11.8 
0.5 
0.7 

114.2 

1.2 
5.4 
0.3 
0.6 

79.4 
12.1 
0.3 
0.7 

112.3 

b - 

a Single determination. * Peak was present but had an area less than the area 
reject setting. 

derline in the colorimetric identification test. No major differences were 
seen for all of the individual components among the enzymatic, milder 
acidic, and USP acidic hydrolyses. The only differences were a small 
increase of ~-estradiolll7m-dihydroequilin and a small decrease of 
17&dihydroequilenin and 9-dehydroestrone in the acidic procedures. 

The results in Table 111 show that the two hydrolysis procedures also 
are applicable to the identification of commercial esterified estrogens 
products. The small differences between the results obtained with the 
two procedures are not important and do not lead to any misinterpreta- 
tions. Several other benefits are derived from the use of the acidic hy- 
drolysis procedure. The assay preparation is a much cleaner extract than 
the enzymatic identification test preparation. The presence of equol(5) 
is no longer a problem; it is removed in the early chromatographic column 
step by benzene washing. Chromatograms exhibit less tailing, the detector 
background signal is reduced, and column lifetime is much longer. 

In summary, the assay preparation obtained by the milder hydrolysis 
or by the USP acid hydrolysis gave identification test results for conju- 
gated and esterified estrogens formulations comparable to the new en- 
zyme-hydrolyzed identification test preparation. Since it is unnecessary 
to prepare the latter, the analysis time is shortened and the expense of 
enzyme reagents is avoided. 
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Abstract The widespread use of butylated hydroxyanisole (I) and 
butylated hydroxytoluene (11) as food antioxidants recently has been 
criticized by the Food and Drug Administration because of their phar- 
macological and toxicological effects. Interest also has arisen recently 
in the use of these compounds as anticancer agents. The purposes of this 
study were to evaluate the pharmacokinetics of I and I1 in rabbits and 
to compare their physicochemical properties with their disposition ki- 
netics. It was found that I has a disposition half-life of -1 hr, compared 
to 11 days for 11. These differences are explained in terms of their lipid 
solubility and protein binding characteristics. 

Keyphrases 0 Butylated hydroxyanisole-pharmacokinetics, rabbits 
0 Butylated hydroxytoluene-pharmacokinetics, rabbits 0 Antioxi- 
dants-butylated hydroxyanisole and butylated hydroxytoluene, 
pharmacokinetics, rabbits 0 Pharmacokinetics-butylated hydroxy- 
anisole and butylated hydroxytoluene, rabbits 

Butylated hydroxyanisole (I) and butylated hydroxy- 
toluene (11) are the most commonly used food antioxidants 
in the United States (1). Although I and I1 generally are 
regarded as safe, recent actions by the Food and Drug 
Administration have been directed toward restricting their 
use (2) because of their pharmacological and toxicological 
effects (3-7). Moreover, these compounds recently were 
reported to possess anticancer characteristics (8, 9). Al- 
though no specific biochemical pathways have been sug- 
gested for their action in inhibiting chemical carcinogen- 
esis, these mechanisms may involve alteration of the me- 
tabolism of the chemical carcinogens (10) and blocking of 
hydrocarbon free radical-DNA complex formation (1 1). 

Despite widespread interest in I and 11, whose structures 
differ only by a tert-butyl group, there have been no re- 
ports of their pharmacokinetic properties based on blood 
levels and no reports of their effectiveness and toxicity. 
The purposes of this study were to monitor the disposition 
kinetics of I and I1 following single intravenous dosing in 
rabbits and to relate their pharmacokinetic parameters to 
their physicochemical properties. 

EXPERIMENTAL 

Materials and Equipment-Butylated hydroxyanisolel (I), butylated 
hydroxytoluene' (II), dibutylated hydroxyanisole2, polyethylene glycol 
4003, an infusion set4, a catheter placement unit5 (20 gauge), sterile dis- 
posable syringe@, an infusion pump7, and a gas chromatographs were 
used. 

Formulations of Intravenous Dosage Form-Solutions of I and I1 
(10 mg/ml) were prepared in polyethylene glycol 4Wnormal saline (l:l), 
which was sterilized by heating at  looo for -1 hr over a hot plate. 

1 Nutritional Biochemical Co., Cleveland, Ohio. 
2 Universal Oil Product Co., Des Plaines, Ill. 
3 Fisher Scientific Co., Fair Lawn, N.J. 

Abbott Laboratories, North Chicago, Ill. 
5 Jelco Laboratories, Raritan, N.J. 
6 Becton. Dickinson and Co., Rutherford, N.J. 
7 Sage Instruments, Cambridge, Mass. 
8 Varian Aerograph model 1400, Varian, Park Ridge, Ill. 

6CH3 
I 

CH, 
II 

Animal Procedure-New Zealand White male rabbits, 2.9-3.2 kg, 
were used; food and water were withheld prior to and for 12 hr after drug 
administration. The marginal ear vein was cannulated using a 20-gauge 
catheter for sample collection. The I and I1 solutions were infused for <2 
min at a constant rate of 2 ml/min to provide a total dose of 10 mg/kg. A t  
the end of infusion, the cannula was flushed with 5 ml of heparinized 
sterile normal saline. 

The blood samples (1.5 ml) were collected from the catheter placed 
in the other ear a t  0,0.085,0.173,0.33,0.50,0.75,1,1.5,2.0,3.0,4.0,6.0, 
and 12 hr and thereafter twice per day for 2 days and daily for 3 days. The 
zero time for sampling was assigned when the infusion was completed. 
A blank blood sample was obtained before the solution was infused to 
obtain. the baseline on the gas chromatogram. 

Blood Analysis-All blood samples were analyzed for their concen- 
tration of I and I1 using a highly sensitive and specific GLC method 
(12). 

RESULTS AND DISCUSSION 

The absorption of I and I1 was reported to vary significantly when given 
orally as a suspension in milk-olive oil and as a gelatin capsule to humans 
(13). Therefore, an intravenous dosage form was chosen to avoid com- 
plications due to absorption variability. The maximum allowable intake 
of I and I1 is 2 mg/kg/day, but there are indications that the per capita 
daily intake is >5 mg/kg (2). Thus, the dose of 10 mg/kg used in this study 
may represent the level of exposure for numerous people who consume 
many processed foods. 

Pharmacokinetics of Butylated Hydroxyanisole (1)-The plasma 
concentrations obtained at different time intervals following a single 
intravenous dose (10 mghg) were plotted on a semilogarithmic scale, 
assigning time zero as the midpoint of infusion, and the data were fitted 
by a monoexponential model using a programmable calculator (14) (Fig. 
1). This model suggests that the body behaves as a homogeneous com- 
partment for I in terms of the equilibrium rates among various body 
tissues (15): 

It was reported that a t  low concentration (<lo0 pg/ml), the percent of 

Table I-Pharmacokinetic Parameters of I in Rabbits after a 
Single Intravenous 10-mg/kg Dose 

Parameter Mean f SEM (n = 4) 

Body weight, kg 
C;, mgfliter 
kel, hr-' 

2.98 f 0.20 
1.298 2 0.095 

0.7427 f 0.14 
1.055 f 0.23 
7.48 f 0.64 
5.24 f 0.50 

A W L ,  (mg hr)/li&r/kg 0.685 f 0.13 
Total body clearance. * Area under the curve. 
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Figure 1-Plasma concentration profile of I in a rabbit following in- 
travenous administration of a 10-mglkg dose. 

total I bound to human serum albumin was inversely proportional to the 
total concentration (16). Since >59% of the total exchangeable albumin 
is located in the extravascular compartments such as the skin and muscles 
(17), the human body can be conceived of as a large pool for I. In addition, 
the probable binding of I to other components of different tissues and 
fluids makes its distribution more extensive throughout the body, causing 
exposure of deep body tissues. 

The estimates of Cj, t l / 2 ,  v d ,  and k,, reported in Table I were obtained 
from least-squares data fitting. In spite of the large volume of distribution 
(mean = 7.48 litedkg), I disappears from the plasma very rapidly (mean 
t1/2 = 1 hr). Thus, despite extensive distribution, fast clearance is 
achieved due to the highly reversible nature of its storage in the body 
tissues. 

Pharmacokinetics of Butylated Hydroxytoluene (11) (Fig. 2)- 
The disposition of I1 in animals and in humans is complicated by the 
presence of two tert-butyl groups at ortho-positions of the phenolic 
group. More than 10 metabolites of I1 have been isolated (18,19). Sig- 
nificant biliary excretion also has been reported in rats, rabbits, and dogs. 
Daniel et al. (5) recovered -67% of an oral dose of [14C]II in human urine 
samples collected over an 11-day period. They concluded that intact I1 
and/or its metabolites first are stored in the tissues and then are slowly 
released after a pseudoequilibrium, which takes -5 days, indicating ex- 
tensive uptake by tissues (5). 
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Figure 2-Plasma concentration profile of I1 in a rabbit following in- 
travenous administration of a 10-mglkg dose. 

The plasma concentration-time profiles of I1 were, unlike I, charac- 
terized by: 

C, = Ae-*f + Be-@ (Eq. 2) 

where A and B are constants and a and p are complex rate constants. The 
estimation of A, B, a, and p was made using a programmable calculator 
(14). The pharmacokinetic parameters are reported in Table 11. The fast 
disposition phase half-life of I1 was -1 hr, and the slow disposition phase 
decayed with a half-life of >11 days. These data suggest rapid accumu- 
lation and slow clearance from the body, in agreement with earlier 
speculations for I1 (5). 

A comparison of the disposition of I and I1 in rabbits clearly reveals 
large differences between their distribution and elimination character- 
istics. Whereas the accumulation of I does not appear to be a serious 
problem, I1 tends to be stored in body tissues upon multiple dosing, as 
encountered in daily life exposure to this compound. Based on the fol- 
lowing equation, more than a 16-fold accumulation of I1 is possible on 
daily exposure whereas the accumulation is negligible for I: 

accumulation = 1/1 - e-kT (Eq. 3) 

where k is the terminal disposition rate constant and T is the frequency 
of exposure. 

Such large differences in the in viuo kinetic properties of I and I1 occur 
because of the additional tert-butyl group in 11. This structural change 
renders I1 more lipid soluble, explaining the approximately threefold 
increase in the final volume of distribution while the volume of the central 
compartment remains identical for both compounds. Since the volume 
of the central compartment does not change, an increase of over 100-fold 
in the total body clearance results from a change in the elimination rate 
constant from the central compartment ( k d .  

The distribution characteristics of I and I1 also can be related to their 
plasma protein binding characteristics. The volumes of distribution often 
are inversely related to the extent of plasma protein binding (171, espe- 
cially for compounds that have weaker association constants, such as 1 

Table 11-Pharmacokinetic Parameters of I1 in Rabbits after a 
Single Intravenous 10-mg/kg Dose 

Parametera Mean f SEM (n = 4) 

A, mg/liters 
B, mghiters 
a, hr-' 
/3, hr-' 
k21, hr-I 
k 10, hr-I 
klz, hr-' 
v d ,  Iiterslkg 
TBCb, liters/hr/kg 
Vdeg,  literdkg 
AUCc, (ma hr)/liter/kn 

1.0402 f 0.26 
0.4535 f 0.025 
0.7841 f 0.073 

7.31 f 1.18 
0.0551 & 0.013 

21.13 f 1.29 
208.9 f 35.5 

a C, = Ae-"' + Be-@, where t is in hours and C, is in milligrams per liter. Total 
body clearance. Area under the curve. 
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and I1 (16,18). The binding constant for I reported from this laboratory 
was 2 X M-’ and that for I1 was 3 X 104 M-l. The number of binding 
sites was -2.6 for I and 0.25 for I1 (20). Thus, increased lipid solubility 
of I1 results in its increased strength of interaction with albumin mole- 
cules, but the steric hindrance due to the additional tert-butyl group 
makes the extent of binding only about 10% of that observed for I. Thus, 
the total exchangeable albumin present in the extravascular compart- 
ments provides a large pool for possible storage of I but not for 11, which 
probably is taken up by the body fatty tissues due to its higher lipid sol- 
ubility (5). 
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Abstract Ten healthy male subjects received 25 mg of promethazine 
intramuscularly, followed within 3 weeks by oral administration of 25 
mg. Whole blood and parotid saliva were collected over a 12-hr period 
after drug administration. Promethazine was quantitated by high-per- 
formance liquid chromatography. After intramuscular administration, 
the promethazine concentrations were 3.0-22.4 ng/ml in blood and 0.9-2.8 
ng/ml in parotid saliva. After oral administration, the promethazine 
concentrations were 1.4-5.5 ng/ml in blood and 0.2-0.8 ng/ml in parotid 
saliva. The peak blood promethazine concentration after the intramus- 
cular dose was four times higher than that following the oral dose, which 
indicates that promethazine possesses an extensive first-pass effect. The 
mean parotid saliva to whole blood ratio (SIB) was calculated to be 0.24 
after the intramuscular route and 0.20 after the oral route over the 12-hr 
period. The calculated percentage of free drug in the blood was 20-24% 
of the whole blood concentration determined from the SIB ratio. 

Keyphrases 0 Promethazine-whole blood and parotid saliva con- 
centrations following oral and intramuscular administration High- 
performance liquid chromatography-analysis, promethazine, whole 
blood and parotid saliva concentrations following oral and intramuscular 
administration 0 Phenothiazines-promethazine, high-performance 
liquid chromatographic analysis in whole blood and parotid saliva fol- 
lowing oral and intramuscular administration 

Several investigators have reported analytical methods 
for the determination of phenothiazines, including color- 
imetric (l), spectrofluorometric (21, spectrophotometric 
(3), GLC (4,5), and liquid chromatographic (6) procedures. 
However, little or no information is available on the 
quantitation of promethazine in therapeutic doses in 
human whole blood or parotid saliva. 

This report presents a sensitive method for the detection 
and quantitation of promethazine in whole blood and 
parotid saliva after the administration of 25 mg of pro- 
methazine orally and intramuscularly in human volun- 
teers. Parotid saliva to blood promethazine concentration 
ratios were calculated, and the bioavailability of pro- 
methazine was compared for the two routes of adminis- 
tration. 

EXPERIMENTAL 

Materials-Powdered promethazine’ and promazine’, the internal 
standard, were used without further purification as the analytical stan- 
dards. Commercially available promethazine tablets’ and injectable 
liquid’ were obtained from a local pharmacy. All solvents and reagents 
were analytical reagent grade, except for methanol2, which was high- 
performance liquid chromatographic (HPLC) grade. All glassware was 
coated with silicone3 by the method described on the package insert. 

Apparatua-The liquid chromatograph4 was fitted with a loop injector 
and a fixed-wavelength UV detector (254 nm). A 1-mv recorder5 was 
attached to the chromatograph. The detector was attenuated at 0.005 
aufs. 

Column-A prepacked, 300 X 3.9-mm i.d., pBondapak CN column6 
was run at  ambient temperature. 

Wyeth Laboratories, Philadelphia, Pa. 

Siliclad, Clay Adams, New York, N.Y. 

Perkin-Elmer Corp., Norwalk, Conn. 
Waters Associates, Milford, Mass. 

* Fischer Chemical Co., King of Prussia, Pa. 

‘ Model 200, Waters Associates, Milford, Mass. 
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and I1 (16,18). The binding constant for I reported from this laboratory 
was 2 X M-’ and that for I1 was 3 X 104 M-l. The number of binding 
sites was -2.6 for I and 0.25 for I1 (20). Thus, increased lipid solubility 
of I1 results in its increased strength of interaction with albumin mole- 
cules, but the steric hindrance due to the additional tert-butyl group 
makes the extent of binding only about 10% of that observed for I. Thus, 
the total exchangeable albumin present in the extravascular compart- 
ments provides a large pool for possible storage of I but not for 11, which 
probably is taken up by the body fatty tissues due to its higher lipid sol- 
ubility (5). 
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Abstract Ten healthy male subjects received 25 mg of promethazine 
intramuscularly, followed within 3 weeks by oral administration of 25 
mg. Whole blood and parotid saliva were collected over a 12-hr period 
after drug administration. Promethazine was quantitated by high-per- 
formance liquid chromatography. After intramuscular administration, 
the promethazine concentrations were 3.0-22.4 ng/ml in blood and 0.9-2.8 
ng/ml in parotid saliva. After oral administration, the promethazine 
concentrations were 1.4-5.5 ng/ml in blood and 0.2-0.8 ng/ml in parotid 
saliva. The peak blood promethazine concentration after the intramus- 
cular dose was four times higher than that following the oral dose, which 
indicates that promethazine possesses an extensive first-pass effect. The 
mean parotid saliva to whole blood ratio (SIB) was calculated to be 0.24 
after the intramuscular route and 0.20 after the oral route over the 12-hr 
period. The calculated percentage of free drug in the blood was 20-24% 
of the whole blood concentration determined from the SIB ratio. 
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Several investigators have reported analytical methods 
for the determination of phenothiazines, including color- 
imetric (l), spectrofluorometric (21, spectrophotometric 
(3), GLC (4,5), and liquid chromatographic (6) procedures. 
However, little or no information is available on the 
quantitation of promethazine in therapeutic doses in 
human whole blood or parotid saliva. 

This report presents a sensitive method for the detection 
and quantitation of promethazine in whole blood and 
parotid saliva after the administration of 25 mg of pro- 
methazine orally and intramuscularly in human volun- 
teers. Parotid saliva to blood promethazine concentration 
ratios were calculated, and the bioavailability of pro- 
methazine was compared for the two routes of adminis- 
tration. 

EXPERIMENTAL 

Materials-Powdered promethazine’ and promazine’, the internal 
standard, were used without further purification as the analytical stan- 
dards. Commercially available promethazine tablets’ and injectable 
liquid’ were obtained from a local pharmacy. All solvents and reagents 
were analytical reagent grade, except for methanol2, which was high- 
performance liquid chromatographic (HPLC) grade. All glassware was 
coated with silicone3 by the method described on the package insert. 

Apparatua-The liquid chromatograph4 was fitted with a loop injector 
and a fixed-wavelength UV detector (254 nm). A 1-mv recorder5 was 
attached to the chromatograph. The detector was attenuated at 0.005 
aufs. 

Column-A prepacked, 300 X 3.9-mm i.d., pBondapak CN column6 
was run at  ambient temperature. 
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Figure 1 -Typical high-performance liquid chromatogram of ( I )  pro- 
methazine and the internal standard (2), prornazine. 

Mobile Phase-A solution of 1% acetic acid in 0.005 M heptanesul- 
fonic acid and methanol (5050) was used. The mixture was pumped 
isocratically through the column at  a flow rate of 2 ml/min. 

Method-Ten healthy male volunteers, 25-57 years, participated in 
the crossover study. Complete histories and physical examinations, in- 
cluding blood and urine chemistries, were performed before and after 
the experiments. Each subject initially was given 25 mg of promethazine 
intramuscularly, followed in 3 weeks by 25 mg orally. 

The subjects fasted for a minimum of 12 hr prior to each experiment. 
Baseline parotid saliva and blood samples were taken before each ex- 
periment. Parotid saliva samples were collected by means of a modified 
double-lumen parotid cup (7). Orange-flavored lozenges7 served as a 
reflex stimulus to induce salivation, and the resultant parotid secretions 
were collected in silicone-coated graduated test tubes. At least 5 ml of 
parotid saliva was collected over a period not exceeding 10 min. Blood 
samples (10 ml) were collected in silicone-coated vacuum tubes8 con- 
taining 143 IU of heparin sodium. 

After intramuscular administration of 25 mg of promethazine, venous 
blood and parotid saliva samples were taken a t  0.5,1,2,4,6,8, and 12 hr. 
To make certain that the subjects returned to baseline levels, 3 weeks was 
allowed between experiments. At that  time, the same 10 subjects were 
given 25 mg of promethazine orally; blood and parotid saliva samples were 
collected at  the same time intervals. 

Whole blood (5 ml) or parotid saliva (5 ml) was added to 1 ml of 1 N 
NaOH. Promazine, which was chosen as the internal standard because 
of the similarity of its structure and chemical properties to promethazine, 
was dissolved in the mobile phase, and 25 ng was added to the whole blood 
or parotid saliva sample before extraction. The sample then was shaken 
with 25 ml of heptane for 10 min and centrifuged for 5 min. 

The heptane layer was removed by aspiration with a siliconized Pasteur 
pipet and allowed to evaporate under a steady stream of air a t  55O. The 
residue was redissolved in 50 pI of the mobile phase, and 10 p1 was injected 

7 Regal Crown Sour Orange, Trebor Sharps Ltd., London, England. 
8 Venojet, Kimble-Terumo, Elkton, Md. 

Table I-Whole Blood and  Parotid Saliva Concentrations of 
Promethazine Administered Intramuscularly 

Saliva", Blood", 
Hours ng/ml ng/ml 

0.5 
1 
2 
4 
6 
8 

12 

1.9 f 0.36 
2.5 f 0.33 
2.8 f 0.52 
2.2 f 0.25 
2.4 f 0.36 
1.5 f 0.31 
0.9 f 0.40 

6.4 f 0.86 
8.3 f 1.96 

14.2 f 3.38 
22.4 f 5.90 
8.3 f 0.91 
8.5 f 2.50 
3.0 f 0.84 

~ ~~ ~~ 

Mean concentration (iSE) of promethazine in 10 human volunteers after the 
intramuscular administration of 25 mg. 

into the liquid chromatograph. Quantitation was performed using the 
method of internal standards hy measuring the peak heights and com- 
paring the peak height ratios to a calibration curve. The sensitivity of the 
method was tested by the extraction of various concentrations of pro- 
methazine in blood and saliva and determination of the smallest de- 
tectable peak on the liquid chromatograph. 

RESULTS AND DISCUSSION 

The separation and identification of promethazine by HPLC are il- 
lustrated in Fig. l. The retention time for promethazine was 12.6 min; 
the internal standard, promazine, had a retention time of 13.8 min. The 
separation was reproducible and sensitive in both extracted whole blood 
and parotid saliva. The sensitivity of promethazine was 0.2 ng on-column 
by this procedure. Standard concentration curves for spiked whole blood 
and parotid saliva were linear between 2.5 and 50 ng/ml (blood) and be- 
tween 0.5 and 10 ng/ml (parotid saliva). 

The mean (fSE) whole blood and parotid saliva promethazine con- 
centrations in the 10 subjects receiving 25 mg intramuscularly are pre- 
sented in Table I. The range of promethazine concentrations determined 
in whole blood and parotid saliva was 0.9-22.4 ng/ml over the 12-hr pe- 
riod. The blood promethazine concentration peaked within 4 hr (22.4 f 
5.90 ng/ml) but fell rapidly over the next 2 hr to 8.3 f 0.91 ng/ml and then 
declined slowly over the next 6 hr to 3.0 f 0.84 ng/ml. The parotid saliva 
concentrations peaked within 2 hr (2.8 f 0.52 ng/ml) and declined more 
slowly than the plasma to 0.9 f 0.40 ng/ml over the next 10 hr. The cal- 
culated saliva to blood ( S / B )  ratio ranged between 0.10 and 0.30, with 
a mean of 0.24, over the 12-hr period. 

The mean (*SE)  whole blood and parotid saliva promethazine con- 
centrations in the 10 subjects receiving 25 mg orally are listed in Table 
11. The range of promethazine concentrations determined in whole blood 
and parotid saliva was 0.2-5.5 ng/ml over the 12 hr. The blood pro- 
methazine concentrations peaked within 2 hr (5.5 f 1.4 ng/ml) and de- 
clined to 1.4 f 0.2 ng/ml within the next 6 hr. The parotid saliva con- 
centration was elevated consistently between 1 and 6 hr after drug ad- 
ministration. Only a t  the 8-hr period did it fall from 0.8 to 0.2 ng/ml. The 
calculated saliva to blood ratio ranged between 0.13 and 0.29, with a mean 
of 0.20, over the 8-hr period. 

The results indicate that the bioavailability of orally or intramuscularly 
administered promethazine in therapeutic doses can be determined by 
HPLC. This analytical method was sensitive enough to detect and 
quantitate parotid saliva concentrations of promethazine during the 
corresponding times in which whole blood concentrations were deter- 
mined. The sensitivity of the assay was suitable for detection of pro- 

Table 11-Whole Blood and  Parotid Saliva Concentrations of 
Promethazine Administered Orallv 

Saliva", 
Hours ndml  

Blood", 
ndml  

0.5 0.4 f 0.2 
1 0.8 f 0.2 
2 0.7 f 0.1 
4 0.8 f 0.2 

2.5 f 0.5 
2.9 f 0.5 
5.5 f 1.4 
3.8 f 0.7 

6 0.8 f 0.2 2.8 f 0.8 
8 0.2 f O . l b  1.4 f 0.2* 

12 0 0 

Mean concentration (iSE) of promethazine in 10 human volunteers after the 
oral administration of 25 mg. b Estimated values from standard concentration 
curves. 
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methazine concentrations as low as 0.2 ng/ml of saliva or blood, a 50-fold 
increase in sensitivity over that reported previously for a GLC procedure 
(5). 

After the administration of equal doses of promethazine (25 mg), the 
peak blood concentrations were significantly different after oral and 
intramuscular administration. The peak whole blood concentration (22.4 
ng/ml) after intramuscular administration was approximately four times 
higher than that (5.5 ng/ml) after oral administration. The results indi- 
cate that promethazine possesses a significant first-pass effect through 
the liver. Other investigators have demonstrated that promethazine has 
an extensive first-pass effect, accounting for lower blood levels after oral 
administration compared to parented administration (5). After oral 
administration of 25 mg, the elimination half-life of promethazine was 
3.3 hr as determined from plasma levels measured over the 8-hr pe- 
riod. 

The present results indicate that the mean parotid saliva to whole 
blood promethazine ratios after oral (0.20) and intramuscular (0.24) 
administration did not significantly differ from each other. Previous 
studies involving d i v a  to blood ratios of other drugs consistently showed 
that saliva drug concentrations correlated with the blood free drug con- 
centrations and that percentages of free drug in blood could be deter- 
mined from the calculated saliva to blood ratios (7-9). In this study, the 
ratios of 0.20 and 0.24 indicate that the free form of promethazine in blood 

ranged between 20 and 249'0, meaning that it was bound 80 and 76% to 
whole blood. 
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Abstract A high-performance liquid chromatographic (HPLC) pro- 
cedure was developed for the determination of metaraminol bitartrate 
in the presence of methylparaben and propylparaben. Reversed-phase 
ion-pair chromatography was employed using dioctyl sodium sulfosuc- 
cinate as the counterion. The current official USP procedure for the 
determination of metaraminol requires dilution, extraction, and mea- 
surement of UV absorption. The HPLC procedure is rapid and precise 
and correlates well with the USP XX procedure. It can be used for met- 
araminol injectables as well as the raw material. 
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Metaraminol bitartrate, an adrenergic vasopressor drug, 
may be administered intravenously or intramuscularly to 
raise the blood pressure in acute hypotensive states and 
shock. Some commercially available injectables contain 
both methylparaben and propylparaben as preservatives. 
Spectrophotometric (1) and spectrophotofluorometric (2) 
analyses are currently used for the analysis of metaraminol 
bitartrate injectables. The USP XX spectrophotometric 
procedure requires extraction before analysis to remove 
parabens. While the spectrophotofluorometric procedure 
needs no extraction, it requires reaction with O-phthal- 
aldehyde for 1 hr (60 f 1 min) before analysis. For both 
procedures, a separate GLC (3) procedure must be used 
for the determination of parabens. This GLC procedure 
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for parabens involves extraction and derivatization before 
analysis. 

This paper describes the parameters for the simulta- 
neous qualitative and quantitative determination of 
metaraminol, methylparaben, and propylparaben by 
high-performance liquid chromatography (HPLC). The 
HPLC procedure involves the formation of an ion-pair 
with dioctyl sodium sulfosuccinate on an octadecylsilane 
column. The use of this counterion previously was reported 
for the HPLC determination of some other basic organic 
drug molecules (4,5) and was successful for the separation 
of metaraminol, methylparaben, and propylparaben. The 
total analysis time to run standards and a sample is -1 hr. 
This method is simple, accurate, and precise and compares 
favorably with the USP XX procedure. 

EXPERIMENTAL 

Reagents and Chemicals-USP reference standards were used for 
standard solutions of metaraminol, methylparaben, and propylparaben. 
Powdered samples of metaraminol bitartrate', methylparaben2, pro- 
pylparaben2, and butylparaben3 were used in the analytical procedure. 
HPLC grade methanol and reagent grade acetic acid and dioctyl sodium 
sulfos~ccinate~ were used in the mobile phase. 

Mobile Phase-The mobile phase was prepared by mixing 600 ml of 
methanol with 2.2 g of dioctyl sodium sulfosuccinate. After dissolution, 
400 ml of deionized, distilled water and 10 ml of acetic acid were added 
(pH 4.0). The mobile phase was degassed by vacuum filtration through 
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methazine concentrations as low as 0.2 ng/ml of saliva or blood, a 50-fold 
increase in sensitivity over that reported previously for a GLC procedure 
(5). 

After the administration of equal doses of promethazine (25 mg), the 
peak blood concentrations were significantly different after oral and 
intramuscular administration. The peak whole blood concentration (22.4 
ng/ml) after intramuscular administration was approximately four times 
higher than that (5.5 ng/ml) after oral administration. The results indi- 
cate that promethazine possesses a significant first-pass effect through 
the liver. Other investigators have demonstrated that promethazine has 
an extensive first-pass effect, accounting for lower blood levels after oral 
administration compared to parented administration (5). After oral 
administration of 25 mg, the elimination half-life of promethazine was 
3.3 hr as determined from plasma levels measured over the 8-hr pe- 
riod. 

The present results indicate that the mean parotid saliva to whole 
blood promethazine ratios after oral (0.20) and intramuscular (0.24) 
administration did not significantly differ from each other. Previous 
studies involving d i v a  to blood ratios of other drugs consistently showed 
that saliva drug concentrations correlated with the blood free drug con- 
centrations and that percentages of free drug in blood could be deter- 
mined from the calculated saliva to blood ratios (7-9). In this study, the 
ratios of 0.20 and 0.24 indicate that the free form of promethazine in blood 

ranged between 20 and 249'0, meaning that it was bound 80 and 76% to 
whole blood. 
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Table I-Linear Regression Data for Metaraminol Bitartrate,  
Methylparaben, and Propylparaben 

Theoretical 
Concen- Observed 
tration, HPLC Inter- 

Drug 9a wfv Results" Slope cept rb  

Metar- 0.250 
amino1 0.501 

1.002 
1.503 
2.004 
2.505 

Methvl- 0.0376 

Propyl- 0.0053 
paraben 0.0105 

0.0211 
0.0316 
0.0422 
0.0528 

0.254 f 0.004 0.9995 0.0035 1.0000 
0.502 f 0.001 
1.010 * 0.006 ~ .~~ ~ ~ ~.~ 

1.501 f 0.007 
2.007 f 0.021 
2.508 f 0.008 

0.0379 f 0.0004 0.9728 0.0033 0.9999 
0.0764 f 0.0004 
0.1507 f 0.0016 
0.2250 f 0.0004 
0.2964 f 0.0010 
0.3666 f 0.0004 
0.0058 f 0.0001 0.9583 0.0008 1.0000 
0.0108 f 0.0001 
0.0212 f 0.0001 
0.0313 f 0.0002 
0.0422 f 0.0002 
0.0528 f 0.0005 

a Result is based on three replicate in'ections The table value is the mean f SD.  * Correlation coefficient between the theoretical and observed concentrations ac) 
determined by linear regression analysis. 

Table 11-Recovery and Precision of the HPLC Method 

Theoretical Observed HPLC 
Concentration, Results", Recovery, 

Drug 9a wfv To WIV To 

Metaraminol 0.752 0.741 f 0.003 99.3 
Methylparaben 0.1127 0.1133 f 0.O009 100.5 
Pronvloaraben 0.0158 0.0158 f 0.0001 100.0 

a Result is based on six replicate injections. Confidence limits at p = 0.05 

standard solution were added to the 100-ml volumetric flask, and the 
solution was diluted to volume with distilled water. 

Sample Stock Solution-A sample stock solution was prepared by 
dissolving 75 mg of methylparaben and 10 mg of propylparaben in 10 ml 
of methanol in a 50-ml volumetric flask. Then 950 mg of metaraminol 
bitartrate was added to the 50-ml volumetric flask and dissolved in 30 
ml of distilled water. The solution then was diluted to 50 ml with distilled 
water. 

Sample Solutions for Linearity, Recovery, and Precision-Seven 
solutions were prepared from the sample stock solution. Portions of 0.5, 
1,2,3,4, and 5 ml of stock solution were added to separate 100-ml volu- 
metric flasks, in which 5 ml of the internal standard solution had been 
placed. Each solution was diluted to 100 ml with distilled water. These 
six solutions were used for testing the linearity of the HPLC method. A 
solution of known concentration was used for determination of recovery 

Figure 1-Typical chromatogram of metaraminol bitartrate using a 
reuersed-phase CIS column (room temperature) at a flow rate of 1.0 
rnllrnin. The mobile phase was methanol-distilled water (60:40) with 
0.00.5 M dioctyl sodium sulfosuccinate and 10 ml ofacetic acidlliter. Key: 
I ,  soluent front; ZI, methylparaben (attenuation 256); IIZ,propylparaben 
(attenuation 16); IV, butylparaben (attenuation 16); and V, meta- 
rarninol (attenuation 16). 

and precision. 
a polycarbonate membrane filter5 (0.4-fim Pore size, 47-mm diam- Determination of Puri ty  of Metaraminol Bitartrate Raw Mate- 
eter). 

Internal Standard Solution-A 0.1-mgfml solution of butylparaben 
was prepared by dissolving 50 mg in methanol and diluting the solution 
with water to 500 ml. 

Working Standard Solution-A methylparaben stock solution was 
prepared by dissolving 15 mg of methylparaben USP reference standard 
in 5 ml of methanol in a 10-ml volumetric flask and diluting to volume 
with distilled water. A propylparaben stock solution was prepared by 
dissolving 10 mg of propylparaben USP reference standard in 5 ml of 
methanol in a 50-ml volumetric flask and diluting to volume with distilled 
water. 

The working standard solution was prepared by dissolving 40 mg of 
metaraminol bitartrate USP reference standard in 50 ml of distilled water 
in a 100-ml volumetric flask. Then 2 ml of the methylparaben stock so- 
lution, 2 ml of the propylparaben stock solution, and 5 ml of the internal 

5 Catalog No. N040, Nucleopore Corp., Pleasanton, Calif. 

rials-Three stock solutions of different metaraminol bitartrate raw 
materials were prepared similar to the sample stock solution used for the 
linearity study. Then 2 ml of each stock solution was added to separate 
10@ml volumetric flasks in which 5 ml of the internal standard solution 
had been placed. The solutions were diluted to 100 ml with distilled water. 
These three solutions were run against a USP working standard on the 
chromatograph to determine the assay values. 

The USP XX procedure for metaraminol bitartrate injectables also 
was performed on these three solutions to show correlation between the 
USP XX method and the HPLC procedure. The three metaraminol bi- 
tartrate raw materials also were assayed by the USP XX procedure for 
the purity of metaraminol bitartrate raw material. 

Conditions for Chromatographic Quantification-The liquid 
chromatograph6 was equipped with a variable-wavelength detector7 and 

5 ectra-Physics model 3500B. 
d 4 e l  SF770 UV-visible detector, Schoeffel Instrument Co. 
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Table 111-Purity of Metaraminol Bitartrate Raw Materials by HPLC and USP Methods 

Sample” 

Initial 
Concentration of 

Metaraminol, % W/V 

Observed Results, % w/v 
HPLC * USP 

Purity of Metaraminol 
Bitartrate Raw Material, % 

HPLC USPC 
~ ~~~~ ~ 

Raw material 1 1.065 1.037 f 0.010 1.038 91.4 97.5 
Raw material 2 1.019 0.994 f 0.010 1.014 97.5 99.5 
Raw material 3 1.001 0.980 f 0.009 0.980 98.0 98.0 

0 The same solution of each raw material was used for both methods. b Result is based on two replicate in’ections. The value given is the mean f SD. The purity of 
each raw material also was determined by the USP XX procedure for metaraminol bitartrate raw material. ’dhe results for the three raw materials were 100.2,100.5, and 
99.670, respectively. 

an octadecylsilane columns. The degassed mobile phase [methanol-water 
(6040) with 0.005 M dioctyl sodium sulfosuccinate and 10 ml of acetic 
acidhiter] was pumped through the column at a flow rate of 1.0 ml/min 
at ambient temperature until a stable baseline was obtained. Replicate 
20-pl injections of the sample and standard solutions were made. The 
peaks were detected at  254 nm. 

RESULTS AND DISCUSSION 

Studies on metaraminol bitartrate preserved with methylparaben and 
propylparaben showed that these three drug components can be sepa- 
rated by HPLC and determined by UV absorption at 254 nm within 15 
min. When injected into the chromatograph, methylparaben was eluted 
first, followed by propylparaben, butylparaben (the internal standard), 
and metaraminol at retention times of -4.5,6.3, 8.2, and 11.4 min, re- 
spectively (Fig. 1). 

Standard solutions of metaraminol bitartrate, methylparaben, and 
propylparaben were chromatographed using the reversed-phase CIS 
column. The concentration of each component was determined by a 
programmable integrator9. A linear regression analysis of the data for 

8 WBondapak C18 (<lo pm), 30-cm X 4-rnm i.d. column, Waters Associatea. 
Milford, Mass. 

Spectra-Physics System I. 

High-pressure Liquid 
Quinestrol Tablets 

six concentrations of metaraminol bitartrate, methylparaben, and pro- 
pylparaben is shown in Table I. The data obtained show that metaraminol 
bitartrate, methylparaben, and propylparaben are linear to at least 25, 
3.8, and 0.53 pg, respectively. A separate solution was run to determine 
the recovery and precision of the HPLC method. These data are shown 
in Table 11. 

The purity of three metaraminol bitartrate raw materials was deter- 
mined by the HPLC method and the USP XX procedure as shown in 
Table 111. The utility of HPLC in the analysis of metaraminol bitartrate 
is clearly demonstrated, and the results agree favorably with those ob- 
tained by the USP method. 
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Abstract 0 A specific assay for quinestrol was developed using high- 
pressure liquid chromatography. The estrogen was separated from tablet 
excipients on a chemically bonded hydrocarbon column utilizing aceto- 
nitrile-water as the mobile phase. Linearity studies were carried out using 
peak height measurements, and the detector response to the concentra- 
tion of the steroid was confirmed. This procedure was rapid, accurate, 
precise, and specific for the assay of the synthetic estrogen in the presence 
of formulation excipients and structurally similar estrogens. 

Keyphrases 0 Quinestrol-high-pressure liquid chromatographic 
analysis, tablets 0 High-pressure liquid chromatography-analysis, 
quinestrol tablets 

The pink chromophore resulting from the reaction of 
quinestrol with methanolic sulfuric acid was shown to af- 
ford an accurate, precise, and selective colorimetric assay 
for quinestrol in pharmaceutical dosage forms (1). This 
method correlated with the GLC assay (2), which proved 

useful as a reference method but had disadvantages in 
speed and convenience. High-pressure liquid chromatog- 
raphy (HPLC) affords a simple alternative with advan- 
tages in speed, interlaboratory precision, and produc- 
tivity. 

Roos (3) described an HPLC method for ethinyl estra- 
diol, estrone, estradiol, and estradiol esters as their dansyl 

Table I-Peak Height versus Concentration of Quinestrol 

Concentration, Peak Height, 
pdml mm 

6.8 26 
13.6 52 
20.4 80 
34.0 130 
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derivatives, using UV detection at 254 nm or fluorescence 
detection. The HPLC method reported here uses detection 
of the estrogen at 281 nm without derivatization. Adequate 
sensitivity and excellent precision and recovery were ob- 
tained. 

EXPERIMENTAL 

Apparatus-The liquid chromatograph included a pump', an auto- 
matic injector2 with a fixed-volume 50-pl loop, a stainless steel 4.6-mm 
X 25-cm column packed with bonded octadecylsilane on silica3 (5-6-pm 
particles), a variable-wavelength detector4 set a t  281 nm, and a strip-chart 
recorder5. 

Mobile Phase-UV grade acetonitrile6 was passed through a mem- 
brane7. Distilled water was passed through a membrane filters, and the 
filtered acetonitrile and water were mixed (8020) and degassed. 

Standard Preparation-About 10 mg of quinestrol USP reference 
standard was weighed accurately, transferred to a 50-ml volumetric flask, 
and dissolved in acetonitrile. The solution was diluted to volume, and 
5.0 ml of this solution was diluted to 50 ml with the mobile phase in a 
volumetric flask to obtain a concentration of -20 pg/ml. 

Assay Preparation-Not less than 20 tablets were weighed and 
pulverized. A portion of the powder equivalent to -100 pg of quinestrol 
was weighed, transferred to a 5-ml volumetric flask, suspended in 1 ml 
of water, and heated at steam bath temperature for -5 min. The solution 
was diluted to volume with acetonitrile and mixed on a vibrating device9 
for -2 min. 

Procedure-The mobile phase was pumped through the column at 
a flow rate of 2 ml/min until a stable baseline was obtained. Fifty mi- 
croliters of the assay preparation was injected by means of a precise loop 
injector, and the chromatogram was allowed to develop for 15 min. The 
procedure was repeated using the standard preparation. The peak cor- 
responding to quinestrol eluted a t  -8.5 min. The quantity of quinestrol 

1 Waters Associates model 6000A. 
Perkin-Elmer LC-420. 

3 Zorbax ODs, DuPont. 
Perkin-Elmer LC-55. 
Honeywell Elektronik 196. 

6 Burdick & Jackson Laboratories. 
Millipore FH, 0.5 prn. * Millipore HA,  0.45 pm. 

9 Vortex Genie. 

was calculated from 5C(Hu/Hs), where C is the exact concentration 
(micrograms per mililiter) of the standard preparation and Hu and H s  
are the peak heights in the chromatograms from the assay preparation 
and the standard preparation, respectively. 

System Suitability-The relative standard deviation of the peak 
heights obtained after six successive injections of the standard prepa- 
ration should not exceed 11.o010. The number of theoretical plates should 
be no less than 5000, and the retention times for quinestrol and ethinyl 
estradiol should be -8.5 and 2.0 min, respectively. 

RESULTS AND DISCUSSION 

Linearity-A straight line intercepting the origin was obtained by 
plotting the peak height against concentration (Table I). 

Sensitivity-The quinestrol peak was -0.35 full scale with a recorder 
sensitivity of 0.02 aufs and was adequate for quinestrol dosage forms. 
Sensitivity could be quadrupled using detection a t  225 nm; however, a t  
low wavelengths, detector sensitivity appeared to be more dependent on 
the light source age and detector cell cleanliness than a t  the wavelength 
chosen. 

Recovery-The recovery of quinestrol was determined by adding 
known amounts of the estrogen to placebo tablets and assaying by the 
described procedure. Duplicate trials a t  levels representing 80,100, and 
120% of the claim for 100-pg tablets gave recoveries of 100.9,101.8, and 
99.8%, respectively. Six duplicate recovery experiments at 100.0% of the 
label claim by the same procedure gave recoveries of 98.8,101.2, 100.0, 
102.5,102.5, and 99.4% of the added amounts, with an average of 100.7% 
and a relative standard deviation of f1.6%. 

Criteria for System Suitability-It is useful to establish criteria for 
system suitability on HPLC methods since the performance of any par- 
ticular instrumental assembly may change over time and several different 
instruments may be employed. Excellent precision has been obtained 
in these laboratories using a loop injector, obviating the need to select 
an internal standard that could interfere with detection and estimation 
of a synthesis precursor, process contaminant, or degradation product. 
The actual precision of six replicate injections of the standard preparation 
was f0.578. The number of theoretical plates calculated for the column 
was 7530; this column gave satisfactory separations for the drug and re- 
lated compounds. The requirement of not less than 5OOO theoretical plates 
for system suitability was derived from a policy of setting this value a t  
70% of that obtained during method development. 

Separation of Quinestrol from Other  Estrogens-A chromatogram 
was run under the described conditions using 25 pg/ml of ethinyl estra- 
diol, estrone, estrone 3-cyclopentyl ether, and quinestrol in the mobile 
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phase. Estrone, the starting material in the synthesis of quinestrol, and 
ethinyl estradiol, a possible process contaminant, were not resolved from 
each other and had a retention time of 2 min. Estrone 3-cyclopentyl ether, 
the penultimate intermediate in quinestrol synthesis, eluted at 10.8 min 
and was well separated from the quinestrol peak at  8.5 min (Fig. 1). 

Selectivity of Assay in Presence of Decomposition Products-A 
1-g sample of quinestrol was heated in an open vial a t  125’ for 96 hr. This 
procedure was shown previously to produce a similar TLC pattern to that 
obtained with quinestrol tablets that had been exposed to air for several 
months. (Quinestrol in open containers is susceptible to autoxidation, 
which involved an induction period of over 1 year a t  room temperature. 
None of the decomposition products has the same mobility as the syn- 
thesis precursors and process contaminants. One of the two major de- 
composition products isolated by preparative TLC had an NMR spec- 
trum consistent with the structure of 6/3-hydroxyquinestro110.) The brown 
material was pulverized, and a 50-mg portion was dissolved in acetonitrile 
and diluted to 50.0 ml with that solvent. A 5-ml aliquot was diluted fur- 
ther to 50.0 ml with the mobile phase and subjected to chromatography 
as described. The chromatogram (Fig. 2) exhibited unidentified peaks 
with retention times of -1.7,2.2,2.4,4.0,5.7,6.3, and 8.0 min, along with 
the peak for undegraded quinestrol at 8.5 min. The quantity of unde- 

lo Dr. R. C. Greenough, Oxford Management and Research Center, Uniroyal, 
Inc., Middlebury, CT 06749, personal communication. 

COMMUNICA TIONS 

graded quinestrol was estimated as 57.7% by this HPLC method and 
58.9% by the colorimetric method (1). 

Further evidence of the validity of the HPLC method and the colori- 
metric method as stability-indicating methods was obtained by dissolving 
the degraded quinestrol in the mobile phase to obtain a concentration 
of -10 mg/ml, injecting 50 p1 into the liquid chromatograph, and col- 
lecting the eluates corresponding to the decomposition products. These 
eluates were evaporated to dryness on the steam bath with a nitrogen 
stream, and the residue was dissolved in 2.0 ml of methanol. A 1-ml 
portion, corresponding to > 100 pg of quinestrol degradation products, 
was tested by the colorimetric method (1) and gave no color with the 
methanol-sulfuric acid chromogenic reagent. 
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To the Editor: 

We have developed a rapid, sensitive, fluorometric 
technique for directly measuring human plasma concen- 
trations of total propranolol. As little as 0.3 ml of plasma 
is required. The plasma sample is diluted 1:l with a hy- 
drosolvatic solution, such as dimethyl sulfoxide-water 
(1:2), and the fluorescence is measured with no further 
sample workup. Plasma concentrations of propranolol free 
base also may be determined, but a larger sample volume 
and an additional extraction step are needed. The limiting 
concentration that can be detected is 10 ng/ml, and the 
standard curve in plasma is linear from 10 to 10,OOO ng/ml 
in each case. The principal aromatic metabolite of pro- 
pranolol, 4-hydroxypropranolol, does not interfere with 
the procedure since it emits a t  much longer wavelengths 
than the parent compound. 

The technique may be used for plasma, aqueous protein 
solutions, or purely aqueous systems that do not contain 
chemicals or drugs emitting UV radiation at  the same 
wavelength as propranolol, such as metoprolol, timolol, 
oxprenolol, and nadolol. However, this limitation does not 
apply to many commonly and concurrently administered 
cardiovascular drugs. For example, triamterene, hydro- 

Table I-Fluorescence Maxima of Some Commonly and 
Concurrently Administered Cardiovascular Drugs Compared to 
Those of Propranolol (L 317 nm) 

Fluorescence 
Drug Maximum, nm 

Propranolol 337 
4-H droxypropranolola 420 
H ydYrochlorothiazide 380 b,c 
Triamterene NId 
Clonidine 390*3c 
Hydralazine NF‘ 
Prazosin 387 b,c 
Dig o x i n NFf 
Quinidine 4508 

Furnished b T Walle, Department of Pharmacology, Medical University of 
South Carolina. KDetermined in this laboratory. These agents did not contribute 
to the emission intensity of propranolol ( A  340) in either plasma or buffer at con- 
centrations l(r times the limiting detectable concentration of propranolol free base. 

NI = no interference, absorption maximum at 356 nm (“The Merck Index,” 9th 
ed., Merck & Co., Rahway, N.J., 1976, p. 1233) indicates that its fluorescence will 
not interfere with the assay. NF = no fluorescence. Taken from Ref. 13. NF from 
Ref. 14. Taken from Ref. 14. 

chlorothiazide, clonidine, hydralazine, prazosin, digoxin, 
and quinidine either do not or should not interfere with the 
developed procedure (Table I). 

Propranolol’, hydrochlorothiazide2, clonidine3, and 
prazosin4 were obtained commercially. A buffer (p = 0.005, 
pH 7.4) was prepared from analytical grade 0.1 N 
KHzP045, 0.1 N K z H P O ~ ~ ,  and distilled, deionized water. 
All solvents were analytical grade and contained no fluo- 
rescent impurities. 

Table I1 shows the excitation and emission spectral 

Ayerst Laboratories, New York, NY 10017. 
Merck Sharp and Dohme, West Point, PA 19486. 
Boehringer Ingelheim Ltd., Rid efield, CT 06877. ‘ Pfizer Laboratories, New York,%Y 10017. 
J. T. Baker Chemical Co., Phillipsburg, NJ 08865. 
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phase. Estrone, the starting material in the synthesis of quinestrol, and 
ethinyl estradiol, a possible process contaminant, were not resolved from 
each other and had a retention time of 2 min. Estrone 3-cyclopentyl ether, 
the penultimate intermediate in quinestrol synthesis, eluted at 10.8 min 
and was well separated from the quinestrol peak at  8.5 min (Fig. 1). 

Selectivity of Assay in Presence of Decomposition Products-A 
1-g sample of quinestrol was heated in an open vial a t  125’ for 96 hr. This 
procedure was shown previously to produce a similar TLC pattern to that 
obtained with quinestrol tablets that had been exposed to air for several 
months. (Quinestrol in open containers is susceptible to autoxidation, 
which involved an induction period of over 1 year a t  room temperature. 
None of the decomposition products has the same mobility as the syn- 
thesis precursors and process contaminants. One of the two major de- 
composition products isolated by preparative TLC had an NMR spec- 
trum consistent with the structure of 6/3-hydroxyquinestro110.) The brown 
material was pulverized, and a 50-mg portion was dissolved in acetonitrile 
and diluted to 50.0 ml with that solvent. A 5-ml aliquot was diluted fur- 
ther to 50.0 ml with the mobile phase and subjected to chromatography 
as described. The chromatogram (Fig. 2) exhibited unidentified peaks 
with retention times of -1.7,2.2,2.4,4.0,5.7,6.3, and 8.0 min, along with 
the peak for undegraded quinestrol at 8.5 min. The quantity of unde- 

lo Dr. R. C. Greenough, Oxford Management and Research Center, Uniroyal, 
Inc., Middlebury, CT 06749, personal communication. 
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graded quinestrol was estimated as 57.7% by this HPLC method and 
58.9% by the colorimetric method (1). 

Further evidence of the validity of the HPLC method and the colori- 
metric method as stability-indicating methods was obtained by dissolving 
the degraded quinestrol in the mobile phase to obtain a concentration 
of -10 mg/ml, injecting 50 p1 into the liquid chromatograph, and col- 
lecting the eluates corresponding to the decomposition products. These 
eluates were evaporated to dryness on the steam bath with a nitrogen 
stream, and the residue was dissolved in 2.0 ml of methanol. A 1-ml 
portion, corresponding to > 100 pg of quinestrol degradation products, 
was tested by the colorimetric method (1) and gave no color with the 
methanol-sulfuric acid chromogenic reagent. 
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Human Plasma Levels of Propranolol: 
Fluorometric Measurement in a 
Hydrosolvatic System 

Keyphrases 0 Propranolol-fluorometric measurement of human 
plasma levels Spectrofluorometry-analysis, propranolol, human 
plasma Antiarrhythmic agents-propranolol, fluorometric analysis, 
human plasma 

To the Editor: 

We have developed a rapid, sensitive, fluorometric 
technique for directly measuring human plasma concen- 
trations of total propranolol. As little as 0.3 ml of plasma 
is required. The plasma sample is diluted 1:l with a hy- 
drosolvatic solution, such as dimethyl sulfoxide-water 
(1:2), and the fluorescence is measured with no further 
sample workup. Plasma concentrations of propranolol free 
base also may be determined, but a larger sample volume 
and an additional extraction step are needed. The limiting 
concentration that can be detected is 10 ng/ml, and the 
standard curve in plasma is linear from 10 to 10,OOO ng/ml 
in each case. The principal aromatic metabolite of pro- 
pranolol, 4-hydroxypropranolol, does not interfere with 
the procedure since it emits a t  much longer wavelengths 
than the parent compound. 

The technique may be used for plasma, aqueous protein 
solutions, or purely aqueous systems that do not contain 
chemicals or drugs emitting UV radiation at  the same 
wavelength as propranolol, such as metoprolol, timolol, 
oxprenolol, and nadolol. However, this limitation does not 
apply to many commonly and concurrently administered 
cardiovascular drugs. For example, triamterene, hydro- 

Table I-Fluorescence Maxima of Some Commonly and 
Concurrently Administered Cardiovascular Drugs Compared to 
Those of Propranolol (L 317 nm) 

Fluorescence 
Drug Maximum, nm 

Propranolol 337 
4-H droxypropranolola 420 
H ydYrochlorothiazide 380 b,c 
Triamterene NId 
Clonidine 390*3c 
Hydralazine NF‘ 
Prazosin 387 b,c 
Dig o x i n NFf 
Quinidine 4508 

Furnished b T Walle, Department of Pharmacology, Medical University of 
South Carolina. KDetermined in this laboratory. These agents did not contribute 
to the emission intensity of propranolol ( A  340) in either plasma or buffer at con- 
centrations l(r times the limiting detectable concentration of propranolol free base. 

NI = no interference, absorption maximum at 356 nm (“The Merck Index,” 9th 
ed., Merck & Co., Rahway, N.J., 1976, p. 1233) indicates that its fluorescence will 
not interfere with the assay. NF = no fluorescence. Taken from Ref. 13. NF from 
Ref. 14. Taken from Ref. 14. 

chlorothiazide, clonidine, hydralazine, prazosin, digoxin, 
and quinidine either do not or should not interfere with the 
developed procedure (Table I). 

Propranolol’, hydrochlorothiazide2, clonidine3, and 
prazosin4 were obtained commercially. A buffer (p = 0.005, 
pH 7.4) was prepared from analytical grade 0.1 N 
KHzP045, 0.1 N K z H P O ~ ~ ,  and distilled, deionized water. 
All solvents were analytical grade and contained no fluo- 
rescent impurities. 

Table I1 shows the excitation and emission spectral 
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Table 11-Fluorescence Excitation and Emission Characteristics of Human Plasma and Propranolol in Aqueous and Human Plasma 
Solution 

Sample Fluorescence Emission, A,, 340 Fluorescence Excitation, A,, 317 

Human plasma 230 250 260 - 302" 
Propranolol in plasma 230 250 260 - - 317" 325 340" 350 
Propranolol in 230 - - 287n - 317 325 340" 350 

- - - - 

aqueous solution 

0 Spectral maxima. 

characteristics of propranolol in buffer and plasma. By 
exciting the propranolol sample in plasma at  317 nm (the 
maximum of the long wavelength vibrational feature) and 
monitoring its emission maximum a t  340 nm, the back- 
ground fluorescence of the plasma can be avoided com- 
pletely. The absence of the shorter wavelength portion of 
the propranolol spectral band in plasma is probably due 
to the plasma absorbing all UV radiation below 310 nm. 
The spectra of plasma and plasma-propranolol solutions 
below this wavelength were virtually identical. 

Initially, human plasma, 0.3 ml, was measured with a 
pipet6 and transferred to a 0.2-mm path length, quartz, 
fluorescence semimicrocel17 (1.4-ml capacity). Due to the 
shorter emission path length, use of this cell results in less 
light scatter from macromolecules in solution than when 
a conventional 10-mm path length cell is used. The fluo- 
rescence was measured immediately on a spectrofluo- 
rometer8 (Aex 317, A,, 340). 

However, we must add several cautionary points. This 
simple procedure is usable only on clear plasma, usually 
obtained from fasted individuals, to a limiting concen- 
tration of 30 ng/ml. For cloudy plasma samples, usually 
obtained from recently fed individuals, the limiting de- 
tectable concentration was 60-70 ng/ml. To improve these 
detection limits, particularly in cloudy plasma samples, 
we examined the samples after dilution with water and 
several water-water-miscible solvent systems. The ratio- 
nale for this approach was twofold: 

1 .  Dilution of the plasma sample should decrease light 
scatter caused by the higher concentration of lipoproteins, 
which will decrease the background noise and improve the 
signal-to-noise ratio. 

2. Propranolol and many other chemicals in some pure 
solvents demonstrate a greater fluorescence intensity than 
when in an equimolar aqueous solution (1). For example, 
in dimethyl sulfoxide, propranolol has a 1.25-fold greater 
intensity than when in buffer. 

We examined propranolol-spiked plasma samples di- 
luted 1:1, 1:2, and 1:3 with water and with dimethyl sulf- 
oxide-water, acetonitrile-water, and dioxane-water so- 
lutions having solvent to water ratios of 1:1, 1:2, 1:3, and 
1:4. A plasma sample diluted 1:l with dimethyl sulfox- 
ide-water (1:2 v/v) had the best signal-to-noise charac- 
teristics and limiting detectable concentrations of 10 ng/ml 
for clear samples and 20 ng/ml for cloudy samples. These 
values represent a threefold increase in sensitivity over 
those observed for the undiluted plasma samples. The 1:l 
dilution caused a 15% loss of fluorescence intensity relative 
to an undiluted sample. A similar dilution with water 
caused a 25% loss accompanied by some, but not threefold, 

~~ ~ 

f Pipetman model p 1ooO. 
4 Precision Cells, Hicksville, NY 11801. 
8 MPF-44A, Perkin-Elmer Corp., Norwalk, CT 06856. 

improvement in the signal-to-noise ratio. These results 
seem to indicate that the increased sensitivity caused by 
addition of the hydrosolvatic solution is due both to a de- 
crease in scattered light and a specific solvent effect that 
enhances the emission intensity of propranolol. 

Figure 1 shows the blood level curves for total plasma 
propranolol (propranolol and its metabolites) and pro- 
pranolol obtained after oral administration of propranolol 
hydrochloride (one 20-mg dose and one 40-mg dose). The 
times of its peak concentration are similar to those re- 
ported elsewhere (2-4). Other pharmacokinetic charac- 
teristics were not compared due to the reported sevenfold 
differences in systemic blood levels between individuals 
(5). 

Analytical specificity for free plasma propranolol can 
be achieved by modifying a recently published extraction 
procedure (6). The latter has been shown to extract pro- 
pranolol free base specifically and quantitatively from 
alkalinized plasma. However, this procedure requires a 
larger sample volume than 0.3 ml. We found that the free 
base present in 1.0 ml of plasma could be extracted from 
the aqueous layer as follows. The plasma sample was di- 
luted 1:l with a dimethyl sulfoxide-aqueous buffer (pH 
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Figure 1-Plasma concentration versus time for one normotensiue 
volunteer after oral administration of a single dose ofpropranolol. Key: 
curve I ,  total propranolol in plasma; curve 2, total propranolol minus 
propranolol free base; and curve 3, unmetabolized propranolol (curve 
1 - curve 2). Curoes 1-3 were obtained from one 40-mg oral dose, and 
curve 4 was obtained from one 20-rng dose. 
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11,1:2) and shaken vigorously with 10 ml of either ether 
or ethyl acetate for 10 min followed by centrifugation to 
separate the layers. The standard and control solutions 
were subjected to the same conditions. After removal of 
the propranolol, propranolol glucuronide (7) as well as the 
acidic metabolites of propranolol (6,8,9) remained in the 
aqueous layer. Therefore, the plasma propranolol con- 
centration may be expressed as the difference in the fluo- 
rescence intensity of the aqueous layer before and after 
basic extraction (Fig. 1). 

The concentration of propranolol free base extracted 
into each nonaqueous layer was verified at 1,3, and 5 hr on 
curve 4 (Fig. 1) as follows. Five milliliters of ether was 
evaporated to dryness, and the fluorescence intensity of 
the residue taken up in methanol was compared to that of 
the standards prepared in methanol. For samples extracted 
with ethyl acetate, the fluorescence intensity of the latter 
was compared to that of the standards prepared immedi- 
ately in this solvent. 

The results in Fig. 1 corroborate recent reports that the 
plasma propranolol concentration is much less than that 
of its glucuronide and acidic metabolites (6-9). 

This analytical method is two-to-20-fold less sensitive 
than established GLC, high-pressure liquid chromato- 
graphic (HPLC), and GLC-mass spectrometric procedures 
(3,lO-12). However, it is more rapid than either GLC or 
GLC-mass spectrometric procedures and comparable in 
speed to HPLC. The ready availability and relatively low 
cost of fluorescence instrumentation make it a useful al- 
ternative to chromatographic techniques. 

A comparison of the reported fluorometric method with 
the one currently in use indicates an improvement in 
methodology since the sample volume and workup time 
are reduced (5). Excitation a t  317 nm rather than a t  287 
nm eliminates fluorescence background from the plasma 
but reduces sensitivity due to the diminished intensity a t  
the vibrational feature maximum, 317 nm. Therefore, the 
two procedures are comparable with regard to their lim- 
iting detectable concentrations. 
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1 - ( p  -Tolyl) -3-acetyl-3-methyltriazene: 
A Compound with Activity against 
African Trypanosomiasis 

Keyphrases Antiprotozoal agents-l-(p-tolyl)-3-acetyl-3-methyl- 
triazene, activity against African trypanosomiasis, mice 0 1-(p-Toly1)- 
3-acetyl-3-methyltriazene-evaluation of activity against African 
trypanosomiasis, mice 

To the Editor: 

We wish to report our recent finding that 1-(p-toly1)- 
3-acetyl-3-methyltriazene (I) is active against Trypano- 
soma rhodesiense and T. rhodesiense EATRO 1989 
(mildly virulent strain) infection in the mouse. The tri- 
azene was synthesized according to the procedure of 
Dimroth (1). l-(p-Tolyl)-3-methyltriazene was prepared 
from the diazocation of p -toluidine. The diazocation was 
treated with methylamine to give the monomethyltriazene. 
This compound was acetylated with acetic anhydride in 
pyridine. The yield of the triazene was 73% after recrys- 
tallization from hexane, mp 53O [lit. (1) mp 54-56OI; IR 
(KBr): 1716 cm-l; mass spectrum (70 ev): rnlz (relative 
intensity) 191 (81,149 (51,119 (8) ,  91 (loo), and 43 (45). 

- ,COCH, 
CH,+=N--N/ 

‘CH, 

I 

Compound I was tested initially against T. rhodesiense 
(Wellcome CT strain) using a mouse model (2). Test and 
control mice (ICR/HA Swiss) were 6 weeks old and 
weighed 28-30 g. No differences in response between sexes 
have been reported. Each mouse was infected by intra- 
peritoneal injection of 0.05 ml of a 1:50,000 dilution of 
heparinized heart blood drawn from donor mice infected 
3 days earlier. 

Drugs were administered ’subcutaneously or orally in 
peanut oil 2 hr after infection. Untreated mice died be- 
tween 4.2 and 4.5 days postinfection. Surviving animals 

Table I-Activity of I against T. rhodesiense (Wellcome CT 
Strain) Infection in Mice 

Route of Dose, mglkg 
Administration 424 212 106 53 26.5 13.3 

Subcutaneous 5 h a  - Of5 - 015 - 
Subcutaneous 515 315 015 015 015 015 
Oral 515 2/51 015 015 015 015 

0 Number of mice curedhumber of mice treated. 
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11,1:2) and shaken vigorously with 10 ml of either ether 
or ethyl acetate for 10 min followed by centrifugation to 
separate the layers. The standard and control solutions 
were subjected to the same conditions. After removal of 
the propranolol, propranolol glucuronide (7) as well as the 
acidic metabolites of propranolol (6,8,9) remained in the 
aqueous layer. Therefore, the plasma propranolol con- 
centration may be expressed as the difference in the fluo- 
rescence intensity of the aqueous layer before and after 
basic extraction (Fig. 1). 

The concentration of propranolol free base extracted 
into each nonaqueous layer was verified at 1,3, and 5 hr on 
curve 4 (Fig. 1) as follows. Five milliliters of ether was 
evaporated to dryness, and the fluorescence intensity of 
the residue taken up in methanol was compared to that of 
the standards prepared in methanol. For samples extracted 
with ethyl acetate, the fluorescence intensity of the latter 
was compared to that of the standards prepared immedi- 
ately in this solvent. 

The results in Fig. 1 corroborate recent reports that the 
plasma propranolol concentration is much less than that 
of its glucuronide and acidic metabolites (6-9). 

This analytical method is two-to-20-fold less sensitive 
than established GLC, high-pressure liquid chromato- 
graphic (HPLC), and GLC-mass spectrometric procedures 
(3,lO-12). However, it is more rapid than either GLC or 
GLC-mass spectrometric procedures and comparable in 
speed to HPLC. The ready availability and relatively low 
cost of fluorescence instrumentation make it a useful al- 
ternative to chromatographic techniques. 

A comparison of the reported fluorometric method with 
the one currently in use indicates an improvement in 
methodology since the sample volume and workup time 
are reduced (5). Excitation a t  317 nm rather than a t  287 
nm eliminates fluorescence background from the plasma 
but reduces sensitivity due to the diminished intensity a t  
the vibrational feature maximum, 317 nm. Therefore, the 
two procedures are comparable with regard to their lim- 
iting detectable concentrations. 
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1 - ( p  -Tolyl) -3-acetyl-3-methyltriazene: 
A Compound with Activity against 
African Trypanosomiasis 

Keyphrases Antiprotozoal agents-l-(p-tolyl)-3-acetyl-3-methyl- 
triazene, activity against African trypanosomiasis, mice 0 1-(p-Toly1)- 
3-acetyl-3-methyltriazene-evaluation of activity against African 
trypanosomiasis, mice 

To the Editor: 

We wish to report our recent finding that 1-(p-toly1)- 
3-acetyl-3-methyltriazene (I) is active against Trypano- 
soma rhodesiense and T. rhodesiense EATRO 1989 
(mildly virulent strain) infection in the mouse. The tri- 
azene was synthesized according to the procedure of 
Dimroth (1). l-(p-Tolyl)-3-methyltriazene was prepared 
from the diazocation of p -toluidine. The diazocation was 
treated with methylamine to give the monomethyltriazene. 
This compound was acetylated with acetic anhydride in 
pyridine. The yield of the triazene was 73% after recrys- 
tallization from hexane, mp 53O [lit. (1) mp 54-56OI; IR 
(KBr): 1716 cm-l; mass spectrum (70 ev): rnlz (relative 
intensity) 191 (81,149 (51,119 (8) ,  91 (loo), and 43 (45). 

- ,COCH, 
CH,+=N--N/ 

‘CH, 

I 

Compound I was tested initially against T. rhodesiense 
(Wellcome CT strain) using a mouse model (2). Test and 
control mice (ICR/HA Swiss) were 6 weeks old and 
weighed 28-30 g. No differences in response between sexes 
have been reported. Each mouse was infected by intra- 
peritoneal injection of 0.05 ml of a 1:50,000 dilution of 
heparinized heart blood drawn from donor mice infected 
3 days earlier. 

Drugs were administered ’subcutaneously or orally in 
peanut oil 2 hr after infection. Untreated mice died be- 
tween 4.2 and 4.5 days postinfection. Surviving animals 

Table I-Activity of I against T. rhodesiense (Wellcome CT 
Strain) Infection in Mice 

Route of Dose, mglkg 
Administration 424 212 106 53 26.5 13.3 

Subcutaneous 5 h a  - Of5 - 015 - 
Subcutaneous 515 315 015 015 015 015 
Oral 515 2/51 015 015 015 015 

0 Number of mice curedhumber of mice treated. 
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Table 11-Activity of I against T. rhodesiense EATRO 1989 Infection in Mice 
~~ ~ ~ 

Days 
Dose mglkg ip 5-6 7 8-9 19 30 39 50 60 10-12 

1600 515 415 015 015 012 012 012 011 011 
800 515 415 015 014 013 013 013 013 013 
400 515 515 015 015 015 215 315 214 113 
200 515 515 015 015 215 315 515 414 313 
100 515 515 015 015 515 5/51 515 313 111 
50 51 5 415 015 015 515 515 515 212 Dead 
25 315 515 015 315 515 515 212 Dead 
12.5 515 515 115 414 414 313 Dead 
6.25 515 515 515 415 414 414 1 /1 nend - _ _ _  
3.125 5 15 515 515 315 515 515 212 Dead 
1.56 515 515 515 415 515 515 212 Dead 
0.78 515 515 515 415 515 515 212 Dead 

Control (untreated) 515 515 515 415 515 515 212 Dead 
~ ~~~ 

a The compound was dissolved in methanol, and the mice were treated on Day 5 only. * Number of parasitemic micelnumber of mice treated and still alive on various 
days. 

Table 111-Activity of I against T. rhodesiense EATRO 1989 Infection in Mice 
~ 

Days 
Dose", mglkg ip 4-6 8 10 12-14 15-16 19 20 30 40 50 60 

015 215 315 315 315 214 
015 415 415 415 314 313 

213 112 011 
415 

1600 5 h b  015 015 115 
800 515 015 015 015 

314 3/4 313 212 111 
313 111 Dead 

2/4  414 
214 

415 
515 515 

2J5 414 
400 515 015 015 215 
200 515 115 015 315 
100 515 215 515 515 515 515 
50 515 515 515 515 515 515 515 414 111 Dead 

515 515 414 111 Dead 
5J5 212 111 Dead 

25 515 515 515 515 
Control (untreated) 515 515 515 212 212 

The compound was dissolved in ethanol, and the mice were treated on Day 4 only. Number of parasitemic micelnumber of mice treated and still alive on various 
days. 

were observed for 30 days. The mice surviving 30 days were 
considered cured. The test data are given in Table I. 

To determine if I had activity against mildly virulent 
strains of the parasite, it was tested in a mouse model 
against T. rhodesiense EATRO 1989. Male albino mice 
were infected with the parasites on Day 0. The triazene was 
administered intraperitoneally as both ethanolic and 
methanolic solutions (total volume of 0.1 mlhnjection) on 
Days 4 and 5, respectively. The mice then were observed 
until Day 60 postinfection; during the test period, the 
blood of the surviving mice was microscopically examined 
for parasites each day. The results of these tests are given 
in Tables I1 and 111. 

An examination of the data in Tables 1-111 indicates that 
I has activity against T, rhodesiense and its mildly virulent 
strain. The compound is curative when administered 
subcutaneously or orally at  a dose of 424 mg/kg. Against 
the mildly virulent strain at  a dose of 800 mg/kg in meth- 
anol, three of the five mice treated were alive and parasite 
free after 60 days; at  400 mglkg, three survived and two 
were parasite free after 60 days. 

Under the same conditions, (3-methyl-4,4'-nitrofurfur- 
y1idineamino)tetrahydro- 4 H -  1,4 - thiazene - 1 , l -  dioxide 

dH, 
I1 

(II), a standard drug, only suppressed the parasite. A t  
doses of 1150 mg/kg ip, I1 cleared parasitemia for 9 days; 
when given orally a t  400 mg/kg for 5 consecutive days, I1 
cleared parasitemia temporarily from Days 6 to 9. 

The results reported here indicate that I has sufficient 
activity to justify a thorough investigation of its chemical 
and pharmacological profiles using both drug-sensitive and 
drug-resistant strains. These studies are underway, and 
a more detailed report of the findings will follow. 

( 1 )  0. Dimroth, Chem. Ber., 38,670 (1905). 
(2)  L. Rane, D. S. Rane, and K. E. Kinnamon, Am. J.  Trop. Med. Hyg., 

25.395 (1976). 
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ERRA TA 

In the article titled “Degradation Kinetics of a New Cephalosporin 
Derivative in Aqueous Solution” ( l ) ,  the following corrections should be 
made: 

On page 1373, column 1, Eq. 10 should read: 

ko = k ; f H C  + ks(OH-)fc- (Eq. 10) 

On page 1373, column 1, Eq. 11 should read: 

QH+(rn in)  = [kd(w(exp)/y+k;][l + J1 + ( ~ ~ ~ ~ / k s ( ~ w ~ e ~ ~ ~ / ~ * ) ) I  
(Eq. 11) 

On page 1373, column 2, the first line should read “from which a ~ + ( ~ i ” )  

(1) E. S. Rattie, J. J. Zimmerman, and L. J. Ravin, J .  Pharm. Sci., 68, 
= 1.070 X 

1369 (1979). 

and pHmi, = 5.97 may be calculated.” 

In the article titled “Potential Organ- or Tumor-Imaging Agents X X  
Ovarian Imaging with 19-Radioiodinated Cholesterol” (l) ,  the following 
correction should be made: 

(1) N. Korn, G. Nordblom, E. Floyd, and R. E. Counsell, J.  Pharm. 
Sci., 69,1014 (1980). 

On page 1016, Figure 3 should appear as shown here: 

Figure 3-Scintiscan of female rat 4 days after administration of 
1251-labeled 19-iodocholesterol ( A )  and rescan of the same rat fol- 
lowing removal of the left ovary and left adrenal gland ( B ) .  
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